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ABSTRACT 

This thesis explores new reactive intermediates and hydrogen atom transfer mechanisms that can 

be applied to C-N and C-H bond activation.  Chapter 1 reviews the current strategies in the 

literature for C-N bond activation of both primary amine and secondary amines, with a particular 

emphasis on oxidative deamination, transition metal catalyzed deamination and radical mediated 

deaminative transformations.  Chapter 2 demonstrates a conceptually distinct method for 

secondary amine activation using an anomeric amide reagent, which involves the conversion of 

the amine to an isodiazene. Subsequent extrusion of dinitrogen and recombination of the resulting 

carbon fragments facilitates the net deletion of secondary amines as new method for skeletal 

editing of organic molecules.  Chapter 3 expands the scope of amine deletion using anomeric 

amides to include primary amines.  This deamination proceeds with exquisite functional group 

tolerance under exceptionally mild conditions, and applications towards late-stage editing of 

biomolecules are demonstrated.  Mechanistic studies demonstrate that this transformation 

proceeds by a previously unreported isodiazene intermediate which undergoes a novel hydrogen 

atom transfer chain mechanism. Chapter 4 presents the optimization of a reproducible large-scale 

synthesis for the anomeric amide reagent and also discusses the modular approach taken to the 

development of new anomeric amide derivatives.  Chapter 5 explores the mechanism of a 

photoredox-catalyzed C-H arylation reaction using a super-reducing tungsten alkylidyne complex.  

Experimental studies and DFT calculations provide evidence for a unique proton coupled electron 

transfer event occurring between the oxidized chromophore and the enyl radical intermediate.  A 

stepwise electron transfer followed by proton transfer and a concerted hydrogen atom transfer are 

both shown to be operative pathways depending on the reduction potential of the enyl intermediate. 
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CHAPTER 1 

Current Strategies for C-N Bond Activation and Associated Reactive Species 

Note: Portions of this work have been published in an alternate format in Berger, K. J.; Levin, M. 

D. Reframing Primary Alkyl Amines as Aliphatic Building Blocks.  Org. Biomol. Chem. 2021, 19, 

11-36. 

1.1. Introduction. 

Aliphatic amines are functional groups of high biological relevance, as evidenced by their 

abundance in natural products and pharmaceuticals.  A recent survey of Pfizer’s chemical database 

revealed over 47 000 primary amines alone.1  Figure 1.1 depicts several widely prescribed 

pharmaceuticals containing either primary or secondary amines that have undoubtedly benefitted 

many people.  However, despite their abundance, amines are known principally as challenging 

moieties to install during syntheses.2-5  Perhaps unsurprisingly, less attention has been directed to 

strategies for removing amines from molecular scaffolds.   

 

Figure 1.1.  Examples of widely prescribed pharmaceuticals containing amine moieties.   

 

One of the main frontiers of modern organic synthesis is the selective late-stage 

modification of molecules.  The term late-stage functionalization is used throughout this thesis and 

refers to a chemoselective transformation which exhibits high functional group tolerance.6  This 
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ability to make edits to complicated structures without having to re-synthesize new derivatives 

separately has the power to dramatically increase the efficiency of drug discovery.  Late-stage 

functionalization has been most prominently demonstrated and explored in the field of C-H 

activation.7-9  Less work has been directed towards carbon – heteroatom activation, however 

arguably commensurate potential would be afforded with such strategies.   

In this vein, the following sections serve to summarize the classical and contemporary 

efforts that have been made towards aliphatic C-N bond activation.  This introduction will provide 

context for the conversion of secondary amines to C-C bonds described in chapter 2, as well as the 

primary amine ‘deletion’ to alkanes presented in chapter 3.  An emphasis is placed on the reactive 

intermediates employed to facilitate these transformations in the literature compared to the 

strategies described in this thesis.   

1.2. C-N Bond Activation of Secondary Aliphatic Amines.  

Transition metal catalysts have facilitated a wide range of C-N bond activation chemistry, 

including that of secondary aliphatic amines.10, 11 One strategy for C-N activation of allylic 

secondary amines is via the formation of a palladium allyl intermediate.  Trost first reported a 

palladium-catalyzed exchange of an allylic secondary amine (4) with a primary amine (5) in 1980 

(Scheme 1.1).12  This finding was expanded by the Hartwig group to include exchange between 

two secondary amines (8 and 9) using either catalytic nickel or palladium (Scheme 1.2).13  The 

postulated mechanism involves the generation of a metal allyl complex via liberation of a primary 

amine (11)  (Figure 1.2).  Secondary allylic amines have also been harnessed by the deaminative 

generation of a palladium allyl complex in the presence of a chiral phosphoric acid co-catalyst (14) 

to yield chiral α-allylated aldehydes (15) (Scheme 1.3).14   
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Scheme 1.1. Deaminative exchange of a secondary amine with a primary amine.   

 

Scheme 1.2.  Deaminative exchange of two secondary amines. 

 

Figure 1.2.  Proposed mechanism for secondary amine exchange via a metal allyl complex. 
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Scheme 1.3. Deaminative synthesis of chiral α-allylated aldehydes using a palladium complex. 

 

The Xi group was able to achieve the deaminative synthesis of pyrroles (17) from 

secondary amines.15  Catalytic palladium and cyclopentadiene-phosphine ligands facilitate this 

transformation via a proposed σ-bond metathesis with an alkyl dibromide moiety (16) (Scheme 

1.4).  This work was subsequently expanded to include the synthesis of indoles using an internal 

alkyne.15   

 

Scheme 1.4. Synthesis of pyrroles by C-N bond cleavage via a sigma bond metathesis.   
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Analogous to the deaminative oxidation of primary amines discussed in section 1.3.4, 

secondary amines can also be oxidized to imine species by α C-H abstraction and subsequent 

hydrolysis yields carbonyl compounds.16  In the presence of catalytic copper and tert-butyl 

hydroperoxide, secondary amines (18) are oxidized to imine intermediates which can undergo 

Friedel-Crafts alkylation with indole moiety 19 (Scheme 1.5).16  Subsequent oxidation and 

hydrolysis results in the ketone product (20).  However, one drawback of this methodology is that 

dialkyl secondary amines could not be successfully reacted, hence the substrate scope is limited to 

monoalkyl aromatic secondary amines.  This class of transformation has also been reported to 

proceed via oxidation with iron and ruthenium catalysts.17   

 

Scheme 1.5.  Oxidative deamination of secondary amines to ketone products via Friedel-Crafts 

alkylation.   

 

The conversion of a secondary amine to a primary amine and a ketone has been facilitated 

by a rhodium complex.18  The secondary amine is oxidized to an imine by formation of a rhodium 

hydride complex and hydrolysis with water gives the ketone product.  Another secondary amine 

activation which proceeds via an imine intermediate was reported by the Marciniec group.  Using 

a ruthenium hydride complex, the re-distribution of secondary amines (21) to a tertiary amine (22) 

and ammonia (23) was demonstrated (Scheme 1.6).19  This procedure was also used to facilitate 

the deaminative redistribution of primary amines to secondary amines and ammonia discussed in 

section 1.3.3. 
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Scheme 1.6.  Deaminative re-distribution of secondary amines to tertiary amines and ammonia.  

 

1.3. Activation and Substitution of Primary Aliphatic Amines. 

1.3.1. Deamination by a Polar Mechanism. 

Primary amines exhibit poor nucleofugality, which renders a simple nucleophilic 

substitution highly challenging.  Typically, primary amines must be converted to a better leaving 

group or “pre-functionalized’ before they can participate in substitution and elimination chemistry.  

Figure 1.3 summarizes the different strategies for pre-functionalization of primary amines prior to 

substitution.  While aromatic amines can be easily pre-functionalized by diazotization, this strategy 

is not usually employed with aliphatic amines due to the instability of such diazo intermediates 

and their associated propensity to eliminate.20, 21  One notable exception from Wang has reported 

deaminative C(sp3)-C(sp2) coupling of stabilized α-aminoesters via in-situ diazotization followed 

by coupling with aryl boronic acids.22 
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Figure 1.3. Summary of the pre-functionalization strategies utilized for deamination by a polar 

mechanism. 

 

Given the ease with which alcohols undergo tosylation, pre-functionalization of primary 

amines was historically pursued in the same manner.  DeChristopher reported installing two 

sulfonamide moieties on primary alkyl amines to yield N-alkyl-N,N-disulfonimides (25).23  These 

moieties gave a mixture of elimination (26) and substitution products (27) upon reflux in DMF 

with aniline (11) as a nucleophile (Scheme 1.7).  Subsequent work by Baumgarten showed that 

alkenes could be produced selectively when neat N-alkyl-N,N-disulfonimides were heated to high 

temperatures.24  Selective substitution chemistry was also achieved using N-alkyl-N-sulfonimides.  

Treatment with potassium hydroxide and chloramine was shown to afford alkyl halides or alkanes, 

depending on the order of addition of reagents.25  Inspired by these classical reports of tosylation, 

Oestreich has recently reported an in-situ pre-functionalization via silylation using phenylsilane 
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(Scheme 1.8).26  The Lewis acid tris(pentafluorophenylborane) was used to abstract silylated 

amine 29, resulting in a net reductive deamination.  They propose two possible pathways, with one 

hypothesis involving reduction of the silylated amine (32) and the other invoking a dissociation to 

form a carbocation frustrated Lewis pair (31).   

 

Scheme 1.7. Deaminative substitution mediated by tosylation. 

 

 

Scheme 1.8. One-pot reductive deamination by in-situ silylation.   

 

Deamination via a polar mechanism can also be achieved by methylation.  The classical 

Hoffman reaction involves facile methylation of primary amines with methyl iodide to yield a 

quaternary ammonium cation which undergoes subsequent anti-selective elimination.27  An 
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analogous methylation of primary amines to tertiary amines and subsequent reaction with m-CPBA 

results in the production of an N-oxide intermediate which undergoes syn-selective elimination in 

the classical Cope reaction.28  Recently, methylated quaternary ammonium salts have also been 

shown to participate in cross-coupling reactions.  Watson and coworkers demonstrated 

deaminative cross-coupling with catalytic nickel and aryl boronic acids, resulting in enantiopure 

diarylethanes (35) (Scheme 1.9).29  This enantioselectivity is thought to be from an inversion of 

configuration by SN2 addition of the amine to the nickel catalyst, providing evidence for a polar 

mechanism.  The Oestreich group has also demonstrated deaminative silylation of methylated 

quaternary ammonium salts (36) using catalytic copper with silyl boronic esters (Scheme 1.10).30  

There have also been several reports of metal catalyzed deaminative carbonylation of methylated 

quaternary amine salts.31, 32   

 

Scheme 1.9.  Enantioselective deaminative arylation of alkylated amines. 
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Scheme 1.10.  Enantioselective deamination of benzylic quaternary amines to silanes.   

 

Another strategy for the deamination of primary amines is by way of nitration to generate 

an N-nitroamide reactive intermediate.  The Jakobsche group has demonstrated that following 

amidation with methyldichloroacetate (39), reaction with sodium nitrite yields the requisite 

intermediate 40 (Scheme 1.11).33  A subsequent rearrangement liberates dinitrogen and an ester 

product (41), which is hydrolyzed to give the net amine 38 to alcohol 42 conversion.   

 

Scheme 1.11. Deaminative synthesis of alcohols via N-alkyl-N-nitrosamides.    

 

The scope of deaminative substitution chemistry was vastly expanded by the work of the 

Katritzky laboratory.  Primary amines were shown to undergo pre-functionalization by reaction 
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with pyrylium salts (43) to generate an N-alkylpyridium salt (subsequently named a “Katritzky 

salt”), which can undergo facile substitution with a variety of nucleophiles (Scheme 1.12).34-40  

Seminal work with N-benzyl 2,4,6-triphenylpyridinium perchlorate (45) showed that reflux with 

piperidine yielded tertiary amine product 47 (Scheme 1.13a).34  Sodium phenoxide and aniline 

were also used as nucleophiles to generate ethers and secondary amine products, respectively 

(Scheme 1.13b).34  The use of triphenylphosphine also produced phosphonium salt product 49 

(Scheme 1.13c).34  Substitution reactions of N-methyl, N-allyl and N-benzyl pyridinium salts 

demonstrated second order kinetics.41, 42  However, substitution of secondary N-alkyl species such 

as N-isopropyl pyridinium salts exhibited SN1 character, as the reaction rates were shown to be 

independent of the concentration of piperidine.41, 42  As discussed in section 1.3.2, Katritzky salts 

are also capable of participating in radical chemistry.   

 

Scheme 1.12.  Pre-functionalization of primary amines to Katritzky salts.   

 

Scheme 1.13.  Examples of Katritzky salt substitution chemistry including the nucleophiles a) 

piperidine; b) phenoxide and c) triphenylphosphine.   
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Scheme 1.13 continued.  Examples of Katritzky salt substitution chemistry including the 

nucleophiles a) piperidine; b) phenoxide and c) triphenylphosphine. 

 

 

 

1.3.2. Deamination by a Radical Mechanism.  

Radical intermediates have become increasingly important in modern organic synthesis 

due to the ease with which they can be accessed and transformed using photoredox and cross-

coupling methods.43, 44  This section highlights how primary amines have been harnessed as 

precursors to alkyl radical species which can be intercepted with photocatalytic and cross-coupling 

techniques (Figure 1.4).  However, in a notable classical example, Barton and coworkers reported 

that primary amines (50) can be converted to isonitriles (52) by formylation and subsequent 

dehydration with either phosphorus oxychloride or p-toluenesulfonyl chloride.45-48  This isonitrile 

species can then be converted to an alkane (53) by a radical mechanism using n(Bu)3SnH and 

AIBN initiator (Scheme 1.14).   
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Figure 1.4.  Summary of deaminative functionalization enabled by a radical mechanism. 

 

 

Scheme 1.14. Barton-Saegusa deamination of amines to alkanes.   

 

In addition to their polar substitution chemistry, Katritzky salts can also be utilized for 

radical deamination reactions.40  Deaminative alkylation of Katritzky salt 54 with nitronate (55) 
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and malonate (57) anions resulted in the formation of products 56 and 58 with C(sp3)-C(sp3) bonds 

(Scheme 1.15).49, 50  Mechanistic evidence including bimolecular kinetics wherein secondary 

aliphatic substituents react at a faster rate than primary aliphatics, suggested the presence of a 

radical intermediate.51  UV-vis spectroscopy demonstrated quenching of the Katritzky salt 

absorption upon addition of sodium nitromethanide solution, suggesting the reaction proceeds by 

a charge transfer complex (CTC).41  Katritzky salts can also be reduced with sodium borohydride 

to form 1,2-dihydropyridines (59).52, 53  Subsequent pyrolysis upon heating to 200 oC results in the 

production of alkane 60 (Scheme 1.16a).  Deuterium labelling experiments with NaBD4 were 

conducted to further elucidate the mechanism of reduction.54  A concerted mechanism was 

expected to provide a mixture of both α-deutero-toluene (60-α-D) and o-deutero-toluene (60-o-D) 

products through formation of isotoluene intermediate 61.  However, 60-o-D was the only product 

detected, providing evidence instead for a radical mechanism via intermediates 62 and 63 (Scheme 

1.16b).54  

 

Scheme 1.15. Radical deamination of Katritzky salts with a) nitronate and b) malonate.  
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Scheme 1.16. Reductive deamination of Katritzky salts including a) scope and b) mechanistic 

evidence for a radical mechanism. 

 

The Watson group cemented the modern use of Katritzky salts for aliphatic deaminative 

cross-coupling reactions.  In their 2017 seminal report, catalytic nickel (II) acetate and 

bathophenanthroline (BPhen) ligand are employed for deaminative C(sp3)-C(sp2) coupling of N-

alkylpyridinium tetrafluoroborate salts (64) with aryl boronic acids (65) (Scheme 1.17a).55  A 

radical clock derived pyridinium salt produced a rearranged product and the addition of TEMPO 

produced trapped adducts, suggesting the presence of radical intermediates.  Their postulated 

mechanism involves single electron reduction of the Katritzky salt by the nickel catalyst.  The 
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reduced Katritzky salt intermediate then undergoes fragmentation to form 2,4,6-triphenylpyridine 

side product and an alkyl radical species which is intercepted by the nickel catalyst.  The substrate 

scope of this procedure was further expanded to include Katritzky salts derived from benzylic 

amines and amino acid methyl esters, as well as vinyl boronic esters as cross-coupling partners.56-

58  9-BBN has also been used for in-situ hydroboration with alkenes, which can subsequently 

undergo deaminative cross-coupling to result in C(sp3)-C(sp3) products.59  Deaminative C(sp3)-

C(sp3) bond formation (68) was also achieved using a Negishi-type coupling with alkyl zinc 

halides (Scheme 1.17b).1   

 

Scheme 1.17. Nickel catalyzed deaminative cross-coupling of Katritzky salts with a) aryl boronic 

acids and b) alkyl zinc halides.   

 

An alternative method for C(sp3)-C(sp3) coupling was disclosed by the Martin group using 

non-activated alkenes (70), NiBr2·glyme and dtbpy (4,4′-di-tert-butyl-2,2′-bipyridine) ligand 

(Scheme 1.18a).60  Terminal alkenes reacted with Katritzky salts to give anti-Markovnikov 

products (71) with (EtO)3SiH as the hydride source.  The Liu group has also reported a deaminative 
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hydroalkylation using internal alkynes and (Me2SiH)2O (Scheme 1.18b).61  Using Katritzky salts 

derived from α-secondary amines (72) and aryl alkyl alkyne 73, regioselectivity ratios of >20:1 

were reported.   

 

Scheme 1.18.  a) Deaminative hydroalkylation of a) unctivated alkenes and b) alkynes.   

 

Subsequent work on deaminative coupling reactions led to several reports of reductive 

cross-couplings.  The Rueping group reported using Mn(0) for nickel catalyzed cross-coupling of 

Katritzky salts with aryl iodides and bromides (Scheme 1.19).62-64  The proposed mechanism 

invokes initial oxidative addition of the aryl halide with nickel (0) (Figure 1.5).  This nickel (II) 

intermediate is then reduced by Mn(0) to generate a nickel (I) aryl species, which subsequently 

reduces the Katritzky salt.  A nickel (III) species bearing alkyl and aryl substituents is thus formed 

and undergoes reductive elimination to yield the C(sp2)-C(sp3) product, and the nickel (0) catalyst 

is regenerated with Mn(0). The Han group has expanded reductive deamination to include C(sp3)-

C(sp3) coupling with the use of Zn(0).65  Molander has also reported using the photoredox catalyst 

4-CzIPN (1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene) and blue light for reductive 

deaminative cross-coupling, in place of Mn(0) or Zn(0) and with triethylamine as a sacrificial 

reductant.66 
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Scheme 1.19.  Reductive deaminative cross-coupling of Katritzky salts with aryl halides.   

 

 

Figure 1.5.  Proposed catalytic cycle for reductive deaminative cross-coupling.   

 

The net conversion of a primary amine to a methyl ester (79) has also been enabled by 

deaminative cross-coupling methodology.  Using Co(acac)2 catalyst and 4,7-dihydroxy-1,10-

phenanthroline (dhphen) ligand, Katritzky salts undergo deaminative coupling with carbon 

monoxide and methanol (Scheme 1.20).67  The postulated mechanism invokes reduction of the 

Katritzky salt by cobalt (0) to generate a cobalt (II) alkyl species (Figure 1.6).  This intermediate 
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participates in CO insertion and subsequently reacts with methanol to yield the ester product.  A 

previously unreported conversion of primary amines to difluoromethane moieties (81) was 

recently disclosed by the Liu group.68  Catalytic copper was used for cross-coupling of Katritzky 

salts with Vicic-Mikami reagent (Scheme 1.21).  This reaction is a notable exception to previously 

reported deaminative cross-coupling reactions in that Katritzky salt derivatives containing 

additional electron-withdrawing substituents or ring fusions (80) were required to obtain high 

yields.   

 

Scheme 1.20.  Conversion of amines to methyl esters using catalytic cobalt, methanol and carbon 

monoxide.   
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Figure 1.6. Proposed mechanism for cobalt catalyzed deaminative esterification.   

 

Scheme 1.21. Conversion of primary amines to difluoromethane isosteres using catalytic cobalt 

and Vicic-Mikami reagent.   

 

In addition to metal catalyzed cross-coupling reactions, deaminative photocatalytic 

strategies have emerged as an equally useful tool.  The Glorius group first demonstrated 

photoredox catalyzed deamination of Katritzky salts using [Ir(ppy)2(dtbbpy)]PF6 (Scheme 1.22).  

The resulting alkyl radical species were intercepted with electron rich arenes to yield Minisci 
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coupled products (84).69  Subsequently, numerous groups reported photoredox catalyzed C(sp3)–

C(sp3) and C(sp3)–C(sp2) coupling reactions via both Giese and Heck type syntheses.70-77 Rather 

than comprehensively reviewing these methodologies for C-C bond formation, other deaminative 

transformations for C-heteroatom bond formation are highlighted here.  Such transformations have 

not been achieved via metal catalyzed cross-coupling reactions and illustrate the merit of 

photocatalysis for radical chemistry.  The breadth of deaminative functionalization illustrated here 

is intended to provide context for the reductive deamination presented in chapter 3.   

 

Scheme 1.22.  Deaminative Minisci coupling enabled by photoredox catalysis.  

 

Gryko reported the first deaminative C(sp3)-C(sp) coupling of alkynyl sulfones (86) with 

Katritzky salts using eosin Y and green light (Scheme 1.23).78  In the proposed mechanism, the 

liberation of a radical toluenesulfonyl species yields the requisite product (87) and DIPEA acts as 

a sacrificial reductant (Figure 1.7).  The synthesis of alkyl sulfones (90) has also been achieved by 

deaminative coupling of potassium metabisulfite and silyl enol ethers (Scheme 1.24).79  Initial 

radical addition to sulfur dioxide generates an alkylsulfonyl radical intermediate, which is trapped 

by the enol and is subsequently oxidized.  Base-induced desilylation yields the desired ketone 

product (Figure 1.8).   
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Scheme 1.23.  Deaminative C(sp3)-C(sp) bond formation using alkynyl sulfones.   

 

Figure 1.7. Proposed mechanism for deaminative C(sp3)-C(sp) bond formation.   
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Scheme 1.24. Deaminative synthesis of alkyl sulfones.  

 

Figure 1.8.  Proposed mechanism for the deaminative synthesis of alkyl sulfones. 

 

Katrizky salts have also been shown to participate in visible light mediated electron-donor-

acceptor (EDA) complexes.   Such reactions involve two components in close intermolecular 
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association which are excited by a light source, causing one component (the donor) to transfer an 

electron to the other component (the acceptor).80 An advantage of light induced EDA reactions is 

that they do not require the addition of a photoredox catalyst, which can be costly or time 

consuming to synthesize.  Deaminative borylation enabled by EDA complexation was reported 

concurrently by the groups of Glorius and Aggarwal (Scheme 1.25).81, 82  Alkyl boronic ester 

products (92) were achieved using blue LEDs, B2cat2 and Katritzky salts.  Mechanistic studies 

including UV-vis spectroscopy demonstrated a bathochromic absorbance shift upon addition of 

B2cat2 with a solution of Katritzky salt in DMA, providing evidence for EDA complexation.  A 

Job plot showed this EDA complex is formed in a 1:1 ratio and a reaction quantum yield of greater 

than 1 was obtained, suggesting a radical chain mechanism is occurring.  They propose that a 

B2cat2·DMA adduct reduces the Katritzky salt during EDA complexation (Figure 1.9), which 

results in the formation of propagating radical species 94. This mechanism is believed to be 

analogous to the reactions proceeding via a CTC originally reported by Katritzky (see Scheme 

1.15).   

 

Scheme 1.25. Deaminative borylation enabled by EDA complexation of Katritzky salts.   
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Figure 1.9.  Proposed mechanism for deaminative borylation via EDA complexation involving a) 

initiation and b) propagation.   
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EDA complexation has also enabled the deaminative synthesis of alkyl thioesters (97) from 

amino acid derived Katritzky salts and thiobenzoic acid anions (Scheme 1.26a).83  These thioester 

products can also undergo facile deprotection, resulting in the net conversion of amines to thiols.  

It was found that thiobenzoic acid could be replaced with alkyl and aromatic thiols, which also 

undergo EDA complexation to give thioether products (99) (Scheme 1.26b).  There have 

additionally been reports of deaminative C(sp3)–C(sp3) and C(sp3)–C(sp2) bond formation enabled 

by EDA complexation.82, 84, 85   

 

   

Scheme 1.26. EDA complex mediated deaminative conversion to a) alkyl thioesters and b) alkyl 

thioethers.   

 

In addition to the wide range of deamination reactions involving Katritzky salts that are 

mediated by light, there have also been some reports of base catalyzed transformations.  The Shi 

group first disclosed that deaminative borylation with B2cat2 can also be mediated with 10 mol% 

dtbpy ligand (Scheme 1.27).86  Mechanistic studies demonstrated that the reaction proceeded in 

the dark, eliminating EDA complexation as a possible pathway.  Boron NMR spectroscopy 

indicated that B2cat2 forms adduct 102 with dtbpy and enables the cleavage of the boron-boron 

bond (103) (Scheme 1.28).  This moiety is proposed to form adduct 104 with the solvent DMAc, 

generating an intermediate with a sufficient reduction potential for single electron transfer to the 
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Katritzky salt.  An alternative hypothesis is that this adduct may undergo homolysis to give a 

radical species with a similar reduction potential.   

 

Scheme 1.27.  Lewis base catalyzed deaminative borylation.   

 

Scheme 1.28. Proposed mechanism for Lewis base catalyzed deaminative borylation.   

 

The Hong group has subsequently disclosed using NHC 107 for base catalyzed 

deamination, resulting in the synthesis of ketone products (108) (Scheme 1.29).87  The NHC reacts 

with aldehydes (106) to generate Breslow intermediate 111 capable of reducing Katritzky salts 

(Figure 1.10).  DBU has also been used as a catalytic base for deaminative carbonylation with CO 

and styrene.88, 89 



28 
 

 

Scheme 1.29. NHC catalyzed deaminative synthesis of ketones.     

 

 

Figure 1.10. Proposed mechanism for deaminative synthesis of ketones via a Breslow 

intermediate.  

  

While using Katritzky salts as a pre-functionalization strategy for the activation of primary 

amines has clearly facilitated a wide range of substitution reactions, a major drawback to this 

chemistry is α-tertiary primary amines cannot be utilized.  Due to the steric bulk of 2,4,6-

triphenylpyrylium salts, only α-primary and α-secondary amines can be converted to the requisite 
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Katritzky salt.  Very recently, the Rovis group has demonstrated an alternative pre-

functionalization strategy that address this limitation.  α-Tertiary amines (113) undergo 

condensation with electron rich 2,4,6-trimethoxybenzaldehyde (114) to yield imine 115 which is 

then oxidized by the excited photoredox catalyst [Ir(dF-CF3-ppy)2(dtbbpy)]PF6.
90  The resulting 

imidoyl radical species undergoes β-scission to give aryl nitrile byproduct, and the desired alkyl 

radical intermediate is trapped with an electron deficient olefin (116) (Scheme 1.30).   

 

Scheme 1.30. Deaminative C(sp3)-C(sp3) bond formation by pre-functionalization to electron rich 

imines. 

 

In a subsequent advance, Rovis has shown that α-tertiary radicals generated by 

photooxidation of pre-functionalized imine species 119 can be intercepted by a nickel catalyst.  

This dual catalysis reaction facilitates C(sp3)-C(sp2) cross-coupling with aryl bromides (120) to 

yield product 121 (Scheme 1.31).91   
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Scheme 1.31. Deaminative C(sp3)-C(sp2) coupling by dual nickel – photoredox catalysis with pre-

functionalized imines.   

 

1.3.3. Other Transition Metal Catalyzed Deamination Reactions.  

In addition to the nickel catalyzed cross-coupling reactions described in chapter 1.3.2, there 

have been reports of ruthenium and palladium catalyzed deaminative transformations.  

Remarkably, these reactions activate primary amines without any pre-functionalization.  Milstein 

has reported using water to convert primary amines (123) to alcohols (125) with ammonia as a 

byproduct, enabled ruthenium catalyst 124 (Scheme 1.32).92  In the proposed mechanism, the 

catalyst facilitates dehydrogenation of amines to imines and dihydrogen.  The imine moiety 

undergoes condensation with water to yield an aldehyde, which is subsequently reduced by the 

available dihydrogen to give the alcohol product.  Recently, the Milstein group has been expanded 

this work to include the conversion of primary amines to carboxylic acids using ruthenium pincer 

complex 124.93   
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Scheme 1.32.  Ruthenium catalyzed conversion of amines to alcohols using water.   

 

Marciniec has reported a ruthenium catalyzed coupling of two primary alkyl amines (126) 

to form secondary amine 21 and liberate 23 (Scheme 1.33).19  β-Hydride elimination is thought to 

produce a coordinated imine species which undergoes attack by the second amine moiety to give 

a dialkyl imine intermediate that is then reduced (Figure 1.11).  The Yi group has further disclosed 

the selective synthesis of unsymmetrical secondary amines (128) from a mixture of two different 

primary amines (Scheme 1.34).94  Quinazolinones were also synthesized from primary benzylic 

amines and 2-aminobenzamides.95   

 

Scheme 1.33.  Ruthenium catalyzed deaminative coupling of primary amines to form symmetrical 

secondary amines. 
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Figure 1.11.  Proposed mechanism for deaminative coupling of primary amines to form secondary 

amines. 

 

 

Scheme 1.34.  Ruthenium catalyzed deaminative coupling of primary amines to form 

unsymmetrical secondary amines.   
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           While the majority of deaminative cross-coupling reactions involve harnessing pre-

functionalized amines for nickel catalysis as demonstrated in section 1.3.2, there have been several 

reports of cross-coupling reactions which do not require this pre-functionalization.  The Tian group 

has demonstrated this with allylic primary amine 129 using palladium catalysis and aryl boronic 

acid 130 (Scheme 1.35).96  The formation of a palladium allyl complex analogous to that of allylic 

secondary amine C-N functionalization (see section 1.2) is proposed.  Product 131 exhibits 

inversion of configuration and retention of E-selectivity.  The Tian group has also reported the 

deaminative conversion of allylic primary amines (132) to sulfones (134) with sodium sulfinates 

and catalytic palladium (Scheme 1.36).97  The chiral ligand (R)-BINOL results in enantioselective 

products which exhibit retention of configuration.   

 

Scheme 1.35.  Deaminative coupling of allylic amines with aryl boronic acids.   

 

 

Scheme 1.36.  Deaminative synthesis of allylic sulfones.   
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1.3.4. Oxidative Deamination. 

           Reductive amination is a powerhouse reaction used by the chemical industry for the 

conversion of ketones to amines.98, 99  The reverse conversion of amines into ketones is also of 

interest, and a wide variety of reagents for this transformation has been disclosed.  Figure 1.12 

summarizes the scope of oxidative deamination and its applications towards the synthesis of 

heterocycles and multi-component reactions.   

 

Figure 1.12.  Scope of transformations enabled by oxidative deamination.   

 

           The oxidative deamination of amines is known to occur in-vivo by enzyme catalyzed 

processes.100  Neurotransmitters and histamines are biological amines present in animals which are 

metabolized by a class of enzymes known as Copper-amine Oxidases (CuAOs).100, 101  The co-

factor of CuAOs has been identified by several groups as the quinone containing compound 2,4,5-

trihydroxyphenylalaninequinone (TPQ).102, 103  TPQ reacts with amines to form an imine, which 
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is then converted to an aldehyde product by reaction with water (Scheme 1.37a).101, 103  This results 

in the reduced aminoquinol form of TPQ, which is then re-oxidized by the conversion of dioxygen 

to hydrogen peroxide.  Another biological enzyme which catalyses the oxidative deamination of 

nitrogen containing compounds in prokaryotes is amine dehydrogenase (ADH).  ADH contains a 

similar quinone derived co-factor tryptophan tryptophyquinone (TTQ) which also reacts via imine 

formation (Scheme 1.37b).104  Instead of regeneration by reaction with dioxygen, the electrons 

gained by reduction are transferred to blue copper proteins including amicyanin or azurin.105  

Biomimetic strategies for oxidative deamination typically involve imine condensation and 

isomerization.  Subsequent reaction with excess primary amine or hydrolysis results in either a 

dialkyl imine product or a carbonyl, respectively (Scheme 1.37c).   

.   

 

Scheme 1.37.  Oxidative deamination enabled by a) CuAOs, b) ADH, and c) biomimetic strategies 
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Scheme 1.37 continued.  Oxidative deamination enabled by a) CuAOs, b) ADH, and c) 

biomimetic strategies.   

 

           Corey first disclosed biomimetic deaminative oxidation in 1969 using 3,5-di-tert-butyl-1,2-

benzoquionone (135) (Scheme 1.38a).106  The steric hinderance of this quinone derived moiety 

favours imine condensation at only the C1 position in the presence of primary amines.  Subsequent 

hydrolysis at low pH results in the production of ketone products (138).  α-Primary amines (5) 

were also converted to aldehydes (106) using mesitylglyoxyl derivative 139 (Scheme 1.38b).  This 

initial report inspired the use of readily available ascorbic acid (142-red) for deaminative 
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oxidation.  Voltrova and Strogl report the in-situ oxidation of ascorbic acid (142-red) by air and 

catalytic copper to dehydroascorbic acid (142-ox), which facilitates the conversion of primary 

benzylic amines (141) to aldehydes (143) (Scheme 1.39).107    

 

Scheme 1.38.  Biomimetic oxidative deamination of primary amines using a) 3,5-di-tert-butyl-

1,2-benzoquionone and b) mesitylglyoxyl derivatives.   

 

 

 

Scheme 1.39.  Biomimetic oxidative deamination using ascorbic acid.   

 

           Lisnyak and Snyder have recently demonstrated the synthetic importance of oxidative 

deamination by applying this reaction as a key step in their total synthesis of Chilocorine C (147), 

a natural product isolated from ladybugs (Scheme 1.40).108  Amine intermediate 144 was converted 



38 
 

to an aldehyde moiety (145) using the procedure reported by Voltrova and Strogl.  Aldehyde 145 

is then able to undergo an aldol cyclization sequence with 146 to yield the requisite natural product.   

 

Scheme 1.40.  Total synthesis of Chilocorine C enabled by biomimetic oxidative deamination.   

 

           Largeron and Fleury expanded biomimetic oxidative deamination to include a substrate 

scope containing mainly non-benzylic amines (148) using catalytic 3,4-iminoquinone (149).109  

Amines were coupled to afford unstable dialkyl imine species, which were subsequently 

hydrolyzed and isolated as aldehyde 2,4-dinitrophenylhydrazone adducts, capping the theoretical 

yield at 50% (Scheme 1.41a).  The reduced aminoquinone species was re-oxidized using a 

platinum electrode, resulting in a catalytic turnover number of 23.  Further work demonstrated that 

this electrode could be replaced with catalytic copper and an air atmosphere.110  This procedure 

was used for the deaminative coupling of benzylic amines (151) to yield dibenzylic imine product 

153 (Scheme 1.41b).  Such imines are more stable than dialkyl imine species and can be isolated.  

   

Scheme 1.41.  Catalytic biomimetic oxidative deamination using a) a platinum electrode and b) 

catalytic copper and air.   
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           Recent advances in the field of biomimetic oxidative deamination have been highlighted in 

a review by Largeron.111  Select examples are highlighted here to demonstrate the scope and 

synthetic applications of this transformation.  Stahl has reported deaminative cross-coupling of 

two different primary amine moieties to produce unsymmetrical imine products with the catalyst 

4-tert-2-hydroxybenzoquinone (155) (Scheme 1.42).112  Notably, α-tertiary primary amine 

substrates (154) were successfully engaged with this methodology.  Mechanistic studies indicated 

that homo-coupled imines are initially formed and accumulate early in the reaction, but the 

reactivity of benzylic amines drives the equilibrium towards cross-coupled products (156) by 

trans-imination.112, 113  In a more recent advance from Largeron, deaminative cross-coupled imines 

were synthesized by in-situ generation of the biomimetic catalyst purpurogallin from commercially 

available pre-catalyst pyrogallol.114  This procedure eliminates the need for multi-step syntheses 

of biomimetic catalysts.   

 

Scheme 1.42. Deaminative synthesis of unsymmetrical imines. 

 

           In the above procedures, the net conversion of amines to carbonyl compounds requires a 

second step involving hydrolysis of the imine products.  Work from the Oh group has demonstrated 

a one-pot conversion of amines to ketones using the biomimetic compound ortho-naphthoquinone 
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(158).115  The water produced from the initial condensation of amines with the catalyst is harnessed 

to hydrolyze the imine products under elevated temperature conditions (Scheme 1.43).   

 

Scheme 1.43. One-pot conversion of amines to ketones with a biomimetic catalyst. 

 

           There are additional biomimetic strategies that have been reported for oxidative 

deamination, including procedures inspired by the monoamine oxidase (MAO) flavin co-factor116, 

117 and the cytochrome P450 (CYP) heme co-factor.118, 119  There is also a very wide range of 

organic and inorganic non-biomimetic oxidants that can facilitate this transformation.120-133  These 

methodologies are described in detail in Org. Biomol. Chem. 2021, 19, 11-36.  The following 

oxidative deamination reactions are presented to show further synthetic applications and net 

deaminative conversions facilitated by this reaction. 

           A one-pot Wittig reaction was developed by Chandrasekhar in which amines undergo 

oxidative deamination and the carbonyl products are subsequently converted to α,β-unsaturated 

esters.134  A subsequent hydrogenation reaction results in the production of C(sp3) hybridized ester 

products.  The Fu group has reported extracting dibenzylic imine product from oxidative 

deaminative homo-coupling of amines (160) and adding Danishefsky’s diene (161).135  This results 

in an aza Diels-Alder synthesis of N-alkyl-4-pyridone 162 (Scheme 1.44).  Oxidative trimerization 

has also been reported by the Luo group, who demonstrated that dibenzylic imine moieties can 
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undergo an additional reaction with benzylic amine to yield imidazolinone 165 when the reaction 

is heated (Scheme 1.45).136  

 

Scheme 1.44.  Deaminative aza diels-alder synthesis of N-alkyl-4-pyridone.  

 

 

Scheme 1.45. Deaminative oxidative trimerization of benzylic amines to produce an 

imidazolinone. 

 

           The Lu group has reported photocatalyzed deaminative oxidation of 2-

phenylcyclohexanamines (166).  When dioxane and a compact fluorescent light were used, ring 

opened carboxylic acids (167) were obtained as products (Scheme 1.46a).137  Interestingly, when 

the light source was switched to green LEDs, the production of lactones (169) occurred in DMF 

(Scheme 1.46b).  They postulate that the change in solvent and light source results in the increased 

production of singlet oxygen via sensitization.  The enolate tautomer of the carboxylate product is 

able to undergo another oxidation and cyclization to the requisite lactone upon release of hydrogen 

peroxide.   
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Scheme 1.46. Deaminative oxidative synthesis of a) carboxylic acids and b) lactones.   

 

           The deaminative synthesis of thioamides (171) has also been achieved by Nguyen and co-

workers using elemental sulfur and two primary amines, one benzylic (5) and the other non-

benzylic (170) (Scheme 1.47).138  The benzylic amine is oxidized preferentially by sulfur to a 

benzylic imine moiety with release of hydrogen sulfide.  Deaminative cross-coupling with the 

aliphatic amine subsequently occurs to produce a disubstituted imine, which reacts again with 

elemental sulfur to give thioamide 171.   

 

Scheme 1.47. Deaminative oxidative synthesis of thioamides.   

 

           Imine species produced by oxidative deamination can also be intercepted in four component 

Ugi reactions.  The Sharma and Batra groups reported deaminative homo-coupling of benzylic 
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amines and subsequent reaction of the dibenzylic imine with isocyanide and carboxylic acid to 

form bis(amides).139, 140  Unsymmetrical cross-coupled imine moieties were subsequently shown 

by the Ogawa group to undergo this reaction, resulting in the production of 176 (Scheme 1.48).141 

 

Scheme 1.48.  One-pot oxidative deaminative four-component Ugi reaction with unsymmetrical 

disubstituted imines.   

 

           The use of oxidative deamination for the synthesis of heterocycles has gained a lot of 

interest in recent years.  Benzimidazoles can be produced from the deaminative coupling of 

primary amines with o-phenylenediamines (178) (Scheme 1.49), a topic which has recently been 

reviewed by Largeron.111  Similarly, benzoxazoles, benzothiazoles and quinazolinones have been 

synthesized via oxidative deamination and coupling with 2-aminophenol, 2-aminothiol and o-

aminobenzamides, respectively.142-144   
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Scheme 1.49.  Deaminative synthesis of benzimidazoles.   

 

           Amines can also be converted to alkenes via oxidative olefination.  The Wang group has 

demonstrated oxidative olefination of 2-methylquinoline derivatives (180) using benzylic amines, 

catalytic NBS and tert-butylhydroperoxide as the oxidant (Scheme 1.50).145  An aldol-type 

condensation is thought to occur between either an initially generated aldimine or its aldehyde 

hydrolysis product.  In addition to quinolines, oxidative olefination has also been demonstrated 

with electron deficient olefins such as diethyl ethylidene malonate.146  In the presence of 

ammonium acetate, alkyl acetoacetates (183) and primary amines were converted to 

dihydropyridines (185) (Scheme 1.51).146   

 

Scheme 1.50. Oxidative olefination of 2-methylquinoline with NBS and tert-butylhydroperoxide. 
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Scheme 1.51. Deaminative oxidative synthesis of 1,2-dihydropyridines. 

 

1.4. Conclusion. 

           This chapter has surveyed the wide range of strategies for C-N activation of secondary and 

primary amines.  While the activation of secondary aliphatic amines has facilitated carbonylation 

as well as amine ‘re-distribution’ reactions, there are few existing reports in which the deaminated 

alkyl substituents are subsequently rejoined (see section 2.1).  In chapter 2, a new methodology 

for this requisite secondary amine ‘deletion’ is presented using an anomeric amide reagent.  

Chapter 3 of this thesis describes the expansion of this methodology for the conversion of primary 

amines to alkane moieties.  As demonstrated in this introduction, the majority of primary amine 

C-N activation chemistry has focused on C-C and C-heteroatom bond formation.  Thus, there are 

few existing strategies for the conversion of a primary amine to a hydrogen atom.  In contrast to 

oxidative deamination, these methods for reductive deamination require the use of harsh conditions 

and undesirable reagents.  Chapter 3 presents a mild alternative to these chemistries by generation 

of a previously unreported isodiazene intermediate which engages in novel hydrogen atom transfer 

processes.  While the majority of this thesis focuses on C-N bond activation, chapter 5 is a 

standalone chapter that also reports new hydrogen atom transfer processes but for a C-H bond 

activation reaction.   
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CHAPTER 2 

Skeletal Editing by Deletion of Secondary Amines from Molecular Scaffolds 

Note: Portions of this work have been published in an alternate format in Kennedy, S. H.; 

Dherange, B. D.*; Berger, K. J.*; Levin, M. D. Skeletal Editing through Direct Nitrogen Deletion 

of Secondary Amines.  Nature, 2021, 593, 223-227.   

2.1. Introduction. 

The ability to make late-stage edits to an existing pharmacophore is key for the 

development of new drug derivatives.1  As highlighted in chapter 1, the field of late-stage 

functionalization has been typically limited to peripheral modifications such as C-H activation 

reactions.2, 3  However, there is a commensurate potential to be gained from the ability to make 

changes to the molecular skeleton itself by ‘insertion’ or ‘deletion’ reactions.4-6  Figure 2.1 shows 

an illustrative example with the antiemetic Aprepitant (2), in which peripheral derivatization of a 

lead target (1) led to the breakthrough compound.7 In contrast, late-stage changes to the core 

heterocyclic moiety itself are not currently feasible using existing chemical technologies, limiting 

the chemical space a discovery program can rapidly explore.  

 

Figure 2.1.  Late-stage C-H functionalization is an important drug discovery tool, but late-stage 

skeletal editing has not been developed to the same level.   
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The current state of the art for skeletal editing is largely limited to ring re-sizing reactions 

that are carbonyl driven, which severely restricts the scope of scaffolds that may be edited (Scheme 

2.1).8  Classical examples include Wolff and Favorskii Rearrangements, in which cyclohexanone 

derived moieties may undergo ring contraction.9, 10  A more recent example from the Dong group 

demonstrates C-C bond cleavage to edit ketones from structures.11  The ‘deletion’ of ethers from 

dibenzylic structures has also been reported, though its free-radical mechanism limits it to 

symmetric systems (Scheme 2.2).12  In contrast to these transformations, the ‘deletion’ of a 

secondary amine from a molecular scaffold has not been as thoroughly studied (Scheme 2.3).  As 

discussed in chapter 1.2, the field of C-N bond activation has mainly focused on oxidative 

deamination and amine ‘re-distribution’ reactions.13   

  

Scheme 2.1. Examples of carbonyl dependent skeletal editing including a) the Wolff 

rearrangement b) the Favorskii rearrangement and c) deacetylation of ketones.   

 

 

Scheme 2.2 Oxygen deletion of dibenzylic ethers. 
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Scheme 2.3 Desired nitrogen deletion of secondary amines. 

 

A retrosynthetic analysis of this desired transformation suggests that conversion of a 

secondary amine into a more reactive intermediate may facilitate the extrusion of nitrogen.  One 

intermediate of interest is a secondary isodiazene or 1,1-diazene moiety, which has been shown to 

liberate dinitrogen with recombination of alkyl fragments.14  However, existing methods for 

generating such intermediates involve the use of harsh reagents, and conditions that are 

inappropriate for the desired late-stage editing of complicated molecular scaffolds.14, 15  Indeed, 

Dervan has reported the conversion of a secondary amine to a hydrazine moiety (17) by treatment 

with nitrosyl chloride followed by reduction with sodium metal.  The requisite hydrazine is 

converted to an isodiazene (18) by treatment with tert-butyl hypochlorite (Scheme 2.4).15 

Isodiazene intermediates generated by mercuric oxide oxidation of benzylic hydrazine precursors 

were also shown to rearrange via loss of dinitrogen and formation of a C-C bond (20) (Scheme 

2.5).16  The observation that this rearrangement was limited to benzylic substrates is suggestive of 

a radical mechanism due to the stability of benzylic radical intermediates.  This transformation is 

also known with isodiazene intermediates generated from amines using Angeli’s salt 

(Na2ONNO2).
17, 18  More recently, Lu disclosed a two-step nitrogen deletion of secondary amines 

by pre-functionalization to sulfamoyl azides using sulfuryl diazide (Scheme 2.6).19  These moieties 

subsequently liberate dinitrogen and sulfur dioxide upon heating to generate isodiazene 

intermediates.  However, one drawback of this methodology is that sulfuryl diazide is a very 

hazardous reagent with toxicity and stability concerns.20   
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Scheme 2.4. Synthesis of an isodiazene via reaction with nitrosyl chloride, followed by reduction 

with sodium metal and treatment with tert-butyl hypochlorite. 

 

Scheme 2.5.  Isodiazene intermediate generated by mercury oxidation undergoes homolytic 

extrusion of dinitrogen.   

 

 

Scheme 2.6. Sulfamoyl azide method for nitrogen deletion. 

 

We were interested in pursuing a milder route to generate isodiazene intermediates which 

could then be applied for facile skeletal editing.  Glover has reported the reaction of N-

methylaniline (24) with a reagent known as an anomeric amide (23).21  Such amides consist of two 

electronegative oxygen substituents bonded to the amide nitrogen atom, rendering it 

electrophilic.22  A more detailed overview of anomeric amides can be found in chapter 4.1.  N-

methylaniline was shown to undergo nucleophilic substitution at the electrophilic amide nitrogen 

(Scheme 2.7). The corresponding intermediate (25) undergoes a rearrangement, resulting in the 
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reductive elimination of an ester (26) and what was thought to be the requisite isodiazene moiety, 

as evidenced by the formation of a dimerized tetrazene product (28).21  We hypothesized that 

secondary amines from which the resulting alkyl fragments can stabilize a radical intermediate 

would undergo homolytic extrusion preferentially over dimerization to yield the desired nitrogen 

deletion product (30) (Scheme 2.8).   

 

Scheme 2.7.  Anomeric amide reagents convert secondary amines to isodiazene intermediates.   

 

 

Scheme 2.8. Key hypothesis that anomeric amides can be applied for the direct deletion of 

amines. 

 

It is also important to note that since the work presented in this chapter was published, two 

other strategies for nitrogen deletion have been disclosed.  The sulfamoyl azide method for 

converting a secondary amine to an isodiazene was expanded to include a substrate scope of cyclic 

amines (31) which undergo ring contraction chemistry (Scheme 2.9).23  Antonchick has also 

reported ring contraction of pyrrolidines (33) to give cyclobutanes (34) (Scheme 2.10).  The 

requisite isodiazene intermediate in this latter example is generated by nitrene transfer from an 

iodonitrene intermediate (35) formed in-situ using ammonium carbonate and the oxidant HTIB at 

80 oC.24   
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Scheme 2.9. Sulfamoyl azide method for nitrogen deletion applied to ring contraction chemistry. 

 

 

Scheme 2.10. Ring contraction of pyrrolidines to cyclobutanes using ammonium carbonate and 

HTIB.   

 

2.2. Results and Discussion. 

2.2.1. Reaction Scope and Limitations. 

Anomeric amides were demonstrated to be effective reagents for nitrogen deletion of 

secondary amines by Dr. Sean Kennedy, a former post-doctoral scholar in our group who 

conducted the initial reaction optimization.  Preliminary studies with the model secondary amine 

bis(4-bromobenzyl)amine (36) and anomeric amide 38 demonstrated that the desired deletion 

product 37 was produced in 35% yield (Table 2.1).  However, unwanted N-acetylation of the amine 



64 
 

starting material was observed as a side product.  In order to mitigate this, a more bulky pivalate 

derived reagent (39) was developed that increased the yield of 37 to 57%.  Subsequent work 

demonstrated that the addition of an electron-withdrawing trifluoromethyl group to the benzamide 

ring (40) further increased the yield of 37 to 74%, and this anomeric amide was taken forward as 

the optimized reagent.  Routine screening of reaction conditions demonstrated THF was the 

optimal solvent.  Heating was shown to increase reaction rate, but unfortunately the reaction could 

not be heated above 45 oC due to the thermal instability of the reagent.   

 

Table 2.1.  Reagent optimization for secondary amine deletion conducted by Dr. Sean Kennedy.   

  

The substrate scope (Table 2.2) was primarily conducted by Dr. Sean Kennedy, who 

demonstrated skeletal editing on a wide variety of dibenzylic amines.  Tolerance was demonstrated 

for a number of potentially challenging functional groups that are typically present during late-

stage editing of complicated molecules, including phosphates, sulfones and nitrogen-containing 

heterocycles (41-51).  The benzylic nature of these amines was necessary to stabilize the homolytic 

extrusion of dinitrogen, and purely aliphatic secondary amines were unreactive.  The 

monobenzylic secondary amine 57 yielded deletion product but in a lower yield of 34%.  
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Excitingly, a number of cyclic secondary amines (52-56) underwent ring contraction chemistry.  

Dr. Balu Dherange was able to demonstrate several synthetic applications of this methodology 

including the total synthesis of the marine metabolite Polysiphenol (63) (Scheme 2.12),25 as well 

as a new synthesis of the histone receptor modulator drug target 60 (Scheme 2.11).26   

 

Table 2.2. Select examples from the secondary amine substrate scope demonstrating functional 

group tolerance.  *2 equiv. triethylamine added; †2 equiv. reagent 40 added.   
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Scheme 2.11. Application of nitrogen deletion towards the synthesis of a histone receptor 

modulator.   

 

Scheme 2.12.  Application of nitrogen deletion towards the total synthesis of Polysiphenol.   

 

In addition to the stipulation that amines contain some degree of benzylic stabilization, 

there were several other limitations in scope.  Steric hinderance of certain secondary amine 

substrates, coupled with the inability to force difficult transformations by heating the reaction 

higher than 45 oC, was a drawback of this methodology.  For example, derivative 64 of the 

antidepressant Norsertraline was found to be unreactive despite the dibenzylic nature of the 

secondary amine moiety, possibly due to the bulky nature of the substituted tetralin core (Scheme 

2.13).  Additionally, α-tertiary secondary amines (66 and 68) were explored and found to be largely 

unreactive (Scheme 2.14).  We postulate this is also due to steric constraints, as steric hinderance 

is known to be exacerbated at a nitrogen relative to carbon.27   
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Scheme 2.13. Sterically bulky Norsertraline derivative is unreactive. 

 

 

Scheme 2.14.  Unsuccessful nitrogen deletion of α-tertiary secondary amines including a) 

dibenylic and b) monobenzylic substrates.   

 

While homolytic extrusion of dinitrogen is the predominant pathway for acyclic substrates 

containing benzylic substitution, some cyclic compounds were shown to require either dibenzylic 

stabilization or a benzhydryl substituent if monobenzylic.  This stipulation was demonstrated with 

the N-H derivative of Aprepitant (2), which is monobenzylic.  Instead of liberating dinitrogen to 

yield the nitrogen deletion product, a rearrangement occurred to give hydrazone product 4 (Scheme 

2.15).  While this was not the desired product, it is of interest because it serves to demonstrate an 

example of skeletal editing via insertion chemistry.  Heating 4 was not sufficient to liberate 

dinitrogen.   
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Scheme 2.15. Aprepitant derivative undergoes nitrogen insertion chemistry.   

 

2.2.2. Mechanistic Studies. 

With the substrate scope thoroughly investigated, the mechanism of the transformation was 

studied.  The observation that substitution of the benzamide ring with a p-trifluoromethyl group 

increased the reaction rate prompted us to conduct a Hammett plot analysis.  Anomeric amides 

bearing other substituents at the benzamide moiety - both electron-donating and electron-

withdrawing - were synthesized in order to pursue this study (Figure 2.2).  A one-pot Hammett 

competition study was conducted.  When log(kx/kh) was plotted versus σ, and R2 value of 0.9094 

was obtained (Figure 2.3).28  In contrast, a higher R2 value of 0.9399 was obtained when the data 

was plotted against σ+ and the intercept was closer to zero (Figure 2.4).28, 29  This finding suggests 

that the transition state is stabilized by both resonance and inductive effects.28  A rho value of 0.60 

versus σ+ was obtained, indicating a negative charge is built during the reaction and stabilized by 

the trifluoromethyl group.28  However, the nature of the resonance stabilization in this system is 

less clear given that the site of nucleophilic attack is not directly conjugated to the arene ring.  One 

possibility is that the initial substitution is not rate-limiting.  Alternatively, related twisted amides 

have been shown to exhibit a similar dependence on σ+, which was rationalized through 

competitive resonance between the arene and the amide.30-33  Another possibility is that the 

Hammett plot versus σ is indicative of a change in rate-determining step.  At this time, we cannot 

discount any of these possibilities.   
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Figure 2.2. Anomeric amide derivatives prepared for Hammett plot study.   

 

 

Figure 2.3. Hammett plot analysis versus σ. 

 

 

Figure 2.4.  Hammett plot analysis versus σ+. 
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Following the initial substitution of the anomeric amide reagent 40, it was hypothesized 

that a reductive elimination occurs to liberate the postulated isodiazene intermediate in addition to 

the ester byproduct. This rearrangement could occur via an intramolecular mechanism or an 

intermolecular mechanism by dissociation of a benzyloxy anion (Figure 2.5).  In order to probe 

this, a cross-over experiment was performed using two anomeric amides which contain 

distinguishable benzamide and alkyoxy moieties (72 and 73) (Scheme 2.16). The nitrogen deletion 

reaction was conducted using both anomeric amides in a single pot.  The ester by-products 

observed (74 and 75) corresponded to an intramolecular rearrangement and the crossover esters 

(76 and 77) which would be formed by a dissociative mechanism were not detected.  This provided 

evidence for a concerted reductive elimination, which has been further supported by previous 

computational studies.34, 35 The presence of an isodiazene intermediate following this 

rearrangement was further verified by Dr. Sean Kennedy using allylic amine 78 (Scheme 2.17). A 

[2,3]-sigmatropic rearrangement between the isodiazene and alkene occurred, resulting in 1,2-

diazene product (80).36   

 

Figure 2.5. Two mechanistic hypotheses for the rearrangement to produce the isodiazene. 
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Scheme 2.16. Crossover experiment demonstrating an intramolecular rearrangement.   

 

 

Scheme 2.17. [2,3]-Sigmatropic rearrangement to a diazene product suggests presence of 

isodiazene intermediate. 

 

The observation that amines require benzylic substituents to produce deletion products 

suggested that the isodiazene intermediate liberates dinitrogen via a radical recombination.  In 

order to verify this mechanism, we sought to use a secondary amine substrate which contained a 

radical clock (Scheme 2.18).  Amine 81 containing a methylcyclopropyl moiety generates a radical 

species (82) which rearranges with a rate of 108 s-1.37  To our surprise, the rearranged product 84 

was not detected and the unrearranged product 83 was observed in 30% yield.  Because the rate 

that the methylcyclopropyl moiety rearranges is slower than the rate at which a free radical species 

diffuses from the solvent cage,38 it was hypothesized that an in-cage radical mechanism was 

operative.   
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Scheme 2.18. Amine substrate containing a methylcyclopropyl radical clock moiety does not 

produce rearranged deletion product.   

 

Thus, a secondary amine containing a faster radical clock moiety was subsequently 

pursued.  The phenylcyclopropylmethyl radical clock (89) rearranges with a rate constant of 1011 

s-1,37 which is faster than the rate at which free radical species can diffuse from the solvent cage.  

trans-2-Phenylcyclopropane-1-carboxylic acid (85) is a commercially available compound that we 

sought to use as a precursor to a secondary amine containing the phenylcyclopropylmethyl radical 

clock (88).  Amidation with benzylamine (86) was performed, followed by reduction to give the 

requisite amine (Scheme 2.19).  However, this amine failed to produce deletion products (with or 

without rearrangement) in any appreciable yield when treated with 40 (Scheme 2.20).  

 

Scheme 2.19. Synthesis of amine substrate 88 containing the phenylcyclopropylmethyl radical 

clock. 

  

Scheme 2.20. Unsuccessful nitrogen deletion of amine substrate 88. 
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It was hypothesized that increasing the stability of the benzylic radical generated upon 

nitrogen deletion might increase the yield of product. Consequently, an extra phenyl group was 

added to the benzylic moiety at the para position (a 4-phenyl substituent has a σ radical value of 

0.46 relative to 0.0 for a 4-hydrogen substituent).39  Coupling of trans-2-phenylcyclopropane-1-

carboxylic acid (85) with 4-phenylbenzylamine (92) resulted in the desired amide precursor 93, 

however a variety of reductants were screened and found to be ineffective at producing amine 94 

(Scheme 2.21).  Consequently, an alternative synthetic route was pursued in which the carboxylic 

acid precursor was converted to an aldehyde (95) in two steps (Scheme 2.22).  A subsequent 

reductive amination with 92 successfully produced the requisite amine.   

 

Scheme 2.21.  Initial synthetic route to amine 94 is unsuccessful.  

 

 

Scheme 2.22. Alternative synthetic route to amine 94 by conversion of 85 to an aldehyde followed 

by reductive amination.   

 

With secondary amine 94 in hand, nitrogen deletion was performed.  Fascinatingly, the 

rearranged (97) and unrearranged (96) deletion products were both produced in approximately a 

1:1 ratio (Scheme 2.23).  This finding suggests that the rate of radical recombination is 
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approximately equal to the rate of rearrangement of the phenylcyclopropylmethyl clock, which 

provides evidence for an in-cage radical process.  However, it is also possible that product 96 is 

the result of a competing non-radical mechanism.  Trace amounts of the homo-coupled product 98 

were detected by GC-MS, further suggesting the fraction of alkyl radical species which escape the 

solvent cage is very low.  Additionally, Dr. Sean Kennedy was able to detect radical trapped 

TEMPO adducts of alkyl radical species in low yield (between 1-10%), corroborating the above 

findings.  In contrast, the recent report of ether deoxygenation (see scheme 2.2) proceeds via free 

radical diffusion and unsymmetrical ethers give a statistical mixture of products in approximately 

a 1:2:1 ratio.12  Such levels of homo-coupled products were not observed in this system with 

unsymmetrical amines were used.   

 

Scheme 2.23. Nitrogen deletion of radical clock substrate 94 gives approximately a 1:1 mixture 

of rearranged and unrearranged products. 

 

2.3. Conclusion. 

This chapter has presented a new strategy for skeletal editing via deletion of secondary 

amines from molecular scaffolds using an anomeric amide reagent.  This methodology was shown 

to tolerate a number of potentially challenging functional groups that may be present during the 

late-stage editing of pharmaceuticals.  Ring contraction chemistry of cyclic secondary amines was 

also demonstrated.  New synthetic routes to the natural product polysiphenol, as well as a histone 

receptor modulator drug target were also demonstrated.  However, one limitation of this 



75 
 

methodology is the requirement that amines are benzylic.  The inability to heat the reaction above 

45 oC may be responsible for such scope limitations and the development of more thermally stable 

anomeric amides is addressed in chapter 4.   

Mechanistic studies demonstrated that following initial substitution by a secondary amine 

moiety, the requisite intermediate undergoes an intramolecular rearrangement to liberate an ester 

and an isodiazene species.  The isodiazene intermediate rearranges by a radical mechanism to 

liberate dinitrogen, and the resulting alkyl fragments undergo in-cage radical recombination. This 

work represents a milder method for the generation of isodiazene intermediates compared to 

previous reports in the literature.   

2.4. Experimental. 

2.4.1. General Procedures.  

Unless noted otherwise, all reactions were performed in oven-dried or flame-dried 

glassware under an atmosphere of dry N2. THF, Et2O, DCM, Toluene, ACN, Et3N, and Pentane 

were dried by passing these previously degassed solvents through a PPT Solvent Purificatiton 

System, and all other solvents were dried over molecular sieves (4 Å) and degassed prior to use or 

purchased anhydrous and sealed under N2 (e.g. VWR Dri-solv or equivalent). Reaction 

temperatures were reported as the temperatures of the bath surrounding the flasks or vials. 

Sensitive reagents and solvents were transferred under nitrogen into a nitrogen-filled glovebox 

with standard techniques. Unless otherwise noted, all reagents were used as received. Analytical 

thin-layer chromatography (TLC) was carried out using 0.2 mm commercial silica gel plates (silica 

gel 60, F254) and visualized by UV irradiation or staining as indicated.   
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Low resolution mass spectra were recorded on either an Agilent 6530 LC Q-TOF mass 

spectrometer using electrospray ionization with fragmentation voltage set at 115 V or an Agilent 

SQ GC-MMS with a 7890B GC using an Agilent HP-5MS column with a temperature gradient of 

50 oC to 200 oC over 15 minutes and a 5977A single quad MS using electron ionization.  High 

resolution mass spectra were recorded on either an Agilent 6224 TOF High Resolution Accurate 

MS with electrospray ionization or an Agilent 7200B QTOF High Resolution Accurate Mass 

GCMS using an Agilent HP-5MS column with a temperature gradient of 50 oC to 200 oC over 15 

minutes and electron ionization.  All mass spectra were processed with an Agilent MassHunter 

Operating System. Nuclear magnetic resonance spectra (1H-NMR, 13C-NMR and 19F-NMR) were 

recorded with Bruker spectrometers operating at 400 or 500 MHz for 1H. Chemical shifts are 

reported in parts per million (ppm, δ), downfield from tetramethylsilane (TMS, δ=0.00 ppm) and 

are referenced to residual solvent (CDCl3, δ=7.26 ppm (1H) and 77.160 ppm (13C)). Coupling 

constants were reported in Hertz (Hz). Data for 1H-NMR spectra were reported as follows: 

chemical shift (ppm, s = singlet, d = doublet, t = triplet, q = quartet, quin = quintet, dd = doublet 

of doublets, td = triplet of doublets, ddd = doublet of doublet of doublets, m = multiplet, coupling 

constant (Hz), and integration). N-(benzyloxy)-N-(pivaloyloxy)-4-(trifluoromethyl)benzamide) 

(40) was prepared according to the optimized procedure in chapter 4.  N-acetoxy-N-

(benzyloxy)benzamide (38) was synthesized according to the reported literature procedure.40 

Characterization data for the substrate scope conducted by Dr. Sean Kennedy and Dr. Balu 

Dherange can be found in the supporting information for Nature, 2021, 593, 223-227.   

2.4.2. Synthesis of Anomeric Amide Derivatives for Mechanistic Studies.  

 General procedure for the synthesis of hydroxamate O-alkyl esters: A 500 ml round bottom 

flask equipped with a stir bar was charged with an O-alkyl hydroxylamine hydrochloride (29.3 
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mmol, 1 equiv), 100 ml DCM, 25 ml water and K2CO3 (58.6 mmol, 2 equiv) and cooled to 0 oC 

with an ice bath.  After 20 min of stirring, the benzoyl chloride derivate (29.3 mmol, 1 equiv.) was 

added dropwise by syringe.  The reaction was warmed to room temperature and overnight. The 

water phase was removed using a separatory funnel and the DCM was dried with magnesium 

sulfate, filtered and concentrated to a minimum volume by rotary evaporation until the product 

crystallized out of solution.  The crystalline product was filtered, washed with ether and dried 

under vacuum to afford the hydroxamate O-alkyl ester. 

N-benzyloxy-4-methoxybenzamide (99): Synthesized according 

to the general procedure from O-benzylhydroxylamine 

hydrochloride (4.78 g, 29.3 mmol) and p-methoxybenzoyl 

chloride (5 g, 29.3 mmol), with the exception that p-methoxybenzoyl chloride is a solid at room 

temperature and was added to the reaction in small portions using a spatula.  The white crystalline 

product was obtained in 66% yield. 1H NMR (400 MHz, CDCl3): δ 8.35 (br s, 1 H), 7.63 (d, J = 

9.1 Hz, 2 H), 7.46 – 7.42 (m, 2H), 7.41 – 7.35 (m, 3 H), 6.89 (d, J = 8.9 Hz, 2 H), 5.02 (s, 2 H), 

3.83 (s, 3 H).  Spectroscopic data were in agreement with the literature.41   

N-benzyloxy-4-methylbenzamide (100): Synthesized according to 

the general procedure from O-benzylhydroxylamine hydrochloride 

(5.16 g, 32.3 mmol) and p-methylbenzoyl chloride (5 g, 32.3 mmol).  

The white crystalline product was obtained in 33% yield.  1H NMR (400 MHz, CDCl3): δ 8.34 (br 

s, 1 H), 7.56 (d, J = 7.0 Hz, 2 H), 7.47 – 7.43 (m, 2 H), 7.42 – 7.36 (m, 3 H), 7.21 (d, J = 7.7 Hz, 2 

H), 5.05 (s, 2 H), 2.38 (s, 3H).  Spectroscopic data are in agreement with those in the literature.42  
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N-benzyloxy-3-chlorobenzamide (101): Synthesized according to the 

general procedure from O-benzylhydroxylamine hydrochloride (4.6 g, 

28.5 mmol) and m-chlorobenzoyl chloride (5 g, 28.6 mmol).  The white 

crystalline product was obtained in 53% yield.  1H NMR (400 MHz, CDCl3): δ 8.38 (br s, 1 H), 

7.64 (s, 1 H), 7.53 – 7.31 (m, 9 H), 5.03 (s, 2 H).  Spectroscopic data are in agreement with those 

in the literature.43 

N-benzyloxybenzamide (102): Synthesized according to the general 

procedure from O-benzylhydroxylamine hydrochloride (3.8 g, 24 mmol) 

and benzoyl chloride (5 g, 24 mmol).  The white crystalline product was 

obtained in 37% yield.  1H NMR (400 MHz, CDCl3): δ 8.47 (br s, 1 H), 7.67 (d, J = 7.7 Hz, 2 H), 

7.53 – 7.48 (m, 1 H), 7.47 – 7.38 (m, 7 H), 5.05 (s, 2 H).  Spectroscopic data are in agreement with 

the literature.44    

N-isopropyloxyl-4-(trifluoromethyl)benzamide (103): 

Synthesized according to the general procedure from O-

isopropylhydroxylamine hydrochloride (1 g, 8.96 mmol, 1 equiv.) 

and p-trifluoromethyl benzoyl chloride (1.87 g, 8.96 mmol, 1 equiv.).  The white crystalline 

product was obtained in 16% yield.   1H NMR (400 MHz, DMSO-d6): δ 11.67 (s, 1 H), 7.96 (d, J 

= 5.6 Hz, 2 H), 7.86 (d, J = 4.2 Hz, 2 H), 4.19 – 4.12 (m, 1 H), 1.22 (d, J = 3.1 Hz, 6 H). 19F{1H 

NMR (376 MHz, DMSO-d6): δ -63.08. 13C{1H} NMR (101 MHz, DMSO-d6): δ 163.3, 136.5, 

131.5, 131.5 (q, J = 32 Hz), 128.1, 125.4 (m), 125.3, 122.6, 119.9, 76.8, 20.6. HR-MS (EI) 

calculated 247.0820 for C11H12F3NO2, found 247.0809. 

General procedure for the synthesis of anomeric amides from hydroxamate O-alkyl esters: 
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To a stirred suspension of the hydroxamate O-alkyl ester (3.89 mmol, 1 equivalent) in CH2Cl2 (12 

mL) was added freshly prepared tBuOCl (5.05 mmol, 1.3 equiv) in a single portion. The reaction 

was shielded from ambient light and stirred under nitrogen at room temperature for 2 hours 

(consumption of starting material by TLC). The solution was concentrated in vacuo to afford the 

N-chloroamide product as a yellow liquid, which was of sufficient purity and immediately used in 

the next step. 

To a suspension of sodium pivalate (5.84 mmol, 1.5 equiv) in ACN (8 mL) under nitrogen 

was added a solution of N-chloroamide in ACN (8 mL). The reaction was shielded from light and 

vigorously stirred for 2 hours at ambient temperature. Upon consumption of the N-chloroamide 

(monitored by TLC), the reaction mixture was diluted with 20 ml ether and filtered over a small 

silica plug. The plug was rinsed with additional diethyl ether and solvent was removed under 

reduced pressure to afford the anomeric amide.  Storage of the anomeric at 0 C for 24-48 hours 

typically leads to a low-melting solid. 

N-(benzyloxyl)-4-methoxy-N-(pivaloyloxy)benzamide (70): 

Synthesized according to the general procedure from N-benzyloxy-4-

methoxybenzamide (1 g, 3.89 mmol).  The title compound was isolated 

as a yellow liquid in 98% yield.  1H NMR (400 MHz, CDCl3): δ 7.73 (d, J = 8.2 Hz, 2 H), 7.43 – 

7.39 (m, 2 H), 7.37 – 7.31 (m, 3 H), 6.87 (d, J = 8.9 Hz, 2 H), 5.17 (s, 2 H), 3.85 (s, 3 H), 1.12 (s, 

9 H).  13C{1H} NMR (101 MHz, CDCl3) δ 175.5, 173.8, 163.3, 135.3, 131.5, 129.1, 129.0, 128.6, 

128.5, 123.7, 77.4, 55.5, 38.5, 26.8.  HR-MS (ESI) calculated 357.1576 for C20H23NO5, found 

357.1549. 
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N-(benzyloxyl)-4-methyl-N-(pivaloyloxy)benzamide (71): Synthesized 

according to the general procedure from N-benzyloxy-4-methylbenzamide 

(1 g, 4.14 mmol).  The title compound was isolated as a yellow liquid in 

77% yield.  1H NMR (400 MHz, CDCl3): δ 7.63 (d, J = 9.0 Hz, 2 H), 7.45 – 7. 41 (m, 2 H), 7.40 

– 7.34 (m, 3 H), 7.21 (d, J = 8.0 Hz, 2 H), 5.19 (s, 2 H), 2.43 (s, 3 H), 1.13 (s, 9 H).  13C{1H} NMR 

(101 MHz, CDCl3) δ 175.4, 174.5, 143.5, 135.2, 129.2, 129.2, 128.9, 128.9, 128.6, 128.5, 77.6, 

38.4, 26.7, 21.7.  HR-MS (ESI) calculated 341.1627 for C20H23NO4 found 341.1604.  

 

N-(benzyloxyl)-3-chloro-N-(pivaloyloxy)benzamide (72): Synthesized 

according to the general procedure from N-benzyloxy-3-chlorobenzamide (1 g, 

3.82 mmol).  The title compound was isolated as a yellow liquid in 94% yield.  

1H NMR (400 MHz, CDCl3): δ 7.64 (s, 1 H), 7.57 (d, J = 7.56 Hz, 1 H), 7.48 (d, J = 7.8 Hz, 1 H), 

7.42 – 7.38 (m, 2 H), 7.38 – 7.32 (m, 4 H), 5.15 (s, 2 H), 1.11 (s, 9 H).  13C{1H} NMR (101 MHz, 

CDCl3) δ 175.3, 173.1, 134.8, 134.2, 133.5, 132.5, 129.5, 129.3, 128.9, 128.8, 128.5, 127.1, 77.8, 

38.4, 26.6.   HR-MS (ESI) calculated 361.1081 for C19H20NO4Cl, found 361.1057.   

N-(benzyloxyl)-N-(pivaloyloxy)benzamide: Synthesized according to the 

general procedure from N-benzyloxybenzamide (1 g, 4.40 mmol).  The title 

compound was isolated as a yellow liquid in 46% yield. 1H NMR (400 MHz, CDCl3): δ 7.70 (d, J 

= 8.0 Hz, 2 H), 7.50 (t, J = 7.2 Hz, 1 H), 7.42 – 7.38 (m, 4 H), 7.37 – 7.31 (m, 3 H), 5.17 (s, 2 H), 

1.08 (s, 9 H).  13C{1H} NMR (101 MHz, CDCl3) δ 175.4, 174.6, 135.1, 132.5, 131.9, 129.2, 129.0, 

128.6, 128.5, 128.2, 77.7, 38.4, 26.7. HR-MS (ESI) calculated 327.1471 for C19H21NO4, found 

327.1467. 
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N-(isopropoxy)-N-(pivaloyloxy)-4-(trifluoromethyl)benzamide (73): 

Synthesized according to the general procedure from N-isopropyloxy-4-

trifluoromethylbenzamide (310 mg, 1.25 mmol, 1 equiv.).  The title 

compound was isolated as a yellow liquid in 94% yield.  1H NMR (400 MHz, CDCl3): δ 7.83 (d, 

J = 7.69 Hz, 2 H), 7.66 (d, J = 8.1 Hz, 2 H), 4.43 (sept., J = 5.8 Hz, 1 H), 1.31 (d, J = 7.5 Hz, 6 H), 

1.09 (s, 9 H).  13C{1H} NMR (101 MHz, CDCl3) δ 175.4, 129.3, 125.0, 125.0, 78.8, 38.2, 26.5, 

21.0.  19F{1H} NMR (376 MHz, CDCl3): δ -63.13.  HR-MS (ESI) calculated 347.1344 for 

C16H20F3NO4, found 347.1304. 

2.4.3. Hammett Plot Analysis. 

Two anomeric amides (each 0.14 mmol, 10 equiv.) were weighed, combined into a 20 ml 

vial and dissolved in minimal DCM.  The DCM was removed by rotary evaporation and a small 

sample of the mixture (~3 mg) was taken for NMR spectroscopy.  In the glovebox, a 20 ml bomb 

equipped with a stir bar was charged with 3 ml THF, the remaining mixture of the two anomeric 

amides and bis(p-bromobenzyl)amine (0.014 mmol, 1 equiv.).  The bomb was sealed, removed 

from the glovebox and heated to 40 oC while stirring.  The reaction was monitored hourly by NMR 

and after 3 hours the reaction with bis(p-bromobenzyl)amine was determined to be complete.  A 

0.3 ml aliquot of the completed reaction mixture was taken, the solvent was removed by rotary 

evaporation and the remaining residue was use for NMR spectroscopy.  The NMR samples were 

prepared using C6D6 and integrated relative to the internal standard dodecane (Figure 2.6) to 

determine the values in Table 2.3.  Calculations for the Hammett plot analysis were performed 

according to equations 2.1 – 2.4.  
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Figure 2.6.  Example 1H NMR spectrum of reaction aliquot after three hours for Hammett plot 

analysis. 

 

Integrated Entity (I) p-CH3 Ph 

Final amide (I-f1) 0.1516 0.1119 

Final ester (I-f2) 0.0059 0.0120 

Initial amide (I-intial) 0.1575 0.1239 

Starting ratio sample (I-SM) 0.0642 0.0495 

 

Table 2.3. NMR integration values used to determine Hammett plot values.   

Ratio of Initial Amide Integrations = 
𝐼−𝑖𝑛𝑖𝑡𝑎𝑙𝑝𝐶𝐻3

𝐼−𝑖𝑛𝑖𝑡𝑖𝑎𝑙𝑃ℎ
 = 

1.575

0.1239
 = 1.271     (2.1) 

 

Starting Anomeric Amide Ratio = 
𝐼−𝑆𝑀𝑝𝐶𝐻3

𝐼−𝑆𝑀𝑃ℎ
= 

0.0642

0.0495
 = 1.297    (2.2) 

 

1H NMR C6D6, 400 MHz, r.t. 
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𝑘𝑝𝐶𝐻3

𝑘𝑃ℎ
= 

ln(
𝐼−𝑓𝑙

𝐼−𝑖𝑛𝑖𝑡𝑖𝑎𝑙
)𝑝−𝐶𝐻3

ln(
𝐼−𝑓𝑙

𝐼−𝑖𝑛𝑖𝑡𝑖𝑎𝑙
)𝑃ℎ

=   
ln(

0.1516

0.1575
)𝑝−𝐶𝐻3

ln(
0.1119

0.1239
)𝑃ℎ

= 0.3748      (2.3) 

 

log (
𝑘𝑝𝐶𝐻3

𝑘𝑃ℎ
) = log(0.3748) = -0.426  Average of three replicates = -0.365 +/- 0.066 (2.4) 

 

2.4.4. Crossover Experiment.  

In the glovebox, a 1-dram vial with a screw cap and stir bar was charged with bis(4-

bromophenylbenzyl)amine (10 mg, 0.0282 mmol, 1 equiv.), 4 ml THF, N-(benzyloxyl)-3-chloro-

N-(pivaloyloxy)benzamide (6.1 mg, 0.0169 mmol, 0.6 equiv.) and N-(isopropoxy)-N-

(pivaloyloxy)-4-(trifluoromethyl)benzamide (5.8 mg, 0.0169 mmol, 0.6 equiv.).  The vial was 

sealed, removed from the glovebox and heated at 40 oC for 18 hours.  The reaction was filtered 

with a 0.2 µm syringe filter and a 1 ml aliquot was analyzed by GC-MS (Figure 2.7).  Note: This 

reaction does not go to full conversion because the anomeric amides utilized are non-optimal.  

 

Figure 2.7. GC-MS trace of crude crossover experiment reaction. *Peak corresponds to a mass 

which could not be identified. 
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Figure 2.7 continued. GC-MS trace of crude crossover experiment reaction. *Peak corresponds 

to a mass which could not be identified.  

 

 

2.4.5. Radical Clock Experiments.   

1-bromo-4-(2-cyclopropylethyl)benzene (83): In the glovebox, a 20 ml 

bomb with a stir bar was charged sequentially with 4-bromo-N-

(cyclopropylmethyl)-benzenemethanamine (50 mg, 0.208 mmol, 1 

equiv), 5 ml THF and the anomeric amide (99 mg, 0.249 mmol,1.2 equiv). The bomb was sealed, 

removed from the glovebox and heated at 40 oC while stirring for 18 hours.  The reaction was 

cooled to room temperature and the solvent was removed in vacuo.  The crude mixture was 

dissolved in 1 ml CDCl3 and a 0.1 ml aliquot was taken, diluted with an additional 0.5 ml CDCl3 

and used to determine an NMR yield of 30% for the title compound relative to internal standard 

(Figure 2.8).  The ring opened radical clock product 1-bromo-4-(4-penten-1-yl)-benzene was not 

4 5 6 7 8 9 10 11 12

Retention Time (min)

Crossover Experiment

A * 
B 

C 

D 

* * 

* * 
* 

* 

A B C D 
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detected by NMR. The remaining CDCl3 solution was concentrated in vacuo and the crude mixture 

was isolated by silica gel chromatography using the eluent 3:1 hexanes: ethyl acetate. Note: The 

ring opened alternative product 1-bromo-4-(pent-4-en-1-yl)benzene has olefinic peaks 5.88 – 5.75 

(m, 1H), 5.06 – 4.94 (m, 2H) and is not detected.45  1H NMR (400 MHz, CDCl3): δ 7.38 (d, J = 

8.4 Hz, 2H), 7.06 (d, J = 8.9 Hz, 2H), 2.66 (t, J = 8.1 Hz, 2H), 1.48 (q, J= 7.4 Hz, 2H), 0.68 – 0.59 

(m, 1H), 0.41 – 0.36 (m, 2H), 0.02 – 0.00 (m, 2H). 13C{1H} NMR (100 MHz, CDCl3) δ 141.6, 

131.2, 130.3, 36.5, 35.4, 10.6, 4.5.  HR-MS (ESI) calculated 224.0201 for C
11

H
13

Br, found 

224.0188.   

 

 

Figure. 2.8. NMR spectrum of crude reaction mixture from 4-bromo-N-(cyclopropylmethyl)-

benzenemethanamine (81). 

 

1H NMR CD3Cl, 400 MHz, r.t. 
with dodecane internal standard 
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In the glovebox, a 20 ml vial with a stir bar was charged sequentially with trans-1-

([1,1’biphenyl]-4-yl)-N-((2-phenylcyclopropyl)methyl)methanamine (15 mg, 0.0479 mmol, 1 

equiv), 1 ml THF and the anomeric amide (23 mg, 0.0575 mmol,1.2 equiv). The vial was sealed, 

removed from the glovebox and heated at 40 oC while stirring for 18 hours.  The reaction was 

cooled to room temperature and the solvent was removed in vacuo.   The crude mixture was 

dissolved in CDCl3 and the yield of products was determined relative to internal standard (Figure 

2.9).  The ring opened product was determined to be produced in 19% yield and the ring closed 

product was determined to produced in 20% yield.   

 

 

Figure 2.9. NMR spectrum of crude reaction mixture from trans-1-([1,1’biphenyl]-4-yl)-N-((2-

phenylcyclopropyl)methyl)methanamine (94).   

 

1H NMR CD3Cl, 400 MHz, r.t. 
with 1,3,5-trimethoxybenzene internal standard 
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trans-4-(2-phenylcyclopropyl)ethyl)-

1,1’-biphenyl (96) and 4-(2-

phenylpent-4-en-1-yl)-1,1’-biphenyl 

(97): In the glovebox, a 100 ml bomb 

with a stir bar was charged sequentially with trans-1-([1,1’biphenyl]-4-yl)-N-((2-

phenylcyclopropyl)methyl)methanamine (590.1 mg, 1.89 mmol, 1 equiv), 20 ml THF and the 

anomeric amide (894 mg, 2.26 mmol,1.2 equiv). The bomb was sealed, removed from the 

glovebox and heated at 40 oC while stirring for 18 hours.  The reaction was cooled to room 

temperature and the solvent was removed in vacuo.    The crude mixture was purified by silica gel 

chromatography using the eluent 49:1 hexanes: diethyl ether.   The two nitrogen deletion products 

are isolated from chromatography as a mixture of inseparable isomers. 1H NMR (400 MHz, 

CDCl3): δ 7.61 – 7.55 (m, 4 H), 7.52 – 7.48 (m, 2 H), 7.46 – 7.38 (m, 6 H), 7.35 – 7.29 (m, 3 H), 

7.25 – 7.22 (m, 4 H, HI, HE), 7.21 – 7.17 (m, 2 H), 7.16 – 7.12 (m, 3 H), 7.11 – 7.06 (m, 2 H, HP 

or HJ), 7.04 – 6.99 (m, 2 H, HD), 5.73 – 5.63 (m, 1 H, HN), 5.06 – 4.92 (m, 2 H, HO), 3.02 – 2.91 

(m, 3 H, HL and HK), 2.80 (t, J = 7.5, 2 H, HH), 2.50 – 2.39 (m, 2 H, HM), 1.78 – 1.72 (m, 2 H,  HG), 

1.67 – 1.60 (m, 1 H, HB), 1.13 – 1.06 (m, 1H, HC), 0.94 – 0.87 (m, 1H, HA), 0.83 – 0.78 (m, 1 H, 

HA).  13C{1H} NMR (101 MHz, CDCl3): δ 141.4, 141.2, 139.8, 138.7, 136.7 (CN), 129.6, 128.9, 

128.7, 128.7, 128.7, 128.2, 128.2, 127.9, 127.0, 127.0, 126.9, 126.2, 125.6, 125.2, 136.8, 116.4 

(CO), 47.7 (CL or CK), 42.4 (CL or CK), 39.9 (CM), 36.4 (CG), 35.4 (CH), 30.9, 23.5 (CC), 23.4 (CB), 

16.18 (CA) HR-MS (EI) calculated 298.1722 for C23H22, found both 298.1731 and 298.1725 in the 

mixture of isomers. Maintenance of the trans geometry assigned by comparison to a related 

example.46  
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Octa-1,7-diene-4,5-diyldibenzene (98): A small portion of the ring opened 

cyclopropyl radical from trans-1-([1,1’biphenyl]-4-yl)-N-((2-

phenylcyclopropyl)methyl)methanamine diffuses from the solvent cage to from 

the dimerized product octa-1,7-diene-4,5-diyldibenzene in a mixture of diastereomers.  This 

compound was not produced in appreciable quantities to get an NMR yield from the NMR scale 

experiment, but in the preparative scale reaction it was detected in one of the column fractions and 

isolated.  1H NMR (400 MHz, CDCl3): δ 7.34 – 7.29 (m, 10 H, 2 dias.), 7.22 – 7.09 (m, 10 H, 2 

dias.), 5.72 – 5.56 (m, 1H), 5.47 – 5.36 (m, 1 H), 5.01 – 4.89 (m, 2H), 4.74 – 4.68 (m, 2H), 3.05 – 

2.97 (m, 2H, 2 diast.), 2.85 – 2.80 (m, 2H, 2 diastereomers), 2.69 – 2.51 (m, 2H, 2 diast.), 2.40 – 

2.30 (m, 2H, 2 diast.), 2.16 – 2.10 (m, 2 H, 2 diast.).  Spectroscopic data are in agreement with 

those in the literature.47   

2.4.6. Synthesis of Secondary Amines. 

bis(4-bromobenzyl)amine (36): To a solution of 4-

bromobenzylamine (932 mg, 5 mmol 1equiv.) in absolute EtOH 

(0.2 M) in a round-bottom flask was added 4-bromobenzaldehyde (925 mg, 5 mmol, 1 equiv.). 

The solution was stirred for 2 h at 70 C and cooled to room temperature. NaBH4 (15 mmol, 3 

equiv.) was added and the reaction was stirred at room temperature. Upon completion, the mixture 

was concentrated in vacuo and diluted with EtOAc. 1 M NaOH was added and the aqueous was 

extracted twice with EtOAc. The combined extracts were washed with brine, dried over Na2SO4, 

and concentrated in vacuo to afford the desired product as a white solid (1.402 g, 3.95 mmol, 79%). 

1H NMR (400 MHz, CDCl3) δ 7.45 (d, J = 8.4 Hz, 4H), 7.21 (d, J = 8.3 Hz, 4H), 3.74 (s, 4H), 

1.67 (s, 1H).  Spectroscopic data were in agreement with the literature.48 
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4-bromo-N-(cyclopropylmethyl)-benzenemethanamine (81): A 

round bottom flask fitted with septa and stir bar was sequentially 

charged with cyclopropylmethanamine (592 mg, 8.32 mmol,1.8 equiv), 10 ml methanol and p-

bromobenzaldehyde (823 mg, 4.45 mmol,1 equiv) while stirring under N2 atmosphere. 

NaBH(OAc)3 (924 mg, 4.36 mmol, 1 equiv) was added in a single portion and the reaction was 

stirred overnight at room temperature. The reaction was monitored by TLC and upon completion 

was quenched with 1 M NaOH and extracted three times with DCM. The combined extracts were 

dried over MgSO4, and concentrated in vacuo. The crude residue was purified via silica gel 

chromatography with the eluent 19:1 DCM: methanol.  The product was isolated in 59% yield 

following chromatography.  1H NMR (400 MHz, CDCl3): δ 7.44 (d, J = 8.4 Hz, 2 H), 7.21 (d, J= 

8.4 Hz, 2 H), 3.77 (s, 2 H), 2.47 (d, J = 6.7 Hz, 2 H), 1.55 (br s, 1H), 0.97 (m, 1 H), 0.48 (m, 2H), 

0.095 (m, 2 H). 13C{1H} NMR (101 MHz, CDCl3): δ 139.5, 131.4, 129.8, 120.6, 54.4, 53.1, 11.2, 

3.4.  HR-MS (EI) calculated 160.1126 for [M-Br]+ found 160.1126.  

trans-1-([1,1’biphenyl]-4-yl)-N-((2-

phenylcyclopropyl)methyl)methanamine (94): trans-

2-phenyl-cyclopropanecarboxaldehyde was prepared 

from trans-2-phenyl-cyclopropanecarboxylic acid 

according to the literature procedure.49  A round bottom flask fitted with septa and stir bar was 

sequentially charged with 4-phenylbenzylamine (105 mg, 0.575 mmol,1.2 equiv), 5 ml methanol 

and trans-2-phenyl-cyclopropanecarboxaldehyde (70 mg, 0.479 mmol,1 equiv) while stirring 

under N2 atmosphere.  The reaction was refluxed for 4 hours and then cooled to room temperature.  

NaBH(OAc)3 (406 mg, 1.916 mmol, 4 equiv.) was added in a single portion and the reaction was 

stirred at room temperature overnight.  The reaction was monitored by TLC and upon completion 
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the reaction was quenched with water, diluted to 50 ml with ether and acidified with 1.5 equivalents 

of 4 M HCl in dioxane solution.  The organic layer was extracted five times using 15 ml water and 

the combined aqueous layers were basified with 1 M NaOH solution.  The water layer was 

extracted six times using 20 ml ether.  The combined organic layers were dried with magnesium 

sulfate, filtered and concentrated in vacuo.  The residue was purified by via silica gel 

chromatography using the eluent 19:1 DCM:methanol.  The product was isolated in 33% yield.    

1H NMR (400 MHz, CDCl3): δ 7.60 – 7.55 (m 4 H), 7.46 – 7.39 (m, 4 H), 7.36 (t, J = 7.7 Hz, t), 

7.27 – 7.23 (m, 2 H), 7.14 (t, J = 7.1 Hz, 1 H), 7.07 (d, J = 7.8 Hz, 2 H), 3.89 (s, 2H), 2.76 – 2.67 

(m, 2 H), 1.76 – 1.71 (m, 1 H), 1.67 (br s, 1 H), 1.42 – 1.35 (m, 1 H), 0.97 – 0.92 (m, 1 H), 0.88 – 

0.84 (m, 1 H). 13C{1H} NMR (101 MHz, CDCl3): δ 143.0, 141.0, 140.0, 128.8, 128.6, 128.31, 

127.2, 127.1, 125.8, 125.5, 53.6, 53.3, 23.4, 22.2, 14.9.  HR-MS (ESI) calculated 313.1830 for 

C23H23N found 313.1815. 

(1S,4S)-4-(3,4-dichlorophenyl)-N-(4-(methylthio)benzyl)-

1,2,3,4-tetrahydronaphthalen-1-amine (64): (1S,4S)-4-

(3,4-dichlorophenyl)-1,2,3,4-tetrahydronaphthalen-1-amine 

was prepared according to the literature.50  To a round bottom 

flask equipped with a stirbar was added (1S,4S)-4-(3,4-dichlorophenyl)-1,2,3,4-

tetrahydronaphthalen-1-amine (167 mg, 0.572 mmol, 1 equiv.), ethanol, several drops of acetic 

acid and 4-(methylthio)benzaldehyde (104 mg, 0.685 mmol, 1.2 equiv.).  The flask was stirred at 

room temperature for 12 hours.  The flask was cooled to zero degrees and sodium borohydride 

(86.4 mg, 2.28 mmol, 3.3 equiv.) were added to the flask in a single portion.  The flask was stirred 

at room temperature for 3 hours and then the reaction was quenched by addition of 1 M NaOH 

solution.  The product was extracted three times with DCM. The combined extracts were dried 
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over MgSO4 and concentrated in vacuo to afford the title compound as a clear oil (114 mg, 0.266 

mmol, 47% yield).  1H NMR (400 MHz, CDCl3): δ 7.36 – 7.31 (m, 4 H), 7.28 – 7.24 (m, 3H), 

7.19 (t, J = 7.6 Hz, 1H), 7.10 (td, J = 7.6 Hz, 1.1 Hz, 1H), 6.99 (dd, J = 8.2 Hz, 2.0 Hz), 4.20 – 

3.96 (m, 1H), 3.96 – 3.90 (m, 1H), 3.87 – 3.80 (m, 2H), 2.49 (s, 3H), 2.21 – 2.10 (m, 1H), 2.06 – 

1.95 (m, 2H), 1.90 – 1.79 (m, 1H), 1.47 (br. s, 1H).  13C{1H} NMR (101 MHz, CDCl3): δ 147.7, 

139.8, 138.8, 137.9, 136.8, 132.3, 130.8, 130.4, 130.1, 129.9, 129.2, 128.8, 128.3, 127.3, 127.0, 

126.6, 54.7, 51.0, 45.3, 28.6, 26.3, 16.2. HR-MS: (ESI) calculated 427.0928 for C24H23NCl2S 

found 427.0951. 

 

4-(((2-phenylpropan-2-yl)amino)methyl)benzonitrile (66): A 50 

ml round bottom flask equipped with a stirrer was charged with 10 ml 

toluene, 4 Å molecular sieves, α,α-dimethylbenzylamine (100 mg, 

0.740 mmol, 1 equiv.), and 4-cyanobenzaldehyde (97 mg, 0.740 mmol, 1 equiv.).  A reflux 

condenser was affixed to the flask and the reaction was heated to 100 oC for 18 hours.  The reaction 

was cooled to room temperature and the solvent was removed in vacuo.  The crude residue was 

dissolved in 10 ml methanol and sodium borohydride (84 mg, 2.22 mmol, 3 equiv.) was added in 

a single portion.  The reaction was monitored by TLC and upon completion, the volatiles were 

removed in vacuo.  The crude residue was quenched by addition of 1 M NaOH solution and 

extracted three times into DCM.   The organic fractions were washed with brine, dried over sodium 

sulfate and filtered.  The filtrate was concentrated in vacuo to yield the title compound as a yellow 

solid (170.4 mg, 0.681 mmol, 92% yield).   1H NMR (400 MHz, CDCl3): δ 7.59 (d, J = 8.4 Hz, 

2H), 7.53 (d, J = 8.4 Hz, 2H), 7.45 (d, J = 8.6 Hz, 2H), 7.38 (t, J = 7.7 Hz, 2H), 7.26 (t, J = 7.6 Hz, 

1H), 3.56 (s, 2H), 1.55 (s, 7H).  13C{1H} NMR (101 MHz, CDCl3): δ 147.3, 147.2, 132.1, 128.7, 
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128.4, 126.5, 125.9, 119.1, 110.4, 56.3, 47.3, 29.8. HR-MS: Calculated 250.1468 for C17H18N2, 

found 250.1470.   

 

N-([1,1'-biphenyl]-4-ylmethyl)-1-methylcyclopropan-1-amine (68): 

A 100 ml round bottom flask equipped with a stirrer was charged with 

20 ml ethanol, (1-methylcyclopropyl)amine (250 mg, 2.32 mmol, 1 

equiv.), 4-phenylbenzaldehyde (466 mg, 2.56 mmol, 1.1 equiv.) and sodium borohydride (263 mg, 

6.96 mmol, 3 equiv.).  The reaction was stirred at room temperature overnight.  The volatiles were 

removed in vacuo and the reaction was quenched by addition of 1 M NaOH solution.  The product 

was extracted three times with DCM and the organic layers were combined, washed with brine, 

dried over sodium sulfate and filtered.  The volatiles were removed from the filtrate in vacuo and 

the crude material was recrystallized from diethyl ether to yield the title compound as a white 

crystalline solid (325 mg, 1.37 mmol, 60% yield). 1H NMR (400 MHz, CDCl3): δ 7.63 (d, J = 7.6 

Hz, 2H), 7.58 (d, J = 8.0 Hz, 2H), 7.45 (t, J = 7.6 Hz, 2H), 7.43 (d, J = 7.6 Hz, 2H), 7.37 (t, J = 7.1 

Hz, 1H), 3.92 (s, 2H), 1.39 (s, 3H), 0.68 (m, 2H), 0.46 (m, 2H).  13C{1H} NMR (101 MHz, CDCl3): 

δ 141.1, 140.3, 140.0, 128.8, 128.6, 127.2, 127.1, 127.1, 50.1, 35.3, 22.3, 14.9. HR-MS: 

Calculated 237.1521 for C17H19N, found 237.1517.   

2.4.7. Isolation of Aprepitant Insertion Product.   

General procedure for nitrogen deletion of secondary amines: To a 1-dram screw cap vial 

equipped with a stir bar and PTFE/white silicone septum is added the amine. The anomeric amide 

(1.5 equiv) is added to a second vial and both vials are evacuated and backfilled with nitrogen 

twice. THF (degassed by sparging with N2 for 30 minutes) is added to the second vial via syringe 

such that the concentration of anomeric amide is 0.3 M. This solution is then transferred via syringe 
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under N2 to the amine-containing vial which is stirred at 45 C for 12-16 hours. Upon cooling to 

room temperature, saturated NaHCO3 (2 mL) is added and the reaction mixture is diluted with 

Et2O (4 mL). The aqueous is extracted with Et2O (4 mL) and the combined organic extracts are 

washed with brine (2 mL) and dried over Na2SO4. Solvent was concentrated under reduced 

pressure and the crude mixture adsorbed onto silica gel and purified by silica gel chromatography. 

(R)-7-((R)-1-(3,5-bis(trifluoromethyl)phenyl)ethoxy)-6-(4-

fluorophenyl)-2,3,4,7-tetrahydro-1,4,5-oxadiazepine (4N-H): 

Synthesized according to the general procedure for nitrogen 

deletion from cis-(2R,3S)-2-({(1R)-1-[3,5-

bis(trifluoromethyl)phenyl]ethyl}oxy)-3-(4-

fluorophenyl)morpholine (50 mg, 0.1143 mmol).  The title compound was obtained as an off-white 

solid in 10 % yield (5.3 mg, 0.012 mmol) after purification by preparative TLC using a silica plate 

pre-treated with triethylamine and an eluent of 4:1 hexanes: ethyl acetate (Rf = 0.18).  1H NMR 

(400 MHz, CDCl3): δ 8.03 – 7.99 (m, 1H), 7.67 – 7.64 (m, 1H), 7.21 (s, 2H), 7.11 (t, J = 8.6 Hz, 

1H), 7.01 (t, J = 8.8 Hz, 2 H), 4.90 (q, J = 6.6 Hz, 1H), 4.43 (m, 1H), 4.17 (td, J = 12.0 Hz, 3.3 

Hz, 1 H), 4.04 – 4.01 (m, 1H), 3.64 (dd, J = 5.1 Hz, 2.8 Hz, 1H), 3.27 – 3.13 (m, 2H), 1.48 (d, J = 

6.8 Hz, 3H).  19F NMR (376 MHz, CDCl3): δ -62.9, -108.7.  13C{1H} NMR (101 MHz, CDCl3): 

δ 162.6, 160.2, 144.4, 131.1, 130.8, 130.5, 130.0, 129.9, 127.6, 127.5, 125.2, 120.5, 114.4, 114.2, 

94.1, 71.5, 65.2, 60.8, 57.9, 57.5, 46.9, 45.1, 23.4. HR-MS (ESI) calculated 450.1182 for C20H17 

F7N2O2, found 450.1178. 
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2.4.8. NMR Spectra of New Compounds.   

 

Figure 2.10. 1H NMR spectrum of N-isopropyloxybenzamide (103) in DMSO-d6, 400 MHz. 

 

 

Figure 2.11. 19F{1H} NMR spectrum of N-isopropyloxybenzamide (103) in DMSO-d6, 376 

MHz. 
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Figure 2.12. 13C{1H} NMR spectrum of N-isopropyloxybenzamide (103) in DMSO-d6, 101 

MHz. 

 

 

 

Figure 2.13. 1H NMR spectrum of N-(benzyloxyl)-4-methoxy-N-(pivaloyloxy)benzamide (70) in 

CDCl3, 400 MHz.  
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Figure 2.14. 13C{1H} NMR spectrum of N-(benzyloxyl)-4-methoxy-N-(pivaloyloxy)benzamide 

(70) in CDCl3, 101 MHz. 

 

 

Figure 2.15. 1H NMR spectrum of N-(benzyloxyl)-4-methyl-N-(pivaloyloxy)benzamide (71) in 

CDCl3, 400 MHz. 
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Figure 2.16. 13C{1H} NMR spectrum of N-(benzyloxyl)-4-methyl-N-(pivaloyloxy)benzamide 

(71) in CDCl3, 101 MHz. 

 

 

Figure 2.17. 1H NMR spectrum of N-(benzyloxyl)-3-chloro-N-(pivaloyloxy)benzamide (72) in 

CDCl3, 400 MHz. 
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Figure 2.18. 13C{1H} NMR spectrum of N-(benzyloxyl)-3-chloro-N-(pivaloyloxy)benzamide 

(72) in CDCl3, 101 MHz. 

 

 

Figure 2.19. 1H NMR spectrum of N-(benzyloxyl)-N-(pivaloyloxy)benzamide (39) in CDCl3, 

400 MHz. 
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Figure 2.20. 13C{1H} NMR spectrum of N-(benzyloxyl)-N-(pivaloyloxy)benzamide (39) in 

CDCl3, 101 MHz. 

 

 

Figure 2.21. 1H NMR spectrum of N-(isopropoxy)-N-(pivaloyloxy)-4-

(trifluoromethyl)benzamide (73) in CDCl3, 400 MHz. 
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Figure 2.22. 19F{1H} NMR spectrum of N-(isopropoxy)-N-(pivaloyloxy)-4-

(trifluoromethyl)benzamide (73) in CDCl3, 376 MHz. 

 

 

 

Figure 2.23. 13C{1H} NMR spectrum of N-(isopropoxy)-N-(pivaloyloxy)-4-

(trifluoromethyl)benzamide (73) in CDCl3, 101 MHz. 
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Figure 2.24. 1H NMR spectrum of 4-bromo-N-(cyclopropylmethyl)-benzenemethanamine (81) 

in CDCl3, 400 MHz. 

 

 

Figure 2.25. 13C{1H} NMR spectrum of 4-bromo-N-(cyclopropylmethyl)-benzenemethanamine 

(81) in CDCl3, 101 MHz.  
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Figure 2.26. 1H NMR spectrum of trans-1-([1,1’biphenyl]-4-yl)-N-((2-

phenylcyclopropyl)methyl)methanamine (94) in CDCl3, 400 MHz.  

 

 

Figure 2.27.  13C{1H} NMR spectrum of trans-1-([1,1’biphenyl]-4-yl)-N-((2-

phenylcyclopropyl)methyl)methanamine (94) in CDCl3, 101 MHz. 
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Figure 2.28.  1H NMR spectrum of (1S,4S)-4-(3,4-dichlorophenyl)-N-(4-(methylthio)benzyl)-

1,2,3,4-tetrahydronaphthalen-1-amine (64) in CDCl3, 400 MHz. 

 

Figure 2.29.  13C{1H} NMR spectrum of (1S,4S)-4-(3,4-dichlorophenyl)-N-(4-

(methylthio)benzyl)-1,2,3,4-tetrahydronaphthalen-1-amine (64) in CDCl3, 101 MHz. 
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Figure 2.30.  1H NMR spectrum of 4-(((2-phenylpropan-2-yl)amino)methyl)benzonitrile (66) in 

CDCl3, 400 MHz. 

 

 

Figure 2.31. 13C{1H} NMR spectrum of 4-(((2-phenylpropan-2-yl)amino)methyl)benzonitrile 

(66) in CDCl3, 101 MHz. 
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Figure 2.32.  1H NMR spectrum of N-([1,1'-biphenyl]-4-ylmethyl)-1-methylcyclopropan-1-amine 

(68) in CDCl3, 400 MHz. 

 

Figure 2.33. 13C{1H} NMR spectrum of N-([1,1'-biphenyl]-4-ylmethyl)-1-methylcyclopropan-1-

amine (68) in CDCl3, 101 MHz. 
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Figure 2.34. 1H NMR spectrum of 1-bromo-4-(2-cyclopropylethyl)benzene (83) in CDCl3, 400 

MHz. 

 

 

 

Figure 2.35. 13C{1H} NMR spectrum of 1-bromo-4-(2-cyclopropylethyl)benzene (83) in CDCl3, 

400 MHz. 
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Figure 2.36. 1H NMR spectrum of 4-(2-phenylpent-4-en-1-yl)-1,1’-biphenyl (97) and trans-4-(2-

phenylcyclopropyl)ethyl)-1,1’-biphenyl (96) in CDCl3, 400 MHz. 

 

 

Figure 2.37. 13C{1H} NMR spectrum of 4-(2-phenylpent-4-en-1-yl)-1,1’-biphenyl (97) and 

trans-4-(2-phenylcyclopropyl)ethyl)-1,1’-biphenyl (96) in CDCl3, 101 MHz. 
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Figure 2.38. 1H - 1H COSY NMR spectrum of 4-(2-phenylpent-4-en-1-yl)-1,1’-biphenyl (97) 

and trans-4-(2-phenylcyclopropyl)ethyl)-1,1’-biphenyl (96) in CDCl3.   

 

 

Figure 2.39. 1H -13C HSQC NMR spectrum of 4-(2-phenylpent-4-en-1-yl)-1,1’-biphenyl (97) 

and trans-4-(2-phenylcyclopropyl)ethyl)-1,1’-biphenyl (96) in CDCl3.   

 



109 
 

 

Figure 2.40. 1H -13C HMBC NMR spectrum of 4-(2-phenylpent-4-en-1-yl)-1,1’-biphenyl (97) 

and trans-4-(2-phenylcyclopropyl)ethyl)-1,1’-biphenyl (96) in CDCl3.   

 

Figure 2.41. 1H NMR spectrum of (R)-7-((R)-1-(3,5-bis(trifluoromethyl)phenyl)ethoxy)-6-(4-

fluorophenyl)-2,3,4,7-tetrahydro-1,4,5-oxadiazepine (4N-H) in CDCl3, 400 MHz. 
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Figure 2.42. 13C{1H} NMR spectrum of (R)-7-((R)-1-(3,5-bis(trifluoromethyl)phenyl)ethoxy)-6-

(4-fluorophenyl)-2,3,4,7-tetrahydro-1,4,5-oxadiazepine (4N-H)  in CDCl3, 101 MHz.   

 

 

 

 

Figure 2.43 19F{1H} NMR spectrum of (R)-7-((R)-1-(3,5-bis(trifluoromethyl)phenyl)ethoxy)-6-

(4-fluorophenyl)-2,3,4,7-tetrahydro-1,4,5-oxadiazepine (4N-H) in CDCl3, 376 MHz. 
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CHAPTER 3 

Reductive Deamination of Primary Amines via Primary Isodiazene Intermediates 

Note: Portions of this work have been published in an alternate format in Berger, K. J.; Driscoll, 

J. L.; Yuan, M.; Dherange, B. D.; Gutierrez, O.; Levin, M. D. Direct Deamination of Primary 

Amines via Isodiazene Intermediates.  J. Am. Chem. Soc. 2021, 143, 17366 – 17373.   

3.1. Introduction. 

The “deletion” of a primary amine to an alkane is an exceptionally challenging 

transformation.1, 2  As illustrated in chapter 1, primary amines that are pre-functionalized can 

undergo deaminative conversion to a range of functionalities.  This has been most prominently 

demonstrated with Katritzky salts and modern photocatalytic or metal catalyzed cross-coupling 

techniques, which have provided facile routes for C-C and C-heteroatom bond formation.1, 3-8  In 

contrast, the conversion of a primary amine to a C-H bond or “reductive deamination” has not been 

widely realized using Katritzky salts.  Aggarwal has reported one example in which an alkyl radical 

generated by photocatalyzed EDA complexation of a Katritzky salt undergoes HAT with 

thiophenol (Scheme 3.1a), however a substrate scope of the reaction was not further investigated.9  

Earlier work by Katritzky showed that N-benzyl pyridinium salts can be reduced with sodium 

borohydride to generate 1,2-dihydripyridines (Scheme 3.1b).10, 11  These species were able to 

generate the reductive deamination product, but the harsh pyrolysis conditions required severely 

limits the utility of this methodology.   
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Scheme 3.1.  Reductive deamination of Katritzky salts using a) HAT with thiophenol and b) 

sodium borohydride followed by pyrolysis. 

 

Other pre-functionalization strategies for reductive deamination are discussed in chapter 1, 

including a formylation followed by dehydration to an isonitrile moiety, which may be reduced by 

tin hydride to give alkane product (see Scheme 1.14).12, 13  Pre-functionalization by a two step 

tosylation, followed by reduction with sodium borohydride has also been reported (see Scheme 

1.7).14  Pre-functionalization with a single tosyl group, followed by treatment with potassium 

hydroxide and chloramine has been demonstrated to give the requisite alkane product.15    

The multi-step nature of the above syntheses is less desirable compared to a one-pot 

transformation.  There has been considerable effort dedicated to developing a set of reaction 

conditions for primary amine cleavage in a single step or “direct” deamination.  Unfortunately, 

these reactions require very harsh conditions and the use of unappealing reagents such as 

difluoramine, hydrogenolysis with 40% platinum on silica, or diazotization with 1,3-

propanedinitrite.16-19  Doldouras has reported the use of o-hydroxylamine sulfonic acid for the 

direct deamination of primary amines under more mild conditions,20 however this reaction still 

suffers from low functional group tolerance (Scheme 3.2a).  Prior to our work, the current state of 

the art methodology was reported by Oestreich in 2020, in which deamination is facilitated in a 

single step via in-situ silylation (Scheme 3.2b).2  This silylated intermediate is then reduced by 

phenylsilane to give the alkane product, as discussed more in depth in chapter 1.  However, this 
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reaction still requires high temperature conditions, and the substrate scope is limited to benzylic, 

α-branched primary amines.   

 

Scheme 3.2.  State of the art for direct primary amine deletion including a) deamination with 

HOSA and b) Lewis acid catalyzed deamination with phenylsilane.  

 

We were inspired by the nucleophilic substitution of secondary amines with the optimized 

anomeric amide reagent as described in chapter 2.  We rationalized that primary amines would 

also undergo substitution with the electrophilic nitrogen moiety, thus mitigating the need for any 

pre-functionalization (Scheme 3.3).  If an analogous mechanism is operative, a primary isodiazene 

intermediate would be generated during the reductive elimination step.  Unlike secondary 

isodiazene moieties, which are well studied in the literature (see chapter 2.1), mono-alkyl 

substituted primary isodiazene species have never been reported.  Only the unsubstituted analogue 

(H2N=N) has been detected by Dervan,21 and we were excited to pursue this elusive intermediate.   

 

Scheme 3.3.  Proposed direct primary amine deletion using an anomeric amide reagent. 
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3.2. Results and Discussion. 

3.2.1. Initial Investigation. 

Previous studies with secondary amines demonstrated that benzylic amines underwent 

deletion preferentially due to the stabilization of the radical intermediate.  Using this knowledge, 

benzylic primary amines were selected as model substrates to probe the present reaction.  Initial 

work with benzhydrylamine (2-H2) showed adding one equivalent of previously optimized 

anomeric amide reagent (1) gave diphenylmethane in 59% yield at 45 oC in THF (Scheme 3.4).  

While this result was encouraging, the yield was never successfully optimized higher despite 

screening a wide range of conditions including solvent, temperature, and base and HAT reagent 

additives.  More curiously, monobenzylic substrates such as 1-phenylcyclohexylamine and 1,1-

diphenylethylamine gave a low yield of desired deletion product and elimination products, as 

evidenced by olefinic peaks in the product NMR spectra.  α-Tertiary aliphatic primary amines were 

also explored, as it was thought they may also stabilize a hypothetical radical intermediate.  

However, adamantylamine mainly gave unreacted starting material, likely due to steric constraints 

for attack at the anomeric amide reagent.   

 

Scheme 3.4.  Initial reaction screening with benzhydrylamine shows deaminated product. 

 

Nevertheless, the conversion of benzhydrylamine to diphenylmethane was a promising 

result and we were eager to probe the source of the hydrogen atom which is incorporated in the 

product.  The starting material amine was deuterated by heating the substrate in deuterated 



119 
 

methanol followed by subsequent removal of solvent in vacuo.  When 2-D2 was treated with 

anomeric amide 1, deuterium incorporation into diphenylmethane was detected by NMR 

spectroscopy (Figure 3.1).22  Indeed, 58% of the nitrogen deletion product obtained corresponded 

to 3-D. The use of deuterated solvent and proteo-amine substrate did not produce any deuterium 

incorporated product.  These results suggest that the source of the hydrogen atom in the reductive 

deamination product is from the amine -NH2.   

 

 

Figure 3.1.  1H NMR spectrum (THF-d8) of crude product mixture showing 3-H and 3-D.  

Treatment of 2-D2 with anomeric amide shows deuterium incorporation into deletion product.   

 

We hypothesized that in analogy to the mechanistic studies of secondary amine deletion, a 

primary amine radical clock substrate might help elucidate the nature of deaminated alkyl 

intermediates in the reaction.  However, as known primary amine radical clock structures do not 

contain any benzylic stabilization, it was unclear if these substrates would react productively.  

Thus, we first examined a simple unstabilized aliphatic primary amine.  A solution of 4-

tetrahydropyranmethylamine (4) was added to a solution of 1 and a rapid bubbling of gas was 

1H NMR THF-d8, 400 MHz, r.t. 
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observed at room temperature.  To our excitement, this unstabilized aliphatic primary amine 

reacted rapidly under exceedingly mild conditions.  The reductive deamination product 4-

methyltetrahydropyran (5) was cleanly produced, as detected by NMR spectroscopy (Figure 3.2).23   

 

       

 

Figure 3.2.  NMR spectrum (THF-d8) of crude reaction products showing initial discovery that 

primary aliphatic amines undergo deletion. 

 

3.2.2. Reaction Optimization.  

With this exciting initial result at hand, optimization of reaction conditions was pursued.  

Using the model primary amine substrate 1-methyl-3-phenylpropanamine (6), a solvent screen was 

conducted. The yield of deaminated product (7) was determined by GC using a calibration curve 

of authentic product relative to dodecane internal standard (Table 3.1).  Acetonitrile, THF and 

1H NMR THF-d8, 400 MHz, r.t. 
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dioxane were shown to be similarly effective, with yields in the range of 74% – 88%.  These 

solvents were further tested in three replicates with yields determined by NMR spectroscopy 

relative to internal standard (Table 3.2).  Acetonitrile was shown to give the highest yield of 

product (88% +/- 7.2%).  Addition of the base triethylamine was also explored because pivalic 

acid is produced in the reaction.  However, this did not increase the yield of product.  Cooling the 

reaction was also ineffective at increasing yield.   

 

Solvent/Condition Yield of Product 7 

(+/-5% error from 

calibration curve) 

THF 74% 

Dioxane 78% 

Ether 46% 

DCM 43% 

DMF 68% 

ACN 88% 

Table 3.1.  Initial solvent screen for reaction optimization using GC with a calibration curve of 

authentic product relative to dodecane internal standard.  

 

Conditions/Condition Yield of Product 7 

THF, r.t. 66.8% +/- 4.8% 

Dioxane, r.t. 71.9% +/- 1.6% 

ACN, r.t. 88.0% +/- 7.2% 

ACN, r.t. with 1 equiv. NEt3 73.7% +/- 0.2% 

ACN, -15 oC – r.t. 80.6% +/- 3.1% 

Table 3.2.  Screen for reaction optimization using NMR spectroscopy relative to 1,3,5-

trimethoxybenzene internal standard.  Error bars represent standard deviation of three replicates.  

 



122 
 

3.2.3. Reaction Scope and Functional Group Tolerance. 

With the optimized solvent conditions in hand, the functional group tolerance of the 

reaction was probed by obtaining isolated yields of deaminated derivatives of small molecules 

(Table 3.3).  The biological metabolite tryptamine (8) was deaminated in 65% yield, which was 

an exciting result because unprotected indole moieties were not tolerated during the secondary 

amine deletion studies.  Working in collaboration with Julia Driscoll, she was able to show 

functional group tolerance for nitro, imidazole, and unprotected alcohol moieties with substrates 

9 – 11.  Lipitor precursor 12 was successfully deaminated, demonstrating tolerance for both ester 

and acetal moieties.  However, this product was challenging to purify from the ester side product 

by column chromatography.  An alternate purification procedure was developed in which sodium 

hydroxide was added to the crude product mixture.  The ester was saponified and the mixture was 

subsequently filtered to give the deaminated derivative of 12 in 63% isolated yield.  We were also 

interested in compound 13, which is a precursor to the pharmaceutical Mosapride.  Compound 13 

was deaminated in 94% yield, showing tolerance for a substituted morpholine ring. 
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Table 3.3.  Scope of small molecule deamination. *Isolated yields obtained by Julia Driscoll. 

 

After obtaining the small molecule substrate scope, we wished to demonstrate the late-

stage deamination of more complicated pharmaceuticals.  Starting with the anti-malarial drug 

Primaquine (14), the deaminated derivative was isolated in 53% yield (Table 3.4).  This product 

has been detected by mass spectrometry in biological samples as a known metabolite of 

Primaquine,24 but until this work it had not been previously produced synthetically.  The anti-vial 

Oseltamivir (15) was deaminated in 53% yield and the anti-arrhythmic Amlodipine (16) was 

deaminated in 71% yield, with its redox active dihydropyridine core retained during the reaction.  

Anti-viral Rimantadine (17) was deaminated in 77% yield by NMR, however attempts to 

quantitatively isolated the deaminated product were not successful due to the volatility of the 

alkane product.  Nevertheless, the deamination of a bulky neopentylic amine demonstrates 

tolerance for β-branched sterics.  We were also able to deaminate anti-diabetic compounds which 

contain complicated heterocyclic moieties including Sitagliptin (18) and Omarigliptin (19) in 52% 

and 77% yield, respectively.  Linagliptin (20) was subsequently explored, which contains multiple 

potentially challenging heterocycles.  However, this compound was not soluble in acetonitrile.  

Deamination was successful in a mixture of 1:1 acetonitrile: DMSO, and the deaminated derivative 

of 20 was isolated in 65% yield.  It was necessary that the DMSO was anhydrous, and wet solvent 
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dramatically decreased the yield of isolated product.  Additionally, several pharmaceuticals were 

found to be unsuccessful.  The anti-arrhythmic drug Mexiletine (21) was deaminated in only 14% 

yield.  The major side product of the reaction was the corresponding phenol compound, resulting 

from unwanted cleavage of the ether moiety.   The anti-cancer drug Doxorubicin (22) did not yield 

any detectable deamination product, possible due to the reducing hydroquinone core.   

 

          

      

       

Table 3.4.  Scope and limitations of late-stage deamination of pharmaceuticals.  *reaction time 5 

hours; †NMR yield; ‡isolated yield obtained by Julia Driscoll; §1.5 equiv. of 1; ‖reaction time 16 

hours and solvent mixture 1:1 DMSO: ACN.   
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There were several other limitations in scope that are worth noting.  Early studies with 

adamantylamine demonstrated that α-tertiary amines were too encumbered to react and gave 

largely unreacted starting material.  Indeed, sterics appears to play an important role in this 

reaction.  Cyclic α-secondary primary amines were found to give lower yields and require longer 

reaction times (for example, Oseltamivir and Linagliptin) than unhindered α-primary primary 

amines throughout the substrates studied in this chapter.  Additionally, sterically hindered α-

secondary primary amines sometimes exhibit an unwanted attack at the amide carbonyl of 1, 

resulting in the corresponding N-alkyl-4-(trifluoromethyl)benzamide derivative as a side product.  

This observation was found to be concentration dependent (see Scheme 3.24) and carefully 

dropwise addition of the solution of 1 to the solution of amine was helpful in mitigating side 

product formation.   

Benzylic amines, as briefly discussed in section 3.2.1, did not react productively.  We were 

inspired by a report by Myers in which a primary diazene intermediate – the isomer to our 

postulated primary isodiazene intermediate – is generated from 23 and undergoes a [2,3]-

rearrangement with a benzylic system (Scheme 3.5).25  When this rearrangement occurs with a 1-

napthyl moiety, the resulting dearomatized alkene benzo-p-isotoluene (24) is stable and can be 

isolated.  In contrast, other benzylic moieties form metastable alkenes that cannot be isolated.  It 

was hypothesized that this rearrangement might be occurring in our reaction with benzylic amines, 

resulting in unsuccessful isolation of the deaminated product.  In order to test this, 1-

naphthylmethylamine (25) was treated with 1 and 24 was detected by NMR spectroscopy in 57% 

yield (Scheme 3.6).  The unrearranged product 24’ was not detected.   



126 
 

 

Scheme 3.5. Rearrangement of a benzylic diazene to give an isotoluene product. 

 

 

Scheme 3.6.  Treatment of 1-naphthylamine with 1 gives isotoluene product. 

 

We were also interested in comparing our methodology with the current state of the art for 

aliphatic deamination.  Using the method reported by Doldouras, Oseltamivir (15) was treated with 

hydroxylamine o-sulfonic acid (Scheme 3.7).20  No trace of deaminated product was detected.  

Similarly, Sitagliptin (18) was also subjected to these conditions and no deaminated product was 

detected.  

 

Scheme 3.7. Comparison of HOSA deamination using Oseltamivir. 

 

With the pharmaceutical substrate scope completed, amino acids were then explored (Table 

3.5).  The carboxylic acid functionality of these compounds typically renders them insoluble in 
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acetonitrile and thus amino acid methyl esters were utilized.  Initial studies by NMR spectroscopy 

showed that valine methyl ester (26) was deaminated by 1.  Methionine methyl ester (27) was also 

deaminated in 74% yield, demonstrating tolerance for a thioester.  Phenylalanine methyl ester (28) 

was deaminated and successfully isolated in 96% yield.  The deaminated derivative of tryptophan 

methyl ester (29) was also isolated in 71% yield.   

 

  

Table 3.5.  Scope of amino acid and peptide deamination. *NMR yield; †3 hours; ‡solvent 1:1 

DMSO: ACN.   

 

The success of amino acid methyl esters prompted us to try a dipeptide structure.  H-Phe-

Leu-OBzl (30) is a commercially available dipeptide which was selected because it contains UV 

active functionalities and a protected carboxylic acid.  However, the dipeptide was found to be 

insoluble in acetonitrile.  Gratifyingly, the reaction proceeded in 1:1 acetonitrile: DMSO.  

However, the deaminated product was isolated as a 1:1 mixture with N-(benzyloxy)-4-

(trifluoromethyl)benzamide, produced by unwanted reduction of the anomeric amide reagent.  This 

mixture was purified by preparative HPLC to obtain the product in 21% yield.   

Lysine (31) is a particularly intriguing structure because it contains an ε-amino group and 

an α-amino group, two primary amines with different steric profiles.  The reactivity of lysine was 

initially probed using lysine benzyl ester in order to have a UV active moiety.  However, lysine 
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benzyl ester proved to be difficult to handle.  The O-benzyl group was a sufficient leaving group 

to promote cyclization to α-amino caprolactam (32).  When lysine benzyl ester was treated with 1, 

some unwanted cyclization occurred during the reaction, and α-amino caprolactam was 

subsequently deaminated to give caprolactam (33) in a low yield.  In order to optimize this 

serendipitous discovery, lysine was first cyclized in a separate pot using an established literature 

procedure.26  Deamination of α-amino caprolactam with 1 then gave caprolactam in 58% isolated 

yield (Scheme 3.8).  A new synthetic route to caprolactam is important because it is a commodity 

chemical used to produce nylon 6.  Caprolactam is traditionally synthesized from cyclohexanone 

starting material by conversion to an oxime and a subsequent Beckmann rearrangement (Scheme 

3.9a).27  Cyclohexanone (34) is a petroleum derived feedstock and an alternative synthesis of 

caprolactam from biomass is highly desirable.  The literature synthesis of caprolactam from lysine 

requires hydrogenolysis with iridium zeolite at high temperatures (Scheme 3.9b).28  Thus, the 

present advance represents a potentially more sustainable procedure.   

 

Scheme 3.8.  Synthesis of caprolactam from lysine using 1. 
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Scheme 3.9.  Literature procedures for the synthesis of caprolactam including a) industrial 

synthesis from petroleum feedstock and b) existing lysine derived synthesis using iridium 

hydrogenolysis. 

 

Subsequent deamination selectivity studies were conducted using lysine methyl ester 

(Scheme 3.10). When lysine methyl ester was treated with 0.98 equivalents of 1, selective 

deamination of the α-primary primary amine was observed.  Norlecuine (35) was isolated from the 

reaction in 69% yield and no methyl 6-aminohexanoate (35’) was detected.  Addition of 2.1 

equivalents of 1 resulted in deamination of both amines to give methyl hexanoate (36) in 54% 

yield.   

 

Scheme 3.10.  Selectivity of primary amine deletion using lysine methyl ester. *NMR Yield 
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In addition to amino acids, amino sugars were another class of biomolecule that was of 

interest.  Acetylated β-glucosamine (37) was deaminated in 78% yield without erosion of the 

anomeric stereocenter to give exclusively β-2-deoxyglucose (β-38) (Scheme 3.11).  The 

established literature synthesis of β-2-deoxyglucose starts from corresponding glycal precursor 39 

and requires hydrohalogenation, followed by nucleophilic isomerization and substitution (Scheme 

3.12).29  Under the acidic conditions of this reaction, epimerization typically occurs and gives an 

unwanted mixture of β-2-deoxyglucose (β-38) and α-2-deoxyglucose (α-38) such that the 67% 

yield reported consisted of a 1.5:1 mixture of α:β anomers.30  Thus, such a facile and selective 

synthesis of β-2-deoxyglucose from a biologically ubiquitous amino sugar is quite remarkable.  

 

Scheme 3.11.  Conversion of acetylated glucosamine to acetylated β-2-deoxyglucose. 

 

Scheme 3.12.  Literature synthesis of β-2-deoxyglucose and unwanted isomerization to α-2-

deoxyglucose. 
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Working in collaboration with Dr. Balu Dherange, he discovered that 1 was capable of 

deaminating aromatic amines when the reaction was heated to 45 oC.  Isolated yields in the range 

of 53% to 72% were obtained with electron rich arenes 40 - 42 (Table 3.6).  The pharmaceutical 

aminoglutethimide (43) was also successfully deaminated in 64% yield.   

 

           

Table 3.6.  Scope of aniline deamination obtained by Dr. Balu Dherange.  

 

 

3.2.4. Additional Synthetic Applications. 

Leelamine (44) is a diterpene natural product derived from pine trees that has been used as 

a building block for total syntheses due to its affordability and chiral quaternary centres.  For the 

total synthesis of Chamobtusin A (46), Leelamine was first deaminated to give Abietatriene (45) 

– a precursor which is not commercially available (Scheme 3.13).31  This deamination required 

formylation, followed by dehydration to an isonitrile species, which was subsequently reduced 

under harsh conditions using potassium metal.  We envisaged the synthesis of Abietatriene in a 

single step from Leelamine to dramatically simplify its use as a precursor in natural product 
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synthesis.  Excitingly, when Leelamine was treated with 1, Abietatriene was isolated in 65% yield 

(Scheme 3.14).   

 

Scheme 3.13. Literature synthesis of (-)-Chamobtusin A from Leelamine involving a three-step 

deamination.   

 

 

 

Scheme 3.14.  Conversion of Leelamine to Abietatriene in a single step with 1.   

 

There is a constant need for the development of new antibiotic derivatives.  Amines play 

an interesting role in this field, with a recent study showing that the addition and subtraction of 

amino moieties can alter whether an antibiotic targets gram-positive or gram-negative bacteria.32  

β-Lactam antibiotics are a common class of antibiotics which includes cephalosporin.  Deaminated 

derivatives of cephalosporin serve as β-lactamase inhibitors which are often co-administered with 

β-lactam antibiotics to combat antibiotic resistance.33  Des-amino β-lactam derivatives (48) are 

traditionally synthesized by diazotization of the parent amine (47) followed by substitution with 

bromide and reduction with zinc metal or tin hydride (Scheme 3.15).34  Diazonium salts are not 
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desirable synthetic intermediates due to their instability and thus we sought to develop an improved 

synthesis using our methodology.  7-β-Amino-deacetoxy-cephalosporanic acid tert-butyl ester 

(48-OtBu) was deaminated in 43% yield when treated with 1 (Scheme 3.16).  The reaction required 

an elongated time of 16 hours, likely due to the steric bulk of the substrate.   

  

Scheme 3.15.  Literature deamination of β-lactam derivatives requires diazotization and reduction. 

 

 

 

 

 

 

Scheme 3.16. Deamination of 7-β-amino-deacetoxy-cephalosporanic acid tert-butyl ester in a 

single step.   

 

One further application of this methodology involves enabling new synthetic strategies.  

Reductive amination of ketones is commonly used to synthesize primary amines and thus we 

envisaged a net conversion of ketones to alkanes using 1.  Gratifyingly, ketone 49 was converted 

to amine 50 in 97% yield by reductive amination and subsequently deaminated to give the desired 

alkane (51) in 55% yield (Scheme 3.17).  In contrast, the direct reduction of a ketone to an alkane 

using Clemmensen or Wolff-Kishner protocols requires very harsh conditions that would not be 

suitable for many of the functional groups tolerated by our late-stage deamination procedure.35   
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Scheme 3.17.  Deoxygenation of ketones in two steps using 1. *reagent solution added over 3.2 

hours using a syringe pump.   

 

Another synthetic application is the net conversion of a nitrile to a methyl group.  A 

Strecker reaction of morpholine and cycloheptanone results nitrile 52, which can be converted to 

an α-tertiary amine (53) upon reduction.36  Deamination of 53 resulted in conversion to the 

requisite methyl analogue (54) in 67% yield (Scheme 3.18).   

 

Scheme 3.18. Conversion of a nitrile to a methyl group in two steps using 1.   

 

Amines are also commonly used as directing groups in metal catalyzed C-H bond 

activation.37, 38  We were inspired by a report from Young which uses catalytic palladium to 

achieve γ-C-H arylation of primary amines.39  This procedure was used to synthesize 56 from 

amine 55, which was then deaminated with 1 (Scheme 3.19).  The ability to subsequently remove 

a primary amine directing group enables a traceless C-H functionalization.   
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Scheme 3.19.  Traceless amine directed C-H arylation.   

3.2.5. Mechanistic Studies. 

Having thoroughly probed the reaction scope and demonstrated several important synthetic 

applications, we turned our attention to mechanistic studies.  Analogous to secondary amine 

deletion, primary amines are anticipated to undergo nucleophilic substitution with 1.  The resulting 

intermediate is then presumed to undergo a rearrangement to yield the proposed primary 

isodiazene intermediate (see Scheme 3.3).  However, the observation in section 3.2.3 that benzylic 

amines undergo the same 1,2-rearrangement as primary diazene intermediates raised the question 

as to whether a diazene species was instead generated under our reaction conditions.  To probe 

this, a direct comparison to the Myers allene synthesis40 was conducted using propargylic alcohol 

58 and propargylic amine 60.  The Myers procedure gave allene (59) to alkyne (59’) products in a 

ratio of 140 +/- 30 : 1 (Scheme 3.20), whereas the deamination procedure gives the respective 

products in a ratio of 8.3 +/- 0.6 : 1 (Scheme 3.21).  This large difference in the ratio of products 

suggests that the reaction does not proceed via the same intermediate.  Work by our computational 

collaborators Prof. Osvaldo Gutierrez and Mingbin Yuan has shown that rearrangement of a 

primary isodiazene intermediate to a primary diazene moiety by a 1,2-hydride shift is 50 kcal/mol 

uphill in energy.41   
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Scheme 3.20. Myers allene synthesis with propargylic alcohol 58 and resulting ratio of products. 

 

 

Scheme 3.21. Deamination of propargylic amine 60 with 1 and resulting ratio of products. 

 

Upon generation of a primary isodiazene intermediate, the liberation of dinitrogen results 

in the reductive deamination product.  The preliminary work discussed in section 3.2.1 showed 

that deamination of deuterated primary amine 2-D2 resulted in deuterium-incorporated deaminated 

product.  This suggested that the source of the hydrogen atom in the product is from the amine -

NH2 and resulting isodiazene intermediate.  Working in collaboration with Julia Driscoll, she was 

able to further demonstrate this deuterium incorporation with a non-benzylic amine substrate (10-

D2).  The percent of deuterium incorporation was variable, ultimately due to sensitivity to 

adventitious water. Excitingly, in-situ deuteration of primary amines and deuterium incorporation 

into the deaminated product was realized by adding 4% D2O to the reaction mixture (Table 3.7).   
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Table 3.7. Percent deuterium incorporation into deaminated product obtained by Julia Driscoll.   

 

We were subsequently interested in whether the nature of this rearrangement to lose 

dinitrogen proceeded via a radical mechanism.  Julia Driscoll was able to show that radical clock 

substrate 61 rearranged upon deamination, providing evidence for a radical intermediate (Scheme 

3.22).  This clock rearranges with a rate of 4.9 x 107 s-1,42 which is slower than the rate that radical 

species can diffuse from the solvent cage.  This finding suggests that free radical species are 

formed during the reaction, in contrast to secondary amine deletion which was shown to proceed 

via an in-cage recombination.  Julia also detected TEMPO trapped adducts of alkyl radicals derived 

from 10 and 6 as the sole products of the reaction when this radical scavenger was added.  No 

reductive deamination product was observed under these conditions.   

 

Scheme 3.22.  Aliphatic amine clock substrate rearranges suggesting radical intermediates by Julia 

Driscoll. 
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Working in collaboration with Dr. Balu Dherange, the deamination of aromatic amines was 

also demonstrated to proceed via a radical mechanism.  Using an analogous aromatic amine radical 

clock substrate (63),42 the rearranged product 64 was detected in 72% yield (Scheme 3.23).  

TEMPO trapping experiments with 4-methylaniline (65) also resulted in the isolation of TEMPO 

trapped adducts.   

 

Scheme 3.23. Aromatic amine clock substrate rearranges suggesting radical intermediates by Dr. 

Balu Dherange.   

 

In collaboration with Professor Osvaldo Gutierrez and Mingbin Yuan, the mechanism was 

also probed computationally at the DLPNO-CCSD(T) level of theory and provided evidence for a 

radical chain mechanism (Figure 3.3).41  Calculations show that following nucleophilic 

substitution, alkoxyhydrazine A undergoes an asynchronous, concerted reductive elimination to 

afford an isodiazene intermediate B.  Radical chain initiation occurs from the isodiazene to 

generate an alkyl radical species (D) which undergoes propagation with B by an exceptionally fast 

hydrogen atom transfer process.  The resulting diazenyl radical C can liberate dinitrogen and 

regenerate propagating alkyl radical species D.  Non-chain termination between D and E was 

predicted to be diffusion controlled or essentially barrierless, however the high barrier to initiation 

and experimental evidence of free radical species suggests that an exclusively non-chain pathway 

would be unlikely.   
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Figure 3.3.  Computational mechanism by Mingbin Yuan shows evidence for a radical chain 

pathway. 

 

Having verified the reaction proceeds by a free radical mechanism, we were interested in 

intercepting deaminated alkyl species with radical acceptors.  This would result in the net 

conversion of a C-N bond to a C-C or C-heteroatom bond.  Electron deficient olefins such as 

diethyl ethylidene malonate and ethyl acrylate were added, with the hope of obtaining Giese 

coupling of deaminated alkyl radical species.  However, these attempts were largely unsuccessful, 

with unwanted Michael addition of amine starting material with the activated alkene moieties.  

Minisci type coupling was also pursued using isoquinoline as the radical acceptor.  The addition 

of ten equivalents of isoquinoline did not result in any radical trapped adducts.  It was reasoned 

that increasing the concentration of this radical acceptor would favour the Minisci coupled product 
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(67).  However, when the reaction was run above 0.5 M, unwanted side production of the 

corresponding N-alkyl-4-(trifluoromethyl)benzamide derivative 66 was observed (Scheme 3.24).   

 

Scheme 3.24.  Unsuccessful Minisci coupling resulting in N-alkyl-4-(trifluoromethyl)benzamide  

product derivative.  

 

3.3. Conclusion.  

This chapter has presented a novel reaction for the direct deamination of primary amines.  

In contrast to the previously reported strategies for this transformation, the present method exhibits 

exceptional functional group tolerance and proceeds rapidly under mild conditions without need 

for pre-functionalization of the amine.  A substrate scope containing multiple pharmaceuticals and 

biomolecules was developed.   

Several synthetic applications of this methodology were presented.  These include single 

step routes to both the natural product precursor Abietatriene and the antibiotic class of des-

aminocephalosporins.  The use of deamination for other synthetic strategies was explored, 

including ketone deoxygenation and the conversion of nitriles to methyl isosteres.  Traceless C-H 

arylation was also demonstrated using amine directed palladium catalyzed C-H arylation and 

subsequently deleting the amine.   

Deuterium labelling studies showed that the source of the hydrogen atom in the product is 

from the primary amine -NH2.  Additionally, mechanistic endeavors provided evidence for a 

previously unknown primary isodiazene intermediate which participates in radical chain 
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processes.  This is a diversion from the mechanism observed for secondary amine deletion, in 

which free radical species are not generated.  In comparison with secondary amine deletion, the 

primary amine deletion was also shown to proceed at a faster rate.  This is an interesting 

observation considering that secondary amines are more nucleophilic than primary amines.  While 

steric constraints may play a role in this discrepancy, it is possible that the initial nucleophilic 

substitution of 1 is not the rate determining step. The free radical nature of primary amine 

substitution may also account for the difference in rate, if the propagating isodiazene and diazenyl 

intermediates accumulate in concentration during the chain reaction.  These hypotheses are the 

subject of additional computational studies.  Future work will also focus on trapping the alkyl 

radical species to facilitate the conversion of C-N to C-C and C-heteroatom bonds.  Initial attempts 

with heteroarenes and electron-deficient olefins were largely unsuccessful, however there are 

many other moieties that have been demonstrated to intercept radical intermediates that can be 

explored.   

3.4. Experimental. 

3.4.1. General Procedures. 

Unless noted otherwise, all reactions were performed in oven-dried or flame-dried 

glassware under an atmosphere of dry N2. THF, Et2O, DCM, Toluene, ACN, Et3N, and Pentane 

were dried by passing these previously degassed solvents through a PPT Solvent Purificatiton 

System, and all other solvents were dried over molecular sieves (4 Å) and degassed prior to use or 

purchased anhydrous and sealed under N2 (e.g. VWR Dri-solv or equivalent). Reaction 

temperatures were reported as the temperatures of the bath surrounding the flasks or vials. 

Sensitive reagents and solvents were transferred under nitrogen into a nitrogen-filled glovebox 

with standard techniques. Unless otherwise noted, all reagents were used as received. Analytical 
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thin-layer chromatography (TLC) was carried out using 0.2 mm commercial silica gel plates (silica 

gel 60, F254) and visualized by UV irradiation or staining as indicated.   

Low resolution mass spectra were recorded on either an Agilent 6530 LC Q-TOF mass 

spectrometer using electrospray ionization with fragmentation voltage set at 115 V or an Agilent 

SQ GC-MMS with a 7890B GC using an Agilent HP-5MS column with a temperature gradient of 

50 oC to 200 oC over 15 minutes and a 5977A single quad MS using electron ionization.  High 

resolution mass spectra were recorded on either an Agilent 6224 TOF High Resolution Accurate 

MS with electrospray ionization or an Agilent 7200B QTOF High Resolution Accurate Mass 

GCMS using an Agilent HP-5MS column with a temperature gradient of 50 oC to 200 oC over 15 

minutes and electron ionization.  All mass spectra were processed with an Agilent MassHunter 

Operating System. Nuclear magnetic resonance spectra (1H-NMR, 13C-NMR and 19F-NMR) were 

recorded with Bruker spectrometers operating at 400 or 500 MHz for 1H. Chemical shifts are 

reported in parts per million (ppm, δ), downfield from tetramethylsilane (TMS, δ=0.00 ppm) and 

are referenced to residual solvent (CDCl3, δ=7.26 ppm (1H) and 77.160 ppm (13C)). Coupling 

constants were reported in Hertz (Hz). Data for 1H-NMR spectra were reported as follows: 

chemical shift (ppm, s = singlet, d = doublet, t = triplet, q = quartet, quin = quintet, dd = doublet 

of doublets, td = triplet of doublets, ddd = doublet of doublet of doublets, m = multiplet, coupling 

constant (Hz), and integration).  

N-(benzyloxy)-N-(pivaloyloxy)-4-(trifluoromethyl)benzamide) (1) was prepared 

according to the optimized procedure in chapter 4.  2-Aminocaprolactam HCl (32) was synthesized 

from lysine according to the literature with the exception that ethylene glycol was used as solvent.26  

7-amino-3-methyl-8-oxo-5-thia-1-azabicyclo[4.2.0]oct-2-ene-2-carboxylic acid tert-butyl ester 

(47-OtBu) was synthesized from 7-aminocephalosporanic acid (47-OtBu) according to the 
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literature.43 4-(1,1'-biphenyl-4-yl)-3,3-dimethylbutan-2-amine (56) was synthesized according to 

the literature.39  4-phenyl-but-3-yn-2-ol (58) and 4-phenylbut-3-yn-2-amine (60) were synthesized 

according to the literature procedures.44, 45  Leelamine (44) was purified according to the literature 

procedure.46  6,6-diphenylhex-5-en-1-amine (61) was synthesized according to the literature 

procedure from ethyl 6-bromohexanoate.47  Unless otherwise specified, all amines were purchased 

from the appropriate suppliers and used without further purification.  Rimantidine HCl (17), 

Primaquine phosphate (14), Oseltamivir phosphate (15), Sitagliptin phosphate (18), β-1,3,4,6-

tetra-O-acetyl-D-glucosamine HCl (β-38), phenylalanine methyl ester HCl (28) and tryptophan 

methyl ester HCl (29) were freebased before use according to the following procedure: the amine 

HCl salt was suspended in DCM, 1 M NaOH solution was added and the amine was extracted to 

DCM, washed with brine, dried over sodium sulfate, filtered and the volatiles were removed in 

vacuo. Lysine methyl ester dihydrochloride (20) and excess cesium carbonate were suspended in 

acetonitrile, stirred for 4 hours and filtered with a sintered glass frit.  The filtrate was collected and 

the solvent was removed in vacuo to yield freebase lysine methyl ester.   

3.4.2. Isolation of Deaminated Substrates.  

General procedure: To a round bottom flask equipped with a stir bar under a nitrogen 

atmosphere was added the anomeric amide reagent (1.2 equiv.) and anhydrous acetonitrile.  Under 

a nitrogen atmosphere, the primary amine (1 equiv.) was dissolved anhydrous acetonitrile and the 

solution of amine was added dropwise over 10 minutes to the flask containing the anomeric amide 

reagent.  For select reactions, the reverse addition was performed as noted.  The total volume of 

solvent is such that the concentration of anomeric amide in the reaction is 0.1 M.  The reaction 

was stirred at room temperature for 1 hour.  The reaction was quenched with saturated aqueous 

NaHCO3 solution and extracted to DCM.  The combined organic layers were washed with brine 
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and dried with sodium sulphate.  The volatiles were removed in vacuo and the crude product 

purified by silica gel chromatography.    

3-ethyl-1H-indole (8’): Synthesized according to the general procedure from 

tryptamine (8) (56 mg, 0.365 mmol). The title compound was obtained in 65% yield 

(34 mg, 0.237 mmol) after purification by silica gel chromatography. Rf  = 0.45 (1:1 

hexanes/EtOAc). 1H NMR (400 MHz, CDCl3): δ 7.89 (br s, 1H), 7.62 (d, J = 7.8 Hz, 1H), 7.36 (d, 

J = 8.3 Hz, 1H), 7.19 (dt, J = 8.3 Hz, 1.0 Hz, 1H), 7.11 (dt, J= 7.6 Hz, 0.9 Hz, 1H), 6.98 (m, 1H), 

2.80 (qd, J = 7.2 Hz, 1.1 Hz, 2H), 1.34 (t, J = 7.5 Hz, 3H).  Spectroscopic data are in agreement 

with those in the literature.48   

1-ethyl-4-nitrobenzene (9’): Synthesized according to the general procedure 

by Julia Driscoll from 2-(4-nitrophenyl)ethan-1-amine (9) (47.5 mg, 0.286 

mmol). The title compound was obtained in 55% yield (23.7 mg) after purification by silica gel 

chromatography. Rf  = 0.67 (6:4 hexanes/EtOAc). 1H NMR (400 MHz, CDCl3) δ 8.14 (d, J = 8.7 

Hz, 2H), 7.34 (d, J = 8.8 Hz, 2H), 2.76 (q, J = 7.6 Hz, 2H), 1.28 (t, J = 7.6 Hz, 3H). Spectroscopic 

data are in agreement with those in the literature.49  

1-propyl-1H-imidazole (10’): Synthesized according to the general procedure 

by Julia Driscoll from 3-(1H-imidazol-1-yl)propan-1-amine (10) (146.9 mg, 

1.17 mmol). The title compound was obtained in 81% yield (105.03 mg) after purification by silica 

gel chromatography. Rf  = 0.56 (6:4 hexanes/EtOAc). 1H NMR (400 MHz, CD3CN): δ7.43 (s, 1H), 

6.99 (d, J = 1.2 Hz, 1H), 6.90 (d, J = 1.1 Hz, 1H), 3.89 (t, J = 7.1 Hz, 2H), 1.74 (h, J = 7.3 Hz, 2H), 

0.85 (t, J = 7.4 Hz, 3H).  Spectroscopic data are in agreement with those in the literature.50 
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 (R)-1-phenylpropane-1,3-diol (11’): Synthesized according to the general 

procedure by Julia Driscoll from (1S,2S)-2-amino-1-phenyl-1,3-diol (11) 

(35.4 mg, 0.212 mmol), by slow addition of the anomeric amide reagent 

solution to the solution of (1S,2S)-2-amino-1-phenyl-1,3-diol. The title compound was obtained 

in 74% yield (24.0 mg) with full stereo-retention after purification by silica gel chromatography. 

Rf  = 0.17 (6:4 hexanes/EtOAc). 1H NMR (400 MHz, 1:1 MeOD/CDCl3) δ 7.35 – 7.26 (m, 4H), 

7.24 – 7.17 (m, 1H), 4.81 (dd, J = 8.4, 4.8 Hz, 1H), 3.75 – 3.60 (m, 2H), 2.01 – 1.83 (m, 2H). 

Spectroscopic data are in agreement with those in the literature.51 A racemic sample of 1-

phenylpropane-1,3-diol was synthesized according to the literature procedure from ethyl benzoyl 

acetate.52 Both the enantiopure and racemic diol samples were then converted to 2,2-dimethyl-4-

phenyl-1,3-dioxane by treatment with camphorsulfonic acid (10 mol%) in 2,2-dimethoxypropane 

(50 mL/mg) for 20 h at room temperature. The enantiomeric excess of the chiral sample was then 

determined to be 99 using a chiral Agilent 6850 Network GC System with an Agilent J&W 

cycloSil-B GC 30 m, 0.25 mm, 0.25 µm, 7 inch cage column.   

tert-butyl 2-((4R,6R)-6-ethyl-2,2-dimethyl-1,3-dioxan-4-yl)acetate (12’): 

Synthesized according to the general procedure from (4R,6R)-tert-Butyl-6-

(2-aminoethyl)-2,2-dimethyl-1,3-dioxane-4-acetate (12) (200 mg, 0.732 

mmol).  As separating the title compound from benzyl 4-(trifluoromethyl)benzoate is difficult by 

column chromatography, saponification of benzyl 4-(trifluoromethyl)benzoate to sodium 4-

trifluoromethylbenzoate was performed.  After the standard workup, the crude product mixture 

was dissolved in 9 ml of 3:1 THF:H2O in a round bottom flask equipped with a stir bar. NaOH 

(0.8 equiv., 23.4 mg, 0.59 mmol) was added and the solution was refluxed for 3 hours.  The solvent 

was removed in vacuo and 10 ml diethyl ether was added to the residue, resulting in a dark yellow 
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precipitate.  The precipitate was removed by filtration, the filtrate containing the title compound 

was collected and the solvent was removed in vacuo. The crude residue was purified by silica gel 

chromatography, yielding the title compound in 63% yield (189 mg, 0.461 mmol). Rf = 0.81 (5:1 

hexanes/EtOAc). 1H NMR (Figure 3.12) (400 MHz, CDCl3): δ 4.27 – 4.20 (m, 1H), 3.78 – 3.72 

(m, 1H), 2.46 – 2.26 (m, 2H), 1.57 (dt, J = 11.9 Hz, 3.1 Hz, 1H), 1.55 – 1.48 (m, 1H), 1.45 (s, 

12H), 1.38 (s, 3H), 1.14 (q, J = 12.2 Hz, 2H), 0.90 (t, J = 7.6 Hz, 3H). 13C{1H} NMR (Figure 3.13) 

(101 MHz, CDCl3): δ 170.4, 98.6, 80.6, 70.2, 66.3, 42.8, 36.0, 30.2, 29.7, 29.2, 28.1, 19.8, 9.3.  

HR-MS (ESI) calculated 258.1831 for C14H26O4, found 258.1827.   

 4-[(4-fluorophenyl)methyl]-3-methylmorpholine (13’):  Synthesized 

according to the general procedure from 3-aminomethyl-4-(4-

fluorobenzyl)morpholine (13) (100 mg, 0.446 mmol).  The title compound 

was obtained in 94% yield (88 mg) after purification by silica gel chromatography. Rf  = 0.42 (5:1 

hexanes/EtOAc).  1H NMR (Figure 3.14) (400 MHz, CDCl3): δ 7.32 – 7.27 (m, 2H), 7.01 (t, J = 

8.9 Hz, 2H), 3.87 – 3.81 (m, 1H), 3.73 – 3.60 (m, 2H), 3.51 – 3.44 (m, 2H), 2.73 – 2.62 (m, 2H), 

2.15 (t, J = 9.4 Hz, 1H), 1.83 (t, J = 11 Hz, 1H), 1.13 (d, J = 6.1 Hz, 3H).  13C{1H} NMR (Figure 

3.15) (101 MHz, CDCl3): δ 162.1 (d, 1JC-F = 246 Hz), 130.7 (d, 3JC-F = 8 Hz), 115.1 (d, 2JC-F = 21 

Hz), 71.8, 66.7, 62.4, 59.9, 52.8, 19.1. 19F{1H} NMR (Figure 3.16) (376 MHz, CDCl3): δ -115.7. 

HR-MS (ESI) calculated 209.1216 for C12H16FNO, found 209.1215.   

1-ethyladamantane (17’): Synthesized according to the general procedure from 

rimantadine (17) (103 mg, 0.574 mmol).  The title compound was obtained in 50% 

yield (47 mg, 0.287 mmol) after purification by silica gel chromatography.  Rf = 0.8 

(5:1 hexanes/EtOAc).  1H NMR (400 MHz, CDCl3): δ 1.94 (br s, 3H), 1.73 – 1.57 (m, 6H), 1.44 
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(m, 6H), 1.08 (q, J = 9.0 Hz, 2H), 0.77 (t, J = 8.3 Hz, 3H).  Spectroscopic data are in agreement 

with those in the literature.53  

6-methoxy-N-(pentan-2-yl)quinolin-8-amine (14’): Synthesized 

according to the general procedure from primaquine (14) (100 mg, 

0.386 mmol). The title compound was obtained in 53% yield (49.8 mg, 

0.205 mmol) after purification by silica gel chromatography Rf  = 0.58 

(5:1 hexanes/EtOAc). 1H NMR (Figure 3.17) (400 MHz, CDCl3): δ 8.53 (dd, J = 4.1 Hz, 1.6 Hz, 

1H), 7.92 (dd, J = 8.33, 1H), 7.32 – 7.28 (m, 1H), 6.33 – 6.28 (m, 2H), 6.02 (br m, 1H), 3.89 (s, 

3H), 3.65 – 3.57 (m, 1H), 1.76 – 1.67 (m, 1H), 1.61 – 1.39 (m, 2H), 1.29 (d, J = 6.2 Hz, 3H), 0.94 

(t, J = 7.2 Hz, 3H).  13C{1H} NMR (Figure 3.18) (101 MHz, CDCl3): δ 159.6, 145.3, 144.4, 135.6, 

134.9, 130.0, 121.9, 96.6, 91.5, 55.3, 48.0, 39.2, 20.6, 19.6, 14.3.  HR-MS (ESI) calculated 

244.1576 for C15H20N2O, found 244.1594. 

ethyl (3R,4R)-4-acetamido-3-(pentan-3-yloxy)cyclohex-1-ene-1-

carboxylate (15’): Synthesized according to the general procedure from 

oseltamivir (15) (88 mg, 0.282 mmol) with the exception of a reaction 

time of 5 hours.  The solution of anomeric amide was added dropwise to 

the solution of oseltamivir and the reaction was stirred at r.t. for 5 hours.  The title compound was 

obtained in 53% yield (44 mg, 0.149 mmol) after purification by silica gel chromatography.  Rf = 

0.56 (1:2 hexanes/EtOAc).  1H NMR (Figure 3.19) (400 MHz, CDCl3): δ 6.84 – 6.81 (m, 1H), 

5.41 (d, J = 8.1 Hz, 1H), 4.20 (q, J = 7.6 Hz, 2H), 4.11 – 4.05 (m, 1H), 3.88 – 3.84 (m, 1H), 3.45 

(q, J = 6.2 Hz, 1H), 2.53 – 2.43 (m, 1H), 2.27 – 2.16 (m, 1H), 2.09 – 1.99 (m, 1H), 1.96 (s, 3H), 

1.81 – 1.72 (m, 1H), 1.58 – 1.46 (m, 4H), 1.29 (t, J = 7.4 Hz, 3H), 0.91 (q, J = 7.4 Hz, 6H).  13C{1H} 

(Figure 3.20) (101 MHz, CDCl3): δ 170.0, 166.9, 135.8, 132.8, 81.7, 72.6, 60.9, 47.8, 26.7, 26.6, 
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23.7, 23.2, 21.3, 14.3, 10.1, 9.5. HR-MS (ESI) calculated 297.1940 for C16H27NO4, found 

297.1923.  

3-ethyl 5-methyl 4-(2-chlorophenyl)-2-(ethoxymethyl)-6-methyl-

1,4-dihydropyridine-3,5-dicarboxylate (16’): Synthesized 

according to the general procedure from amlodipine (16) (100 mg, 

0.245 mmol).  The title compound was obtained in 71% yield (69 

mg, 0.174 mmol) after purification by silica gel chromatography.  Rf 

= 0.21 (1:1 hexanes/EtOAc).  1H NMR (Figure 3.21) (400 MHz, CDCl3): δ 7.37 (dd, J = 7.9 Hz, 

2.0 Hz, 1H), 7.23 (dd, J = 7.8 Hz, 1.3 Hz, 1H), 7.12 (td, J = 7.6, 1.4 Hz, 1H), 7.10 (br s, 1H), 7.06 

– 7.01 (m, 1H), 5.40 (s, 1H), 4.69 (q, J = 16.6 Hz, 2H), 4.05 (qd, J = 6.9Hz, 2.4 Hz, 2H), 3.67 – 

3.59 (m, 5H), 2.34 (s, 3H), 1.29 (t, J = 7.0 Hz, 3H), 1.18 (t, J = 7.1 Hz, 3H). 13C{1H} (Figure 3.22) 

(101 MHz, CDCl3): δ 168.1, 167.2, 145.9, 145.6, 143.8, 132.3, 131.4, 129.4, 129.2, 129.1, 128.8, 

127.3, 126.9, 104.0, 101.2, 68.2, 67.4, 67.0, 59.6, 50.8, 37.1, 27.2, 19.6, 15.1, 14.3. HR-MS (ESI) 

calculated 393.1343 for C20H24ClNO5, found 393.1321. 

 

1-(3-(trifluoromethyl)-5,6-dihydro-[1,2,4]triazolo[4,3-

a]pyrazin-7(8H)-yl-(4(2,4,5-trifluorophenyl)butan-1-one 

(18’): Synthesized according to the general procedure from 

sitagliptin (18) (200 mg, 0.490 mmol).  The title compound was obtained in 52% yield (100 mg, 

0.255 mmol) after purification by silica gel chromatography. Rf = 0.75 (100% EtOAc).  1H NMR 

(Figure 3.23) (400 MHz, CDCl3): δ 7.05 – 6.96 (m, 1H), 6.90 – 6.82 (m, 1H), 5.08 – 4.85 (m, 2H), 

4.25 – 3.87 (m, 4H), 2.66 (t, J = 7.6 Hz, 2H), 2.43 (t, J = 7.0 Hz, 2H), 2.02 – 1.92 (m, 2H). 13C{1H} 

(Figure 3.24a-d) (101 MHz, CD3CN): δ 172.4, 157.9 (dd, JC-F = 10.0 Hz, 2.5 Hz), 156.0 (dd, JC-F 
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= 9.6 Hz, 2.4 Hz), 152.2, 151.7, 150.1 (t, JC-F = 13.9 Hz), 148.5 (dd, JC-F = 12.9, 3.7 Hz), 148.2 (t, 

JC-F = 13.6 Hz), 146.5 (dd, JC-F = 12.3 Hz, 4.3 Hz), 144.2 (q, JC-F = 40.6 Hz), 126.6 (dt, JC-F = 18.6, 

5.2 Hz), 119.9 (q, JC-F = 268.7 Hz), 119.2 (dd, JC-F = 19.1, 6.7 Hz), 106.3 (d, JC-F = 20.9 Hz), 106.1 

(d, JC-F = 21.1 Hz), 44.7, (major), 44.2 (minor), 43.0 (minor), 42.1 (major), 39.6 (major), 38.7 

(minor), 32.8 (minor), 32.5 (major), 28.2 (major), 25.7 (major).   19F{1H} NMR (Figure 3.25) (376 

MHz, CDCl3): δ -63.1, -120.4 (d, J = 16 Hz), -136.6 (d, J = 23 Hz), -143.2 (m).  HR-MS (ESI) 

calculated 383.1115, found 383.1119.   

5-((3R,6S)-6-(2,5-difluorophenyl)tetrahydro-2H-pyran-3-

yl)-2-(methylsulfonyl)-2,4,5,6-tetrahydropyrrolo[3,4-

c]pyrazole (19’): Synthesized according to the general 

procedure from omarigliptin (19) (50 mg, 0.125 mmol).  The 

title compound was obtained in 77% (37 mg, 0.096 mmol) yield 

after purification by silica gel chromatography.  Rf = 0.20 (1:1 hexanes: EtOAc).  1H NMR (Figure 

3.26) (400 MHz, CDCl3): δ 7.69 (s, 1H), 7.22 – 7.16 (m, 1H), 7.00 – 6.87 (m, 2H), 4.59 (d, J = 

10.6 Hz, 1H), 4.32 (dq, J = 10.7 Hz, 2.4 Hz, 1H), 3.92 – 3.82 (m, 4H), 3.48 (t, J = 11.4 Hz, 1H), 

3.27 (s, 3H), 2.91 – 2.82 (m, 1H), 2.28 – 2.20 (m, 1H), 2.10 – 2.02 (m, 1H), 1.70 (qd, J = 12.0 Hz, 

3.7 Hz, 1H), 1.59 (qd, J = 13.8 Hz, 3.7 Hz, 1H). 19F{1H} NMR (Figure 3.27) (376 MHz, CDCl3): 

δ -118.5 (d, J = 17.8 Hz), -125.6 (d, J = 18.5 Hz). 13C{1H} NMR (Figure (3.28) (101 MHz, CDCl3): 

δ 164.2, 159.0 (dd, 1JC-F = 242 Hz, 4JC-F = 1 Hz), 155.2 (dd, 1JC-F = 242 Hz, 4JC-F = 1 Hz), 131.4 

(dd, 2JC-F = 16 Hz, 3JC-F = 8 Hz), 124.4, 123.5, 116.2 (dd, 2JC-F = 12 Hz, 3JC-F = 8 Hz), 115.0 (dd, 

2JC-F = 13 Hz, 3JC-F = 9 Hz), 113.7 (dd, 2JC-F = 13 Hz, 3JC-F = 5 Hz), 73.2, 71.7, 59.3, 48.7, 48.2, 

41.5, 31.7, 29.4.  HR-MS (ESI) calculated 392.1072, found 392.1089.   
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7-(but-2-yn-1-yl)-3-methyl-1-((4-methylquinazolin-2-

yl)methyl)-8-(piperidin-1-yl)-3,7-dihydro-1H-purine-

2,6-dione (20’): Synthesized according to the general 

procedure from linagliptin (20) (10 mg, 0.0212 mmol) with 

the exception that 1:1 acetonitrile: DMSO was used as the solvent and the reaction was stirred 

overnight, then washed with 3x 10 ml brine to remove the DMSO. The title compound was 

obtained in 65% yield (6.3 mg, 0.0138 mmol) after purification by silica gel chromatography. Rf 

= 0.3 (1:3 hexanes: EtOAc). 1H NMR (Figure 3.29) (400 MHz, CDCl3): δ 8.01 (d, J = 8.1 Hz, 1H), 

7.89 – 7.84 (m, 1H), 7.78 – 7.73 (td, J = 7.8, 1.5 Hz, 1H), 7.51 (t, J = 7.3 Hz, 1H), 5.56 (s, 2H), 

4.85 (m, 2H), 3.55 (s, 3H), 3.40 – 3.35 (m, 3H), 2.88 (s, 3H), 1.81 – 1.58 (m, 10H). 13C{1H} (Figure 

3.30) (101 MHz, CDCl3): δ 168.5, 161.2, 156.9, 154.4, 152.0, 150.0, 148.2, 133.2, 129.0, 126.7, 

124.9, 123.2, 81.1, 73.3, 51.2, 46.4, 41.0, 35.9, 29.8, 27.2, 25.8, 24.2, 22.0, 21.8, 3.80.  HR-MS 

(ESI) calculated 457.2226 for C25H27N7O2, found 457.2226.   

3-phenylpropanoic acid methyl ester (28’): Synthesized according to the 

general procedure from L-phenylalanine methyl ester (28) (100 mg, 0.464 

mmol).  The title compound was obtained in 96% yield (73 mg, 0.445 mmol) 

after purification by silica gel chromatography.  Rf  = 0.57 (5:1 hexanes/EtOAc). 1H NMR (400 

MHz, CDCl3): δ 7.31 – 7.26 (m, 2H), 7.23 – 7.17 (m, 3H), 3.67 (s, 3H), 2.96 (t, J = 8.3 Hz, 2H), 

2.64 (t, J = 7.0 Hz, 2H). Spectroscopic data are in agreement with those in the literature.54  

Methyl indole-3-propionate (29’): Synthesized according to the general procedure 

from L-tryptophan methyl ester (29) (100 mg, 0.458 mmol).  The title compound was 

obtained in 71% yield (66 mg, 0.325 mmol) after purification by silica gel 

chromatography. Rf  = 0.7 (1:5 hexanes/EtOAc). 1H NMR (400 MHz, CDCl3): δ 7.95 
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(br s, 1H), 7.61 (d, J = 8.0 Hz, 1H), 7.36 (d, J = 8.0 Hz, 1H), 7.20 (t, J = 7.4 Hz, 1H), 7.12 (t, J = 

7.5 Hz, 1H), 7.02 (m, 1H), 3.68 (s, 1H), 3.11 (t, J = 8.2 Hz, 2H), 2.73 (t, J = 7.1 Hz, 2H).  

Spectroscopic data are in agreement with those in the literature.55 

benzyl (3-phenylpropanoyl)-L-leucinate (30’): Synthesized according 

to the general procedure from H-Phe-Leu-OBzl (30) (207.6 mg, 0.5634 

mmol) with the exception that 1:1 acetonitrile: DMSO as the solvent and 

the reaction was stirred for 3 hours, diluted with DCM and then washed 

with 3x 10 ml brine.  The volatiles were removed in vacuo and crude 

material was purified by reverse-phase preparative HPLC with an Agilent 5 Prep C18 P/N 446905-

702 column using water/acetonitrile with the gradient 0-0.5 min, 10% B; 0.5-10.5 min, 10-95% B; 

10.5-11.5 95% B.  The title compound was obtained in 21% yield (41.8 mg, 0.1183 mmol), 

retention time 8.17 min.  Rf = 0.73 (1:1 hexanes/EtOAc). 1H NMR (Figure 3.31) (400 MHz, 

CDCl3): δ 7.39 – 7.31 (m, 5H), 7.29 – 7.25 (m 2H), 7.22 – 7.17 (m, 3H), 5.72 (d, J = 8.3 Hz, 1H), 

5.15 (s, 2H), 4.71 – 4.64 (m, 1H), 3.03 – 2.91 (m, 2H), 2.59 – 2.46 (m, 2H), 1.64 – 1.40 (m, 3H), 

0.89 – 0.85 (m, 6H).  13C{1H} (Figure 3.32) (101 MHz, CDCl3): δ 173.1, 171.9, 140.8, 135.5, 

128.8, 128.7, 128.6, 128.5, 128.4, 126.4, 67.2, 50.9, 41.8, 38.4, 31.6, 24.8, 22.9, 22.1.  HR-MS 

(ESI) calculated 353.1991 for C22H27NO3, found 353.1998.   

caprolactam (33):  A 20 ml vial equipped with a stir bar was charged with 2-

aminocaprolactam HCl (32) (20 mg, 0.121 mmol), 2 ml acetonitrile and cesium 

carbonate (79 mg, 0.242 mmol, 2 equiv.).  Under a nitrogen atmosphere, a 1 ml 

solution of the anomeric amide reagent (58 mg, 0.146 mmol, 1.2 equiv.) was added dropwise and 

the reaction was subsequently stirred overnight.  The crude reaction mixture was purified by silica 

gel chromatography and the title compound was obtained in 58% yield (8 mg, 0.07 mmol). Rf = 
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0.13 (1:3 hexanes: EtOAc).  1H NMR (400 MHz, CDCl3): δ 6.29 (br s), 3.19 (q, J = 5.9 Hz, 2H), 

2.47 – 2.42 (m, 2H), 1.78 – 1.60 (m, 6H).  Spectroscopic data are in agreement with those in the 

literature.56 

norleucine methyl ester hydrochloride (35): Synthesized according to 

the general procedure from lysine methyl ester (31-OMe) (150 mg, 

0.936 mmol) with the exception that 0.98 equivalents of anomeric amide 

was used.  After 1 hour, 1.1 equiv. of 4 M HCl in dioxane solution (230 µl) was added dropwise 

by syringe to the crude reaction mixture.  50 ml of diethyl ether was added and the reaction was 

extracted with 5x 50 ml water.  Water was removed by vacuum and the residue was dissolved in 

DCM, dried over sodium sulphate, filtered and the volatiles were removed in vacuo to give the 

title compound in 69% yield (117 mg, 0.65 mmol).  1H NMR (400 MHz, DMSO): δ  8.47 (br s, 

3H), 4.03 – 3.97 (m, 1H), 3.75 (s, 3H), 1.83 – 1.74 (m, 2H), 1.40 – 1.21 (m, 4H), 0.87 (t, J = 7.2 

Hz, 3H).  Spectroscopic data are in agreement with those in the literature.57  

methyl hexanoate (36): Synthesized according to the general procedure 

from lysine methyl ester (31-OMe) (20 mg, 0.125 mmol) with the 

exception that 2.1 equivalents of anomeric amide were used.  After 1 hour, internal standard 1,3,5-

trimethoxybenzene (6.4 mg, 0.038 mmol) was added and the volatiles were removed in vacuo and 

the residue was dissolved in CDCl3 and the NMR yield of the title compound was determined to 

be 54%.  1H NMR (400 MHz, CDCl3): δ 3.66 (s, 3H), 2.30 (t, J = 7.6 Hz, 2H), 1.68 – 1.59 (m, 

2H), 1.33 – 1.27 (m, 4H), 0.90 (t, J = 7.2 Hz, 3H).  Spectroscopic data are in agreement with those 

in the literature.58  
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β-1,3,4,6-Tetra-O-acetyl-2-deoxy-D-glucose (β-38): Synthesized 

according to the general procedure from β-1,3,4,6-tetra-O-acetyl-D-

glucosamine (37) (200 mg, 0.576 mmol) with the exception that the reaction 

was stirred overnight.  The title compound was obtained in 78% yield (149 

mg, 0.449 mmol) after purification by silica gel chromatography.   Rf = 0.54 (1:1 hexanes: EtOAc).  

1H NMR (400 MHz, CDCl3): δ 5.80 (dd, J = 10.1 Hz, 2.2 Hz, 1H), 5.11 – 5.00 (m, 2H), 4.32 (dd, 

J = 12.6 Hz, 4.7 Hz,1H), 4.09 (dd, J = 12.3 Hz, 2.4 Hz, 1H), 3.76 – 3.72 (m, 1H), 2.38 – 2.32 (m, 

1H), 2.12 (s, 3H), 2.09 (s, 3H), 1.91 – 1.82 (m, 1H). Spectroscopic data are in agreement with 

those in the literature.59 

Biphenyl (40’): Synthesized according to the general procedure by Dr. Balu 

Dherange from 2-aminobiphenyl (40) (50 mg, 0.29 mmol) with the exception that 

1.5 equiv. of 1 was used and the reaction was heated to 45 oC. The title compound 

was obtained in 61% yield (28 mg, 0.18 mmol) after purification by silica gel chromatography Rf  

= 0.7 (24:1 hexanes/EtOAc). 1H NMR (400 MHz, CDCl3) δ 7.65 – 7.56 (m, 4H), 7.50 – 7.41 (m, 

4H), 7.40 – 7.33 (m, 2H). Spectroscopic data are in agreement with those in the literature.60 

(Benzyloxy)benzene (41’): Synthesized according to the general procedure by 

Dr. Balu Dherange from 4-benzyloxy aniline (41) (40 mg, 0.2 mmol) with the 

exception that 1.5 equiv. of 1 was used. The title compound was obtained in 53% 

yield (19.6 mg, 0.11 mmol) after purification by silica gel chromatography Rf  = 0.5 (24:1 

hexanes/EtOAc). 1H NMR (400 MHz, CDCl3) δ 7.49 – 7.43 (m, 2H), 7.43 – 7.37 (m, 2H), 7.37 – 

7.28 (m, 3H), 7.05 – 6.94 (m, 3H), 5.08 (s, 2H). Spectroscopic data are in agreement with those in 

the literature.61  
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Indole (42’): Synthesized according to the general procedure by Dr. Balu Dherange 

from 5-aminoindole (42) (50 mg, 0.38 mmol)  with the exception that 1.5 equiv. of 

1 was used and the reaction was heated to 45 oC. The title compound was obtained in 72% yield 

(32 mg, 0.27 mmol) after purification by silica gel chromatography Rf  = 0.4 (9:1 hexanes/EtOAc). 

1H NMR (400 MHz, CDCl3) δ 8.01 (br. S, 1H), 7.68 (dq, J = 7.8, 0.9 Hz, 1H), 7.41 (dq, J = 8.1, 

1.0 Hz, 1H), 7.25 – 7.19 (m, 2H), 7.15 (ddd, J = 8.0, 7.1, 1.1 Hz, 1H), 6.58 (ddd, J = 3.2, 2.1, 1.0 

Hz, 1H). Spectroscopic data are in agreement with those in the literature.62 

3-ethyl-3-phenylpiperidine-2,6-dione (43’):  Synthesized according to 

the general procedure by Dr. Balu Dherange from aminoglutetimide (43) 

(60 mg, 0.26 mmol) with the exception that 1.5 equiv. of 1 was used and 

the reaction was heated to 45 oC. The title compound was obtained in 64% 

yield (36 mg, 0.17 mmol) after purification by silica gel chromatography Rf  = 0.5 (3:2 

hexanes/EtOAc). 1H NMR (Figure 3.33) (400 MHz, CDCl3) δ 8.37 – 7.90 (m, 1H), 7.42 – 7.33 

(m, 2H), 7.29 (tt, J = 8.3, 1.3 Hz, 3H), 2.68 – 2.54 (m, 1H), 2.47 – 2.34 (m, 2H), 2.23 (td, J = 14.0, 

4.4 Hz, 1H), 2.07 (dq, J = 14.8, 7.4 Hz, 1H), 1.92 (dq, J = 14.6, 7.4 Hz, 1H), 0.88 (t, J = 7.4 Hz, 

3H). 13C{1H} NMR (Figure 3.34) (101 MHz, CDCl3) δ 175.3, 172.5, 138.9, 129.2, 127.7, 126.3, 

51.3, 33.0, 29.4, 27.2, 9.2. HR-MS (ESI) calculated 218.1176 for C13H16NO2 (M+H), found 

218.1172.  

 

Abietatriene (45): Synthesized according to the general procedure from 

Leelamine (44) (100 mg, 0.350 mmol) with the exception that the solution 

of anomeric amide was added to the solution of Leelamine by careful 

dropwise addition.  The title compound was obtained in 65% yield (62 
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mg, 0.228 mmol) after purification by silica gel chromatography. Rf = 0.65 (100% hexanes).  1H 

NMR (400 MHz, CDCl3): δ 7.20 – 7.16 (m, 1H), 6.99 (dd, J = 8.4 Hz, 1.5 Hz), 6.89 (m, 1H), 2.96 

– 2.78 (m, 3H), 2.27 (d, J = 13.0 Hz, 1H), 1.91 – 1.32 (m, 8H), 1.23 (d, J = 7.2 Hz, 3H), 1.18 (s, 

3H), 0.95 (s, 3H), 0.93 (s, 3H). Spectroscopic data are in agreement with those in the literature.31  

tert‐butyl-3‐methyl‐8‐oxo‐5‐thia‐1‐azabicyclo[4.2.0]oct‐2‐ene‐2‐carboxylate 

(48-OtBu):  Synthesized according to the general procedure from 7-amino-3-

methyl-8-oxo-5-thia-1-azabicyclo[4.2.0]oct-2-ene-2-carboxylic acid tert-butyl 

ester (47-OtBu) (40 mg, 0.187 mmol) with the exception that the reaction was stirred overnight.  

The title compound was obtained in 43% yield (19.8 mg, 0.078 mmol) after purification by silica 

gel chromatography.  Rf = 0.21 (5:1 hexanes/EtOAc).   1H NMR (Figure 3.35) (400 MHz, CDCl3): 

δ 4.65 – 4.63 (dd, J = 5.1 Hz, 2.3 Hz, 1H), 3.57 – 3.48 (m, 2H), 3.14 (d, J = 18.0 Hz, 1H), 2.90 

(dd, J = 15.6 Hz, 2.2 Hz, 1H), 2.05 (s, 3H), 1.55 (s, 9H).  13C{1H} (Figure 3.36) (101 MHz, CDCl3): 

δ 162.3, 161.3, 125.3, 124.3, 82.7, 48.7, 44.5, 31.5, 28.0, 19.5, 1.0.  HR-MS (ESI) calculated 

255.0929 for C12H17NO3S, found 255.0928.   

tert-butyl piperidinecarboxylate (51):  Synthesized according to the general procedure 

from 1-(t-butoxycarbonyl)-4-aminopiperidine (50) (20 mg, 0.096 mmol) with the 

exception that 0.1 M solution of anomeric amide reagent was added dropwise via syringe 

pump to a 0.1 M solution of amine at a rate of 300 µl/h and the reaction was subsequently 

stirred overnight.  The crude reaction mixture was purified by silica gel chromatography and the 

title compound was obtained in 55% yield (9.8 mg, 0.052 mmol).  Rf = 0.85 (7:3 hexanes/EtOAc).   

1H NMR (400 MHz, CDCl3): δ 3.37 – 3.32 (m, 4H), 1.58 – 1.53 (m, 2H), 1.52 – 1.47 (m, 4H), 

1.44 (s, 9H).  Spectroscopic data are in agreement with those in the literature.63  
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4-(1-methylcycloheptyl)morpholine (54): Synthesized according to the general 

procedure from (1-morpholin-4-ylcycloheptyl)methanamine (53) (100 mg, 0.471 

mmol).  The title compound was obtained in 67% yield (62 mg, 0.316 mmol) after 

purification by silica gel chromatography. Rf = 0.4 (1:1 hexanes/ethyl acetate).  1H 

NMR (Figure 3.37) (400 MHz, CDCl3): δ 3.71 – 3.66 (m, 4H), 2.54 – 2.50 (m, 4H), 1.82 – 1.75 

(m, 2H), 1.64 – 1.55 (m, 4H), 1.53 – 1.44 (m, 2H), 1.43 – 1.28 (m, 4H), 0.90 (s, 3H).  13C{1H} 

(Figure 3.38) (101 MHz, CDCl3): δ 68.0, 58.8, 46.3, 38.0, 29.6, 22.9, 22.1.  HR-MS (ESI) 

calculated 197.1780 for C12H23NO, found 197.1764.  

2,2-dimethyl-1-biphenylbutane (57): Synthesized according to the 

general procedure from 4-(1,1'-biphenyl-4-yl)-3,3-dimethylbutan-2-amine 

(56) (16.8 mg, 0.0663 mmol).  The title compound was obtained in 85% 

yield (13.4 mg, 0.056 mmol) after purification by silica gel chromatography. Rf = 0.5 (100% 

hexanes).  1H NMR (400 MHz, CDCl3): δ 7.61 (, J = 7.5 Hz, 2H), 7.51 (d, J = 8.3 Hz, 2H), 7.44 

(t, J = 7.8 Hz, 2H), 7.33 (t, J = 7.6 Hz, 1H), 7.21 (J = 8.1 Hz, 2H), 2.55 (s, 2H), 1.31 (q, J = 7.7 Hz, 

2H), 0.93 (t, J = 7.4 Hz, 3H), 0.88 (s, 6H).  Spectroscopic data are in agreement with those in the 

literature.64  

3.4.3. Synthesis of Starting Materials. 

tert-butyl 4-aminopiperidine-1-carboxylate (50): To a 50 ml round bottom flask 

equipped with a stir bar was added 10 ml methanol, 1-Boc-4-piperidone (500 mg, 2.41 

mmol), and ammonium acetate (2.23 g, 28.9 mmol, 12 equiv.).  The flask was stirred for 

10 minutes at room temperature and NaBH3CN (606 mg, 9.64 mmol, 4 equiv.) was added 

in a single portion.  A reflux condenser was attached to the flask and the reaction was heated at 60 

oC for 16 hours.  The flask was cooled to room temperature and the volatiles were removed in 
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vacuo. To the residue was added 30 ml of 1 M NaOH solution and the product was extracted with 

ethyl acetate (6 x 20 ml), dried over sodium sulfate and the volatiles were removed in vacuo to 

give the title compound in 97% yield (468 mg, 2.33 mmol).  1H NMR (400 MHz, CDCl3): δ 4.09 

– 3.97 (br s, 1H), 3.74 – 3.64 (m, 1H), 2.84 – 2.72 (m, 2H), 1.87 – 1.73 (m, 1H), 1.45 (s, 9H), 1.29 

– 1.17 (m, 2H).  Spectroscopic data are in agreement with those in the literature.65 

Deuterated 1-(3-aminopropyl) imidazole (10-D2): 1-(3-aminopropyl) 

imidazole (10-H2) (53.5 mg, 427 mmol) was added to a vial and purged 

with nitrogen. The amine was dissolved in dichloromethane (640 mL), triethylamine (120 mL, 2 

equiv) was added, and the mixture was cooled to 0 °C. To a separate vial,1,2-

bis(chlorodimethylsilyl)ethane (92 mg, 1 equiv) was added and purged with nitrogen. The silane 

was dissolved in dichloromethane (850 mL) and the solution was added dropwise to the reaction 

(Scheme 3.X). The reaction stirred for 2 hours at room temperature then diethyl ether was added 

and the mixture was filtered. The filtrate was concentrated in vacuo then dissolved in CD3OD and 

stirred overnight in a capped vial at 40 °C. The methanol was removed in vacuo and the deuterated 

amine was stored under nitrogen and used without further purification.  

 

3.4.4. Diazene and Isodiazene Comparison. 

Myers allene synthesis was performed according to the previously reported procedure.40  

To a deoxygenated solution of triphenylphosphine (269 mg, 1.026 mmol, 1.5 equiv.) in 2 ml THF 

was added DEAD (40 wt% solution in toluene, 202 µl, 1 equiv.) and the flask was cooled to -15 

oC using 1:3 mass sodium chloride ice water bath.  Deoxygenated solutions of 4-phenylbut-3-yn-

2-ol (58) (100mg, 0.684 mmol, 1 equiv.) in 2 ml THF and NBSH66 (223 mg, 1.026 mmol, 1.5 
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equiv.) in 2ml THF were subsequently added dropwise.  The reaction was stirred at -15 oC for 2 

hours and then allowed to warm to room temperature overnight.  The volatiles were removed in 

vacuo and the crude material was purified by silica gel chromatography to yield 59 and 59’ in 37% 

yield (33 mg, 0.253 mmol).  The product was analyzed by NMR spectroscopy and the ratio of 59 

to 59’ was determined by comparison to literature spectra of the compounds.40, 67  This procedure 

was repeated three times and the average ratio of 59 to 59’ was 140 +/- 30 : 1 (Figure 3.4). 

 

 

Figure 3.4. Crude 1H NMR spectrum of Myers allene synthesis products in CDCl3, 400 MHz. 

To a deoxygenated solution of anomeric amide (326 mg, 0.826 mmol, 1.2 equiv.) in 4 ml 

THF was added a deoxygenated solution of 4-phenylbut-3-yn-2-amine (60) (100 mg, 0.689 mmol) 

in 4 ml THF over 15 minutes and the solution was stirred at room temperature for 1 hour.  The 

THF 
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volatiles were removed in vacuo and the crude material was purified by silica gel chromatography 

to yield 59 and 59’ in 7% yield (6.3 mg, 0.0482 mmol).  The product was analyzed by NMR 

spectroscopy and the ratio of 59 to 59’ was determined by comparison to literature spectra of the 

compounds.40, 67 This procedure was repeated three times and the average ratio of 59 to 59’ was 8 

+/- 0.6 : 1 (Figure 3.5).   

 

 

Figure 3.5. 1H NMR spectrum of propargylic amine deletion products in CDCl3, 400 MHz. 

3.4.5. Deuterium Labelling Studies. 

To a 0.5-dram vial was added 100 mL 3-(1H-imidazol-1-yl)propan-1-amine  (10-D2) 

solution in acetonitrile (0.2 M) followed by 100 mL 1 solution in acetonitrile (0.24 M in 1), added 

THF 
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slowly under nitrogen. After 1 hour, CD3CN was added (400 mL) and the deuterium incorporation 

was assessed by NMR. After multipoint baseline correction, the deuterium content was assessed 

by integration against the methylene indicated by Julia Driscoll (Figure 3.6).   

 

Figure 3.6. 1H NMR spectrum of deuterium labelling experiment products in CD3CN, 400 MHz 

by Julia Driscoll.  

3.4.6. TEMPO Trapping Experiments.  

To a 1-dram screw cap vial equipped with a stir bar and PTFE/white silicone septum was 

added p-toluidine (65) (12 mg, 0.11 mmol, 1 equiv), TEMPO free radical (21 mg, 0.13 mmol, 1.2 

equiv.) and dry CD3CN (0.5 mL) under nitrogen. The anomeric amide (65 mg, 0.16 mmol, 1.5 

equiv) and dry CD3CN (0.5 mL) was added to a second vial and this solution was then transferred 

to the first vial containing p-toluidine under nitrogen and stirred at 45 C for 24 hours. After 24 h, 
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1,3,5-trimethoxybenzene (100 µL solution in CD3CN, 0.01 mmol) was added to the crude reaction 

mixture as internal standard. The 1H NMR yield was 55% yield for 65’68 and 15% yield for 65” 

by Dr. Balu Dherange (Figure 3.7). 

 

 

Figure 3.7. 1H NMR spectrum showing TEMPO trapping of aryl amine in CD3CN at 400 MHz 

by Dr. Balu Dherange.   



162 
 

 

To a 0.5-dram vial was added 100 mL 6 (Figure 3.8) or 10 (Figure 

3.9) solution in CD3CN (0.4 M) followed by 100 mL TEMPO radical 

solution in CD3CN (0.48 M). A 200 mL solution of 1 in CD3CN (0.24 

M in 1) was then added slowly under nitrogen. After 1 hour, 1,3,5-

trimethoxybenzene was added as an internal standard to determine the 

yield by 1H-NMR. Spectroscopic data for 6’ is in agreement with the literature69 and 10’ was 

isolated and fully characterized.   

 

 

Figure 3.8. 1H NMR spectrum showing TEMPO trapping of α-secondary primary amine by Julia 

Driscoll in CD3CN at 400 MHz. 
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Figure 3.9. 1H NMR Spectrum showing TEMPO trapping of α-primary primary amine by Julia 

Driscoll in CD3CN at 400 MHz. 

1-(3-(1H-imidazol-1-yl)propoxy)-2,2,6,6-tetramethylpiperidine 

(10’): 1H NMR (Figure 3.39) (400 MHz, CDCl3) δ 7.47 (s, 1H), 7.02 

(s, 1H), 6.90 (s, 1H), 4.07 – 3.98 (m, 2H), 3.72 (t, J = 6.0 Hz, 2H), 

2.02 – 1.94 (m, 2H), 1.57 – 1.44 (m, 1H), 1.39 (m, 4H), 1.32 – 1.24 

(m, 1H), 1.07 (s, 6H), 1.06 (s, 6H). 13C{1H} NMR (Figure 3.40) (101 MHz, CDCl3) δ 137.11, 

129.34, 118.78, 77.48, 77.16, 76.84, 72.87, 59.73, 44.36, 39.56, 33.08, 30.56, 20.09, 17.05. HR-

MS (ESI): calculated 265.2154 for C15H27N3O, found 265.2171.   
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3.4.7. Radical Clock Experiments. 

To a 1-dram screw cap vial equipped with a stir bar and PTFE/white silicone septum was added 

2-(allyloxy)aniline (63) (15 mg, 0.1 mmol, 1 equiv) and dry CD3CN (0.5 mL) under nitrogen. The 

anomeric amide (59 mg, 0.15 mmol, 1.5 equiv) and dry CD3CN (0.5 mL) was added to a second 

vial and this solution was then transferred to the first vial containing p-toluidine under nitrogen 

and stirred at 45 C for 24 hours. After 24 h, 1,3,5-trimethoxybenzene (100 µL solution in CD3CN, 

0.01 mmol) was added to the crude reaction mixture as internal standard. 72% yield of 64 was 

obtained via 1H NMR by Dr. Balu Dherange (Figure 3.10).  

 

 

Figure 3.10. 1H NMR spectrum from radical clock experiment with aryl amine substrate in 

CD3CN at 400 MHz by Dr. Balu Dherange.  
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To a 1-dram screw cap vial equipped with a stir bar and PTFE/white silicone septum was 

added 6,6-diphenylhex-5-en-1-amine (61) (10.2 mg, 39.8 mmol, 1 equiv) and dry CD3CN (0.4 

mL) under nitrogen. The anomeric amide (20.4 mg, 1.3 equiv) and dry CD3CN (0.4 mL) was added 

to a second vial and this solution was then transferred to the first vial under nitrogen and stirred at 

room temperature for 1 hour. Then, 1,3,5-trimethoxybenzene (2.2 mg) was added to the crude 

reaction mixture as internal standard. 41% yield of 62 and 7% yield of 62’ were obtained via 1H 

NMR by Julia Driscoll (Figure 3.11).  

 

 

  

 

 

 

 

 

 

 

 

Figure 3.11. 1H NMR spectrum of aliphatic clock reaction in CD3CN, 400 MHz.   
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3.4.8. NMR Spectra of New Compounds. 

 

 

Figure 3.12. 1H NMR spectrum of tert-butyl 2-((4R,6R)-6-ethyl-2,2-dimethyl-1,3-dioxan-4-

yl)acetate (12’) in CDCl3, 400 MHz. 

 

 

Figure 3.13. 13C{1H} NMR spectrum of tert-butyl 2-((4R,6R)-6-ethyl-2,2-dimethyl-1,3-dioxan-

4-yl)acetate (12’) in CDCl3, 100 MHz. 
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Figure 3.14. 1H NMR spectrum of 4-[(4-fluorophenyl)methyl]-3-methylmorpholine (13’) in 

CDCl3, 400 MHz. 

 

 

Figure 3.15. 13C{1H} NMR spectrum of 4-[(4-fluorophenyl)methyl]-3-methylmorpholine (13’) 

in CDCl3, 100 MHz. 
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Figure 3.16. 19F{1H} NMR spectrum of 4-[(4-fluorophenyl)methyl]-3-methylmorpholine (13’) 

in CDCl3, 376 MHz.   

 

 

Figure 3.17. 1H NMR spectrum of 6-methoxy-N-(pentan-2-yl)quinolin-8-amine (14’) in CDCl3, 

400 MHz. 
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Figure 3.18. 13C{1H} NMR spectrum of 6-methoxy-N-(pentan-2-yl)quinolin-8-amine (14’) in 

CDCl3, 100 MHz. 

 

Figure 3.19. 1H NMR spectrum of ethyl (3R,4R)-4-acetamido-3-(pentan-3-yloxy)cyclohex-1-

ene-1-carboxylate (15’) in CDCl3, 400 MHz. 
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Figure 3.20. 13C{1H} NMR spectrum of ethyl (3R,4R)-4-acetamido-3-(pentan-3-

yloxy)cyclohex-1-ene-1-carboxylate (15’) in CDCl3, 100 MHz. 

 

Figure 3.21. 1H NMR spectrum of 3-ethyl 5-methyl 4-(2-chlorophenyl)-2-(ethoxymethyl)-6-

methyl-1,4-dihydropyridine-3,5-dicarboxylate (16’) in CDCl3, 400 MHz. 
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Figure 3.22. 13C{1H} NMR spectrum of 3-ethyl 5-methyl 4-(2-chlorophenyl)-2-(ethoxymethyl)-

6-methyl-1,4-dihydropyridine-3,5-dicarboxylate (16’) in CDCl3, 100 MHz. 

 

Figure 3.23. 1H NMR spectrum of 1-(3-(trifluoromethyl)-5,6-dihydro-[1,2,4]triazolo[4,3-

a]pyrazin-7(8H)-yl-(4(2,4,5-trifluorophenyl)butan-1-one (18’) in CDCl3, 400 MHz. 

 

DCM water 
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Figure 3.24a. 13C{1H} NMR spectrum aromatic zoom 1 of 1-(3-(trifluoromethyl)-5,6-dihydro-

[1,2,4]triazolo[4,3-a]pyrazin-7(8H)-yl-(4(2,4,5-trifluorophenyl)butan-1-one (18’) in CD3CN, 100 

MHz. 

 

 

Figure 3.24b. 13C{1H} NMR spectrum aromatic zoom 2 of 1-(3-(trifluoromethyl)-5,6-dihydro-

[1,2,4]triazolo[4,3-a]pyrazin-7(8H)-yl-(4(2,4,5-trifluorophenyl)butan-1-one (18’) in CD3CN, 100 

MHz. 
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Figure 3.24c. 13C{1H} NMR spectrum aliphatic zoom of 1-(3-(trifluoromethyl)-5,6-dihydro-

[1,2,4]triazolo[4,3-a]pyrazin-7(8H)-yl-(4(2,4,5-trifluorophenyl)butan-1-one (18’) in CD3CN, 100 

MHz. 

 

 

Figure 3.24d. 13C{1H} NMR full spectrum of 1-(3-(trifluoromethyl)-5,6-dihydro-

[1,2,4]triazolo[4,3-a]pyrazin-7(8H)-yl-(4(2,4,5-trifluorophenyl)butan-1-one (18’) in CD3CN, 100 

MHz. 
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Figure 3.25. 19F{1H} NMR spectrum of 1-(3-(trifluoromethyl)-5,6-dihydro-[1,2,4]triazolo[4,3-

a]pyrazin-7(8H)-yl-(4(2,4,5-trifluorophenyl)butan-1-one (18’) in CDCl3, 376 MHz. 

 

 

 

Figure 3.26. 1H NMR spectrum of 5-((3R,6S)-6-(2,5-difluorophenyl)tetrahydro-2H-pyran-3-yl)-

2-(methylsulfonyl)-2,4,5,6-tetrahydropyrrolo[3,4-c]pyrazole (19’) in CDCl3, 400 MHz. 
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Figure 3.27. 19F{1H} NMR spectrum of 5-((3R,6S)-6-(2,5-difluorophenyl)tetrahydro-2H-pyran-

3-yl)-2-(methylsulfonyl)-2,4,5,6-tetrahydropyrrolo[3,4-c]pyrazole (19’) in CDCl3, 376 MHz.  

 

 

 

Figure 3.28. 13C{1H} NMR spectrum of 5-((3R,6S)-6-(2,5-difluorophenyl)tetrahydro-2H-pyran-

3-yl)-2-(methylsulfonyl)-2,4,5,6-tetrahydropyrrolo[3,4-c]pyrazole (19’) in CDCl3, 100 MHz. 
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Figure 3.29. 1H NMR spectrum of 7-(but-2-yn-1-yl)-3-methyl-1-((4-methylquinazolin-2-

yl)methyl)-8-(piperidin-1-yl)-3,7-dihydro-1H-purine-2,6-dione (20’) in CDCl3, 400 MHz.  

 

 

Figure 3.30. 13C{1H} NMR spectrum of 7-(but-2-yn-1-yl)-3-methyl-1-((4-methylquinazolin-2-

yl)methyl)-8-(piperidin-1-yl)-3,7-dihydro-1H-purine-2,6-dione (20’) in CDCl3, 100 MHz.  
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Figure 3.31. 1H NMR spectrum of benzyl (3-phenylpropanoyl)-L-leucinate (30’) in CDCl3, 400 

MHz. 

 

 

Figure 3.32. 13C{1H} NMR spectrum of benzyl (3-phenylpropanoyl)-L-leucinate (30’) in CDCl3, 

100 MHz. 
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Figure 3.33. 1H NMR spectrum of 3-ethyl-3-phenylpiperidine-2,6-dione (43’) in CDCl3, 400 

MHz. 

 

Figure 3.34. 13C{1H} NMR spectrum of 3-ethyl-3-phenylpiperidine-2,6-dione (43’) in CDCl3, 

100 MHz. 
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Figure 3.35. 1H NMR spectrum of tert‐butyl-3‐methyl‐8‐oxo‐5‐thia‐1‐azabicyclo[4.2.0]oct‐2‐

ene‐2‐carboxylate (48-OtBu) in CDCl3, 400 MHz. 

 

 

Figure 3.36. 13C{1H} NMR spectrum of tert‐butyl-3‐methyl‐8‐oxo‐5‐thia‐1‐

azabicyclo[4.2.0]oct‐2‐ene‐2‐carboxylate (48-OtBu) in CDCl3, 100 MHz. 

 



180 
 

 

Figure 3.37. 1H NMR spectrum of 4-(1-methylcycloheptyl)morpholine (54) in CDCl3, 400 MHz. 

 

 

Figure 3.38 13C{1H} NMR spectrum of 4-(1-methylcycloheptyl)morpholine (54) in CDCl3, 100 

MHz. 
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Figure 3.39. 1H NMR spectrum of 1-(3-(1H-imidazol-1-yl)propoxy)-2,2,6,6-

tetramethylpiperidine (10’) in CDCl3, 400 MHz. 

 

Figure 3.40. 13C{1H} NMR spectrum of 1-(3-(1H-imidazol-1-yl)propoxy)-2,2,6,6-

tetramethylpiperidine (10’) in CDCl3, 100 MHz.   
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CHAPTER 4 

Development of New Anomeric Amide Derivatives and Optimization of a Large-Scale 

Synthesis of N-(benzyloxy)-N-(pivaloyloxy)-4-(trifluoromethyl)benzamide  

 

4.1. Introduction. 

 Amides in which the nitrogen moiety is bonded with two electronegative heteroatoms 

exhibit intriguing properties.  In order to satisfy the electron demand of these substituents, the 

resonance of the nitrogen lone pair with the carbonyl is dramatically reduced (Figure 4.1).1-5  

This results in sp3 hybridization at nitrogen, as evidenced by pyramidalization in geometry, a 

decreased barrier to amide bond rotation and a high IR carbonyl vibration frequency in the range 

of 1710 – 1715 cm-1.1, 2, 4, 5  These findings have been demonstrated with N-acyloxy-N-

alkoxyamides (1),2, 6 N-chloro-N-alkoxyamides (2),1 N,N-dialkoxyamides (3),7, 8 and N-alkoxy-

N-aminoamides (4) (Figure 4.2).1, 9  An anomeric stabilization is also observed between the lone 

pair of one heteroatom substituent and the σ* orbital of the bond between the amide nitrogen and 

the other heteroatom substituent, analogous to the anomeric effect commonly observed in 

sugars.3-5, 10, 11  Thus, these amides are referred to as anomeric amides.  If an amide is substituted 

with two electronegative heteroatoms (XNY), two possible anomeric interactions could in 

principle occur between either nY– σ*NX or nX– σ*NY (nX and nY represent lone pairs on X or Y 

and σ*NXorY represents the antibonding orbital from the N-X or N-Y bonds) (Figure 4.3).5, 10  

Unless both electronegative substituents are identical, one of these interactions is preferential and 

results in the shortening of one bond and elongation of the other.  In N-acyloxy-N-alkoxyamides, 

the anomeric effect is observed between the alkoxy oxygen lone pair and the anti-bonding orbital 

of the N-acyloxy bond.10  Thus, the N-acyloxy bond is weakened and the acyloxy group acts as a 

good leaving group.   
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Figure 4.1.  Resonance typically observed in amides is impeded by two electronegative 

substituents (X, Y) at oxygen. 

     

Figure 4.2.  Four known classes of anomeric amides.   

 

    

Figure 4.3.  a) Two potential anomeric interactions and b) molecular orbital diagram 

demonstrating an anomeric stabilization.    

 

This anomeric effect is responsible for the interesting reactivity and decomposition 

pathways exhibited by this class of molecules.  Amides which exhibit a strong anomeric 

stabilization (5) may undergo elimination to yield a stabilized nitrenium moiety (6) (Scheme 

4.1).1  Additionally with N-acyloxy-N-alkoxyamides (1), radical homolysis of the N-acyloxy 

bond been demonstrated experimentally upon thermolysis in toluene at 90 oC (Scheme 4.2).2  

The resulting alkoxyamidyl radical (7) is a long-lived radical species due to the captodative 
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stabilization by the adjacent acyl and alkoxy moieties.  Dimerization of these intermediates to 

form a hydrazine product (8) is known to occur.2  These hydrazine species can subsequently 

liberate dinitrogen, resulting in the formation of two equivalents of ester product (9).2, 9  

Alkoxyamidyl intermediates undergo several other decomposition pathways, including the 

formation of 11 by hydrogen atom abstraction from the alkoxy α carbon.2 

 

Scheme 4.1. Elimination reaction of anomeric amides yields a nitrenium cation. 

 

 

Scheme 4.2. Radical homolysis of anomeric amides yields an alkoxyamidyl radical intermediate, 

which undergoes several decomposition pathways. 

 

Substitution via an SN2 mechanism has been observed with azide, thiol and amine 

nucleophiles (Scheme 4.3).1, 6, 12  Indeed, N-acyloxy-N-alkoxyamides were first discovered as 
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mutagenic agents which bind to DNA at the nucleophilic N7 position of guanine in studies with 

Salmonella typhimurium.13, 14  Kinetic analysis has shown that nucleophilic substitution with 

anilines is bimolecular in nature and computational modelling has demonstrated a bimolecular 

transition state (12) which exhibits significant charge separation.6  Substitution has been 

demonstrated to be sensitive to the sterics of the reagent, with branching α to the amide carbonyl 

and α to the alkoxy oxygen impeding reactivity and mutagenicity.6, 13  The sterics of the acyloxy 

leaving group were shown to be less significant, consistent with an SN2 mechanism.13, 15   

 

Scheme 4.3. Nucleophilic substitution of anomeric amides.  

 

If the anomeric amide bears a poor leaving group, the anomeric destabilization of this 

bond can result in a formal reductive elimination, often referred to in these systems as a 

Heteroatom Rearrangement On Nitrogen (HERON) reaction.2, 3, 5, 7, 9, 10  This rearrangement 

involves migration of one heteroatom to the amide carbonyl by liberation of a stabilized nitrene 

species.  In the case of N-acyloxy-N-alkoxyamides, this results in the formation of an anhydride 

(16) and an alkoxynitrene moiety (15), which leads to numerous decomposition products (17 – 

25) that have been detected experimentally by NMR spectroscopy and GC-MS (Scheme 4.4).2  

Thermolysis of N-acyloxy-N-alkoxyamides (1) has demonstrated this rearrangement occurs in 

competition with decomposition by radical homolysis of the N-acyloxy bond.2  Substitution of N-

acyloxy-N-alkoxyamides (1) with amine nucleophiles results in the formation of N-alkoxy-N-
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aminoamides (4), which subsequently undergo a HERON rearrangement preferentially due to the 

poor leaving group nature of the amino substituent.10, 12  Since the amine is also a better pi-donor, 

the aminonitrene moiety is also more stabilized than the corresponding alkoxynitrene product.  

This rearrangement results in the formation of an isodiazene and an ester side product (see 

scheme 2.7).10, 12   

 

Scheme 4.4.  Thermolysis of anomeric amides results in HERON migration and resulting 

decomposition products. 

 

Chapters 2 and 3 of this thesis describe the use of an N-acyloxy-N-alkoxy derived 

anomeric amide reagent (N-(benzyloxy)-N-(pivaloyloxy)-4-(trifluoromethyl)benzamide for 

nitrogen ‘deletion’ of secondary and primary amines, respectively.  This anomeric amide reagent 

was optimized by addition of a p-trifluoromethyl group to the benzamide ring, which was found 
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to increase the rate that initial nucleophilic substitution occurs, as well as the addition of a bulky 

pivalate derived leaving group to prevent unwanted N-acetylation of amines (see Table 2.1).  

While this reagent was effective at mediating nitrogen deletion reactions of a wide range of 

amine substrates, we sought to explore the effects of further modifications to the reagent 

structure.  This chapter describes our modular approach to reagent derivatization and the 

consequences of these modifications with respect to nitrogen deletion chemistry.  Additionally, 

the use of N-(benzyloxy)-N-(pivaloyloxy)-4-(trifluoromethyl)benzamide for the chemistry 

presented in chapters 2 and 3 prompted us to develop a robust large-scale synthesis of this 

reagent.  The optimization of this synthesis is discussed in detail in section 4.2. 

4.2. Results and Discussion for the Large-Scale Optimization of N-(benzyloxy)-N-

(pivaloyloxy)-4-(trifluoromethyl)benzamide Synthesis.   

 Throughout our amine deletion studies, the optimized anomeric amide reagent was 

prepared via a three-step synthesis originally developed by Dr. Sean Kennedy (Scheme 4.5).  4-

Trifluoromethylbenzoyl chloride (26) is first converted to N-(benzyloxy)-4-

(trifluoromethyl)benzamide (28) by addition of O-benzylhydroxylamine hydrochloride (27) 

following an established literature procedure.16  Compound 28 is then treated with tert-

butylhypochlorite to yield N-chloramide intermediate 29, which undergoes substitution with 

sodium pivalate to give the desired reagent (30).2, 6, 14, 15, 17, 18  This initial route was robust for 

quantities up to 1 g but resulted in variable purity of the final compound as the scale was 

increased.   Thus, we wished to conduct a process-chemistry-like optimization of this synthetic 

route amenable to reproducible large scale synthesis.   



194 
 

 
Scheme 4.5. Initial synthetic route to N-(benzyloxy)-N-(pivaloyloxy)-4- 

(trifluoromethyl)benzamide 30.   

 

 The synthesis of N-(benzyloxy)-4-(trifluoromethyl)benzamide (28) was first investigated.  

Two equivalents of base are added to the reaction to deprotonate O-benzylhydroxylamine 

hydrochloride (27) and to neutralize the equivalent of HCl produced during the substitution.  

Sodium carbonate and potassium carbonate have been used interchangeably as the base for this 

reaction on a 5 to 10 g scale.  O-benzylhydroxylamine hydrochloride and the requisite base are 

dissolved in a solvent mixture of 4:1 DCM:H2O and the reaction is stirred at 0 oC.  Neat 4-

Trifluoromethylbenzoyl chloride (26) is added dropwise, resulting in the precipitation of the 

product as a white solid (Figure 4.4).  Upon completion, the DCM is removed by rotary 

evaporation and the product solids are isolated by filtration, washing with water and diethyl 

ether.   On a 20 g scale, it was found that potassium carbonate is preferrable over sodium 

carbonate due to the increased solubility of the byproduct potassium salts during the water wash.  

This optimized procedure was repeated twice on a 20 g scale and both times a yield of 94% and a 

purity of 98% as determined by NMR spectroscopy (relative to the internal standard 1,3,5-

trimethoxybenzene) were obtained for 28 (Figure 4.5).  DMSO-d6 should be used as the NMR 

solvent because 28 exists as a mixture of two rotamers in CDCl3 (Figure 4.6).   
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Figure 4.4. Optimized large scale synthesis of N-(benzyloxy)-4-(trifluoromethyl)benzamide 28.  

  

 

 

 

Figure 4.5.  Product NMR spectrum of N-(benzyloxy)-4-(trifluoromethyl)benzamide 28 

demonstrating 98% purity.  

 

1H NMR, DMSO-d6, 400 MHz 
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Figure 4.6. NMR spectrum of pure N-(benzyloxy)-4-(trifluoromethyl)benzamide 28 in CDCl3 

demonstrating major and minor rotamers at room temperature.   

 

 With 98% pure N-(benzyloxy)-4-(trifluoromethyl)benzamide in hand, the chlorination 

step was subsequently optimized.  In the original procedure, 28 is suspended in DCM and 1.3 

equivalents of tert-butylhypochlorite are added.  Upon completion, DCM is removed by rotary 

evaporation and excess tert-butylhypochlorite is also removed during this process due to its 

volatility.  The crude N-chloramide 29 is immediately taken forwards to the next step, as it was 

observed to decompose if stored.  However, there were some safety concerns about scaling up 

this procedure.  In addition to its low boiling point and noxious vapours, tert-butylhypochlorite is 

a heat and light sensitive compound.19  Thus, we wished to avoid removing excess tert-

butylhypochlorite by rotary evaporation.  An alternative procedure was developed in which tert-

butylhypochlorite is used as the limiting reagent and fully consumed upon completion of the 

reaction.  However, a method for removing unreacted excess 28 was required.  We discovered 

that the N-chloramide intermediate is soluble in pentane, and thus the DCM is removed from the 

flask by rotary evaporation and pentane is added.  The resulting suspension of unreacted 28 is 
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filtered and pentane is subsequently removed from the filtrate to yield the N-chloramide product 

(Figure 4.7).   

            

Figure 4.7.  Synthesis of N-chloramide intermediate 29 using tert-butylhypochlorite as the 

limiting reagent.   

 

Initial trials of this procedure found that the N-chloramide 29 is produced in sufficient 

purity as determined by NMR spectroscopy relative to internal standard (either mesitylene or 

dodecane must be used as the internal standard because the N-chloramide will react with 

trimethoxybenzene to give 2,4,6-trimethoxychlorobenzene).  However, subsequent testing found 

that some batches produced were 70 – 80 % pure.   Dr. Balu Dherange detected the presence of a 

polar impurity spot by TLC, which we hypothesized might correspond to an N-OH impurity.  

Thus, we wondered if the decrease in purity could be attributed to adventitious water.  In order to 

probe this, the reaction was spiked with several equivalents of water.  Surprisingly, this addition 

of water resulted in product with a purity of 97%.  It is possible that water increases the purity by 

mitigating an exotherm, or that it acts to protonate the transiently formed tert-butoxy anion and 

prevents this intermediate from reacting with the N-chloramide product.   
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Another drawback to the use of tert-butyl hypochlorite is that it must be prepared fresh 

before conducting the N-chlorination step.  The literature procedure for its synthesis also utilizes 

household bleach,19 which is not a standardized chemical and introduces more variables which 

could potentially affect the reproducibility of our procedure.  Thus, we wished to explore other 

chlorinating reagents.  Trichloroisocyanuric acid (TCICA) is a preferable oxidant because it is 

commercially available and a solid, which is safer to handle.  Initially studies with this oxidant 

found that 29 is not produced in sufficient purity (defined as ≥ 97% throughout this chapter).  

However, the observation that addition of water to the tert-butylhypochlorite synthesis increased 

product purity prompted us to explore this procedure with TCICA.  Dr. Balu Dherange found 

that using TCICA results in 97% pure product (Figure 4.8) when three equivalents of water are 

added and the reaction is cooled to 0 oC.  The pentane filtration procedure is also successful in 

removing excess TCICA and its byproducts (Figure 4.9).  When the reaction is conducted with 

TCICA at 0 oC without water, the corresponding product was determined to be 91% pure.  We 

observed that water causes the excess TCICA and its byproducts to aggregate during the 

reaction.  It is possible that this inhibits the formation of unwanted side products, such as those 

formed from the interaction of the corresponding TCICA anion and 29.  Using the optimized N-

chlorination procedure, 29 should be immediately carried through to the final substitution with 

sodium pivalate.  We observed that 29 undergoes decomposition upon storage, even at -20 oC, 

likely due to the thermal and light sensitivity of the N-Cl bond.   
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Figure 4.8.  Product NMR spectrum of N-chloramide 29 demonstrating 97% purity.  

 

 

 

 

 

 

 

 

 

 

Figure 4.9. Synthesis of N-chloramide intermediate 29 with TCICA.  
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The final substitution with sodium pivalate was the most challenging component of the 

synthesis to scale up.  This is likely because the reaction is a suspension and not a homogeneous 

solution, and reactions of suspended solids are known to be sensitive to mass transport effects 

that are variable at scale.20  The reaction is also air sensitive and must be conducted using 

appropriate air-free techniques (see Figure 4.11).  When the reaction is run under air, the purity 

of the product is dramatically decreased and the presence of aldehyde-containing impurities are 

visible in the product NMR spectrum, indicating unwanted oxidation.  The original procedure 

involved dissolving the N-chloramide intermediate 29 in acetonitrile and adding 1.5 equiv. of 

sodium pivalate to form a suspension, which is stirred vigorously for 2 hours.  Diethyl ether is 

added and the suspension is filtered over a small plug of silica.  The solvent is removed from the 

filtrate by rotary evaporation to yield 30.  When the reaction was conducted on a 5 to 10 g scale, 

the presence of two impurity peaks which are not produced on a 1 g scale were detected by NMR 

spectroscopy.  These impurities were identified as pivalic acid (31) and pivalic anhydride (32) in 

comparison with literature NMR spectra (Figure 4.10).21, 22  Initially, we wished to develop a 

purification procedure for 30 that would simply remove these impurities.  Efforts to purify 30 by 

chromatography on a number of supports and with a wide variety of mobile phases proved 

fruitless because 30 undergoes significant decomposition.  Both deactivated silica and alumina 

were explored and found to be unsuccessful.  Indeed, Glover has reported purification of 

anomeric amide derivatives using centrifugal liquid-liquid chromatography,8 however this 

technique is not widely available to most synthetic organic chemists.  
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Figure 4.10. 1H NMR Spectrum of N-(benzyloxy)-N-(pivaloyloxy)-4-

(trifluoromethyl)benzamide 30 demonstrating impurity peaks.   

1H NMR CDCl3, 400 MHz 
 



202 
 

Recrystallization was also explored. However, this posed additional challenges because 

30 is very nonpolar and soluble in pentane even at low temperatures.  Undergraduate student 

Megan Morales found that using our -80 oC freezer, 30 precipitates from a concentrated solution 

of pentane as an amorphous solid.  We explored repeat precipitations at -80 oC, however the 

pivalic anhydride impurity appeared to co-precipitate with 30, as it is very non-polar.  It was also 

very challenging to filter the precipitate because as the temperature increases from -80 oC, the 

product goes back into solution in pentane.  

Thus, some alternative procedures for removing these two impurities were explored.  We 

found that after dissolving in pentane, 30 could be extracted to acetonitrile.  By extracting once, 

50% of the pivalic anhydride impurity is removed.  However, 10% of the product is also lost to 

the pentane fraction.  Thus, we reasoned that this extraction procedure is not acceptably efficient 

to purify the product from pivalic anhydride.  In order to remove the pivalic acid impurity, the 

product was dissolved in hexanes and washed once with saturated aqueous sodium bicarbonate 

solution.  This wash is successful in completely removing the pivalic acid impurity, however 

10% of 30 degrades when exposed to the wash.   

Since all of these purification attempts were unsuccessful, we sought to mitigate the 

formation of these impurities during the large-scale synthesis.  In the initial procedure developed 

by Dr. Sean Kennedy, the substitution with sodium pivalate is conducted at 0.4 M.  We 

hypothesized that the formation of the two impurities is concentration dependent.  Indeed, when 

the reaction is increased to 0.7 M, the integration of the two impurities is approximately doubled.  

Decreasing the concentration below 0.4 M was then explored.  At 0.2 M the purity was found to 

be 98%.  However, conducting the reaction at 0.1 M did not result in any further increase in 

purity.   



203 
 

The mitigation of these impurities at 0.2 M concentration was a promising result, 

however this finding was not fully reproducible between batches, with some still exhibiting 

unacceptable levels.  We hypothesized that the formation of these impurities on a large scale 

might be due to an exotherm which was dissipated better on a small scale.23  The reaction was 

conducted at 0 oC using an ice bath and excitingly, the formation of these impurities is fully 

inhibited under these conditions (Figure 4.11).  Using the optimized concentration and 

temperature, this procedure reproducibly gives >97% pure anomeric amide on a 5 g scale (Figure 

4.12).  After filtration of excess sodium pivalate and removal of solvent, product 30 should be 

isolated as a clear oil, which solidifies upon storage at 5 oC to form a white solid.  Typically, a 

yellow discoloration indicates the presence of pivalic acid and pivalic anhydride impurities.  The 

product was isolated in 89% yield across two steps, calculated from N-(benzyloxy)-4-

(trifluoromethyl)benzamide starting material (28).   

       

Figure 4.11. Optimized synthesis of N-(benzyloxy)-N-(pivaloyloxy)-4-

(trifluoromethyl)benzamide 30.  
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Figure 4.12.  NMR spectrum of N-(benzyloxy)-N-(pivaloyloxy)-4-(trifluoromethyl)benzamide 

30 showing 99% purity.   

The source of sodium pivalate has also been analyzed.  We previously prepared sodium 

pivalate in house by treating a water solution of pivalic acid with sodium hydroxide. Acetone is 

added to precipitate sodium pivalate and the requisite salt is isolated by filtration.  The sodium 

pivalate is subsequently dried under high vacuum to remove any water.  While this suffices for 

small scale synthesis of anomeric amides, on a large scale it is cumbersome to repeat.  We thus 

investigated commercial sources of sodium pivalate.  The use of commercial anhydrous sodium 

pivalate produces anomeric amide product in 97% purity.  An NMR spectrum of the sodium 

pivalate batch in deuterated water also verified that there were no pivalic acid or pivalic 

anhydride impurities.  Storage in a vacuum oven at 100 oC ensures the sodium pivalate remains 

anhydrous.  Sodium pivalate monohydrate is also commercially available and the use of this was 
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investigated.  We found that sodium pivalate monohydrate results in anomeric amide which is 

only 90% pure.  This decrease is due to an increase in the amount of the pivalic acid impurity in 

the product, which likely because of the equivalent of water.  

4.3. Results and Discussion for the Synthesis of New Anomeric Amide Derivatives.   

 Throughout the primary and secondary amine deletion studies a variety of new reagent 

derivatives were also explored.  Anomeric amides can be thought of as containing three entities 

which affect reactivity, the benzoyl or acyl group, the O-benzyl or O-alkyl group, and the leaving 

group (Figure 4.13).13  A modular approach was taken to reagent development, in which each of 

these components were varied independently, and the properties of the resulting anomeric amide 

were then studied.  Figure 4.14 summarizes the anomeric amide derivatives that were explored 

throughout this investigation.  The following sections discuss the rationale for and outcome of 

these different anomeric amide derivatizations.   Modifications to the amide bond itself were also 

considered and attempts to synthesize derivatives containing carbonyl isosteres are discussed in 

section 4.3.4.  

 

Figure 4.13. Modular approach for the development of new anomeric amide derivatives.  
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Figure 4.14. Summary of anomeric amide derivatives studied.  *Additional derivatives prepared 

for the Hammett plot analysis are summarized in figure 2.2.  
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Figure 4.14 continued. Summary of anomeric amide derivatives studied.  *Additional 

derivatives prepared for the Hammett plot analysis are summarized in figure 2.2.  

 

 

4.3.1. Anomeric Amides Containing New Leaving Groups. 

 The addition of a bulky pivalate group to the optimized anomeric amide reagent was 

successful in preventing unwanted attack by the amine at the acyl carbonyl.  However, as 

discussed in section 2.2.1, sterically bulky secondary amine moieties were unable to react with 

this anomeric amide.  Thus, we sought to further probe the sterics of the reagent.  Isopropyl 

derived 33 and isobutyl derived 34 were successfully synthesized by substitution of the N-

chloramide precursor 29 with the requisite sodium salt (Scheme 4.6). These reagents were 
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reacted with model secondary amine substrate bis(4-bromobenzyl)amine (35).  The nitrogen 

deletion product 36 was produced in 64% yield using reagent 33 and 51% yield using reagent 34 

(Table 4.1).  These results demonstrate a trend of decreased yield of desired product with 

decreased steric bulk at the leaving group carbonyl.  Additionally, these new reagents were 

explored with α-tertiary secondary amines (37) that were unreactive with the optimized reagent 

(see Scheme 2.14) and found to be similarly ineffective at mediating this transformation (Scheme 

4.7).   Glover has also reported that the nucleophilic substitution of anomeric amides is less 

sensitive to sterics at the leaving group compared to the sterics of the alkoxy and acyl groups.6, 15  

Consequently, the synthesis of derivatives with decreased steric bulk at the leaving group was 

not pursued further.   

 

 

Scheme 4.6. Synthesis of anomeric amides with new leaving groups including a) isopropyl and 

b) isobutyl derivatives. 
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Table 4.1. Yield of nitrogen deletion product decreases with decreased steric bulk at the leaving 

group carbonyl.   

 

Scheme 4.7. Anomeric amide 33 with isopropyl derived leaving group is unreactive with an α-

tertiary amine substrate. 

Electron-withdrawing leaving groups were also of interest because it was hypothesized 

that they would increase the rate of substitution.  Previous studies have shown that the rate of 

substitution of anomeric amides increases as the pKa of the leaving group decreases.6, 15  The N-

chloramide precursor was successfully substituted with sodium 2-fluoroisobutyrate to give 

anomeric amide 39 (Table 4.2).  However, when secondary amine 44 was treated with amide 39, 

the yield of deletion product after 1 hour compared with the previously optimized reagent was 

dramatically decreased, suggesting that the rate of substitution is much slower (Table 4.3).  It is 

possible that this is because the leaving group carbonyl oxygen plays a role in stabilizing the 

transition state.  Trifluoromethyl substitutions were also probed and a 3,3,3-trifluoro-2,2-

dimethylpropanoyl derivative (40) was successfully prepared (Table 4.2).  However, the 
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synthesis of a derivative bearing two trifluoromethyl groups (41) was not successful. The rate of 

substitution of secondary amines with reagent 40 compared to the previously optimized reagent 

was also studied by comparing the initial rates using the yield of deaminated product after 1 hour 

(Table 4.4).  Derivative 40 resulted in 4.7% yield of nitrogen deletion product compared to 

12.0% with optimized reagent 30, suggesting that derivative 40 exhibits a slower rate of 

substitution.  This finding is in agreement with the decreased rate observed with the 2-

fluoroisobutyrate derived reagent and consequently, the addition of other electron-withdrawing 

leaving groups was not pursued.  Phosphate and HOBt derived leaving groups were also 

explored but the respective reagents (42 and 43) were not successfully synthesized (Table 4.2).   

 

Table 4.2. Synthesis of reagents containing new leaving groups 
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Table 4.3. Initial rate studies of reagents 30 and 39 by analyzing product yield after 1 hour.   

 

 

Table 4.4. Initial rate studies of reagents 30 and 40 by analyzing product yield after 1 hour.   

 

4.3.2. Anomeric Amides Containing New Alkoxy and O-Benzyl Groups. 

 The previously optimized reagent N-(benzyloxy)-N-(pivaloyloxy)-4-

(trifluoromethyl)benzamide (30) contains an O-benzyl group.  Preliminary optimizations by Dr. 

Sean Kennedy demonstrated that this moiety resulted in a slightly faster reaction rate compared 

to a reagent containing an O-methyl group.  An O-isopropyl derivative was also prepared, which 

was used for the crossover study (see Scheme 2.16) and resulted a slower reaction rate compared 
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to the optimized reagent. This finding corroborates the work from the Glover laboratory which 

found that substitution of anomeric amides is impeded by branching at the alkoxy α carbon.6, 15   

The thermal instability of N-(benzyloxy)-N-(pivaloyloxy)-4-(trifluoromethyl)benzamide 

(30) above 45 oC is a limitation of this reagent because the nitrogen deletion reaction could not 

be heated to higher temperatures to induce substitution with less reactive substrates (see Scheme 

2.13).  One hypothesis to account for the thermal instability of this reagent is that decomposition 

to form N-centered radical alkoxyamidyl species 48 occurs (Scheme 4.8).2  This radical is 

captodatively stabilized by the electron-withdrawing nature of the p-trifluoromethylbenzamide 

moiety and the electron-donating O-benzyl moiety, which may account for the low 

decomposition temperature.24-26  Alternatively, N-acyloxy-N-alkoxyamides can also decompose 

by undergoing the HERON rearrangement when heated, and this transition state has been shown 

to be stabilized by electron-donation from the O-benzyl moiety (Figure 4.15).2   

 

Scheme 4.8. Generation of a captodatively stabilized radical species as a decomposition product 

of 30.  

 

 Figure 4.15. Substitution of O-benzyl moiety affects stabilization of HERON transition state.  

 

Thus, we sought to add electron-withdrawing substituents to the O-benzyl moiety to 

mitigate either the captodative radical stabilization or the stabilized HERON transition state.  O-
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Benzyl hydroxylamine hydrochloride derivatives containing electron-withdrawing substituents 

on the aromatic ring are either not commercially available or are expensive to purchase.  Thus, 

instead of substitution of p-trifluoromethylbenzoyl chloride (26) with O-benzyl hydroxylamine 

derivatives, an alternative synthetic route was pursued.  p-Trifluoromethylbenzoyl chloride (26) 

was first converted to N-hydroxy-4-(trifluoromethyl)benzamide (49), which is able to undergo 

substitution with a variety of benzyl bromides to yield the desired N-(benzyloxy)-4-

(trifluoromethyl)benzamide derivatives.  To this end, p-trifluoromethylbenzyl bromide, 3,5-

bis(trifluoromethyl)benzyl bromide and pentafluorobenzyl bromide were successfully employed 

to synthesize the requisite N-(benzyloxy)-4-(trifluoromethyl)benzamides (50 – 52) containing 

electron-withdrawing groups on the benzyl ring (Table 4.5).   

 

 

Table 4.5. Synthesis of hydroxamates containing new O-benzyl groups.   

 

Subsequent treatment with tert-butylhypochlorite followed by substitution with sodium 

pivalate resulted in the synthesis of anomeric amides 53 and 54 (Table 4.6).  However, 

pentafluorobenzyl derivative 55 was not successfully obtained.  It is likely that the use of an O-
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benzyl derivative that is strongly electron-withdrawing destabilizes the anomeric amide by 

decreasing donation of the oxygen lone pair to the N-acyloxy σ* orbital.  Future work will 

involve studying the reactivity and thermal stability of these derivatives.  

 

Table 4.6. Synthesis of anomeric amides containing new O-benzyl groups.  

 

 

 However, while 53 and 54 contain electron-withdrawing groups, the location of the 

fluorine moieties is still relatively distant from O-benzyl oxygen.  Thus, we sought to prepare an 

additional derivative bearing an α-trifluoromethyl moiety. The commercially available precursor 

2,2,2-trifluoroethoxyamine hydrochloride (56) was reacted with p-trifluoromethylbenzoyl 

chloride (26) to yield the requisite N-(alkoxy)-benzamide derivative 57 (Scheme 4.9).  

Compound 57 was treated with tert-butylhypochlorite followed by successful substitution with 

sodium pivalate to give the desired anomeric amide 58.  With 58 in hand, we then studied its 

thermal stability.  A THF solution of 58 was heated to 40 oC overnight in the absence of any 

amine nucleophiles.  Decomposition was assessed by NMR spectroscopy relative to internal 

standard and 39% of the initial amount of 58 remained.  A solution of the optimized anomeric 
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amide reagent 30 was also heated at 40 oC overnight under identical conditions, and it was 

calculated that 53% of the initial amount remained.  Thus, it appears that the addition of a 

trifluoromethyl group to the alkoxy α carbon does not lead to an increase in thermal stability.  A 

reagent derived from O-phenyl hydroxylamine (59) was also explored, however the pivalate 

leaving group was not successfully installed on precursor 60 (Scheme 4.10).   

Scheme 4.9. Synthesis of anomeric amide 58 bearing an alkoxy group with an α-trifluoromethyl 

group.  

Scheme 4.10. Synthesis of an O-phenyl derived anomeric amide is unsuccessful.   

 

4.3.3. Anomeric Amides Containing New Acyl Substituents. 

 The optimized anomeric amide contains a p-trifluoromethyl group, which was 

demonstrated to increase the reaction rate.  The Hammett plot analysis described in section 2.2.2 

demonstrated that this increase in rate is due to both inductive and resonance effects.  As part of 

this study, a variety of reagent derivatives containing electron-withdrawing or electron-donating 

substituents on the benzamide ring were synthesized (see Figure 2.2).  In addition to these 

compounds, several other derivatives containing additional substituents on the benzamide ring 

were explored.  The observation in section 3.2.3 that sterically bulky α-secondary primary 

amines sometimes exhibit unwanted attack at the amide carbonyl prompted us to explore ortho-

substituted benzamide moieties as a means of blocking this side reaction.  Four derivatives (62 – 
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65) were prepared according to Table 4.7.  Following the substitution with sodium pivalate, for 

each of these derivatives the product was isolated as a mixture of desired amide and the reductive 

elimination ester byproduct (66) (Figure 4.16).  Although the reactions were not clean, it was 

exciting to detect some production of these anomeric amides because Glover has reported that a 

2,6-dimethylbenzamide derivative  (67) could not be synthesized (Figure 4.17).15  It is possible 

that ortho-substituents cause twisting to relieve steric constraints which may destabilize the 

anomeric amide and drive HERON rearrangement to occur spontaneously at room temperature.  

These ortho-substituted reagents were tested with α-secondary primary amines to explore 

whether increasing steric bulk around the amide carbonyl prevented unwanted nucleophilic 

attack.  However, these reagents were unsuccessful in mediating primary amine deletion in any 

appreciable yield.  Consequently, ortho-substituted anomeric amides were not pursued any 

further.   

 

Table 4.7.  Synthesis of anomeric amide derivatives with ortho-benzamide substituents. 
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Figure 4.16. 1H NMR spectrum of product mixture demonstrating both ortho-substituted 

anomeric amide 62 and reductive elimination ester byproduct 66.   

 

Figure 4.17. Previous literature attempt at a bulky benzamide derivative is unsuccessful. 

 

 While benzamide derived anomeric amides mediate amine deletion on a wide range of 

substrates, we were interested in exploring aliphatic amide derivatives because they have been 

less explored in the literature.  A simple methyl derived reagent was first explored using acetyl 

chloride precursor (68).  While N-benzyloxyacetamide (69) is easily prepared and underwent 

facile chlorination with tert-butylhypochlorite, substitution with sodium pivalate was 

unsuccessful.  Instead, dimerization of an N-centered radical intermediate occurred to give N’-

acetyl-N,N’-bis(benzyloxy)acetohydrazide product (70) (Scheme 4.11), as evidenced by NMR 

spectroscopy.9 The diastereotopicity of the benzylic protons results in a distinctive 2 x d[AB 

system] in the product NMR spectrum.9  If the amide substituent does not bear sufficient electron 

1H NMR CD3Cl, 400 MHz, r.t. 
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density to stabilize the electron demand from the electronegative oxygen moieties at nitrogen, the 

resulting anomeric amide is unstable.  This was previously observed by Dr. Sean Kennedy, who 

found that while the addition of a p-trifluoromethyl group resulted in increased reactivity, a 

reagent containing 3,5-bis(trifluoromethyl) substituents could not be successfully prepared.  

Dimerization of a variety of N-acyl-N-alkoxy derivatives has been reported by Glover.2, 9  The 

initial discovery of these moieties was by oxidation of the requisite hydroxamate O-alkyl esters 

with lead tetraacetate (Scheme 4.12).27-29  This oxidation has also been reported with cerium 

ammonium nitrate or nickel peroxide.30  Dimerized products are stabilized by nN – σ*NO 

anomeric effects, which results in a significantly shorter N-N bond compared to other hydrazine 

moieties.9  Consequently, these moieties are remarkable stable and isolable at room temperature, 

although thermolysis results in liberation of dinitrogen and production of two equivalents of ester 

(see Scheme 4.2).2, 30  Glover has found that electron donating groups on the acyl side chain and 

electron withdrawing groups on the benzyloxy substituent accelerate the rate of this 

decomposition.9 

 

Scheme 4.11. Dimerization observed during attempted synthesis of acetamide derived reagent. 

 

 

Scheme 4.12.  Literature synthesis of dimerized hydrazine product.   
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 We then explored replacement of the methyl substituent with a methoxy group, motivated 

by the idea that an electron-donating oxygen moiety would stabilize the resulting anomeric 

amide and destabilize formation of a dimerized hydrazine product.  This carbamate reagent (73) 

was indeed isolable (Scheme 4.13), however subsequent studies demonstrated that this reagent 

was unreactive to primary and secondary amines.  Unreacted starting material and 73 were 

observed and heating the reaction did not result in any nitrogen deletion product.  Thus, it seems 

that a large increase in electron density at the amide increases stability but renders the amide 

unreactive towards nucleophilic substitution.    

 

Scheme 4.13. Synthesis of a methoxy derived anomeric amide. 

 

 It was reasoned that aliphatic acyl substituents with more electron density than a methyl 

group may help stabilize the corresponding anomeric amide without being as electron-donating 

and inactivating as a methoxy group.  Working in collaboration with my undergraduate Megan 

Morales, a cyclohexyl derivative (77) was pursued.  However, analogous to the acyl synthesis, 

the preparation of a cyclohexyl derivative was also unsuccessful (Scheme 4.14).  While the 

cyclohexyl group may not be sufficiently electron-rich to stabilize the corresponding anomeric 

amide, we were curious if the hydrogen atom alpha to the carbonyl could potentially undergo 

abstraction resulting in an alternate decomposition pathway.  Thus, a tert-butyl derived reagent 
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(81) was then explored.  Gratifyingly, the N-chloramide precursor (80) was prepared and 

successfully substituted with sodium pivalate to the requisite anomeric amide 81 (Scheme 4.15).   

 

Scheme 4.14. Unsuccessful synthesis of a cyclohexyl derived anomeric amide reagent.  

 

Scheme 4.15. Successful synthesis of a tert-butyl derived reagent.    

 

 Megan then conducted thermal stability studies with tert-butyl derived reagent 81 

compared with previously optimized anomeric amide 30.  A temperature screen was conducted 

with solutions of reagent by heating overnight in the absence of any amine substrates.  It was 

found that 81 could be heated to 60 oC with minimal decomposition observed by NMR 

spectroscopy.  Compared to 30, which can only be heated to 40 oC under the same conditions 

before significant decomposition is observed, this increase in thermal stability was exciting 
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because there might be an increased driving force for substitution with more challenging amine 

substrates at higher temperatures.  Unfortunately, Megan found that the model secondary amine 

substrate 35 did not react with the tert-butyl derived reagent to produce the nitrogen deletion 

product 36 in any appreciable yield (Scheme 4.16a).  This is likely due to the increased steric 

bulk of the tert-butyl moiety, which has been shown by Glover to hinder nucleophilic attack.6, 13, 

15  Primary amine deletion was observed with dodecylamine (82) to give 83 (Scheme 4.16b), 

with unwanted attack at the amide carbonyl resulting in N-dodecyl-4-(trifluoromethyl)benzamide 

(84), which also detected in the product mixture by GC-MS.   

 

 

Scheme 4.16. Reactivity studies of tert-butyl derived amide 81 with a) secondary and b) primary 

amines.  

 We reasoned that an adamantyl derived anomeric amide would also be isolable and may 

be more reactive than the tert-butyl derived reagent due to its conformational rigidity.  Anomeric 

amide 88 was successfully synthesized by substitution of the N-chloramide intermediate (87) 

with sodium pivalate by Megan Morales (Scheme 4.17).  Reagent 88 could be heated to 40 oC 

before decomposition was observed, a decrease in thermal stability compared to what was 

observed with reagent 81.  Additionally, this reagent was similarly unreactive to secondary 
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amines.  When 81 was treated with dodecylamine, the desired nitrogen deletion product was 

produced in 34% yield (Scheme 4.18).   

 

Scheme 4.17. Successful synthesis of an adamantyl derived reagent.    

 

 

Scheme 4.18. Reactivity studies of adamantyl derived amide 88 with a) secondary and b) 

primary amines. 

 

 Interestingly, Glover has previously reported the isolation of five anomeric amide 

derivatives with aliphatic acyl groups (89 – 93) (Figure 4.18).6, 13  These moieties contain 

benzoate leaving groups that were successfully installed by substitution of the N-chloramide 
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precursor.  In contrast to our findings with the unsuccessful synthesis of a cyclohexyl derived 

reagent, isopropyl, sec-butyl and ethyl derivatives were successfully isolated.  This suggests that 

the presence of an α hydrogen atom should not impede the formation of a stable anomeric amide 

reagent.  However, the overall effect on stability by replacing both the O-benzyl and pivalate 

moieties with O-butyl and benzoate, respectively, is less clear.  The isopropyl, adamantyl and 

tert-butyl derived reagents (89 – 91) were shown to be resistant to substitution with N-

methylaniline.6  The neopentyl derived reagent (93) was susceptible to substitution chemistry, 

demonstrating tolerance for β-branching, although the reaction rate was slower compared to the 

propyl derivative (92).6   

 

Figure 4.18. Literature reports of alkyl derived anomeric amides isolated by Glover.   

 As we previously found that the reactivity of benzamide derived reagents increased with 

the addition of electron-withdrawing moieties to the aromatic ring, the synthesis of fluorinated α-

tertiary acyl derived reagents was subsequently explored.   2-Fluoro-2-methylpropanoyl chloride 

(95) was successfully converted to N-(benzyloxy)-2-fluoro-2-methylpropanamide (96), which 

was chlorinated with tert-butylhypochlorite but subsequent substitution with sodium pivalate to 

give 98 was unsuccessful (Scheme 4.19).  It is likely that the electron-withdrawing nature of the 

α-fluorine moiety destabilizes the desired anomeric amide. Consequently, a 3,3,3-trifluoro-2,2-

dimethylpropanoyl derivative (103) was pursued because this bulkier group may be able to 
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stabilize the resulting anomeric amide while still containing an electron-withdrawing moiety to 

increase reactivity.  N-(benzyloxy)-3,3,3-trifluoro-2,2-dimethylpropanamide (101) was also 

successfully prepared and chlorinated, however the desired product 103 was not isolated 

following substitution with sodium pivalate (Scheme 4.20).  Future work should include 

exploring the synthesis of fluorinated acyl derivatives bearing benzoate and O-butyl moieties, 

analogous to the acyl derivatives that were successfully isolated by Glover.6, 15 

  

Scheme 4.19. Unsuccessful synthesis of a 2-fluoro-2-methylpropanoyl derived reagent. 

 

Scheme 4.20. Unsuccessful synthesis of a 3,3,3-trifluoro-2,2-dimethyl derived reagent. 
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 While the inability to isolate fluorinated α-tertiary acyl anomeric amide derivatives was 

disappointing, we became interested in comparing unsaturated aliphatic substituents with the 

parent benzamide derived reagents.  Alkynes have been utilized by the medicinal chemistry 

community as benzene isosteres31 and thus it was reasoned they might be able stabilize a 

corresponding anomeric amide derivative.  But-2-ynoyl chloride (105) was successfully prepared 

and converted to N-(benzyloxy)but-2-ynamide (106) upon treatment with O-

benzylhydroxylamine.  Analogous to the results observed with a wide variety of aliphatic acyl 

substituents, the corresponding N-chloramide species 107 was prepared but failed to undergo 

substitution with sodium pivalate to give 108 (Scheme 4.21).  An olefin is another unsaturated 

moiety that has not been previously explored.  Cyclohex-1-ene was of interest because this 

moiety is similar to the cyclohexyl derivative (see Scheme 4.14) but without an α-hydrogen 

atom, which we hypothesized might be able to undergo unwanted abstraction.  N-

(benzyloxy)cyclohex-1-ene-1-carboxamide (111) was prepared and underwent chlorination but 

the corresponding anomeric amide (113) was not successfully obtained upon substitution with 

sodium pivalate (Scheme 4.22).   This suggests that the presence of an α-hydrogen atom does not 

account for the instability observed with the cyclohexyl derivative, however it is possible that 

cyclohex-1-ene can participate as a Michael acceptor resulting in an alternate unwanted 

decomposition pathway.   
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Scheme 4.21. Unsuccessful synthesis of an alkyne derived anomeric amide. 

 

Scheme 4.22. Unsuccessful synthesis of an alkene derived anomeric amide. 

 

 Given the limited success of aliphatic anomeric amide derivatives, heterocyclic aromatic 

derivatives were then explored.  Preliminary work by Dr. Sean Kennedy demonstrated that a 2-

pyridyl derived anomeric amide was not isolable.  It was reasoned that an 8-quinoline derived 

reagent (118) might stabilize the corresponding anomeric amide while still bearing the electron-

withdrawing nitrogen substituent.  Quinoline-8-carboxylic acid (114) was treated with oxalyl 

chloride and the resulting acyl chloride was isolated as the HCl salt (115).  This precursor was 

converted to N-(benzyloxy)quinoline-8-carboxamide (116) using an extra equivalent of base.  
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However, attempts to chlorinate 116 using tert-butylhypochlorite were unsuccessful (Scheme 

4.23).  This finding is unusual because the other anomeric amide derivatives that could not be 

isolated underwent chlorination but failed at the substitution step with sodium pivalate.  It is 

possible that the quinoline nitrogen moiety interacts with the amide N-H and this disrupts 

chlorination reaction.  

 

Scheme 4.23. Unsuccessful synthesis of quinoline derived anomeric amide. 

 

 Another heterocycle of interest was a thiophene moiety, which had not been previously 

explored.  Excitingly, the corresponding anomeric was prepared by chlorination and substitution 

with sodium pivalate (Scheme 4.24).  Thiophene containing reagent 121 was shown to react with 

secondary amines, and model substrate 35 gave the nitrogen deletion product in 66% yield 

(Scheme 4.25).  We were interested in comparing the rate of this reagent with previously 

optimized anomeric amide 30 (Table 4.8).  The yields of nitrogen deletion product after 2 hours 

were compared, and 30 appears to react significantly faster than thiophene derived 121.  Indeed, 

the reaction with the optimized anomeric amide reagent approaches completion after 2 hours, 

whereas the yield of deletion product with reagent 121 was just 12.8%.  Future studies involving 

the addition of electron-withdrawing trifluoro moieties to the thiophene ring may be required to 
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develop a more reactive reagent.  While thiophene derived 121 is not as reactive as the original 

reagent 30, the observed reactivity with secondary amines was still quite an exciting find because 

as demonstrated in this chapter, very few derivatives can mediate this chemistry.   

 

Scheme 4.24.  Synthesis of thiophene derived anomeric amide 121. 

 

  

Scheme 4.25.  Reactivity of thiophene derived reagent 121 with secondary amine substrates. 

 

 

Table 4.8. Initial rate studies for comparison of secondary amine deletion between 121 and 30.   
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4.3.4. Exploration of Carbonyl Isosteres.   

 While there are many possible derivatizations to the leaving group, O-alkyl and 

benzamide moieties that can be explored, we were also interested in modifying the amide core 

itself.  A thiocarbonyl is an interesting carbonyl isostere because its elongated bond length and 

decreased resonance stabilization with amide nitrogen would likely increase the electrophilicity 

of the resulting anomeric amide.32  To this end, benzothioyl chloride (123) was prepared and 

reacted with O-benzylhydroxylamine to generate N-(benzyloxy)benzothioamide (124).  The 

maintenance of the thiocarbonyl was confirmed by high resolution mass spectrometry and carbon 

NMR spectroscopy, from which the spectrum demonstrated the presence of a thiocarbonyl 

carbon.  However, when 124 was treated with tert-butylhypochlorite and substituted with sodium 

pivalate, N-(benzyloxy)-N-(pivaloyloxy)benzamide (126) was produced (Scheme 4.26).  The 

carbon NMR spectrum matched that of the anomeric amide bearing the oxygen containing 

carbonyl, even when the reaction was conducted under rigorous air and moisture free conditions.  

Thus, it is possible that the oxygen incorporation is due to tert-butylhypochlorite, however we 

cannot be certain without conducting a labelling experiment.  Future work will explore the use of 

other reagents for chlorination or oxidation to produce a thiocarbonyl derivative.   

 

Scheme 4.26. Attempted synthesis of an anomeric amide containing a thiocarbonyl isostere 

results in isolation of N-(benzyloxy)-N-(pivaloyloxy)benzamide. 
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 Another isostere of interest was a sulfonamide group.  O-Benzyl hydroxylamine 

hydrochloride was treated with 4-(trifluoromethyl)benzenesulfonyl chloride (127), resulting in 

the desired N-(benzyloxy)benzenesulfonamide derivative 128 (Scheme 4.27).  Chlorination with 

tert-butylhypochlorite was successful, however the N-chlorosulfonamide product 129 appeared 

to exhibit increased stability compared to the other N-chloramides synthesized in this chapter.  

Substitution with sodium pivalate under standard conditions was unsuccessful, but instead of 

resulting in the typically observed decomposition, unreacted starting material was recovered.  

These findings mirror the results of early work by Rudchenko, who synthesized N-

chlorosulfonamide derivative 131 and found that it is thermally stable and inert to substitution 

with sodium methoxide (Scheme 4.28).33, 34  

 

Scheme 4.27. Attempted synthesis of an anomeric amide containing a sulfonamide isostere.   

 

Scheme 4.28. Literature report of N-chlorosulfonamide derivate which is inert to substitution 

chemistry.   

 

4.4. Conclusion. 

 This chapter has presented a reproducible 5 g scale synthesis for N-(benzyloxy)-N-

(pivaloyloxy)-4-(trifluoromethyl)benzamide (30) in 97% purity in three steps.  Starting from 4-

trifluoromethylbenzoyl chloride, substitution with O-benzylhydroxylamine yields N-

(benzyloxy)-4-(trifluoromethyl)benzamide (28).  This reaction can be conducted on a 20 g scale 

and results in a 94% yield of product, which is 98% pure.   Subsequent chlorination can be 
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conducted with either tert-butylhypochlorite or TCICA to give the N-chloramide intermediate.  

TCICA is the recommended oxidant for a large-scale synthesis because it is safer to handle.  

Using the optimized TCICA procedure, the N-chloramide intermediate is produced in 97% purity 

on a 5g scale.  This intermediate should be immediately taken forward to the substitution with 

sodium pivalate to give 30.  The preliminary procedure for the synthesis of 30 resulted in the 

formation of pivalic acid and pivalic anhydride impurities.  Optimization of concentration and 

temperature was effective at mitigating the formation of these impurities and 30 was isolated in 

97% purity, and in 89% yield across two steps from N-(benzyloxy)-4-

(trifluoromethyl)benzamide (28).   

 In addition to the optimized synthesis of 30, a range of other anomeric amide derivatives 

were synthesized throughout the course of our investigation.  A modular approach was taken to 

reagent derivatization in which the effect of modifications to the leaving group, acyl and O-alkyl 

moieties were explored separately.  Anomeric amides containing isopropyl and isobutyl derived 

leaving groups were successfully synthesized but were shown to result in a decreased yield of 

secondary amine deletion product compared to the previously optimized reagent.  Derivatives 

bearing 2-fluoro-2-methylpropanoate and 3,3,3-trifluoro-2,2-dimethylpropanoate leaving groups 

were also prepared but demonstrated a decreased reaction rate with secondary amines.  Three 

anomeric amides bearing electron-withdrawing moieties on the O-alkyl group were also 

successfully prepared.  A range of acyl derivatives were explored and many were unsuccessful in 

stabilizing the resulting anomeric amide.  However, α-tertiary acyl derivatives were isolable.  A 

tert-butyl derived reagent was prepared and this reagent exhibited stability at temperatures 20 oC 

higher than the previously optimized reagent. Reactivity with secondary amines was inhibited by 
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the increased steric bulk of the reagent.  An adamantyl derived reagent was also prepared but this 

did not alleviate the steric clash with secondary amine nucleophiles.   

4.5. Experimental. 

4.5.1. General Procedures. 

Unless noted otherwise, all reactions were performed in oven-dried or flame-dried 

glassware under an atmosphere of dry N2. THF, Et2O, DCM, Toluene, ACN, Et3N, and Pentane 

were dried by passing these previously degassed solvents through a PPT Solvent Purificatiton 

System, and all other solvents were dried over molecular sieves (4A) and degassed prior to use 

or purchased anhydrous and sealed under N2 (e.g. VWR Dri-solv or equivalent). Reaction 

temperatures were reported as the temperatures of the bather surrounding the flasks or vials. 

Sensitive reagents and solvents were transferred under nitrogen into a nitrogen-filled glovebox 

with standard techniques. Analytical thin-layer chromatography (TLC) was carried out using 0.2 

mm commercial silica gel plates (silica gel 60, F254) and visualized by UV irradiation or 

staining as indicated.  

Low resolution mass spectra were recorded on either an Agilent 6530 LC Q-TOF mass 

spectrometer using electrospray ionization with fragmentation voltage set at 115 V or an Agilent 

SQ GC-MMS with a 7890B GC using an Agilent HP-5MS column with a temperature gradient 

of 50 oC to 200 oC over 15 minutes and a 5977A single quad MS using electron ionization. High 

resolution mass spectra were recorded on either an Agilent 6224 TOF High Resolution Accurate 

MS with electrospray ionization or an Agilent 7200B QTOF High Resolution Accurate Mass 

GCMS using an Agilent HP-5MS column with a temperature gradient of 50 oC to 200 oC over 15 

minutes and electron ionization. All mass spectra were processed with an Agilent MassHunter 

Operating System. Nuclear magnetic resonance spectra (1H-NMR, 13C-NMR and 19F-NMR) 

were recorded with Bruker spectrometers operating at 400 or 500 MHz for 1H. Chemical shifts 
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are reported in parts per million (ppm, δ), downfield from tetramethylsilane (TMS, δ=0.00 ppm) 

and are referenced to residual solvent (CDCl3, δ=7.26 ppm (1H) and 77.160 ppm (13C)). 

Coupling constants were reported in Hertz (Hz). Data for 1H-NMR spectra were reported as 

follows: chemical shift (ppm, s = singlet, d = doublet, t = triplet, q = quartet, quin = quintet, dd = 

doublet of doublets, td = triplet of doublets, ddd = doublet of doublet of doublets, m = multiplet, 

coupling constant (Hz), and integration). 

Unless otherwise noted, all reagents were used as received. tBuOCl was prepared 

according to the literature.19  N-hydroxy-4-(trifluoromethyl)benzamide (49),35 N-

(benzyloxy)pivalamide (79),36 N-(benzyloxy)adamantane-1-carboxamide (86),30 and methyl 

(benzyloxy)carbamate (72),37  N-(benzyloxy)cyclohexanecarboxamide (75)38 and N-

benzyloxyacetamide (69)16 were prepared according to the literature.  Note on safety: 2-

fluoroisobutyric acid should be handled with caution as it is fatal if inhaled. 

4.5.2. Large Scale Synthesis of N-(benzyloxy)-N-(pivaloyloxy)-4-

(trifluoromethyl)benzamide. 

 

N-(benzyloxy)-4-(trifluoromethyl)benzamide (28): In air, an oven-dried 1 L round bottom 

flask (24/40 joint) equipped with a 3 x 1.5 cm Teflon-coated egg-shaped stir bar is charged with 

o-benzyl hydroxylamine hydrochloride (20.0 g, 0.125 mol, 1 equiv.), potassium carbonate (34.64 

g, 0.251 mol, 2 equiv.) and 4:1 DCM:H2O (0.25 M, 400 ml DCM (ACS grade), 100 ml de-

ionized water).  The flask is immersed in an ice/water bath and stirred for 15 minutes with 

Heidolph MR Hei-Mix L stirplate at a rate of 1400 rpm.  A 250 ml addition funnel (24/40 joint) 

is attached to the flask and charged with p-trifluoromethyl benzoyl chloride (18.6 ml, 0.1253 
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mol, 1 equiv.). A septum and a balloon of nitrogen gas with a needle adaptor are affixed to the 

top of the addition funnel and the p-trifluoromethyl benzoyl chloride is added dropwise over 10 

minutes while stirring.  A white precipitate rapidly appears.  Once the addition is complete, the 

addition funnel is removed, the flask is sealed with a septum and the reaction is removed from 

the ice bath. The reaction is stirred for five hours at room temperature. DCM is removed by 

rotary evaporation (A Buchi rotovap R-100 was used with a bath temperature of 40 oC and 

vacuum at 100 mbar) and diethyl ether (ACS grade) (200 ml) is added to the resulting water 

suspension. The mixture is vacuum filtered with a Synthware 150 ml (7.2 cm diameter) fine 

porosity filter frit attached to a 500 ml filter flask using a rubber filter adaptor. The white solids 

are washed with 100 ml diethyl ether, followed by 2 x 100 ml de-ionized water, each time 

breaking the solids in the filter with a spatula and mixing thoroughly before applying vacuum.  

The solids are washed with an addition 100 ml diethyl ether and then transferred to a tared 250 

ml round bottom flask using a spatula.  The product is dried under high vacuum in a round 

bottom flask using a 24/40 joint to hose adaptor. The round bottom flask was immersed in a 

heating bath with a temperature of 70 oC. High vacuum was established with a vacuum pump 

provided by Welch. After drying overnight, a pressure of 50 mTorr was achieved and product 1 

was isolated as a white solid in 94% yield (34.68 g, 0.117 mol).  1H NMR (400 MHz, DMSO-

d6): δ 12.01 (br s, 1 H), 7.95 (d, J = 8.2 Hz, 2 H), 7.83 (d, J = 8.1 Hz, 2 H), 7.50 – 7.32 (m, 5 H), 

4.96 (s, 2 H). 19F{1H} NMR (376 MHz, DMSO-d6): δ -61.49. 13C{1H} NMR (101 MHz, 

DMSO-d6): 136.6, 136.4, 131.9 (q, 2JC-F = 33 Hz), 129.4, 128.8, 128.5, 125.9 (q, 3JC-F = 4 Hz), 

124.3 (q, 1JC-F = 274 Hz), 77.5.  IR (diamond ATR, neat) 3175, 1647, 1329, 1167, 1109, 1123, 

1070, 1069, 1042, 1016, 901, 856, 745, 700, 621 cm-1. HR-MS (ESI) calculated 295.0820 for 

C15H12F3NO2, found 295.0814. mp: 170.8 – 172.3 oC. 
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N-(benzyloxy)-N-chloro-4-(trifluoromethyl)benzamide (29) (procedure A using tBuOCl):  

In air, an oven-dried 250 ml round bottom flask (24/40 joint) equipped with a 2.5 cm diameter 

Teflon-coated egg-shaped stir bar is charged with 28 (5.0 g, 0.01695 mol, 1.2 equiv.) and 

dichloromethane (ACS grade) (0.042 M, 40 ml).  The flask is stirred for 5 minutes, resulting in a 

white suspension using a Heidolph MR Hei-Mix L stir plate with a rate of 750 rpm.   The flask is 

wrapped in aluminum foil (the reaction is light sensitive and the fumehood light was turned off) 

and t-butylhypochlorite (1.6 ml, 0.0141 mol, 1 equiv.) is added in a single portion using a 5 ml 

syringe. The flask is sealed with a ground glass stopper (24/40 joint) and stirred at room 

temperature for 4 hours (Note 17) over which time a yellow solution forms. DCM is removed by 

rotary evaporation using a Buchi rotovap R-100 with a bath temperature of 40 oC and vacuum at 

100 mbar. 50 ml pentane (ACS grade) is then added and the flask is stirred for 5 minutes to form 

an even mixture of yellow solution and suspended white solids.  The mixture is vacuum filtered 

with a Synthware 60 ml fine porosity filter frit attached to a 500 ml filter flask using a rubber 

filter adaptor.  White solids (excess 28) are collected in the frit and the flask is rinsed with an 

addition 50 ml of pentane, which is subsequently poured through the filter frit. The clear yellow 

solution in the filter flask is transferred to a 1 L round bottom flask (24/40 joint). The filter flask 

is rinsed with an additional 50 ml of pentane which is then transferred to the 1 L round bottom 

flask. Pentane is removed from the flask by rotary evaporation to yield 29 as a yellow oil. 

Product 29 is immediately used in the next step without further purification.   
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N-(benzyloxy)-N-chloro-4-(trifluoromethyl)benzamide (29) (procedure B using TCICA):  

An oven-dried 250 ml round bottom flask (24/40 joint) equipped with a 2.5 cm diameter 

Teflon-coated egg-shaped stir bar is charged with 28 (5.0 g, 16.9 mmol, 1 equiv.), 

dichloromethane (ACS grade, 0.4 M, 40 ml) and de-ionized water (915 µL, 50.8 mmol).  The 

flask is submersed in an ice bath stirred for 5 minutes (Heidolph MR Hei-Mix L stir plate with a 

rate of 750 rpm) at 0 oC, resulting in a white suspension. The flask is wrapped in aluminum foil 

(the reaction is light sensitive and the fumehood light was turned off) and trichloroisocyanuric 

acid (TCICA) (1.97 g, 8.47 mmol, 0.5 equiv.) is added in portions over 15 min. This is 

performed by dividing the TCICA into 7 equal portions of 281 mg and adding one portion every 

two minutes using a timer.  The flask is then sealed with a glass stopper (24/40 joint) and stirring 

is continued for 1 h at 0 oC at a rate of 750 rpm.  DCM is removed by rotary evaporation (water 

bath temp kept 20 oC).  Pentane (ACS grade, 50 ml) is added and the flask is stirred for 2 

minutes to form an even mixture of yellow solution and suspended white solids.  The mixture is 

vacuum filtered with a Synthware 60 ml fine porosity filter frit, loaded with celite (3 cm height) 

attached to a 250 ml round bottom flask using glass adaptor.  White solids (excess TCICA and 

byproducts) are collected in the frit and the flask is rinsed with an addition 40 ml of pentane 

twice, which is subsequently passed through celite. Pentane is removed from the round bottom 

flask by rotary evaporation (Buchi rotovap R-100 with a bath temp 20 oC). Once pentane is 

removed (visibly) from the flask, the rotovap recovery flask is emptied.  Evaporation of the flask 

is then continued at the maximal vacuum of the rotovap (down to 30 mBar, bath temp 20 oC) for 

5 min to yield 29 as a yellow solid. Product 29 is immediately used in the next step without 
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further purification.  1H NMR (400 MHz, CDCl3): δ 7.71 (d, J = 8.1 Hz, 2H), 7.65 (d, J = 8.4 Hz, 

2H), 7.37 – 7.32 (m, 3H), 7.26 (d, J = 7.7 Hz, 2H), 5.10 (s, 2H). 19F{1H} NMR (376 MHz, 

CDCl3): δ -63.16. 13C{1H} NMR (101 MHz, CDCl3): δ 172.5, 134.7, 134.0 (q, 2JC-F = 32 Hz), 

132.9, 129.8, 129.6, 129.4, 128.7, 125.3 (q, 3JC-F = 4 Hz), 123.5 (q, 1JC-F = 272 Hz), 76.7.  IR 

(diamond ATR, neat) 1722, 1410, 1321, 1258, 1182, 1128, 1065, 997, 935, 862, 754, 698, 604, 

507 cm-1. HR-MS (ESI) calculated 329.0430 for C15H11ClF3NO2, found 329.0427. mp: 39.7 – 

40.3 oC. 

 

N-(benzyloxy)-N-(pivaloxy)-4-(trifluoromethyl)benzamide (30): 

In air, an oven dried 200 ml pear shaped Schlenk flask (14/20 joint; ground glass socket and hose 

adaptor) equipped with a 3.2 cm diameter Teflon-coated cylindrical stir bar is charged with 

anhydrous sodium pivalate (2.63 g, 0.0212 mol, 1.5 equiv.).  The Schlenk flask joint is sealed 

with a rubber septum and the socket to the hose adaptor is sealed with a ground glass key.  The 

key was greased with Dow Corning high vacuum grease and secured to the flask using a metal 

spring and retainer clip.   The flask was attached to a Schlenk line using the hose adaptor and 

Tygon A-60-G vacuum tubing. The flask is evacuated with a vacuum line and refilled with 

dinitrogen to obtain an inert atmosphere. Vacuum was established with a vacuum pump provided 

by Welch.  Five cycles of evacuating the flask to a pressure of 100 mTorr and refilled with 

dinitrogen gas were performed.  Dry, degassed acetonitrile (50 ml, HPLC grade degassed with 

argon and dried by passing through a PPT Solvent Purification System) is transferred to the 

Schlenk flask under inert atmosphere in two portions using a syringe equipped with an oven 
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dried Luer-lok 12 inch reusable needle. The flask containing the white solids and acetonitrile is 

submersed in an ice/water bath and stirred vigorously (Heidolph MR Hei-Mix L stir plate with a 

rate of 1400 rpm) to form a white suspension equilibrated to 0 oC. In air, an oven dried 250 ml 

round bottom flask (24/40 joint) was charged with 29 and 40 ml dry, degassed acetonitrile to 

form a yellow solution. The round bottom flask is covered in aluminum foil due to the potential 

light sensitivity of the N-chloramide intermediate.  The round bottom flask is sealed with a 

septum which is pierced with a vent needle (Exel 18G x 1 inch pink disposable needle) and an 

inlet needle (a Luer-lok 12 inch reusable needle) attached to a nitrogen line. The solution is 

thoroughly sparged with dinitrogen gas for 15 minutes and the vent needle is subsequently 

removed. The inlet needle should remain in the round bottom flask to maintain positive 

dinitrogen flow while syringe transferring the degassed solution.  The degassed solution of 29 is 

transferred under inert atmosphere using a 50 ml syringe equipped with an oven dried Luer-lok 

12 inch reusable needle to the cooled Schlenk flask while stirring at 1400 rpm.  The solution of 

29 is added slowly over 10 minutes to form a yellow solution with white suspended solids. The 

round bottom flask is rinsed with an additional 10 ml of dry, degassed acetonitrile (the final 

volume of solvent in the reaction is 100 ml, 0.14 M) which is transferred to the Schlenk flask 

under inert atmosphere using a 50 ml syringe equipped with an oven dried Luer-lok 12 inch 

reusable needle.  The Schlenk flask is covered with aluminum foil and the reaction is vigorously 

stirred at 1400 rpm under positive flow of dinitrogen gas for 2 hours at 0 oC. In air, the white 

suspension is vacuum filtered with through a plug of silica 2 cm in height using a Synthware 60 

ml fine porosity filter frit attached to a 500 ml filter flask using a rubber filter adaptor. White 

solids (sodium chloride) are collected in the frit and the flask is rinsed with 100 mL of diethyl 

ether (ACS grade), which is subsequently poured through the silica plug. The clear filtrate is 
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transferred from the filter flask to a 500 ml round bottom flask (24/40 joint). The filter flask is 

rinsed with an additional 20 ml diethyl ether which is transferred to the round bottom flask. The 

solvents are removed by rotary evaporation (using a Buchi rotovap R-100 with a bath 

temperature of 40 oC and vacuum at 100 mbar) to yield 30 as a clear oil in 89% yield (5.93 g, 

15.0 mmol).  Storage of 30 at 5 oC results in a waxy, off-white solid.  1H NMR (400 MHz, 

CDCl3): δ 7.77 (d, J = 8.3 Hz, 2H), 7.65 (d, J = 8.0 Hz, 2H), 7.41 – 7.34 (m, 5H), 5.15 (s, 2H), 

1.11 (s, 9H). 19F{1H} NMR (376 Hz, CDCl3): δ -63.16.  13C{1H} NMR (101 Hz, CDCl3): δ 

175.3, 173.2, 135.5, 134.7, 133.8 (q, 2JC-F = 32 Hz), 129.3, 129.2, 128.9, 128.5, 125.1 (q, 3JC-F = 

4 Hz), 123.5 (q, 1JC-F = 272 Hz), 77.9, 38.4, 26.6.  HR-MS (ESI) calculated 395.1344 for 

C20H20F3NO4 [M]+, found 395.1333.  mp: 38.7 – 39.5 oC.  

4.5.3. Synthesis and Characterization of Anomeric Amides Derived from N-(benzyloxy)-4-

(trifluoromethyl)benzamide Containing New Leaving Groups. 

General procedure for synthesis of anomeric containing new leaving groups:   

 

 

 

 

 

To a stirred suspension of N-(benzyloxy)-4-(trifluoromethyl)benzamide (1 g, 3.89 mmol, 

1 equivalent) in CH2Cl2 (8 mL) in a 50 ml round bottom flask was added freshly prepared t-

BuOCl (478 mg, 4.40 mmol, 1.3 equiv) in a single portion. The reaction was shielded from 

ambient light and stirred at room temperature for 2 hours (consumption of starting material by 

TLC). The solution was concentrated in vacuo to afford N-(benzyloxy)-N-chloro-4-

(trifluoromethyl)benzamide product as a yellow liquid, which was immediately used in the next 
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step.  To a suspension of the requisite sodium carboxylate salt (1.09 mmol, 1.5 equiv.) in dry 

acetonitrile (2ml) under a nitrogen atmosphere was added a degassed solution of N-(benzyloxy)-

N-chloro-4-(trifluoromethyl)benzamide (240 mg, 0.727 mmol, 1 equiv.) in 3 ml dry acetonitrile. 

The reaction was shielded from light and stirred vigorously at ambient temperature for 2 hours.  

Upon completion (consumption of starting material monitored by TLC), the reaction mixture 

was diluted with 20 ml diethyl ether and vacuum filtered to remove a white salt (sodium 

chloride).  The filtrate was concentrated in vacuo to yield the anomeric amide product.   

N-(benzyloxy)-N-(isobutyryloxy)-4-

(trifluoromethyl)benzamide (33): Synthesized according to the 

general procedure from N-(benzyloxy)-N-chloro-4-

(trifluoromethyl)benzamide (240 mg, 0.727 mmol, 1 equiv.) and 

sodium isopropoxide (120.1 mg, 1.09 mmol, 1.5 equiv.).  The title compound was obtained as a 

pale yellow oil (270 mg, 0.71 mmol, 97% yield).  1H NMR (400 MHz, CDCl3): δ 7.76 (d, J = 8.5 

Hz, 2H), 7.64 (d, J = 8.1 Hz, 2H), 7.38 – 7.33 (m, 5H), 5.14 (s, 2H), 2.55 (sept, J = 7.0 Hz, 1H), 

1.09 (d, J = 7.0 Hz, 2H). 19F{1H} NMR (376 MHz, CDCl3): δ -63.18.  13C{1H} NMR (101 MHz, 

CDCl3): δ 174.1, 173.1, 135.4, 134.6, 133.8 (q, 2JC-F = 32 Hz), 129.3, 129.2, 128.8, 128.5, 125.1 

(q, 3JC-F = 4 Hz), 123.5 (q, 1JC-F = 237 Hz), 77.7, 32.2, 18.4. HRA-MS: Calculated 381.1188 for 

C19H18F3NO4, found 381.1188.   

N-(benzyloxy)-N-((3-methylbutanoyl)oxy)-4-

(trifluoromethyl)benzamide (34): Synthesized according to the 

general procedure from N-(benzyloxy)-N-chloro-4-

(trifluoromethyl)benzamide (240 mg, 0.727 mmol, 1 equiv.) and 

sodium isovalerate (194 mg, 1.09 mmol).  The title compound was obtained as a pale yellow 
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liquid (257 mg, 0.65 mmol, 89% yield).  1H NMR (400 MHz,CDCl3): δ 7.77 (d, J = 8.3 Hz, 2H), 

7.63 (d, J = 8.2 Hz, 2H), 7.35 (s, 5H), 5.13 (s, 2H), 2.10 – 2.02 (m, 1H), 1.02 – 0.97 (m, 2H), 

0.90 (d, J = 6.7 Hz, 6H).  19F{1H} NMR (376 MHz, CDCl3): δ -63.21.  13C{1H} NMR (101 

MHz, CDCl3): δ 173.0, 170.2, 135.4, 134.5, 133.9 (q, 2JC-F = 33 Hz), 129.3, 128.9, 128.6, 125.2 

(q, 3JC-F = 4 Hz), 78.9, 40.7, 25.7, 22.2.  HRA-MS: Calculated 395.1344 for C20H20F3NO4, found 

395.1338.   

N-(benzyloxy)-N-((3,3,3-trifluoro-2,2-

dimethylpropanoyl)oxy)-4-(trifluoromethyl)benzamide (40): 

Synthesized according to the general procedure from N-

(benzyloxy)-N-chloro-4-(trifluoromethyl)benzamide (100 mg, 

0.414 mmol, 1 equiv.) and sodium 3,3,3-trifluoro-2,2-dimethylpropanoate (111 mg, 0.621 mmol, 

1.5 equiv.).  The product was obtained as a pale yellow oil (141 mg, 0.314 mmol, 75.8% yield).   

1H NMR (400 MHz, CDCl3): δ 7.75 (d, J = 8.2 Hz, 2H), 7.65 (d, J = 8.4 Hz, 2H), 7.36 – 7.34 

(m, 5H), 5.13 (s, 2H), 1.36 (s, 6H).  19F{1H} NMR (376 MHz, CDCl3): δ -63.25, -74.65.  

13C{1H} NMR (101 MHz, CDCl3): δ 171.0, 166.0, 132.9, 132.3, 127.8, 127.4, 126.9, 123.5 (q, 

3JC-F = 4 Hz), 76.4, 46.7 (q, 2JC-F = 27 Hz), 17.5 (q, 3JC-F = 2 Hz).  HRA-MS: calculated 

449.1062 for C20H17F6NO4, found 449.1065. 

N-(benzyloxy)-N-((2-fluoro-2-methylpropanoyl)oxy)-4-

(trifluoromethyl)benzamide (39):  Synthesized according to the 

general procedure from N-(benzyloxy)-N-chloro-4-

(trifluoromethyl)benzamide (172 mg, 0.521 mmol, 1 equiv.) and 

sodium 2-fluoro-2-methylpropanoate (100 mg, 0.781 mmol, 1.5 equiv.).  The product was 

obtained as a pale yellow oil (179.9 mg, 0.4004 mmol, 76.8% yield). 1H NMR (400 MHz, 
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CDCl3): δ 7.77 (d, J = 8.1 Hz, 2H), 7.66 (d, J = 8.7 Hz, 2H), 7.37 – 7.35 (m, 5H), 5.16 (s, 2H), 

1.51 (d, 2JC-F = 21.8 Hz, 6H). 19F NMR (376 MHz, CDCl3): δ -63.23, -147.50 (sept, 2JC-F = 21.8 

Hz).   13C{1H} NMR (101 MHz, CDCl3): δ 171.1, 167.7 (d, 2JC-F = 26 Hz), 132.5, 127.7, 127.6, 

127.3, 126.9, 123.6 (q, 3JC-F = 4 Hz), 90.6 (d, 1JC-F = 184 Hz), 76.5, 22.9 (d, 2JC-F = 24 Hz).  

HRA-MS: calculated 339.1094 for C19H17F4NO4, found 399.1118.   

 

General procedure for synthesis of sodium carboxylate salts:   

A 20 ml vial was charged with a stirbar, sodium hydroxide (233 mg, 5.83 mmol, 1 equiv.) and 1 

ml water.  The vial was stirred at room temperature until all of the solids dissolved.  The 

requisite carboxylic acid (5.83 mmol, 1 equiv.) was added portion-wise with a spatula and the 

vial was stirred at room temperature for 2 hours.  The water was removed under vacuum and the 

sodium carboxylate salt was obtained as a white solid which, which was washed with ethyl 

acetate and dried overnight under high vacuum.   

Sodium 2-fluoro-2-methylpropanoate (133):  Synthesized according to the 

general procedure from 2-fluoroisobutyric acid (200 mg, 1.885 mmol).  The title 

compound was obtained as a white solid (231 mg, 1.80 mmol, 96% yield).    1H 

NMR (400 MHz, D2O): δ 1.52 (d, J = 21.9 Hz, 6H). 19F{1H} NMR (376 MHz, 

D2O): δ -137.98 (br. s). 13C{1H} NMR (101 MHz, D2O): δ 181.01 (d, 2JC-F = 23 Hz), 95.8 (d, 1JC-

F = 177 Hz), 24.7 (d, 2JC-F = 25 Hz).  HR-MS: Calculated 105.0352 for C4H6FO2, found 

105.0351.  

Sodium 3,3,3-trifluoro-2,2-dimethylpropanoate (134): Synthesized according 

to the general procedure from 3,3,3-trifluoro-2,2-dimethylpropanoic acid (1.0 g, 
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6.41 mmol).  The title compound was obtained as a white solid (1.1 g, 6.3 mmol, 98% yield).  1H 

NMR (400 MHz, D2O): δ 1.33.  19F{1H} NMR (376 MHz, D2O): δ -74.33.  13C{1H} NMR (101 

MHz, D2O): δ 178.4, 128.0 (q, 2JC-F = 278), 49.2 (q, 1JC-F = 24 Hz), 19.9 (q, 3JC-F =3 Hz).  HR-

MS: Calculated 155.032 for C5H6F3O2, found 155.0334.  

 Sodium isobutyrate (135):  Synthesized according to the general procedure 

from isobutyric acid (2.0 g, 0.0227 mol) with the exception that sodium 

hydroxide was used as the limiting reagent (0.825 g, 0.0206 mmol, 0.91 equiv.).  

The title compound was obtained as a white solid (2.27 g, 0.0206 mmol, 100% yield) after 

rinsing with ethyl acetate to remove excess isobutyric acid.  1H NMR (400 MHz, D2O): δ 2.39 

(sept, J = 7.0 Hz, 1H), 1.06 (d, J = 7.0 Hz, 6H).  Spectroscopic data were in agreement with the 

literature.39 

Sodium isovalerate (136): Synthesized according to the general procedure 

from isovaleric acid (2.0 g, 0.0196 mol, 1 equiv.) with the exception that 

sodium hydroxide was used as the limiting reagent (0.712 g, 0.0178 mol, 0.91 equiv.).  The title 

compound was obtained as a white solid (2.43 g, 0.0178 mol, 100% yield) after rinsing with 

ethyl acetate to remove excess isovaleric acid.  1H NMR (400 MHz, D2O) δ 2.08 – 2.05 (m, 2H), 

1.97 (nonet, J = 6.95, 1H), 0.91 (d, J = 6.7 Hz, 6H).  Spectroscopic data were in agreement with 

the literature.40   

4.5.4. Synthesis and Characterization of Anomeric Amides Containing New Alkoxy 

Groups. 

General procedure for synthesis of substituted benzyloxy derivatives of N-(benzyloxy)-4-

(trifluoromethyl)benzamide: 
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A 50 ml pear shaped round bottom flask equipped with a stir bar was charged with N-

hydroxy-4-(trifluoromethyl)benzamide (2.44 mmol, 1.5 equiv.), the requisite benzyl bromide 

(1.63 mmol, 1 equiv.) and 2 ml of ethanol.  A 20 ml vial was charged with sodium hydroxide 

(4.07 mmol 2.5 equiv.) and 2 ml deionized water was added.  The sodium hydroxide solution 

was slowly pipetted into the round bottom flask.  A reflux condenser was affixed to the flask and 

the reaction was refluxed at 120 oC for 18 hours.  The reaction was subsequently cooled to room 

temperature and ethanol was removed by rotary evaporation.  The remaining residue was 

acidified with 10 ml of a 3M HCl solution and extracted with 3 x 10 ml ethyl acetate.  The 

organic fractions were combined, washed with brine, dried over sodium sulfate and filtered.  The 

volatiles were removed by rotary evaporation to yield the requisite N-(benzyloxy)benzamide 

which was taken forward without further purification.   

 4-(trifluoromethyl)-N-((4-

(trifluoromethyl)benzyl)oxy)benzamide (50): Synthesized 

according to the general procedure from N-hydroxy-4-

(trifluoromethyl)benzamide (500 mg, 2.44 mmol) and 1-(bromomethyl)-4-

(trifluoromethyl)benzene (388 mg, 1.625 mmol).  The product was obtained as a white solid (300 

mg, 83% yield).  1H NMR (400 MHz, DMSO-d6): δ 12.08 (br s, 1H), 7.94 (d, J = 8.7 Hz, 2H), 

7.87 (d, J = 8.4 Hz, 2H), 7.78 (d, J = 8.1 Hz, 2H), 7.71 (d, J = 8.7 Hz, 2H), 5.06 (s, 2H).  19F{1H} 

NMR (376 MHz, DMSO-d6): δ -61.03, -61.50.  13C{1H} NMR (101 MHz, DMSO-d6): δ 163.8, 
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141.1, 136.4, 129.8, 128.5, 126.0 (q, JC-F = 4 Hz), 125.7 (q, JC-F = 4 Hz), 123.3, 123.0, 76.6.  HR-

MS: Calculated 363.0694 for C16H11F6NO2, found 363.0690.   

N-((3,5-bis(trifluoromethyl)benzyl)oxy)-4-

(trifluoromethyl)benzamide (51): Synthesized according to 

the general procedure from N-hydroxy-4-

(trifluoromethyl)benzamide (500 mg, 2.44 mmol) and 1-(bromomethyl)-3,5-

bis(trifluoromethyl)benzene (899 mg, 2.93 mmol).  The product was obtained as a white solid 

(329.8 mg, 0.765 mmol, 31% yield).  1H NMR (400 MHz, DMSO-d6): δ 12.15 (br s, 1H), 8.23 

(s, 2H), 8.11 (s, 1H), 7.95 – 7.85 (m, 4H), 5.18 (s, 2H).  19F{1H} NMR (376 MHz, DMSO-d6): δ 

-61.28, -61.45. HRA-MS: Calculated 431.0568 for C17H10F9NO2, found 431.0581.  

N-((perfluorophenyl)methoxy)-4-

(trifluoromethyl)benzamide (52): Synthesized according to 

the general procedure from N-hydroxy-4-

(trifluoromethyl)benzamide (500 mg, 2.44 mmol) and 1-(bromomethyl)-2,3,4,5,6-

pentafluorobenzene (637 mg, 2.44 mmol).  The product was obtained as a light brown solid. 1H 

NMR (400 MHz, DMSO-d6): δ 12.05 (s, 1H), 7.88 (s, 5H), 5.12 (s, 2H). 19F{1H} NMR (376 

MHz, DMSO-d6): δ -61.80, -142.49 (d, J = 23.5 Hz), -153.67 (t, J = 20.1 Hz), -162.95 (td, J = 

22.5 Hz, 7.1 Hz).  13C{1H} NMR (101 MHz, DMSO-d6): δ 163.82, 146.2 (d, 1JC-F = 250 Hz), 

141.6 (d, 1JC-F = 243 Hz), 138.3, 136.2, 132.1 (q, 2JC-F = 31 Hz), 130.6, 128.5, 126.0, 124.3 (d, 

1JC-F = 271), 110.4 (q, 3JC-F = 9 Hz), 64.0.  HRA-MS: Calculated 385.0349 for C15H7F8NO2, 

found 385.0343.   
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General procedure for the synthesis of new O-substituted benzamide derivatives using 

hydroxylamines: 

 

To a 50 ml pear shaped round bottom flask equipped with a stirbar was the requisite O-

substituted  hydroxylamine hydrochloride (1.37 mmol, 1 equiv.), potassium carbonate (379 mg, 

2.74 mmol, 2 equiv.) and 4:1 DCM:water (0.25 M, 4.4 ml DCM, 1.1 ml water).  The flask was 

stirred for 20 min at 0 oC and then 4-(trifluoromethyl)benzoyl chloride (286 mg, 1.37 mmol, 1 

equiv.) was added dropwise by syringe at 0 oC.  The ice bath was removed and the flask was 

stirred at room temperature for 5 hours.  The water phase was removed using a separatory funnel 

and the DCM fraction was washed with brine, dried over sodium sulfate and filtered.  The filtrate 

was concentrated in vacuo to yield the crude product, which was recrystallized from 

concentrated diethyl ether.   

 

N-(2,2,2-trifluoroethoxy)-4-(trifluoromethyl)benzamide (57):  

Synthesized according to the general procedure from 2,2,2-

Trifluoroethoxyamine hydrochloride (200 mg, 1.32 mmol, 1 equiv.), 

potassium carbonate (365 mg, 2.64 mmol, 2 equiv.) and 4-(trifluoromethyl)benzoyl chloride 

(275 mg, 1.32 mmol, 1 equiv.).  The title compound was obtained as a white solid after 

recrystallization from diethyl ether (340.8 mg, 1.187 mmol, 89.9% yield).  1H NMR (400 MHz, 

CDCl3): δ 7.92 (d, J = 8.3 Hz, 2H), 7.75 (d, J = 7.74, 2H), 6.32 (br. s, 1H), 4.21 – 4.11 (m, 2H).  

19F{1H} NMR (376 MHz, CDCl3): δ -63.09, -72.26.  13C{1H} NMR (101 MHz, CDCl3): δ 166.3, 
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136.4, 134.0 (q, JC-F = 32 Hz), 127.6, 125.9 (q, JC-F = 4 Hz), 124.0 (q, JC-F = 276), 123.6 (q, JC-F = 

274 Hz), 41.2 (q, JC-F = 34 Hz).  HR-MS: Calculated 287.0377 for C10H7F6NO2, found 

287.0381.   

 

N-phenoxy-4-(trifluoromethyl)benzamide (60): Synthesized 

according to the general procedure from O-phenyl hydroxylamine 

hydrochloride (200 mg, 1.37 mmol, 1 equiv.), potassium carbonate (379 mg, 2.74 mmol, 2 

equiv.) and 4-(trifluoromethyl)benzoyl chloride (286 mg, 1.37 mmol, 1 equiv.).  The title 

compound was obtained as a white solid after recrystallization from diethyl ether (71.5 mg, 

0.254 mmol, 18.6% yield).  1H NMR (400 MHz, DMSO-d6): δ 12.74 (br. s, 1H), 8.09 (d, J = 8.3 

Hz, 2H), 7.92 (d, J = 7.6 Hz, 2H), 7.37 (t, J = 8.4 Hz, 2H), 7.14 (d, J = 7.7 Hz, 2H), 7.06 (t, J = 

7.6 Hz, 1H).  19F{1H} NMR (376 MHz, DMSO-d6): δ -61.43. 13C{1H} NMR (101 MHz, 

DMSO-d6): δ 159.9, 130.0, 128.8, 128.7, 126.1, 122.9, 113.6.  HRA-MS: Calculated 281.0664 

for C14H10F3NO2, found 281.0667.   

General procedure for synthesis of new substituted O-benzyl and O-alkyl anomeric amide: 

  

 

 

 

To a stirred suspension of N-(benzyloxy)-4-(trifluoromethyl)benzamide derivative (1 g, 3.89 

mmol, 1 equivalent) in CH2Cl2 (8 mL) in a 50 ml round bottom flask was added freshly prepared 

t-BuOCl (478 mg, 4.40 mmol, 1.3 equiv) in a single portion. The reaction was shielded from 

ambient light and stirred at room temperature for 2 hours (consumption of starting material by 
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TLC). The solution was concentrated in vacuo to afford N-(benzyloxy)-N-chloro-4-

(trifluoromethyl)benzamide derivative as a yellow liquid, which was immediately used in the 

next step.  To a suspension of the requisite sodium carboxylate salt (1.09 mmol, 1.5 equiv.) in 

dry acetonitrile (2ml) under a nitrogen atmosphere was added a degassed solution of N-

(benzyloxy)-N-chloro-4-(trifluoromethyl)benzamide derivative (240 mg, 0.727 mmol, 1 equiv.) 

in 3 ml dry acetonitrile. The reaction was shielded from light and stirred vigorously at ambient 

temperature for 2 hours.  Upon completion (consumption of starting material monitored by 

TLC), the reaction mixture was diluted with 20 ml diethyl ether and vacuum filtered to remove a 

white salt (sodium chloride).  The filtrate was concentrated in vacuo to yield the anomeric amide 

product.   

 

  N-(pivaloyloxy)-4-(trifluoromethyl)-N-((4-

(trifluoromethyl)benzyl)oxy)benzamide (53): Synthesized 

according to the general procedure from 4-(trifluoromethyl)-

N-((4-(trifluoromethyl)benzyl)oxy)benzamide (100 mg, 0.275 mmol, 1 equiv.).  The title 

compound was obtained as a pale yellow oil (86.5 mg, 0.187 mmol, 67.8%).  1H NMR (400 

MHz, CDCl3): δ 7.75 (d, J = 8.5 Hz, 2H), 7.67 – 7.59 (m, 4H), 7.51 (d, J = 8.0 Hz, 2H), 5.19 (s, 

2H), 1.05 (s, 9H).  19F{1H} NMR (376 MHz, CDCl3): δ -62.74, -63.21.   HRA-MS: Calculated 

363.0694 for C16H11F6NO2, found 363.0666.   

  

N-((3,5-bis(trifluoromethyl)benzyl)oxy)-N-(pivaloyloxy)-4-

(trifluoromethyl)benzamide (54): Synthesized according to 

the general procedure from N-((3,5-
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bis(trifluoromethyl)benzyl)oxy)-4-(trifluoromethyl)benzamide (100 mg, 0.232 mmol, 1 equiv.).  

The title compound was isolated as a yellow oil (50.6 mg, 0.095 mmol, 41% yield). 1H NMR 

(400 MHz, CDCl3): δ 7.82 (s, 2H), 7.79 (s, 1H), 7.70 (d, J = 8.2 Hz, 2H), 7.60 (d, J = 8.3 Hz, 

2H), 5.21 (s, 2H), 0.98 (s, 9H).   

 

N-(pivaloyloxy)-N-(2,2,2-trifluoroethoxy)-4-

(trifluoromethyl)benzamide (58):  Synthesized according to the 

general procedure from N-(2,2,2-trifluoroethoxy)-4-

(trifluoromethyl)benzamide (78 mg, 0.271 mmol, 1 equiv.).  The title compound was isolated as 

a yellow oil (52.8 mg, 0.133 mmol, 49% yield).  1H NMR (400 MHz, CDCl3): δ 7.76 (d, J = 8.4 

Hz, 2H), 7.63 (d, J = 8.3 Hz, 2H), 4.52 (q, JC-F = 8.1 Hz, 2H), 1.01 (s, 9H).   

4.5.5.  Synthesis and Characterization of Anomeric Amides Containing New Acyl 

Derivatives. 

General procedure for the synthesis of acyl chloride derivatives:    

 

A 100 ml Schlenk flask equipped with a stirbar was charged with the requisite carboxylic 

acid (3.96 mmol, 1 equiv.).  The flask was evacuated and refilled with dinitrogen to obtain an 

inert atmosphere.  Dry, degassed DCM (20 ml) was added and the flask was stirred at 0 oC for 15 

minutes.  Oxalyl chloride (2.0M solution in DCM, 1.98 ml, 3.96 mmol, 1 equiv.) was added 

dropwise with a syringe.  Catalytic DMF (3.1 µl, 0.0396 mmol, 0.01 equiv.) was added by 

syringe, the ice bath was removed and the reaction was stirred at room temperature overnight.  

The solvent was removed in vacuo to obtain the acyl chloride which was immediately taken 

forward for the synthesis of the O-benzyl hydroxamate derivative.  For volatile acyl chlorides, 
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the crude reaction solution was taken forward without removal of solvent and isolation.  This 

was necessary for 2-fluoro-2-methylpropanoyl chloride, 3,3,3-trifluoro-2,2-dimethylpropanoyl 

chloride, 2-butynoyl chloride.   

 

cyclohex-1-ene-1-carbonyl chloride (110): Synthesized according to the general 

procedure from cyclohex-1-ene-1-carboxylic acid (500 mg, 3.96 mmol, 1 equiv.).  

The product was obtained as a yellow oil (458 mg, 3.18 mmol, 80.3% yield).  1H NMR (400 

MHz, CDCl3): δ 7.45 – 7.42 (m, 1H), 2.37 – 2.30 (m, 4H), 1.73 – 1.60 (m, 4H).  The 

spectroscopic data are in agreement with the literature.41  

quinoline-8-carbonyl chloride HCl (115): Synthesized according to the general 

procedure from quinoline-8-carboxylic acid (604.8 mg, 3.49 mmol, 1 equiv.).  

The product was obtained as a purple solid (222.3 mg, 0.535 mmol, 15.3% yield).  

1H NMR (400 MHz, DMSO-d6): δ 9.18 (dd, J = 4.7 Hz, 1.7 Hz, 1H), 8.89 (dd, J = 8.5 Hz, 1.4 

Hz, 1H), 8.63 (7.4 Hz, 1.6 Hz, 1H), 8.45 (dd, J = 8.0 Hz, 1.2 Hz, 1H), 7.94 – 7.89 (m, 2H). 

13C{1H} NMR (101 MHz, DMSO-d6): δ 167.01, 149.8, 143.1, 141.7, 135.6, 134.6, 128.8, 128.2, 

123.7, 123.1.  HRA-MS: Calculated 156.0446 for C10H6NO [M-Cl]+, found 156.0451.   

thiobenzoyl chloride (123): Synthesized according to the general procedure from 

thiobenzoic acid (1.0 g, 7.24 mmol, 1 equiv.).  The title compound was obtained an 

amber oil (1.044 g, 6.662 mmol, 92% yield).  1H NMR (400 MHz, CDCl3): δ 8.13 

(d, J = 8.4 Hz, 2H), 7.69 (t, J = 7.6 Hz, 1H), 7.52 (t, J = 7.6 Hz, 2H).  Spectroscopic data are in 

agreement with the literature.42   

General procedure for the synthesis of O-benzyl hydroxamate derivatives:   
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A 50 ml round bottom flask equipped with a stir bar was charged with a O-benzyl 

hydroxylamine hydrochloride (1.09 g, 6.82 mmol, 1 equiv.), potassium carbonate (1.885 g, 13.64 

mmol, 2 equiv.) and 4:1 DCM:water (0.25 M, 22 ml DCM, 5 ml water).  The flask was stirred 

for 20 min at 0 oC and then the requisite acyl chloride (6.82 mmol, 1.2 equiv.) was added 

dropwise by syringe at 0 oC.  The ice bath was removed and the flask was stirred at room 

temperature for 5 hours.  The water phase was removed using a separatory funnel and the DCM 

fraction was washed with brine, dried over sodium sulfate and filtered.  The filtrate was 

concentrated in vacuo to yield the crude product, which was typically of sufficient purity.  Note: 

Some acyl chloride derivatives were too volatile to be isolated and the crude product solution 

was taken forward without isolation, thus for some of the products below the stoichiometry is 

calculated using the amount of carboxylic acid precursor which must first treated with oxalyl 

chloride according to the procedure above.      

N-(benzyloxy)-2-fluoro-2-methylpropanamide (96): Synthesized 

according to the general procedure from 2-fluoro-2-methylpropanoic 

acid (201.6 mg, 1.90 mmol, 1 equiv), O-benzylhydroxylamine HCl (253 mg, 1.583 mmol, 0.83 

equiv) and potassium carbonate (438 mg, 3.166 mmol, 1.7 equiv).  The title compound was 

isolated as a white solid (259 mg, 1.23 mmol, 65% yield). 1H NMR (400 MHz, CDCl3): δ 9.02 

(br. s, 1H), 7.34 – 7.23 (m, 5H), 4.83 (s, 2H), 1.46 (d, J = 22.6 Hz, 6H). 13C{1H} NMR (101 

MHz, CDCl3): δ 170.2 (d, J = 20.5 Hz), 134.9, 129.3, 128.9, 128.6, 96.3 (d, J = 179 Hz), 78.3, 

25.0 (d, J = 24 Hz).  19F NMR (376 MHz, CDCl3): δ -151.6 (hd, J = 22.7, 3.3 Hz).  HRA-MS: 

Calculated 211.1009 for C11H14FNO2, found 211.1008.   
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N-(benzyloxy)-3,3,3-trifluoro-2,2-dimethylpropanamide (101): 

Synthesized according to the general procedure from 3,3,3-trifluoro-2,2-

dimethylpropanoic acid (500 mg, 2.865 mmol, 1 equiv.), O-benzylhydroxylamine HCl (416 mg, 

2.605 mmol, 0.83 equiv.), and potassium carbonate (720 mg, 5.21 mmol, 1.7 equiv.).  The title 

compound was isolated as a white solid (343 mg, 1.32 mmol, 46% yield). 1H NMR (400 MHz, 

CDCl3): δ 8.49 (br. s, 1H), 7.41 – 7.35 (m, 5H), 4.91 (s, 2H), 1.37 (s, 6H). 13C{1H} NMR (101 

MHz, CDCl3): δ 167.0, 134.7, 129.5, 129.0, 128.6, 126.8 (q, J = 282 Hz), 78.3, 47.8 (q, J = 26 

Hz), 19.7 (q, J = 2.3 Hz). 19F NMR (376 MHz, CDCl3): δ -73.94.  HRA-MS: calculated 

261.0977 for C12H14F3NO2, found 261.0978.   

N-(benzyloxy)but-2-ynamide (106):  Synthesized according to the 

general procedure from 2-butynoic acid (300 mg, 3.568 mmol, 1 

equiv.), O-benzylhydroxylamine HCl (475 mg, 2.973 mmol, 0.83 

equiv.), and potassium carbonate (822 mg, 5.946 mmol, 1.7 equiv.).  The title compound was 

isolated in 56% yield. (315.9 mg, 1.67 mmol). 1H NMR (400 MHz, CDCl3): δ 9.24 (br. s, 1H), 

7.32 – 7.20 (m, 5H), 4.79 (s, 2H), 1.78 (s, 3H).  13C{1H} NMR (101 MHz, CDCl3): δ 152.0, 

135.0, 129.2, 128.7, 128.6, 86.7, 78.3, 71.9, 3.6.  HR-MS: Calculated 189.0790 for C11H11NO2, 

found 189.0789.   

N-(benzyloxy)cyclohex-1-ene-1-carboxamide (111): Synthesized 

according to the general procedure from O-benzyl hydroxylamine 

hydrochloride (1.09 g, 6.82 mmol, 1 equiv.), potassium carbonate 

(1.885 g, 13.64 mmol, 2 equiv.) and 1-cyclohexenoyl chloride (573 mg, 3.96 mmol).  The 

product was purified by automated column chromatography using silica gel and hexanes/ethyl 

acetate to obtain a white solid (84 mg, 0.36 mmol, 9% yield).  1H NMR (400 MHz, CDCl3): δ 
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8.04 (br. s, 1H), 7.45 – 7.35 (m, 5H), 6.49 (sept, 1H), 4.95 (s, 2H), 2.19 – 2.09 (m, 4H), 1.69 – 

1.55 (m, 5H).  13C{1H} NMR (101 MHz, CDCl3): δ 135.1, 134.5, 131.4, 129.3, 128.7, 128.6, 

78.1, 25.3, 24.0, 22.7, 21.9, 21.4.  HRA-MS: Calculated 231.1259 for C14H17NO2, found 

231.1261.  

 

N-(benzyloxy)quinoline-8-carboxamide (116): Synthesized according 

to the general procedure from O-benzyl hydroxylamine hydrochloride 

(159.61 mg, 0.98 mmol, 1 equiv.) with the exception that quinoline-8-

carbonyl chloride HCl (222.3 mg, 0.98 mmol, 1 equiv.) was added to the 

reaction flask as a solid in a single portion and 3 equivalents of sodium carbonate (311 mg, 2.93 

mmol) were used.    The product was purified by column chromatography and isolated as a 

yellow solid (34.3 mg, 0.123 mmol, 13% yield).  1H NMR (400 MHz, CDCl3): δ 13.47 (br s), 

8.85 (d, J = 7.3 Hz, 1H), 8.69 (dd, J = 4.2 Hz, 1.5 Hz, 1H), 8.26 (dd, J = 8.4 Hz, 1.0 Hz, 1H), 

7.97 (d, J = 8.2 Hz, 1H), 7.69 (t, J = 7.9 Hz, 1H), 7.56 – 7.52 (m, 2H), 7.47 – 7.43 (m, 1H), 7.41 

– 7.35 (m, 3H), 5.15 (s, 2H).  13C{1H} NMR (101 MHz, CDCl3): δ 171.1, 164.2, 149.3, 144.7, 

137.8, 136.1, 133.8, 132.1, 129.3, 128.5, 128.4, 138.3, 126.7, 121.1, 78.1.  HRA-MS: Calculated 

263.0946 for C17H14N2O2, found 263.0956. 

 N-(benzyloxy)thiophene-2-carboxamide (120): Synthesized 

according to the general procedure from O-benzyl hydroxylamine 

hydrochloride (1.09 g, 6.82 mmol, 1 equiv.), potassium carbonate 

(1.885 g, 13.64 mmol, 2 equiv.) and thiophene-2-carbonyl chloride (1 g, 6.82 mmol, 1 equiv.).  

The product was obtained as a waxy off-white solid (1.49 g, 6.42 mmol, 94% yield).  1H NMR 

(400 MHz, CDCl3): δ 8.33 (br s, 1H), 7.62 (br s, 1H), 7.54 (d, J = 5.0 Hz, 1H), 7.46 – 7.37 (m, 
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5H), 7.10 - 7.07 (m, 5H), 5.01 (s, 2H).  The spectroscopic data are in agreement with the 

literature.43  

N-(benzyloxy)benzothioamide (124):   Synthesized according to the 

general procedure from thiobenzoyl chloride (500 mg, 3.1922 mmol, 

1.2 equiv.), O-benzyl hydroxylamine hydrochloride (159.61 mg, 0.98 

mmol, 1 equiv.).  The title compound was obtained as a yellow solid after purification by column 

chromatography (398.6 mg, 1.638 mmol, 51.3%).  1H NMR (400 MHz, CDCl3): δ 8.94 (br s.), 

7.67 (d, J = 8.1 Hz, 2H), 7.48 (t, J = 7.7 Hz, 1H), 7.44 – 7.34 (m, 7H). 5.00 (s, 2H).  13C{1H} 

NMR (101 MHz, CDCl3): δ 135.3, 132.1, 132.0, 129.3, 128.8, 128.7, 128.6, 127.1, 78.4.  HRA-

MS: calculated 243.0718 for C14H13NOS, found 243.0712. 

N-(benzyloxy)-2-methylbenzamide (137): Synthesized according to the 

general procedure from 2-methylbenzoyl chloride (448 mg, 2.898 mmol, 

1 equiv.), O-benzyl hydroxylamine hydrochloride (463 mg, 2.898 mmol, 

1 equiv.) and potassium carbonate (801 mg, 5.796 mmol, 2 equiv.).  The title compound was 

obtained by recrystallization from a concentrated ether solution at 5 oC to yield a white 

crystalline solid (558.2 mg, 2.313 mmol, 80% yield).  1H NMR (400 MHz, CDCl3): δ 8.47 (br. s, 

1H), 7.49 – 7.12 (m, 9H), 5.04 (s, 2H), 2.40 (s, 3H). 13C{1H} NMR (101 MHz, CDCl3): δ 168.0, 

136.9, 135.2, 132.8, 131.0, 130.5, 129.3, 128.8, 128.7, 127.1, 125.6.  HR-MS: Calculated 

241.1103 for C15H15NO2, found 241.1103.   

N-(benzyloxy)-2,6-dimethylbenzamide (138): Synthesized according 

to the general procedure from 2,6-dimethylbenzoyl chloride (200 mg, 

1.186 mmol, 1 equiv.), O-benzyl hydroxylamine hydrochloride (189.3 

mg, 1.186 mmol, 1 equiv.) and potassium carbonate (327.8 mg, 2.372 mmol, 2 equiv.).  The title 
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compound was isolated as a pale-yellow solid (185.4 mg, 0.723 mmol, 61% yield). 1H NMR 

(400 MHz, CDCl3): δ 7.35 – 7.15 (m, 6H), 7.03 (t, J = 7.8 Hz, 1H), 6.85 (d, J = 7.6 Hz, 2H), 4.92 

(s, 2H), 2.14 (s, 6H).  13C{1H} NMR (400 MHz, CDCl3): δ 167.41, 135.4, 129.5, 129.7, 128.8, 

128.6, 128.5, 128.4, 127.5, 78.4, 19.02.  HR-MS: Calculated 255.1259 for C16H17NO2, found 

255.1263.   

N-(benzyloxy)-2,6-bis(trifluoromethyl)benzamide (139): Synthesized 

according to the general procedure from 2,6-bis(trifluoromethyl)benzoyl 

chloride (200 mg, 0.723 mmol, 1 equiv.), O-benzyl hydroxylamine 

hydrochloride (115 mg, 0.723 mmol, 1 equiv.) and potassium carbonate (200.4 mg, 1.45 mmol, 2 

equiv.).  The title compound was isolated as a white solid (71 mg, 0.195 mmol, 27% yield).  1H 

NMR (400 MHz, CDCl3): δ 7.90 (d, J = 7.9 Hz, 2H), 7.72 (t, J = 8.0 Hz, 1H), 7.31 – 7.22 (m, 

5H), 5.32 (br. s., 1H), 4.63 (s, 2H).   

N-(benzyloxy)-2-(trifluoromethyl)benzamide (140): Synthesized 

according to the general procedure from 2-(trifluoromethyl)benzoyl 

chloride (500 mg, 2.397 mmol, 1 equiv.), O-benzyl hydroxylamine 

hydrochloride (382.6 mg, 2.397 mmol, 1 equiv.) and potassium carbonate (663 mg, 4.8 mmol, 2 

equiv.).  The title compound was isolated as a white crystalline solid (499 mg, 1.689 mmol, 71% 

yield) after recrystallization from diethyl ether at 5 oC.  1H NMR (400 MHz, CDCl3): δ 8.59 (br. 

s, 1H), 7.60 – 7.21 (m, 9H), 4.91 (s, 2H). 19F{1H} NMR (376 MHz, CDCl3): δ -58.81.  13C{1H} 

NMR (101 MHz, CDCl3): δ 165.2, 135.0, 132.0, 130.5, 129.3, 129.1, 128.8, 128.6, 126.5 (q, JC-F 

= 4.7 Hz), 78.3.  HRA-MS: Calculated 295.0820 for C15H12F3NO2, found 295.0820.  
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N-(benzyloxy)-4-(trifluoromethyl)benzenesulfonamide (128): A 

100 ml round bottom flask equipped with a stirbar was charged with 

O-benzyl hydroxylamine hydrochloride (653 mg, 4.088 mmol, 1 

equiv.), 7.5 ml water and 5 ml methanol.  A solution of potassium carbonate (565 mg, 4.088 

mmol, 1 equiv.) in 7 ml water was added dropwise and the reaction flask was stirred vigorously 

for 1 hour.  Ice cold methanol (50 ml) was poured into the flask and 4-

(trifluoromethyl)benzenesulfonyl chloride (1 g, 4.088 mmol) was added to the reaction portion-

wise using a spatula.  The reaction was stirred for 5 hours and the methanol was removed in 

vacuo.  The remaining water mixture was acidified with 3 M HCl solution and the product was 

extracted to ethyl acetate.  The organic layers were combined, washed with brine, dried over 

sodium sulphate and filtered.  The filtrate was concentrated in vacuo to yield the title compound 

as a faintly pink solid (767 mg, 2.32 mmol, 57%).  1H NMR (400 MHz, CDCl3): δ 8.06 (d, J = 

8.6 Hz, 2H), 7.80 (d, J = 9.1 Hz, 2H), 7.38 – 7.33 (m, 5H), 7.00 – 6.98 (br s, 1H), 5.00 (s, 2H).  

19F{1H} NMR (376 MHz, CDCl3): δ -63.23.  13C{1H} NMR (101 MHz, CDCl3): δ 140.11, 

135.34 (q, 2JC-F = 33.1 Hz), 134.94, 129.4, 129.1, 128.9, 128.6, 126.21 (q, 3JC-F = 3.9 Hz), 123.2 

(q, 1JC-F = 273.3), 79.7.  HRA-MS: Calculated 331.0490 for C14H12F3NO3S, found 331.0499.   

General procedure for the synthesis of anomeric amides derived from hydroxamates 

bearing new acyl substituents: 

 

To a stirred suspension of N-(benzyloxy)-amide derivative (0.429 mmol, 1 equivalent) in 

CH2Cl2 (2 mL) in a 50 ml pear shaped round bottom flask was added freshly prepared t-BuOCl 
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(61 mg, 0.557 mmol, 1.3 equiv.) in a single portion. The reaction was shielded from ambient 

light and stirred at room temperature for 2 hours (consumption of starting material by TLC). The 

solution was concentrated in vacuo to afford the N-(benzyloxy)-N-chloro-amide product as a 

yellow liquid, which was immediately used in the next step.  To a suspension of sodium pivalate 

(80 mg, 0.643 mmol, 1.5 equiv.) in dry acetonitrile (2 ml) under a nitrogen atmosphere was 

added a degassed solution of N-(benzyloxy)-N-chloro-amide derivative 2 ml dry acetonitrile. The 

reaction was shielded from light and stirred vigorously at ambient temperature for 2 hours.  Upon 

completion (consumption of starting material monitored by TLC), the reaction mixture was 

diluted with 10 ml diethyl ether and vacuum filtered to remove a white salt (sodium chloride).  

The filtrate was concentrated in vacuo to yield the anomeric amide product.   

N-(benzyloxy)-N-(pivaloyloxy)-methylcarbamate (73): Synthesized 

according to the general procedure from methyl benzyloxycarbamate (750 mg, 

4.54 mmol). The title compound was obtained as a clear, colourless oil (878 

mg, 3.12 mmol, 69% yield over two steps). 1H NMR (400 MHz, CDCl3): δ 7.43 – 7.32 (m, 5H), 

5.07 (3, 2H), 3.84 (s, 3H), 1.21 (s, 9H). 13C{1H} NMR (101 MHz, CDCl3): δ 175.4, 158.7, 

135.2, 129.2, 128.4, 78.01, 54.9, 38.3, 26.8. HRMS (ESI) calculated 281.1263 for C14H19NO5 

[M]+, found 281.1257. 

 

N-(benzyloxy)-N-(pivaloyloxy)pivalamide (81): Synthesized according to the 

general procedure from N-(benzyloxy)pivalamide (4.0 g, 19.3 mmol, 1 equiv.).  

The title compound was isolated as a pale yellow oil (5.25 g, 17.1 mmol, 88.6% 
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yield).  1H NMR (400 MHz, CDCl3): δ 7.38 – 7.36 (m, 5H), 5.07 (s, 2H), 1.31 (s, 9H), 1.23 (s, 

9H).  13C{1H} NMR (101 MHz, CDCl3): δ 182.7, 175.1, 134.8, 129.2, 128.9, 128.9, 128.7, 77.6, 

40.6, 38.6, 27.1, 27.0.   

 

N-(benzyloxy)-N-(pivaloyloxy)adamantane-1-carboxamide (88): Synthesized 

according to the general procedure from N-(benzyloxy)adamantane-1-

carboxamide  (1.0 g, 3.49 mmol, 1 equiv.).  The title compound was isolated as a 

pale yellow oil (1.05 g, 2.736 mmol, 78% yield).  1H NMR (400 MHz, CDCl3): δ 7.41 – 7.33 

(m, 5H), 5.07 (s, 2H), 2.04 – 1.99 (m, 8H), 1.75 – 1.64 (m, 7H), 1.23 (s, 9H).  13C{1H} NMR 

(100 MHz, CDCl3): δ 182.1, 175.1, 134.6, 129.2, 128.8, 128.6, 127.7, 77.4, 43.1, 37.9, 36.5, 

28.0, 26.9.   

N-(benzyloxy)-N-(pivaloyloxy)thiophene-2-carboxamide (121): Synthesized 

according to the general procedure from N-(benzyloxy)thiophene-2-

carboxamide (100 mg, 0.429 mmol, 1 equiv.).  The title compound was obtained 

as a pale yellow oil (120 mg, 0.36 mmol, 84% yield). 1H NMR (400 MHz, CDCl3): δ 7.92 (dd, J 

= 3.8 Hz, 1.3 Hz, 1H), 7.65 (dd, J = 5.1 Hz, 1.3 Hz, 1H), 7.47 – 7.43 (m, 2H), 7.41 – 7.32 (m, 

3H), 7.13 – 7.10 (m, 1H), 5.21 (s, 2H), 1.22 (s, 9H).  13C{1H} NMR (101 MHz, CDCl3): δ 175.1, 

166.8, 136.0, 134.6, 134.5, 132.1, 129.5, 128. 9, 128.6, 127.6, 78.3, 26.7.  HRA-MS: calculated 

333.1035 for C17H19NO4S, found 333.1035. 
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4.5.6. NMR Spectra of New Compounds. 

 

Figure 4.19. 1H NMR spectrum of N-(benzyloxy)-4-(trifluoromethyl)benzamide (28) in DMSO-

d6, 400 MHz. 

 

Figure 4.20. 19F{1H} NMR spectrum of N-(benzyloxy)-4-(trifluoromethyl)benzamide (28) in 

DMSO-d6, 376 MHz. 
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Figure 4.21. 13C{1H} NMR spectrum of N-(benzyloxy)-4-(trifluoromethyl)benzamide (28) in 

DMSO-d6, 101 MHz 

 

Figure 4.22. 1H NMR spectrum of N-(benzyloxy)-N-(chloro)-4-(trifluoromethyl)benzamide (29) 

in CDCl3, 400 MHz. 
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Figure 4.23. 13C{1H} NMR spectrum of N-(benzyloxy)-N-(chloro)-4-

(trifluoromethyl)benzamide (29) in CDCl3, 100 MHz. 

 

 

Figure 4.24. 19F{1H} NMR spectrum of N-(benzyloxy)-N-(chloro)-4-

(trifluoromethyl)benzamide (29) in CDCl3, 376 MHz. 
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Figure 4.25. 1H NMR spectrum of N-(benzyloxy)-N-(pivaloyloxy)-4-

(trifluoromethyl)benzamide (30) in CDCl3, 400 MHz. 

 

 

Figure 4.26. 19F{1H} NMR spectrum of N-(benzyloxy)-N-(pivaloyloxy)-4-

(trifluoromethyl)benzamide (30) in CDCl3, 376 MHz. 
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Figure 4.27. 13C{1H} NMR spectrum of N-(benzyloxy)-N-(pivaloyloxy)-4-

(trifluoromethyl)benzamide (30) in CDCl3, 101 MHz. 

 

 

Figure 4.28. 1H NMR spectrum of N-(benzyloxy)-N-(isobutyryloxy)-4-

(trifluoromethyl)benzamide (33) in CDCl3, 400 MHz. 
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Figure 4.29. 19F{1H} NMR spectrum of N-(benzyloxy)-N-(isobutyryloxy)-4-

(trifluoromethyl)benzamide (33) in CDCl3, 376 MHz. 

 

 

Figure 4.30. 13C{1H} NMR spectrum of N-(benzyloxy)-N-(isobutyryloxy)-4-

(trifluoromethyl)benzamide (33) in CDCl3, 101 MHz. 
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Figure 4.31. 1H NMR spectrum of N-(benzyloxy)-N-((3-methylbutanoyl)oxy)-4-

(trifluoromethyl)benzamide (34) in CDCl3, 400 MHz. 

 

 

Figure 4.32. 19F{1H} NMR spectrum of N-(benzyloxy)-N-((3-methylbutanoyl)oxy)-4-

(trifluoromethyl)benzamide (34) in CDCl3, 376 MHz. 
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Figure 4.33. 13C{1H} NMR spectrum of N-(benzyloxy)-N-((3-methylbutanoyl)oxy)-4-

(trifluoromethyl)benzamide (34) in CDCl3, 101 MHz. 

 

Figure 4.34. 1H NMR spectrum of N-(benzyloxy)-N-((3,3,3-trifluoro-2,2-

dimethylpropanoyl)oxy)-4-(trifluoromethyl)benzamide (40) in CDCl3, 400 MHz. 
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Figure 4.35. 19F{1H} NMR spectrum of N-(benzyloxy)-N-((3,3,3-trifluoro-2,2-

dimethylpropanoyl)oxy)-4-(trifluoromethyl)benzamide (40) in CDCl3, 376 MHz. 

 

 

Figure 4.36. 13C{1H} NMR spectrum of N-(benzyloxy)-N-((3,3,3-trifluoro-2,2-

dimethylpropanoyl)oxy)-4-(trifluoromethyl)benzamide (40) in CDCl3, 101 MHz. 
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Figure 4.37. 1H NMR spectrum of N-(benzyloxy)-N-((2-fluoro-2-methylpropanoyl)oxy)-4-

(trifluoromethyl)benzamide (39) in CDCl3, 400 MHz. 

 

 

Figure 4.38. 19F NMR spectrum of N-(benzyloxy)-N-((2-fluoro-2-methylpropanoyl)oxy)-4-

(trifluoromethyl)benzamide (39) in CDCl3, 376 MHz. 
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Figure 4.39. 13C{1H} NMR spectrum of N-(benzyloxy)-N-((2-fluoro-2-methylpropanoyl)oxy)-4-

(trifluoromethyl)benzamide (39) in CDCl3, 101 MHz. 

 

 

Figure 4.40. 1H NMR spectrum of sodium 2-fluoro-2-methylpropanoate (133) in D2O, 400 

MHz. 
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Figure 4.41. 19F NMR spectrum of sodium 2-fluoro-2-methylpropanoate (133) in D2O, 376 

MHz. 

 

 

 

Figure 4.42. 13C{1H} NMR spectrum of sodium 2-fluoro-2-methylpropanoate (133) in D2O, 101 

MHz. 
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Figure 4.43. 1H NMR spectrum of sodium 3,3,3-trifluoro-2,2-dimethylpropanoate (134) in D2O, 

400 MHz. 

 

 

Figure 4.44. 19F{1H} NMR spectrum of N-(benzyloxy)-N-((2-fluoro-2-methylpropanoyl)oxy)-4-

(trifluoromethyl)benzamide (134) in D2O, 376 MHz. 
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Figure 4.45. 13C{1H} NMR spectrum of N-(benzyloxy)-N-((2-fluoro-2-methylpropanoyl)oxy)-4-

(trifluoromethyl)benzamide (134) in D2O, 101 MHz. 

 

 

 

Figure 4.46. 1H NMR spectrum of 4-(trifluoromethyl)-N-((4-

(trifluoromethyl)benzyl)oxy)benzamide (50) in DMSO-d6, 400 MHz. 
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Figure 4.47. 19F{1H} NMR spectrum of 4-(trifluoromethyl)-N-((4-

(trifluoromethyl)benzyl)oxy)benzamide (50) in DMSO-d6, 376 MHz. 

 

 

Figure 4.48. 13C{1H} NMR spectrum of 4-(trifluoromethyl)-N-((4-

(trifluoromethyl)benzyl)oxy)benzamide (50) in DMSO-d6, 101 MHz. 
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Figure 4.49. 1H NMR spectrum of N-((3,5-bis(trifluoromethyl)benzyl)oxy)-4-

(trifluoromethyl)benzamide (51) in DMSO-d6, 400 MHz. 

 

 

Figure 4.50. 19F{1H} NMR spectrum of N-((3,5-bis(trifluoromethyl)benzyl)oxy)-4-

(trifluoromethyl)benzamide (51) in DMSO-d6, 376 MHz. 
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Figure 4.51. 1H NMR spectrum of N-((perfluorophenyl)methoxy)-4-(trifluoromethyl)benzamide 

(52) in DMSO-d6, 400 MHz. 

 

Figure 4.52. 19F{1H} NMR spectrum of N-((perfluorophenyl)methoxy)-4-

(trifluoromethyl)benzamide (52) in DMSO-d6, 376 MHz. 



276 
 

 

Figure 4.53. 13C{1H} NMR spectrum of N-((perfluorophenyl)methoxy)-4-

(trifluoromethyl)benzamide (52) in DMSO-d6, 101 MHz. 

 

 

Figure 4.54. 1H NMR spectrum of N-(2,2,2-trifluoroethoxy)-4-(trifluoromethyl)benzamide (57) 

in CDCl3, 400 MHz. 
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Figure 4.55. 19F{1H} NMR of N-(2,2,2-trifluoroethoxy)-4-(trifluoromethyl)benzamide (57) in 

CDCl3, 376 MHz. 

 

 

Figure 4.56. 13C{1H} NMR of N-(2,2,2-trifluoroethoxy)-4-(trifluoromethyl)benzamide (57) in 

CDCl3, 101 MHz. 
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Figure 4.57. 1H NMR of N-phenoxy-4-(trifluoromethyl)benzamide (60) in DMSO-d6, 400 MHz. 

 

 

Figure 4.58. 19F{1H} NMR of N-phenoxy-4-(trifluoromethyl)benzamide (60) in DMSO-d6, 376 

MHz. 
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Figure 4.59. 13C{1H} NMR spectrum of N-phenoxy-4-(trifluoromethyl)benzamide (60) in 

DMSO-d6, 101 MHz. 

 

 
Figure 4.60. 1H NMR spectrum of N-(pivaloyloxy)-4-(trifluoromethyl)-N-((4-

(trifluoromethyl)benzyl)oxy)benzamide (53) in CDCl3, 400 MHz. 
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Figure 4.61. 19F{1H} NMR spectrum of N-(pivaloyloxy)-4-(trifluoromethyl)-N-((4-

(trifluoromethyl)benzyl)oxy)benzamide (53) in CDCl3, 376 MHz. 

 

Figure 4.62. 1H NMR spectrum of N-((3,5-bis(trifluoromethyl)benzyl)oxy)-N-(pivaloyloxy)-4-

(trifluoromethyl)benzamide (54) in CDCl3, 400 MHz.  
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Figure 4.63. 1H NMR spectrum of N-(pivaloyloxy)-N-(2,2,2-trifluoroethoxy)-4-

(trifluoromethyl)benzamide (58) in CDCl3, 400 MHz.  

 

Figure 4.64. 1H NMR spectrum of quinoline-8-carbonyl chloride HCl (115) in DMSO-d6, 400 

MHz. 
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Figure 4.65. 13C{1H} NMR spectrum of quinoline-8-carbonyl chloride HCl (115) in DMSO-d6, 

101 MHz. 

 

 

Figure 4.66. 1H NMR spectrum of N-(benzyloxy)-2-fluoro-2-methylpropanamide (96) in CDCl3, 

400 MHz.   
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Figure 4.67. 19F NMR spectrum of N-(benzyloxy)-2-fluoro-2-methylpropanamide (96) in 

CDCl3, 376 MHz.   

 

 

Figure 4.68. 19F NMR spectrum expanded of N-(benzyloxy)-2-fluoro-2-methylpropanamide (96) 

in CDCl3, 376 MHz.   
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Figure 4.69. 13C{1H} NMR spectrum of N-(benzyloxy)-2-fluoro-2-methylpropanamide (96) in 

CDCl3, 101 MHz.   

 

Figure 4.70. 1H NMR spectrum of N-(benzyloxy)-3,3,3-trifluoro-2,2-dimethylpropanamide 

(101) in CDCl3, 400 MHz.   
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Figure 4.71. 19F{1H} NMR spectrum of N-(benzyloxy)-3,3,3-trifluoro-2,2-dimethylpropanamide 

(101) in CDCl3, 376 MHz.   

 

 

 

Figure 4.72. 13C{1H} NMR spectrum of N-(benzyloxy)-3,3,3-trifluoro-2,2-dimethylpropanamide 

(101) in CDCl3, 101 MHz.   

 



286 
 

 

Figure 4.73. 1H NMR spectrum of N-(benzyloxy)but-2-ynamide (106) in CDCl3, 400 MHz.   

 

 

Figure 4.74. 13C{1H} NMR spectrum of N-(benzyloxy)but-2-ynamide (106) in CDCl3, 101 

MHz.   
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Figure 4.75. 1H NMR spectrum of N-(benzyloxy)cyclohex-1-ene-1-carboxamide (111) in 

CDCl3, 400 MHz.  

 

Figure 4.76. 13C{1H} NMR spectrum of N-(benzyloxy)cyclohex-1-ene-1-carboxamide (111) in 

CDCl3, 101 MHz.  
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Figure 4.77. 1H NMR spectrum of N-(benzyloxy)quinoline-8-carboxamide (116) in CDCl3, 400 

MHz.  

 

 

Figure 4.78. 13C{1H} NMR spectrum of N-(benzyloxy)quinoline-8-carboxamide (116) in 

CDCl3, 101 MHz.  
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Figure 4.79. 1H NMR spectrum of N-(benzyloxy)benzothioamide (124) in CDCl3, 400 MHz.  

 

 

Figure 4.80. 13C{1H} NMR spectrum of N-(benzyloxy)benzothioamide (124) in CDCl3, 101 

MHz.  
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Figure 4.81. 1H NMR spectrum of N-(benzyloxy)-2-methylbenzamide (137) in CDCl3, 400 

MHz. 

 

 

Figure 4.82. 13C{1H} NMR spectrum of N-(benzyloxy)-2-methylbenzamide (137) in CDCl3, 100 

MHz. 
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Figure 4.83. 1H NMR spectrum of N-(benzyloxy)-2,6-dimethylbenzamide (138) in CDCl3, 400 

MHz. 

 

 

Figure 4.84. 13C{1H} NMR spectrum of N-(benzyloxy)-2,6-dimethylbenzamide (138) in CDCl3, 

100 MHz. 
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Figure 4.85. 1H NMR spectrum of N-(benzyloxy)-2,6-bis(trifluoromethyl)benzamide (139) in 

CDCl3, 400 MHz. 

 

 

Figure 4.86. 1H NMR spectrum of N-(benzyloxy)-2-(trifluoromethyl)benzamide (140) in CDCl3, 

400 MHz.  
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Figure 4.87. 19F{1H} NMR spectrum of N-(benzyloxy)-2-(trifluoromethyl)benzamide (140) in 

CDCl3, 376 MHz.  

 

 

 

Figure 4.88. 13C{1H} NMR spectrum of N-(benzyloxy)-2-(trifluoromethyl)benzamide (140) in 

CDCl3, 101 MHz.  
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Figure 4.89. 1H NMR spectrum of N-(benzyloxy)-4-(trifluoromethyl)benzenesulfonamide (128) 

in CDCl3, 400 MHz.  

 

Figure 4.90. 19F{1H} NMR spectrum of N-(benzyloxy)-4-(trifluoromethyl)benzenesulfonamide 

(128) in CDCl3, 376 MHz.  
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Figure 4.91. 13C{1H} NMR spectrum of N-(benzyloxy)-4-(trifluoromethyl)benzenesulfonamide 

(128) in CDCl3, 100 MHz.  

 

 

 

Figure 4.92. 1H NMR spectrum of N-(benzyloxy)-N-(pivaloyloxy)-methylcarbamate (73) in 

CDCl3, 400 MHz. 
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Figure 4.93. 13C{1H} NMR spectrum of N-(benzyloxy)-N-(pivaloyloxy)-methylcarbamate (73) 

in CDCl3, 100 MHz. 

  

 
Figure 4.94. 1H NMR spectrum of N-(benzyloxy)-N-(pivaloyloxy)pivalamide (81) in CDCl3, 

400 MHz.  
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Figure 4.95. 13C{1H} NMR spectrum of N-(benzyloxy)-N-(pivaloyloxy)pivalamide (81) in 

CDCl3, 100 MHz. 

 

 

 

Figure 4.96. 1H NMR spectrum of N-(benzyloxy)-N-(pivaloyloxy)adamantane-1-carboxamide 

(88) in CDCl3, 400 MHz.   
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Figure 4.97. 13C{1H} NMR spectrum of N-(benzyloxy)-N-(pivaloyloxy)adamantane-1-

carboxamide (88) in CDCl3, 100 MHz.   

 

 

Figure 4.98. 1H NMR spectrum of N-(benzyloxy)-N-(pivaloyloxy)thiophene-2-carboxamide 

(121) in CDCl3, 400 MHz.   
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Figure 4.99. 13C{1H} NMR spectrum of N-(benzyloxy)-N-(pivaloyloxy)thiophene-2-

carboxamide (121) in CDCl3, 101 MHz.   
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CHAPTER 5 

Mechanistic Studies of Tungsten-Alkylidyne Photoredox-Catalyzed C-H Arylation 

Reactions and the Synthesis of a Sterically Protected Tungsten-Alkylidyne Complex 

 

5.1. Introduction. 

Photoredox-catalyzed C-H arylation has been highly explored in recent years as a novel 

method of C-C bond formation.1-6 Photoredox catalysts are chromophores that absorb light to 

generate an excited state that is simultaneously a stronger oxidant and reductant relative to the 

ground state (Figure 5.1).7  While many photoredox-catalyzed transformations involve the 

chromophore acting as an oxidant, the focus of this chapter will be chromophores that catalyze C-

H arylation via photoreduction. The strongest commercially available photoreductant 

chromophore previously employed for C-H arylation is fac-Ir(ppy)3 (E
*/ox = −2.15 V vs. FeCp2

0/+ 

in DMF*).7, 8 The excited-state oxidation potential of a photoredox chromophore defines the 

substrate scope for its synthetic applications. In some instances, this has resulted in the use of easy-

to-reduce compounds such as aryl diazonium salts ([PhN2][PF6], E
red = −0.046 V vs FeCp2

0/+ in 

acetonitrile)7 and hypervalent iodide salts ([Ph2I][PF6], E
red = −0.6 V vs FeCp2

0/+)4 as substrates in 

photoredox-catalyzed C-H arylation reactions.3, 4, 6 There are significant drawbacks to the use of 

these substrates; namely the instability of diazonium salts and the cost of hypervalent iodide salts 

renders these reactions impractical on an industrial scale.4, 9  

 
 

 
 

 

Figure 5.1. Ground-state and excited-state redox potentials of photoredox chromophores.   

 
* Literature values reported as referenced to SCE are converted using the solvent dependent conversion factors 

reported by Connelly and Geiger (Ref. 8).  
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Unactivated aryl halides are desirable substrates for C-H arylation but have been previously 

out of range of the excited-state oxidation potentials of available photoreduction chromophores.3, 

10 For example, the reduction potentials of PhI, PhBr and PhCl are −2.63 V in acetonitrile, −2.89 

V in DMF, and −3.23 V in DMF vs FeCp2
0/+, respectively, which places them ≥0.5 V uphill from 

Ir(ppy)3*.11, 12 The Hopkins Group has developed a series of tungsten-alkylidyne visible-light 

chromophores of the type W(CAr)L4X (where Ar is an aryl group, L is an equatorial phosphine 

ligand and X is a halide) with tunable excited state oxidation potentials as low as −3.2 V vs. 

FeCp2
0/+.13  The tunability of the photoredox potentials of these compounds is based on their 

symmetry-orthogonal frontier orbitals. The HOMO is dxy, which is of  (or *) symmetry with 

respect to the L ligands and nonbonding with respect to the CAr and X ligands, and LUMO is 

*(WCAr) and additionally interacts with X. Thus, the energy of the HOMO is controlled by the 

nature of the L substituents and the energy of the LUMO is controlled by the Ar and X substituents 

(Figure 5.2a-b).13  Dr. Hunter Vibbert, a former student in the Hopkins Group, has successfully 

used these chromophores in visible-light photoredox-catalyzed C-H arylation reactions of 

unactivated aryl halides.14  The postulated mechanism for this transformation begins with 

reduction of an aryl halide by the chromophore to form an aryl radical, which reacts with a radical 

acceptor (pyrrole, arene) to generate an enyl intermediate. In the presence of the exogenous base 

1,1,3,3-tetramethylguanidine (TMG), the chromophore is regenerated and the C-H arylation 

product is produced (Figure 5.2c).14 The fine details regarding the conversion of the intermediate 

to product and the regeneration of the chromophore are not known, however. In this chapter, the 

mechanism by which the enyl intermediate loses both a proton and an electron to generate C-H 

arylation product is explored. The experiments are conducted using W(CPh)(depe)2Cl (1) (E*/ox = 

−2.78 V vs. FeCp2
0/+ in THF)13 (depe, 1,2-bis(diethylphosphino)ethane) because preliminary 
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results have shown this chromophore has greater air stability than the W(CAr)(dmpe)2Cl 

chromophores (dmpe = 1,2-bis(dimethylphosphine)ethane) used in the earlier photoredox studies.  

 
Figure 5.2. a) W(CAr)L4X chromophores with tunable HOMO and LUMO orbitals achieve 

excited-state oxidation potentials as low as −3.2 V vs. FeCp2
0/+.  b) The tungsten-alkylidyne 

chromophore W(CPh)(depe)2Cl (1) used in this chapter containing equatorial depe ligands. c) 

Proposed catalytic cycle for tungsten photoredox-catalyzed C-H arylation including key 

mechanistic question addressed in this chapter.  
 

The formation of the C-H arylation product from the enyl intermediate requires either loss 

of a hydrogen atom or of an electron and proton. This could proceed in one of two ways. One way 

it could proceed is through a multisite-proton-coupled electron-transfer (PCET) reaction15, 16 in 

which the oxidized chromophore [W(CAr)L4X]+ is reduced by the enyl intermediate to regenerate 

W(CAr)L4X and the exogenous base TMG deprotonates the enyl intermediate (Figure 5.3). In 

principle, either sequence of these two events—oxidation/deprotonation or 

deprotonation/oxidation—is possible, with operative sequence being determined by the relative 

pKas and redox potentials of the reactants.  This multisite-PCET mechanism has been broadly 

invoked in the literature for photoreduction catalyzed C-H functionalization chemistry.6, 17-29 

Alternatively, the C-H arylation product could be produced by a proton-coupled electron-transfer 

between the oxidized chromophore and the enyl intermediate to generate the tungsten-hydride 

complex [HW(CAr)L4X]+. Deprotonation of photogenerated [HW(CAr)L4X]+ by TMG would 

restore the chromophore (Figure 5.4) and complete the catalytic cycle.  Several examples of such 

a) b) c) 
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seven-coordinate tungsten–alkylidyne hydride species have been prepared and studied including 

the ion [HW(CPh)(dmpe)2Cl]+,30 which is interconvertible with the photoredox chromophore 

W(CPh)(dmpe)2Cl (2) employed in earlier studies through reversible Brønsted acid-base reactions. 

Additionally, our group has previously shown that an analogous oxidized [W(CPh)(dppe)2Cl]+ 

complex can react with dihydrogen to generate [HW(CPh)(dppe)2Cl]+,31  which is suggestive of a 

PCET reaction (Figure 5.4). This type of chromophore-centered mechanism has not been reported 

to occur in C-H arylation reactions catalyzed by visible-light photoreduction chromophores, and 

if operative would be a novel reaction pathway.    

          
Figure 5.3.  Potential multisite-proton-coupled electron-transfer mechanism in which the enyl 

intermediate loses a proton to the exogenous base and an electron to the oxidized chromophore. 

 

 

 

 

 

 

Figure 5.4.  Potential proton-coupled electron-transfer mechanism in which the enyl intermediate 

reacts with oxidized chromophore to generate a tungsten-hydride species.   

 

In this chapter, the [HW(CPh)(depe)2Cl]+ cation is first isolated to demonstrate that this is 

a feasible catalytic intermediate.  A stoichiometric reaction between W(CPh)(depe)2Cl and aryl 

halide in the presence of radical acceptor is conducted and [HW(CPh)(depe)2Cl]+ and C-H 

arylation product are produced, suggesting that PCET between an enyl intermediate and oxidized 

chromophore is a viable reaction pathway.  DFT calculations are used to study the possible PCET 
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mechanisms for this transformation and suggest that ET-PT is thermodynamically favourable 

while PT-ET is not.  Catalytic and stoichiometric reactions are performed with different radical 

acceptors to determine whether the mechanism is ET-PT or HAT. Additionally, the synthesis of a 

new, sterically bulky tungsten-alkylidyne complex W(CPh)(diBupe)2Cl (3) is discussed. 

5.2. Results and Discussion. 

5.2.1. Synthesis and Characterization of [HW(CPh)(depe)2Cl][BArF24] ([1H][BArF24]). 

In view of the mechanistic considerations outlined in the introduction, we were interested 

in synthesizing the tungsten-alkylidyne hydride complex [HW(CPh)(depe)2Cl] ([1H]+), which is 

a potential intermediate in the photoredox reaction (Figure 5.4). Previous work by the Hopkins 

and Schrock groups demonstrated that d2 tungsten-alkylidyne complexes of the type W(CR)L4X 

are strong Brønsted bases that react with protons to generate seven-coordinate tungsten- alkylidyne 

hydride complexes of form [HW(CR)L4X]+.31, 32  Following the method previously by Newsom et 

al.,31 a THF solution of 1 was treated with ethereal HCl resulting in the bleaching of the colour 

and the production of a white precipitate, presumably [HW(CPh)(depe)2Cl]Cl ([1H]Cl).  Salt 

metathesis with NaBArF24 (BArF24- = tetrakis(3,5-bis(trifluoromethyl)phenyl)borate)) was used to 

provide a salt with greater solubility in organic solvents, providing off-white [1H][BArF24] in 30% 

yield post recrystallization (Scheme 5.1).  [1H][BArF24]  was characterized with 1H-, 31P{1H}-, 

13C{1H}-, and 19F{1H}-NMR spectroscopy as well as HR-MS and single-crystal X-ray diffraction.   

 

Scheme 5.1.  Synthesis of [HW(CPh)(depe)2Cl][BArF24] ([1H][ BArF24]). 
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 The NMR spectra of [1H][BArF24] are consistent with the cation being fluxional, as 

observed for other [HW(CR)L4X]+ ions.30-32 The fluxionality has been described as involving rapid 

conversion between benzylidyne hydride and benzylidene tautomers on the NMR timescale.32 The 

signatures of this for [1H][BArF24] are that the 31P{1H} NMR spectrum exhibits one very broad 

peak at room temperature and the 13C{1H} NMR spectrum exhibits two resonances for both the 

PCH2CH3 and PCH2CH3 functionalities as opposed to four distinct signals (Figure 5.43).  This is 

consistent with the NMR data reported for [HW(CPh)(dmpe)2Cl]+ ([2H]+) by Dr. Chris Hansen.30  

The 1H NMR resonance of the hydride ligand is not visible due to overlap other resonances in the 

aliphatic region.  The resonance for the hydride ligand may lie under the PCH2CH2P resonance 

because the latter has an integration of greater than 4 protons (Figure 5.40).  The 1H NMR 

resonance of the hydride ligand for the analogous complex [2H]+ is also shown to be in the 

aliphatic region.30  Because the NMR spectra do not allow identification of all nuclei, high 

resolution mass spectrometry was used to verify that a hydride complex is indeed produced. The 

experimental m/z ratio of 721.2323 closely matches the predicted molecular weight of 721.2361 

(Figure 5.48).  The X-ray crystal structure was also obtained. 

Crystals of [1H][BArF24] were grown from concentrated acetonitrile solution and the 

structure (Figure 5.5a) is shown to be analogous with the 7-coordinate, pentagonal-bipyramidal 

geometry found in the crystal structure of [HW(CPh)(dmpe)2Cl][BArF20] ([2H][BArF20]) obtained 

by Dr. Chris Hansen.30 The chloride and benzylidyne functionalities of [1H]+ are linear 

(C(1)W(1)Cl(1) = 177.0(2)° and occupy the axial sites of the structure, while the phosphine ligands 

occupy the equatorial sites (C(1)W(1)P(avg) = 91.7[2]°). The hydride atom is not detected or 

modelled in the crystal structure of [1H]+, however the P(1)W(1)P(4) angle of 117.99(6)° matches 

the angle of 119.13(3)° in the structure of [2H][BArF20], in which the hydride ligand was observed 
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(Table 5.1).30   Additionally, the structure of [1H]+ was computed by DFT with Gaussian 1633 

using the B3P86 functional (Figure 5.5b).34  The Dunning (DZP) basis set35 was used for atoms H, 

C, P, Cl and the LANL2DZ basis set with effective core potentials was used for W.36  The geometry 

of the DFT structure is in reasonable agreement with the geometry of the crystal structure except 

for the W–Cl bond length, which is substantially longer in the calculated structure than the crystal 

structure (Table 5.1). 

 

Figure 5.5. a) Molecular structure of [HW(CPh)(depe)2Cl]+ ([1H]+) (50% probability ellipsoids).  

Hydrogen atoms, disordered atoms and BArF24⁻ counterion omitted for clarity.  b) DFT 

computed structure of [HW(CPh)(depe)2Cl]+ ([1H]+).  Hydrogen atoms removed for clarity.   

 
Parameter [HW(CPh)(depe)2Cl]+ 

crystal structure 

[HW(CPh)(depe)2Cl]+ 

DFT structure 

[HW(CPh)(dmpe)2Cl]+ 

crystal structure30 

W(1)-Cl(1) (Å) 2.555(2) 2.674 2.5362(11) 

W(1)-P(1) (Å) 2.462(2) 2.506 2.4466(9) 

W(1)-P(2) (Å) 2.550(2) 2.582 2.5600(9) 

W(1)-P(3) (Å) 2.549(2) 2.572 2.5599(9) 

W(1)-P(4) (Å) 2.490(2) 2.507 2.4623(8) 

W(1)-C(1) (Å) 1.804(7) 1.808 1.809(3) 

W(1)-H (Å) - 1.718 1.64(3) 

P(1)W(1)P(2) (°) 79.02(7) 77.613 76.94(3) 

P(1)W(1)P(4) (°) 86.76(7) 86.347 86.45(3) 

P(2)W(1)P(3) (°) 117.99(6) 117.300 119.13(3) 

P(2)W(1)P(4) (°) 75.85(6) 77.230 76.96(3) 

ΣPW(1)P (°) 359.62[7] 358.49 359.48[3] 

C(1)W(1)P(avg) (°) 91.7[2] 93.9 92.91[10] 

C(1)W(1)Cl(1) (°) 177.0(2) 177.0 179.09(10) 

Table 5.1. Comparison of structural parameters between the crystal structures of [1H]+ and 

[2H]+ and the DFT structure of [1H]+. 

     

        

    
    

    

        

    
    

     

    

    

a) 
b) 



 
 

311 
 

 

5.2.2. Production of [1H]+ as a C-H Arylation Reaction Intermediate. 

The synthesis and characterization of [1H][BArF24] shows that [1H]+ is viable as a potential 

intermediate in photoredox-driven C-H arylation reactions.  To determine if [1H]+ could be 

produced under photoredox conditions, a stoichiometric photo-reaction between 1 and an aryl 

halide in the presence of radical acceptor was conducted in the absence of exogenous base.  2-

Chlorobenzonitrile was chosen as the aryl halide and N-methylpyrrole was chosen as the radical 

acceptor because previous studies by Dr. Vibbert demonstrated this reaction quantitatively forms 

the C-H arylation product at 2 mol% photocatalyst loading in acetonitrile.14  Irradiation of an 

NMR-scale reaction mixture of 1 equivalent of 2-chlorobenzonitrile, 1 equivalent of 1, and 10 

equivalents of N-methylpyrrole in CD3CN for 24 hours resulted in complete consumption of  2-

chlorobenzonitrile, and formation of [1H]+ and the C-H arylation product 2-(1-methyl-1H-pyrrol-

2-yl)benzonitrile (4) in a 1:1 ratio. As seen in the 1H-NMR spectrum shown in Figure 5.6, the 

integrated intensities demonstrate molar ratio of 1.03:1.  The 1H NMR spectrum is very clean, 

consistent with the product being formed in high yield.  The identity of the C-H arylation product 

and [1H]+ were verified by comparison to authentic samples of 4 and [1H][BArF24] in CD3CN, 

respectively (Figures 5.7 - 5.10).  This experiment shows that a PCET reaction between an enyl 

intermediate and [1]+ to generate a hydride complex as a catalytic intermediate is a feasible 

reaction pathway (Figure 5.4).   
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Figure 5.6.  1H NMR spectrum (500.13 MHz, CD3CN) of the stoichiometric reaction between 2-

chlorobenzonitrile and W(CPh)(depe)2Cl (1) with 10 equivalents of N-methylpyrrole after 24 

hours of irradiation with white light shows [HW(CPh)(depe)2Cl]+ [1H]+ and C-H arylation 

product 4. Expanded spectra are shown in Figures 5.9–5.12. 
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Figure 5.7.  1H NMR spectra (500.13 MHz, CD3CN) of the aromatic region of the stoichiometric 

reaction between 2-chlorobenzonitrile and W(CPh)(depe)2Cl (1) with 10 equivalents of N-

methylpyrrole before (bottom) and after 24 hours of irradiation (middle) shows consumption of 

2-chlorobenzonitrile and production of 4 in comparison with authentic product (top).   

 

Figure 5.8.  Additional 1H NMR spectra (500.13 MHz, CD3CN) of the aromatic region of the 

stoichiometric reaction between 2-chlorobenzonitrile and W(CPh)(depe)2Cl (1) with 10 

equivalents of N-methylpyrrole and the absence of any base before (bottom) and after 24 hours 

of irradiation (second from bottom) shows production of 4 and [HW(CPh)(depe)2Cl]+ ([1H]+) in 

comparison with authentic products (top two spectra).   
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Figure 5.9.  1H NMR spectra (500.13 MHz, CD3CN) of the aliphatic region of the stoichiometric 

reaction between 2-chlorobenzonitrile and W(CPh)(depe)2Cl (1) with 10 equivalents of N-

methylpyrrole and the absence of any base before (bottom) and after 24 hours of irradiation 

(middle) shows production of 4 in comparison with authentic product (top).   

 

Figure 5.10. Additional 1H NMR spectra (500.13 MHz, CD3CN) of the aliphatic region of the 

stoichiometric reaction between 2-chlorobenzonitrile and W(CPh)(depe)2Cl (1) with 10 

equivalents of N-methylpyrrole and the absence of any base before (bottom) and after 24 hours 

of irradiation (middle) shows production of [HW(CPh)(depe)2Cl]+ ([1H]+) in comparison with 

authentic product (top).   
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5.2.3 DFT Calculations of pKas and Redox Potentials to Assess PCET Mechanistic 

Possibilities for the Production of [1H]+. 

 

The above sections demonstrated that [HW(CPh)(depe)2Cl] ([1H]+) is a stable, isolatable 

compound and that it forms stoichiometrically in a photo-driven reaction between 1, haloarene, 

and radical acceptor in the absence of base. If a PCET pathway involving a [HW(CAr)L4X]+ 

tungsten-hydride complex is operative under catalytic conditions, there are three PCET 

mechanisms that must be considered.37  The first pathway (ET-PT)37 involves step-wise outer-

sphere electron-transfer (ET) between the enyl intermediate and the oxidized chromophore 

[W(CAr)L4X]+ to regenerate W(CAr)L4X and produce the oxidized intermediate (a carbocation).  

A subsequent proton-transfer (PT) between the carbocation and W(CAr)L4X produces the C-H 

arylation product and [HW(CAr)L4X]+ (Figure 5.11). A second possible pathway is step-wise 

proton-transfer followed by electron-transfer (PT-ET).37  Unreacted W(CAr)L4X would first 

deprotonate the enyl intermediate (PT) to generate [HW(CAr)L4X]+ and a carbanion, which could 

then subsequently reduce [W(CAr)L4X]+ (ET) to regenerate W(CAr)L4X and produce the C-H 

arylation product (Figure 5.12).  The third possible pathway is concerted hydrogen atom transfer 

(HAT)37 between the enyl intermediate and [W(CAr)L4X]+ to generate [HW(CAr)L4X]+  and C-H 

arylation product (Figure 5.13).  In all three mechanisms, [HW(CAr)L4X]+ would be deprotonated 

by exogenous Brønsted base to close the catalytic cycle. 

 
Figure 5.11. Step-wise outer-sphere electron-transfer (ET) followed by proton-transfer (PT) to 

generate C-H arylation product and a tungsten-hydride complex. 
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Figure 5.12. Step-wise proton transfer (PT) followed by outer-sphere electron-transfer (ET) to 

generate C-H arylation product and a tungsten-hydride complex. 

          

 

Figure 5.13. Concerted hydrogen atom transfer (HAT) to generate C-H arylation product a 

tungsten-hydride complex.   

 

 In order to assess which PCET pathway is operative, DFT calculations were performed to 

predict the pKa and oxidation potential of enyl intermediates.  The pKa calculations were 

performed by Dr. Vibbert using Gaussian 1633 with the exchange-correlation functional B3LYP,38 

the basis set 6-31+G* and solvation energies calculated by the IEFPCM model (integral equation 

formalism polarizable continuum) with acetonitrile (ε = 35.7).39  The free energies of solvated 

protonated and deprotonated molecules are calculated and used to determine ΔGT (T = total) of 

deprotonation (Figure 5.14, equation 5.1).  ΔGT is related to pKα by equation 5.2, which is then 

converted to a corrected pKa by application of an experimental anchor value for triethylamine (pKa 

= 18.8)40 as shown in equation 5.3.  The validity of this method is demonstrated by comparing 

calculated pKa values of organic acids in acetonitrile with the experimentally determined values; 

and a strong correlation was observed.  As shown in Table 5.2 (entry i), the pKa of the enyl 
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intermediate generated from pyrrole acceptor (5) is determined to be 43, which means that 

W(CPh)(depe)2Cl (1) is not a strong enough base to depronotate it (pKa [1H]+ ≅ 23 (vide infra)).   

 

Figure 5.14. Relationship between free energy values used to determine ΔGT of deprotonation. 

ΔGT = G𝑝𝑟𝑜𝑡𝑜𝑛𝑎𝑡𝑒𝑑,𝑠𝑜𝑙𝑣  − G𝑑𝑒𝑝𝑟𝑜𝑡𝑜𝑛𝑎𝑡𝑒𝑑,𝑠𝑜𝑙𝑣 (5.1) 

pKα =
∆GT

2.303RT
 (5.2) 

pKa
calc = {pKα(HA) − pKα(HNEt3)} + 18.8 (5.3) 

  

 

Entry Molecule pKa
calc 

i 

 
5 

43 

ii 

 
6 

31 

iii 

 
7 

7 

 

Table 5.2.  DFT computed pKa values of select enyl intermediates in acetonitrile.   
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Previous work has demonstrated that tungsten-alkylidyne complexes are strong bases.31, 32  

The pKa of [HW(CPh)(dmpe)2Cl]+ ([2H]+) was determined to 16.8(1) in THF by Dr. Newsom.30  

The pKa of [HW(CPh)(depe)2Cl]+ ([1H]+) is approximated to be 22–24 in acetonitrile by two 

methods.  First, the deprotonation of [1H][BArF24] by two equivalents of TMG was monitored by 

UV-vis (Scheme 5.2, Figure 5.15) and the absorbance of the resulting W(CPh)(depe)2Cl (1) 

product was measured.  The absorbance was compared to that of a solution of 1 with known 

concentration and Beer’s law is used to determine the equilibrium concentration of deprotonated 

complex.  The equilibrium concentration of 1 was then used to determine the equilibrium 

concentration of TMG, [HTMG]+ and [1H]+, and these concentrations are used to calculate a 

reaction equilibrium constant of 0.142 (equation 5.4).  This provides pKa([1H]+) = 22.6 by use of 

equation 5.5,41 given that the pKa of TMG in acetonitrile has been reported as 23.4.42† The second 

method for estimating the pKa used a Bordwell cycle, which relates the pKa and W-H bond 

dissociation free energy of [HW(CPh)(depe)2Cl]+ with the oxidation potential of W(CPh)(depe)2Cl 

(Figure 5.16; Equation 5.6). It was assumed that the W-H BDFE of [HW(CPh)(depe)2Cl]+ is the 

same as that previously calculated for [2H]+, using the Bordwell cycle and the measured pKa of 

[2H]+ and oxidation potential of 2. The BDFE of [2H]+ is calculated to be 70.11 in THF13,30 and 

the measured oxidation potential (E1/2
0/+) of 1 is –0.84 V vs. FeCp2

0/+ in THF.13  Using the solvent 

dependent conversion factor of 54.9 (CG) for acetonitrile,37 these values provide pKa([1H]+) = 23.5.  

Taken together, these results eliminate the PT-ET pathway as a mechanistic possibility because 1 

is not a strong enough base to deprotonate 5 (pKa
DFT = 43).  The reverse ET-PT sequence requires 

that 1 be a strong enough base to deprotonate the oxidized enyl intermediate 7. A density functional 

theory calculation predicts that the pKa of the oxidized intermediate is 7 (Table 5.2, entry iii), 

 
† Value determined experimentally by reference 42 by titration and benchmarking to the pKa values of known 

phosphazene bases.  
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indicating it could be deprotonated by 1. This suggests that an ET-PT pathway may be favourable 

if the enyl intermediate can be oxidized by [1]+.  

 

Scheme 5.2.  Experimental deprotonation of [HW(CPh)(depe)2Cl][BArF24] ([1H][BArF24]) with 

TMG showing the stoichiometry used to determine the concentrations in equation 5.4.  

𝐾𝑒𝑞 =  
[𝐻𝑇𝑀𝐺][𝑊(𝐶𝑃ℎ)(𝑑𝑒𝑝𝑒)2𝐶𝑙]

[𝑇𝑀𝐺][[𝐻𝑊(𝐶𝑃ℎ)(𝑑𝑒𝑝𝑒)2𝐶𝑙]𝐵𝐴𝑟𝐹24]

(5.4)

 

 

Figure 5.15. Absorption spectra of a reaction mixture of [HW(CPh)(depe)2Cl]+ ([1H]+) and 

TMG compared to W(CPh)(depe)2Cl (1).    

pK𝑎([1H]+) = pK𝑎(TMGH+) + −pK𝑒𝑞 (5.5) 

 
 

Figure 5.16.  Bordwell diagrams illustrating how BDFE can be calculated from pKa and E1/2
0/+ 

values.  The BDFE of [HW(CPh)(dmpe)2Cl]+ ([2H]+) is used to approximate the pKa of 

[HW(CPh)(depe)2Cl]+ ([1H]+).37 
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𝐵𝐷𝐹𝐸𝑠𝑜𝑙(𝑊 − 𝐻) = 1.37𝑝𝐾𝑎 + 23.06𝐸° + 𝐶𝐺,𝑠𝑜𝑙 (5.6) 

 

 To probe whether the ET-PT pathway is viable, the oxidation potentials of enyl 

intermediates were calculated using DFT by both myself and Dr. Vibbert. The Born-Haber cycle 

(Figure 5.17, and equation 5.7) shows the free energies that were calculated. The corresponding 

ΔG for oxidation is related to the oxidation potential via the Nernst equation (equation 5.8, Table 

5.3).  Using this approach, the oxidation potential of enyl intermediate 11 generated from 2-

chlorobenzonitrile radical and pyrrole acceptor is calculated to be –1.04 V vs. FeCp2
0/+ (Table 5.3, 

entry v); this is sufficient to reduce [W(CPh)(depe)2Cl]+, the oxidized form of the chromophore 

(E1/2
0/+ = –0.82 V vs. FeCp2

0/+). As noted above, the oxidized enyl intermediate that would result 

from this reaction is a strong enough acid to protonate 1. These facts suggest that ET-PT is a 

favourable pathway for the production of C-H arylation product 4. The [1H]+ formed as a result 

of this reaction can be deprotonated by TMG.   

The DFT calculations (Table 5.3) explored variations in both aryl halide and radical 

acceptors with the aim of understanding whether there were combinations for which the enyl 

intermediate would not possess an oxidation potential low enough to reduce oxidized chromophore 

[1+]. The calculated oxidation potentials of enyl intermediates 13, 15 and 6, formed from 2-

chlorobenzonitrile radical and 2,5-dimethoxybenzene, mesitylene and benzene acceptors, show 

that reduction of [1+] is thermodynamically uphill by 0.47 V, 0.34 V and 0.75 V vs. FeCp2
0/+, 

respectively (Table 5.3, entries vii-ix). Thus, it is predicted that these reactions should not proceed 

from intermediate to product by a ET-PT pathway. (The PT-ET pathway is excluded by the high 

pKas of the intermediates.)  In contrast, the enyl intermediates formed from reaction between 2-

chlorobenzonitrile radical and N-methylpyrrole (11) or 1,3,5-trimethoxybenzene acceptor (12) are 

thermodynamically downhill for ET to [1+] by 0.22 V and 0.34 V vs. FeCp2
0/+, respectively (Table 
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5.3, entry v and vi).  Thus, these could proceed from intermediate to product by an ET-PT 

mechanism.  

The fact that the ET-PT mechanism is thermodynamically viable does not preclude the 

concerted hydrogen-atom transfer mechanism. In order to differentiate between ET-PT and 

concerted hydrogen atom transfer, both catalytic and stoichiometric reactions were performed with 

the acceptors outlined above.  The presence of C-H arylation product and [1H]+ in reactions whose 

intermediates are uphill for ET  would suggest that the mechanism is concerted HAT, and the 

absence of these products would suggest that the general mechanism is ET-PT.   

 

Figure 5.17. Relationship between free energy values used to determine ΔGT (T = total) of 

oxidation. 

 
𝛥GT = G𝑜𝑥,𝑠𝑜𝑙𝑣 − G𝑛𝑒𝑢𝑡𝑟𝑎𝑙,𝑠𝑜𝑙𝑣 (5.7) 

𝛥GT = −nFEox (5.8) 
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Entry Molecule E1/2
calc (V vs. 

FeCp2
0/+) 

ΔE1/2 Relative to [1]+ 

i 

 
5 

–1.21 –0.39 

ii 

 
8 

–1.05 –0.23 

iii 

 
9 

–1.10 –0.28 

iv 

 
10 

–1.27 –0.45 

v 

 
11 

–1.04 –0.22 

vi 

 
12 

–1.16 –0.34 

vii 

 
13 

–0.35 0.47 

viii 

 
6 

0.07 0.75 

ix 

 
 

–0.48 0.34 

Table 5.3. DFT computed oxidation potentials of select enyl intermediates.   

 

15 
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5.2.4. Comparison of Reactions Under Catalytic Conditions that Generate Enyl 

Intermediates that are Thermodynamically Downhill or Uphill for Electron-Transfer to [1]+. 

 

In order to differentiate between ET-PT and HAT mechanisms, reactions under catalytic 

conditions were performed using radical acceptors that generated both uphill and downhill enyl 

intermediates with respect to reduction of [1]+. GC-MS scale reactions were performed with 2-

chlorobenzonitrile, 40 equivalents of radical acceptor, 2 mol% W(CPh)(depe)2Cl (1) and 1.1 

equivalents of TMG in acetonitrile under photolysis with white light. The results are set out in 

Table 5.4.   For the acceptor N-methylpyrrole, the resulting enyl intermediate 11 is formed. 

Electron transfer from 11 to [1]+  is downhill by 0.22 V vs. FeCp2
0/+, and C-H arylation product 4 

is produced quantitatively (Table 5.4, entry i).  For the acceptor 1,3,5-trimethoxybenzene, electron 

transfer from resulting intermediate 12 to [1]+ is downhill by 0.34 V vs. FeCp2
0/+, and the yield of 

the C-H arylation product 17 from this reaction is 65% (Table 5.4, entry ii). The sub-quantitative 

yield may be due to the increased steric bulk of the acceptor, which might decrease the rate of 

radical coupling relative to other pathways.  This is supported by the fact that a trace amount of 

 

x 

 

 
 

 

–0.50 

 

0.32 

xi 

 
22 

–0.05 0.77 

xii 

 
23 

–0.56 0.26 

Table 5.3 continued. DFT computed oxidation potentials of select enyl intermediates.   

 

16   
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benzonitrile is detected in the product sample by NMR spectroscopy and GC-MS.  The production 

of benzonitrile is an off-cycle pathway that does not result in catalyst regeneration.  

 

Entry Acceptor Potential of Enyl Intermediate 

Relative to [1]+  

GC Yield of Product 

i 

 

–0.22 

 4 

106% 

ii 

 

–0.34 

17 

65% 

iii 

 

0.75 

18 

5% 

iv 

 

0.34 

19 

8% 

v 

 

0.47 

20 

13% 

vi 

 

0.32 

21 

trace 

Table 5.4.  Catalytic reactions of 2-chlorobenzonitrile with different radical acceptors showing 

the oxidation potential of the enyl intermediate relative to [1]+, in comparison with GC yield of 

product.   
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We also observed product in reactions where ET from the enyl intermediate is significantly 

uphill to [1]+, indicating a HAT mechanism may be possible. For intermediate 6, generated from 

2-chlorobenzonitrile radical and benzene acceptor, ET to [1]+ is uphill by 0.75 V vs. FeCp2
0/+. The 

GC yield of C-H arylation product 18 in this reaction is 5% (Table 5.4, entry iii).  The acceptors 

mesitylene and 2,5-dimethoxybenzene generate intermediates 15 and 13 that are uphill to [1]+ by 

0.34 V and 0.47 V vs. FeCp2
0/+, and the use of these acceptors in the GC scale reactions generated 

C-H arylation product 19 and 20 with yields of 8% and 13%, respectively (Table 5.4, entries iv 

and v).  These yields exceed the catalyst loading (2 mol%), indicating that there is catalyst 

turnover.   

In order to test whether the low yields for these reactions were intrinsic to the products 

rather than the mechanistic considerations outlined above, we wished to compare these yields to 

those provided by different chromophores for which electron transfer from the enyl intermediate 

is downhill. Ideally, these would use 2-chlorobenzonitrile as the photoredox substrate, but common 

chromophores are incapable of reducing it. Instead, an easily reduced arene substrate was used. A 

GC-MS scale photoredox reaction was performed using [Ru(bpy)3][PF6]2 chromophore (2 mol%) 

(E*/ox = –1.21 V vs. FeCp2
0/+)7 and 4-bromobenzenediazonium tetrafluoroborate substrate (Ered = 

–0.46 V vs. FeCp2
0/+)7 with 2,5-dimethoxybenzene as the radical acceptor.  Electron transfer from 

enyl intermediate 22 (Eox = –0.05 V vs. FeCp2
0/+) generated in this reaction to oxidized 

[(Ru(bpy)3)]
3+ chromophore (E1/2

0/+ = 0.89 V vs. FeCp2
0/+)7 is downhill by 0.94 V vs. FeCp2

0/+. 

This reaction is shown to quantitatively produce C-H arylation product 24 by GC-MS (Figure 5.18, 

5.19).  Because of the steric and electronic differences between 2-chlorobenzonitrile and 4-

bromobenzenediazonium tetrafluoroborate, a more closely comparable experiment was performed 

with W(CPh)(depe)2Cl (2 mol %) using the substrate 1-bromo-4-iodobenzene and the radical 



 
 

326 
 

acceptor 2,5-dimethoxybenzene.  This reaction also generates enyl intermediate 22, from which 

electron transfer to the oxidized chromophore ([1]+) is uphill by 0.77 V vs. FeCp2
0/+.  A significant 

amount of unreacted aryl halide starting material is observed (Figure 5.20) in addition to some 

production of C-H arylation product 24, which is analogous to the low yield of 20 observed with 

the 2-chlorobenzonitrile substrate.  Taken together, these results demonstrate that a much higher 

product yield is achievable when electron transfer from the enyl intermediate to the oxidized 

chromophore is downhill than when it is uphill.   

 

 

Figure 5.18.  GC-MS trace of the reaction between 4-bromobenzenediazonium tetrafluoroborate 

and 2,5-dimethoxybenzene with [Ru(bpy)3]
2+ chromophore shows C-H arylation product 24.  
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Figure 5.19.  MS fragmentation at 9.22 min of the GC-MS trace of the control reaction between 

4-bromobenzenediazonium tetrafluoroborate and 2,5-dimethoxybenzene with [Ru(bpy)3]
2+ 

chromophore shows C-H arylation product 24.   

 

 

Figure 5.20.  GC-MS trace of the reaction between 1-bromo-4-iodobenzene and 2,5-

dimethoxybenzene with W(CPh)(depe)2Cl (1) chromophore shows C-H arylation product 24 and 

unreacted aryl halide. * Represents a peak that could not be identified.    

290 292 294 296 298 300

In
te

n
si

ty
 

m/z Ratio

0

20

40

60

80

100

120

3 5 7 9 11

In
te

n
si

ty

Retention Time (min)

TMG 

* * * * 

24 



 
 

328 
 

The presence of C-H arylation product in catalytic reactions where electron transfer from 

the enyl intermediate to [1]+ is uphill supports the possibility that a HAT mechanism could be 

occurring. Unlike the outer-sphere electron transfer step central to the ET-PT mechanism, HAT 

should be highly sensitive to the steric bulk near the transferred hydrogen atom of the enyl 

intermediate (Figure 5.21). Thus, the sterics around the enyl intermediate were increased to see if 

this blocked reaction with [1]+. Earlier, it was noted that the photoreaction between 1 (2 mol %), 

2-chlorobenzonitrile, and mesitylene provided the C-H arylation product in 8% yield via 

intermediate 15, for which ET to [1]+ is uphill by 0.34 V (Table 5.4, entry iv). The acceptor 1,3,5-

triisopropylbenzene is chosen as the bulky acceptor because electron transfer from corresponding 

enyl intermediate 16 to [1+] is uphill by a similar amount (0.32 V; Table 5.4, entry vi).  Under 

catalytic loading of 1, the reaction between 1,3,5-triisopropylbenzene acceptor and 2-

chlorobenzonitrile substrate provided only a trace amount of C-H arylation product 21 (≤0.1%), 

as detected by GC-MS (Table 5.4, entry vi).  This suggests that the chromophore is consumed but 

cannot be catalytically regenerated if a HAT mechanism is sterically inhibited.   

However, it is necessary to ensure that the increased steric bulk of the acceptor does not 

prevent its coupling with the 2-chlorobenzonitrile radical to generate enyl intermediate 16.  A 

control experiment was performed using [Ru(bpy)3][PF6] with 1,3,5-triisopropylbenzene and 4-

bromobenzenediazonium tetrafluoroborate substrate, which generates enyl intermediate 23 (Eox = 

–0.56 V, Table 5.3 entry xii). Electron transfer from 23 to oxidized [Ru(bpy)3)]
3+ chromophore 

(E1/2
0/+ = 0.89 V vs. FeCp2

0/+)7 is downhill by 1.45 V and C-H arylation product 25 is produced 

catalytically, demonstrating that the increased sterics do not prevent the radical from coupling with 

the acceptor (Figures 5.21, 5.22).  To ensure the steric profile of this comparison is identical, a 

parallel reaction was also performed using 1,3,5-triisopropylbenzene acceptor with 1-bromo-4-
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iodobenzene substrate instead of 2-chlorobenzonitrile, with 2 mol% W(CPh)(depe)2Cl.   This also 

generates enyl intermediate 23 but electron-transfer to [1]+ is uphill by 0.26 V (Table 5.3, entry 

xii). The reaction provides only a trace of C-H arylation product 25 (Figure 5.23), analogous to 

the result observed with 2-chlorobenzonitrile substrate.   

 

 

Figure 5.21.  GC-MS trace of the reaction between 4-bromobenzenediazonium tetrafluoroborate 

and 1,3,5-triisopropylbenzene with [Ru(bpy)3]
2+ chromophore shows C-H arylation product 25.  
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Figure 5.22.  MS fragmentation at 8.87 min of the GC-MS trace of the reaction between 4-

bromobenzenediazonium tetrafluoroborate and 1,3,5-triisopropylbenzene with [Ru(bpy)3]
2+ 

chromophore shows C-H arylation product 25.   

 

 

Figure 5.23. GC-MS trace of the control reaction between 1-bromo-4-iodobenzene and 1,3,5-

triisopropylbenzene with W(CPh)(depe)2Cl (1) chromophore shows trace C-H arylation product 

25.  * Represents a peak that could not be identified.   
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 The results of the experiments comparing C-H arylation yields from the same enyl 

intermediates with [Ru(bpy)3]
2+ and 1 are summarized in Table 5.5. When ET from enyl 

intermediate 22 to chromophore is made downhill by using [Ru(bpy)3]
2+, the substrate is 

completely consumed and C-H arylation product 24 is produced in high yield (entry i).  In contrast, 

when ET is made uphill by using 1 (entry iv) there is a low yield of 24. The fact that the reaction 

occurs at all for 1 is indicative that the mechanism switches from ET-PT to HAT.  When the sterics 

are increased around the acceptor, the yield of C-H arylation product 25 is also highly dependent 

on chromophore. It is produced catalytically when enyl intermediate 23 is downhill for ET to 

oxidized [Ru(bpy)3]
3+ (entry ii) but produced in trace amount for 1, because ET is uphill and the 

HAT mechanism is inhibited by the increased sterics (entry iii).  This same result is also observed 

using 2-chlorobenzonitrile substrate and 1,3,5-triisopropylbenzene acceptor (entry v).   

 

R = CN or Br, X = I or N2BF4 

Entry Chromophore Product Designation Result 

i [Ru(bpy)3]
2+ 

          24 

sterically 

unhindered, 

downhilla 

quant. 

consumption of 

substrate 

ii [Ru(bpy)3]
2+ 

  25    

sterically  

hindered,  

downhill 

low 

consumption of 

substrate 

iii W(CPh)(depe)2Cl 

(1) 

25 

 

 

sterically 

hindered,  

uphill  

trace conversion 

only 

Table 5.5.  Results of reactions under catalytic conditions where enyl intermediates have 

different steric effects and ET driving forces.     
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iv 

 

 

 

W(CPh)(depe)2Cl 

(1) 

 

 

 

          24 

 

sterically  

 

unhindered,  

uphill  

 

low  

 

consumption of 

substrate 

v W(CPh)(depe)2Cl 

(1) 

       21 

sterically 

unhindered,  

uphill 

trace conversion 

only  

a. Represents driving force of enyl radical potential relative to oxidized chromophore. 

 

5.2.5. Stoichiometric Reactions with Benzene and 1,3,5-Triisopropylbenzene Acceptors. 

The presence of C-H arylation product in catalytic reactions where the enyl intermediate is 

uphill for ET to [1]+, which is suggestive of an HAT mechanism, raised the question of whether 

[1H]+ would be detected in reactions run under stoichiometric conditions in the absence of base. 

These reactions are analogous to the stoichiometric reactions described earlier with pyrrole 

acceptor.  A stoichiometric reaction between 2-chlorobenzonitrile and 1 in CD3CN using 10 

equivalents of benzene acceptor was performed.  Following irradiation, the 1H NMR spectrum 

showed the presence of [1H]+, C-H arylation product 18, and the reductive dehalogenation side-

product benzonitrile. The identity of these compounds were verified by comparison to 1H NMR 

spectra of authentic samples in CD3CN, as well as by mass spectrometry (Figure 5.24 - 5.28). The 

fate of 92% of the starting material 2-chlorobenzonitrile is accounted for in the product NMR 

spectrum by integration relative to the internal standard TMS.  The C-H arylation product is 

produced in 16% yield, benzonitrile is produced in 45% yield, and 39% of 2-chlorobenzonitrile is 

unreacted.  The formation of benzonitrile was shown to arise in part from H-atom abstraction from 

the solvent. Irradiating 2-chlorobenzonitrile with 1 in CD3CN in the absence of a radical acceptor 

produces deuterated benzonitrile, as shown by high resolution MS (Figure 5.30- 5.31).   We also 

Table 5.5 continued.  Results of reactions under catalytic conditions where enyl 

intermediates have different steric effects and ET driving forces.     
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probed whether benzonitrile could form as a result of H-atom abstraction from the enyl 

intermediate (Scheme 5.3).  A stoichiometric cross-over photochemical reaction with 2-

chlorobenzonitrile substrate, 1, and benzene acceptor in CD3CN was analyzed by HR-MS. 

Benzonitrile is shown to be 52:48 mixture of C6H5CN and C6H4DCN, suggesting that H-atom 

abstraction by benzonitrile radical from both solvent abstraction and enyl intermediate 6 is 

occurring (Figure 5.29).  The presence of [1H]+ and 18 as products indicates that a HAT 

mechanism is occurring via the enyl intermediate 6 and oxidized chromophore [1]+.   

 
Scheme 5.3. Possible reaction pathways for the aryl radical including 1) reaction with radical 

acceptor, 2) solvent abstraction and 3) hydrogen atom abstraction from the enyl intermediate.  
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Figure 5.24.  1H NMR spectrum (500.13 MHz, CD3CN) of the stoichiometric reaction between 

2-chlorobenzonitrile and W(CPh)(depe)2Cl (1) with 40 equivalents of benzene after 18 hours of 

irradiation shows production of [HW(CPh)(depe)2Cl]+ ([1H]+), [1,1'-biphenyl]-2-carbonitrile 

(18) and benzonitrile.  * Represents a peak that could not be identified. 
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Figure 5.25.  1H NMR spectra (500.13 MHz, CD3CN) of the aromatic region of the 

stoichiometric reaction between 2-chlorobenzonitrile and 1 with 40 equivalents of benzene after 

18 hours of irradiation shows production of 18 and benzonitrile, in comparison with authentic 

product.   

 

Figure 5.26.  1H NMR spectra (500.13 MHz, CD3CN) of the aromatic region of the 

stoichiometric reaction between 2-chlorobenzonitrile and 1 with 40 equivalents of benzene after 

18 hours of irradiation shows production of [1H]+.  Benzene is added to the authentic sample of 

[1H][BArF24] to account for solvent effects on the chemical shift. *Represents a product that 

could not be identified. 
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Figure 5.27.  1H NMR spectra (500.13 MHz, CD3CN) of the aliphatic region of the 

stoichiometric reaction between 2-chlorobenzonitrile and 1 with 40 equivalents of benzene after 

18 hours of irradiation shows production of [1H]+, in comparison with authentic product.   

 

Figure 5.28.  GC-MS trace of the stoichiometric reaction between 2-chlorobenzonitrile and 1 

with 40 equivalents of benzene after 18 hours of irradiation shows production of 18, benzonitrile 

and unreacted 2-chlorobenzonitrile, in comparison with authentic product.  *Represents a peak 

that could not be identified.   
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Figure 5.29.  HR-MS fragmentation of the GC-MS trace peak at 4.79 min corresponding to 

benzonitrile shows both h5- and h4d1-benzonitrile in comparison with the predicted isotope 

splitting for proteo-benzonitrile.   

 

 
Figure 5.30.  HR-MS fragmentation of the GC-MS trace peak at 4.79 min corresponding to 

benzonitrile shows proteo-benzonitrile in comparison with the predicted isotope splitting for 

proteo-benzonitrile (Score: 99.82%; Diff (tgt, ppm): –4.58). 
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Figure 5.31.  HR-MS fragmentation of the GC-MS trace peak at 4.79 min corresponding to 

benzonitrile shows d1-benzonitrile in comparison with the predicted isotope splitting for d1-

benzonitrile (Score: 99.81%; Diff (tgt, ppm): -11.2). 

 

The concerted HAT mechanism between [1]+ and enyl intermediate 16 generated from 

1,3,5-triisopropylbenzene and 2-chlorobenzonitrile appeared to be blocked by the increased sterics 

of 16, as evidenced by the trace GC-MS yield of C-H arylation product 21.   A stoichiometric 

reaction between 2-chlorobenzonitrile and 1 was also performed in the presence of 10 equivalents 

of 1,3,5-triisopropylbenzene and absence of base in order to determine if the production of [1H]+ 

would be inhibited. C-H arylation product 21 is observed, as evidenced by GC-MS (Figure 5.37) 

and a new isopropyl septet in the 1H NMR spectrum after 2 hours of irradiation (Figure 5.35), but 

[1H]+ is not observed in the 1H NMR spectrum (Figure 5.32 - 5.36).  Because the ET-PT reaction 

is uphill and the concerted HAT pathway for is inhibited by sterics, the product must form by 

another pathway.  Benzonitrile is also observed in the 1H NMR spectrum with C-H arylation 

product.  HR-MS analysis of this product indicated 87% of the benzonitrile is not deuterated and 

thus did not form by H-atom abstraction from solvent (Figure 5.38).  Instead, it indicates that enyl 
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intermediate 16 transfers a hydrogen atom to the aryl radical generated from 2-chlorobenzonitrile, 

producing C-H arylation product 21 and benzonitrile (Scheme 5.3, pathway 3).  

 

 

Figure 5.32.  1H NMR spectrum (500.13 MHz, CD3CN) of the stoichiometric reaction between 

2-chlorobenzonitrile and 1 with 10 equivalents of 1,3,5-triisopropylbenzene after 2 hours of 

irradiation shows production of benzonitrile, 21 and the absence of [1H]+.  * Represents a peak 

that could not be identified.   
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Figure 5.33.  1H NMR spectra (500.13 MHz, CD3CN) of the aliphatic region of the 

stoichiometric reaction between 2-chlorobenzonitrile and 1 with 10 equivalents of 1,3,5-

triisopropylbenzene after 2 hours of irradiation shows production of an isopropyl-containing 

product presumed to be 21.   

 

Figure 5.34.  1H NMR spectra (500.13 MHz, CD3CN) of the aromatic region of the 

stoichiometric reaction between 2-chlorobenzonitrile and 1 with 10 equivalents of 1,3,5-

triisopropylbenzene after 2 hours of irradiation shows production of benzonitrile.   
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Figure 5.35.  1H NMR spectra (500.13 MHz, CD3CN) of the aromatic region of the 

stoichiometric reaction between 2-chlorobenzonitrile and 1 with 10 equivalents of 1,3,5-

triisopropylbenzene after 2 hours of irradiation shows product presumed to be 21 and the absence 

of [1H]+ in comparison to authentic product.  * Represents a 1% impurity in 1,3,5-

triisopropylbenzene.   

 

Figure 5.36.  1H NMR spectra (500.13 MHz, CD3CN) of the aliphatic region of the 

stoichiometric reaction between 2-chlorobenzonitrile and 1 with 10 equivalents of 1,3,5-

triisopropylbenzene after 2 hours of irradiation shows the absence of [1H]+ in comparison to 

authentic product.  * Represents a peak that could not be identified.   
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Figure 5.37.  GC-MS trace of the stoichiometric reaction between 2-chlorobenzonitrile and 

W(CPh)(depe)2Cl (1) with 10 equivalents of 1,3,5-triisopropylbenzene and the absence of any 

base after 2 hours of irradiation shows production of 2',4',6'-triisopropyl-[1,1'-biphenyl]-2-

caronitrile (21).  

  

Figure 5.38.  HR-MS fragmentation of the GC-MS trace peak at 4.79 min corresponding to 

benzonitrile shows proteo-benzonitrile and a small amount of deutero-benzonitrile in comparison 

with the predicted isotope splitting for proteo-benzonitrile.   
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5.2.6. New Chromophore Development: Synthesis and Characterization of 

W(CPh)(diBupe)2Cl (3). 

The discovery that W(CPh)(depe)2Cl is significantly more stable in air than is 

W(CPh)(dmpe)2Cl, despite possessing a nearly identical ground-state oxidation potential, suggests 

that sterically bulky phosphine R groups might impart kinetic aerobic stability to these 

chromophores. We tested this hypothesis by attempting to synthesize compounds with even bulkier 

phosphines, because bench-stable chromophores would be of greater practical value than air 

sensitive chromophores. As previously demonstrated by Dr. Vibbert, W(CPh){P(OMe)3}4Cl can 

be used as a precursor complex to W(CPh)(dmpe)2Cl (1) and W(CPh)(depe)2Cl (2) in a ligand 

substitution reaction with the corresponding bidentate phosphine ligand by refluxing in toluene.14  

We were interested in synthesizing tungsten-alkylidyne complexes with more sterically hindered 

phosphine ligands via this method including W(CPh)(diPrpe)2Cl (diPrpe, 1,2-

bis(diisopropylphosphino)ethane) and W(CPh)(diBupe)2Cl (3) (diBupe, 1,2-

bis(diisobutylphosphino)ethane).   All attempts to synthesize W(CPh)(diPrpe)2Cl from 

W(CPh){P(OMe)3}4Cl were unsuccessful. The structure of W(CPh)(diPrpe)2Cl was calculated 

using DFT by Dr. Vibbert and shown to possess elongated W-P bonds, suggesting that the complex 

is too sterically congested to synthesize.  To overcome this limitation, the synthesis of 3 was 

pursued instead.   To a room temperature solution of W(CPh){P(OMe)3}4Cl (0.050 g, 0.0621 

mmol) in toluene (20 mL) was added 1,2-bis(diisobutylphosphino)ethane (diBupe, 0.042 g, 0.130 

mmol, 2.1 equivalents).  A reflux condenser was affixed to the flask, the reaction apparatus was 

removed from the glovebox and the orange solution was heated to reflux.  Over the course of 18 

hours, the colour of the reaction mixture changed from yellow to brown.  An aliquot of reaction 

mixture analyzed by 31P{1H} NMR spectroscopy showed evidence of decomposition due to the 

absence of resonances with tungsten satellites.  The reaction was repeated using the solvent o-
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xylene to achieve more forcing conditions and evidence of decomposition was again observed.  

Thus, it was reasoned that ligand substitution from a different complex should be explored and the 

starting material W(CPh)(pic)2(CO)2Cl (pic = 4-picoline) was instead pursued.  An o-xylene 

solution of W(CPh)(pic)2(CO)2Cl and 2.1 equivalents of diBupe ligand were refluxed for 5 hours 

providing pink W(CPh)(diBupe)2Cl (3) in 48% crude yield (Scheme 5.4).  Complex 3 was 

characterized with 1H -, 31P{1H} -, and 13C{1H}-NMR spectroscopy, HRA-MS and single-crystal 

X-ray diffraction.   

 

Scheme 5.4. Synthesis of W(CPh)(diBupe)2Cl (3) from W(CPh)(pic)2(CO)2Cl.   

 

The 31P{1H} NMR spectrum of 3 (Figure 5.56) exhibits a singlet at 38.93 ppm with 183W 

satellites, characteristic of tungsten-alkylidyne complexes with two bidentate phosphine ligands.43  

The 1H NMR spectrum (Figure 5.51) exhibits four doublets between 0.93 and 1.14 ppm each 

integrating to 12 protons, assignable to the eight PCH2CH(CH3)2 moieties.  The remainder of the 

aliphatic region exhibits broad multiplets that were identified by COSY NMR as corresponding to 

the PCH2CH(CH3)2, PCH2CH(CH3)2 and PCH2CH2P resonances (Figure 5.52).   The 13C{1H} 

NMR spectrum shows a characteristic multiplet at 247.64 ppm corresponding the alkylidyne 

carbon (Figure 5.53).43  High resolution mass spectrometry verified the atomic weight of complex 

3 (Anal. 944.4739, Calc. M+ 944.4790; Figure 5.61).   
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Figure 5.39. a) Molecular structure of W(CPh)(diBupe)2Cl (3) (50% probability ellipsoids).  

Hydrogen atoms omitted for clarity.   b) DFT computed structure of 3 with hydrogen atoms 

omitted for clarity.   

  
Parameter W(CPh)(diBupe)2Cl 

(3) crystal structure 
W(CPh)(depe)2Cl 

(1) crystal 

structure 

W(CPh)(dmpe)2Cl13 

(2) crystal structure 
W(CPh)(diBupe)2Cl 

(3) DFT structure 

W(1)-Cl(1) (Å) 2.5997(4) 2.5769(10) 2.5834(5) 2.622 

W(1)-P(1) (Å) 2.4472(4) 2.4676(11) 2.4322(6) 2.525 

W(1)-P(2) (Å) 2.4801(4) 2.4601(11) 2.4445(6) 2.486 

W(1)-P(3) (Å) 2.4734(4) 2.4359(11) 2.4432(6) 2.495 

W(1)-P(4) (Å) 2.4662(4) 2.4604(11) 2.4272(6) 2.517 

W(1)-P(avg) (Å) 2.4667[4] 2.4560[11] 2.4368[6] 2.506 

W(1)-C(7) (Å) 1.8244(16) 1.818(4) 1.829(2) 1.818 

P(1)W(1)P(2) (°) 80.608(14) 80.11(4) 80.809(19) 77.4 

P(3)W(1)P(4) (°) 80.174(14) 80.49(4) 80.741(19) 80.3 

P(1)W(1)P(4) (°) 99.833(15) 97.87 (4) 98.97(2) 96.4 

P(3)W(1)P(2) (°) 98.956(14) 100.74(4) 98.565(19) 104.3 

C(7)W(1)Cl(1) (°) 179.40(5) 177.89(13) 178.38(6) 178.5 

C(7)W(1)P(1) (°) 89.58(5) 95.40(13) 89.04(6) 90.9 

C(7)W(1)P(2) (°) 92.24(5) 92.75(13) 93.56(6) 91.4 

C(7)W(1)P(3) (°) 95.29(5) 91.13(13) 98.03(6) 95.5 

C(7)W(1)P(4) (°) 92.76(5) 94.07(13) 93.77(6) 102.9 

C(7)-W(1)-P(°) 

(avg)  

92.47[5] 93.34[13] 93.60[6] 95.175 

Table 5.6. Comparison of geometric parameters for the crystal structure and DFT computed 

structure of 3 with the crystal structures of 1 and 2.   
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Crystals of 3 were grown from concentrated ether solution and the crystal structure was 

obtained (Figure 5.39).  Complex 3 is shown to have a pseudo-octahedral structure analogous to 

the previously studied complexes 1 and 2.  Selected bond lengths and angles for these complexes 

are reported in Table 5.7. The benzylidyne and chloride ligands are in a linear arrangement 

(C(7)W(1)Cl(1) = 179.40(5)°) and occupy the axial sites of 3. The phosphine ligands occupy the 

equatorial sites (C(7)W(1)P(avg) = 92.47[5]°).  The tungsten-carbon bond length is 1.8244(16) Å 

which provides evidence for a triple bond.13  In comparing the crystal structures of 1, 2 and 3, an 

observation can be made about the geometry as the steric bulk around the phosphine ligands is 

increased.  The average tungsten phosphorus bond length increases with the steric bulk of the 

ligand, with 2.4368[6] Å for W(CPh)(dmpe)2Cl (2), 2.4560[11] Å for W(CPh)(depe)2Cl (1), and 

2.4667[4] Å for W(CPh)(diBupe)2Cl (3).  The differences are statistically significant because they 

are greater than 3σ.  Space-filling models of structures 1-3 are illustrate the increasing steric bulk 

of the ligand (Figure 5.40). In 2, the benzylidyne  -carbon atom and tungsten center are visible; 

in 1 and 3, they are not. Notably, in complex 2 the phenyl plane is oriented with the cleft between 

the dmpe ligands whereas for 1 and 3 are phenyl plane bisects the phosphine backbone.   

Additionally, the structure of 3 was computed by DFT with Gaussian 1633 using the B3P86 

functional (Figure 5.39b).34  The Dunning (DZP) basis set35 was used for atoms H, C, P, Cl and 

the LANL2DZ basis set with effective core potentials was used for W.36  The computed geometry 

is in good agreement with the crystal structure parameters (Table 5.6).  The energy of the HOMO 

dxy orbital is determined to be −4.58 eV.  Using the relationship reported by Haines et al., this 

corresponds to a first oxidation potential of E1/2
0/+ = −1.00 V vs. FeCp2

0/+.43  This potential is close 

to that calculated for 1 (E1/2
0/+ = −1.09 V vs. FeCp2

0/+).13 This is reasonable because of the 

structural similarity between the two compounds.  
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Figure 5.40.  Space-filling models of the crystal structures of W(CPh)(dmpe)2Cl (2), 

W(CPh)(depe)2Cl (1) and W(CPh)(diBupe)2Cl (3).  Top row: front view, middle row: side view, 

bottom row: top view. Color code: Chlorine, green, etc.  (note-Cl for 2 is a different color than 

for 1 and 3) 

 

 

2 1 3 
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5.3 Conclusion. 

 Mechanistic studies of tungsten-alkylidyne catalyzed photoredox C-H arylation reactions 

were performed and [HW(CPh)(depe)2Cl]+ ([1H]+) is shown to be produced in the absence of 

exogenous base.  This suggests that a PCET event between the enyl intermediate and oxidized 

chromophore may be occurring; this idea was further probed by DFT calculations for the pKa and 

redox potentials of various enyl intermediates.  Enyl intermediate 5 generated from pyrrole 

acceptor is calculated to have a pKa of 43, which is too high for deprotonation by 1 and this 

eliminats PT-ET as the pathway.  ET-PT is shown to be thermodynamically favourable between 

[1]+ and several enyl intermediates with sufficient reduction potentials, and these reactions 

generated a high catalytic yield of C-H arylation product.   

ET-PT is also shown to be thermodynamically unfavourable with respect to ET between 

select enyl intermediates and [1]+.  Catalytic reactions involving these enyl intermediates generate 

a low yield of C-H arylation product, suggesting an alternative HAT mechanism is possible.  

Stoichiometric reactions involving these intermediates in the absence of base also generate [1H]+ 

as a product, further supporting a HAT mechanism.  The possibility of this mechanism is further 

probed by increasing the sterics around the enyl intermediate, which successfully inhibits the 

concerted HAT reaction.   

A concerted HAT mechanism involving visible-light catalyzed C-H arylation has not been 

demonstrated before and represents a novel pathway for these reactions.  The findings from this 

study may be used to understand the substrate and acceptor scope that is feasible for tungsten-

alkylidyne catalyzed C-H arylation reactions, as well as design new photoredox chromophores.  

Additionally, a new tungsten-alkylidyne chromophore with sterically bulky phosphine ligands was 

synthesized and its reactivity in C-H arylation reactions may be studied. 



 
 

349 
 

5.4 Experimental Section. 

5.4.1 Synthesis and Characterization of New Metal Complexes. 

General Procedures.  All manipulations were performed under a nitrogen atmosphere using 

standard glovebox and Schlenk techniques unless otherwise stated.  Solvents used for synthesis 

were HPLC grade and were purified under nitrogen with an anaerobic steel system of either two 

4.5 in × 24 in (1 gal) activated A2 alumina columns (CH3CN, Et2O, THF) or one column of 

activated A2 alumina and one column of activated BASF R3-11 catalyst (toluene, pentane).  

CH2Cl2 was sparged with nitrogen gas for 15 minutes and dried over 3 Å molecular sieves.  

Solvents used for NMR spectroscopy (CD3CN, (CD3)2SO, C6D6) were used as received and stored 

in the glovebox over 3 Å molecular sieves in the glovebox.  W(CPh){P(OMe)3}4Cl was prepared 

as previously described.31  1,2-bis(diisobutylphosphino)ethane) (diBupe) ligand was prepared 

according to the literature procedure.44  N-methylpyrrole was distilled before use.  All other 

reagents were used as received.  1H- , 13C{1H}- , 31P{1H}-, 19F{1H} - NMR spectra were recorded 

at room temperature using a Bruker AF-500 NMR spectrometer.  Chemical shifts were measured 

relative to residual solvent resonances (1H, 13C) or external standards (31P, 85% v/v H3PO4; 
19F 

C6F6). 
13C{1H}- resonances were identified using H-C HSQC.  GC-MS was recorded with either 

an Agilent SQ GC-MS (5977A single quad MS and 7890B GC) or an Agilent QTOF High 

Resolution Accurate GC-MS.  HR-MS spectra were measured with an Agilent 6224 ToF High 

Resolution Accurate MS.  

Synthesis of [HW(CPh)(depe)2Cl][BArF24] ([1H][BArF24]). This procedure is adapted from the 

synthesis of [HW(CPh)(dppe)2Cl][PF6].
31  A stirred THF solution (20 mL) of W(CPh)(depe)2Cl 

(0.300 g, 0.416 mmol) was cooled to 0 ⁰C with an ice bath and HCl (0.46 mL, 1.0 M in ether, 0.457 

mmol) was added dropwise by syringe causing an immediate colour change from pink to light 
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yellow and the precipitation of off-white solid.  After stirring for 2 hours at 0 ⁰C, the volatile 

components were removed under vacuum and the remaining yellow film was dissolved in minimal 

acetonitrile and filtered over Celite.  To the filtrate was added NaBArF24 (0.369 g, 0.416 mmol) in 

acetonitrile (5 mL) slowly while stirring causing a white precipitate (presumably NaCl), which 

was subsequently filtered to remove.  Acetonitrile was removed from the filtrate under vacuum to 

yield [HW(CPh)(depe)2Cl][BArF24] as an off-white solid (0.276 g, 0.383 mmol, 92% crude yield).  

The solid was dissolved in acetonitrile (2 mL) and recrystallized by cooling to −40 ⁰C; this 

provided off-white crystals (0.195 g, 0.123 mmol, 30% yield). 1H NMR (500.13 MHz, CD3CN): 

δ 7.70 (s, 8H, o-CH BArF24); 7.67 (s, 4 H p-CH BArF24); 7.13 (m, 3H, m,p-C6H5); 6.88 (d, JHH = 7 

Hz, 2H, o-C6H5); 2.23 (m, 20 H, PCH2CH3, PCH2CH2P); 2.02 (m, 5H, PCH2CH2P); 1.19 (m, 24 

H, PCH2CH3). The W-H resonance could not be identified in the 1H NMR, likely due to its 

chemical shift overlapping with the aliphatic region.30  13C{1H} NMR (125.75 MHz, CD3CN): δ 

260.47 (m, 2JCP = 12 Hz, WCC6H5), 162.77 (q, 1JCB = 50 Hz, BCAr), 135.62 (o-BCAr), 131.20 (o-

WCC6H5), 129.76 (q, 1JCF = 31 Hz, BCAr-CF3), 128.75 (m/p-WCC6H5), 128.08 (m/p-WCC6H5), 

118.64 (p-BCAr), 23.23 (m, PCH2CH3), 22.41 (br m., PCH2CH3), 17.66 (m, PCH2CH2P), 9.43 

(PCH2CH3), 8.56 (PCH2CH3). 
19F NMR (471 MHz, CD3CN): δ -63.22 (s, BArF24).  HR MS: 

721.2323 m/z (M+, calc, 721.2361).   

Synthesis of W(CPh)(diBupe)2Cl (3). W(CPh)(pic)2(CO)2Cl (0.100 g, 0.182 mmol) was 

suspended in o-xylene (1.2 mL) and 1,2-bis(diisobutylphosphino)ethane (diBupe, 0.122 g, 0.381 

mmol, 2.1 equivalents) was added.  A refluxed condenser was affixed to the flask, the reaction 

apparatus was removed from the glovebox and the yellow solution was heated to reflux.  Over the 

course of 5 hours, the colour of the reaction mixture changed from yellow to red.  The reaction 

was cooled to room temperature, and the volatile components were removed under vacuum.  The 



 
 

351 
 

remaining red film was extracted into ether (50 mL) and filtered over Celite.  The volatile 

components were removed from the filtrate by vacuum to yield a pink solid (0.083 g, 0.088 mmol, 

48% crude yield).  The solid was dissolved in ether (1 mL) and cooled to -40 ⁰C; this provided 

pink crystals (0.030 g, 0.032 mmol, 17% yield).  1H NMR (500.13 MHz, C6D6): δ 6.95 (m, 3H, 

m,p-C6H5); 6.86 (m, 2H, o-C6H5); 2.41 (m, 4H, PCH2CH(CH3)2); 2.33, 2.27 (two overlapping br 

m, 8H, PCH2CH(CH3)2); 2.14 (br m, 8H, PCH2CH(CH3)2); 2.04, 1.99 (two overlapping br m, 8H, 

PCH2CH(CH3)2, PCH2CH2P); 1.82 (br m, 4H, PCH2CH2P); 1.13 (d, JHH = 7 Hz, 12H, 

PCH2CH(CH3)2); 1.09 (d, JHH = 7 Hz, 12H, PCH2CH(CH3)2); 1.05 (d, JHH = 7 Hz, 12H, 

PCH2CH(CH3)2); 0.94 (d, JHH = 7 Hz, 12H, PCH2CH(CH3)2).  
31P{1H} NMR (202.45 MHz, C6D6): 

δ 38.93 (s with 183W satellites, 1JWP = 273 Hz). 13C{1H} NMR (125.75 MHz, C6D6): δ 247.64 (m, 

WCC6H5);129.32 (o-C6H5); 127.63 (m/p-C6H5); 122.78 (m/p-C6H5); 43.28 (m, PCH2CH(CH3)2); 

37.51 (m, PCH2CH(CH3)2); 29.53 (m, PCH2PCH2P); 26.88 (PCH2CH(CH3)2); 26.47 

(PCH2CH(CH3)2); 26.41 (PCH2CH(CH3)2); 26.41 (PCH2CH(CH3)2); 25.99 (PCH2CH(CH3)2); 

25.92 (PCH2CH(CH3)2).  HR MS: 944.4739 m/z (M+, calc, 944.4790).   
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Figure 5.41. 1H NMR spectrum (500.13 MHz) of [HW(CPh)(depe)2Cl][BArF24] ([1H][BArF24]) 

in CD3CN.   

 

Figure 5.42. 13C{1H} NMR spectrum (125.75 MHz) of [HW(CPh)(depe)2Cl][BArF24] 

([1H][BArF24]) in CD3CN.   
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Figure 5.43. Aromatic region of the 13C{1H} NMR spectrum (125.75 MHz) of 

[HW(CPh)(depe)2Cl][BArF24] ([1H][BArF24]) in CD3CN.  * Represents an impurity that could 

not be removed. 

 

Figure 5.44. Aliphatic region of the 13C{1H} NMR spectrum (125.75 MHz) of 

[HW(CPh)(depe)2Cl][BArF24] ([1H][BArF24]) in CD3CN.   
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Figure 5.45. Alkylidyne resonance of the 13C{1H} NMR spectrum (125.75 MHz) of 

[HW(CPh)(depe)2Cl][BArF24] ([1H][BArF24]) in CD3CN.   

 

Figure 5.46. HSQC spectrum (CD3CN) of [HW(CPh)(depe)2Cl][BArF24] ([1H][BArF24]).  
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Figure 5.47. 19F{1H} NMR spectrum (470.60 MHz) of [HW(CPh)(depe)2Cl][BArF24] 

([1H][BArF24]) in CD3CN.   

 

Figure 5.48. Expanded 19F{1H} NMR spectrum (470.60 MHz) of [HW(CPh)(depe)2Cl][BArF24] 

([1H][BArF24]) in CD3CN.   
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Figure 5.49. HR-MS (acetonitrile, 298 K) of [HW(CPh)(depe)2Cl][BArF24] ([1H][BArF24]).  

Anal. M+ 721.2323; Calc. M+ 721.2361. 

 

Figure 5.50. 1H NMR spectrum (500.13 MHz) of W(CPh)(diBupe)2Cl (3) in C6D6.   
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Figure 5.51.  Expanded aliphatic region of the 1H NMR spectrum (500.13 MHz) of 

W(CPh)(diBupe)2Cl (3) in C6D6.   

 
Figure 5.52. Aliphatic region of COSY spectrum (C6D6) of W(CPh)(diBupe)2Cl (3) showing the 

correlation that identifies the isopropyl proton resonance.   
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Figure 5.53. 13C{1H} NMR spectrum (125.75 MHz) of W(CPh)(diBupe)2Cl (3) in C6D6.  * 

Represents an impurity that could not be removed.   

 
Figure 5.54.  Expanded aromatic region of 13C{1H} NMR spectrum (125.75 MHz) of 

W(CPh)(diBupe)2Cl (3) in C6D6.   
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Figure 5.55.  Expanded aliphatic region of 13C{1H} NMR spectrum (125.75 MHz) of 

W(CPh)(diBupe)2Cl (3) in C6D6.   

 

Figure 5.56. HSQC spectrum (C6D6) of W(CPh)(diBupe)2Cl (3).  
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Figure 5.57.  31P{1H} NMR spectrum (202.45 MHz) of W(CPh)(diBupe)2Cl (3) in C6D6.  * 

Represents an impurity that could not be removed.   
 

 
Figure 5.58.  Expanded 31P{1H} NMR spectrum (202.45 MHz) of W(CPh)(diBupe)2Cl (3) in 

C6D6.  * Represents an impurity that could not be removed.   
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Figure 5.59. HR-MS (THF, 298 K) of W(CPh)(diBupe)2Cl (3).  Anal. M+ 944.4739; Calc. M+ 

944.4790. 

 

5.4.2 Single-Crystal X-ray Diffraction Studies. 

General Procedures.  Crystals were coated with Fluorolube, attached to the tip of a glass fiber 

and mounted under nitrogen at 100 K in the X-ray beam with a video camera.  The diffraction 

data were measured with a Bruker D8 VENTURE diffractometer with a microfocus Mo-target 

X-ray tube (λ = 0.71073 Å) and a PHOTON 100 CMOS detector.  The data were collected with   

φ and ω scans surveying a hemisphere of reciprocal space.  The reduction and integration of the 

data were performed with the Bruker APEX3 software (Bruker AXS, version 2017.3-0, 2018).  

Data was scaled and corrected for absorption effects with the multi-scan SADABS procedure 

(Bruker AXS, version 2014/5).45  Structures were solved with SHELXT Version 2014/546 and 

refined with a full-matrix least-squares procedure47 using OLEX2.48  Crystal structure data and 

refinement parameters are included in Table 5.7.   
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Crystal Structure of [HW(CPh)(depe)2Cl][BArF24] ([1H]BArF24).  The hydride atom of [1H]+ 

was not detected or modelled.  Atoms were refined with anisotropic thermal parameters except the 

disordered part of the phosphine ligand, of which the ratio of parts is 65:35.  The BArF24- 

counterion contained several CF3 groups that were disordered and each was modelled individually.  

The geometric restraints used for the disordered parts include SADI and DFIX, and the thermal 

constraints were RIGU, SIMU and EADP.  Hydrogen atoms were included in idealized positions 

for structure factor calculations.  The molecular structure of [1H]+ is shown in Figure 5.5 and 

structural parameters are detailed in Table 5.1.   

Crystal Structure of W(CPh)(diBupe)2Cl (3).  All atoms were refined with anisotropic thermal 

parameters.  Hydrogen atoms were included in idealized positions for structure factor calculations.  

The molecular structure of 3 is shown in Figure 5.39 and structural parameters are detailed in Table 

5.6.   

Parameter [1H][BArF24] 3 

Empirical Formula C59H65BClF24P4W C43H85ClP4W 

Formula Weight  1584.10  945.28 

Temperature (K) 100(2) 100(2) 

Crystal System triclinic monoclinic 

Space Group P-1 P21/c 

a (Å) 13.5663(9) 12.2995(7) 

b (Å) 14.4714(9) 24.1887(13) 

c (Å) 17.0473(11) 16.4815(9) 

α (deg) 94.470(2) 90 

β (deg) 101.618(2) 105.221(2) 

γ (deg) 96.027(2) 90 

Volume (Å3) 3243.2(4) 4731.4(5) 

Z 2 4 

ρcalc (g/cm3) 1.622 1.327 

 

 

 

 

 

 
Table 5.7.  Crystal Data and Refinement Parameters for [HW(CPh)(depe)2Cl][BArF24] 

([1H]BArF24) and W(CPh)(diBupe)2Cl (3).   
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Abs coeff μ (mm-1) 

 

 

 

2.028 

 

 

 

2.660 

F(000) 1582.0 1976.0 

Crystal dimensions (mm3)  0.28×0.18×0.12 0.36×0.24×0.21 

2θ range for data collection  

(deg)             

4.33 to 52.882 4.808 to 61.302 

h, k, l ranges collected –16 ≤ h ≤ 16 

–18 ≤ k ≤ 18 

–21 ≤ l ≤  21 

–17 ≤ h ≤ 17 

–34 ≤ k ≤ 34 

–23 ≤ l ≤  23 

Reflections collected  79773 179898 

Independent reflections 13316 [Rint
a= 0.0591,    

Rsigma = 0.0501] 

14596 [Rint
a= 0.0505,  

Rsigma = 0.0230] 

Data/restraints/parameters 13316/1511/1083 14596/0/458 

Goodness-of-fit on F2 d 1.039 1.070 

Final R indexes (I ≥ 2σ(I)) R1
b = 0.0599, wR2

c =  

0.1270 

R1
b = 0.0216, wR2

c =  

0.0452 

Final R indexes (all data) R1
b = 0.0888, wR2

c =  

0.1423 

R1
b = 0.0296, wR2

c =  

0.0472 

Largest diff. peak/hole 

(e•Å-3) 

3.27/–1.99 1.15/–0.47 

a Rint = Σ(|Fo2 – <Fo2>|) / Σ |Fo2| 
b R1 = Σ ||Fo| – |Fc|| / Σ |Fo| 
c wR2 = {Σ [w(Fo2– Fc2)2] / Σ [w(Fo2) 2]}1/2 
d Goodness–of–fit = [[w(Fo2 – Fc2) 2] / (Nrefl – Nparams)1/2 

 
 

5.4.3. Photoredox C-H Arylation Reactions. 

General Procedure for GC-MS Scale Reactions.  The reactions were performed in screw cap 

vials under nitrogen and contained 2-chlorobenzonitrile (0.0454 mmol, 1 equiv,) 1,1,3,3-

tetramethylguanidine (0.0908 mmol, 2 equiv.), arene/heteroarene (1.816 mmol, 40 equiv.), and 

W(CPh)(depe)2Cl (1) chromophore (0.908 μmol, 2 mol%) in 1.5 ml acetonitrile. The reaction 

mixture was photolyzed at room temperature with white LEDs using our previously described 

photolysis apparatus.  After photolysis the reaction mixture was opened to air and 5 μl of 

Table 5.7 continued.  Crystal Data and Refinement Parameters for 

[HW(CPh)(depe)2Cl][BArF24] ([1H]BArF24) and W(CPh)(diBupe)2Cl (3).   
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acetophenone was added as a GC internal standard.  The mixture was filtered through an alumina 

plug and analyzed by GC-MS.   

GC-MS Calibrations with Authentic Product.  The compounds synthesized as described in this 

chapter (2',5'-dimethoxy-[1,1'-biphenyl]-2-carbonitrile (20), 2-(1-methyl-1H-pyrrol-2-

yl)benzonitrile (4), 2',4',6'-trimethoxy-[1,1'-biphenyl]-2-carbonitrile (17)) were used as authentic 

product for GC-MS calibrations.  [1,1'-biphenyl]-2-carbonitrile (18) was purchased and used as 

received.  18 was also used to calibrate the GC-MS reaction using 2,5-dimethoxybenzene and the 

result was compared with the calibration using 20.  The calculated yield differed by 2% and 18 

was deemed a suitable calibration compound for the products.  18 was used as the calibration for 

the product of the reaction using mesitylene acceptor instead of 2',4',6'-trimethyl-[1,1'-biphenyl]-

2-carbonitrile (19), which was not synthesized.  This is due to the low preparative scale yield 

observed for reactions with uphill intermediates, as demonstrated with 20. 

Sample GC-MS Calibration with [1,1'-biphenyl]-2-carbonitrile (18).  A stock solution of 54.3 

mg 18 was prepared in 10 ml acetonitrile using a volumetric flask.  A 1.5 ml aliquot (containing 

8.14 mg 18) was added to a GC vial by syringe and 5 μl (5.15 mg) acetophenone was added.  The 

sample was analyzed by GC-MS and the response factor (K) was calculated using Equation 5.9.   

The response factor (K) was used to calculate the yield of 18 from the GC-MS scale reaction 

(Equation 5.10).  The response factors determined for the other products are tabulated in Table 

5.8.   

Compound Response Factor 

2-(1-methyl-1H-pyrrol-2-yl)benzonitrile (4) 1.437 

[1,1'-biphenyl]-2-carbonitrile (18) 0.9704 

2',4',6'-trimethoxy-[1,1'-biphenyl]-2-carbonitrile (17) 1.336 

2',5'-dimethoxy-[1,1'-biphenyl]-2-carbonitrile (20) 1.108 

Table 5.8. Calculated response factors for GC-MS calibrations with different product molecules.   
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𝐴𝑝𝑟𝑜𝑑

𝐴𝐼𝑆
= 𝐾

𝐶𝑝𝑟𝑜𝑑

𝐶𝐼𝑆
        

150239456.87

97949656.21
= 𝐾

8.14 𝑚𝑔 
1.5 𝑚𝑙

5.15𝑚𝑔
1.5 𝑚𝑙

        𝐾 = 0.9704 (5.9) 

 

Figure 5.60. GC-MS trace of calibration for [1,1'-biphenyl]-2-carbonitrile (18).   

𝐴𝑝𝑟𝑜𝑑

𝐴𝐼𝑆
= 𝐾

𝐶𝑝𝑟𝑜𝑑

𝐶𝐼𝑆
        

2708763.38

38760851.68
= 0.9704

 𝑚𝑝𝑟𝑜𝑑 
1.5 𝑚𝑙

5.15𝑚𝑔
1.5 𝑚𝑙

        𝑚𝑝𝑟𝑜𝑑 = 0.371 𝑚𝑔, 5% 𝑦𝑖𝑒𝑙𝑑 (5.10) 

 

Figure 5.61. GC-MS trace of reaction producing [1,1'-biphenyl]-2-carbonitrile (18).   
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Figure 5.62. a) GC-MS chromatogram and b) Mass spectrum at 7.54 min of the reaction 

producing 2-(1-methyl-1H-pyrrol-2-yl)benzonitrile (4). 
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Figure 5.63. a) GC-MS chromatogram and b) Mass spectra at 9.38 min of the reaction 

producing 2',4',6'-trimethoxy-[1,1'-biphenyl]-2-carbonitrile (17). 
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Figure 5.64. a) GC-MS chromatogram and b) Mass spectra at 7.47 min of the reaction 

producing [1,1'-biphenyl]-2-carbonitrile (18). 
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Figure 5.65. a) GC-MS chromatogram and b) Mass spectra at 8.83 min of the reaction 

producing 2',5'-dimethoxy-[1,1'-biphenyl]-2-carbonitrile (20). 
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Figure 5.66.  a) GC-MS chromatogram and b) Mass spectra at 7.96 min of the reaction 

producing 2',4',6'-trimethyl-[1,1'-biphenyl]-2-carbonitrile (19). 
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Figure 5.67.  a) GC-MS chromatogram and b) Mass spectra at 9.48 min of the reaction 

producing 2',4',6'-triisopropyl-[1,1'-biphenyl]-2-carbonitrile (21). * Represents a peak that could 

not be identified.   
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tetramethylguanidine (0.841 g, 7.3 mmol, 2 equiv.), W(CPh)(depe)2Cl (0.052 g, 0.0726 mmol, 2 

mol%, 7.3 mM solution), and 1,3,5-trimethoxybenzene (6.14 g, 36.5 mmol, 10 equiv.).  The vial 
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was sealed with electrical tape and the solution was photolyzed for 18 hours, resulting in a colour 

change from pink to brown.  The reaction was opened to air, filtered to remove a white solid and 

acetonitrile was removed by rotary evaporation resulting in a brown oil.  The oil was distilled to 

remove the excess 1,3,5-trimethoxybenzene at 50 ⁰C at 0.4 torr.  The remaining oil was columned 

through silica using 70:30 hexanes:ethyl acetate resulting in a white solid (0.514 g, 1.91 mmol, 

52% yield).  1H NMR (500 MHz, CD2Cl2): δ 7.69 (d, JHH = 4 Hz, 1 H, HA), 7.60 (m, JHH = 6 Hz, 

1 H, HB), 7.39 (m, 2H, HC and HD), 6.26 (s, 2H, HE), 3.87 (s, 3H, HF), 3.75 (s, 6H, HG). 

13C{1H}0.500 NMR (125.75 MHz, CD2Cl2): δ 162.41 (CM), 158.74 (CL), 138.31 (CK), 132.97 

(CC), 132.73 (CB), 132.24 (CA), 127.31 (CD), 119.02 (CJ), 115.16 (CI), 108.79 (CH), 91.09 (CE), 

56.11 (CG), 55.78 (CF).  GC-MS: 269.0 m/z; theor. 269.30 g/mol.  

Synthesis of 2-(1-methyl-1H-pyrrol-2-yl)benzonitrile (4). To a vial containing a solution of 2-

chlorobenzonitrile (0.500 g, 3.63 mmol) in acetonitrile (10 ml) was added 1,1,3,3-

tetramethylguanidine (0.439 g, 3.81 mmol, 1.05 equiv.), W(CPh)(depe)2Cl (0.052 mg, 0.0726 

mmol, 2 mol%, 7.3 mM solution), and N-methylpyrrole (5.89 g, 72.7 mmol, 20 equiv.).  The vial 

was sealed with electrical tape and the solution was photolyzed for 18 hours, resulting in a colour 

change from pink to brown.  The reaction was opened to air, and acetonitrile and N-methylpyrrole 

were removed by vacuum transfer resulting in a brown oil.  The oil was columned through silica 

using 50:50 hexanes:ethyl acetate resulting in a white solid (0.411 g, 2.42 mmol, 67% yield).  1H 

NMR (500 MHz, CD2Cl2): δ 7.75 (d, JHH = 5 Hz, 1 H, HA), 7.63 (m, JHH = 8 Hz, 1 H, HB), 7.43 

(m, 2H, HC and HD), 6.82 (m, 1H, HE), 6.37 (dd, 3JHH = 4 Hz, 4JHH = 1.8 Hz, 1 H, HF), 6.23 (t, JHH 

= 3 Hz, 1H, HG), 3.59 (s, 3H, HH).   13C{1H} NMR (125.75 MHz, CD2Cl2): δ 137.14 (CK), 133.83 

(CA), 132.72 (CB), 131.20 (CC), 130.34 (CL), 127.81 (CD), 125.04 (CE), 118.97 (CJ), 113.13 (CI), 

111.52 (CF), 108.36 (CG), 35.05 (CH).  GC-MS: 182.0 m/z; theor. 182.22 g/mol.   
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Synthesis of 2',5'-dimethoxy-[1,1'-biphenyl]-2-carbonitrile (20). To a Schlenk flask containing 

a solution of 2-chlorobenzonitrile (2.00 g, 14.6 mmol) in 40 ml acetonitrile was added 1,1,3,3-

tetramethylguanidine (3.36 g, 29.2 mmol, 2 equiv.), W(CPh)(depe)2Cl (0.211 g, 0.293 mmol, 2 

mol%, 7.3 mM solution), and 2,5-dimethoxybenzene (20.2 g, 146 mmol, 10 equiv.).  The solution 

was photolyzed for 18 hours, resulting in a colour change from pink to yellow.  The reaction was 

opened to air and acetonitrile was removed by rotary evaporation resulting in a yellow oil.  The oil 

was distilled to remove the excess 2,5-dimethoxybenzene at 80 ⁰C at 0.85 torr.  The remaining 

brown oil was columned through silica using toluene, resulting in a yellow solid (0.050 g, 0.209 

mmol, 1.4% yield).  1H NMR (500 MHz, CD2Cl2): δ 7.73 (d, JHH = 8 Hz, 1 H, HA), 7.64 (m, JHH = 

8 Hz), 7.44 (m, 2H, HC and HD), 6.97 (m, 2H, HE, HF), 6.83 (d, JHH = 2 Hz, 1 H, HG), 3.79 (s, 1 H, 

HH), 3.77 (s, 1 H, HI). 
13C{1H} NMR (125.75 MHz, CD2Cl2): δ 135.90 (CN/O), 151.01 (CN/O), 

142.66 (CM), 133.06 (CA), 132.79 (CB), 131.19 (CC), 128.43 (CJ), 127.90 (CD), 118.81 (CL), 117.06 

(CG), 115.07 (CF), 113.712 (CK), 112.71 (CE), 56.28 (CI), 56.10 (CH). GC-MS: 239 m/z; theor. 

239.27 g/mol.   
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Figure 5.68. 1H NMR spectrum of 2',4',6'-trimethoxy-[1,1'-biphenyl]-2-carbonitrile (17) in 

CD2Cl2.   

 
Figure 5.69. 13C{1H} NMR spectrum of 2',4',6'-trimethoxy-[1,1'-biphenyl]-2-carbonitrile (17) in 

CD2Cl2.   
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Figure 5.70. 1H NMR spectrum of 2-(1-methyl-1H-pyrrol-2-yl)benzonitrile (4) in CD2Cl2.   

 
Figure 5.71. 13C{1H} NMR spectrum of 2-(1-methyl-1H-pyrrol-2-yl)benzonitrile (4) in CD2Cl2.   
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Figure 5.72. 1H NMR spectrum of 2',5'-dimethoxy-[1,1'-biphenyl]-2-carbonitrile (20) in CD2Cl2.  

* Represents an impurity that could not be removed.   

 
Figure 5.73. 13C{1H} NMR spectrum of 2',5'-dimethoxy-[1,1'-biphenyl]-2-carbonitrile (20) in 

CD2Cl2.   
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