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Abstract 
 

New methods for the C−H functionalisation of aliphatic primary amines using dual photoredox 

and hydrogen-atom-transfer (HAT) catalysis have been investigated herein.  

 

Chapter 1 provides an overview of the importance of aliphatic amines in organic synthesis, 

including current methods for the α-C-functionalization of primary amines to access α-tertiary 

amine scaffolds. The fundamental principles and synthetic applications of photoredox catalysis 

are also discussed.  

 

Chapter 2 presents the development of a previously optimised C−H alkylation reaction of 

unprotected primary amines, including examples from a substrate scope for this process. 

Optimisation of the first example of tandem C−H and N-functionalisation from primary amines 

is also reported using N-electrophiles to access α-functionalised secondary amines, scaffolds 

of high value in medicinal chemistry. 

 

Chapter 3 showcases the optimisation studies for a novel C−H heteroarylation reaction of 

unprotected primary amines with 2-chloro-thiazole derivatives to access α-amino thiazoyls 

through a radical SNAr process. A substrate scope for this process for both the amine and arene 

coupling partners is also included.  

 

Future work for the heteroarylation project (Chapter 4) is also discussed, including potential 

applications in continuous flow. 

 

Chapter 5 describes the experimental procedures used in Chapters 2 and 3, including full 

characterisation of all samples prepared. 
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1  Aliphatic Amines in Organic Synthesis 
 

This chapter provides an overview of aliphatic amines in organic synthesis, including classical 

and contemporary methods for the synthesis of the subclass of α-tertiary primary amines. The 

fundamental principles of photoredox catalysis and advances towards the synthesis of aliphatic 

amines using this methodology are also discussed.  
 

Aliphatic amines and their derivatives are prevalent in many natural products and 

pharmaceutical agents, featuring in over 40% of drug candidates.1 Their ubiquity in drug 

discovery can be attributed to their unique electronic properties, where they can act as both 

hydrogen bond donors and acceptors, allowing for strong interactions with receptor/protein 

binding sites. They also possess a protonatable site; their pKaH is readily tuneable, allowing for 

modulation of their lipophilicity. Another attractive feature of amines is the ease of 

derivatisation of the amine functional group, whereby N-substituents can be modified to control 

physicochemical properties and regulate key biological interactions.2,3 Aliphatic amines  

(1° or 2°), particularly cyclic motifs such as pyrrolidines or piperidines, also offer facile 

vectorisation about the N-atom, without the introduction of a stereocentre. This feature offers 

an attractive starting point for fragment-based drug discovery, with the potential to identify 

leads for challenging targets such as protein−protein interactions.4 

 

Some notable examples of bioactive aliphatic amines include amphetamine (CNS stimulant),5 

(S)-ketamine (anaesthetic),6 conagenin (antitumour agent)7 and memantine (Alzheimer’s 

treatment)8 (Figure 1).  

 

 
 

Figure 1. Drugs featuring amine functional groups and their derivatives 

 

Owed to the nucleophilicity and basicity of the amine functional group, introduction and 

elaboration of N-atoms in organic molecules is widely practised in the pharmaceutical industry. 

A survey by AstraZeneca of the most commonly utilised reactions in the pharmaceutical 

industry reported that eight of the top twenty reactions directly feature amine transformations 

(Figure 2).9  
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Figure 2. Top 20 reactions employed in pharmaceutical industry – appearance in 2014 manuscripts employed as 

metric to determine frequency. Amine transformations represented by blue bars. 

 

1.1 Overview of Synthetic Strategies Towards α-Tertiary Primary Amines 

The vast majority of commonly utilised amine transformations involve N-functionalisation. 

However, α-C functionalisation of amines has presented a synthetic challenge, particularly for 

primary amines (Figure 3). This is attributed to the inherent nucleophilicity and basicity of 

unprotected amines; their propensity to act as N-centred nucleophiles makes controlled  

C-addition to electrophiles challenging. Furthermore, the lack of existing methods for the 

synthesis of α-tertiary amines was recently highlighted as a “key unsolved problem in synthetic 

chemistry”.10 

 

 
 

Figure 3. Commercial availability of substituted amines versus α-primary or α-secondary counterparts (data 

from SciFinder, Oct 2019). Excludes salts and complexes and those outside the mass range 100 – 900 Da.  

 

Most conventional amine derivatisations involve C−N bond formation.11 Towards the synthesis 

of α-tertiary N-primary amines, reductive amination is not possible; one of the α-substituents 

will invariably be a H-atom. A direct synthesis of α-tertiary primary amines through an  

N-substitution reaction using an NH3 equivalent (e.g. azide12) is also unfavourable owed to the 

prohibitive SN2 reactivity of these nucleophiles at α-tertiary centres (Figure 4).  
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Figure 4. Unsuitable methods to synthesise α-functionalised primary amines using traditional methods. 

 

Towards the synthesis of α-tertiary amines there have been isolated reports of aminations using 

nitrene C−H insertions (employed in the synthesis of (−)-Tetrodotoxin13) and enzymatic C−H 

transformations,14 however methods have tended to rely on C−C bond formation at the  

α-position. Retrosynthetically, there are four disconnections possible for C−C bond forming 

reactions at the α-C position in primary amines (Figure 5).  

 

 
 

Figure 5. Four C−C disconnection strategies towards α-tertiary amines. 

 

1.1.1 The α-Amino Cation Strategy 

 

The innate reactivity of amines is as an a1 synthon, with the majority of aliphatic amine 

syntheses relying on this type of disconnection. The synthetic equivalent of an α-amino cation 

is typically a neutral imine, with iminium ions and covalent precursors to these species  

(e.g., hemiaminals) also being used. Typical C-nucleophiles employed for α-C−N bond 

formation include Grignard reagents (carbanion equivalents), neutral π-reagents or 

nucleophilic carbon-centred radicals.15 The addition of nucleophiles to C=N bonds, including 

enantioselective processes, has been studied extensively.16,17 

 

Dixon et al. have reported an amine dehydrogenation sequence to access α-functionalised 

primary amines via an α-cation equivalent.18 This process operates through an electrophilic 

ketimine intermediate, from which addition of organometallic nucleophile, followed by 

oxidative N-aryl cleavage, yields the α-functionalised primary amine product (Scheme 1). 
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However, the use of a stoichiometric quinone and a large excess of air/moisture-sensitive 

organometallic make this process unattractive for continuous application on a process scale. 

 

 
 

Scheme 1. α-functionalisaton of primary amines via a ketimine intermediate. 

 

1.1.2 The α-Amino Anion Strategy 

 

Umpolung reactivity can also be realised at the α-position through  

N-functionalization using masked amines that operate as activating groups to significantly 

acidify the α-C−H site. Nitroalkanes are versatile reagents in this regard, undergoing facile 

C-alkylation by Michael acceptors19 and aldehydes / ketones20 (Henry aldol) followed by 

Raney-Ni reduction to the amine. C-alkylation of nitronate anions with alkyl halides is typically 

impeded by competing O-alkylation, though catalytic solutions to this problem have been 

advanced.21 The main problem however is the poor availability of aliphatic nitroalkanes, and 

the low redox economy of this approach. Using this methodology, several α-arylation strategies 

have also been reported.22 

 

Barton and co-workers developed a method for the α-alkylation of primary amines via an azoxy 

intermediate, 10.23 They reported that the reaction of cyclohexylamine (9) with  

tert-butyl hypoiodite (generated in situ) and nitrosobenzene forms 10 in a quantitative yield. 

Addition of an excess of an organolithium reagent to 10 results in formation of the 

corresponding azo-derivative 11. The azo-compound formed can be reduced in one-step using 

Zn in AcOH to afford an α-tertiary primary amine, 12 (Scheme 2). 
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Scheme 2. α-alkylation of primary amines through an azoxy intermediate. 

 

However, multiple steps, a poor redox economy and the use of a dissolving-metal reduction 

makes this process unpractical, notably in the presence of other common functional groups that 

would be intolerant to these conditions (e.g. ketones).  

 

The use of 9-fluorenylidene (Flu) as a protecting and activating group in the context of  

α-C−H functionalisation was later explored by Kobayashi and co-workers.24 They reported that 

addition of (9-fluoroenylidine)aminoalkanes to imines forms 1,2-diamines, whereby 

deprotection of the Flu group under acidic conditions would unmask an α-functionalised 

primary amine (Scheme 3).   

 

 
 

Scheme 3. α-functionalisation of primary amines via an azaallyl anion intermediate. 

 

1.1.3 α-Amino C−H Oxidative Addition Strategy 

 

Insertion of a redox-active transition metal into the C−H bond adjacent to an amine is an 

effective strategy towards α-functionalisation of amines in the presence of a directing-group. 

This area has been comprehensively reviewed by Gaunt and co-workers.25   

 

Nishimura et al. developed a method for the C(sp3)−H alkylation of  

3-carbonyl-2-(alkylamino)pyridines with alkenes26. These substrates allow for the formation 

of a conformationally rigid intermediate through H-bonding effects, allowing for the C-

alkylation of the α-position in amines with olefins. The authors established that the inclusion 

of a carbonyl group in the 3-position greatly enhanced the rate of C−H alkylation in the 
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presence of [Ir(Cl)(cod)]2, with both amides and ketones in this position promoting the 

alkylation reaction. It was found that the C−H alkylation reaction was successful with a variety 

of both electron rich and electron deficient olefins, with tolerance of free OH groups (18) 

(Scheme 4).  

 
 

Scheme 4. α-alkylation of masked primary amines through an oxidative addition strategy. 

 

Removal of the 2-pyridyl moiety to yield Boc-protected primary amines through a 3-step 

process, which was performed in a 61% yield (Scheme 5).  

 

 
 

Scheme 5. Removal of the 2-pyridyl directing group. 

 

Shibata and co-workers also demonstrated the utility of the 2-pyridyl moiety as a directing-

group when designing an enantioselective C(sp3)−H alkylation adjacent to nitrogen.27 They 

employed a chiral Ir(I)-tolBINAP complex to catalytically enable this as an enantioselective  

process. However, they found that a large excess (8 equiv.) of the olefin coupling partner is 

required to achieve respectable yields (Scheme 6).  

 
Scheme 6. Enantioselective α-alkylation of masked primary amines. 
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1.1.4 The α-Amino Radical Strategy  

 

The α-C−H functionalisation of amines can be achieved through the generation of an α-amino 

radical intermediate. These intermediates most commonly generated through SET oxidation of 

the N-atom followed by α-deprotonation, which has been extensively reviewed.28 For primary 

amines, where their oxidation potentials are inherently higher,29 one method to generate these 

reactive intermediates is through a direct hydrogen atom transfer (HAT) approach.30 An early 

example HAT from unprotected primary amines was reported from Urry and Juveland,31 where 

they demonstrated the addition of α-amino radicals generated by a HAT process to a variety of 

olefin acceptors (31-35), using tert-butyl peroxide as an initiator (Scheme 7). However, 

controlled formation of products is not possible using this methodology, owed to the polarity 

mismatch of the HAT process propagating the radical chain, and therefore telomers are formed. 

 

 
 

Scheme 7. α-functionalisation of unprotected primary amines via a HAT process. 

 

As a consequence of the nucleophilicity and basicity of unprotected primary amines,  

N-protected amines are often employed in these transformations to circumvent these reactivity 

issues.  

 

Rovis and co-workers used an N-protection strategy for the α-functionalisation of amines using 

triflamides as masked primary amines.32 Mechanistically, this reaction proceeds via initial 

deprotonation of the acidic triflimide 40, forming an anionic intermediate, 41, which can 

undergo HAT with the highly electrophilic radical cation of quinuclidine to form a radical 

anion, 45. Addition to an acrylate, 46, followed by SET from the iridium photocatalyst and 

triflamide protonation, results in the formation of intermediate 48, which can turn over the 

HAT catalysis cycle to form the α-functionalised amine product 49 through proton-transfer 

(Scheme 8). A striking disadvantage of this N-protection towards the α-functionalisation of 

amines are the harsh, acidic conditions required for triflamide deprotection. 
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Scheme 8. α-functionalisation of unprotected primary amines through in situ carbamate protection. 

 

A photoredox-HAT approach was also employed by MacMillan and et al. when developing a 

selective C(sp3)−H cross coupling reaction via polarity matching effects.33 Their substrate 

scope features Boc-protected primary and secondary amines (i.e. X = NBoc), demonstrating 

access to α-functionalised, protected primary amines using this methodology.  
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This α-C−H functionalisation proceeds by a metallaphotoredox cycle. Photoirradiation of 

iridium photocatalyst 1 to its excited triplet state, followed by SET with quinuclidine, (42) 

results in the formation of a quinuclidinium radical cation, 43, which can undergo HAT with 

the N-boc amine (53) to form an α-amino radical 54. Reaction of 54 with the nickel catalyst 1 

forms 55, that can undergo an oxidative addition with 58 to form the Ni(III) intermediate 56. 

Subsequent reductive elimination forms the α-functionalised product 59, and 57, which can 

turn over the photoredox cycle by engaging in SET with the reduced Ir(III) photocatalyst, thus 

reforming the Ni(0) catalyst (Scheme 9). 

 
 

 

Scheme 9. α-functionalisation of Boc protected amines via a metallaphotoredox process. 

 

 

The use of photoredox catalysis to generate α-amino radicals is an attractive method due to the 

mild conditions required, with novel SET transformations being developed consistently 

developed in this field.34 The remaining focus of this chapter will be on the underlying 

photophysical processes of these SET reactions. 
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1.2 Photoredox Catalysis 

Over the past decade, photoredox catalysis has undergone a renaissance, enabling the discovery 

of novel chemical transformations.35 Its rebirth, expedited by MacMillan, Stephenson and 

Yoon, has enriched the field of organic synthesis, with an exponential growth in publication 

output in the field from 2010 - 2016 (Figure 6).  

 
 

Figure 6. Number of publications in photoredox since 2000. 

 

1.2.1 Photophysical Processes 

 

The use of visible-light in organic synthesis is advantageous as light sources can be tuned to 

an emission wavelength that matches the maximum absorption (λmax) for a variety of 

photocatalysts. Photons with suitable energy initially excite the catalyst to its singlet excited 

state by the excitation of an electron from the highest occupied molecular orbital (HOMO) to 

the lowest unoccupied molecular orbital (LUMO).  

 

When a photocatalyst in its electronic ground state absorbs a photon (hν), it forms an excited 

state singlet species. Excitation occurs from the ground electronic state (S0) to the first excited 

electronic state (S1), often with vibrational excitation to a higher vibrational energy level within 

the excited electronic energy well. Relaxation to the ground vibrational state is then observed; 

this process is rapid and occurs on a picosecond (10-12 – 10-10 s) timescale. From the ground 

vibrational state, there are a number of possible decay pathways.  

 

Fluorescence involves the direct emission of a photon from the excited singlet state (S1) to its 

ground state (S0). This radiative process is rapid (10-10 – 10-7 s) as it is spin-allowed; processes 

involving a change in spin multiplicity (S) are spin-forbidden according to the spin selection 

rule: ΔS = 0 for allowed electronic transitions.36 Because of the spin retention of the excited 

electron, the excited catalyst can alternatively return in a spin-allowed recombination of the 

electron/hole pair to its ground state (S0) by the non-radiative internal conversion (IC) route 

(S1 → S0). 
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Intersystem crossing (ISC) is a non-radiative transition between different spin states. From the 

triplet state (T1), emission of a photon is possible by phosphorescence. Therefore, for emission 

to be observed from the T1 state, the lifetime of the S1 state must be long enough such that ISC 

from S1 to T1 is possible.37 This occurs on a much slower timescale than fluorescence  

(10-6 – 10 s) as it is a spin-forbidden process. As the S1 and T1 states are not of the same energy, 

vibrational relaxation occurs within the triplet state to reach the vibrational ground state before 

electronic emission is observed. Phosphorescence is principally observed when the rate 

constant for ISC, kISC, is fast enough to compete with the rate constant for fluorescence, kf. 

Jablonski diagrams are used to illustrate these processes (Figure 7).  

 

 
 

Figure 7. Jablonski diagram showing possible radiative and non-radiative decay pathways following electronic 

excitation from S0. 

 

Many of the commonly employed photocatalysts are organic dyes (e.g. 4CzIPN), however 

polypyridyl complexes of ruthenium and iridium (e.g. Ru(bpy)3
2+) are most commonly used. 

Photocatalysts are designed to absorb light in the visible-light region and give long-lived 

photoexcited states, enabling SET to occur from the excited state to generate reactive radical 

intermediates.38 The length of the T1 state is typically longer for metal complexes than organic 

dyes and therefore they are commonly used, despite potential cost constraints.  

 

For all photochemical processes, absorption of a photon in the visible-light region results in 

electronic excitation from the ground state to an excited state. For the prototypical 

photocatalyst, Ru(bpy)3
2+, electronic excitation from the photocatalyst’s metal-centered  

t2g orbital (crystal field splitting)39 to a ligand-centred π* orbital is observed; this is termed a 

metal-to-ligand-charge-transfer (MLCT). The initially occupied S1 MLCT state undergoes ISC 

to give the lowest-energy T1 state, from which SET can occur via an oxidative or reductive 

quench (Figure 8).40  
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Figure 8. Simplified molecular orbital depiction of the photochemical SET processes for Ru(bpy)3
2+  

 

From the T1 state, triplet-triplet quenching, whereby the excited state triplet species is quenched 

by another triplet species. This is common in the presence of atmospheric dioxygen (O2), which 

is a ground state triplet, and therefore photochemical reactions are typically carried out under 

inert atmospheres.41 However, some photoredox cycles can utilise O2, an early example being 

the photoredox catalysed aza-Henry reaction reported by Stephenson and co-workers, where 

atmospheric oxygen operates as a terminal oxidant.42  

 

1.2.2 Analytical Techniques in Photochemistry 

 

Where multiple quenching species are present, intermolecular quenching can be quantified by 

luminescence studies (Stern-Volmer analysis). These luminescence studies quantify the rate of 

bimolecular quenching between an excited state photocatalyst and a quenching 

substrate/reagent (Q). In Stern-Volmer analysis, the intensity (I) of a specific radiative emission 

(i.e., fluorescence) is measured and plotted against the concentration of quencher, [Q] 

(Figure 9).  

 

As the substrate quenches the excited state photocatalyst, the rate of emission  

(e.g. fluorescence) observed decreases. The rate constant for quenching can be measured from 

the slope of a I0/I vs/ [Q] plot (Equation 1), where kq is the bimolecular rate constant of 

quenching and τ0 is the lifetime of the catalyst’s excited state.43 
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Figure 9. Stern-Volmer plot for a typical fluorescence quenching measurement. 

 

The ease of a particular electron transfer is quantified by the electrode potential for the redox 

couple (i.e., half-equation). Electrode potentials are typically referenced to the saturated 

calomel electrode44 (SCE): Hg2Cl2 + 2e- → 2Hg + 2Cl-. 

 

Reduction potentials, Ered, are used by convention when describing photocatalytic cycles, 

which refers to the half-equation written as a reduction (i.e., X + e- → X-).45 Ecell is a measure 

of the thermodynamic driving force for SET and is proportional to the negative change in Gibbs  

free-energy, -ΔG (Table 1).  

 

 
 

Table 1. Half-equations for a general redox process. 

 

The redox potentials for a specific analyte are measured using cyclic voltammetry46 (CV). In a 

CV experiment, a known potential is applied to a working electrode and the current (i) 

generated by oxidation (or reduction) of the analyte at the surface is measured; the voltage 

applied (V) is not constant (Figure 10). The two peaks in a cyclic voltammogram (rate of 

change of current w.r.t  voltage = 0) from the reductive and oxidative sweep represent the 

reduction and oxidation potentials of the analyte respectively. 

 

 
 

Figure 10. Use of cyclic voltammetry to measure an analyte’s reduction and oxidation potential. 
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1.2.3 Application in Total Synthesis 

 

Photoredox catalysis introduces mild radical disconnections, enabling the exploration of new 

avenues when designing a molecular synthesis. Additionally, natural product modification is 

possible, allowing direct diversification about complex areas of chemical space in late-stage 

transformations. Thus, access to novel structural motifs and less abundant congeners of a 

natural product can be achieved without designing a new synthesis. This was exemplified by 

Beatty and Stephenson when modifying the natural product (+)-Catharanthine (60) to 

synthesise the structurally related alkaloids, (−)-Pseudotabersonine (62),  

(−)-Pseudovincadifformine (63) and (+)-Coronaridine (64) via a common intermediate, 61, 

(Scheme 10).47  

 
 

Scheme 10. Natural product derivatisation of 61 to access congeners using photoredox catalysis 
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2  Catalytic C−H alkylation of primary amines 
 

This chapter describes investigations into the scope of a novel C−H alkylation of unprotected 

amines, and the development of a telescoped method to access N-functionalised α-tertiary 

amines in continuous flow. 

 

2.1 Introduction  

The invention of a method to access α-functionalised primary aliphatic amines through  

C−H functionalisation has remained a longstanding challenge for synthetic organic chemistry. 

Despite reports of non-catalytic α-C–H alkylations whereby telomerisation is observed (see 

chapter 1), a method to directly access α-functionalised primary aliphatic amines from 

unprotected primary amines remained elusive.  

 

Rovis and co-workers developed a C−H alkylation method for primary amines, employing an 

in situ protecting group strategy.48 They reported the use of a CO2 as an in situ protecting group, 

thus circumventing aza-Michael addition to electron deficient acceptors, allowing the desired 

reaction pathway to proceed (Scheme 11). However, relatively high catalyst loadings are 

employed, and the requirement for a CO2 atmosphere makes this chemistry undesirable for use 

in process chemistry.  

 
 

Scheme 11. α-C-H functionalisation via in situ carbamate formation  

 

Mechanistically, this process proceeds via initial excitation of the photocatalyst with  

visible-light. The excited photocatalyst then oxidises quinuclidine (42), forming radical cation 

43. Simultaneously, the amine employed adds to CO2, generating an activated alkylammonium 

carbamate 62. Radical cation 43 then selectively abstracts a hydrogen atom from 62 (driven by 

electrostatic activation) to yield protonated quinuclidine 44 and radical intermediate 63, which 

adds to the acrylate acceptor, 66. The resultant α-carbonyl radical 64 is then able to oxidise the 

reduced photocatalyst and deprotonate 44. Dissociation of CO2 to form a γ-amino ester, 

proceeded by thermal lactamisation generates product 65, successively closing all three cycles 

(Figure 11).   
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Figure 11. Proposed mechanism for the C−H functionalisation of primary amines (Rovis et al.) 

 

2.2 Results and Discussion 

A direct, scalable transformation would allow for the rapid, iterative synthesis of primary amine 

analogues in drug discovery programmes, enabling acceleration within hit-to-lead and lead 

optimisation phases. To address this challenge, the Cresswell group have developed a method 

using unprotected aliphatic primary amines as formal C-nucleophiles in catalytic C–C bond-

formation, avoiding N-protection.49 The reaction scheme utilises Michael acceptors to give 

C-alkylated amines using 4CzIPN as a photocatalst and tetrabutyl ammonium azide  

(Bu4N
+N3

-) as a HAT catalyst (Scheme 12).  

 

 
 

Scheme 12. C-H alkylation of primary amines avoiding N-protection 

 

2.2.1 Proposed Reaction Mechanism 

 

Excitation of the photocatalyst (4CzIPN) results in a species that undergoes oxidation of azide 

ion (+0.87 vs. SCE),50 generating the azidyl radical, N3
•. Subsequent HAT from the α-C–H 

bond of the primary amine (BDE = 89–91 ± 2 kcal mol–1)51 is then proposed to occur, with the 

resultant α-amino radical 68 undergoing a polarity-matched addition to the electron-deficient 

(olefinic) radical acceptor, yielding a capto-stabilized radical intermediate 69. Reduction of 

this radical by the [4CzIPN]•– radical anion, followed by proton transfer from HN3 produces 

the C-alkylated primary amine product and regenerates the azide ion. For acrylate radical 

acceptors, thermal lactamisation typically occurs, yielding a mixture of the lactam and the  
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γ-amino ester product. In most cases, reflux of the crude reaction mixture drives the 

lactamisation to completion, owed to the inherent instability of γ-amino esters (Figure 12). 

 

 
 

Figure 12. Proposed mechanism for the C-H alkylation of primary amines avoiding N-protection 

 

2.2.2 Substrate Scope 

 

The optimised reaction conditions gave an 85% yield as determined by GC against tetradecane 

as an internal standard (Scheme 13).i 

 
Scheme 13. Optimised reaction conditions for protecting group free C-H alkylation 

 

Optimisation studies for the light source showed that a 425 nm light source proved to be 

optimal, consistent with the absorption maximum of 4CzIPN at λmax = 435 nm. Therefore, for 

both the amine and radical acceptor scope, a monochromatic 425 nm light source was used, 

with all other reaction parameters remaining consistent, except the use of methyl acrylate, 66, 

(to replace butyl acrylate, 71) as the model coupling partner in the amine scope.  

 

2.2.2.1 Amine Scope 

 

The amine scope for this reaction demonstrates the tolerance of this reaction towards a variety 

of functional groups, with masked ketones (acetals) 74, di-ols 75 and amines 76 allowing for 

further synthetic manipulation at these sites. Owed to the polarity mismatch between an azidyl 

 
i Optimisation and mechanistic analysis carried out previously within the group. 
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radical and a C−H bond adjacent to an ester, 77 was formed in a very good yield, with the ester 

remaining as a functional handle for further synthetic manipulation (Scheme 14).  

 
 

Scheme 14. Amine substrate scope for C-H alkylation process (isolated yields in parentheses) 

 

2.2.2.2 Acceptor Scope 

 

The next step of this investigation sought to assess the scope limitation for the radical acceptors 

in this reaction, with cyclohexylamine used as the model amine substrate (Scheme 15). Success 

was observed using 2-pyridyl (78) and 4-pyridyl (79) rings as electron-withdrawing 

substituents. Replacing methyl acrylate with tert-butyl acrylate gave a γ-amino ester that was 

thermally recalcitrant to lactamisation under the reaction conditions, owed to the increased 

steric burden towards intramolecular cyclisation.  

 

 
 

Scheme 15. Acceptor substrate scope for C-H alkylation process (isolated yields in parentheses) 

 

 

2.2.2.3 Kinetic Studies on the Stability of 80 

 

Showing a resistance to lactamisation under the reaction conditions used, the stability of the 

tert-butyl ester product 80 under a variety of reaction conditions was studied (Scheme 16). It 

was found that 80 tolerated temperatures up to 80 °C were during an 18 h reaction, with a 0% 
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conversion to product using methanol as the solvent in the presence of Et3N. Temperatures 

above 80 °C showed significant conversions towards the lactamised product, with the use of 

NaH to formally deprotonate the amide proton achieving 100% conversion at 50 °C  

(Table 2). 

 
 

Scheme 16. Trial conditions for the lactamisation of 80 to form 72 

 

Additive Solventi Conditions Conversion % (1H 

NMR)ii 

 

None 

 

MeCN 

25 °C, 18 h 0 

50 °C, 18 h 7 

80 °C, 18 h 9 

100 °C, 18 h 79 

None MeCN 25 °C, 72 h 6 

Et3N (4 equiv) MeOH 80 °C, 18 h 0 

NaH (4 equiv) PhMe 25 °C, 18 h 35 

50 °C, 18 h 100 

 

Table 2. Kinetic stability of 80 towards temperaure and base contols i) All reactions carried out on 1 mL scale 

(concentration = 0.15 M) ii) Using the resonances at δ 2.37 (t, J = 8.1 Hz, 2H, γ-lactam) and δ 2.28 (m, 2H, γ-

amino ester). All reactions performed in sealed microwave vials.  

 

2.2.3 α-Tertiary Amine Synthesis in Continuous Flow 

 

Following a successful scope in both the amine and Michael acceptor for this reaction, the next 

step was to demonstrate that interception of the γ-amino ester intermediate is possible, despite 

the relatively facile lactamization of methyl esters, even under mild conditions. Outcompeting 

spontaneous lactamisation would allow trapping of the γ-amino ester with a range of 

electrophiles, leading to a straightforward preparation of α-tertiary amine derivatives  

(Scheme 17).  

 

 
 

Scheme 17. Proposed scheme for the trapping of 82 in continuous flow prior to thermal lactamisation via N-

functionalisation 

 

 



20 

 

2.2.3.1 Optimising the Residence Time 

 

One of the advantages of flow chemistry is the significantly reduced reaction times than can be 

used to obtain high yields compared a batch process. The first step of optimising this process 

was to determine the residence time required using a 54 W 420 nm lamp in a 10 mL reactor 

volume (Scheme 18). Residence times were tested between 0 – 20 minutes to assess conversion 

to product, and the aliquots obtained were heated at 80 °C for 2 hours to allow for complete 

lactamisation. Assuming thermal lactamisation was quantitative, the NMR yield for the 

formation of 82 was calculated to be 80% at a 20-minute residence time, utilising the 

tetrabutylammonium ion as an internal standard, with the resonance at δH = 3.35 (8H, m) used 

as a reference peak. Therefore, all reactions were carried out using a 20-minute residence time.  

 

 
 

Scheme 18. Optimisation of the residence time for the C−H alkylation step in continuous-flow 

 

2.2.3.2 Determining the Quantity of Electrophile Required 

 

For carrying out N-functionalizations of flow-generated 82 with electrophiles, it was necessary 

to calculate the quantity of electrophile needed. Using NMR analysis, the concentration of 

intermediate 82 in the steady-state product output was calculated as 0.08 M. Therefore, a 5-mL 

aliquot of the steady-state product mixture will contain 0.40 mmol of 82. An excess of 

electrophile is required due to the presence of unreacted cyclohexylamine (9) in the product 

flow stream, as well as the potential for reaction of the azide ion catalyst with the electrophilic 

reagent. Thus, in a 5-mL aliquot of the steady-state product mixture, the total quantity of 

reactive amine present (i.e., 9 + 82) is given by: 

 

mmol of 9 +82 = 
mmol of 82 produced in flow

fractional NMR yield of 82
 = 

0.40

0.80
 = 0.50 mmol 

 

Assuming the azide ion is also capable of quenching the electrophile, the steady-state output 

concentration of 82 was calculated as 0.0088 M, meaning a 5-mL aliquot of the steady-state 

product mixture will contain 0.044 mmol of potentially reactive azide. Thus, the minimum 

quantity of electrophile required for full conversion of all reactive species is given by: 

 

mmol of electrophile = mmol of 9 +82 + azide ion  =  0.50 + 0.044 = 0.544 mmol 

 

Therefore, for a 20% excess of electrophile (i.e., 1.20 equiv), it is required to use  

0.544 × 1.2 = 0.65 mmol of electrophile (i.e., 1.63 equiv w.r.t. 82; a scaling factor of 1.36)  
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2.2.3.3 Reaction Setup 

 

The reaction setup in flow used two inlet streams: one containing the Michael acceptor and 

4CzIPN in MeCN (0.15 M) and the other containing cyclohexylamine and tetrabutyl 

ammonium azide in MeCN (0.15 M). A 0.25 mL / min flow rate was used to achieve a 20 

minute residence time in the reactor (10 mL) and once all of intermediate 82 had been obtained, 

the requisite volume of electrophile was added at 0 °C and stirred for 2–18 h under nitrogen 

(Figure 13). 

 

 
 

Figure 13. Reaction setup using Vapourtec (E)-series  

 

2.2.3.4 Scope of Electrophile 

 

In small-molecule discovery, the most widely used strategy for derivatisation of amines is 

amidation. Therefore, to ensure maximum utility of this chemistry, we designed a method to 

trap the generated γ-amino esters with carboxylic-acid-derived electrophiles such as acid 

chlorides and anhydrides. A one-pot method to incorporate trisubstituted carbon-centres 

adjacent to amide linkages would open avenues for finetuning of the solubility and biological 

activity of pharmaceuticals in the hit-to-lead and lead-optimisation stages of drug discovery 

programmes. The use of electrophilic acylating agents to prepare amides was successful, with 

products 83a-c being prepared in good yields (47-58%). Given the success of this method, 

formation of the closely related sulfonamide derivatives represents another area for exploration 

of the scope of this chemistry. As they are bioisosteric with amides, the use of sulfonamides in 

small-molecule drugs has been widely reported.52 Under the same reaction conditions as the 

amidation reactions, the sulfonamidation procedures were successful, giving 84a-b (49-65%) 

(Scheme 19).  

 



22 

 

 
 

Scheme 19. Electrophile scope (amides and sulfonamides - isolated yields in parentheses). Electrophillic quench 

performed in batch mode. 

 

The installation of a N-protecting group was then explored, allowing for further transformations 

to be carried out on the product, with the nucleophilicity of the amine being temporarily 

masked. This strategy was successful, yielding 85 (Fmoc protection) in a 63% yield. The final 

transformation explored was reductive amination, giving access to α-trisubstituted secondary 

amines. This reaction used tert-butyl acrylate as the radical acceptor due to the potential for 

enhanced thermal lactamisation rates under acidic conditions. Reductive amination with 4-

fluorobenzaldehyde, using STAB as the reducing agent, gave 86 in 41% yield (Scheme 20).  

 

 
 

Scheme 20. Electrophile scope (N-protection and reductive amination - isolated yields in parentheses). 

Electrophillic quench performed in batch mode. 
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2.3 Summary and Conclusion 

In summary, this study describes the discovery, optimisation, and application of the first 

catalytic C−H alkylation process of unprotected primary amines. The optimised reaction 

conditions utilise a cheap, readily available organic photocatalyst (4CzIPN) that absorbs in the 

visible-light region, appropriating it for use in a wide array of settings, from small-scale drug 

discovery up to kilogram scale industrial processes. This work shows notable development of 

current state-of-the-art methods and is applicable for use in array synthesis in an industrial or 

academic setting.  

 

The ease of access of spirocycles using this process also introduces new avenues for the 

synthesis exploration of these privileged scaffolds in drug design.53 As they are 

conformationally-restricted in nature, spirocyclic motifs benefit from a structural rigidity that 

results in a reduced entropic penalty upon interacting with a target site, leading to a higher 

binding affinity. Spirocyclic scaffolds also benefit from their inherit rigidity as they can adopt 

fewer spatial conformations in the binding site, which can improve selectivity (Scheme 21).  

 

 
 

 Scheme 21. Rigidity of spirocyclic scaffolds results in increased binding affinity  

 

The optimisation of the multicomponent, N-functionalised reaction in continuous flow using 

transformations employed routinely in medicinal chemistry serves to highlight the applicability 

of this reaction in drug discovery programmes. The synthesis of N-protected γ-amino esters 

provides core-building blocks with masked functional handles, from which a variety of 

synthetic transformations are foreseeable, giving access to a range of specific substrates from 

synthetically versatile intermediates (Scheme 22).  

 

 
 

Scheme 22. Potential transformations from N-protected species formed in continous flow: multiple sites of 

molecular diversification 
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3  Catalytic C−H Heteroarylation of Primary 

Amines 
 

This chapter describes the optimisation, and scope assessment of a C−H heteroarylation of  

unprotected primary amines. 2-Chlorobenzothiazole was initially studied as an acceptor in a 

radical SNAr process to synthesise α-(benzo)thiazoyl amines, owed to the prevalence of this 

scaffold in drugs and natural products (Figure 14).  

 

 
 

Figure 14. Project premise: protecting group free synthesis of α-thiazoyl primary amines 

 

3.1 Introduction 

Heteroaromatic scaffolds feature in approximately half of the top 200 drugs commercialised 

worldwide.54 An important class of heteroaromatic scaffolds are thiazoles, and their ring-fused 

derivatives. These take centre-stage in several crucially important biological processes, 

including the thiazolium ring of thiamine (vitamin B1), which aids the metabolism of 

carbohydrates and amino acids.55 Through design, the thiazole moiety has also found a 

prominent application as a pharmacophore in drug discovery, featuring extensively in hit-

identification screening libraries. Examples of marketed drugs including a substituted 

(benzo)thiazole scaffold include meloxicam (anti-inflammatory)56, nizatidine (H2-receptor 

antagonist)57 and zopolrestat (aldose reductase inhibitor)58 (Figure 15). 

 

 
 

Figure 15. Selected examples of marketed drugs bearing a (benzo)thiazole scaffold 

 

Their success in medicinal chemistry can be attributed to the 1,3-relationship between the two 

heteroatoms in the aromatic ring, which can provide concurrent ligand binding to more than 

one type of receptor at the site of biological activity.59 These heteroaromatic scaffolds also 

reduce drug lipophilicity and increase aqueous solubility, therefore new methods to directly 

access substituted azoles would be of great value to drug discovery programmes at all stages. 
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3.1.1 The Thiazole Moiety in Radical SNAr Reactions  

 

Towards the functionalisation of (benz)azoles, several transition-metal catalysed coupling 

reactions have been reported for C−C and C−N bond formation at the C(2) position, including 

arylation,60 alkylation,61 amination62 and amidation.63 Heteroaryl chlorides have also been 

reported as acceptors in radical SNAr processes for C−C bond formation. MacMillan et al. 

reported the α-arylation of tertiary aryl amines through the addition of an α-amino radical to a 

variety of chlorinated azoles via a photocatalytic process.64 Following photoexcitation of  

Ir cat. 2, oxidation of the aryl-amine substrate 90 results in the formation of radical cation 95, 

which is then deprotonated in the α-position to form an α-amino radical, 96. Addition of 96 to 

an arene, 97, provides a radical σ-complex, 98, which undergoes SET with the reduced iridium 

photocatalyst, with concurrent loss of a chloride anion to form 99. (Scheme 23).    

 

 
 

Scheme 23. α-C-H arylation of N-aryl secondary amines via radical SNAr 
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The coupling of tertiary aliphatic amines with 2-chloroazoles has been reported by Weaver and 

co-workers. Operating through a similar mechanism to the work of the group of MacMillan 

(vide supra), they demonstrated the potential to form α-amino radicals from simple tertiary 

aliphatic amines, which operate as C-nucleophiles towards the azole acceptor in a radical SNAr 

process.65 Using DIPEA as a tertiary amine substrate, they observed regioselectivity for  

C-heteroarylation at the less sterically imposing site α-to N (Scheme 24).  

 

 
 

Scheme 24. α-C-H arylation of aliphatic tertiary amines via radical SNAr 

 

However, the scopes of these reactions are limited to tertiary amines, limiting their synthetic 

applications. 

 

3.1.2 C-Heteroarylation of Primary Amines with (benzo)thiazoles 

 

Radical SNAr processes in the chemical literature from α-amino radicals are dominated by 

tertiary amines. This can be attributed to the higher α-C–H bond dissociation energies of 

secondary and primary amines  compared with the corresponding tertiary amines, as well as 

the removal of a competitive N-arylation pathway when using tertiary amines. Methods to 

directly arylate primary amines at the α-position would be of utmost utility in target orientated 

synthesis, where the primary amine group can be carried through as a functional-handle for 

further derivitisation. Shirikawa et al. have demonstrated that primary amines can undergo  

C-heteroarylation using a N-silyl protection strategy through via addition to 2-sulfonyl azoles 

(Scheme 25).66  
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Scheme 25. α-C-H arylation of aliphatic primary amines via radical SNAr using an N-silyl protection strategy 

 

However, pre-formation and handling of N-silyl amines when performing these reactions 

iteratively is an inconvenience. Therefore, we sought to design a reaction whereby direct 

heteroarylation of unprotected primary amines can be achieved, allowing for rapid analogue 

syntheses of these scaffolds. 

 

3.2 Results and Discussion 

Inspired by the success of the dual HAT-photocatalysis cycle towards the α-C-H alkylation of 

primary amines, the same reaction conditions were used as a grounding for the optimisation of 

this reaction. 4-Phenylbutan-2-amine (108) was chosen as the model amine substrate owed to 

its success in the alkylation chemistry using the same catalyst system. Its use as a model 

substrate was further exemplified as HAT can be quantified from the methyl peak transitioning 

from a doublet to a singlet in a 1H NMR spectra following α-C−H functionalisation. Due to its 

demonstrated success in radical SNAr chemistry, 2-chlorobenzothiazole (109) was selected as 

the model arene for this process. Firstly, an authentic sample of the N-arylated product (110) 

was made for these model substrates (Scheme 26). At room temperature, the rate of  

N-arylation is slow, and kinetically forcing conditions are required to achieve complete 

conversions. 

 
 

Scheme 26. Synthesis of N-arylated authentic sample of model substrate 
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3.2.1 Proposed Reaction Mechanism 

 

A mechanism operating through a dual HAT-photocatalysis cycle is proposed for this reaction. 

Photoexcitation of the ground-state photocatalyst to its more oxidising excited state is followed 

by oxidation of a HAT catalyst, with concurrent reduction of the excited state photocatalyst. 

From here, the oxidised HAT catalyst, X·, can undergo HAT with the α-position of the primary 

amine to form an α-amino radical. Addition of this nucleophilic radical to the 2-chloro-azole 

species 113 results in the formation of a σ-radical complex, 114, which can undergo a reductive 

quench with the reduced photocatalyst, with loss of a chloride anion, to form the α-arylated 

primary amine 115, with liberation of HCl (Figure 16).  

 
 

Figure 16. Proposed mechanism for protecting group free α-C-H heteroarylation of primary amines 

 

3.2.2 Optimisation Studies 

 

Substitution of an olefinic acceptor (see Chapter 2) with 2-chlorobenzothiazole (109) using the 

same catalyst system gave 116 in a 44% 1H NMR yield (Scheme 27). By 1H NMR, there was 

no indication of the formation of 110 from a background reaction when the crude spectra was 

overlayed with the spectra obtained for the authentic sample. 

 

 
 

Scheme 27. Preliminary result using the dual catalysis conditions developed in Chapter 2 

 

Under these reaction conditions, the resulting reaction mixture was not homogenous, thus 

presenting an issue for any future work in continuous flow. Therefore, the initial focus of the 

optimisation of this reaction was towards a solvent system that gave similar yields and 

complete solubility of products. Therefore, DMF, DMA and EtOAc (Entries 2–4) were trialled 
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for this reaction (Table 3). Gratifyingly, DMF and DMA gave completely homogenous reaction 

mixtures in comparable yields to MeCN. Unsurprisingly, EtOAc gave a non-homogenous 

reaction mixture, but worked in a 32% yield, introducing a green alternative for these reactions 

in batch.  

 
 

 
Table 3. Solvent screening data. i) Mesitylene used as an internal standard using the resonances at δ 1.65 (s, 3H, 

C-CH3) and δ 7.86 (d, J = 8.2 Hz, 1H, Ar-H) 

 

Therefore, further optimisation was carried out using DMF as the reaction solvent. The 

photocatalysts Ir(ppy)2(dtbbpy)]PF6 (Ir cat. 1) and Ir[(dF(CF3)ppy)2(dtbbpy)]PF6 (Ir cat. 2) 

were tested as replacements for 4CzIPN, however a decrease in yield (16% and 15% 

respectively) was observed. The use of an alternative HAT catalyst, (iPr)3SiS-Na+, also resulted 

in a drastically reduced yield of 7% (Table 4). Therefore, the remainder of the optimisation 

study used the 4CzIPN and tetrabutyl ammonium azide (Bu4N
+N3

-) catalyst system. 

 

 

 
Table 4. Catalyst screening data. i) Mesitylene used as an internal standard using the resonances at δ 1.65 (s, 

3H, C-CH3) and δ 7.86 (d, J = 8.2 Hz, 1H, Ar-H). (iPr)3SiS- was used as a Na(15-C-5) salt 
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The next iteration of this optimisation study was to screen base additives; an equivalent of HCl 

is generated during each catalytic turnover. Additionally, formation of the ammonium salt of 

the starting material 108 would prevent further catalytic turnover due to the strengthened  

α-C-H bond, therefore several exogenous bases were screened for this process (Table 5). 

However, little improvement on the yield was observed using these bases, with Entry 3 & 5 

reducing the observed yield. The lower yield using KOAc as a base may be attributed to the 

required water in the solvent system for solubility, which may hydrate the azide anion, making 

it more difficult to oxidise, thus decreasing the rate-of-turnover of the HAT catalysis cycle.  

 

 
 

 
Table 5. Base screening data. i) Mesitylene used as an internal standard using the resonances at δ 1.65 (s, 3H, 

C-CH3) and δ 7.86 (d, J = 8.2 Hz, 1H, Ar-H). *Entry 5 utilised MeCN:H2O (9:1) as the solvent system 

 

Reaction time and stoichiometries were then addressed to push the reaction to completion 

(Table 6). During a 48 h run, the increase in the NMR yield was negligible (39% versus 43%), 

however increasing the number of equivalents of the amine starting material was found to 

greatly enhance yields, with a receding increase beyond 3.0 equivalents (Entry 3 versus Entry 

4). The optimal reaction conditions identified were from Entry 2, however using tert-butyl 

amine as a base additive (Entry 5), respectable yields can be achieved with lower amine 

loadings. However, a drop in yield was observed when using a larger excess of tert-butyl amine 

(5 equiv. - Entry 6). 
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Table 6. Catalyst screening data. i) Mesitylene used as an internal standard using the resonances at δ 1.65 (s, 

3H, C-CH3) and δ 7.86 (d, J = 8.2 Hz, 1H, Ar-H) 

 

With optimised reaction conditions in hand, control experiments on this reaction were carried 

out using these conditions (Table 7). In the absence of a HAT catalyst, photocatalyst or light, 

the reaction did not proceed at all, and only starting materials were recovered. When exposed 

to air, only a small decline in yield is observed, demonstrating a lack of sensitivity of this 

reaction towards the presence of O2. Additionally, use of a more concentrated reaction mixture 

(0.15 M versus 0.075 M) showed a decrease in yield. Therefore, Table 6, Entry 3 was identified 

as the optimised reaction conditions when assessing the scope of this transformation with 

different amines and (benzo)thiazoles. These control experiments also confirmed that 

irreversible SNAr with the azide anion from Bu4N
+N3

- was not occurring under these 

conditions, returning only starting materials in each case. 

 

 
Table 7. Control experiments using modifications of Table 6, Entry 3. i) Mesitylene used as an internal standard 

using the resonances at δ 1.65 (s, 3H, C-CH3) and δ 7.86 (d, J = 8.2 Hz, 1H, Ar-H) 

 

3.2.3 Amine Scope 

 

With optimised conditions in hand, the amine scope of this process was investigated using  

2-chlorobenzothiazole as a model arene substrate. In the first instance, α-di-substituted primary 

amines were investigated. It was found that for these substrates, the reaction proceeded well, 

with tolerance of common functional groups, including Boc-protected amines (119) and ethers 

(120) (Scheme 28).  
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Scheme 28. Amine scope on α-di-substituted primary amines (isolated yields in parentheses) 

 

With established success using α-di-substituted primary amines, α-mono-substituted amines 

were then investigated. (Scheme 29). Despite the potential for di-arylation in this reaction 

process, for simple α-mono-substituted amines, the mono-arylated product was isolated in a 

good yield (121, 66%), without any observed formation of the di-arylated product by 1H NMR.  

 

 
 

Scheme 29. Amine scope on α-mono-substituted primary amines (isolated yields in parentheses) 

 

For 123, it was reasoned that intramolecular hydrogen-bonding from 123 may reduce the rate 

of HAT, leaving unreacted 2-chloro-benzothiazole, which may N-arylate thermally during 

workup when removing excess DMF (Scheme 30). 

 
Scheme 30. Intramolecular hydrogen-bonding in 123 attributed to formation of N-arylated species (122b) 
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The success of mono-arylation can be attributed to a stereoelectronic effect, whereby the α-

amino radical formed following the second HAT process is captodatively stabilised, and 

therefore the HAT process with the azidyl radical to form this radical is therefore less well 

polarity-matched (Scheme 31).  

 

 
 

Scheme 31. Formation of a datively-stabilised radical after one HAT sequence; formation of a captodatively 

stabilised radical after second HAT sequence. 

 

3.2.4 Arene Scope 

 

Using the same optimised conditions as those employed in the amine scope, the scope of the 

arene in this process was investigated. The initial focus of the arene scope was towards 

substituted benzo(thiazoles), including the introduction of electron withdrawing groups  

(124 – 125), electron donating groups (126) and aryl-substituents (128) (Scheme 32). Despite 

weakly electron withdrawing groups at the 6-position of the benzothiazole ring (F, Cl) working 

well, the introduction of a strongly electron withdrawing group at the 5-position of the thiazole 

ring (CN), resulted in the formation of the N-arylated product (129b) in a 73% yield, with no 

presence of 129a following column chromatography. 

 

 
 

Scheme 32. Arene scope on model amine (isolated yields in parentheses) 
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With an understanding of the tolerance of 2-chloro-thiazole acceptors towards ring 

substituents, other 2-chloro-azoles were explored. For 2-chlorobenzoxazole and  

2-chloro-N-Boc-imidazole, the desired C-arylated products were not isolated;  

2-chlorobenzoxazole proceeded cleanly to the N-arylated product 130b in an 87% yield and  

2-chloro-N-Boc-imidazole gave a complex mixture of products (Scheme 33).  

 

 
 

Scheme 33. Unsucessful arene scope using oxazole and imidazole derivatives 

 

3.3 Summary and Conclusion 

This study has demonstrated the first α-C−H heteroarylation of unprotected primary amines via 

HAT. Furthermore, this method demonstrates access to mono-arylated primary amines bearing 

two H-atoms on the α-C atom, allowing for greater yields, avoiding potentially complicated 

amine separations in purification. The amine scope thus far has also demonstrated a desirable 

functional group tolerance, with HAT proceeding selectively in the presence in the presence of 

Boc-protected tertiary amines (119), ethers (120), and alcohols (122a).  

This methodology will allow for rapid tuning of amine and (benzo)thiazole scaffolds in  

lead-optimisation studies, with demonstrated tolerance of electron-donating groups (126) and 

weakly electron withdrawing groups (124-125) on the (benzo)thiazole ring.  

It has also been shown that this method can be performed on a multigram scale when employed 

in continuous flow, allowing for the generation of large quantities of valuable synthetic 

intermediates, where required. 

At present however, this methodology is limited to (benzo)thiazoles, with N-arylation observed 

in the presence of stronger electron-withdrawing groups (129b). Identifying an optimised 

method to access C-arylation from more electrophilic substrates would allow for a scope 

expansion of the arene partner, including pyrimidines, which have been shown to operate as 

radical SNAr substrates with α-amino radicals.67  

 



35 

 

4  Future work 
 

Future work will be focussed on the heteroarylation reaction introduced in Chapter 3. The next 

stage of this project will be to complete a comprehensive amine scope (coupling to 2-

chlorobenzothiazole), including amines derived from natural products, including Leelamine 

(132), Baclofen (133), Alogliptin (134) and a Chloramphenicol precursor (135) (Figure 17).   

 

 
Figure 17. C−H heteroarylation sites on natural products 

 

Within the amine scope, the application of this methodology towards the synthesis of a patented 

pharmaceutical intermediate can be explored, specifically analogues (137a-137b) of a potent 

dipeptidylpeptidase IV inhibitor for the treatment of type 2 diabetes.68 This two-step coupling 

sequence required could be performed in continuous flow from inexpensive starting materials 

on a gram-scale, demonstrating the scalability of this photochemical process  

(Scheme 34).  

 
Scheme 34. Two-step synthesis of analogues of a patent intermediate using this methodology 

 

The arene scope can also be explored further, introducing thiazoles bearing moderately 

electron-withdrawing groups such as CO2Et (138). This will allow for the construction of 

thiopeptide building blocks for natural product synthesis and diversification, which have 

notable antibiotic potency.69 Thiaziadoles (139a-139b) will also be explored as potential 

coupling substrates in this process (Scheme 35). 

 

 
Scheme 35. Thiopeptide construction via α-C−H heteroarylation 
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5  Experimental 
 

General Methods: All reactions, unless otherwise stated, were performed magnetically stirred 

under an N2 atmosphere. Reaction temperatures were electronically monitored as external 

heating block temperatures; room temperature (rt) typically ranged between 20–25 °C, 

depending on the time of day. Reagents were purchased from different commercial sources and 

used without further purification. MeCN was dried by percolation through columns packed 

with neutral alumina under a positive pressure of nitrogen. DMF was heated at 80 °C over 

molecular sieves for 18 h and distilled under reduced pressure. Solvents for filtration, transfers, 

chromatography, and recrystallization, including MeCN, CHCl3, CH2Cl2, EtOAc, MeOH and 

40-60° petroleum ether were used as received. 

 

Photochemical Reactions: All batch photoreactions were conducted in commercially 

available EvoluChem PhotoRedOx Box reactors (Figure 18).  

 

 
 

Figure 18. Reaction setup for photoredox processes using EvoluChem PhotoRedOx Box reactors 

 

Flow Reactions: Flow photochemical experiments were performed using a Vapourtec E-series 

unit equipped with a UV-150 module with blue LEDs (54 W at 420 nm) (Figure 19).  

 

 
Figure 19. Vapourtec (E)-series equipment used for flow chemistry 
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Optimisation Experiments: Optimisation experiments were carried out using adapted 

protocols from the general procedures. Optimisation yields were determined by using the  
1H-NMR integration of mesitylene (made-up as a 0.134 M solution in CDCl3) as an internal 

standard.  

 

Work-up & Reaction Monitoring: For all work-up procedures, solvents were removed using 

Büchi rotary evaporation apparatus. Thin-layer chromatography (TLC) was achieved using 

aluminium backed, 0.2 mm silica gel TLC plates. Visualization of the chromatogram was 

achieved by UV visualisation or KMnO4 staining. 

 

Chromatographic Purification: Chromatographic purification of products was accomplished 

using forced-flow chromatography on silica gel (pore size 60 Å) in a glass column or using a 

CombiFlash NextGen 300+ System equipped with UV and ELSD detectors (normal & reverse 

phase).  

 

NMR Spectroscopy: 1H and 13C{1H} spectra were recorded at 400/500 MHz and 126 MHz 

respectively; reaction monitoring and calculation of NMR yields was performed using a Bruker 

spectrometer (400 MHz) and characterisation was performed using an Agilent ProPulse 

spectrometer (500 MHz). 1H and 13C{1H} NMR spectra were referenced to residual solvent 

peaks; chemical shifts are reported in parts per million (ppm) relative to residual chloroform 

(δ = 7.26 ppm, 1H; 77.16 ppm, 13C). All 13C{1H} resonances are assumed to be singlets, unless 

stated otherwise. Coupling constants, J, reported in Hertz (Hz), were calculated using 

MestReNova to the nearest 0.1 Hz. The following abbreviations (and their combinations) are 

used to label the multiplicities: app (apparent), br (broad), s (singlet), d (doublet), t (triplet),  

q (quartet), and m (multiplet). 1H and 13C{1H} assignments for novel compounds are 

corroborated through 2D analysis (COSY, HSQC, HMBC). A table of NMR shifts for common 

solvents published in the Journal of Organic Chemistry was used to identify solvent peaks.70 

 

Infrared Spectroscopy: Infrared (IR) spectra of neat compounds were recorded over the range 

4000–650 cm–1 using a PerkinElmer Spectrum 100 ATR-FTIR spectrometer. Peaks are 

reported in cm−1 with indicated relative intensities: s (strong, 0–33% T); m (medium, 34–66% 

T), w (weak, 67–100% T), and br (broad). 

 

Mass Spectrometry: Electrospray ionization (ESI+) spectra were recorded on an Agilent 

Electrospray Quadrupole Time-of-Flight mass spectrometer (ESI-QTOF). Data are reported in 

the form of m/z (intensity relative to the base peak = 100). 

 

Melting Points: Uncorrected melting points (mp) were determined on a Stanford Research 

Systems OptiMelt automated capillary melting point apparatus in open capillary tubes. 
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5.1 Chapter 2 Experimental 

 

Preparation of 2,4,5,6-tetra(9H-carbazol-9-yl)isophthalonitrile (4CzIPN) 

  

 
 

In an argon-filled glove box, NaH (washed with hexane, 180 mg, 7.50 mmol, 7.5 equiv) was 

added to an oven-dried, 3-necked, 50-mL, round-bottomed flask equipped with a stirrer bar, 

and the necks of the flask were all sealed with rubber septa. The flask was then removed from 

the glove box and connected to a N2 line via an inlet needle. Dry THF (20 mL) was added via 

syringe and the mixture was cooled in an ice/water bath. Carbazole (836 mg, 5.00 mmol,  

5.0 equiv) was then added portionwise under a stream of N2, and the reaction mixture was 

allowed to warm to rt. After 30 min, tetrafluoroisophthalonitrile (200 mg, 1.00 mmol, 1 equiv) 

was added and the solution was stirred at rt for 72 h. H2O (0.5 mL) was then added and the 

mixture was concentrated in vacuo. The resulting yellow solid residue was collected via 

filtration under house vacuum, and was washed sequentially with H2O (25 mL), EtOH (25 mL), 

and Et2O (25 mL). Purification via recrystallization from hot CHCl3 (ca. 10 mL) and hexane 

(ca. 2 mL) gave 73 as a bright yellow solid (733 mg, 93%). The NMR spectroscopic data was 

in accordance with the literature. 

 

Data for 73: 
1H NMR:        (500 MHz, CDCl3) 

8.26–8.20 (m, 2H), 7.75–7.65 (m, 8H), 7.53–7.46 (m, 2H), 7.36–7.31 (m, 2H), 

7.27–7.18 (m, 4H), 7.14–7.04 (m, 8H), 6.87–6.79 (m, 4H), 6.67–6.60 (m, 2H) 
13C NMR:  (126 MHz, CDCl3) 

145.4, 144.8, 140.1, 138.3, 137.1, 134.9, 127.1, 125.9, 125.1, 124.7, 124.0, 

122.5, 122.1, 121.5, 121.1, 120.6, 119.8, 116.5, 111.75, 110.1, 109.62, 109.57 
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5.1.1 Photochemical C−H Alkylation: Amine Scope: 

 

 
 

 

General Procedure 1: A 20-mL scintillation vial equipped with a stirrer bar was flame-dried 

and transferred to a nitrogen-filled purge box whilst still hot, then was allowed to cool under 

the N2 atmosphere. In the case of solid or viscous oil amine substrates, the requisite amine (0.45 

mmol, 1.0 equiv) was then weighed into the empty vial at this point, and the stirrer bar replaced. 

The vial was then charged with stock solutions of 4CzIPN (2.28 mM in MeCN, 1.97 mL, 4.5 

µmol, 1 mol%) and tetrabutylammonium azide (70.3 mM in MeCN, 640 µL, 45 µmol, 10 

mol%), the requisite amine (0.45 mmol), and methyl acrylate (41 μL, 39 mg, 0.45 mmol, 1.0 

equiv) and made up to a total volume of 3.0 mL by addition of MeCN and the vial was sealed 

using an up-turned B24 rubber septa. It was then removed from the purge box and transferred 

to a photoreactor, and irradiated (with stirring) for 20 h at 425 nm. Fan cooling was used to 

maintain an external temperature of 25–26 °C, which matched the internal reaction temperature 

at all stages of the reaction. Following irradiation, the reaction mixture was concentrated in 

vacuo. The residue was then dissolved in MeOH (5 mL) and Et3N (0.25 mL, 0.18 g, 1.8 mmol, 

4.0 equiv) was added. The reaction was then refluxed for 2 h, followed by concentration in 

vacuo. 

 

Preparation of 1,4-dioxa-9-azadispiro[4.2.48.25]tetradecan-10-one 

 

 
 

Following General Procedure 1, 1,4-dioxaspiro[4.5]decan-8-amine (64 μL, 71 mg, 0.45 mmol, 

1.0 equiv), methyl acrylate 14 (41 μL, 39 mg, 0.45 mmol, 1.0 equiv), 4CzIPN (2.28 mM in 

MeCN, 1.98 mL, 4.5 µmol, 1 mol%), tetrabutylammonium azide (70.3 mM in MeCN, 640 µL, 

45 µmol, 10 mol%), and MeCN (390 µL) were reacted for 20 h with a 425 nm LED lamp. 

Following concentration in vacuo, the residue was dissolved in MeOH (5 mL) and Et3N (0.25 

mL, 0.18 g, 1.8 mmol, 4.0 equiv) was added. The reaction was then refluxed for 2 h, followed 

by concentration in vacuo. Purification via flash column chromatography on silica gel (12 g) 

in CH2Cl2 (5 CV) then 100:0:0→90:9:1 CH2Cl2–MeOH–aq. NH4OH (over 15 CV) then 90:9:1 
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CH2Cl2–MeOH–aq. NH4OH (17 CV), followed by reversed-phase flash column 

chromatography on C18 silica gel (15.5 g) in H2O (3 CV) then 100:0→0:100 H2O–MeOH (over 

15 CV) then MeOH (16 CV), gave 74 as a white crystalline solid (59.1 mg, 62%). The NMR 

spectroscopic data was in accordance with the literature.71 

 

Data for 74:  

mp:  203–205 °C 
1H NMR:     (500 MHz, CDCl3) 

  6.48 (br s, 1H, NH), 3.97–3.91 (m, C(2)H2, C(3)H2), 2.40 (t, J = 8.1 Hz, 2H, 

C(11)H2), 1.97 (t, J = 8.1 Hz, 2H, C(12)H2), 1.78–1.68 (m, 8H, C(6)H2, C(7)H2. 

C(13)H2, C(14)H2) 
13C NMR:  (126 MHz, CDCl3) 

  178.3 (C=O), 108.9 (C(5)), 65.6 (C(2) C(3)), 58.5 (C(8)), 36.7 (C(7), C(13)), 33.3 

(C(6), C(14)), 31.9 (C(12)), 31.0 (C(11)) 

 IR: (neat) 

  3166 (w), 3077 (w), 2937 (w), 2888 (w), 1693 (m), 1442 (w), 1375 (m), 1348 

(w), 1328 (w), 1264 (w), 1198 (w), 1172 (w), 1158 (w), 1105 (m), 1091 (m), 1036 

(w), 995 (w), 972 (w), 933 (w), 883 (w), 829 (w), 810 (w), 760 (m), 669 (w) 

 MS: (ESI+) 

235 ([M+Na]+, 12%), 234 (100%), 213 ([M+H]+, 14%), 212 (84%) 

 HRMS: (ESI+) 

           calcd for C11H17NO3
23Na: 234.1101, found 234.1105 

 

Preparation of 1,4-dioxa-9-azadispiro[4.2.48.25]tetradecan-10-one 

 

 
 

Following General Procedure 1, 2,2-dimethyl-1,3-dioxan-5-amine (59 mg, 0.45 mmol, 1.0 

equiv),methyl acrylate (41 μL, 39 mg, 0.45 mmol, 1.0 equiv), 4CzIPN (2.28 mM in MeCN, 

1.98 mL, 4.5 µmol, 1 mol%), tetrabutylammonium azide (70.3 mM in MeCN, 640 µL,  

45 µmol, 10 mol%), and MeCN (390 µL) were reacted for 20 h with a 425 nm LED lamp. 

Following concentration in vacuo, the residue was dissolved in MeOH (5 mL) and Et3N (0.25 

mL, 0.18 g, 1.8 mmol, 4.0 equiv) was added. The reaction was then refluxed for 2 h, followed 

by concentration in vacuo. Purification via flash column chromatography on silica gel (12 g) 

in CH2Cl2 (5 CV) then 100:0:0→90:9:1 CH2Cl2–MeOH–aq. NH4OH (over 15 CV) then 90:9:1 

CH2Cl2–MeOH–aq. NH4OH (17 CV), followed by reversed-phase flash column 

chromatography on C18 silica gel (15.5 g) in H2O (3 CV) then 100:0→0:100 H2O–MeOH (over 
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15 CV) then MeOH (16 CV), gave 75 as a white crystalline solid (45.0 mg, 54%). The NMR 

spectroscopic data was in accordance with the literature.72 

 

Data for 75: 

mp:  154–156 °C 
1H NMR:     (500 MHz, CDCl3) 

  6.63 (br s, 1H, NH), 3.85–3.79 (m, 2H, C(6)HA, C(10)HA), 3.66–3.60 (m, 2H, 

C(6)HB, C(10)HB), 2.40 (t, J = 8.2 Hz, 2H, C(3)H2), 1.77 (t, J = 8.6 Hz, 2H, 

C(4)H2) 1.45 (s, 3H, C(8)MeA), 1.41 (s, 3H, C(8)MeB) 
13C NMR:  (126 MHz, CDCl3) 

  176.3 (C=O), 98.6 (C(8)), 68.7 (C(6), C(10)), 55.9 (C(5)), 31.1 (C(3)), 29.25 

(C(8)MeA), 27.5 (C(4)), 19.8 (C(8)MeB) 

 IR: (neat) 

  3363 (w), 3186 (w), 2995 (w), 2924 (w), 2878 (w), 1706 (m), 1650 (m), 1465 

(w), 1455 (w), 1422 (w), 1393 (w), 1378 (w), 1305 (w), 1281 (w), 1262 (w), 1196 

(m), 1153 (w), 1118 (w), 1072 (m), 1050 (m), 1036 (m), 1006 (w), 938 (w), 830 

(m), 768 (m), 728 (m), 676 (w), 662 (w) 

 MS: (ESI+) 

208 ([M+Na]+, 100%), 186 ([M+H]+, 56%) 

 HRMS: (ESI+) 

           calcd for C9H16NO3: 186.1125, found 186.1126 

 

Preparation of tert-butyl 2-oxo-1,8-diazaspiro[4.5]decane-8-carboxylate  

 

Following General Procedure 1, tert-butyl 4-aminopiperidine-1-carboxylate (92 mg, 0.45 

mmol, 1.0 equiv) (59 mg, 0.45 mmol, 1.0 equiv.),methyl acrylate (41 μL, 39 mg, 0.45 mmol, 

1.0 equiv.), 4CzIPN (2.28 mM in MeCN, 1.98 mL, 4.5 µmol, 1 mol%), tetrabutylammonium 

azide (70.3 mM in MeCN, 640 µL, 45 µmol, 10 mol%), and MeCN (390 µL) were reacted for 

20 h with a 425 nm LED lamp. Following concentration in vacuo, the residue was dissolved in 

MeOH (5 mL) and Et3N (0.25 mL, 0.18 g, 1.8 mmol, 4.0 equiv.) was added. The reaction was 

then refluxed for 2 h, followed by concentration in vacuo. Purification via flash column 

chromatography on silica gel (12 g) in CH2Cl2 (5 CV) then 100:0:0→90:9:1 CH2Cl2–MeOH–

aq. NH4OH (over 15 CV) then 90:9:1 CH2Cl2–MeOH–aq. NH4OH (17 CV), followed by 

reversed-phase flash column chromatography on C18 silica gel (15.5 g) in H2O (3 CV) then 
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100:0→0:100 H2O–MeOH (over 15 CV) then MeOH (16 CV), gave 76 as a white crystalline 

solid (70.8 mg, 61%). 

 

Data for 76: 

mp:   156–158 °C 
1H NMR:     (500 MHz, CDCl3) 

  7.32 (s, 1H, NH), 3.54–3.34 (m, 4H, C(7)H2, C(9)H2), 2.38 (t, J = 8.1 Hz, 2H, 

C(3)H2), 1.91 (t, J = 8.1 Hz, 2H, C(4)H2), 1.73–1.49 (m, 4H, C(6)H2, C(10)H2), 

1.42 (s, 9H, Ot-Bu) 
13C NMR:  (126 MHz, CDCl3) 

  177.5 (C(2)=O), 154.65 (C=O), 79.9 (OC(CH3)3), 57.9 (C(5)), 41.1 (C(7), C(9)), 

37.7 (C(6), C(10)), 32.4 (C(4)), 29.8 (C(3)), 28.55 (OC(CH3)3) 

 IR: (neat) 

  3173 (w), 3075 (w), 2974 (w), 2957 (w), 2934 (w), 2903 (w), 2874 (w), 1736 (w), 

1673 (s), 1684 (s), 1538 (w), 1477 (w), 1455 (w), 1423 (m), 1386 (m), 1363 (m), 

1296 (w), 1274 (m), 1242 (m), 1179 (m), 1153 (s), 1081 (m), 1026 (m), 995 (w), 

978 (w), 955 (m), 937 (w), 914 (w), 868 (w), 820 (w), 782 (m), 762 (m), 736 (w), 

667 (w) 

 MS: (ESI+) 

509 (16%), 277 (22%), 276 (12%), 255 ([M+H]+, 25%), 243 (17%), 242 (100%), 

199 (64%), 155 (12%), 133 (19%)  

 HRMS: (ESI+) 

           calcd for C13H23N2O3: 255.1703, found: 255.1711 

 

Preparation of (RS)-ethyl 2-(2-methyl-5-oxopyrrolidin-2-yl)acetate 

 

 
 

Following General Procedure 1, ethyl (RS)-3-aminobutanoate (59 mg, 0.45 mmol, 1.0 equiv.), 

methyl acrylate (41 μL, 39 mg, 0.45 mmol, 1.0 equiv), 4CzIPN (2.28 mM in MeCN, 1.98 mL, 

4.5 µmol, 1 mol%), tetrabutylammonium azide (70.3 mM in MeCN, 640 µL, 45 µmol, 10 

mol%), and MeCN (390 µL) were reacted for 20 h with a 425 nm LED lamp. Following 

concentration in vacuo, the residue was dissolved in MeOH (5 mL) and Et3N (0.25 mL, 0.18 

g, 1.8 mmol, 4.0 equiv) was added. The reaction was then refluxed for 2 h, followed by 

concentration in vacuo. Purification via flash column chromatography on silica gel (12 g) in 

CH2Cl2 (5 CV) then 100:0:0→90:9:1 CH2Cl2–MeOH–aq. NH4OH (over 15 CV) then 90:9:1 

CH2Cl2–MeOH–aq. NH4OH (17 CV), followed by reversed-phase flash column 

chromatography on C18 silica gel (15.5 g) in H2O (3 CV) then 100:0→0:100 H2O–MeOH (over 

15 CV) then MeOH (16 CV), gave 77 as a colourless oil (61.1 mg, 73%). 

Data for 77: 
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1H NMR:      (500 MHz, CDCl3)  

  6.39 (br s, 1H, NH), 4.15 (q, J = 7.1 Hz, 2H, C(1′′)H2), 2.53 (d, J = 1.5 Hz, 2H, 

C2′)H2), 2.46–2.31 (m, 2H, C(4)H2) 2.03–1.95 (m, 2H, C(3)H2) 1.35 (s, 3H, 

C(2)Me) 1.26 (t, J = 7.1 Hz, 3H, C(1′′)Me) 
13C NMR:  (126 MHz, CDCl3) 

  176.6 (C(5)=O), 171.0 (C=O), 60.9 (C(1′′)), 57.1 (C(2)), 46.1 (C(2′)), 34.6 (C(3)), 

29.7 (C(4)), 26.8 (C(2)Me) 14.3 (C(1′′)Me) 

 IR: (neat) 

  3232 (w), 2976 (w), 2036 (w), 2010 (w), 1727 (m), 1690 (s), 1460 (w), 1369 (w), 

1341 (w), 1302 (w), 1211 (m), 1189 (m), 1140 (m), 1095 (m), 1030 (m), 953 (w), 

901 (w), 673 (w) 

 MS: (ESI+) 

208 ([M+Na]+, 100%), 186 ([M+H]+, 53%)  

 HRMS: (ESI+) 

      calcd for C9H16NO3: 186.1125, found: 186.1127 

 

5.1.2 Photochemical C−H Alkylation: Acceptor Scope: 

 

 
 

General Procedure 2: A 20-mL scintillation vial equipped with a stirrer bar was flame-dried 

and transferred to a nitrogen-filled purge box whilst still hot, then was allowed to cool under 

the N2 atmosphere. In the case of solid or viscous oil amine substrates, the requisite amine (0.45 

mmol, 1.0 equiv) was then weighed into the empty vial at this point, and the stirrer bar replaced. 

The vial was then charged with stock solutions of 4CzIPN (2.28 mM in MeCN, 1.97 mL, 4.5 

µmol, 1 mol%) and tetrabutylammonium azide (70.3 mM in MeCN, 640 µL, 45 µmol, 10 

mol%), cyclohexylamine (52 μL, 45 mg, 0.45 mmol, 1.0 equiv.), the requisite Michael 

Acceptor (0.45 mmol) and made up to a total volume of 3.0 mL by addition of MeCN and the 

vial was sealed using an up-turned B24 rubber septa. It was then removed from the purge box 

and transferred to a photoreactor, and irradiated (with stirring) for 20 h at 425 nm. Fan cooling 

was used to maintain an external temperature of 25–26 °C, which matched the internal reaction 

temperature at all stages of the reaction. Following irradiation, the reaction mixture was 

concentrated in vacuo. Where lactamisation was possible, the residue was dissolved in MeOH 

(5 mL) and Et3N (0.25 mL, 0.18 g, 1.8 mmol, 4.0 equiv.) was added. The reaction was then 

refluxed for 2 h, followed by concentration in vacuo. 
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Preparation of 1-[2-(pyridin-4-yl)ethyl]cyclohexan-1-amine  

 

 
 

Following General Procedure 2, cyclohexylamine (52 μL, 45 mg, 0.45 mmol, 1.0 equiv), 4-

vinylpyridine (47 mg, 0.45 mmol, 1.0 equiv), 4CzIPN (2.28 mM in MeCN, 1.98 mL, 4.5 µmol, 

1 mol%), tetrabutylammonium azide (70.3 mM in MeCN, 640 µL, 45 µmol, 10 mol%), and 

MeCN (390 µL) were reacted for 20 h with a 425 nm LED lamp. Following concentration in 

vacuo, purification via flash column chromatography on silica gel (12 g) in CH2Cl2 (5 CV) 

then 100:0:0→90:9:1 CH2Cl2–MeOH–aq. NH4OH (over 15 CV) then 90:9:1 CH2Cl2–MeOH–

aq. NH4OH (17 CV), followed by reversed-phase flash column chromatography on C18 silica 

gel (15.5 g) in H2O (3 CV) then 100:0→0:100 H2O–MeOH (over 15 CV) then MeOH (16 CV), 

gave 78 as a yellow oil (54.0 mg, 59%).  

 

Data for 78:  
1H NMR:     (500 MHz, CDCl3) 

  8.51–8.44 (m, 2H, C(2′′)H, C(6′′)H), 7.16–7.10 (m, 2H, C(3′′)H, C(5′′)H), 2.71–

2.63 (m, 2H, C(2′)H2), 1.64–1.22 (m, 14H, NH2, C(1′)H2, C(2)H2, C(3)H2, C(4)H2, 

C(5)H2, C(6)H2) 
13C NMR:  (126 MHz, CDCl3) 

  152.2 (C(4′′)), 149.85 (C(2′′), C(6′′)), 124.0 (C(3′′), C(5′′)), 51.05 (C(1)), 43.4 

(C(1′)), 38.7 (C(2), C(6)), 29.1 (C(2′)), 26.0 (C(4)), 22.3 (C(3), C(5)) 

 IR: (neat) 

  3349 (w), 3025 (w), 2924 (w), 2852 (w), 2021 (w), 1682 (w), 1600 (m), 1559 (w), 

1497 (w), 1449 (w), 1417 (w), 1335 (w), 1220 (w), 1168 (w), 1098 (w), 1056 (w), 

993 (w), 954 (w), 897 (w), 844 (w), 805 (m), 685 (w) 

 MS: (ESI+) 

206 (14%), 205 ([M+H]+, 100%) 

 HRMS: (ESI+) 

  calcd for C13H21N2: 205.1699, found: 205.1705 
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Preparation of 1-[2-(pyridin-2-yl)ethyl]cyclohexan-1-amine  

 

 
 

Following General Procedure 2, cyclohexylamine (52 μL, 45 mg, 0.45 mmol, 1.0 equiv), 4-

vinylpyridine (47 mg, 0.45 mmol, 1.0 equiv), 4CzIPN (2.28 mM in MeCN, 1.98 mL, 4.5 µmol, 

1 mol%), tetrabutylammonium azide (70.3 mM in MeCN, 640 µL, 45 µmol, 10 mol%), and 

MeCN (390 µL) were reacted for 20 h with a 425 nm LED lamp. Following concentration in 

vacuo, purification via flash column chromatography on silica gel (12 g) in CH2Cl2 (5 CV) 

then 100:0:0→90:9:1 CH2Cl2–MeOH–aq. NH4OH (over 15 CV) then 90:9:1 CH2Cl2–MeOH–

aq. NH4OH (17 CV), followed by reversed-phase flash column chromatography on C18 silica 

gel (15.5 g) in H2O (3 CV) then 100:0→0:100 H2O–MeOH (over 15 CV) then MeOH (16 CV), 

gave 79 as a yellow oil (54.9 mg, 59%).  

 

Data for 79: 
1H NMR:      (500 MHz, CDCl3)  

  8.48 (d, J = 5.0 Hz, 1H, C(6′′)H), 7.54 (t, J = 7.7 Hz, 1H, C(4′′)H), 7.13 (d, J = 

7.8 Hz, 1H, C(3′′)H), 7.05 (dd, J = 7.4, 5.1 Hz, 1H, C(5′′)H), 2.85–2.77 (m, 2H, 

C(2′)H2), 1.79–1.71 (m, 2H, C(1′)H2), 1.56–1.24 (m, 12H, NH2, C(1)H2, C(2)H2, 

C(3)H2, C(4)H2, C(5)H2, C(6)H2) 
13C NMR:  (126 MHz, CDCl3) 

  162.9 (C(2′′)), 149.3 (C(6′′)), 136.4 (C(4′′)), 122.8 (C(3′′)), 120.9 (C(5′′)), 50.6 

(C(1)), 42.9 (C(1′)), 38.8 (C(2), C(6)), 32.2 (C(2′)), 26.1 (C(3), C(5)), 22.3 (C(4)) 

 IR: (neat) 

  3290 (w), 2922 (m), 2851 (w), 2163 (w), 2123 (w), 1837 (w), 1590 (m), 1568 

(w), 1474 (w), 1450 (w), 1434 (m), 1149 (w), 1051 (w), 993 (w), 904 (w), 750 

(m), 664 (m) 

 MS: (ESI+) 

  206 (13%), 205 ([M+H]+, 100%), 188 (33%)  

 HRMS: (ESI+) 

      calcd for C13H21N2: 205.1699, found: 205.1707 
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Preparation of tert-butyl 3-(1-aminocyclohexyl)propanoate  

 

 
 

Following General Procedure 2, cyclohexylamine (52 μL, 45 mg, 0.45 mmol, 1.0 equiv), tert-

butyl acrylate (58 mg, 66 μL 0.45 mmol, 1.0 equiv), 4CzIPN (2.28 mM in MeCN, 1.98 mL, 

4.5 µmol, 1 mol%), tetrabutylammonium azide (70.3 mM in MeCN, 640 µL, 45 µmol, 10 

mol%), and MeCN (390 µL) were reacted for 20 h with a 425 nm LED lamp. Following 

concentration in vacuo, purification via flash column chromatography on silica gel (12 g) in 

CH2Cl2 (5 CV) then 100:0:0→90:9:1 CH2Cl2–MeOH–aq. NH4OH (over 15 CV) then 90:9:1 

CH2Cl2–MeOH–aq. NH4OH (17 CV) gave 80 as a light brown oil (69.1 mg, 68%).  

 

Data for 80: 
1H NMR:     (500 MHz, CDCl3) 

  2.28 (m, 2H, C(2′)H2), 1.68–1.61 (m, 2H, C(3′)H2), 1.54–1.20 (m, 21H, NH2, 

C(2)H2, C(3)H2, C(4)H2, C(5)H2, C(6)H2, Ot-Bu) 
13C NMR:  (126 MHz, CDCl3) 

  173.9 (C=O), 80.2 (OC(CH3)3)), 50.4 (C(1)), 38.7 (C(2), C(6)), 37.3 (C(3′)), 29.9 

(C(2′)), 28.2 (OC(CH3)3), 26.1 (C(3), C(5)), 22.3 (C(4)) 

 IR: (neat) 

  3268 (w), 3125 (w), 2929 (w), 2857 (w), 1735 (m), 1641 (m), 1571 (w), 1538 

(m), 1475 (w), 1450 (w), 1436 (w), 1421 (w), 1366 (w), 1331 (w), 1311 (m), 1292 

(m), 1246 (w), 1219 (w), 1191 (m), 1169 (m), 1147 (m), 1137 (m), 1082 (w), 

1030 (w), 991 (w), 972 (w), 950 (w), 932 (w), 896 (w), 886 (w), 846 (w), 779 

(w), 756 (m), 682 (w)  

 MS: (ESI+) 

229 (13%), 228 ([M+H]+, 100%) 

 HRMS: (ESI+) 

           calcd for C13H26NO2: 228.1958, found: 228.1969 
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Preparation of (RS)-methyl 3-(1-aminocyclohexyl)-3-phenylpropanoate 

 

Following General Procedure 2, cyclohexylamine (52 μL, 45 mg, 0.45 mmol, 1.0 equiv), 

methyl cinnamate (73 mg, 0.45 mmol, 1.0 equiv), 4CzIPN (2.28 mM in MeCN, 1.98 mL, 4.5 

µmol, 1 mol%), tetrabutylammonium azide (70.3 mM in MeCN, 640 µL, 45 µmol, 10 mol%), 

and MeCN (390 µL) were reacted for 20 h with a 425 nm LED lamp. Following concentration 

in vacuo, purification via flash column chromatography on silica gel (12 g) in CH2Cl2 (5 CV) 

then 100:0:0→90:9:1 CH2Cl2–MeOH–aq. NH4OH (over 15 CV) then 90:9:1 CH2Cl2–MeOH–

aq. NH4OH (17 CV), followed by reversed-phase flash column chromatography on C18 silica 

gel (15.5 g) in H2O (3 CV) then 100:0→0:100 H2O–MeOH (over 15 CV) then MeOH (16 CV), 

gave 81 as a pale yellow oil (39.1 mg, 33%).  

 

Data for 81: 
1H NMR:     (500 MHz, CDCl3) 

  7.27–7.12 (m, 5H, C(2′′)H, C(3′′)H, C(4′′)H, C(5′′)H, C(6′′)H), 3.48 (s, 3H, OMe), 

2.98–2.88 (m, 2H, C(2)H2), 2.73–2.67 (m, 1H, C(3)H), 1.67–1.28 (m, 12H, NH2, 

C(2′)H2, C(3′)H2, C(4′)H2, C(5′)H2, C(6′)H2) 
13C NMR:  (126 MHz, CDCl3) 

  175.3 (C=O), 140.0, 128.9, 128.5, 126.3 (C(1′′), C(2′′), C(3′′), C(4′′), C(5′′), 

C(6′′)), 58.1 (C(3)), 52.9 (C(1′)), 51.2 (OMe) , 38.1, 36.4, 33.1, 25.9, 21.9 (C(2′), 

C(3′), C(4′), C(5′)), C(6′)) 

 IR: (neat) 

  3028 (w), 2925 (w), 2854 (w), 1723 (m), 1603 (w), 1495 (w), 1447 (w), 1358 (w), 

1199 (w), 1153 (m), 1070 (w), 1030 (w), 998 (w), 931 (w), 910 (w), 871 (w), 838 

(w), 792 (w), 747 (m), 699 (m) 

 MS: (ESI+) 

413 (10%), 262 ([M+H]+, 100%) 

 HRMS: (ESI+) 

          calcd for C16H24NO2: 262.1801, found: 262.1810 
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5.1.3 Determining of the Steady-State Concentration of 82 

 

 
 

The following solutions were prepared in 50-mL volumetric flasks under N2:   

Reagent feed A: A 50 mL solution of 66 (1.36 mL, 1.30 g, 15.0 mmol, 1.0 equiv.) and 4CzIPN 

(118 mg, 0.15 mmol, 1 mol%) in dry MeCN.  

Reagent feed B: A 50 mL solution of 9 (1.72 mL, 1.50 g, 15.0 mmol, 1.0 equiv.) and tetrabutyl 

ammonium azide (427 mg, 1.50 mmol, 10 mol%) in dry MeCN. 

 

A Vapourtec E-series flow reactor equipped with a UV-150 10 mL photoreactor and dry-ice 

cooling module was used. After priming the reagent lines for feeds A and B, and flushing the 

system with dry MeCN, 5.0 mL portions of feeds A and B were injected simultaneously into 

the photoreactor at a flow rate of 250 μL min–1 (tR = 20 min), mixed in a T-mixer and passed 

through a 10 mL coil (0.8 mm inner diameter, fluoropolymer tube), irradiated with a 420 nm 

LED array (54 W radiant output power) at 20 °C. The pressure was kept around 1 bar by using 

the third pump as a back-pressure regulator (BPR). After the entire 10 mL mixture had entered 

the reactor, it was followed with dry MeCN at the same flow rate. A  5 mL aliquot of the steady-

state product mixture was collected over the time period  28–38 min, as a dark orange solution. 

From this solution, 3 × 1 mL aliquots were transferred to microwave vials, then crimped and 

heated at 70 °C for 2 h. After allowing to cool to rt, the vials were de-crimped and the mixtures 

were each concentrated in vacuo on a spiral evaporator. Mesitylene (2.0 µL, 0.019 mmol) was 

added to each sample as an internal standard, followed by subjection to 1H NMR analysis. The 

NMR yield of 72 was calculated as 80% using the tetrabutylammonium ion as an internal 

standard, using the resonance at  δH = 3.35 (8H, m) as a reference peak. Assuming the 

lactamisation of 82 is quantitative, the concentration of 82 in the steady-state product mixture 

was calculated as 0.08 M by reference to the mesitylene internal standard, using the resonance 

at δH = 6.77 (3H, s). The concentration of tetrabutyl ammonium azide in the steady-state 

product mixture was also calculated as 0.0088 M.  
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5.1.4 Synthesis of α-Tertiary Amine Derivatives in Continuous Flow 

 

 
 

The following solutions were prepared in 50 mL volumetric flasks under N2:  

Reagent feed A: A 50 mL solution of 66 (1.36 mL, 1.30 g, 15.0 mmol, 1.0 equiv.) or 140 (2.18 

mL, 1.92 g, 15.0 mmol, 1.0 equiv.) and 4CzIPN (118 mg, 0.15 mmol, 1 mol%) in dry MeCN. 

Reagent feed B: A 50 mL solution of 9 (1.72 mL, 1.50 g, 15.0 mmol, 1.0 equiv.) and tetrabutyl 

ammonium azide (427 mg, 1.50 mmol, 10 mol%) in dry MeCN.  

 

General Procedure 3: A Vapourtec E-series flow reactor equipped with a UV-150 10 mL 

photoreactor and dry-ice cooling module was used. After priming the reagent lines for feeds A 

and B, and flushing the system with dry MeCN, 5.0 mL portions of feeds A and B were injected 

simultaneously into the photoreactor at a flow rate of 250 μL min–1 (tR = 20 min), mixed in a 

T-mixer and passed through a 10 mL coil (0.8 mm inner diameter, fluoropolymer tube), 

irradiated with a 420 nm LED array (54 W radiant output power) at 20 °C. The pressure was 

kept around 1 bar by using the third pump as a back-pressure regulator (BPR). After the entire 

10 mL mixture had entered the reactor, it was followed with dry MeCN at the same flow rate. 

A 5 mL aliquot of the steady-state product mixture was collected over the time period 28–38 

min, as a dark orange solution.  

 

Preparation of methyl N-benzoyl-3-(1-aminocyclohexyl)propanoate 

 

Following General Procedure 3, benzoyl chloride (76 μL, 92 mg, 0.65 mmol, 1.63 equiv.) and 

Et3N (91 μL, 66 mg, 0.65 mmol, 1.63 equiv.) were added dropwise to the 5.0 mL steady-state 

aliquot of crude γ-amino methyl ester 82 (0.40 mmol) at 0 °C under an N2 atmosphere. The 

reaction mixture was stirred at 0 °C for 3 h, then was allowed to warm to rt and was partitioned 

between CH2Cl2 (25 mL) and H2O (25 mL). The layers were separated, and the aqueous phase 

was extracted with CH2Cl2 (3 × 25 mL). The combined organic layers were dried (MgSO4), 

filtered, and concentrated in vacuo. Purification via flash column chromatography on silica gel 

(12 g) in CH2Cl2 (5 CV) then 100:0:0→90:9:1 CH2Cl2–MeOH–aq. NH4OH (over 15 CV) then 
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90:9:1 CH2Cl2–MeOH–aq. NH4OH (17 CV), followed by reversed-phase flash column 

chromatography on C18 silica gel (15.5 g) in H2O (3 CV) then 100:0→0:100 H2O–MeOH (over 

15 CV) then MeOH (16 CV), gave 83a as a white solid (66.9 mg, 58%). 

 

Data for 83a: 

mp:  95–96 °C 
1H NMR: (500 MHz, CDCl3) 

7.75–7.69 (m, 2H, C(2′′)H, C(6′′)H), 7.49–7.44 (m, 1H, C(4′′)H), 7.43–7.37 (m, 

2H, C(3′′)H, C(5′′)H), 5.78 (s, 1H, NH), 3.59 (s, 3H, OMe), 2.37–2.29 (m, 2H, 

C(2′)H2), 2.29–2.22 (m, 2H, C(2)HA, C(6)HA), 2.22–2.17 (m, 2H, C(3′)H2), 

1.66–1.19 (m, 8H, C(2)HB, C(3)H2, C(4)H2, C(5)H2, C(6)HB) 
13C NMR: (126 MHz, CDCl3) 

174.4 (C(1′)=O), 166.9 (C=O), 135.8 (C(1′′)), 131.3 (C(4′′)), 128.65 (C(3′′), 

C(5′′)), 126.8 (C(2′′) C(6′′)), 55.9 (C(1)), 51.7 (OMe)), 34.8 (C(2), C(6)), 33.3 

(C(3′)), 28.8 (C(2′)), 25.7 (C(3), C(5)), 21.9 (C(4)) 

IR:  (neat) 

3312 (w), 2928 (w), 2858 (w), 2116 (w), 1732 (w), 1633 (w), 1579 (w), 1530 

(w), 1490 (w), 1447 (w), 1435 (w), 1378 (w), 1333 (w), 1312 (w), 1288 (w), 

1216 (w), 1194 (w), 1169 (w), 1077 (w), 1028 (w), 995 (w), 970 (w), 929 (w), 

896 (w), 870 (w), 804 (w), 783 (w), 715 (w), 690 (w), 663 (w) 

MS:  (ESI+) 

 313 (18%), 312 ([M+Na]+, 100%), 291 (10%), 290 ([M+H]+, 82%)  

HRMS: (ESI+) 

Calculated for C17H23NO3Na: 312.3648, found: 312.1579 

 

Preparation of methyl N-(2,2,2-trifluoroacetyl)-3-(1-aminocyclohexyl)propanoate 

 

Following General Procedure 3, trifluoroacetic anhydride (92 μL, 125 mg, 0.65 mmol, 1.63 

equiv.) and Et3N (91 μL, 66 mg, 0.65 mmol, 1.63 equiv.) were added dropwise to the 5.0 mL 

steady-state aliquot of crude γ-amino methyl ester 82 (0.40 mmol) at 0 °C under an N2 

atmosphere. The reaction mixture was stirred at 0 °C for 3 h, then was allowed to warm to rt 

and was partitioned between CH2Cl2 (25 mL) and sat. NaHCO3  

(25 mL). The layers were separated, and the aqueous phase was extracted with CH2Cl2  

(2 × 25 mL). The combined organic layers were dried (MgSO4), filtered, and concentrated in 

vacuo. Purification via flash column chromatography on silica gel (12 g) in CH2Cl2  

(5 CV) then 100:0:0→90:9:1 CH2Cl2–MeOH–aq. NH4OH (over 15 CV) then 90:9:1 CH2Cl2–

MeOH–aq. NH4OH (17 CV), followed by reversed-phase flash column chromatography on C18 



51 

 

silica gel (15.5 g) in H2O (3 CV) then 100:0→0:100 H2O–MeOH (over 15 CV) then MeOH 

(16 CV), gave 83b as a white solid (53.2 mg, 47%).  

 

Data for 83b: 

mp:  58–60 °C  
1H NMR: (500 MHz, CDCl3) 

5.96 (s, 1H, NH), 3.65 (s, 3H, OMe), 2.34–2.25 (m, 2H, C(2′)H2), 2.18–2.04 (m, 

4H, C(2)HA, C(6)HA, C(3′)H2), 1.65–1.51 (3H, C(3)HA, C(5)HA, C(4)HA), 1.49–

1.22 (m, 5H, C(2)HB, C(3)HB, C(5)HB, C(4)HB, C(6)HB) 
13C NMR: (126 MHz, CDCl3) 

173.8 (C(1′)=O), 156.1 (q, J = 35.9 Hz, (C(1′′)=O)), 115.6 (q, J = 289 Hz, 

(C(2′′))), 57.0 (C(1)), 51.8 (OMe), 34.0 (C(2), C(6)), 32.4 (C(3′)), 28.3 (C(2′)), 

25.2 (C(3), C(5)), 21.7 (C(4)) 

IR:  (neat) 

3299 (w), 3101 (w), 2930 (w), 2861 (w), 1738 (m), 1724 (m), 1698 (m), 1562 

(m), 1455 (w), 1438 (w), 1416 (w), 1373 (w), 1359 (w), 1326 (w), 1299 (w), 

1238 (w), 1187 (s), 1150 (s), 1056 (w), 999 (w), 988 (w), 966 (w), 936 (w), 908 

(w), 888 (w), 875 (w), 854 (w), 836 (w), 806 (w), 789 (w), 770 (w), 748 (w), 

723 (w), 707 (m), 667 (m) 

MS:  (ESI+) 

305 (13%), 304 ([M+Na]+, 100%), 282 ([M+H]+, 17%) 

HRMS: (ESI+) 

Calculated for C12H18F3NO3
23Na: 304.1131, found: 304.1139 
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Preparation of methyl N-(2-furoyl)-3-(1-aminocyclohexyl)propanoate 

 

Following General Procedure 3, 2-furoyl chloride (64 μL, 85 mg, 0.65 mmol, 1.63 equiv.) and 

Et3N (91 μL, 66 mg, 0.65 mmol, 1.63 equiv.) were added dropwise to the 5.0 mL steady-state 

aliquot of crude γ-amino methyl ester 82 (0.40 mmol) at 0 °C under an N2 atmosphere. The 

reaction mixture was stirred at 0 °C for 3 h, then was allowed to warm to rt and was partitioned 

between CH2Cl2 (25 mL) and H2O (25 mL). The layers were separated, and the aqueous phase 

was extracted with CH2Cl2 (3 × 25 mL). The combined organic layers were dried (MgSO4), 

filtered, and concentrated in vacuo. Purification via flash column chromatography on silica gel 

(12 g) in CH2Cl2 (5 CV) then 100:0:0→90:9:1 CH2Cl2–MeOH–aq. NH4OH (over 15 CV) then 

90:9:1 CH2Cl2–MeOH–aq. NH4OH (17 CV), followed by reversed-phase flash column 

chromatography on C18 silica gel (15.5 g) in H2O (3 CV) then 100:0→0:100 H2O–MeOH (over 

15 CV) then MeOH (16 CV), gave 83c as a cream solid (58.1 mg, 52%).  

 

Data for 83c: 

mp:  86–88 °C  
1H NMR: (500 MHz, CDCl3) 

7.41 (dd, J = 1.8, 0.8 Hz, 1H, C(3′′)H), 7.04 (dd, J = 3.5, 0.9 Hz, 1H, C(5′′)H), 

6.48 (dd, J = 3.5, 1.8 Hz, 1H, C(4′′)H), 5.97 (s, 1H, NH), 3.60 (s, 3H, OMe), 

2.40–2.29 (m, 2H, C(2′)H2), 2.25–2.19 (m, 2H, C(3′)H2), 2.19–2.12 (m, 2H, 

C(2)HA, C(6)HA), 1.59–1.25 (m, 8H, C(2)HB, C(3)H2, C(4)H2, C(5)H2, C(6)HB)  
13C NMR:  (126 MHz, CDCl3) 

174.4 (C(1′)=O), 157.8 (C(=O)), 148.6 (C(2′′)), 143.6 (C(3′′)), 113.8 (C(5′′)), 

112.3 (C(4′′)), 55.8 (C(1)), 51.7 (OMe), 35.0 (C(2), C(6)), 33.6 (C(3′)), 28.8 

(C(2′)), 25.7 (C(3), C(5)), 21.8 (C(4)) 

IR:  (neat) 

3270 (w), 3124 (w), 2929 (w), 2855 (w), 1737 (m), 1640 (m), 1570 (m), 1535 

(m), 1475 (w), 1450 (w), 1435 (m), 1420 (w), 1378 (w), 1331 (w), 1308 (m), 

1245 (m), 1219 (w), 1191 (m), 1169 (m), 1145 (m), 1135 (m), 1081 (w), 1053 

(w), 1029 (w), 989 (w), 971 (w), 949 (w), 931 (w), 896 (w), 885 (w), 844 (w), 

779 (w), 764 (m), 756 (m), 674 (w) 

MS:  (ESI+) 

303 (15%), 302 ([M+Na]+, 100%), 280 ([M+H]+, 45%) 

HRMS: (ESI+) 

Calculated for C15H21NO4
23Na: 302.1363, found: 302.1373 
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Preparation of methyl 3-(1-(pyridine-3-sulfonamido)cyclohexyl)propanoate 

 

Following General Procedure 3, pyridine-3-sulfonyl chloride (80 μL, 116 mg, 0.65 mmol, 1.63 

equiv.) and Et3N (91 μL, 66 mg, 0.65 mmol, 1.63 equiv.) were added dropwise to the 5.0 mL 

steady-state aliquot of crude γ-amino methyl ester 82 (0.40 mmol) at 0 °C under an N2 

atmosphere. The reaction mixture was stirred at 0 °C for 3 h, then was allowed to warm to rt 

and was partitioned between CH2Cl2 (25 mL) and H2O (25 mL). The layers were separated, 

and the aqueous phase was extracted with CH2Cl2 (3 × 25 mL). The combined organic layers 

were dried (MgSO4), filtered, and concentrated in vacuo. Purification via flash column 

chromatography on silica gel (12 g) in CH2Cl2 (5 CV) then 100:0:0→90:9:1 CH2Cl2–MeOH–

aq. NH4OH (over 15 CV) then 90:9:1 CH2Cl2–MeOH–aq. NH4OH (17 CV), followed by 

reversed-phase flash column chromatography on C18 silica gel (15.5 g) in H2O (3 CV) then 

100:0→0:100 H2O–MeOH (over 15 CV) then MeOH (16 CV), gave 84a as a colourless oil 

(65.0 mg, 50%).  

 

Data for 84a: 
1H NMR: (500 MHz, CDCl3) 

9.11 (s, 1H, C(2′′)H), 8.77 (d, J = 4.7 Hz, 1H, C(6′′)H), 8.18 (d, J = 8.1 Hz, 1H, 

C(4′′)H), 7.44 (dd, J = 7.3, 5.1, 1.6 Hz, 1H, C(5′′)H), 5.05 (s, 1H, NH), 3.64 (s, 

3H, OMe), 2.30 (t, J = 7.8 Hz, 2H, C(2′)H2), 2.00 (t, J = 7.9 Hz, 2H, C(3′)H2), 

1.70 (m, 2H, C(2)HA, C(6)HA), 1.40–1.23 (m, 8H, C(2)HB, C(3)H2, C(4)H2, 

C(5)H2, C(6)HB) 
13C NMR:  (126 MHz, CDCl3) 

174.0 (C=O), 152.8 (C(6′′)), 148.0 (C(2′′)), 140.05 (C(3′′)), 134.6 (C(4′′)), 123.7 

(C(5′′)), 60.0 (C(1)), 51.9 (OMe), 35.9 (C(2), C(6)), 33.4 (C(3′)), 28.25 (C(2′)), 

25.2 (C(3), C(5)), 21.7 (C(4)) 

IR:  (neat) 

3318 (w), 2948 (w), 2856 (w), 2162 (w), 2041 (w), 1732 (m), 1598 (w), 1498 

(w), 1461 (w), 1436 (w), 1414 (w), 1379 (w), 1322 (w), 1301 (m), 1219 (w), 

1186 (w), 1158 (m), 1147 (m), 1093 (m), 1045 (w), 1021 (w), 991 (m), 954 (w), 

931 (w), 888 (w), 850 (w), 821 (m), 784 (w), 709 (w), 696 (w), 666 (m) 

MS:  (ESI–) 

326 (16%), 325 ([M–H]–, 100%) 

HRMS: (ESI–) 

Calculated for C15H21N2O4S: 325.1217, found: 325.1227 
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Preparation of methyl 3-(1-(methylsulfonamido)cyclohexyl)propanoate 

 

Following General Procedure 3, methanesulfonyl chloride (50 μL, 74.4 mg, 0.65 mmol, 1.63 

equiv.) and Et3N (91 μL, 66 mg, 0.65 mmol, 1.63 equiv.) were added dropwise to the 5.0 mL 

steady-state aliquot of crude γ-amino methyl ester 82 (0.40 mmol) at 0 °C under an N2 

atmosphere. The reaction mixture was stirred at 0 °C for 3 h, then was allowed to warm to rt 

and was partitioned between CH2Cl2 (25 mL) and H2O (25 mL). The layers were separated, 

and the aqueous phase was extracted with CH2Cl2 (3 × 25 mL). The combined organic layers 

were dried (MgSO4), filtered, and concentrated in vacuo. Purification via flash column 

chromatography on silica gel (12 g) in CH2Cl2 (5 CV) then 100:0:0→90:9:1 CH2Cl2–MeOH–

aq. NH4OH (over 15 CV) then 90:9:1 CH2Cl2–MeOH–aq. NH4OH (17 CV), followed by 

reversed-phase flash column chromatography on C18 silica gel (15.5 g) in H2O (3 CV) then 

100:0→0:100 H2O–MeOH (over 15 CV) then MeOH (16 CV), gave 84b as a white solid (52.0 

mg, 49%).  

 

Data for 84b: 

mp:       127–129 °C 
1H NMR: (500 MHz, CDCl3) 

4.28 (s, 1H, NH), 3.67 (s, 3H, OMe), 3.04 (s, 3H, S(O2)Me), 2.30 (m, 2H, 

C(2′)H2), 2.13–2.03 (m, C(3′)H2), 1.90–1.15 (m, 10H, C(2)H2, C(3)H2), C(4)H2, 

C(5)H2, C(6)H2) 

13C NMR:  (126 MHz, CDCl3) 

174.2 (C=O), 59.3 (C(1)), 51.9 (OMe), 44.8 (S(O2)Me) 36.0 (C(2), C(6)), 33.5 

(C(3′)), 28.5 (C(2′)), 25.5 (C(3), C(5)), 21.9 (C(4)) 

IR:  (neat) 

2932 (w), 1736 (m), 1640 (m), 1571 (m), 1537 (m), 1475 (w), 1448 (w), 1436 

(m), 1421 (w), 1331 (w), 1311 (m), 1292 (m), 1270 (w), 1245 (w), 1219 (m), 

1190 (m), 1169 (m), 1147 (m), 1136 (m), 1082 (w), 1029 (w), 1019 (w), 990 

(m), 971 (w), 950 (w), 931 (w), 894 (w), 886 (w), 853 (w), 779 (w), 756 (m), 

680 (w) 

MS:  (ESI–) 

287 (11%), 286 ([M+Na]+, 100%) 

HRMS: (ESI–) 

Calculated for C11H21NO4S
23Na: 286.1089, found: 286.1091 
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Preparation of methyl N-[(9H-fluoren-9-ylmethoxy)carbonyl]-3-(1-aminocyclo hexyl)-

propanoate 

 

Following General Procedure 3, the 5.0 mL steady-state aliquot of crude γ-amino methyl ester 

82 (0.40 mmol) was added dropwise to a stirred solution of 9-fluorenylmethoxycarbonyl 

chloride (170 mg, 0.65 mmol, 1.63 equiv.) in MeCN (1.0 mL) at 0 °C under an N2 atmosphere. 

The reaction mixture was stirred at 0 °C for 3 h, then was allowed to warm to rt and was 

partitioned between CH2Cl2 (25 mL) and H2O (25 mL). The layers were separated, and the 

aqueous phase was extracted with CH2Cl2 (2 × 25 mL). The combined organic layers were 

dried (MgSO4), filtered, and concentrated in vacuo. Purification via flash column 

chromatography on silica gel (12 g) in CH2Cl2 (5 CV) then 100:0:0→90:9:1 CH2Cl2 MeOH–

aq. NH4OH (over 15 CV) then 90:9:1 CH2Cl2–MeOH–aq. NH4OH (17 CV), followed by 

reversed-phase flash column chromatography on C18 silica gel (15.5 g) in H2O (3 CV) then 

100:0→0:100 H2O–MeOH (over 15 CV) then MeOH (16 CV), gave 85 as an orange gum (102 

mg, 63%). 

 

Data for 85: 
1H NMR: (500 MHz, CDCl3) 

7.76 (d, J = 7.5 Hz, 2H, C(4′′′)H, C(5′′′)H), 7.59 (d, J = 7.5 Hz, 2H, C(1′′′)H, 

C(8′′′)H), 7.40 (app t, J = 7.5 Hz, 2H, C(3′′′)H, C(6′′′)H), 7.32 (app td, J = 7.5, 

1.0 Hz, 2H, C(2′′′)H, C(7′′′)H), 4.51–4.34 (m, 3H, NH, C(2′′)H2), 4.20 (t, J = 

6.5 Hz, 1H, C(9′′′)H), 3.64 (s, 3H, OMe), 2.34–2.20 (m, 2H, C(2)H2), 2.13–1.87 

(m, 4H, C(3)H2, C(2ʹ)HA, C(6ʹ)HA), 1.65–1.20 (m, 8H, C(2ʹ)HB, C(3ʹ)H2, 

C(4ʹ)H2, C(5ʹ)H2, C(6ʹ)HB) 
13C NMR:  (126 MHz, CDCl3) 

174.3 (C(1)=O), 154.3 (C(1′′)=O), 144.0 (C(4a′ʹ′), C(5a′ʹ′)), 141.4 (C(1a′′ʹ), 

C(8aʹ′′)), 127.6 (C(3ʹ′′), C(6ʹ′′)), 127.0 (C(2ʹ′′), C(7′ʹ′)), 124.95 (C(1′ʹ′), C(8′′ʹ)), 

119.9 (C(4′ʹ′), C(5ʹ′′)), 65.7 (C(2′′)), 54.3 (C(1ʹ)), 51.6 (OMe), 47.5 (C(9ʹ′′)), 

34.7 (C(2ʹ), C(6ʹ)), 33.4 (C(3)), 28.5 (C(2)), 25.6 (C(3ʹ), C(5ʹ)), 21.6 (C(4ʹ)) 

IR:  (neat) 

3357 (w), 2932 (w), 2856 (w), 2253 (w), 2160 (w), 2025 (w), 1982 (w), 1707 

(m), 1505 (m), 1478 (w), 1449 (m), 1328 (w), 1305 (w), 1239 (m), 1172 (m), 

1093 (m), 1041 (w), 970 (w), 909 (w), 854 (w), 759 (m), 736 (m) 

MS:  (ESI+) 
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430 ([M+Na]+, 100%), 408 ([M+H]+, 67%) 

HRMS: (ESI+) 

Calculated for C25H29NO4
23Na: 430.1989, found: 430.1995 

 

Preparation of tert-butyl 3-(1-((4-fluorobenzyl)amino)cyclohexyl)propanoate 

 

Following General Procedure 3, the 5.0 mL steady-state aliquot of crude γ-amino tert-butyl 

ester 82 (0.40 mmol) was added dropwise to a stirred solution of  

4-fluorobenzaldehyde (180 μL, 204 mg, 1.64 mmol, 4.10 equiv.) in MeCN (1.0 mL) at 0 °C 

under an N2 atmosphere. The reaction mixture was stirred at 0 °C for 15 min, then AcOH (300 

μL, 5.25 mmol, 13 equiv.) and sodium triacetoxyborohydride (458 mg, 2.16 mmol,  

5.5 equiv.) were added and the mixture was allowed to warm to rt over 18 h, with stirring. The 

resulting mixture was partitioned between CH2Cl2 (25 mL) and H2O (25 mL). The layers were 

separated, and the aqueous phase was extracted with CH2Cl2 (2 × 25 mL). The combined 

organic layers were dried (MgSO4), filtered, and concentrated in vacuo. Purification via flash 

column chromatography on silica gel (12 g) in CH2Cl2 (5 CV) then 100:0:0→90:9:1 CH2Cl2–

MeOH–aq. NH4OH (over 15 CV) then 90:9:1 CH2Cl2–MeOH–aq. NH4OH (17 CV), followed 

by reversed-phase flash column chromatography on C18 silica gel (15.5 g) in H2O (3 CV) then 

100:0→0:100 H2O–MeOH (over 15 CV) then MeOH (16 CV), gave 86 as a brown oil (61.2 

mg, 41%). 

 

Data for 86: 
1H NMR: (500 MHz, CDCl3) 

7.36–7.30 (m, 2H, C(2′′′)H, C(6′′′)H), 7.02–6.96 (m, 2H, C(3′′′)H, C(5′′′)H), 

3.57 (s, 2H, C(2′′′)H2), 2.32–2.24 (m, 2H, C(2′)H2), 1.77–1.70 (m, 2H, C(3′)H2), 

1.56–1.29 (m, 20H, NH, C(O)(OtBu), C(2)H2, C(3)H2, C(4)H2¸ C(5)H2, C(6)H2) 
13C NMR:  (126 MHz, CDCl3) 

174.2 (C=O), 162 (d, J = 244 Hz, C(4′′′)), 137.25 (C(4′′′)), 129.9 (d, J = 7.9 Hz, 

C(2′′′), C(6′′′)), 115.2 (d, J = 21.1 Hz, C(3′′′), C(5′′′)), 80.2 (OC(CH3)3), 53.5 

(C(1)), 44.6 (C(1′′), 35.5 (C(2), C(6)), 32.4 (C(3′)), 29.55 (C(2′)), 28.2 

(OC(CH3)3), 26.2, (C(3), C(5)), 21.9 (C(4)) 

IR:  (neat) 

3783 (w), 2928 (m), 2853 (w), 2140 (w), 1725 (m), 1603 (w), 1509 (m), 1457 

(w), 1392 (w), 1367 (m), 1298 (w), 1252 (w), 1220 (m), 1150 (m), 1015 (w), 

958 (w), 918 (w), 845 (w), 825 (m), 755 (w), 733 (w), 666 (w) 
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MS:  (ESI+) 

 337 ([M+H]+, 100%)  

HRMS: (ESI+) 

Calculated for C20H31FNO2: 336.2333, found: 336.2343 
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5.2 Chapter 3 Experimental 

 

5.2.1 Preparation of N-Arylated Authentic Sample 

 

Preparation of N-(4-phenylbutan-2-yl)benzo[d]thiazol-2-amine 

 

 
 

A sealed, nitrogen-flushed microwave vial equipped with a stirrer bar was charged with  

4-phenylbutan-2-amine (845 mg, 809 μL, 5.00 mmol, 1.00 equiv.), 2-chlorobenzothiazole (746 

mg, 649 μL, 5.00 mmol, 1.00 equiv.) and DIPEA (1293 mg, 1.74 mL, 10.00 mmol, 2.00 equiv.). 

The mixture was heated at 130 °C for 60 h and the oil formed was allowed to cool to rt. 

Purification via flash column chromatography on silica gel (12 g) in CH2Cl2 (5 CV) then 

100:0:0→90:9:1 CH2Cl2–MeOH–aq. NH4OH (over 15 CV) then 90:9:1 CH2Cl2–MeOH–aq. 

NH4OH (5 CV) gave 110 as a brown solid (1.25 g, 87%).  

 

Data for 110: 

mp:   103–105 °C  

1H NMR:      (500 MHz, CDCl3) 

  7.61 (d, J = 7.8 Hz, 1H, C(6'')H), 7.55 (d, J = 8.1 Hz, 1H, C(3'')H), 7.34–7.08 (m, 

7H, C(2)H, C(3)H, C(4)H, C(5)H, C(6)H, C(4'')H, C(5'')H), 6.13 (br s, 1H, NH), 

3.75 (m, 1H, C(3')H), 2.87–2.68 (m, 2H, C(2')H2), 1.93 (m, 2H, C(1')H2), 1.36 (d, 

J = 6.4 Hz, 3H, C(CH3)) 
13C NMR:  (126 MHz, CDCl3) 

  167.6 (C(1'')), 152.51 (C(7'')), 141.4 (C(1)), 130.4 (C(2'')), 128.55 (C(3), C(5)), 

128.5 (C(2), C(6)), 126.1 (C(5)), 126.05 (C(5'')), 121.4 (C(4'')), 120.9 (C(3'')), 

118.7 (C(6'')), 52.00 (C(3')), 39.00 (C(2')), 32.5 (C(1')), 21.4 (C(CH3)) 

 IR: (neat)   

  3185 (w), 2973 (w), 2960 (m), 2923 (w), 2895 (w), 1602 (m), 1558 (m), 1491 

(w), 1454 (m), 1444 (s), 1379 (m), 1348 (m), 1313 (m), 1304 (m), 1286 (m), 1263 

(m), 1247 (m), 1230 (m), 1177 (m), 1145 (m), 1125 (m), 1102 (m), 1070 (m), 

1058 (m), 1030 (w), 1017 (m), 971 (w), 954 (w), 926 (w), 897 (w), 863 (m), 854 

(m), 769 (m), 743 (s), 721 (s), 699 (s), 678 (s) 

 MS: (ESI+) 

284 (19%), 283 ([M+H]+, 100%)  

 HRMS: (ESI+) 

           calcd for C17H19N2S: 283.1269, found: 283.127 
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5.2.2 Reaction Optimisation 

An oven-dried, 20-mL scintillation vial equipped with a stirrer bar was transferred to a 

nitrogen-filled purge box whilst still hot and allowed to cool under the N2 atmosphere. The vial 

was then charged with stock solutions of 4CzIPN (2.28 mM in DMF, 0.88 mL, 2.0 µmol, 1 

mol%] and tetrabutylammonium azide (70.3 mM in DMF, 284 µL, 20 µmol, 10 mol%), and 

made up to a total volume of 2.67 mL by addition of anhydrous DMF. The requisite volume of 

4-phenylbutan-2-amine was then transferred into the vial followed by 2-chlorobenzothiazole 

(34.6 mg, 26.6 μL, 0.20 mmol, 1.00 equiv) via microlitre syringe, and the vial was sealed using 

an up-turned B24 rubber septa. It was then removed from the purge box and transferred to a 

photoreactor, and irradiated (with stirring) for the recorded amount of time at 425 nm. Fan 

cooling was used to maintain an external temperature of 25–26 °C. Following irradiation, the 

reaction mixture was concentrated in vacuo. The residue obtained was partitioned between 

CH2Cl2 (10 mL) and sat. NaHCO3 (10 mL). The layers were separated, and the aqueous phase 

was extracted with CH2Cl2 (2 x 10 mL). The combined organic layers were dried (Na2SO4) 

filtered and concentrated in vacuo. Mesitylene (0.134 M in CDCl3, 0.5 mL) was then added as 

an internal standard and 1H NMR data was obtained using a Bruker spectrometer operating at 

400 MHz. The resonances from at δ 1.65 (s, 3H, C-CH3) and δ 7.86 (d, J = 8.2 Hz, 1H, Ar-H) 

from mesitylene were used to determine 1H NMR yields, where, for example, an integration of 

0.75 from the the resonance from 117 at δ 1.65 (s, 3H, C-CH3) versus the mesitylene resonance 

at δ 2.27 (s, 3H, C-CH3) showcases a 75% NMR yield.  

 

 

5.2.3 Photochemical C−H Heteroarylation: Amine Scope: 

 

 
 

General Procedure 4: An oven-dried, 20-mL scintillation vial equipped with a stirrer bar was 

transferred to a nitrogen-filled purge box whilst still hot and allowed to cool under the N2 

atmosphere. The vial was then charged with stock solutions of 4CzIPN (2.28 mM in DMF, 

1.97 mL, 4.5 µmol, 1 mol%] and tetrabutylammonium azide (70.3 mM in DMF, 640 µL, 45 

µmol, 10 mol%), and made up to a total volume of 6.0 mL by addition of anhydrous DMF. The 

requisite amine (1.35 mmol, 3.0 equiv) was then transferred into the vial followed by 2-

chlorobenzothiazole (0.45 mmol, 1.0 equiv.) via microlitre syringe, and the vial was sealed 

using an up-turned B24 rubber septa. It was then removed from the purge box and transferred 

to a photoreactor, and irradiated (with stirring) for 20 h at 425 nm. Fan cooling was used to 

maintain an external temperature of 25–26 °C. Following irradiation, the reaction mixture was 

concentrated in vacuo. 

 

 



60 

 

Preparation of 2-(benzo[d]thiazol-2-yl)-4-phenylbutan-2-amine 

 

 
 

Following General Procedure 4, 4-phenylbutan-2-amine (212 mg, 228 μL 1.35 mmol, 3.00 

equiv), 2-chlorobenzothiazole (77.9 mg, 59.9 μL, 0.45 mmol, 1.00 equiv), 4CzIPN (2.28 mM 

in DMF, 4.5 μmol, 4.5 μmol, 1 mol%), tetrabutylammonium azide (70.3 mM in DMF, 640 μL, 

45 μmol, 10 mol%) and DMF (3.39 mL) were reacted for 20 h with a 425 nm LED lamp. 

Following concentration in vacuo, the residue was partitioned between CH2Cl2 (25 mL) and 

sat. NaHCO3 (25 mL). The layers were separated, and the aqueous phase was extracted with 

CH2Cl2 (2 x 25 mL). The combined organic layers were dried (Na2SO4) filtered and 

concentrated in vacuo. Purification via flash column chromatography on silica gel (12 g) in 

CH2Cl2 (5 CV) then 100:0:0→90:9:1 CH2Cl2–MeOH–aq. NH4OH (over 15 CV) then 90:9:1 

CH2Cl2–MeOH–aq. NH4OH (17 CV), followed by reversed-phase flash column 

chromatography on C18 silica gel (15.5 g) in H2O (3 CV) then 100:0→0:100 H2O–MeOH (over 

15 CV) then MeOH (16 CV), gave 117 as a light brown oil (87.2 mg, 69%). 

 

Data for 117: 
1H NMR:      (500 MHz, CDCl3) 

  8.02 (d, J = 8.2 Hz, 1H, C(6'')H), 7.90 (d, J = 8.0 Hz, 1H, C(3'')H), 7.49 (td, J = 

8.3, 7.2, 1.3 Hz, 1H, C(5'')H), 7.38 (td, J = 8.3, 7.2, 1.2 Hz, 1H, C(4'')H), 7.29–

7.25 (m, 2H, C(3)H, C(5)H,), 7.20–7.15 (m, 3H, C(2)H, C(4)H, C(6)H), 2.75–

2.69 (m, 1H, C(2')H), 2.62–2.56 (m, 1H, C(2')H), 2.37–2.31 (m, 1H, C(1')HA), 

2.25–2.18 (m, 1H, C(1')HB), 2.00 (br s, 2H, NH2), 1.70 (s, 3H, CH3) 
13C NMR:  (126 MHz, CDCl3) 

  181.7 (C(1'')), 153.8 (C(7'')), 141.9 (C(1)), 135.65 (C(2'')) 128.51 (C(3), C(5)), 

128.46 (C(2), C(6)), 125.99 (C(5)), 125.97 (C(5'')), 124.8 (C(4'')), 122.95 (C(3'')), 

121.8 (C(6'')), 57.6 (C(3')), 46.2 (C(2')), 30.7 (C(1')), 30.6 (C(CH3)) 

 IR: (neat)   

  3375 (w), 3062 (w), 3026 (w), 2922 (w), 2179 (w), 1973 (w), 1603 (w), 1497 (w), 

1454 (w), 1437 (w), 1371 (w), 1312 (w), 1277 (w), 1243 (w), 1126 (w), 1082 (w), 

1031 (w), 1010 (w), 907 (w), 885 (w), 759 (m), 730 (m), 699 (m), 667 (w) 

 MS: (ESI+) 

284 (19%), 283 ([M+H]+, 100%)  

 HRMS: (ESI+) 

           calcd for C17H19N2S: 283.1269, found: 283.1270 
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Preparation of 1-(benzo[d]thiazol-2-yl)cyclohexan-1-amine 

 

Following General Procedure 4, cyclohexylamine (135, mg, 156 μL 1.35 mmol, 3.00 equiv), 

2-chlorobenzothiazole (77.9 mg, 59.9 μL, 0.45 mmol, 1.00 equiv), 4CzIPN (2.28 mM in DMF, 

4.5 μmol, 4.5 μmol, 1 mol%), tetrabutylammonium azide (70.3 mM in DMF, 640 μL, 45 μmol, 

10 mol%) and DMF (3.39 mL) were reacted for 20 h with a 425 nm LED lamp. Following 

concentration in vacuo, the residue was partitioned between CH2Cl2 (25 mL) and sat. NaHCO3 

(25 mL). The layers were separated, and the aqueous phase was extracted with CH2Cl2 (2 x 25 

mL). The combined organic layers were dried (Na2SO4) filtered and concentrated in vacuo. 

Purification via flash column chromatography on silica gel (12 g) in CH2Cl2 (5 CV) then 

100:0:0→90:9:1 CH2Cl2–MeOH–aq. NH4OH (over 15 CV) then 90:9:1 CH2Cl2–MeOH–aq. 

NH4OH (17 CV), followed by reversed-phase flash column chromatography on C18 silica gel 

(15.5 g) in H2O (3 CV) then 100:0→0:100 H2O–MeOH (over 15 CV) then MeOH (16 CV), 

gave 118 as a white solid (62.1 mg, 59%).  

 

Data for 118: 

mp:   61–63 °C  

 1H NMR: (500 MHz, CDCl3) 

  7.97 (d, J = 8.2 Hz, 1H, C(3')H), 7.86 (d, J = 8.0 Hz, 1H, C(6')H), 7.44 (td, J = 

8.3, 7.2, 1.3 Hz, 1H, C(4')H), 7.33 (td, J = 7.6, 7.2, 1.2 Hz, 1H, C(5')H), 2.23–

2.16 (m, 2H, C(1)HA, C(5)HA), 1.83 (br s, 2H, NH2), 1.82–1.77 (m, 2H, C(2)HA, 

C(4)HA), 1.69 (m, 5H, C(1)HB, C(2)HB, C(3)HA, C(4)HB, C(5)HB), 1.43 (m, 1H, 

C(3)HB) 
13C NMR:  (126 MHz, CDCl3) 

  183.6 (C(1')), 153.9 (C(2')), 135.4 (C(7')), 125.8 (C(4')), 124.65 (C(5')), 122.9 

(C(3')), 121.8 (C(6')), 56.9 (C(6)), 38.9 (C(1)), C(5)), 25.5 (C(3)), 22.1 (C(2), 

C(4)) 

 IR: (neat)   

  3390 (w), 3321 (w), 2942 (m), 2924 (m), 2846 (m), 1505 (m), 1453 (m), 1439 

(m), 1343 (w), 1311 (w), 1283 (m), 1263 (w), 1242 (w), 1190 (m), 1168 (w), 1143 

(w), 1131 (w), 1103 (w), 1018 (w), 993 (m), 971 (w), 944 (w), 901 (m), 884 (m), 

858 (m), 842 (m), 819 (m), 758 (s), 733 (s), 713 (m), 703 (m), 668 (m) 

 MS: (ESI+) 

234 (13%), 233 ([M+H]+, 100%)  

 HRMS: (ESI+) 

           calcd for C13H16N2S
23Na: 255.0932, found: 255.0927 
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Preparation of tert-butyl 4-amino-4-(benzo[d]thiazol-2-yl)piperidine-1-carboxylate 

 
Following General Procedure 4, tert-butyl 4-aminopiperidine-1-carboxylate (295 mg, 1.35 

mmol, 3.00 equiv), 2-chlorobenzothiazole (77.9 mg, 60 μL, 0.45 mmol, 1.00 equiv), 4CzIPN 

(2.28 mM in DMF, 4.5 μmol, 4.5 μmol, 1 mol%), tetrabutylammonium azide (70.3 mM in 

DMF, 640 μL, 45 μmol, 10 mol%) and DMF (3.39 mL) were reacted for 20 h with a 425 nm 

LED lamp. Following concentration in vacuo, the residue was partitioned between CH2Cl2 (25 

mL) and sat. NaHCO3 (25 mL). The layers were separated, and the aqueous phase was extracted 

with CH2Cl2 (2 x 25 mL). The combined organic layers were dried (Na2SO4) filtered and 

concentrated in vacuo. Purification via flash column chromatography on silica gel (12 g) in 

CH2Cl2 (5 CV) then 100:0:0→90:9:1 CH2Cl2–MeOH–aq. NH4OH (over 15 CV) then 90:9:1 

CH2Cl2–MeOH–aq. NH4OH (17 CV), followed by reversed-phase flash column 

chromatography on C18 silica gel (15.5 g) in H2O (3 CV) then 100:0→0:100 H2O–MeOH (over 

15 CV) then MeOH (16 CV), gave 119 as a colourless oil (101.3 mg, 68%).  

 

Data for 119: 
1H NMR:      (500 MHz, CDCl3) 

  7.96 (d, J = 8.2 Hz, 1H, C(3')H), 7.87 (d, J = 8.1 Hz, 1H, C(6')H), 7.46 (td, J = 

8.3, 7.2, 1.3 Hz, 1H, C(4')H), 7.36 (td, J = 8.2, 7.2, 1.2 Hz, 1H, C(5')H), 3.87 (br 

s, 2H, NH2), 3.49–3.38 (m, 2H, C(2)HA, C(3)HA), 2.26 (m, 2H, C(2)HB, C(3)HB), 

1.84–1.76 (m, 4H, C(1)H2, C(4)H2), 1.47 (s, 9H, C(CH3)3) 
13C NMR:  (126 MHz, CDCl3) 

  181.6 (C(1')), 154.8 (C=O), 153.6 (C(2')), 135.2 (C(7')), 126.1 (C(4')), 125.1 

(C(5')), 123.1 (C(3')), 121.9 (C(6')), 79.7 (C(CH3)3), 55.5 (C(5)), 38.95 (C(2), 

C(3)), 38.3 (C(1), C(4)), 28.6 (C(CH3)3) 

 IR: (neat)   

  3375 (w), 2974 (w), 2930 (w), 2151 (w), 2022 (w), 1975 (w), 1678 (m), 1536 (w), 

1507 (w), 1478 (w), 1422 (m), 1365 (m), 1313 (w), 1275 (w), 1262 (w), 1243 

(m), 1155 (m), 1094 (w), 1030 (w), 1015 (w), 983 (m), 909 (w), 862 (w), 759 (m), 

729 (m), 688 (w), 669 (w) 

 MS: (ESI+) 

335 (20%), 334 ([M+H]+, 100%) 

 HRMS: (ESI+) 

           calcd for C17H24N3O2S: 334.1589, found: 334.1589 
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Preparation of 4-(benzo[d]thiazol-2-yl)tetrahydro-2H-pyran-4-amine 

 

Following General Procedure 4, tetrahydro-2H-pyran-4-amine (102 mg, 104 μL 1.35 mmol, 

3.00 equiv), 2-chlorobenzothiazole (77.9 mg, 60 μL, 0.45 mmol, 1.00 equiv), 4CzIPN (2.28 

mM in DMF, 4.5 μmol, 4.5 μmol, 1 mol%), tetrabutylammonium azide (70.3 mM in DMF, 640 

μL, 45 μmol, 10 mol%) and DMF (3.39 mL) were reacted for 20 h with a 425 nm LED lamp. 

Following concentration in vacuo, the residue was partitioned between CH2Cl2 (25 mL) and 

sat. NaHCO3 (25 mL). The layers were separated, and the aqueous phase was extracted with 

CH2Cl2 (2 x 25 mL). The combined organic layers were dried (Na2SO4) filtered and 

concentrated in vacuo. Purification via flash column chromatography on silica gel (12 g) in 

CH2Cl2 (5 CV) then 100:0:0→90:9:1 CH2Cl2–MeOH–aq. NH4OH (over 15 CV) then 90:9:1 

CH2Cl2–MeOH–aq. NH4OH (17 CV), followed by reversed-phase flash column 

chromatography on C18 silica gel (15.5 g) in H2O (3 CV) then 100:0→0:100 H2O–MeOH (over 

15 CV) then MeOH (16 CV), gave 120 as a white solid (55.6 mg, 53%).  

 

Data for 120: 

mp:   94–96 °C  
1H NMR:     (500 MHz, CDCl3) 

  7.98 (d, J = 8.2 Hz, 1H, C(3')H), 7.88 (d, J = 7.9 Hz, 1H, C(6')H), 7.47 (td, J = 

8.3, 7.2, 1.2 Hz, 1H, C(4')H), 7.37 (td, J = 8.3, 7.3, 1.2 Hz, 1H, C(5')H),  

3.98–3.92 (m, 2H, C(2')HA, C(3')HA), 3.89–3.83 (m, 2H, C(2')HB, C(3')HB),  

2.45–2.37 (m, 2H, C(1')HA, C(4')HA), 1.89–1.82 (br s, 2H, NH2), 1.81–1.76 (m, 

2H, C(1')HB, C(4')HB) 
13C NMR:  (126 MHz, CDCl3) 

  181.4 (C(1')), 153.4 (C(2')), 135.05 (C(7')), 126.00 (C(4')), 124.9 (C(5')), 123.0 

(C(3')), 121.7 (C(6')), 63.8 (C(2), C(3)), 54.5 (C(5)), 38.9 (C(1), C(4)) 

 IR: (neat)   

  1436 (w), 1239 (w), 1099 (m), 1023 (w), 1012 (w), 982 (w), 916 (w), 887 (w), 

862 (w), 845 (w), 810 (w), 776 (w), 757 (m), 738 (w), 729 (m), 709 (w), 689 (w), 

679 (w), 668 (w) 

 MS: (ESI+) 

236 (13%) 235 ([M+H]+, 100%) 

 HRMS: (ESI+) 

           calcd for C12H15N2OS: 235.0905, found: 235.0904 
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Preparation of benzo[d]thiazol-2-yl(cyclohexyl)methanamine 

 

 
 

Following General Procedure 4, cyclogexanemethylamine (160 mg, 179 μL 1.35 mmol, 3.00 

equiv), 2-chlorobenzothiazole (77.9 mg, 59.9 μL, 0.45 mmol, 1.00 equiv), 4CzIPN (2.28 mM 

in DMF, 4.5 μmol, 4.5 μmol, 1 mol%), tetrabutylammonium azide (70.3 mM in DMF, 640 μL, 

45 μmol, 10 mol%) and DMF (3.39 mL) were reacted for 20 h with a 425 nm LED lamp. 

Following concentration in vacuo, the residue was partitioned between CH2Cl2 (25 mL) and 

sat. NaHCO3 (25 mL). The layers were separated, and the aqueous phase was extracted with 

CH2Cl2 (2 x 25 mL). The combined organic layers were dried (Na2SO4) filtered and 

concentrated in vacuo. Purification via flash column chromatography on silica gel (12 g) in 

CH2Cl2 (5 CV) then 100:0:0→90:9:1 CH2Cl2–MeOH–aq. NH4OH (over 15 CV) then 90:9:1 

CH2Cl2–MeOH–aq. NH4OH (17 CV) gave 121 as a light brown oil (69.9 mg, 66%).  

 

Data for 121: 
1H NMR:      (500 MHz, CDCl3) 

  7.98 (dd, J = 8.2, 0.9 Hz, 1H, C(3'')H)), 7.87 (dd, J = 8.0, 1.2 Hz, 1H, C(6'')H)), 

7.45 (td, J = 8.3, 7.2, 1.3 Hz, 1H, C(4'')H)), 7.35 (td, J = 7.6, 7.2, 1.1 Hz, 1H, 

C(5'')H)), 4.17 (d, J = 5.7 Hz, 1H, C(1')H)), 1.94 – 1.61 (m, 8H, C(2)H2, C(4)H2, 

C(6)H2, NH2)), 1.35–1.06 (m, 5H, C(1)H, C(4)H2)) 
13C NMR:  (126 MHz, CDCl3) 

  178.2 (C(1'')), 153.4 (C(2'')), 134.95 (C(7'')), 125.9 (C(4'')), 124.8 (C(5'')), 122.9 

(C(3'')), 121.8 (C(6'')), 60.0 (C(1')), 45.0 (C(1)), 30.3 (C(2 or 6)), 27.9 (C(2 or 

6)), 26.4, (C(4)) 26.4 (C(3 or 5)), 26.2 (C(3 or 5)) 

 IR: (neat)   

  3323 (w), 2922 (w), 2850 (w), 2145 (w), 1671 (w), 1595 (w), 1509 (w), 1437 (w), 

1313 (w), 1277 (w), 1241 (w), 1124 (w), 1014 (w), 939 (w), 856 (w), 758 (m), 

730 (w), 691 (w) 

 MS: (ESI+) 

248 (16%) 247 ([M+H]+, 100%) 

 HRMS: (ESI+) 

           calcd for C14H19N2S: 247.1269, found: 247.1272 
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Preparation of 4-amino-4-(benzo[d]thiazol-2-yl)butan-1-ol 

 

 
 

Following General Procedure 4, 4-aminobutan-1-ol (124 mg, 128 μL 1.35 mmol, 3.00 equiv), 

2-chlorobenzothiazole (77.9 mg, 60 μL, 0.45 mmol, 1.00 equiv), 4CzIPN (2.28 mM in DMF, 

4.5 μmol, 4.5 μmol, 1 mol%), tetrabutylammonium azide (70.3 mM in DMF, 640 μL, 45 μmol, 

10 mol%) and DMF (3.39 mL) were reacted for 20 h with a 425 nm LED lamp. Following 

concentration in vacuo, the residue was partitioned between CH2Cl2 (25 mL) and sat. NaHCO3 

(25 mL). The layers were separated, and the aqueous phase was extracted with CH2Cl2 (2 x 25 

mL). The combined organic layers were dried (Na2SO4) filtered and concentrated in vacuo. 

Purification via flash column chromatography on silica gel (12 g) in CH2Cl2 (5 CV) then 

100:0:0→90:9:1 CH2Cl2–MeOH–aq. NH4OH (over 15 CV) then 90:9:1 CH2Cl2–MeOH–aq. 

NH4OH (17 CV) gave 122a as a light brown oil (40.1 mg, 40%).  

 

Data for 122a: 
1H NMR:      (500 MHz, CDCl3) 

  7.95 (d, J = 8.1 Hz, 1H, C(3')H), 7.86 (d, J = 8.1 Hz, 1H, C(6')H), 7.45 (t, J = 7.8 

Hz, 1H, C(4')H), 7.35 (t, J = 7.5 Hz, 1H, C(5')H), 4.34 (dd, J = 8.3, 4.8 Hz, 1H, 

C(4)H), 3.76–3.59 (m, 2H, C(1)H2), 2.17 (m, 1H, C(3)HA), 1.94–1.81 (m, 1H, 

C(3'')HB), 1.81–1.72 (m, 2H, C(2)H2) 
13C NMR:  (126 MHz, CDCl3) 

  178.1 (C(1')), 153.2 (C(2')), 134.9 (C(7')), 126.2 (C(4')), 125.1 (C(5')), 123.1 

(C(3')), 121.9 (C(6')), 62.5 (C(1)), 54.8 (C(4)), 36.1 (C(3)), 30.1 (C(2)) 

 IR: (neat)   

  2907 (w), 2851 (w), 1621 (m), 1574 (m), 1558 (m), 1475 (w), 1446 (m), 1435 

(m), 1358 (m), 1332 (w), 1316 (w), 1289 (w), 1256 (w), 1217 (w), 1120 (w), 1059 

(w), 1018 (m), 914 (w), 892 (w), 751 (m), 744 (m), 720 (m), 690 (m) 

 MS: (ESI+) 

245 ([M+Na]+, 15%), 224 (12%) 223 ([M+H]+, 100%) 

 HRMS: (ESI+) 

           calcd for C11H15N2OS: 223.0905, found: 223.0906 
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5.2.4 Photochemical C−H Heteroarylation: Arene Scope: 

 

 
 

General Procedure 5: An oven-dried, 20-mL scintillation vial equipped with a stirrer bar was 

transferred to a nitrogen-filled purge box whilst still hot and allowed to cool under the N2 

atmosphere. The vial was then charged with stock solutions of 4CzIPN (2.28 mM in DMF, 

1.97 mL, 4.5 µmol, 1 mol%] and tetrabutylammonium azide (70.3 mM in DMF, 640 µL, 45 

µmol, 10 mol%), and made up to a total volume of 6.0 mL by addition of anhydrous DMF. 4-

phenylbutan-2-amine (1.35 mmol, 3.0 equiv) was then transferred into the vial followed by the 

requisite arene (0.45 mmol, 1.0 equiv.), and the vial was sealed using an up-turned B24 rubber 

septa. It was then removed from the purge box and transferred to a photoreactor, and irradiated 

(with stirring) for 20 h at 425 nm. Fan cooling was used to maintain an external temperature of 

25–26 °C. Following irradiation, the reaction mixture was concentrated in vacuo. 

 

Preparation of 2-(6-fluorobenzo[d]thiazol-2-yl)-4-phenylbutan-2-amine 

 

 
 

Following General Procedure 5, 4-phenylbutan-2-amine (212 mg, 228 μL 1.35 mmol, 3.00 

equiv), 2-chloro-6-fluorobenzo[d]thiazole (88.9 mg, 0.45 mmol, 1.00 equiv), 4CzIPN (2.28 

mM in DMF, 4.5 μmol, 4.5 μmol, 1 mol%), tetrabutylammonium azide (70.3 mM in DMF, 640 

μL, 45 μmol, 10 mol%) and DMF (3.39 mL) were reacted for 20 h with a 425 nm LED lamp. 

Following concentration in vacuo, the residue was partitioned between CH2Cl2 (25 mL) and 

sat. NaHCO3 (25 mL). The layers were separated, and the aqueous phase was extracted with 

CH2Cl2 (2 x 25 mL). The combined organic layers were dried (Na2SO4) filtered and 

concentrated in vacuo. Purification via flash column chromatography on silica gel (12 g) in 

CH2Cl2 (5 CV) then 100:0:0→90:9:1 CH2Cl2–MeOH–aq. NH4OH (over 15 CV) then 90:9:1 

CH2Cl2–MeOH–aq. NH4OH (17 CV) gave 124 as a colourless oil (93.8 mg, 69%).  

 

Data for 124: 
1H NMR:     (500 MHz, CDCl3) 

  7.94 (dd, J = 8.9, 4.8 Hz, 1H, C(6'')H), 7.58 (dd, J = 8.2, 2.6 Hz, 1H, C(3'')H), 

7.29 – 7.17 (m, 6H, C(2)H, C(3)H, C(4)H, C(5)H, C(6)H, C(5'')H), 2.73 (ddd, J 

= 13.6, 12.1, 5.3 Hz, 1H, C(2')HA), 2.60 (ddd, J = 13.7, 12.8, 4.8 Hz, 1H, C(2')HB), 

2.33 (ddd, J = 13.6 12.1, 4.8 Hz, 1H, C(1')HA), 2.21 (ddd, J = 13.7, 12.1, 5.3 Hz, 
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1H, C(1')HB), 1.94 (br s, 2H, NH2), 1.69 (s, 3H, C(4')H3) 
13C NMR:  (126 MHz, CDCl3) 

  181.5 (C(1'')), 160.3 (d, J = 252 Hz, C(7'')), 150.5 (C(1'')), 141.8 (C(1)), 136.7 (d, 

J = 12.6 Hz, C(2'')), 128.7 (C(2), C(6)), 128.4 (C(3), C(5)), 126.0 (C(4)), 123.85 

d, J = 12.6 Hz, C(6'')) 114.55 (d, J = 25.2 Hz, C(5'')), 108.0 (d, J = 25.2 Hz, C(3'')), 

57.7 (C(3')), 46.1 (C(2')), 30.7, (C(1')) 30.6 (C(4')) 

 IR: (neat)   

  3757 (w), 3637 (w), 3060 (w), 3026 (w), 2923 (w), 1975 (w), 1667 (w), 1601 (w), 

1567 (w), 1518 (w), 1496 (w), 1456 (m), 1413 (w), 1372 (w), 1310 (w), 1249 (m), 

1196 (m), 1112 (w), 1074 (w), 1030 (w), 915 (m), 849 (m), 815 (m), 749 (m), 700 

(m), 660 (w) 

 MS: (ESI+) 

302 (19%) 301 ([M+H]+, 100%) 

 HRMS: (ESI+) 

           calcd for C17H18FN2S: 301.1175, found: 301.1179 

 

Preparation of 2-(6-chlorobenzo[d]thiazol-2-yl)-4-phenylbutan-2-amine 

 

 

Following General Procedure 5, 4-phenylbutan-2-amine (212 mg, 228 μL 1.35 mmol, 3.00 

equiv), 2-chloro-6-chlorobenzo[d]thiazole (93.7 mg, 0.45 mmol, 1.00 equiv), 4CzIPN (2.28 

mM in DMF, 4.5 μmol, 4.5 μmol, 1 mol%), tetrabutylammonium azide (70.3 mM in DMF, 640 

μL, 45 μmol, 10 mol%) and DMF (3.39 mL) were reacted for 20 h with a 425 nm LED lamp. 

Following concentration in vacuo, the residue was partitioned between CH2Cl2 (25 mL) and 

sat. NaHCO3 (25 mL). The layers were separated, and the aqueous phase was extracted with 

CH2Cl2 (2 x 25 mL). The combined organic layers were dried (Na2SO4) filtered and 

concentrated in vacuo. Purification via flash column chromatography on silica gel (12 g) in 

CH2Cl2 (5 CV) then 100:0:0→90:9:1 CH2Cl2–MeOH–aq. NH4OH (over 15 CV) then 90:9:1 

CH2Cl2–MeOH–aq. NH4OH (17 CV) gave 125 as a light brown oil (86.9 mg, 61%).  

 

Data for 125: 
1H NMR:      (500 MHz, CDCl3) 

  7.89 (d, J = 8.7 Hz, 1H, C(6'')H), 7.86 (d, J = 2.0 Hz, 1H, C(3'')H), 7.42 (dd, J = 

8.7, 2.1 Hz, 1H, C(5'')H), 7.26–7.23 (m, 2H, C(3)H, C(6)H), 7.19–7.14 (m, 3H, 

C(2)H, C(4)H, C(6)H), 2.71 (ddd, J = 13.6, 12.1, 5.3 Hz, 1H, C(2')HA), 2.56 (ddd, 

J = 13.4, 12.9, 4.8 Hz, 1H, C(2')HB), 2.32 (ddd, J = 13.8, 12.1, 4.8 Hz, 1H, 

C(1')HA), 2.20 (ddd, J = 13.7, 12.1, 5.3 Hz, 1H, C(1')HB), 1.86 (br s, 2H, NH2), 

1.67 (s, 3H, C(CH3)) 
13C NMR:  (126 MHz, CDCl3) 
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  182.6 (C(1'')), 152.5 (C(7'')), 141.7 (C(1)), 136.95 (C(2'')), 130.7 (C(2), C(6)), 

128.6 (C(3), C(5)), 126.45 (C(5'')), 126.1 (C(4)), 123.7 (C(6'')), 121.45 (C(3'')), 

57.7 (C(3')), 46.1 (C(2')), 30.7 (C(1')), 30.6 (C(4')) 

 IR: (neat)   

  3851 (w), 3736 (w), 3672 (w), 3650 (w), 3627 (w), 3060 (w), 3025 (w), 2924 (w), 

2440 (w), 2163 (w), 1976 (w), 1592 (w), 1548 (w), 1511 (w), 1497 (w), 1442 (m), 

1400 (w), 1371 (w), 1300 (w), 1267 (m), 1235 (w), 1129 (w), 1104 (m), 1073 

(w), 1031 (w), 858 (m) 

 MS: (ESI+) 

319 (34%), 318 (18%), 317 ([M+H]+, 100%) 

 HRMS: (ESI+) 

           calcd for C17H18ClN2S: 317.0879, found: 317.0886 

 

Preparation of 2-(6-methoxybenzo[d]thiazol-2-yl)-4-phenylbutan-2-amine 

 

 
 

Following General Procedure 5, 4-phenylbutan-2-amine (212 mg, 228 μL 1.35 mmol, 3.00 

equiv), 2-chloro-6-methoxybenzo[d]thiazole (89.8 mg, 0.45 mmol, 1.00 equiv), 4CzIPN (2.28 

mM in DMF, 4.5 μmol, 4.5 μmol, 1 mol%), tetrabutylammonium azide (70.3 mM in DMF, 640 

μL, 45 μmol, 10 mol%) and DMF (3.39 mL) were reacted for 20 h with a 425 nm LED lamp. 

Following concentration in vacuo, the residue was partitioned between CH2Cl2 (25 mL) and 

sat. NaHCO3 (25 mL). The layers were separated, and the aqueous phase was extracted with 

CH2Cl2 (2 x 25 mL). The combined organic layers were dried (Na2SO4) filtered and 

concentrated in vacuo. Purification via flash column chromatography on silica gel (12 g) in 

CH2Cl2 (5 CV) then 100:0:0→90:9:1 CH2Cl2–MeOH–aq. NH4OH (over 15 CV) then 90:9:1 

CH2Cl2–MeOH–aq. NH4OH (17 CV) gave 126 as a light brown oil (94.0 mg, 67%).  

 

Data for 126: 
1H NMR:      (500 MHz, CDCl3) 

  7.96 (d, J = 8.9 Hz, 1H, C(6'')H), 7.44 (d, J = 2.5 Hz, 1H, C(5'')H), 7.34 (m, 2H 

C(2)H, C(6)H), 7.25 (m, 3H, C(3'')H, C(3)H, C(5)H), 7.16 (m, 1H, C(4)H), 3.97 

(s, 3H, OCH3), 2.79 (td, J = 12.8, 5.2 Hz, 1H, C(2')HA), 2.67 (td, J = 12.8, 4.8 Hz, 

1H, C(2')HB), 2.38 (ddd, J = 13.7, 12.2, 4.8 Hz, 1H, C(1')HA), 2.27 (ddd, J = 13.7, 

12.1, 5.3 Hz, 1H, C(1')HB), 2.01 (br s, 2H, NH2), 1.76 (s, 3H, C(CH3)) 
13C NMR:  (126 MHz, CDCl3) 

  178.95 (C(1'')), 157.5 (C(4'')), 148.3 (C(7'')), 141.9 (C(1)), 136.9 (C(2'')), 128.52 

(C(2), C(6)), 128.48 (C(3), C(5)), 126.00 (C(4)), 123.4 (C(6'')), 115.3, (C(5'')) 

104.4 (C(3'')), 57.5 (C(3')), 56.00 (O(CH3)), 46.2, (C(2')) 30.8, (C(1')) 30.6 

(C(CH3)) 
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 IR: (neat)   

  1601 (w), 1465 (w), 1435 (w), 1260 (w), 1224 (w), 1180 (w), 1028 (w), 827 (w), 

749 (w), 701 (w) 

 MS: (ESI+) 

314 (20%) 313 ([M+H]+, 100%) 

 HRMS: (ESI+) 

           calcd for C18H21N2OS: 313.1375, found: 313.1381 

 

Preparation of 4-phenyl-2-(thiazol-2-yl)butan-2-amine 

 

 
 

Following General Procedure 5, 4-phenylbutan-2-amine (212 mg, 228 μL 1.35 mmol, 3.00 

equiv), 2-chlorothiazole (53.8 mg, 39 μL, 0.45 mmol, 1.00 equiv), 4CzIPN (2.28 mM in DMF, 

4.5 μmol, 4.5 μmol, 1 mol%), tetrabutylammonium azide (70.3 mM in DMF, 640 μL, 45 μmol, 

10 mol%) and DMF (3.39 mL) were reacted for 20 h with a 425 nm LED lamp. Following 

concentration in vacuo, the residue was partitioned between CH2Cl2 (25 mL) and sat. NaHCO3 

(25 mL). The layers were separated, and the aqueous phase was extracted with CH2Cl2 (2 x 25 

mL). The combined organic layers were dried (Na2SO4) filtered and concentrated in vacuo. 

Purification via flash column chromatography on silica gel (12 g) in CH2Cl2 (5 CV) then 

100:0:0→90:9:1 CH2Cl2–MeOH–aq. NH4OH (over 15 CV) then 90:9:1 CH2Cl2–MeOH–aq. 

NH4OH (17 CV) gave 127 as a light brown oil (63.5 mg, 61%).  

 

Data for 127: 
1H NMR:      (500 MHz, CDCl3) 

  7.75 (d, J = 3.3 Hz, 1H, C(3'')H), 7.28–7.24 (m, 3H, C(2)H, C(4)H, C(6)H),  

7.19– 7.14 (m, 3H, C(2'')H, C(3)H, C(5)H), 2.65 (ddd, J = 13.7, 12.8, 5.2 Hz, 1H, 

C(1')HA), 2.53 (ddd, J = 13.6, 12.8, 4.8 Hz, 1H, C(1')HB), 2.25 (m, 1H, C(2')HA), 

2.14 (m, 1H, C(2')HB), 1.88 (br s, 2H, NH2), 1.63 (s, 3H, C(4')H3) 
13C NMR:  (126 MHz, CDCl3) 

  180.85 (C(1'')), 142.7 (C(3'')), 142.00 (C(1)), 128.5 (C(2), C(6)), 128.45 (C(3), 

C(5)), 126.00 (C(4)), 118.8 (C(2'')), 57.1 (C(3)), 46.5 (C(2')), 30.8 (C(1')), 30.7 

(C(CH3)) 

 IR: (neat)   

3855 (w), 3293 (w), 3061 (w), 3026 (w), 2925 (w), 2855 (w), 2191 (w), 2173 (w), 

1967 (w), 1672 (w), 1602 (w), 1496 (w), 1454 (w), 1371 (w), 1335 (w), 1312 (w), 

1227 (w), 1151 (w), 1059 (w), 1030 (w), 872 (w), 747 (m), 725 (m), 699 (m) 

 MS: (ESI+) 

234 (14%) 233 ([M+H]+, 100%) 
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 HRMS: (ESI+) 

           calcd for C13H17N2S: 232.1112, found: 232.1114 

 

Preparation of 4-phenyl-2-(4-phenylthiazol-2-yl)butan-2-amine 

 

 
 

Following General Procedure 5, 4-phenylbutan-2-amine (212 mg, 228 μL 1.35 mmol, 3.00 

equiv), 2-chloro-4-phenylthiazole (92.6 mg, 0.45 mmol, 1.00 equiv), 4CzIPN (2.28 mM in 

DMF, 4.5 μmol, 4.5 μmol, 1 mol%), tetrabutylammonium azide (70.3 mM in DMF, 640 μL, 

45 μmol, 10 mol%) and DMF (3.39 mL) were reacted for 20 h with a 425 nm LED lamp. 

Following concentration in vacuo, the residue was partitioned between CH2Cl2 (25 mL) and 

sat. NaHCO3 (25 mL). The layers were separated, and the aqueous phase was extracted with 

CH2Cl2 (2 x 25 mL). The combined organic layers were dried (Na2SO4) filtered and 

concentrated in vacuo. Purification via flash column chromatography on silica gel (12 g) in 

CH2Cl2 (5 CV) then 100:0:0→90:9:1 CH2Cl2–MeOH–aq. NH4OH (over 15 CV) then 90:9:1 

CH2Cl2–MeOH–aq. NH4OH (17 CV) gave 128 as a colourless oil (61.3 mg, 44%).  

 

Data for 128: 
1H NMR:      (500 MHz, CDCl3) 

  7.98–7.88 (m, 2H), C(2''')H), C(6''')H), 7.50–7.12 (m, 9H, C(2)H, C(3)H), C(4)H, 

C(5)H, C(6)H, C(2'')H, C(3''')H, C(4''')H, C(5''')H), 2.72 (td, J = 12.8, 5.3 Hz, 1H, 

C(2')HA), 2.62 (td, J = 12.8, 4.8 Hz, 1H, C(2')HB), 2.31 (td, J = 12.1, 4.8 Hz, 1H, 

C(1')HA), 2.19 (td, J = 12.1, 5.3 Hz, 1H, C(1')HB), 1.92 (br s, 2H, NH2), 1.67 (s, 

3H, C(CH3) 
13C NMR:  (126 MHz, CDCl3) 

  180.4 (C(1'')), 155.3 (C(3'')), 142.1 (C(1)), 135.00 (C(1''')), 128.8 (C(3'''), (C(5''')), 

128.52 (C(3), (C(5)), 128.50 (C((C(2'''), (C(6''')))), 128.1 (C(2), (C(6)), 126.5 

(C(4''')), 126.00 (C(4)), 112.6 (C(2'')), 57.3 (C(3')), 46.4 (C(2')), 30.9 (C(1')), 30.6 

(C(CH3)) 

 IR: (neat)   

2204 (w), 1668 (w), 1641 (w), 1586 (w), 1509 (w), 1457 (w), 750 (w), 734 (w), 

698 (m), 660 (w) 

 MS: (ESI+) 

310 (21%) 309 ([M+H]+, 100%) 

 HRMS: (ESI+) 

           calcd for C19H21N2S: 309.1425, found: 309.1430 
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[N-arylated Products] 

 

Preparation of 2-((4-phenylbutan-2-yl)amino)thiazole-5-carbonitrile 

  

 

Following General Procedure 5, 4-phenylbutan-2-amine (212 mg, 228 μL 1.35 mmol, 3.00 

equiv), 2-chlorothiazole-5-carbonitrile (65.1 mg, 0.45 mmol, 1.00 equiv), 4CzIPN (2.28 mM 

in DMF, 4.5 μmol, 4.5 μmol, 1 mol%), tetrabutylammonium azide (70.3 mM in DMF, 640 μL, 

45 μmol, 10 mol%) and DMF (3.39 mL) were reacted for 20 h with a 425 nm LED lamp. 

Following concentration in vacuo, the residue was partitioned between CH2Cl2 (25 mL) and 

sat. NaHCO3 (25 mL). The layers were separated, and the aqueous phase was extracted with 

CH2Cl2 (2 x 25 mL). The combined organic layers were dried (Na2SO4) filtered and 

concentrated in vacuo. Purification via flash column chromatography on silica gel (12 g) in 

CH2Cl2 (5 CV) gave 129b as a light brown solid (84.4 mg, 73%).  

 

Data for 129b: 

mp:   104–106 °C  
1H NMR:     (500 MHz, CDCl3) 

  7.63 (s, 1H, C(3'')H), 7.32–7.27 (m, 2H, C(2)H, C(6)H), 7.24–7.19 (m, 1H, 

C(4)H), 7.17–7.13 (m, 2H, C(3)H, C(5)H), 5.82 (s, 1H, NH), 3.53 (m, 1H, 

C(3')H), 2.72 (t, J = 7.8 Hz, 2H, C(2')H), 1.94–1.89 (m, 2H, C(1')H), 1.33 (d, J = 

6.5 Hz, 3H, C(CH3)) 
13C NMR:  (126 MHz, CDCl3) 

  172.62 (C(1'')), 151.44 (C(3'')), 140.79 (C(1)), 128.80 (C(2), C(6)), 128.44 (C(3), 

C(5)), 126.47 (C(4)), 113.68 (C(2'')), 92.18 (C(CN)), 52.86 (C(3')), 38.41 (C(2')), 

32.36 (C(1')), 20.69 (C(CH3)) 

 IR: (neat)   

  2927 (w), 1665 (w), 1587 (m), 1491 (w), 1456 (m), 1380 (w), 1369 (w), 1352 

(w), 1338 (w), 1309 (w), 1281 (w), 1243 (m), 1180 (w), 1139 (w), 1096 (w), 1064 

(w), 1006 (w), 786 (w), 767 (w), 750 (m), 735 (m), 698 (m), 661 (w) 

 MS: (ESI+) 

259 (16%) 258 ([M+H]+, 100%) 

 HRMS: (ESI+) 

           calcd for C14H176N3S: 258.1065, found: 258.1069 
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Preparation of 4-(benzo[d]thiazol-2-ylamino)butan-1-ol 

 

 
 

Following General Procedure 4, 4-aminobutan-1-ol (124 mg, 128 μL 1.35 mmol, 3.00 equiv), 

2-chlorobenzothiazole (77.9 mg, 60 μL, 0.45 mmol, 1.00 equiv), 4CzIPN (2.28 mM in DMF, 

4.5 μmol, 4.5 μmol, 1 mol%), tetrabutylammonium azide (70.3 mM in DMF, 640 μL, 45 μmol, 

10 mol%) and DMF (3.39 mL) were reacted for 20 h with a 425 nm LED lamp. Following 

concentration in vacuo, the residue was partitioned between CH2Cl2 (25 mL) and sat. NaHCO3 

(25 mL). The layers were separated, and the aqueous phase was extracted with CH2Cl2 (2 x 25 

mL). The combined organic layers were dried (Na2SO4) filtered and concentrated in vacuo. 

Purification via flash column chromatography on silica gel (12 g) in CH2Cl2 (5 CV) then 

100:0:0→90:9:1 CH2Cl2–MeOH–aq. NH4OH (over 15 CV) then 90:9:1 CH2Cl2–MeOH–aq. 

NH4OH (17 CV) gave 122b as a light brown oil (20.0 mg, 20%).  

 

Data for 122b: 
1H NMR:      (500 MHz, CDCl3) 

  7.57 (d, J = 7.8, 1H, C(3')H), 7.54–7.50 (m, 1H, C(3')H), 7.28 (t, J = 8.2 Hz, 1H, 

C(4')H), 7.08 (t, J = 8.1, Hz, 1H, C(5')H), 5.68 (s, 1H, NH), 3.73 (t, J = 6.1 Hz, 

2H, C(1)H2), 3.49 (t, J = 6.9 Hz, 2H, C(4)H2), 1.98 (br s, 1H, OH) 1.87 – 1.76 (m, 

2H, C(3)H2), 1.75 – 1.64 (m, 2H, C(2)H2) 
13C NMR:  (126 MHz, CDCl3) 

  167.6 (C(1')), 152.5 (C(2')), 130.4 (C(7')), 126.1 (C(4')), 121.7 (C(5')), 120.9 

(C(3')), 118.9 (C(6')), 62.4 (C(1)), 45.3 (C(4)), 29.75 (C(2)), 26.4 (C(3)). 

IR: (neat)   

  3234 (w), 3197 (w), 3101 (w), 3053 (w), 2903 (m), 2850 (m), 1622 (s), 1574 (m), 

1557 (m), 1475 (m), 1447 (m), 1435 (s), 1358 (m), 1332 (m), 1316 (m), 1289 (m), 

1265 (m), 1256 (m), 1218 (m), 1182 (w), 1119 (m), 1081 (m), 1054 (m), 1018 

(m), 975 (w), 943 (w), 914 (w), 891 (m), 874 (w), 847 (w), 832 (w), 751 (s), 743 

(s), 720 (s), 690 (s) 

 MS: (ESI+) 

224 (12%) 223 ([M+H]+, 100%) 

HRMS:         (ESI+) 

           calcd for C11H15N2OS: 223.0905, found: 223.0906 
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Preparation of N-(4-phenylbutan-2-yl)benzo[d]oxazol-2-amine 

 

 
 

Following General Procedure 5, 4-phenylbutan-2-amine (212 mg, 228 μL 1.35 mmol, 3.00 

equiv), 2-chlorobenzo[d]oxazole (71.2 mg, 53 μL 0.45 mmol, 1.00 equiv), 4CzIPN (2.28 mM 

in DMF, 4.5 μmol, 4.5 μmol, 1 mol%), tetrabutylammonium azide (70.3 mM in DMF, 640 μL, 

45 μmol, 10 mol%) and DMF (3.39 mL) were reacted for 20 h with a 425 nm LED lamp. 

Following concentration in vacuo, the residue was partitioned between CH2Cl2 (25 mL) and 

sat. NaHCO3 (25 mL). The layers were separated, and the aqueous phase was extracted with 

CH2Cl2 (2 x 25 mL). The combined organic layers were dried (Na2SO4) filtered and 

concentrated in vacuo. Purification via flash column chromatography on silica gel (12 g) in 

CH2Cl2 (5 CV) gave 130b as a cream solid (110.1 mg, 87%).  

 

Data for 130b: 

mp:  96–98 °C  
1H NMR:      (500 MHz, DMSO-d6) 

  7.87 (d, J = 8.2 Hz, 1H, C(6'')H), 7.31 (d, J = 7.8 Hz, 1H, C(3'')H), 7.28–7.14 (m, 

5H, C(2)H, C(3)H, C(4)H, C(5)H, C(6)H), 7.09 (td, J = 7.6, 1.1 Hz, 1H, C(5'')H), 

6.96 (td, J = 7.7, 1.3 Hz, 1H, C(4'')H), 3.78 (m, 1H, C(3')H), 2.72–2.59 (m, 2H, 

C(2')H), 1.95–1.74 (m, 2H, C(1')H), 1.23 (d, J = 6.5 Hz, 3H, C(4')H) 
13C NMR:  (126 MHz, DMSO-d6) 

  161.9 (C(1'')), 147.9 (C(2'')), 143.4 (C(7'')), 141.7 (C(1)), 128.3 (C(3), C(5)), 

128.2 (C(2), C(6)), 125.7 (C(4)), 123.2 (C(5'')), 120.0 (C(4'')), 115.3 (C(6'')), 

108.35 (C(3'')), 48.5 (C(3')), 37.65 (C(2')), 31.8 (C(1')), 20.6 (C(4')) 

 IR: (neat)   

  2961 (w), 2914 (w), 1664 (s), 1622 (w), 1587 (m), 1489 (m), 1469 (w), 1456 (m), 

1382 (w), 1368 (w), 1352 (m), 1333 (m), 1280 (w), 1242 (m), 1181 (w), 1138 

(m), 1102 (w), 1064 (w), 1032 (w), 1006 (m), 991 (w), 955 (w), 932 (w), 916 (w), 

862 (m), 845 (w), 768 (m), 751 (m), 735 (s), 727 (m), 713 (m), 698 (s) 

 MS: (ESI+) 

268 (19%), 267 ([M+H]+, 100%) 

 HRMS: (ESI+) 

           calcd for C17H19N2O: 267.1497, found: 267.1502 
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