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Abstract 

The nitrile imine 1,3-dipole is a versatile intermediate with a diverse range of applications 

from chemical biology to materials chemistry. In the 60 years since its initial discovery, this 

system has been found to undergo 1,3-dipolar cycloaddition with numerous dipolarophiles, 

while also engaging with various conventional heteroatomic nucleophiles through an 

electrophilic addition mechanism. This pleiotropic reactivity profile makes the nitrile imine 

an especially unique motif within 1,3-dipole chemistry. 

The research detailed within this thesis relates to the manipulation of the nitrile imine 1,3-

dipole and its role in the discovery of novel chemical transformations and works towards 

methods of harnessing its complex reactivity profile with the ultimate goal of improving the 

understanding of the species in its continued application within ligation chemistry. As an 

initial investigation, a novel approach towards the popular 2,5-tetrazole nitrile imine 

precursor was developed. Employing robust Suzuki-hydrogenation methodology previously 

established within our laboratory, this protocol demonstrates a facile means of accessing a 

broad palette of 2,5-diaryl tetrazoles for application as a source of nitrile imines (Scheme 

0.1). 

 

Scheme 0.1: The development of a novel route towards 2,5-diaryltetrazoles employing Suzuki-debenzylation 

methodology 

With efficient access to the 1,3-dipole demonstrated, the extensive reactivity of the nitrile 

imine was investigated through its combination with arylboronic acids. Drawing mechanistic 

inspiration from the Petasis-Mannich reaction, a novel and metal-free approach towards C-C 

bond formation was developed, forming an array of aryl ketone hydrazone compounds 

(Scheme 0.2). The scope of the procedure was further expanded through the introduction of 

hydrazonyl chlorides as an alternative source of the nitrile imine. Exemplification of the 

transformation was accomplished through the metal-free synthesis of hypolipidemic agent 

fenofibrate, the adaption of the methodology to incorporate the nitrile oxide 1,3-dipole, and 

the integration of 2,5-tetrazole photolysis within a flow-chemistry manifold. 
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Scheme 0.2: The development of a metal-free C-C bond-formation through the combination of nitrile imines and 

arylboronic acids 

Finally, following extensive experience with the promiscuous reaction profile of nitrile 

imines, a series of competition experiments were undertaken to develop a comprehensive 

guide to the relative reactivity of the pleiotropic dipole (Scheme 0.3). The study investigated 

numerous potential substrates, spanning a selection of biomolecular residues, potent 

nucleophiles and bespoke dipolarophiles. Particular attention was paid to common NI 

bioorthogonal ligation agents that have been previously reported. Based on this, a definitive 

roadmap of NI reactivity was developed towards the more informed application of the 

versatile dipole within the field of chemical biology. 

 

Scheme 0.3: Quantitative investigations into the reactivity profile of the nitrile imine 1,3-dipole 
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Some of the original research conducted as part of this thesis has been published. The 
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7423. 
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1 Nitrile Imines 

The generation of nitrile imines (NIs) can be traced back to the beginning of the 20th century, 

although these reports lacked both characterisation and application of the highly reactive 

species. The first synthetically tractable report came from Huisgen in 1959.1 This initial 

study was remarkably comprehensive, documenting multiple approaches towards the 

generation of the NI, and detailing its reactivity with a number of dipolarophiles and 

nucleophiles. Huisgen dominated the area for much of the next decade and provided 

invaluable insights into the reactivity, kinetics and chemoselectivity of NIs through a number 

of publications.1ï18 

Interest in the applications of NIs was more sparse over the next few decades, with the 

majority of publications focusing instead on the mechanism of their formation, or reactivity 

with different substrates. Recently, however, NI chemistry has enjoyed a renaissance 

throughout the literature, with a raft of applications identified in the synthesis of active 

pharmaceutical ingredients (APIs), in bioorthogonal conjugation, and in materials chemistry 

over the past fifteen years.19ï21 

1.1 Properties 

1.1.1 Resonance Forms 

NIs are members of the nitrillium betaine family of 1,3-dipoles, which possess the general 

formula outlined in Figure 1.1.22 These are isoelectronic with the allyl anion, with 4 ˊ 

electrons shared across three atoms. The inherent reactivity of 1,3-dipoles comes from the 

incomplete octet of the neutral terminus, which gives rise to a number of potential resonance 

forms. The contribution of each of these canonical forms is highly important in governing 

the reactivity of the species. 

 

Figure 1.1: The general structure of the nitrillium betaines  

Two resonance forms can be viewed as the dominant contributors to NI structure: the 

propargylic and allenic forms (Figure 1.2). From a geometric perspective, the propargylic 

structure can be described as planar (with respect to the N-C-R bond axis), while the allenic 

form is slightly ñbentò.23 NIs are often referred to as ñfloppyò molecules, with a low 

interconversion energy barrier between the two isomers.24ï26  
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Figure 1.2: The six potential resonance forms of NIs  

Which of these two resonance forms predominates depends significantly on the substituents 

on both termini of the NI.27 One of the most important factors is the electronegativity of the 

terminal nitrogen atom. Increased electronegativity favours the linear, propargylic structure, 

forming a more electrophilic dipole with a low energy lowest unoccupied molecular orbital 

(LUMO), and vice versa in the case of the allenic form.28,29  

More recently, attention has turned to the importance of the contribution of the carbenic 

resonance form. Computational studies have indicated that substitution of the C-terminus of 

the NI with a heteroatom such as nitrogen or oxygen could increase the carbenic character to 

up to 20% of the overall resonance contribution.30,31 This has been partially confirmed 

experimentally, with 5-amino NI shown via infra-red (IR) spectroscopy to exhibit the lowest 

C-N bond order of any NI ever recorded.31 

1.1.2 Characterisation of NIs 

A number of spectroscopic techniques have been employed in an effort to suitably 

characterise NIs. As expected in a nitrillium betaine 1,3-dipole, the inherent reactivity of the 

species is a major stumbling block in this process.  

Following on from their initial application,1 any preliminary evidence of the existence of an 

NI intermediate was indirect,10 with the first direct detection of an NI reported in 1973, using 

ultraviolet-visible light (UV-Vis) spectroscopy at cryogenic temperatures.32 

Multiple approaches towards the spectroscopic characterisation of NIs were reported 

throughout the 1980s. The UV-Vis spectra of diphenyl NI and derivatives were reported 

independently by both Holm and Heimgartner, employing 12 K matrix isolation and 

immobilisation using ether-isopentane-ethanol (EPA) or poly(vinylchloride) (PVC) glass.33ï

35 The IR spectra were also disclosed in these same reports. The palette of diaryl NIs 

characterised using this technique increased towards the middle of the decade, with over 20 

UV-Vis and IR spectra reported.36ï39 The utility of this approach was significantly bolstered 
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with the application of ñflashò photolysis, enabling the direct capture of the UV-Vis 

spectrum of an NI at room temperature.40,41 

Other spectroscopic approaches were also developed, principally using high temperature gas 

phase techniques.42 This enabled analysis through mass spectrometry, photoelectron 

spectroscopy,  or IR via immobilisation of the NI on a KBr disc.24,43 Modern-day advances in 

IR technology have recently seen the re-emergence of this approach as the most valuable 

analytical technique in the characterisation of reactive NIs.27,31,44 

14N nuclear magnetic resonance (NMR) spectroscopy has also been shown to be a feasible 

approach, although a limitation of this technique is that the NI requires enhanced stability 

relative to other spectroscopic methods.45 More recently, photocrystallography was also 

employed as a means of characterising diaryl NIs.46  

1.1.3 Spectroscopic Properties 

NI UV-Vis spectra are dominated by a large absorption around 240-275 nm (heteroatom-

substituted NIs) or 370-465 nm (diaryl NIs).32ï36,38,40,41,43,47 This is postulated to originate 

from a ˊ-ˊ* transition, with, in the case of diaryl NIs, an extremely large extinction 

coefficient leading to a very broad signal.40 Electron-rich species on the N-terminus of the NI 

and electron-deficient species on the C-terminus further increase absorption wavelength.40 

IR spectroscopy is one of the most valuable techniques in determining whether a specific NI 

will adopt an allenic or propargylic structure, as the most prominent peak of the spectrum 

corresponds to the C-N anti-symmetric stretch, with the stretching frequency increasing with 

increasing bond order. All NIs with a C-N stretch frequency below 2100 cm-1 are almost 

entirely allenic (C-N bond order of 2), while those with a stretch frequency above 2200 cm-1 

are likely to primarily exist as the propargylic resonance form. Those with a value between 

2100 cm-1 and 2200 cm-1 exhibit both allenic and propargylic character.48 Most diaryl, or 

even monoaryl NI species have been shown to possess a predominantly propargylic structure 

through this technique (C-N stretch typically ranges from 2215-2250 cm-1).35,37,39,43 The 

addition of any conjugative functional group onto either of the aromatic rings, electron 

donating or withdrawing, will lower the bond order of the C-N bond and will lower the 

stretching frequency accordingly.39 NIs substituted by heteroatoms typically adopt allenic or 

mixed resonance forms, with C-N stretch values between 1990 and 2170 cm-1. 27,30,31,48ï52  

There has been considerably less focus on the characterisation of NIs by NMR spectroscopy 

in comparison to other methods, likely due to the relatively specialised conditions required 

making the stability of the compound a necessity. In the specific cases where NI NMR 

spectra have been examined, 13C resonances have been observed between 45 and 70 ppm.25,45 

This is complicated by large longitudinal relaxation (T1) values and small transverse 
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relaxation (T2) values, which can lead to extremely broad and undetectable peaks.45 14N 

NMR spectroscopy is a viable alternative, which generates a signal for the Ŭ-N at around -

215 - -170 ppm.45 

 

Figure 1.3: A summary of the spectroscopic characteristics of NIs  

1.2 The Generation of Nitrile Imine Derivatives 

As most forms of the NI moiety are unstable under standard conditions, they must typically 

be generated in situ by an appropriate precursor. This is possible through a range of chemical 

transformations, each with their own advantages and disadvantages. Examples of each are 

provided in the subsequent sections. 

1.2.1 Hydrazonyl Halides 

The most common NI precursor is the hydrazonyl halide, or a derivative thereof.53 The NI is 

typically generated from this precursor through treatment with a base, as shown in Scheme 

1.1, causing deprotonation and subsequent elimination of the halide.54 

 

Scheme 1.1: The generation of NIs using hydrazonyl halides 

The generation of NIs from hydrazonyl chlorides was first noted in Huisgenôs original 1959 

report, as an alternative to the thermolysis of 2,5-disubstituted tetrazoles (Section 1.2.3).1 

Treatment of diphenyl hydrazonyl chloride with triethylamine in the presence of 

dicyclopentadiene yielded the expected pyrazoline in an 83 % yield (Scheme 1.2). The 

liberation of the NI in this manner was later shown to be a reversible process through a 

combination of kinetic and isotope labelling studies.10 Hydrazonyl chlorides were able to act 

as a ñdepotò of the NI, which was slowly consumed at a rate dependent on the reactivity of 

the dipolarophile partner of the cycloaddition. 
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Scheme 1.2: The first example of NI generation using hydrazonyl halides  

Further mechanistic work has since shown that NI formation from hydrazonyl halides is in 

competition with the formation of the analogous carbonium cation (Scheme 1.3).55 

Unsurprisingly, the relative formation of either intermediate is highly dependent upon pH, 

with the NI dipole formation becoming increasingly favourable with increasing pH. The pKa 

of the hydrazonyl halide therefore has a significant impact on the rate of NI generation, as 

the deprotonation of the species is the rate determining step of the reaction.56 Reactivity may 

also be modified through variation of the C and N-substituents, and through careful selection 

of the halide or psuedohalide leaving group. For example, increased reactivity has been 

exemplified through the exchange of a hydrazonyl bromide with a hydrazonyl iodide, due to 

the lower pKb of the iodide anion.57 

 

Scheme 1.3:The pKa of the hydrazonyl halide can be influenced by substituent  

The selection of base can also prove important when generating NI species using hydrazonyl 

halides. Silver(I) carbonate in particular has been proposed to facilitate NI formation through 

an alternative mechanism to that of a more conventional base, such as triethylamine.58 

Whereas triethylamine has been shown to initiate reaction through the deprotonation of the 

hydrazonyl halide, the silver(I) cation is believed to initially generate the carbonium ion, 

which then forms the NI through deprotonation by the carbonate anion (Scheme 1.4).59 The 

driving force behind this process is the formation of the insoluble AgCl salt.60 This may also 

influence the rate of NI reactivity, as the solubility of the salt generated upon NI formation 
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has a significant impact on the balance of the equilibrium between these products and the 

starting hydrazonyl halide.  

 

Scheme 1.4: The use of silver salts in the generation of NIs  

Numerous examples exist in the literature documenting the successful application of both 

organic and inorganic bases within this reaction. For example, inorganic bases are competent 

in the generation of NIs in aqueous media, as evidenced in the first reported example of NI 

cycloaddition under such conditions (Scheme 1.5).61  

 

Scheme 1.5: The first example of NI cycloaddition under aqueous conditions 

The presence of a halide counter-ion itself in the reaction mixture can also have a significant 

impact upon the reactivity of the NI. Recent examples in the literature have shown that when 

generating NIs through irreversible means (Section 1.2.3), performing the reaction in 

phosphate-buffered saline (PBS) can lower the reactivity, by trapping some of the dipole as 

the corresponding hydrazonyl chloride (Scheme 1.6). This is accomplished by the chloride 

anion within the buffer.62 

 

Scheme 1.6: The trapping of an NI dipole via the presence of chloride anions in an aqueous reaction mixture 

As discussed previously, hydrazonyl halides are ubiquitous within the literature as a robust 

means of generating NIs, with numerous examples including microwave and solvent-free 
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approaches.63,64 The most conventional means of synthesising these precursors is through 

halogenation with an electrophilic halogen source,65 although hydrazonyl chlorides may also 

be accessed through the treatment of the relevant hydrazide species with a chlorinating agent 

such as POCl3 (Scheme 1.7).66 The hydrazonyl iodide can be generated via a Finkelstein 

reaction of the relevant hydrazonyl bromide analogue.57 

 

Scheme 1.7: Exemplar methods of synthesising hydrazonyl chlorides  

Hydrazonyl halides are mildly unstable to atmospheric conditions, and are severe skin 

irritants.67 As such, it is also common to generate these species in situ (Scheme 1.8).67,68 

Indeed, this can be taken a step further, beginning with the aldehyde and generating the 

hydrazone, hydrazonyl bromide and NI in situ prior to isolation of the product.69 

 

Scheme 1.8: The in situ generation and consumption of the hydrazonyl halide  

1.2.2 Hydrazones 

In addition to generation through the halogenated derivatives, NIs can also be accessed 

directly from the corresponding aldehyde hydrazones through an oxidative process (i.e. via 

loss of H2 rather than HX). This is typically accomplished using heavy metal salts, such as 

lead(IV) or mercury(II) acetate,70,71 with the proposed mechanism shown in Scheme 1.9. 

Hypervalent iodine can also generate NIs directly from hydrazones, and is believed to 

proceed via a similar mechanism.72,73 
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Scheme 1.9: The mechanism of NI formation using heavy metal acetates 

One drawback in this approach to NI formation is the use of acetate as the counterion. As 

will be discussed below (Section 1.3.2.4), carboxylate moieties are known to rapidly react 

with NIs.12 This often impacts the yield of the intended reaction when heavy metal acetates 

are used in their generation. 

Oxidation of hydrazones can also be employed when the hydrazone is generated in situ, as 

evidenced by a report from 2014, where no intermediates are isolated in between the starting 

aldehyde material and the cycloadduct of the NI (Scheme 1.10).74 Mercury(II) acetate is 

again used to generate the NI.  

 

Scheme 1.10: The generation and consumption of hydrazones in situ by mercury(II) acetate 

1.2.3 Tetrazoles 

Excluding hydrazonyl chlorides, tetrazoles are the most common precursor to the NI dipole 

in the literature.62 Tetrazoles form NIs through the expulsion of the N-3 and N-4 atoms of the 

heterocycle as nitrogen gas.75 This may be initiated through either thermal or photochemical 

means. In both cases, only the 2,5-disubstituted regioisomer of the tetrazole is relevant. 

While the 1,5-disubstituted species may also expel nitrogen when heated or exposed to 

ultraviolet (UV) light, it does not form the NI during its decomposition pathway.76 

The thermal degradation of 2,5-disubstituted tetrazoles was the first ever approach reported 

to yield NIs, again by Huisgen in 1959 (Scheme 1.11).1 The method was viewed as 

particularly useful as no exogenous reagents were required, merely the tetrazole and the 

reaction partner. However, one downside was (and indeed, remains) the temperature required 
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in tetrazole thermolysis. In the case of 2,5-diphenyl NI, the most prevalent example of the 

species within the literature, temperatures in excess of 160 °C are required to facilitate 

decomposition.12 While the substituent of the C-aromatic ring was shown to be 

interchangeable, exchange of the N-phenyl ring for a methyl group increased the thermolysis 

temperature to over 200 °C. This represented a drawback in the applications of tetrazole 

thermolysis, due to the prerequisite that the reaction product must be stable to such high 

temperatures itself. 

 

Scheme 1.11: The original example of NI 1,3-dipolar cycloaddition via tetrazole thermolysis 

The rate of thermolysis is highly dependent on the C and N substituents of the respective NI, 

and this has been studied by a handful of research groups.77ï80 Rate of NI formation is most 

simply measured by iteratively incorporating electron donating and electron withdrawing 

groups into both aromatic rings of 2,5-diphenyl tetrazole. Curiously, it has been shown that 

electron-donating groups on the C-aryl ring can facilitate more rapid decomposition, while 

electron-withdrawing groups on the N-aryl ring have the same effect.77,78,80 This implies that 

cleavage of the N-2-N-3 and C-5-N-4 bonds is not symmetrical, suggesting that there must be 

residual charges present at the transition state of the thermolysis of 2,5-diaryl tetrazoles.77 

Hammett plots of this reaction generated by Baldwin suggested that the influence of 

substitution of the N-aromatic ring is around 5-times that of the C-aryl ring, leading to the 

hypothesis that the N-2-N-3 bond is the first to be broken, likely during the rate-determining 

step of the process (Graph 1.1).78 

The photolysis of 2,5-disubsituted tetrazoles was first documented nearly a decade after the 

thermolysis of the species (Scheme 1.12).10 This method had the advantage of no longer 

requiring extremely high temperatures to form the NI. However, in the case of most 2,5-

diaryl tetrazole species, the wavelength of light required was around 250-300 nm, well into 

the UV-B range of the electromagnetic (EM) spectrum.81 This required the use of high-

power mercury lamps that remain an uncommon laboratory accessory, and as such 

applications of this transformation were limited for many years. 
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Graph 1.1: The correlation between the electronic properties of both aryl rings and rate of NI generation  

In 2007, Lin re-visited the procedure in a report which documented the cycloaddition of 

some NIs with various dipolarophiles. The dipole was accessed using 2,5-diaryl tetrazoles 

and a hand-held 300 nm UV lamp commonly used for the analysis of thin-layer 

chromatography (TLC) plates (Scheme 1.13).82 

 

Scheme 1.12: The original example of NI 1,3-dipolar cycloaddition when using photolysis of a tetrazole as an NI 

source  

From this report, photolysis of 2,5-diaryl tetrazoles quickly gathered momentum as a popular 

approach for NI generation in both bioorthogonal and materials chemistry (discussed further 

in Section 1.4).21,62 The method was particularly attractive due to the traceless, user-activated 

method of NI formation in which no exogenous reagents were required. 
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Scheme 1.13: An example from Lin's 2007 publication on the photolysis of 2,5-diaryl tetrazoles 

One particularly active area of research was the development of novel tetrazoles with 

increased wavelength of maximum absorbtion (ɚmax) values. When considering 2,5-diphenyl 

tetrazole, the prerequisite of a UV-B light source undoubtedly hindered its application, due 

to the likelihood of causing cellular damage through reactivity with deoxyribonucleic acid 

(DNA).83 Some of the first reports to address this issue modified the substituents of both 

termini of the tetrazole. The use of heteroatomic substituents were shown to generate a 

ñpush-pullò system of electron flow, which raised the ɚmax into the lower energy UV-A 

range.84 

Subsequent efforts were dedicated to extending the conjugation of the tetrazole ˊ-electron 

system. Analogues substituted by naphthalenes, thiophenes and pyrenes were all found to 

furnish the relevant NI upon exposure to UV-A light.85ï87 In both the thiophene and pyrene 

derivates, NI formation was observed at wavelengths of over 400 nm, the visible region of 

the spectrum. 

Other modifications demonstrated that further extension of the operational wavelength was 

possible. The use of two-photon excitation generated a naphthalene-based NI from the 

corresponding tetrazole using a 700 nm laser.88 A summary of these efforts is outlined in 

Scheme 1.14. 

One additional advantage of the availability of numerous tetrazole species that generate NIs 

at different wavelengths of light is their potential application in ñɚ-orthogonalò chemistry, 

whereby two photolabile moieties may be selectively activated in the presence of one 

another using two different wavelengths of light.89,90 This technique can even be applied to 

two different tetrazole species (Scheme 1.15).91 
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Scheme 1.14: The progressive increase in the wavelength required in the photolysis of different species of 2,5-

tetrazoles 

In comparison to the other methods of NI generation, there was surprising lack of 

mechanistic discussion into the photolysis of tetrazoles in the years following its discovery. 

Fifteen years after Huisgenôs initial report, Padwa documented the quantum yields (QYs) of 

a number of diaryl tetrazoles, proposing that the photodecomposition of the species 

originated from a forbidden n-ˊ* transition to the first excited singlet state.92 

Further measurements of tetrazole QYs followed.93 In comparison to other photochemical 

reactions, the QYs were generally good, indicating an efficient photolytic procedure. Solvent 

polarity, concentration, and even the substituents of the C-aryl ring did not significantly alter 

this QY, with only substitution of the N-aryl ring found to have any significant impact. 

Analogous to Baldwinôs results in the thermolytic studies of tetrazole cleavage, electron-

withdrawing groups were found to improve QY.93 This again suggests that the photolysis of 

2,5-disubstituted tetrazoles is non-symmetrical. Furthermore, the lack of an effect on the QY 

by substitution of the C-aryl ring indicated a similar finding to the thermolysis study- the N-

2-N-3 bond was broken first in the rate determining step of the process. 
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Scheme 1.15: The selective photolysis of one tetrazole moiety in the presence of another based on differing ɚmax 

values 

A significant advancement towards the elucidation of the mechanism was made in 2017, by 

the Barner-Kowollik group.94,95 Using recently developed computational methods in 

combination with experimental evidence, an alternative mechanism of photochemical NI 

formation was proposed, shown in Scheme 1.16. Firstly, the excitation of the starting 

tetrazole was identified as a ˊ-ˊ* transition to the first excited single state, S1. The highest 

occupied molecular orbital (HOMO) in question was shown to be positioned around both the 

tetrazole heterocycle and the N-aryl ring, justifying the previous experimental evidence that 

N-aryl properties had such a significant impact on QY. Secondly, the NI itself was found to 

be formed via the first triplet state, T1, of the tetrazole, meaning intersystem crossing (ISC) 

from S1 to T1 was necessary. Once in the triplet state, tetrazole decomposition was expected 

to proceed through a diradical intermediate, forming the NI upon returning to the ground 

state through a conical intersection. 

This mechanistic interpretation had implications relating to specific tetrazole substrates. 

While excitation of the tetrazole to the S1 state may be guaranteed through an appropriate 

light source, two other factors determine the QY of the corresponding NI: the favourability 

of ISC and the favourability of any competing relaxation processes.  

Firstly, for ISC to occur, the S1 and a Tn state must be as near to degenerate as possible. This 

can be influenced to an extent, whereby the use of a higher energy wavelength may excite 

the tetrazole to a higher state of vibrational energy in addition to excitation to the singlet 

state, however computational approaches are still necessary to derive the numerical values of 

the relevant triplet energy levels. A second prerequisite is a similarity in tetrazole 
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conformation in the S1 and Tn states. Any differences correspond to an unfavourable energy 

penalty which will decrease the likelihood of ISC in relation to other competing processes. 

Unfortunately, the conformation of both excited species is another property specific to the 

individual tetrazole that can only be derived through computational means. 

 

Scheme 1.16: The mechanism of NI generation via photolysis of 2,5-tetrazoles  

When considering competing pathways to ISC, the non-radiative relaxation pathway known 

as charge recombination was found to be of particular importance.96 The favourability of this 

process increases with increasing charge separation between the excited S1 state and the 

ground state, and the extent of charge separation affected upon the molecule following 

irradiation will determine whether this pathway is dominant. As with the other properties 

discussed above, charge recombination is inherent to individual molecules. 

To summarise, the exact QY through which a 2-5-substituted tetrazole will generate the 

corresponding NI is non-trivial, and requires empirical experimental determination or 

advanced computational calculations on a case-by-case basis to elucidate whether dipole 

formation is possible (Scheme 1.17). Fortunately, cases whereby the corresponding NIs fail 

to form entirely appear to be limited to only a handful of tetrazoles, containing nitro moieties 

and dimethylamino functional groups.82,94 The vast majority tetrazoles reported in the 

literature generate the relevant NI in good QYs. 
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Scheme 1.17: Both charge recombination potential and ISC ability must be considered when elucidating the QY 

of a 2,5-tetrazole 

1.2.4 Sydnones 

Sydnones are mesoionic compounds typically represented as a cationic oxadiazole species 

with an exocyclic anionic oxygen atom.97 Due to the zwitterionic nature of sydnones, they 

have been known for some time to participate in 1,3-dipolar cycloadditions.98 Reaction of a 

sydnone with a dipolarophile will initially lead to a fused 5,5 ring system, which upon 

cycloreversion furnishes CO2 gas and the pyrazoline/pyrazole product (Scheme 1.18)99 

 

Scheme 1.18: The general tautomeric forms of sydnones and their reactivity with dipolarophiles  
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While also applicable to the synthesis of pyrazoles and pyrazolines, thermal sydnone 

cycloadditions do not proceed through an NI intermediate. However, photolysis of 

arylsydnone derivates activates an alternative mechanistic pathway by which the sydnone 

expels CO2 prior to any cycloaddition, generating the relevant NI.100 This transformation is 

thought to occur through initial formation of an unstable diazirine species, followed by 

further isomerisation to furnish the dipole (Scheme 1.19). 101,102 

 

Scheme 1.19: The hypothesised mechanism of NI formation via sydnone photolysis  

Applications of sydnones as NI sources are known, although limited in comparison to both 

hydrazones and tetrazoles. One reason is the relative inefficiency of the process. The QYs of 

diaryl sydnones are around ten times lower than the corresponding tetrazoles.41 

1.3 The Reactivity of Nitrile Imines 

NIs exhibit a broad scope of reactivity with several different substrates. The inherent 

property of 1,3-dipoles to undergo 1,3-dipolar cycloaddition with olefins and alkynes is 

shared by NIs, but reactions with various nucleophiles are also well-documented. 

1.3.1 1,3-Dipolar Cycloaddition 

The cycloaddition of a 1,3-dipole with an appropriate dipolarophile, typically a carbon-

carbon double- or triple-bond, is a powerful reaction that is broadly applicable in organic 

synthesis. NIs have been widely characterised to undergo this transformation with numerous 

different dipolarophiles. 

1.3.1.1 Regioselectivity 

Cycloaddition between an NI and a non-symmetric dipolarophile can theoretically generate 

both the 4-substituted and 5-substituted pyrazoline/pyrazole adduct, and classification of the 

regioisomeric preferences of different dipolarophiles has been thoroughly investigated.  

Generally, intermolecular NI cycloadditions favour the regioisomer with the most sterically-

encumbered substituent in the 5-position of the resulting heterocycle. Extensive 

investigations by Huisgen have shown that the N-terminus of the NI is much more tolerant of 

steric bulk, partially justifying this trend (Scheme 1.20).5ï7,16 However, it should be noted 

that 4-substitued regioisomers are still known in many cases, and the outcomes of these 

cycloadditions often generate unexpected regioisomeric mixtures.103  
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The electronics of regioselectivity are slightly more complex. Initial attempts to rationalise a 

general trend utilised frontier molecular orbital theory (FMO), through calculations of the 

relative electron density of the corresponding HOMO and LUMO orbitals at each reaction 

centre.104ï107 This approach relies on the theory that HOMO and LUMO orbitals of similar 

sizes are more likely to interact, due to more efficient overlap, favouring one regioisomer 

over the other. This original application of FMO suggested that 5-substituted heterocycles 

were favoured in the majority of cases, with the exception of highly electron-withdrawing 

groups yielding either regioisomeric mixtures or 4-substituted products.105 

 

Scheme 1.20: While more forcing reaction conditions are required for NI cycloaddition with increasing steric 

bulk, regioselectivity consistently favours the 5-substituted regioisomer  

While this technique is commonly used in the literature to predict or account for NI 

regioselectivity, it is not universal, nor quantitative. More recent approaches have employed 

density functional theory (DFT) as a tool to understand the regioselectivity of NI 

cycloadditions.108,109 The application of concepts such as hard-soft acid-base theory, 

molecular electron density theory, relative electrophilicity and Fukui functions within these 

higher levels of theory have enabled a much more accurate understanding of NI 

regioselectivity, including quantitative predictions in some instances.110,111 

However, despite these significant advances, regioselectivty in NI cycloadditions remains 

difficult to predict or rationalise. While the vast majority of cases of mono-substituted 
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alkenes and alkynes yield the 5-substituted product 112, there are numerous exceptions, 

hindering the development of a general set of rules. While FMO113,114 and DFT115,116 

calculations have both aided in rationalising unexpected results, neither have demonstrated 

satisfactory levels of accuracy in their broader prediction methods. 

One curious exception to this unpredictable regioselectivity is the use of enamines as 

dipolarophiles. Vicinal enamines exhibit exclusive regioselectivity for the 4-substituted 

pyrazoline product, apparently in contrast to the combined steric and electronic influences 

that direct most other functional groups to the 5-position.7,117 This is discussed in more detail 

in Section 1.3.2.5. 

1.3.1.2 Rate of Reaction 

The rate of reaction of NIs with dipolarophiles can be significantly influenced by both 

electronic and steric effects, and is rationalised very effectively by FMO theory.105 In this 

context, NIs are considered to be ñtype IIò dipoles, meaning that interactions between both 

the HOMO of the dipole and the LUMO of the dipolarophile and the interactions of the 

LUMO of the dipole and the HOMO of the dipolarophile may have an impact on reaction 

rate.118 Consequently, any form of substitution of the dipolarophile, electron-donating or 

electron-withdrawing, will increase reaction rate, with ethene the least reactive olefin species 

in NI cycloadditions. Indeed, all alkenes with no form of conjugative electronic activation 

are very poor substrates, requiring large excesses or forcing conditions to generate the 

desired product.5 This trend was first proposed by Sustmann in 1971, and confirmed 

experimentally by Tomaschewski in the early 1990s using diphenyl NI, where it was shown 

that a plot of substituent ionisation potential versus reaction rate generated a characteristic 

parabolic curve, with an unsubstituted olefin as the point of inflection (Graph 1.2).118,119 

Substitution of the NI dipole can alter this reactivity profile significantly. In particular, the 

NI can be transformed into a pseudo type I dipole via the attachment of electron-donating 

groups. This occurs by raising the LUMO energy of the dipole to the point where LUMO-

dipole-HOMO-dipolarophile interactions are no longer significant. Unsurprisingly, this 

further increases the reactivity of the NI with electron-deficient dipolarophiles, while 

neutralising the reactivity of electron-rich dipolarophiles.119ï121 This approach requires the 

substitution of the N-terminus of the NI, as substitution of the C-terminus is less effective in 

raising the orbital energy.121 
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Graph 1.2: The relative reaction rates of different dipolarophiles in NI 1,3-dipolar cycloaddition reactions with 

diphenyl NI  

The relief of ring strain can also have a beneficial impact on reaction rate. Numerous 

examples in the literature document increases of 20 to 50-fold when using strained cyclic 

systems relative to their linear analogues.8,122,123 Of particular note are the rapid 

cycloaddition rates of cyclooctenes and spiro[2.3]hex-1-ene, both of which offer substantial 

enhancement even relative to other strained systems.122,123. A more hydrophilic strained 

cyclopropenyl system, azaspiro[2.3]hex-1-ene, has also recently been reported (Figure 

1.4).124 

 

Figure 1.4: Two examples of strained dipolarophiles designed to increase the rate of NI cycloaddition 

Increased steric bulk has a detrimental effect on reaction rate, and while disubstituted 

alkenes are typically competent substrates, trisubstituted olefins react much more slowly. 5ï8  
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Tetrasubstituted systems will not normally  undergo cycloaddition, with only certain 

substrates compatible via substantial electronic activation (Scheme 1.21).8 

 

Scheme 1.21: Electronic activation can have a substantial impact on conversions in NI cycloadditions  

Several additional effects should also be considered when evaluating the rate of NI 

cycloaddition. For instance, trans alkenes are much more competent substrates than the 

corresponding cis isomers, and are also typically several orders of magnitude more reactive 

than the analogous alkyne (Scheme 1.22).5 The exact origins of these effects remain unclear, 

but may be partially explained by the efficiency of orbital overlap during the respective 

transition states. 

 

Scheme 1.22: The relative reaction rates of NI 1,3-dipolar cycloaddition with 3 similar substrates 

The influence of entropy on cycloaddition rate should also be noted. Competition 

experiments have determined that intramolecular cycloadditions between NIs and 

electronically neutral alkenes have similar reaction rates to intermolecular cycloadditions 
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with electronically activated alkenes.92 This can be rationalised by considering the highly 

ordered transition state of a cycloaddition reaction, meaning that the high entropy penalty 

required for the intermolecular process cannot always be fully negated by electronic 

activation of the substrate. 

When using a reversible source of NI, the rate of dipole generation can also impact the rate 

of cycloaddition. In the case of hydrazonyl chlorides, both increasing pH and decreasing 

chloride concentration have a positive impact on reaction rate.125 

1.3.1.3 Carbon-Carbon Double Bonds 

NIs were first shown to undergo 1,3-dipolar cycloaddition with alkenes by Huisgen in his 

initial report, yielding the expected pyrazoline from diphenyl NI and dicyclopentene 

(Scheme 1.11).1 This scope was expanded considerably in 1962, when Huisgen outlined the 

reactivity of NIs with a comprehensive library of dipolarophiles.16 

In the decades that have followed, numerous research groups have demonstrated that 1,3-

dipolar cycloaddition between NIs and alkenes is a facile and robust reaction, applicable to a 

broad palette of compounds. Examples range from relatively unreactive unconjugated 

alkenes,5,92 through aryl and vinyl olefins,6,126,127 and to highly activated species such as Ŭ-ɓ 

unsaturated carbonyls and vinyl sulfoxides (Scheme 1.23).7,128,129 

 

Scheme 1.23: A brief example of known NI cycloadditions  

In addition to these intermolecular cycloadditions, intramolecular reports are equally 

prevalent. This was first exemplified by Zecchi in 1977, 3 years after the same author had 

performed the reaction using an alkyne intramolecular dipolarophile (Scheme 1.24).130,131 

While more synthetically challenging to install both the dipolarophile and dipole precursor 

within the same molecule, intramolecular cycloaddition has multiple advantages over 

intermolecular cycloaddition. Depending on the attachment of the ñtetherò between the 

reagents, the regioselectivity rules discussed above may be overridden. Furthermore, 

cyclisation of a single molecule negates the significant entropy penalty encountered during 

the highly ordered transition state of a 1,3-dipolar cycloaddition. This means that unactivated 

dipolarophiles that may have otherwise required vast excesses or extremely high 

temperatures can instead be cyclised in good yields using milder conditions.92 



22 

 

 

Scheme 1.24: The intramolecular cyclodditions of NIs  

Multiple NI precursors have been employed in the synthesis of pyrazolines. Hydrazonyl 

halides are the most common in both intermolecular and intramolecular examples,127,132ï134 

however there are also numerous examples involving the photolysis and thermolysis of 

tetrazoles.1,135ï137 Examples of sydnone photolysis also exist, but are less common.138,139 

One additional point of complexity to consider in NI-alkene cycloaddition is the formation of 

up to two contiguous stereocentres. Engineering a stereoselective 1,3-dipolar cycloaddition 

is extremely challenging, as regio-, diastereo- and enantioselectivity must all be carefully  

controlled. Nevertheless, multiple examples of both diastereoselective and even 

enantioselective NI cycloadditions exist. 

The simplest method of generating stereoselectivity is via substrate control, with the 

presence of a chiral centre elsewhere in the molecule. This was initially exemplified in 1998 

using both Fischer carbene complexes and simple carbohydrates as directing groups in 

separate NI cycloadditions (Scheme 1.25).140,141 These procedures and others have 

demonstrated impressive diastereomeric ratio (dr) values.142,143 

 

Scheme 1.25: Diastereoselectivity via substrate control in the NI cycloaddition  
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The first intramolecular example was published in 1999, with stereo-induction via a chiral 

ester vinylic to the dipolarophile.144 While low levels of diastereoselectivity were achieved, 

stereochemical induction through an existing chiral centre is significantly more challenging 

in intramolecular examples than intermolecular examples. Regardless, numerous reports 

exist with chiral directing groups adjacent to both the dipolarophile,145ï147 and the NI 

precursor (Scheme 1.26).148 

 

Scheme 1.26: Preparation of enantiopure cycloadducts via substrate control 

Enantioselective examples of NI cycloaddition are less common and cannot be generated by 

chiral directing groups alone. Instead, a Lewis acid catalyst and chiral ligand must be 

employed, as was first documented by Sibi in 2005, where a simple diaryl NI was shown to 

cyclise enantioselectively with a dipolarophile containing an oxazolidinone moiety (Scheme 

1.27).149,150 Stereochemical induction was accomplished through the use of magnesium 

triflate as a Lewis acid in conjunction with a bespoke chiral ligand. Mechanistically, the 

oxazolidinone functioned as a directing group, complexing with the Lewis acid and 

establishing the regioselectivity. Enantioselectivity was achieved via coordination of the 

chiral ligand, shielding one face of the dipolarophile and leaving only one orientation from 

which the NI may undergo cycloaddition. This was a versatile transformation and proceeded 

with >99 % enantiomeric excess (ee) in almost all cases. 

 

Scheme 1.27: Enantioselective NI 1,3-dipolar cycloaddition facilitated by a chiral ligand and Lewis acid  
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Further examples of enantioselective NI cyclisation have since followed, but all rely on the 

same general approach of stereo-induction through a Lewis acid and chiral ligand (Scheme 

1.28).151,152 It is essential that the dipolarophile also contains an appropriate directing group 

for coordination to the Lewis acid, either as part of the substrate or as a removable auxiliary 

group. 

 

Scheme 1.28: A further example of enantioselective 1,3-dipolar cycloaddition using an NI 

  

1.3.1.4 Carbon-Carbon Triple Bonds 

NIs may also undergo 1,3-dipolar cycloaddition with alkynyl functionalities, furnishing 

pyrazoles. This was first demonstrated in 1962, with the scope later expanding significantly 

(Scheme 1.29).6,7,16 

 

Scheme 1.29: Initial examples of NI cycloaddition with alkynes  

Alkynes are less reactive towards NIs than the analogous trans-alkenes, by a factor of 12-

14.8 Most literature examples which involve alkyne cycloaddition are intramolecular, employ 

electronically-activated substrates, or require extremely forcing conditions (Scheme 

1.30).130,132,153ï155 An accessible approach towards NI cycloaddition with acetylene itself was 

recently developed by Ananikov, through the generation of the gas in situ from CaC2 and 

water.156 
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Scheme 1.30: Further examples of the cycloaddition of acetylenes with NIs  

Benzynes have also been shown by Moses to be a competent dipolarophile, providing facile 

access to a range of indazoles (Scheme 1.31).157 The extremely reactive nature of this highly 

strained intermediate presents challenges in the optimisation of such a transformation.158 

Precedent indicates that the use of a hydrazonyl halide as the NI source is required, enabling 

an appropriate base to form both the NI and benzyne from their relevant precursors at similar 

rates. 

 

Scheme 1.31: The cycloaddition of NIs and benzynes  

The reaction of terminal alkynes with NIs is also open to an alternative mode of reactivity. 

The enhanced acidity of the alkyne proton facilitates the potential nucleophilic attack of the 

corresponding anion at the neutral terminus of the NI (Scheme 1.32).159 This complicates the 

use of these species, however, the process could likely be avoided through selection of an 

appropriate base. It should be noted that this unexpected product was later found to 

spontaneously cyclise to afford the desired pyrazole.  
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Scheme 1.32: The formation of an unexpected alkyne-NI adduct prior to pyrazole formation  

1.3.2 Nucleophiles 

Although not as prolific as 1,3-dipolar cycloaddition, NIs react with various nucleophiles by 

the general mechanism shown in Scheme 1.33. The primary product of all reactions is the 

general motif shown, with the formation of a carbon-heteroatom bond at the C-terminus of 

the NI, and protonation of the N-terminus. The structure may undergo further intramolecular 

rearrangement in some cases, but this is the primary product of all nucleophilic addition 

reactions of NIs. 

 

Scheme 1.33: The general reaction mechanism by which nucleophiles react with NIs  

It was believed that the rate of reactivity of NIs with these nucleophilic species was many 

times lower than that of dipolarophiles. Recent publications, however, have demonstrated 

that certain functional groups may compromise the orthogonality of the NI-alkene 

cycloaddition.160,161 

1.3.2.1 Alcohols 

Alcohols may react with NIs to generate the corresponding hydrazonyl ester. This reactivity 

was exemplified in Huisgenôs initial publication in 1959, however the species isolated was in 

fact a diphenyl hydrazide (Scheme 1.34).1 Huisgen proposed that migration of the aryl group 

was driven by the formation of a thermodynamically favourable amide bond.12 



27 

 

 

Scheme 1.34: Huisgen's initial report into the reaction of phenol with an NI 

Later studies demonstrated that isolation of the primary adduct is also possible, and that 

hydrazide formation requires substantial heating (Scheme 1.35).162 Work from 

Tomaschewski also argued against a purely intramolecular mechanism of rearrangement, as 

heating the primary product in different alcohols gave mixtures of final products.162 

 

Scheme 1.35: Further mechanistic insight into the reaction of NIs with alcohols 

The reactivity of alcohols with NIs is very low in comparison to other nucleophiles and 

dipolarophiles, and is almost always less efficient.160 All literature examples of this 

transformation require the presence of vast excesses of the alcohol, and the adducts are only 

likely to be observed through the use of a solvent such as water, methanol or phenol.163,164 

1.3.2.2 Amines 

As with alcohols, amines will add to NIs in the manner outlined above, as was also 

exemplified in 1959, with an expanded study reported 2 years later (Scheme 1.36).1,12 The 

primary product of this addition is more stable than the alcohol adduct, and hence no 

spontaneous rearrangements were observed. 

 

Scheme 1.36: Huisgen's initial work in the use of amines as NI nucleophiles  

As may be anticipated when considering the relative nucleophilicities, nitrogen-based 

nucleophiles are considerably more reactive towards NI dipoles than alcohols.160 This 
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negates the requirement for superstoichiometric quantities of the amine within the reaction 

mixture, meaning this procedure has seen more extensive application. 

The most frequent adaption has been in the synthesis of five, six and seven-membered 

heterocycles.165ï173 This is typically accomplished through the use of a nitrogenous 

nucleophile containing a pendant acid or ester group, with spontaneous lactamisation 

occurring upon formation of the primary addition product.171,172 Further examples can be 

found where the use of a coupling agent is necessary to facilitate lactamisation, while others 

have utilised a cyanamide moiety in the formation of cyclic guanidine derivatives (Scheme 

1.37).167ï169,174 

 

Scheme 1.37: Two examples of the cyclisation of primary products of nucleophilic amine addition  

1.3.2.3 Thiols 

Thiols react with NIs through the classic addition mechanism outlined above to yield Ŭ-

mercaptohydrazones. This was first discovered by Huisgen in 1959 using diphenyl NI and 

thiophenol, and further elucidated by the same author in 1961 (Scheme 1.38).1,12 

 

Scheme 1.38: Huisgen's initial example of thiol as a NI nucleophile  

The reactivity of thiols with NIs is analogous to amines. While facile, the reaction does not 

furnish a product of particular synthetic value. Consequently, the main application of this 

reaction is in the synthesis of sulfur-containing heterocycles. Employing a similar strategy as 

above, a pendant carboxylic acid or ester typically serves as a means of cyclisation after the 

nucleophilic addition of the thiol (Scheme 1.39).171,175ï178 
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Scheme 1.39: The application of thiol nucleophilicity in the synthesis of sulfur-containing heterocycles  

The addition of thiols to NIs is highly efficient and has been responsible for the generation of 

multiple unexpected by-products. This is typically observed in attempted 1,3-dipolar 

cycloadditions using sulfur containing-substrates (Scheme 1.40).161,179,180 In some instances, 

control experiments indicated that the desired cycloaddition products were formed when 

exchanging the sulfur for an oxygen atom.179 Thiols can also out-compete both amines and 

carboxylic acids in reactions with NIs.160,176 However, more recent studies have suggested 

that the order of reactivity of NIs can be established as acids > thiols >> amines.161 

 

Scheme 1.40: The high reactivity of sulfides with NIs can often lead to unexpected rearrangement products when 

attempting a 1,3-dipolar cycloaddition  

1.3.2.4 Carboxylic Acids 

First reported in 1961,12 the reaction of carboxylic acids and NIs serves as another example 

where the primary nucleophilic adduct was not isolated as part of the initial study, with a bis-

hydrazide formed in 83% yield (Scheme 1.41). Huisgen proposed a similar mechanism to 

that of the alcohol rearrangement, with a 1,4-acyl shift furnishing a stable product with two 

amide bonds. 

 

Scheme 1.41: The first example of carboxylic acids acting as an NI nucleophile and the hypothesised mechanism 

of their addition 

However, unlike the reaction between an NI and an alcohol, the reactivity of a carboxylic 

acid is extremely favourable, and can outcompete both dipolarophiles and other 

nucleophiles.161 In the reaction between diphenyl NI and acetic acid, low-temperature 
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spectroscopic techniques show the formation of the primary nucleophilic adduct at -135 °C, 

with rearrangement to the bis-hydrazide occurring at around -70 °C (Scheme 1.42).34,181 In 

contrast to other nucleophiles, it is likely that deprotonation of the acid by the NI occurs 

prior to addition to the electrophilic centre. This may account for the increased reactivity of 

the carboxylate relative to other neutral species. 

 

Scheme 1.42: Further mechanistic insight into the reaction of NIs and carboxylic acids 

Despite this unprecedented and efficient reactivity, very few publications exploited this 

reaction between the 1960s and 2010s. Most reports noting the formation of these products 

mention them only as a side product, either through the use of an acetate buffer or acetic acid 

as a reaction solvent, or as an alternative method of NI trapping.163,164,181 Only in recent years 

has the reactivity of NIs with carboxylic acids been reassessed.161,182 Additional applications 

have since emerged both as a photoaffinity label in biochemistry, and as a ligating agent in 

materials chemistry (Sections 1.4.1.2 and 1.4.2.3).183ï185 

1.3.2.5 Enamines and Enol Ethers 

The reactivity of NIs with enamines was first discovered in 1967.7 They represent intriguing 

substrates, as they can be treated as either a dipolarophile or a nucleophile. In his initial 

report, Huisgen isolated the pyrazoles that would be expected by a 1,3-dipolar cycloaddition 

followed by elimination (Scheme 1.43). The enamines were also shown to react very 

efficiently, again consistent with a cycloaddition. As a type II dipole, both the LUMO and 

the HOMO of the NI are available for mixing with the complementary orbital of the 

dipolarophile.104 The highly electron-donating effect of an enamine would raise the HOMO 

of the dipolarophile significantly, facilitating better overlap with the LUMO of the NI and 

improving reactivity.  

 

Scheme 1.43: Enamine dipolarophiles exhibit absolute regioselectivity in NI dipolar cycloadditions 
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While all of the above evidence was indicative of a 1,3-dipolar cycloaddition mechanism, 

some curiosities remained. It was possible that the assumed pyrazoline was itself the 

secondary product of the reaction, with an initial hydrazone being formed by the 

nucleophilic attack of the enamine onto the C-terminus of the NI (Scheme 1.44). Quenching 

of the generated iminium by the N-terminus would yield the same product. Furthermore, the 

use of an enamine had some peculiar influences on the regiochemistry of the reaction. In 

contrast to most other dipolarophiles, enamine substrates generate a single regioisomer, 

yielding 5-aminopyrazolines. This anomaly could indicate a sequential nucleophilic 

addition/cyclisation mechanism, as opposed to a 1,3-dipolar cycloaddition.  

 

Scheme 1.44: The two potential modes of cyclisation proposed for enamine dipolarophiles  

This issue is further complicated when exploring further literature (Scheme 1.45). A number 

of publications document the use of enamines as NI nucleophiles, isolating the 

corresponding hydrazonyl adduct.186ï190 However, others highlight the formation of 

pyrazolines or pyrazoles exclusively, with no mention of any isolated intermediates.19,57,191ï

194 The mechanism of this transformation has recently been examined computationally, with 

the transition state being reported as an asynchronous cycloaddition.117 While the reaction 

may not be fully synchronous, the absence of an energy minimum between the starting 

materials and product is indicative of a 1,3-dipolar cycloaddition. However, the isolation of a 

range of nucleophilic adducts in the literature suggests that the true reactivity of enamines 

with NIs may be substrate dependent. 

 

Scheme 1.45: Two different reactivity profiles of enamines and NIs have both been widely reported throughout 

the literature 
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Regardless of mechanism, the enamine system remains the only directing group within NI 

cycloaddition chemistry with exclusive selectivity for the 5-position of the pyrazoline, a 

valuable attribute in synthetic applications. Additionally, the corresponding ammonium 

species can be treated as an excellent leaving group in many of the pyrazoline products. 

These two characteristics, combined with the facile nature of the reaction, has made this 

transformation an excellent method for the regiospecific preparation of pyrazoles. This is 

typically accomplished through the use of a simple enamine as a directing group, which is 

eliminated from the product after treatment with an acid or base (Scheme 1.46). Examples 

from the literature have utilised morpholine,19,191,192 piperazine193 and dimethylamine190 as 

directing groups. 

 

Scheme 1.46: A further example of enamines as a NI cycloaddition directing group  

Recent work by Jasinski has also capitalised on the remarkable regioselectivity of these 

systems through the use of enol ethers as dipolarophiles (Scheme 1.47).195 As with enamines, 

elimination of the ñdirecting groupò following cycloaddition leads to the isolation of the 

aromatic pyrazole with complete regioselectivity. 

 

Scheme 1.47: The application of enol ethers in the regioselective synthesis of pyrazoles  

1.3.3 Dimerisation 

In the absence of an appropriate dipolarophile or nucleophile, two equivalents of NI may 

react with one another, leading to dimerisation products. The reaction conditions can prove 

extremely important in dictating the exact product, with NIs able to yield either a 1,2,4,5-

dihydrotetrazine or a 1,2,3-triazole, with compelling evidence for the formation of both 

species reported. 

There are two initial modes of NI dimerisation, with two equivalents combining in either a 

ñhead-to-tailò or ñhead-to-headò manner. Both processes yield dihydrotetrazines: the 1,2,4,5-
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analogue in the case of the former and the 1,2,3,4-analogue in the case of the latter (Scheme 

1.48). However, the 1,2,3,4-dihydrotetrazine species may undergo cycloreversion to generate 

a bis-azoethylene. This compound can undergo either thermal or photochemical ring closure, 

generating one equivalent of the 1,2,3-triazole and the corresponding nitrene.196,197  

 

Scheme 1.48: The two modes of dimerisation observed in NI chemistry 

As previously mentioned, the nature of the species formed depends entirely upon the 

reaction conditions, which are likely derived from the source of NI (Scheme 1.49). For 

example, under the thermal conditions employed when using hydrazonyl halides or tetrazole 

thermoylsis, the 1,2,4,5-dihydrotetrazine dimer forms exclusively.4,12,198ï200 Further study has 

suggested that this species is quite stable, and is unlikely to regenerate NIs under typical 

reaction conditions.201 

 

Scheme 1.49: Examples of NI dimerisation 

Conversely, photochemical generation of the NI from tetrazoles or sydnones 

overwhelmingly favours the formation of 1,2,3-triazoles.75,102,201ï205 The intermediate bis-

azoethylene is commonly isolated in smaller amounts, perhaps as expulsion of the nitrene to 

facilitate triazole formation may require slightly more forcing conditions than the initial 

photolysis.196,197,202  

The exact nature of this difference in reactivity remains relatively under-explored, with a 

number of reports failing to account for the preference of either pathway. Control 

experiments have shown the formation of the 1,2,4,5-dihydrotetrazine to be irreversible 
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under photochemical conditions, meaning an alternative explanation is required to account 

for the complete selectivity for the formation of the 1,2,3,4-dihydrotetrazine.201 The issue is 

complicated by the fact that the formation of 1,2,3-triazole is feasible in the absence of UV 

light, meaning its limited formation relative to 1,2,4,5-tetrazine under thermal conditions is 

also unexplained. 

1.3.4 Decomposition 

In the absence of an appropriate reaction partner and at sufficient dilutions to inhibit 

dimerisation, NIs will decompose to yield a number of simpler constituents. This is only 

applicable to irreversible methods of NI generation, such as 2,5-tetrazoles or sydnones, as 

species such as hydrazonyl chlorides will maintain an equilibrium between the NI and the 

precursor until the reaction is quenched. 

The principal product of NI decomposition is the corresponding carbodiimide isomer. This 

can be generated thermally,204 but can also be accelerated through photolysis of the 

NI.36,206,207 The exact nature of this rearrangement was presumed for many years to proceed 

via a diazirine intermediate,36,207 which was finally confirmed by Nunes in 2014 in a report 

that fully detailed the decomposition pathway of NIs (Scheme 1.50).44 Initial isomerisation to 

the diazirine may be followed by two competing degradation pathways. The more dominant 

of these is further rearrangement into the carbodiimide, however formation of the 

corresponding nitrile of the C-terminal substituent is also possible. The N-terminal 

substituent is expelled as a nitrene in this instance, generating the corresponding aniline. This 

degradation pathway has been shown to be active in a number of NI species.31,44,206,208 

 

Scheme 1.50: Decomposition pathways of the NI in the absence of a suitable reaction partner  

1.4 Applications of Nitrile Imine Derivatives 

Given the range of processes in which NI species participate, it is unsurprising that several 

different fields have developed a raft of applications of the dipole. While naturally finding 

widespread use within general synthetic chemistry, 19,135,191,193,209ï211 NIs are most prolific in 
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bioorthogonal and materials science. The applications of the latter two fields will be covered 

in this section, owing to their increasing presence within recent scientific literature.  

1.4.1 Bioorthogonal Chemistry 

The facile and often quantitative nature of 1,3-dipolar cycloadditions are well documented, 

often falling under the moniker of ñclickò chemistry.212 The cycloaddition between NIs and 

alkenes specifically has long been considered orthogonal, and consequently NI 

cycloadditions have enjoyed widespread application over the past decade as a bioorthogonal 

labelling tool.62,213ï215 Photolysis of a 2,5-diaryl tetrazole is typically the preferred source of 

the dipole within this manifold, due to the traceless nature of the reaction. As this represents 

a photochemical, high yielding transformation between two non-endogenous functional 

handles with minimal by-product formation, the term ñphotoclickò is commonly used to 

describe the procedure.216  

1.4.1.1 Protein Ligation 

Lin introduced the concept of protein conjugation through NI cycloaddition in 2008.217 A 

2,5-tetrazole was incorporated into lysozyme and green fluorescent protein through simple 

amidation chemistry, before the formation of a pyrazoline adduct via treatment of the 

proteins with acrylamide following liberation of the NI. Later the same year, Lin employed 

the 2,5-tetrazole as the ligating agent. Incorporation of O-allyltyrosine into Z-domain protein 

furnished the augmented dipolarophile, which was rapidly modified when exposed to the 

relevant NI (Scheme 1.51).216 One of the immediately apparent advantages of photoclick 

chemistry was that the pyrazoline products were intrinsically fluorescent, and as a 

consequence this represented self-reporting ligation methodology. 

 

Scheme 1.51: Incorporation of a dipolarophile within a protein and its subsequent ligation using NI chemistry  

Subsequent reports have since further optimised this procedure through the modification of 

both partners. Firstly, the reactivity of the NI itself may be enhanced through careful control 

of the energy levels of its molecular orbitals. For example, when using an allyltyrosine-

modified protein as a dipolarophile, appropriate modification of the NI functional groups 

may afford up to a 200-fold increase in cycloaddition rate by raising the HOMO energy of 

the dipole (Graph 1.3).121 
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Graph 1.3: The increase in cycloaddition rate observed when raising the HOMO of the NI  

The reactivity of the dipolarophile may also be improved, mainly through the approaches 

discussed in Section 1.3.1.2. The additional challenge in this context is enhancing reactivity 

while maintaining facile incorporation of the moiety into a biomolecular scaffold. The 

synthesis of both tetrazole and alkene-containing amino acid structures is relatively simple, 

with approaches towards both ubiquitous in the literature.123,218ï220 For alkenes, this normally 

involves simple, one step procedures, such as the allylation of tyrosine or the amidation of 

lysine with acrylic acid.216,219 The design of tetrazole-containing scaffolds are slightly more 

complex and require multiple transformations, but remain relatively straightforward (Scheme 

1.52).220 

 

Scheme 1.52: An example synthesis of an artificial amino acid containing a 2,5-diaryl tetrazole 
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Following the re-emergence of research into the reactivity of NIs towards nucleophilic 

additions (Section 1.3.2), more recent studies from Lin have investigated methods of 

shielding NIs from nucleophilic attack. Substitution of the ortho positions of the C-aryl ring 

of an NI has subsequently been shown to preserve cycloaddition reactivity, while sterically 

occluding the C-terminus from nucleophilic attack by endogenous residues (Scheme 

1.53).221,222 

 

Scheme 1.53: Steric encumbrance of the NI C-terminus may enhance reactivity with dipolarophiles relative to 

nucleophiles  

In 2018, Yu reported the application of diaryl sydnones as an alternative NI source for 

bioorthogonal ligation (Scheme 1.54).223 This shares similar advantages to the use of 2,5-

tetrazoles, such as user-defined light activation and no requirement for endogenous reagents, 

however it also shares the same shortcomings, with wavelengths of 311 nm required for 

effective ligation. More recent reports have alleviated this concern through successful use of 

the technique in live cells with 405 nm light, paving the way for further application of this 

methodology.224 

 

Scheme 1.54: The application of diaryl sydnones in NI ligation chemistry  

1.4.1.2 Bioconjugative Reactions 

The reactivity of the NI dipole with carboxylic acids has recently found widespread 

application in the field of bioconjugative chemistry, for example in the design of photo-

affinity probes. Within the last 4 years, 2,5-tetrazoles have been incorporated into photo-

affinity probes of bromodomain-containing proteins BRD2-4 and kinases such as protein 
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kinase A, among others.161,182,183 In all of these reports, the NI was found to combine with an 

acidic amino acid moiety in close proximity to the active site. A direct comparison of 

tetrazole photolysis with other known light-activated photo-affinity probes also found that 

the NI afforded a substantial increase in ligation propensity (Scheme 1.55).183 

 

Scheme 1.55: A comparison of the proficiency of an NI as a photoaffinity label  

In 2017, Lin reported the first genetic incorporation of a 2,5-tetrazole into biomolecules for 

applications in protein cross-linking.225,226 This methodology is attractive as a probe for 

further investigation of dynamic protein interactions in living systems (Scheme 1.56). This 

approach was exemplified in living cells with the cross-linking of a mutant form of growth 

factor receptor-bound protein 2 and the epidermal growth factor receptor. Again, an NI-

carboxylic acid interaction was found to be responsible for this reactivity. 

 

Scheme 1.56: The cross-linking of proteins using NI-carboxylic acid bioconjugation methodology  

This broad reactivity profile has also found application in phenotypic screening, where 

incorporation of an NI precursor within a bioactive molecule may facilitate the identification 

of the protein with which the compound exhibits an effect. This was first employed by Ding 

and Li in 2017, in the implication of numerous proteins as potential targets of two small 
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molecules exhibiting antiproliferative effects in cancer cell lines.227 Degradation studies of 

the ligated targets identified an aspartate residue as a suspected conjugation site of the NI. 

1.4.1.3 Chemosensors 

An additional biocompatible application of NI cycloaddition is in the detection or 

visualisation of analytes within living systems, for example, via turn-on fluorescent imaging. 

In most cases, these probes are activated through photochemical ñuncagingò of a 

chromophore, however photolytic generation of the NI will lead directly to the synthesis of a 

fluorescent pyrazoline due to the proximity of a dipolarophilic alkene. This was first 

exemplified in 2011 following the attachment of such a system to a taxol-based molecule 

with a known binding affinity for microtubules.228 Photolytic activation generated up to an 

112-fold increase in fluorescence (Scheme 1.57). 

 

Scheme 1.57: An intramolecular cycloaddition of a light-generated NI that may be performed in vitro, yielding a 

highly fluorescent pyrazoline  

In this seminal report, the fluorescent reporting moiety was formed through an 

intramolecular process (in other words, independent of the analyte), but more recent 

examples have targeted pyrazoline formation through direct reaction with the biomolecule of 

interest. The accumulation of the bis-carboxylate species known as fumarate can often be 

indicative of the poor regulation of metabolism, a common characteristic of some cancers. 

Investigations by Meier elucidated that 1,3-dipolar cycloaddition between an NI and 

fumarate can also form highly fluorescent pyrazolines, representing a quantitative evaluation 

of fumarate levels via an offŸon chemical probe (Scheme 1.58).229,230 While initial studies 

employing hydrazonyl chlorides observed a near 100-fold increase in fluorescence in the 

presence of excess fumarate, this was driven to a 400-fold increase when 2,5-tetrazoles were 

applied.230 

Lin also exemplified the self-reporting properties of the NI-fumarate cycloaddition using 

2,5-tetrazoles augmented with a boron-dipyrromethene (BODIPY) chromophore.231 In 

contrast to the cycloadducts employed in earlier reports, the BODIPY-pyrazolines do not 

exhibit a fluorophore, as the fluorescence of the BODIPY moiety is quenched by the 

pyrazoline, and vice versa. The starting 2,5-tetrazole, however, is highly fluorescent in the 
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absence of the pyrazoline, making this an example of an onŸoff chemical probe (Scheme 

1.58). 

 

Scheme 1.58: The application of NIs in the detection of the oncometabolite fumarate  

1.4.2 Materials Chemistry 

The NI dipole is also prevalent within materials chemistry. As before, most examples 

involve the introduction of photo-labile 2,5-tetrazoles as the preferred NI precursor, which is 

particularly convenient when selective NI generation is required (for example, in surface 

patterning). 1,3-Dipolar cycloaddition is the most common reactivity profile exemplified, 

due to its high yields and fast reaction times. However, in direct analogy with other fields, 

the introduction of carboxylic acid ligation agents has recently risen to prominence. 

1.4.2.1 Polymer Synthesis 

The first example of polymerisation using NIs emerged in 1966, from Stille.199 The 

monomers applied were of an ñA-Aò, ñB-Bò format, with reaction of bis-hydrazonyl 

chlorides and bis-acetylenes forming pyrazole-linked products (Scheme 1.59). A similar 

publication later that year expanded this scope to include bis-olefins as the ñB-Bò 

component, which generated fluorescent pyrazoline-linked polymers.232 

 

Scheme 1.59: Stille's initial report into the use of NIs in polymerisation reactions  
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A significant development in NI polymerisation chemistry was the application of tetrazoles 

as an NI source, due to the lack of exogenous reagents required to generate the dipole. 

Repeating the above using a bis-2,5-tetrazole in conjunction with a bis-dipolarophile 

afforded the desired polymers through simple thermolysis (Scheme 1.60).200,233 The 

photolytic generation of a similar polymer has also recently been exemplified.234 

 

Scheme 1.60: 2,5-tetrazoles can also be used as NI sources in polymerisation reactions  

NI polymers of the ñA-Bò monomer type are also well established. These were again 

introduced by Stille in 1969, in the polymerisation of a tetrazole with a pendant alkynyl 

functionality, and in a further example using an olefin.235 While these polymers were 

accessed via thermolysis of the tetrazole, literature precedent also exists for the generation of 

a pyrazoline-linked polymer using UV light (Scheme 1.61).236 Control of reaction 

concentration is of particular importance, as many NI-based monomers of the A-B type have 

the ability to react intramolecularly. 

 

Scheme 1.61: NI polymerisation using a monomer of the A-B type  

NI chemistry can also be applied in extending the chain length of existing polymers. For 

example, modification of nitrilebutadiene rubber with a terminal tetrazole enables their 

dimerisation when photolysed in the presence of a bis-maleimide linker (Scheme 1.62).237 

This enables controlled linear growth while minimising cross-linking, facilitating access to 

high molecular weight polymers with low dispersity values. This has also been applied in the 

synthesis of copolymers, through the introduction of a second pair of orthogonal functional 

handles.238 
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Scheme 1.62: The synthesis of extended linear polymers using NI cycloaddition 

1.4.2.2 Polymer Cross-Linking 

In the examples discussed above, NI chemistry was employed during the polymerisation 

process. However, these reagents are also useful in the cross-linking of polymer chains when 

generated after the polymerisation process has been completed. This first requires 

incorporation of a NI precursor into the monomer side-chain, and polymer synthesis through 

an alternative approach, such as free-radical polymerisation.239 Cross-linking in polymers is 

important as it can drastically alter the properties of the product. Control over the process is 

similarly crucial, in order to influence the extent of alterations made to the polymer. 

Photolytic NI generation is extremely convenient as the use of a focused light source can 

afford exquisite control over the sites of reaction. 

The simplest method of NI-induced cross-linking involves the synthesis of a co-polymer that 

incorporates both a 2,5-tetrazole and a dipolarophile such as acrylonitrile or butadiene 

(Scheme 1.63). Initial examples from Stille showed that cross-linking could be induced 

through heating of the material to temperatures in excess of 160 °C.240 This ñactivationò 

temperature may be influenced through the modification of functional groups present around 

the tetrazole, with substitution of the N-aryl ring influencing the decomposition threshold by 

as much as 60 °C.241 

In 1994, Darkow reported that UV irradiation of similar polymers could also be used to yield 

the cross-linked products.242,243 This affords more control over the localisation of the 

reaction, however cross-linking was less efficient when using thicker samples due to the 

relative opacity of the product.242 
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Scheme 1.63:The preparation of a polymer containing an NI precursor and its subsequent cross-linking 

While incorporation of a tetrazole into the polymer backbone is a simple method of ensuring 

efficient NI coverage, the properties of the polymer are undoubtedly compromised by the 

necessity of having the same functional group present in at least one of the monomers. This 

problem is exacerbated by the inclusion of a dipolarophile within the polymer. Recent 

examples of NI-induced cross-linking from Meier, Barner-Kowollik and Bowman have 

reintroduced the concept of adding a cross-linking agent to the reaction.244,245 The polymer is 

first synthesised or modified to include a tetrazole or an alkene, before a dimeric structure of 

the other reaction partner is added under UV irradiation (Scheme 1.64). This has greatly 

expanded the utility of NIs as a cross-linking agent and can be applied in the modification of 

many common polymers, such as cellulose.245 The use of a disulfide-linked bis-NI as the 

cross-linking agent also enables retroactive degradation of the linkers through treatment with 

a reducing agent. 

While modes of reactivity including nitrile cycloaddition and NI dimerisation have been 

shown to induce cross-linking,240,243 the formation of pyrazoline cross-linkers has the 

additional benefit of generating fluorescent functional groups. The extent of cross-linking 

may therefore be quantified by monitoring the fluorescence intensity of the product. Linear 

polystyrene, functionalised with a tetrazole moiety on both termini, may form a dense cross-

linked network when photolysed in the presence of a trimeric maleimide species.246 

Degradation of this polymer and measurement of the fluorescence spectrum can then inform 

on the success of the initial photochemical cycloaddition (Scheme 1.65). 
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Scheme 1.64:The light-activated cross-linking of a butadiene polymer using a bis-NI cross-linking agent 

1.4.2.3 Surface Chemistry 

Surface chemistry, at the interface of small molecule and macromolecular research, is a 

diverse field with broad applications throughout materials science. During the past ten years, 

the NI dipole has become a popular ligation agent in this area.21 This approach to surface 

modification is attractive owing to its orthogonality and high reactivity, with the additional 

benefit that the NI may be generated using only UV light. The most straightforward example 

is in the immobilisation of a polymer onto the surface of an organic or inorganic network. 

This was first exemplified in two independent publications from Barner-Kowollik and 

Nallani and Liedberg in 2011.247,248 The former modified a silicon wafer and a sample of 

cellulose with a 2,5-tetrazole moiety, which were exposed to UV light in the presence of a 

poly(methyl)acrylate derivative capped with a maleimide dipolarophile (Scheme 1.66). The 

liberated NI rapidly formed the desired cycloadduct, attaching the polymer to the surface. 

Nallani and Liedberg demonstrated similar reactivity in the ligation of the horseradish 

peroxidase enzyme to the surface of a polymersome, a synthetic replica of liposomes.249 
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Scheme 1.65: Quantitative analysis of the efficiency of NI cycloaddition in polymer cross-linking 

The photochemical activation of 2,5-tetrazoles is once again a highly favourable property in 

this field. The use of a template, or shadow mask, that permits controlled irradiation of the 

surface can allow for accurate ñpatterningò of the surface with the NI reaction product. This 

was demonstrated during the development of bespoke non-fouling brushes, with ligation of a 

poly(methyl)acrylate monomer onto a silicon wafer, again employing NI-maleimide 

cycloaddition chemistry.250 The use of a templated shadow-mask rendered the 2,5-tetrazole 

inert in the regions of the surface obstructed from the light source, enabling controlled 

surface-patterning (Scheme 1.67). 

An alternative method of surface patterning was disclosed by Ravoo in 2016.251,252 

Microcontact chemistry involves the selective application of reagents only to certain areas of 

the surface, using a specially designed stamp coated in the required compound.253 A reaction 

will occur only in the areas of the surface where the stamp made direct contact with the 

environment. In the case of NI cycloadditions, a tetrazole-doped silicon wafer was shown to 

undergo pattern-specific reactivity with several dipolarophiles, which were administered to 

the surface via microcontact printing (Scheme 1.68). 
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Scheme 1.66: The attachment of a poly(methyl)acrylate derivative to a silicon wafer using NI chemistry 

The modification of surfaces can yield materials with unusual properties and numerous 

potential applications. One of the first examples of this involving NI chemistry was the 

functionalisation of a cellulose paper sheet with a hydrophobic polymer based on methyl 

methacrylate, with the hydrophobic properties of the polymer translated to the sheet.248 

Another early example was the ligation of silicon wafers with short polymers containing a 

diazo moiety. The facile E Ÿ Z isomerisation of this motif upon exposure to light created the 

first example of a light-responsive surface engineered through NI chemistry (Scheme 

1.69).254 

 

Scheme 1.67: The photo-patterning of a surface through the application of NI cycloaddition and a shadow-mask 
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Scheme 1.68: The application of NI chemistry and microcontact printing in the patterning of surfaces  

Recodable surfaces have also been exemplified in NI-mediated surface modification. This 

chemistry relies on reversible bonding interactions between a surface and a coordinating 

group. While NIs themselves do not possess the appropriate properties, they are often used 

as ligating agents for the installation of the reversible reaction partners. One example from 

2015 capitalised on the host-guest binding properties of cyclodextrin, anchoring this 

carbohydrate onto a polydopamine surface through a NI cycloaddition using a shadow-mask 

(Scheme 1.70).255 The resulting pattern was visualised through treatment of the surface with a 

rhodamine dye, modified by an adamantyl moiety to coordinate with the cyclodextrin. This 

interaction may then be reversed by washing the material with an excess of a cyclodextrin 

solution. 

 

Scheme 1.69: Surface labelling can be applied in the synthesis of photoresponsive surfaces using NI 

cycloaddition 
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Surface modification using alternative NI reaction partners have also been disclosed, with 

most employing carboxylic acids in very recent reports. Zetterlund/Barner-Kowollik and 

Ravoo have both independently reported this application within the past two years, in the 

augmentation of tetrazole-functionalised nanoparticles and silicon wafers, respectively.252,256 

One earlier report from 2016, also from Ravoo, documented the application of thiols as an 

NI ligation agent in the immobilisation of biotin and triethyleneglycol on the surface of a 

silicon wafer.251 

 

Scheme 1.70: The ligation of cyclodextrins to surfaces using NIs, and its application in reversible host-guest 

chemistry  

1.5 Conclusions and Outlook 

In the six decades following the initial synthetic report on the introduction of NIs, a number 

of publications have exploited the unique properties of this valuable species. The 2007 
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rediscovery of the benefits of 2,5-diaryl tetrazole photolysis in particular has revitalised the 

field,82 with a number of new and exciting applications of the dipole emerging, relative to the 

limited literature activity of the 1980s and 1990s. Of additional significance is the recent 

reevaluation of carboxylic acids and thiols as NI reaction partners.161 While initially 

stimulating the development of additional applications of NIs exploiting this reactivity,183,184 

it has also prompted a reassessment of the orthogonality of ñtetrazole photoclick chemistryò, 

which has led to the development of much improved NI and alkenyl functional handles 

within this field.124,222 

Looking towards the future applications of this dipole, it is likely that the photolysis of 2,5-

tetrazoles will become the most commonplace method of NI generation owing to the 

exceptional value of this approach to the fields of ligation chemistry. Further investigation 

into the true orthogonality of the NI towards either 1,3-dipolar cycloaddition or nucleophilic 

trapping is certainly necessary, but likely to be overlooked in a discipline dominated by an 

application-driven philosophy.  

1.6 Overarching Aims 

Consequently, the original research documented in the subsequent chapters of this thesis is 

driven by the central theme of simplifying the application of NI derivatives in ligation 

chemistry through an increased understanding of their generation and reactivity. This will 

commence through the investigation of an alternative synthesis of 2,5-diaryl tetrazoles, 

which are forecast to become the most popular method of NI generation in the years to come. 

Current approaches towards these heterocycles are generally robust, however, are 

incompatible with an array-type synthesis that focuses on rapid construction of a library of 

different tetrazoles. This shortcoming will be addressed through the application of Suzuki-

hydrogenolysis methodology in the diversification of a key tetrazole motif. 

With efficient access to a diverse palette of NIs enabled, subsequent studies are devoted to 

further understanding the reactivity of the NI, and its application in the development of novel 

C-C bond formations. The interaction of this 1,3-dipole with aryl boronic acids has never 

been investigated, however mechanistic interpretation of the Petasis-Mannich reaction 

reveals potential similarities between the two transformations. This represents an opportunity 

for the development of a metal-free, light-activated method of C-C bond formation, requiring 

only a tetrazole and boronic acid, with no exogenous reagents. Furthermore, the introduction 

of hydrazonyl halides as an alternative NI source could facilitate the extension of the 

methodology into similar 1,3-dipolar systems, such as the nitrile oxides. 

The final chapter in this thesis is dedicated to further understanding the relative reactivity of 

the NI dipole with various substrates. As mentioned above, it is likely that the application of 
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the NI in ligation chemistry will continue with limited investigation into the reactivity of the 

dipole with alkenes relative to its reactivity with native functionalities such as carboxylic 

acids or thiols. The development of a complete framework of individual competition 

experiments will establish a rank order of substrate reactivity with the NI, enabling more 

informed application of the dipole within bioorthogonal sciences. 

 

Scheme 1.71: A summary of the overall objectives of this thesis 
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2 A Modular Protocol for the Synthesis of 2,5-

Diaryl Tetrazoles 

As discussed above, future application of the NI 1,3-dipole will most likely rely on the 

photolysis of 2,5-diaryl tetrazoles as the primary precursor. Consequently, it is crucial to 

develop robust protocols for the synthesis of these valuable NI sources. This chapter 

describes the development of novel, modular methodology to enable facile and rapid access 

to a library of 2,5-diaryl tetrazoles. 

2.1 Introduction 

2.1.1 Current Methods of 2,5-Tetrazole Synthesis 

The retrosynthesis of the tetrazole motif can be considered from two different approaches. 

The first is the construction of the heterocycle with a single aromatic ring, either N or C-

linked, already present. The second aryl group is then introduced in a separate modification 

following tetrazole synthesis. This enables more efficient modification of the substituents 

augmenting the tetrazole, which influence its ɚmax value and hence reactivity (discussed in 

Section 1.2.3). The second approach involves direct construction of the tetrazole with both 

aryl rings in place. This has the obvious advantage of affording direct access to the desired 

compound and is the most common technique employed in the literature.  

Despite the numerous advanced and modern applications of 2,5-diaryl tetrazoles, the vast 

majority of publications employ some derivitisation of the Kakehi tetrazole synthesis, 

developed in 1976 (Scheme 2.1).257,258 This involves the electrocyclisation of an aryl 

diazonium salt with an aryl sufonylhydrazone, normally employing a vast excess of  base 

such as pyridine. The regioselectivity of this cyclisation can be attributed to the enhanced 

steric encumbrance in the transition state of the 1,5-regioisomer. The sulfonyl hydrazone 

moiety is accessed via the condensation of benzenesulfonyl hydrazide with a benzaldehyde 

derivative, allowing for an extremely broad scope. 

An alternative to the Kakehi synthesis emerged in 2015, using aryl diazonium salts and aryl 

amidines (Scheme 2.2).259 While this reaction appears to also constitute an electrocyclisation, 

it was shown to first proceed through nucleophilic attack of the diazonium species by the 

amidine, followed by oxidative ring-closure facilitated by the addition of iodine and 

potassium iodide. Due to the symmetry of the amidine, regioselectivty is not an issue, 

however the scope is slightly limited by the availability of this reactant. 
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Scheme 2.1: The Kakehi tetrazole synthesis 

Numerous approaches have been developed for the attachment of an N-aryl ring in the 2-

position of C-arylated tetrazoles. Initial reports involved the application of hypervalent 

heavy elements, such as bismuth and iodine (Scheme 2.3).260,261 While this became a widely 

studied approach, the reactions were not atom economical, and often required the use of 

palladium and copper co-catalysts.261ï263 

 

Scheme 2.2: The synthesis of 2,5-diaryl tetrazoles through the combination of aryldiazonium salts and amidines 

More recently, copper-catalysed Chan-Lam-type coupling between 5-substituted 1H-

tetrazoles and aryl boronic acids has emerged as a more accessible route towards 2,5-diaryl 

tetrazoles (Scheme 2.4).264ï267 The use of a copper(I) salt in the presence of an oxygen 

atmosphere facilitates a remarkably efficient process that can safely generate the product in 

excellent yields. The regioselectivity of this reaction and those above are derived from steric 

considerations in the transition state, rather than electronics. 

One disadvantage of N-arylation is the prerequisite of using 5-aryl tetrazoles. Fortunately, 

the synthesis of this moiety is extensively documented, and is typically achieved via the 1,3-

dipolar cycloaddition of an aryl nitrile and hydrazoic acid.268 While HN3 is an extremely 

hazardous, highly toxic species, it is typically generated in situ through treatment of an azide 

salt with a Bronsted or Lewis acid. 
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Scheme 2.3: N-arylation of tetrazoles using hypervalent iodine species 

In contrast to the N-arylation of tetrazoles, arylation of the 5-position is a very uncommon 

transformation. The formation of an sp2-sp2 carbon-carbon bond typically falls within the 

domain of palladium-catalysed cross-coupling, but while 5-bromo and 5-metallated 

tetrazoles are known to undergo such reactions, this has only ever been documented using 

the 1,5-regioisomer.269,270  

 

Scheme 2.4: Copper-catalysed N-arylation of 5-substituted tetrazoles using boronic acids 

This highlights the principal problem with this approach: the steric bulk of the 5-position is 

required to ensure regioselective modification of the 2-position, hence the efficient synthesis 

of a C-5 unsubstituted 2-aryl tetrazole is challenging. However, one example was reported in 

2016 involving the cycloaddition of diazonium salts and TMS-diazomethane (Scheme 

2.5).271 Silyl deprotection and subsequent bromination afforded access to an electrophilic 

cross-coupling partner for C-arylation, although no such reaction was conducted. 

2.1.2 The Benefits of a Modular Approach to Tetrazole Synthesis 

One of the most attractive aspects of employing 2,5-diaryl tetrazoles as an NI source is that 

the substituents of both aryl rings offer remarkably sensitive tuning of several key properties, 

including wavelength of NI liberation, and the HOMO/LUMO energy levels of the resulting 

dipole (Scheme 1.14 and Graph 1.3). It is logical that when using 2,5-diaryl tetrazoles as a 
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source of NI, it will be necessary to synthesise a small library to ascertain which tetrazole 

possesses optimal properties for the application at hand. However, this is at odds with the 

methods of 2,5-diaryl tetrazole synthesis currently available. While methods of N-aryl ring 

modification are ubiquitous, all require the prior synthesis of a C-aryl tetrazole via 

cycloadditions using highly toxic hydrazoic acid, and modifications of the C-aryl ring remain 

completely underdeveloped. 

 

Scheme 2.5: The synthesis of 5-bromo-2-aryltetrazoles 

The existing synthetic approaches also suffer from other shortcomings. The Kakehi synthesis 

in particular, while robust and well-precedented, is undermined by the use of an explosive 

starting material, large quantities of corrosive and pungent solvent, low reaction yields and 

laborious purification techniques. More broadly, the use of explosive starting materials is a 

ubiquitous problem within this field, with all current synthetic routes employing extremely 

hazardous and explosive reagents such as diazonium salts, azides, and diazomethane. 

To facilitate simple and rapid access to a library of 2,5-diaryl tetrazoles, a new approach 

must be devised. This philosophy must centre upon the use of a common intermediate with 

two principal characteristics (Figure 2.1). Firstly, it must already contain the tetrazole 

heterocycle, as this would avoid repeated introduction of explosive and toxic reagents. 

Ideally, a single large-scale synthesis of the intermediate would suffice for the generation of 

numerous 2,5-diaryl derivatives. Secondly, the tetrazole must incorporate two chemically 

orthogonal functional handles, to allow for facile and, importantly, regioselective N-2 and C-

5 arylation.  

 

Figure 2.1: The ideal hypothetical synthon for the modular synthesis of a library of tetrazoles 
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2.2 Aims 

It is proposed that the optimal realistic equivalent of the desired tetrazolyl synthon would be 

1-benzyl-5-bromotetrazole. Previous literature precedent has documented the large-scale 

synthesis of this precursor, which will be replicated to obtain gram-scale quantities of this 

motif.269  

The main aims of the project will incorporate our laboratoryôs previous experience in the 

development of a one-pot Suzuki-hydrogenation protocol.272 This will facilitate simultaneous 

modification of the C-5 position of the tetrazole with a variety of boronic acids, and 

concomitant deprotection of the N-1 position. Tautomerisation of the free 5-aryl tetrazole 

would then facilitate regioselective functionalisation of the N-2 position using established 

methods.264,265 

Consequently, the project will commence with the independent optimisation of the Suzuki 

and hydrogenolysis reactions before combining both into a one-pot protocol. Particular 

attention will be paid to the practicality of the approach, minimising purification steps 

(Scheme 2.6). 

Following optimisation, the scope of 5-aryl tetrazoles accessible via this procedure will be 

explored, employing a diverse palette of boronic acids. The methodology will be further 

exemplified through the utilisation of known N-2 coupling approaches to synthesise a broad 

library of 2,5-diaryl tetrazoles. 

 

Scheme 2.6: The overall reaction scheme intended to furnish a novel, modular approach to 2,5-diaryl tetrazoles 

2.3 Results and Discussion 

2.3.1 Synthesis of 1-Benzyl-5-Bromotetrazole 

To begin the development of the methodology, gram-scale synthesis of the desired starting 

material was first established. Retrosynthesis of 1-benzyl-5-bromotetrazole identified 

bromination of the electron-rich C-5 position as an appropriate final step, leaving the 
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construction of 1-benzyltetrazole as the only obstacle. As mentioned above, synthesis of the 

tetrazole moiety itself requires a cycloaddition between diazonium salts and hydrazones, or 

nitriles and hydroazoic acid. Fortunately, previous literature precedent had identified that the 

reaction of benzylisocyanide with hydrazoic acid would furnish the desired product in 

excellent yields (Scheme 2.7).269 Furthermore, it was shown to perform very well on scales of 

up to 30 g, ideal for the synthesis of the core starting material throughout the project. 

 

Scheme 2.7: The literature conditions originally identified for the synthesis of 1-benzyltetrazole 

Due to safety concerns, the in situ generation of hydrazoic acid using a Bronsted acid such as 

acetic acid was deemed too hazardous. Consequently, it was decided to synthesise 

benzylisocyanide separately, before employing the less explosive trimethylsilylazide 

(Scheme 2.8).273 

 

Scheme 2.8: The reported [3+2] cycloaddition of benzylisocyanide and TMS-azide 

Synthesis of benzylisocyanide (2.3) was conducted via the formylation of benzylamine and 

subsequent dehydration using POCl3, with both steps proceeding in acceptable yields 

(Scheme 2.9). However, the pungent odour of the benzylisonitrile product was an undesirable 

characteristic in the intended gram-scale syntheses to follow, and the route was abandoned. 

 

Scheme 2.9: The synthesis of benzylisocyanide (2.3) 

When considering alternative approaches, it was proposed that the synthesis of the 

heterocycle may be avoided entirely through the benzylation of 1H-tetrazole itself. This 

would facilitate the synthesis of the desired intermediate using readily available starting 

materials without necessitating the handling of any explosive or toxic reagents. An initial 

attempt employing triethylamine afforded the product in acceptable yield, while the 

introduction of caesium carbonate improved conversion further, allowing facile access to 

significant quantities of 1-benzyltetrazole (2.5) (Scheme 2.10). While the yield was 

diminished due to the presence of both regioisomers, this was not problematic as the 
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eventual removal of the benzyl protecting group should render both regioisomers 

compatible. However, to simplify the subsequent optimisation, only the 1-benzyl 

regioisomer 2.5 was taken forward. The bromination of this compound was then 

accomplished through the application of N-bromosuccinimide (NBS), which proceeded in 

excellent yield (Scheme 2.11). 

 

Scheme 2.10: The benzylation of 1H-tetrazole employing either triethylamine or casesium carbonate 

 

Scheme 2.11: The bromination of 1-benzyl tetrazole to furnish 2.7  

2.3.2 Optimisation of Reaction Conditions 

As discussed in Section 2.2, the Suzuki and hydrogenolysis stages of the reaction were 

optimised individually to maximise the conversion of the protocol. This would also highlight 

any incompatibility upon the combination of both procedures. 

2.3.2.1 Optimisation of Suzuki Reaction 

The optimisation of the Suzuki reaction commenced with the identification of pre-existing 

conditions, employing 3 mol% Pd(PPh3)4 (tetrakis) as the Pd catalyst.274 While a convenient 

starting point, it was desirable to identify an alternative catalyst due to the well-reported 

instability of this complex. Furthermore, previous studies have shown that the 

triphenylphosphine motif is capable of poisoning Pd/C catalysts, an undesirable attribute for 

any eventual one-pot investigation.272 

Initial screening was therefore undertaken using six palladium(II) precatalysts. Precatalysts 

represent a versatile alternative to classical sources of Pd(0), owing to their relatively inert 

properties prior to treatment with a base, when the active catalyst species is liberated.275 

These compounds are also employed as a pre-formed metal-ligand complex, simplifying the 

overall practicality of a reaction that often requires the separate addition of a catalyst and 
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ligand. The six precatalysts were screened alongside two different solvents and bases (Graph 

2.1), with both toluene and potassium carbonate included due to their prolificacy within 

previous literature examples.274 Phenylboronic acid, as the simplest possible aryl substrate, 

was employed as the coupling partner. 
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Graph 2.1: Initial catalyst screening identified XPhos Pd G3 as a suitable candidate for further study 
aConversion was determined by HPLC with reference to an internal standard 

 

Scheme 2.12: A direct comparison of the previously reported literature conditions, and those identified from a 

screen of modern precatalysts 

The results of this initial screen immediately identified a relatively superior set of conditions, 

with a combination of XPhos Pd G3, toluene and potassium carbonate affording 2.8 with 

conversion values almost three times greater than the second-best conditions. The 
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identification of toluene and carbonate was unsurprising, given their application in the 

previous literature report.274 Indeed, a larger scale replication of these newly identified 

conditions and of the established literature conditions gratifyingly yielded comparable 

conversions of the product, with XPhos requiring a much shorter reaction time (Scheme 

2.12). 

To further enhance the efficiency of the newly identified conditions, initial follow-up 

screening sought to establish whether different generations of the XPhos precatalyst would 

improve conversion (Table 2.1). However, this was found have no significant impact on 

yield. The introduction of XPhos as a separate ligand was found to be detrimental to 

conversion, despite the addition of superstoichiometric portions of XPhos relative to 

Pd(OAc)2 to facilitate palladium(0) generation.276 

Table 2.1: Investigation of the formation of 2.8 employing different generations of XPhos precatalysts 

 

Entry (Pre)catalyst Conversion (%)a 

1 XPhos + Pd(OAc)2 50 

2 XPhos Pd G1 65 

3 XPhos Pd G2 66 

4 XPhos Pd G3 63 

5 XPhos Pd G4 70 

aConversion values determined by LCMS with reference to caffeine as an internal standard. 

The isolated yields of Suzuki reactions are often compromised by water-promoted 

protodeboronation or oxidation of the boronic acid.277 To address this potential shortcoming, 

the stoichiometry of water was examined. It was found that significantly reducing the 

stoichiometry from one hundred equivalents to only five had a negligible impact upon 

conversion (Table 2.2). While this improved the efficiency of the process, it was 

unfortunately unsuccessful in improving conversion to 2.8. 

Prior to further optimisation using phenylboronic acid, it was deemed appropriate to 

investigate the applicability of additional substrates. It was reasoned that identifying any 

potential limitations of the methodology at this early stage would facilitate a more informed 
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approach towards further improving the conditions. Consequently, three additional boronic 

acids were selected and subjected to the high-throughput screening conditions outlined in 

Graph 2.1. 4-methoxyphenylboronic acid, 4-fluorophenylboronic acid, and 4-

cyanophenylboronic acid were selected to represent a range of electron-donating and 

withdrawing substituents in order to highlight any weaknesses in the methodology. The poor 

performance of potassium phosphate and 1,4-dioxane in the initial screen led to their 

replacement with caesium carbonate and acetonitrile, respectively (Graph 2.2). 

Table 2.2: Water stoichiometry was found to have a limited impact on reaction conversion 

 

Entry Water Stoichiometry (equivs) Conversion (%)a 

1 1 64 

2 5 73 

3 10 76 

4 20 75 

5 50 70 

aConversion values determined by LCMS with reference to caffeine as an internal standard. 

Interrogation of the resulting data immediately highlighted the superiority of XPhos and 

SPhos relative to the other precatalysts. DTnBuP also exhibited promising conversions, 

however this was not consistent over all substrates. Toluene was again identified as the 

favourable solvent, with acetonitrile furnishing substantially diminished yields. Both 

potassium and caesium proved to be acceptable counterions for the carbonate base, with very 

little discrepancy between the species. The outcome of this study was the confirmation of 

XPhos and potassium carbonate in toluene as the best combination of reaction conditions 

identified thus far. 

While relative conversion values are beneficial in identifying optimal conditions within a 

defined data set, such results provide no context of the overall conversion of the reaction. 

Consequently, all three new boronic acids were exposed to the identified conditions at an 

increased scale, and isolated yields were obtained (Scheme 2.13). This quickly highlighted 

that while the reaction was applicable to electron-rich and neutral boronic acids, electron-

deficient species afforded extremely poor conversions. 
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Graph 2.2: Investigation of additional boronic acid substrates in combination with six Pd precatalysts 
aConversion was determined by HPLC with reference to an internal standard 
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Scheme 2.13: The isolated yields of benzyl tetrazoles 2.9 to 2.11 

It was determined that further investigation of the shortcomings of the reaction with electron-

deficient boronic acids was necessary prior to the continuation of the optimisation. A 

targeted high-throughput screen was designed examining two electron-deficient aryl boronic 

acids and their corresponding pinacol ester derivatives. The primary aims of this experiment 

were two-fold. Firstly, it was considered that the poor performance of 4-cyanophenylboronic 

acid previously may represent a substrate-specific issue, as opposed to the incompatibility of 

all electron-deficient motifs. Nitriles are competent transition metal ligands, which may 

inhibit the catalyst.278 The incorporation of 4-(trifluoromethyl)phenylboronic acid was 

intended to assess this possibility. The inclusion of the pinacol esters of both boronic acids 

hoped to elucidate whether more controlled release of the boronic acid may afford greater 

control over the desired C-C bond formation. The inclusion of alternative base and solvent 

combinations in potassium phosphate and n-butanol were intended to further modulate the 

rate of boronic acid liberation (Graph 2.3). 

While conversions remained slightly lower than desired, it was apparent that the 

incompatibility of 4-cyanophenylboronic acid was not shared by all electron-deficient 

species. Despite possessing a similar Hammet ůp value,279 the trifluoromethyl motif did not 

inhibit the procedure in the same manner. Gratifyingly, this result was replicated upon scale-

up of the reaction (Scheme 2.14). Unfortunately, boronic acid pinacol esters were poor 

substrates, while toluene was again shown to be the optimal reaction solvent. Caesium 

carbonate was adopted as a base for the remainder of the study, owing to the marginally 

better conversion values obtained relative to potassium carbonate. 

With the apparent identification of the optimal discrete variables, efforts were made to 

reduce the catalyst loading. While 10 mol% often represents an acceptable turnover rate in 

cross-coupling chemistry, it was deemed unsuitable in this instance. Given that similar yields 

were obtained in the application of only 3 mol% of tetrakis earlier in the project, it would not 

be justifiable to employ XPhos Pd G3 at such high loadings. Furthermore, the significant 

cost and limited abundance of palladium necessitates that every effort is made to reduce the 

quantity consumed whenever possible. Disappointingly, initial attempts to decrease the 
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catalyst loading resulted in a substantial decrease in conversion below 5 mol% loading 

(Table 2.3). 
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Graph 2.3: An additional screen of electron-deficient boron species indicated that some substrates were 

compatible with the conditions, while Cs2CO3 represented a minor improvement over K2CO3. aConversion was 

determined by LCMS with reference to caffeine as an internal standard 

 

Scheme 2.14: The isolation of tetrazole 2.12 

This represented a significant set-back in the optimisation campaign, and all efforts were 

subsequently redirected towards reducing catalyst loading. It was proposed that small 

alterations to the structure of  XPhos may facilitate more efficient catalyst turnover, given 

the comparable yields obtained by SPhos in earlier screening reactions (Graph 2.2). To 

explore this theory, a selection of bulky, biaryl, monodentate phosphine ligands were 

investigated.280,281 The boron species selected for this screen were those employed in Graph 

2.3. This was intended to enable facile identification of any significant improvement in 

conversion by interrogating the most challenging palette of substrates. Tetrakis and XPhos 

were also both included to enable a direct comparison with the other catalysts. 
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Table 2.3: Attempts in lowering catalyst loading in the synthesis of tetrazole 2.10 

 

Entry Catalyst Loading (mol%) Conversion (%)a 

1 10 52 

2 5 47 

3 2.5 14 

4 1 6 

5 0.5 3 

aConversion values determined by LCMS with reference to caffeine as an internal standard. 

Despite the introduction of four alternative bulky biaryl ligands, XPhos remained by far 

superior (Graph 2.4). Interestingly, XPhos also comfortably outperformed tetrakis within 

this small library of substrates, further emphasising the utility of this species. Retaining 

XPhos as the ligand, alternative palladium sources were then investigated as a final attempt 

to increase reaction yield at a loading of 5 mol%. Unfortunately, all other palladium species 

failed to achieve the conversion values of XPhos Pd G3 (Table 2.4). 
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Graph 2.4: An investigation into alternative ligands for the Suzuki coupling of 2.7 and organoboron species 
aConversion was determined by LCMS with reference to caffeine as an internal standard 
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Table 2.4: Investigations into the impact of palladium source on the cross-coupling of 2.7 and 4-

(trifluoromethyl)phenylboronic acid 

 

Entry Palladium Source Conversion (%)a 

1 XPhos Pd G3 48 

2 PdCl2 3 

3 Pd(OAc)2 7 

4 Pd(PPh3)2Cl2 0 

5 Pd(dppf)Cl2 20 

6 Pd2(dba)3 4 

aConversion values determined by LCMS with reference to caffeine as an internal standard. 

With efforts to minimise catalyst loading seemingly complete, the remaining continuous 

variables were optimised using a design of experiments (DoE) approach.282,283 While 

conventional reaction optimisation considers each variable separately, DoE assesses the 

influences that different variables may have on each other, in addition to their impact on 

overall reaction conversion. This can enable the identification of an optimal set of conditions 

that may otherwise have been overlooked (Figure 2.2).  

 

Figure 2.2: An example of a linear optimisation approach (left) and an example of a DoE approach (right) in the 

optimisation of the same experiment 
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a) 

 

b) 

 

c) 

 

Figure 2.3: a) A visual example of a two level optimisation with two variables, requiring 4 reactions plus centre-

point reactions; b) A two level optimisation involving three variables (8 experiments plus centre-point reactions); 

c) A two level half-fractional optimisation, again involving three variables, but only requiring 4 reactions plus 

centre-point experiments 

To accommodate complete coverage of the variables incorporated within a two level DoE 

optimisation, a total of 2k + x reactions must be performed, where k is equivalent to the 

number of variables under study, and x is the number of ñcentre pointò reactions (typically 2-

4). This total is comprised of reaction conditions that fully encompass all combinations of 

the minima and maxima of all variables under study. Centre point reaction conditions are 

composed of the intermediate values of every variable and are included to provide evidence 

of reproducibility and to enable an estimation of error. As the number of screening reactions 

required can rapidly expand as the number of variables under examination increases, half-
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fractional designs are often employed to simplify the study. These eliminate the need for 50 

% of the screening reactions by extrapolating the results already obtained, maintaining 

appropriate coverage of the minimum and maximum variable values (Figure 2.3). These 

DoE studies require a total of  experiments for accurate results. 

Half-fractional designs improve efficiency at the expense of accuracy. This is a consequence 

of the ñaliasingò of results, where the influence of different reaction variables may be 

combined during the extrapolation portion of the calculation. Aliasing can become 

problematic during optimisations involving few variables, making interpretation of results 

challenging, however accuracy can be improved through the input of additional reactions. 

Overall, the DoE approach is a highly efficient method of reaction optimisation, while 

concurrently minimising the number of reactions to be performed in the process. As part of 

this specific optimisation, a two-level, five-factor, half-fractional DoE protocol was 

undertaken as a means of optimising base, water and boronic acid stoichiometry, catalyst 

loading, and concentration. Gratifyingly, limited aliasing issues were encountered, with all 

main effects and two-factor interactions estimated with good accuracy. 

The results of this study highlighted some unanticipated influences on the efficiency of the 

transformation (Table 2.5, Graph 2.5). While catalyst loading was unsurprisingly identified 

as a crucial variable, the significant impact of concentration was entirely unexpected. Upon 

further investigation, this dependency appeared to be a more complex manifestation of the 

impact of water stoichiometry. While relatively inconsequential at higher levels of dilution, 

the increased equivalents of water were found to have a substantial positive impact on 

conversion in concentrated samples (Graph 2.6). 

Table 2.5: Conversion values obtained from the DoE study 

 

Entry 

Catalyst 

Loading 

(mol%) 

Boronic Acid 

Stoichiometry 

(eq.) 

Base 

Stoichiometry 

(eq.) 

Water 

Stoichiometry 

(eq.) 

Concentration 

(M) 

Conversion 

(%)a,b 

1 10 2.5 1.1 100 0.1 49 
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2 1 1.1 1.1 100 0.1 21 

3 10 2.5 1.1 5 1 32 

4 1 1.1 2.5 5 0.1 2 

5 10 1.1 1.1 100 1 13 

6 10 1.1 1.1 5 0.1 50 

7 10 1.1 2.5 100 0.1 52 

8 1 2.5 1.1 5 0.1 5 

9 10 2.5 2.5 5 0.1 54 

10 1 1.1 1.1 5 1 2 

11 10 1.1 2.5 5 1 21 

12 1 1.1 2.5 100 1 1 

13 1 2.5 2.5 5 1 2 

14 10 2.5 2.5 100 1 12 

15 1 2.5 1.1 100 1 1 

16 1 2.5 2.5 100 0.1 10 

17 5.5 1.8 1.8 52.5 0.55 10c 

aConversions values determined by LCMS with reference to caffeine as an internal standard. 

bReported values are averages of two runs. 

cAverage of three runs. 

 

Graph 2.5 A half-normal plot originating from the DoE study into the Pd-catalysed coupling of aryl bromide 2.7 

and aryl boronic acids identified both catalyst loading and concentration as variables of interest 
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Graph 2.6 A 3D response surface highlighting the relationship of concentration and water stoichiometry on the 

outcome of the reaction: 

As a consequence of this DoE study, an additional screen was conducted to investigate if 

increased equivalents of water in combination with a decreased catalyst loading could 

counteract the steep decline in conversion values that had previously been observed. 

Pleasingly, yields of tetrazole 2.10 were maintained at synthetically tractable levels of 

around 70 % at catalyst loadings of 2 and 3 mol% (Table 2.6). This represented a significant 

contrast to earlier results when only ten equivalents of water were used (Table 2.3). 

Despite the length of this optimisation, the resulting conditions represented a robust 

alternative to the previous literature precedent. Firstly, the exchange of tetrakis for a more 

stable and versatile alternative in XPhos Pd G3 represented a considerable improvement in 

the longevity of the protocol, particularly as these catalysts remained equally proficient at 

similar loadings. Furthermore, the use of XPhos Pd G3 has the potential to broaden the scope 

of the reaction in comparison to tetrakis (for example, in the results of Scheme 2.14). The 

reaction time was also significantly reduced, with the completion of the newly developed 

methodology in only one sixth of the time required previously. 

2.3.2.2 Optimisation of Hydrogenolysis Reaction 

Following the discovery of reaction conditions to facilitate the synthesis of various 1-benzyl-

5-aryl tetrazoles, work commenced on the development of a hydrogenolysis protocol to 

enable the debenzylation of these substrates. Limited precedent existed for this 

transformation, with only a single publication outlining the application of Rosenmundôs 

catalyst (Pd/BaSO4) as an efficient additive, although this optimisation was rather limited.284 
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Table 2.6: Decreased levels of catalyst loading maintained similar reaction conversions in the presence of 

superstoichiometric quantities of water, while concentration was shown to have little effect 

 

Entry 
Catalyst Loading 

(mol%) 

Concentration 

(M) 
Conversion (%)a 

1 10 0.1 70 

2 7 0.1 69 

3 6 0.1 71 

4 5 0.1 71 

5 4 0.1 70 

6 3 0.1 71 

7 2 0.1 66 

8 1 0.1 38 

9 3 0.02 67 

aConversion values determined by LCMS with reference to caffeine as an internal standard. 

It was decided that a more prudent approach would be an initial high-throughput screen, 

employing eight common industrial palladium on charcoal (Pd/C) catalysts from 3 

commercial sources. While numerous hydrogenation catalysts are marketed under the 

moniker Pd/C, these species are non-equivalent, with unique properties such as charcoal 

nanostructure and method of palladium impregnation.285,286 Such variations can result in 

significant differences in reactivity. Three solvents were also considered, given the 

importance of hydrogen solubility in such procedures.286 Acetic acid has been shown to 

promote N-denzylation reactions,287 and the role of this substance as an additive was also 

investigated (Graph 2.7).  

Of the eight catalysts examined, five furnished almost quantitative conversion to the 

debenzylated product. Both ethanol and THF were suitable solvents, with ethanol selected 

for further assessment owing to its robust performance in previous Suzuki-hydrogenation 

studies within our laboratory.272 The inclusion of acetic acid was found to be unnecessary, 

and in many cases proved detrimental to reaction conversion. 
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Graph 2.7: High-throughput screening of debenzylation conditions identified numerous suitable Pd/C catalysts, 

both in the absence (a) and presence (b) of acetic acid.  aConversions reported as a percentage of the total peak 

area of 2.8 and 2.13 

The five best-performing catalysts were reevaluated at reduced catalyst loadings, in order to 

differentiate between the high yields of the earlier results. The pressure of hydrogen was also 

decreased from 6 bar to 4 bar, in a continuing effort to identify the mildest debenzylation 

conditions available (Table 2.7). 
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Table 2.7: Conversions obtained from lowering the loading of five potential Pd/C catalysts 

 

Entry Pd/C Catalyst Catalyst Loading (wt. %) Conversion (%)a 

1 JM A405-028-5 20 38 

2 JM A503-032-5 20 33 

3 Evonik P1070 20 99 

4 Evonik P1071 20 98 

5 BASF 10318 20 99 

6 JM A405-028-5 10 24 

7 JM A503-032-5 10 20 

8 Evonik P1070 10 67 

9 Evonik P1071 10 (2.5 mol%) 99 

10 BASF 10318 10 97 

aConversion values determined by LCMS with reference to caffeine as an internal standard. 

The results of this screen identified Evonik P1071 and BASF 10318 as the optimal catalysts, 

with complete hydrogenolysis after 16 hours. The striking efficiency of this debenzylation is 

highlighted when considering that the application of 10 wt.% Pd/C is equivalent to only 2.5 

mol% when expressed using more conventional units.  

A final optimisation sought to lower the reaction temperature to room temperature, while 

simultaneously bringing the pressure of hydrogen gas to 1 bar. As shown in Table 2.8, this 

demonstrated the necessity of maintaining a temperature of 40 °C, with a decrease in 

conversion of more than 40 % in all cases. By contrast, the yield was relatively unaffected by 

the pressure of the hydrogen atmosphere. 

Following the conclusion of this study, Evonik P1071 Pd/C (otherwise known as Noblyst® 

P1071) was selected as an appropriate debenzylation catalyst for incorporation within the 

Suzuki-hydrogenolysis one-pot protocol. Based on the results of the final screen (Table 2.8) 

a temperature of 40 °C was maintained for all future debenzylation reactions, with a H2 

pressure of 2 bar. 
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Table 2.8: Attempts in further lowering the pressure and temperature of the debenzylation reaction conditions 

 

Entry Pd/C Catalyst H2 pressure (bar) Conversion (%)a 

1 Evonik P1071 4 59 

2 Evonik P1071 3 56 

3 Evonik P1071 2 50 

4 Evonik P1071 1 47 

5 BASF 10318 4 53 

6 BASF 10318 3 50 

7 BASF 10318 2 44 

8 BASF 10318 1 42 

aConversion values determined by LCMS with reference to caffeine as an internal stanard. 

2.3.2.3 Optimisation of One-Pot Suzuki-Hydrogenolysis 

Prior to combining the two optimised reaction conditions, initial tests were conducted on the 

Suzuki reaction to assess whether the cross-coupling would be tolerant to the incorporation 

of Noblyst® P1071 Pd/C. The lowering of the boronic acid and base stoichiometry was also 

assessed, owing to the results of the earlier DoE study (Table 2.5). Gratifyingly, the 

decreased stoichiometry and incorporation of Pd/C was found to be compatible, with a 

conversion within five percent of the highest values obtained (Table 2.9). 

Following this positive result, the two transformations were combined in a single pot for the 

first time (Table 2.10). With the robustness of the Suzuki protocol established, an initial 

screen examined the efficiency of the debenzylation conditions when exposed to the crude 

Suzuki reaction mixture. To avoid overcomplication, ethanol, the hydrogenolysis solvent, 

was added after the completion of the Suzuki reaction. Gratifyingly, H2 pressure was found 

to be inconsequential to the conversions obtained, with improved or unchanged yields 

observed at the lower pressure of 2 bar. Unfortunately, the incorporation of the 

debenzylation protocol within the one-pot Suzuki-hydrogenolysis manifold necessitated a 

Pd/C loading of 10 mol% for adequate conversion (65 %). While not ideal, a loading of 10 

mol% is typical of most debenzylation methodology, with a similar trend also observed as 

part of our groupôs previous research in this area.272 This is likely a consequence of the 

poisoning of the Pd/C catalyst by the XPhos ligand of the Suzuki Pd species. 
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Table 2.9: Investigating the incorporation of Pd/C within the Suzuki reaction manifold 

 

Entry Solvent 

Boronic Acid 

Stoichiometry 

(eq.) 

Base 

Stoichiometry 

(eq.) 

Additive Conversion (%)a 

1 Toluene 1.3 1.5 - 77 

2 Toluene 1.3 1.5 + Pd/C 72 

3 Toluene 1.5 2 - 76 

aConversions values determined by LCMS with reference to caffeine as an internal standard. 

Table 2.10: The initial incorporation of the Suzuki-debenzylation methodology within a one-pot manifold 

 

Entry Pd/C loading (mol%) H2 pressure (bar) Conversion (%)a 

1 10 4 43 

2 7.5 4 48 

3 5 4 29 

4 2.5 4 17 

5 10 2 65 

6 7.5 2 52 

7 5 2 34 

8 2.5 2 35 

aConversions values determined by LCMS with reference to caffeine as an internal standard. 

While this experiment afforded relatively good conditions for further investigation, one final 

attempt was made to negate the need for solvent addition following completion of the Suzuki 
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reaction, through the addition of a co-solvent at the beginning of the protocol. While the 

ideal co-solvent for this procedure was ethanol, this required the lowering of the temperature 

of the Suzuki reaction to 70 °C in order to prevent evaporation. Consequently, n-butanol was 

also considered as a means of maintaining the temperature at 100 °C. The application of 

toluene as the sole solvent for both transformations was also investigated (Table 2.11). 

Table 2.11: Attempts at introducing the hydrogenolysis solvent from the beginning of the protocol were met with 

diminished yields 

 

Entry Solvent Suzuki Temperature (oC) Conversion (%)a 

1 PhMe 100 24 

2 4:1 (PhMe:nBuOH) 100 24 

3 3:2 (PhMe:nBuOH) 100 4 

4 1:1 (PhMe:nBuOH) 100 34 

5 4:1 (PhMe:EtOH) 70 37 

6 3:2 (PhMe:EtOH) 70 22 

7 1:1 (PhMe:EtOH) 70 15 

aConversions values determined by LCMS with reference to caffeine as an internal standard. 

Unfortunately, none of these modifications facilitated the inclusion of a co-solvent within the 

initial reaction mixture, with limited Suzuki or hydrogenolysis conversions obtained in all 

instances. Therefore, the conditions shown in Scheme 2.15 were taken forward as the 

optimised protocol. 

 

Scheme 2.15: The optimised conditions identified in the novel arylation-debenzylation of 5-bromo tetrazole 2.7 
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2.3.3 Scope of the Reaction 

Following the identification of appropriate reaction conditions, the scope of the procedure 

was investigated. The boronic acids considered as part of this study were selected based on 

two criteria. Primarily, substrates encompassing a variety of electronic and steric 

characteristics were identified, while several others were based on their previous 

incorporation within key tetrazoles and NIs. It was intended that the inclusion of these 

substrates would further showcase the applicability of this protocol. It was determined that 

purification of the products by column chromatography should be avoided wherever 

possible. Such methods of compound isolation often require the investment of significant 

time and resources, and avoiding this represents a significant improvement in the overall 

practicality of the methodology. Purification was instead conducted through careful control 

of the pH of the reaction work-up, exploiting the natural acidity of the 1H-tetrazole product 

relative to all other components of the crude reaction mixture (Scheme 2.16). 

 

Scheme 2.16: Control of pH during reaction work-up negates the need of purification by column chromatography 

The results of the substrate scope are shown in Table 2.12. While extensive, it was 

disappointing that no substrate exceeded the isolated yield of the model compound 2.13 (65 

%). Nevertheless, additional species with differing electronic properties were shown to 

possess similar reactivity, with 2.14, 2.15 and 2.16 isolated in good to moderate yields. The 

low conversion of methoxy derivative 2.20 was a surprising result, given the high yields 

observed for this substrate in the earlier optimisation of the Suzuki reaction (Scheme 2.13). 

The poor performance of electron-rich substrates is also apparent in the failure of compounds 

2.29 and 2.32, which both exhibited substantial protodeboronation of the starting material. 

Electron-deficient systems, with the exception of 2.16, are similarly incompatible, with the 

synthesis of 2.24, 2.27 and 2.28 all unsuccessful. Gratifyingly, the reaction was reasonably 

tolerant of steric occlusion, with the isolation of ortho-tolyl substrate 2.18 in moderate 

yields. This did not extend to the 2,6-dimethyl species 2.23, however, where no product 

formation was observed. The disparity in isolated yield between meta-substituted 2.17 and 

the corresponding ortho and para analogues remains unexplained but could be influenced by 

the purity of the boronic acid starting materials. 
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Table 2.12: The scope of aryl and vinyl boronic acids investigated as part of the newly developed Suzuki-

hydrogenolysis methodology 
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Further attempts to incorporate the pinacol esters of some substrates were unsuccessful 

(2.20, 2.24, 2.25, and 2.31). It is likely that the enhanced reactivity of the boronic acid motif 

is required to facilitate adequate transmetallation during the Suzuki component of the 

transformation. An example of a vinylboronic acid was successfully incorporated within the 

manifold, furnishing alkyl-substituted tetrazole 2.22 in low yields following hydrogenation 

of the olefin. 

Specialised 2,5-diaryl tetrazole substituents prevalent in the literature including naphthyl,88 

pyrenyl185 and thiophenyl85 moieties are often incorporated as a means of raising the ɚmax 

required for NI generation. Consequently, efforts were made to introduce these motifs into 

this substrate scope. Both napthyl and pyrenyl substrates were amenable to the methodology, 

furnishing tetrazoles 2.19 and 2.21 in 42 and 23 % yields, respectively. The diminished yield 

of 2.21 can be attributed to the bulky C-substituent hindering effective surface adsorption 

during the hydrogenolysis phase. Unfortunately, 2-thienyl substrate 2.25 was incompatible. 

Given the propensity of the corresponding boronic acid to undergo protodeboronation,288 it is 

likely that the harsh conditions promoted the decomposition of this material. 

One common drawback that was observed during the investigation of this substrate scope 

was the limited hydrogenolysis of some intermediates following efficient Suzuki coupling. 

As mentioned above, it is possible that this drawback originates in the poisoning of the Pd/C 

catalyst by residual XPhos ligand employed during the Suzuki reaction. To expand the 

overall scope of the procedure, a handful of these substrates were investigated as part of a 

more conventional two-step protocol, with the initial Suzuki reaction products purified by 

column chromatography prior to their hydrogenolysis. While this is understandably less 

desirable from a practical perspective, it was deemed beneficial for substrates that were 

ineffective under the original conditions. 

As an additional aspect of this investigation, a more accessible method of conducting the 

hydrogenolysis step was assessed. Thus far, all debenzylation reactions were performed 

within an automated reactor, employing pressurised vessels due to the necessity of a 2 bar 

hydrogen atmosphere. To make this procedure more cost-effective, it was performed using a 

20 mL COware reaction vessel.289 This enabled the generation of high pressures of reactive 

gases safely through the application of a two-chambered piece of glassware. In this example, 

the ex situ generation of hydrogen in chamber A facilitated the hydrogenolysis of the 

substrate, situated in chamber B (Figure 2.4). 

Hyphenation of the established manifold enabled the improved isolation of a handful of 

substrates compared to the original conditions (Table 2.13). Both 4-methoxy derivative 2.20 

and alkyl tetrazole 2.22 were isolated in yields more than 40 % higher, with the synthesis of 

2.20 demonstrating applicability as a means of accessing pharmaceutically-relevant 
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compounds, such as the metabotropic glutamate (mGlu 2) receptor potentiator shown 

below.290 Benzoate ester 2.27 was also accessed for the first time using this methodology in a 

27 % yield, having previously failed to form. Two additional substrates, the 2-phenyl and 4-

phenyl analogues 2.33 and 2.34 were also isolated. The incorporation of a bulky 2-phenyl 

moiety, albeit in low yields, provides further feedback on the tolerance of steric occlusion 

within this methodology. This motif is also present in the angiotensin receptor inhibitor 

losartan, a marketed pharmaceutical for the treatment of high blood pressure.291 

   

Figure 2.4: A schematic outlining the COware reaction vessel 

2.3.4 The Modular Synthesis of 2,5-Diaryl Tetrazoles 

With the development of a novel route towards a library of 5-substituted tetrazoles, the 

principal objective of the project could now be explored- a modular synthesis of a library of 

2,5-diaryl tetrazoles. Four substrates from the above scope were selected to simulate the 

installation of various functional groups in the 5-position of the tetrazole. Following the 

large-scale syntheses of these four intermediates, a succession of copper-catalysed arylations 

utilising literature precedent would furnish a final matrix of sixteen 2,5-diaryl tetrazoles.264 

The objective of this study was to maximise the efficiency of the process, with only one 

chromatographic purification required for each substrate, and a total of 20 reactions 

affording the 16 target compounds. 

The aromatic moieties selected to augment the tetrazole were carefully considered. Three of 

the four boronic acids adopted for the arylation of the C-position were maintained for 

subsequent arylation of the N-position. This would enable the synthesis of as many ñmatch-

pairsò as possible. For example, the synthesis of N-phenyl-C-naphthyl tetrazole and N-

naphthyl-C-phenyl tetrazole would enable the determination of whether the N- or C-

substituent exhibits greater influence on the ɚmax of the tetrazole. 



80 

 

Table 2.13: An additional scope of 5-substituted tetrazoles accessible through a two-pot approach 

 

Naphthyl boronic acid was therefore selected as a substrate to investigate the impact of 

increased conjugation of the tetrazolyl ˊ-system. Ortho-tolyl boronic acid was also 

investigated owing to recent reports on the application of sterically congested NIs in 

chemical biology.222 Phenylboronic acid was included as a control substrate. 4-

fluorophenylboronic acid was introduced as an example of a valuable C-aryl substituent, as 

the incorporation of a fluorine atom in this position provides a tremendously sensitive 

functional handle for the monitoring of NI reactivity (see Section 3.3.1.2, 3.3.2.1 and 4.3.2). 

The final N-arylation substrate was 4-(acetamido)phenylboronic acid, to simulate the 

introduction of an easily modifiable, bioorthogonal functional handle (Figure 2.5). 

 

Figure 2.5: A summary of all functional groups considered in the modular synthesis of a library of 2,5-diaryl 

tetrazoles 
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To synthesise this library of 2,5-tetrazoles, it was necessary to generate the four desired 5-

aryl tetrazoles on a larger scale. Translation of the existing methodology to a 2.5 mmol scale 

proceeded smoothly, with no detrimental impact on yield (Table 2.14). Indeed, two of the 

four substrates were isolated in improved yields relative to the 0.5 mmol scale previously 

employed (2.18 and 2.19). Consequently, a satisfactory excess of all four 5-aryl-1H-

tetrazoles were obtained for application in the subsequent matrix. Gratifyingly, all were 

obtained in excess of 90 % purity without the need for column chromatography, with an 

isolation time of under one hour. 

Table 2.14: The scale-up synthesis of four 5-aryl tetrazoles for application in the array synthesis of 2,5-tetrazoles 

 

The outcome of this synthesis is shown in Table 2.15. The data obtained was extremely 

positive: fifteen of the sixteen tetrazoles were successfully furnished in synthetically 

tractable quantities. More than half of the N-arylation reactions afforded yields of >70 %, 

with overall yields of greater than 50 %. Most importantly, this modular approach towards 

these analogues drastically reduced the purification time that would have otherwise hindered 

their preparation. All reactions exhibited a relatively clean profile with no isolation 

difficulties, a substantial improvement over existing methodology. 

Interesting trends in the reactivity of some substrates can also be immediately identified 

through this synthetic approach. For example, the inclusion of the naphthalene motif as 

either the N- or C-aryl group has a substantial influence on the stability of the heterocycle. It 

is likely that the increased conjugation of the ˊ-electron system promotes the formation of 

the corresponding NI at lower temperatures. The high temperatures required by this protocol 

may facilitate premature formation of the 1,3-dipole, resulting in lower yields for these 

substrates. The incorporation of an ortho substituent in both the C- and N-aryl rings also has 

a small negative effect on the yield. This can be expected given the increased steric bulk of 
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the substrates, but the methodology remains competent and furnishes even the most 

congested analogue 2.50 in 36 % overall yield.  

Table 2.15: The modular, array-type synthesis of a library of 2,5-diaryl tetrazoles 

 

2.4 Conclusions and Outlook 

As outlined in Section 2.1.1, while there are numerous protocols reported for the synthesis of 

2,5-diaryl tetrazoles, none are compatible with a modular, array-type synthesis towards a 

library of these compounds. Given the enormous potential of this heterocycle as a traceless, 

light-activated precursor of the pleiotropic NI 1,3-dipole (Section 1.4), it is essential that 

greater efforts are made to further adapt the synthesis of 2,5-tetrazoles for application in the 

21st century. 

The study detailed above represents a significant advance on existing methods of accessing 

these motifs. The adoption of 5-bromo-1-benzyltetrazole as a lynchpin from which to 

construct a broad variety of NI precursors with minimal synthetic effort has substantial 

utility within this field. Furthermore, this valuable intermediate was accessed in excellent 

yields in just two steps from commercially available starting materials, while simultaneously 

negating the need for hazardous reagents in the formation of the heterocyclic ring itself. 
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While the optimisation of the protocol highlighted the challenges often associated with 

palladium-catalysed methodology, the resulting one-pot tandem Suzuki-hydrogenolysis of 

2.7 and arylboronic acids enabled access to a range of different 5-aryltetrazoles in good 

yields. Most importantly, this procedure required no column chromatography in the 

purification of the product and was compatible with scale-up to synthetically useful levels 

(Scheme 2.17). 

 

Scheme 2.17: An overview of the principal findings of this chapter 

Furthermore, this reaction provided the rapid and facile synthesis of a library of fifteen 2,5-

diaryl tetrazoles, with a 94 % success rate and more than half isolated in overall yields 

greater than 40 %. Given the increasing reports of 2,5-diaryl tetrazole application within the 

literature, it is anticipated that this reaction will enable increased diversification of these 

valuable heterocycles, indirectly facilitating greater understanding of the properties of the 

resulting NI 1,3-dipoles. 
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3 Metal-Free Coupling of Nitrile Imines and 

Boronic Acids 

With a facile method of accessing NI precursors now in hand, further research shifted focus 

towards manipulation of the dipole itself. As discussed in Section 1.3, the properties of this 

species facilitate the exploitation of many transformations in comparison to most 1,3-dipoles. 

This promiscuous reactivity is at odds with the research output of this area, with much of the 

behaviour of this motif yet to be understood. 

In accordance with our broader objectives of further understanding the nature of NI 

reactivity, we endeavoured to investigate the outcome of the combination of this 1,3-dipole 

with aryl boronic acids. Drawing mechanistic rationale from the Petasis reaction, it was 

proposed that this interaction may represent a route towards novel C-C bond formation 

through an unprecedented reactivity profile of the NI. 

3.1 Introduction 

3.1.1 The Petasis Borono-Mannich Reaction 

First reported in 1993, the Petasis reaction is a multi-component reaction (MCR) between an 

amine, an aldehyde, and a boronic acid.292ï294 It proceeds via the formation of an imine or 

iminium moiety in situ, followed by the nucleophilic migration of the R group of the boronic 

acid, forming a substituted amine. The transformation is often referred to as the Petasis 

Borono-Mannich (PBM) reaction, owing to its similarities to the eponymous process which 

involves the nucleophilic attack of an electrophilic iminium centre.295 In comparison to other 

MCRs such as the Ugi or Passerini, the PBM employs very mild conditions and is 

compatible with a range of different solvents. 

In his initial publication, Petasis reported the condensation of a library of secondary amines 

with paraformaldehyde, furnishing a number of allyl amines upon combination with a vinyl 

boronic acid derivative (Scheme 3.1).292 The reaction was generally high yielding across a 

variety of secondary amines, although examples were mainly limited to aliphatic motifs. 

 

Scheme 3.1: An example from Petasis' initial publication outlining the PBM reaction 
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The scope of the process has been expanded significantly in recent years, particularly with 

respect to the amine component. The reaction is applicable with most primary and secondary 

species, with secondary amines and bulky primary amines affording superior yields.296,297 

These motifs form cationic iminium species, which exhibit substantially greater 

electrophilicity than the analogous imine and are therefore more susceptible to nucleophilic 

attack in the rate determining step of the reaction. Other amines such as anilines and amino 

acid derivatives are also compatible (Scheme 3.2).297,298 

 

Scheme 3.2: An assortment of compatible amines within the PBM reaction 

The scope of the carbonyl component of the PBM is considerably more restricted. While 

paraformaldehyde was employed in the initial study, almost all other examples involve 

aldehydes with adjacent alcohol or carboxylic acid moieties. This is due to the formation of a 

nucleophilic four-coordinate boronate as an intermediate within the reaction mechanism.299 

While Petasisô initial publication demonstrated that in situ boronate formation involving 

transient water or alcohols is possible, the reaction is accelerated significantly through the 

formation of an intramolecular boronate-imminium species 

Ŭ-Hydroxy aldehydes, such as glycoaldehyde, and salicaldehyde derivatives are both 

common substrates. These follow a similar principle wherein the neighbouring alcohol 

moiety participates in the reaction via formation of a nucleophilic boronate complex (Scheme 

3.3).300,301 This protocol can also proceed with diastereoselectivity, typically yielding the 

anti-product relative to the boronic acid R-group and the Ŭ-hydroxy group.302,303 
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Scheme 3.3: The application of salicaldehyde and glycoaldehyde derivatives within the PBM reaction 

The scope of the boronic acid component of the PBM is diverse, and most sp2-hydridised 

boronic acids are compatible. Vinyl boronic acids exhibit superior activity in comparison to 

aryl boronic acids, with the reactivity of aryl compounds enhanced by electron-donating 

substituents (Scheme 3.4).300,304ï309 

 

Scheme 3.4: The increased reactivity of vinyl and electron-rich aryl boron species in the PBM reaction  

Other boron species can also participate in the PBM reaction. While relatively under-

explored, boronic esters are able to furnish the desired products in comparable yields to the 

parent boronic acid.296,309ï311  However, while the system is tolerant of boronic esters, they 

are often significantly less reactive than the analogous boronic acids (Scheme 3.5). This has 

been hypothesised to be a consequence of their increased steric bulk, inhibiting the formation 
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of the key boronate complex and the migration of the boron-carbon bond into the iminium 

centre.309 

 

Scheme 3.5: An example of the application of boronic esters under PBM conditions, highlighting their decreasing 

reactivity with increasing steric bulk 

Potassium tetrafluoroborate salts can also be introduced as boronic acid equivalents (Scheme 

3.6).312ï314 While not particularly advantageous over the use of the boronic acids for most 

substrates, it does enable access to propargyl amines through the use of alkynyl 

tetrafluoroborate precursors,313 however an acid catalyst is required to activate the reagent. 

 

Scheme 3.6: The application of BF3K salts within the PBM reaction 

The mechanism of the PBM reaction has been a topic of continued research since the initial 

report in 1993.292 A general overview is shown in Scheme 3.7, with formation of the 

nucleophilic ñateò complex and the generation of the electrophilic iminium species. This is 

followed by the irreversible migration of the vinyl or aryl group of the boronate. Numerous 

publications have identified this final carbon-carbon bond formation as the rate determining 

step.307,308,315 

The formation of the boronic acid ñateò complex is one of the most significant aspects of the 

PBM. Neutral boronic acids are relatively inert in the presence of electrophiles, and 

formation of a boronate significantly increases the nucleophilicity of the species.288 The 

formation of this key intermediate has been detected experimentally using 11B NMR 
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spectroscopy.316 The necessity of an Ŭ-hydroxyl or Ŭ-carboxyl moiety for the formation of 

this complex provides rationalisation for the limited scope of aldehydes in the reaction. 

 

Scheme 3.7: A general overview of the key steps of the PBM reaction 

One point of contention within the mechanism has been the order by which the iminium and 

ñateò complexes are formed. Two pathways were proposed in earlier reports, with either 

immediate condensation of the aldehyde and amine followed by coordination of the boron 

compound,317 or rapid boronate complexation with slower generation of the iminium 

(Scheme 3.8).316,318 

 

Scheme 3.8: The two potential paths of "ate" complex formation 

Recent computational work has indicated that a slightly modified version of path A is the 

favoured mechanism.315 The reaction proceeds via a zwitterionic iminium intermediate prior 

to the coordination of the boronic acid, which then forms the key ñateò complex (Scheme 

3.9). While the starting aldehyde was indeed found to react with the boronic acid, this 

proceeded via a dehydrative mechanism, preventing the generation of a nucleophilic 

boronate species. 

3.1.2 Applications to Nitrile Imine Chemistry 

When considering the PBM mechanism, arguably the most important step is carbon-carbon 

bond formation via migration of the aryl or vinyl group of the boronic acid. The step is 

facilitated by the generation of two key intermediate functional groups; the electrophilic 
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iminium and the nucleophilic boronate complex. While the formation of the iminium is 

relatively facile, boronate generation requires the presence of a coordinating group adjacent 

to the electrophile, such as an acid or an alcohol. The intramolecularity of this ñateò complex 

is also important, as unsubstituted aldehydes are often incompatible. 

 

Scheme 3.9: An updated mechanism of the formation of the key "ate" complex of the PBM reaction 

The similarities between this reaction profile and the properties of the NI dipole are 

extensive. Firstly, NIs possess a highly electrophilic C-terminus, the site of reaction with 

several simple nucleophiles such as amines and thiols. This is analogous to the electrophilic 

iminium species within the PBM reaction, which is also generated in situ. Secondly, the N-

terminus of the NI possesses considerable electron density, potentially enabling formation of 

a nucleophilic boronate in a similar fashion to the ñateò complex of the PBM, mimicking the 

behaviour of a coordinating acid or alcohol. These two properties of the NI are also in close 

proximity, potentially enabling formation of the crucial intramolecular ñateò complex that is 

prominent within the PBM mechanism (Scheme 3.10). 

The combination of these unique properties of the NI dipole, in conjunction with the 

knowledge of the PBM reaction mechanism, should facilitate a novel transformation 

between NIs and boronic acids, enabling access to a range of aryl hydrazone compounds 

without recourse to transition metal catalysis. 

3.2 Aims 

The aims of this chapter focus on the development of the hypothetical reactivity profile 

proposed in Scheme 3.10 into a chemically tractable route towards C-C bond formation in 

the synthesis of aryl ketone hydrazones. This transformation would be highly favourable 

from a green chemistry perspective, as this represents a metal-free approach with the 

generation of minimal by-products.  
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Scheme 3.10: The application of the PBM reaction mechanism towards the novel reactivity of NIs and boronic 

acids 

Investigations will commence through an extensive assessment of potential reaction 

conditions, with both tetrazoles and hydrazonyl chlorides investigated as potential sources of 

the NI dipole, as both exhibit their own unique advantages. Ideally, complementary 

approaches involving both precursors will be developed (Scheme 3.11). 

 

Scheme 3.11: The general aims of this chapter 
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The robustness of the procedure will then be assessed through evalution of the substrate 

scope. There will be particular emphasis on the influence of the boronic acid, owing to the 

proposed impact of its electronic properties on the propensity of the reaction. The inclusion 

of hydrazonyl chlorides as an NI source may also expand the reaction scope relative to 2,5-

tetrazoles. 

Finally, the potential applications of the methodology will be discussed, including its role in 

the metal-free synthesis of pharmaceutically relevant compounds, its incorporation within 

flow chemistry, and the further diversification of the aryl hydrazone products. The ligation of 

a tetrazole-modified biomolecule by a boronic acid will also be investigated to assess the 

affinity of this motif with the NI relative to other nucleophiles. Translation of the 

methodology into the closely related nitrile oxide (NO) 1,3-dipole will also be attempted 

owing to the similarity between the hydrazonyl chloride and hydroxamoyl chloride 

precursors, and their respective reactive intermediates. (Scheme 3.12). 

 

Scheme 3.12: The proposed adaption of the methodology from NI to NO dipoles 

3.3 Results and Discussion 

3.3.1 2,5-Tetrazoles as a Source of Nitrile Imine 

Following on from the efforts of the previous chapter, 2,5-diaryl tetrazoles were introduced 

as the initial source of NI. Prior to beginning the investigation, some additional analogues 

were synthesised for application within the optimisation and scope (Table 3.1). The 

transformation discussed in the previous study was utilised in the synthesis of 3.1, 3.2 and 

3.3.264 The Kakehi synthesis was employed to access the remaining compounds.258 The 

disparity in yields observed between these two approaches further emphasises the benefits of 

the more recently developed methodology. 
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Table 3.1: The synthesis of additional tetrazole starting materials 

 

3.3.1.1 Proof of Concept Studies 

As an initial proof of concept, 2,5-diaryl tetrazole 3.7 was irradiated with UV-B light in the 

presence of excess 4-methoxyphenylboronic acid. This substrate was selected as the 

electron-rich aromatic system was expected to enable the migration of the carbon-boron 

bond towards the C-terminus of the NI. Gratifyingly, this generated the desired product, 

hydrazone 3.11, in a 46 % yield (Scheme 3.13). Around 44 % of tetrazole was also 

recovered, implying that the efficiency of the pathway was greater than the low conversion 

indicated, with initial NI generation hindered by a poor photolysis yield. 

The procedure was then replicated using substrates which would generate a non-symmetric 

product. This was necessary due to the spectroscopic similarities of hydrazone 3.11 and the 

triazole by-product 3.12, which may also have been generated.205 The application of tetrazole 

3.13 was expected to generate the non-symmetric hydrazone 3.14, however the only product 
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isolated was identified as trace amounts of aryl ketone 3.15 (Scheme 3.13). This can be 

explained when considering the limited stability of hydrazones to even atmospheric 

quantities of water.319 It is likely that the mildly acidic conditions of the silica gel employed 

in column chromatography promoted the hydrolysis of the hydrazone. 

 

Scheme 3.13: The initial proof of concept experiments between tetrazoles and aryl boronic acids 

Prior to commencing a full optimisation, the limited stability of the hydrazone products was 

addressed. It was reasoned that in situ hydrolysis to the ketone would enable an accurate 

determination of conversion, negating the need for dry conditions in the handling of the 

reaction mixture. Conditions obtained from the literature reported the oxidative cleavage of 

the C-N bond of the hydrazone using a vanadium(V) catalyst and hydrogen peroxide.320 This 

work culminated in the final proof of concept reaction in which tetrazole 3.16 was 

photolysed in the presence of phenylboronic acid, with the hydrazone immediately oxidised 

in situ. The corresponding ketone was isolated in a 22 % yield (Scheme 3.13). 

3.3.1.2 Optimisation of Reaction Conditions 

The substrates chosen for the reaction optimisation were intended to be the simplest possible, 

using 2,5-diphenyl tetrazole (3.18) and phenyl boronic acid. However, limited photolysis of 

3.18 during preliminary reactions hindered NI formation. This was thought to be related to 

the ɚmax of this precursor, with the opacity of the borosilicate flask at the required 
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wavelengths hindering its activation. To address this, tetrazole 3.2 was introduced, leading to 

greatly improved dipole generation (Graph 3.1). 
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Graph 3.1: The relative ɚmax values of tetrazoles 3.2 and 3.18, shown relative to the absorbance of 2.5 mm thick 

borosilicate glassware. Dashed lines indicate the primary transmission region of the UV light source.  

With the selection of appropriate reaction partners, a solvent screen was undertaken (Table 

3.2). Unfortunately, conversions were found to be extremely low with acetone, ethyl acetate 

and THF all affording similar results. THF was taken forward due to the potential 

photosensitisation effects of solvents containing carbonyls. A 50:50 (v:v) mixture of 2-

MeTHF and isopropyl alcohol was assessed due to its propensity in similar systems 

previously reported within our laboratory,205 however this solvent only promoted NI 

dimerisation. The impact of different boron species was then investigated (Table 3.3), with 

any deviation from the boronic acid motif resulting in complete loss of reactivity. Variation 

of the boronic acid stoichiometry was also unsuccessful. 
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Table 3.2: An initial solvent screen 

 

Entry Solvent Conversion (%)a 

1 Acetone 10 

2 THF 9 

3 Acetonitrile 7 

4 Ethyl Acetate 10 

5 iPrOH:2-MeTHF (1:1) 2 

aConversion determined by HPLC with reference to caffeine as an internal 

standard 

    

Table 3.3: Investigation into the compatibility of different boron species within the reaction manifold 

 

Entry B Additive B Stoichiometry Conversion (%)a 

1 B(OH)2 - 2 9 

2 BPin - 2 <1 

3 BF3K - 2 <1 

4 BF3K 18-crown-6 2 <1 

5 B(OH)2 NaOH 2 <1 

6 B(OH)2 - 1 6 

7 B(OH)2 - 4 9 

aConversion determined by HPLC with reference to caffeine as an internal standard 

 

While not helpful in the context of an optimisation, these results remain interesting from a 

mechanistic perspective. The failure of the corresponding pinacol ester seems to indicate that 
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the formation of a nucleophilic boronate is essential during the reaction. As BPin species are 

unable to form boronates,321 the migration of the aryl group of the BPin cannot occur, 

eliminating the possibility of mechanistic pathway A in Scheme 3.14. This also represents a 

deviation from the PBM reaction mechanism, where boronic esters have demonstrated 

adequate compatibility. 

The results of the trifluoroborate salt also offer some interesting mechanistic considerations. 

The BF3K species is substantially more nucleophilic than the boronic acid,322 yet is unable to 

facilitate hydrazone formation. This seems to indicate that the proximity of the two reactants 

is key to the migration of the aryl group. Coordination of a boron species with the NI 

simultaneously generates the boronate and brings it into the appropriate pose to facilitate 

intramolecular transfer of the aryl group. This can also rationalise why spiking the reaction 

mixture with sodium hydroxide led to no conversion. While the boronate was likely 

generated in situ, it would lack intramolecular coordination with the NI to enable aryl group 

migration, as with the BF3K species. This data favours mechanistic route C in Scheme 3.14. 

The impact of time and concentration were then assessed, with the results shown in Table 

3.4. While an increased reaction time and dilution aided in more complete tetrazole 

photolysis (from approximately 30 % remaining to less than 10 %), neither variable was able 

to significantly improve conversion over what had been previously observed.  

 

Scheme 3.14: Insights into the mechanism of C-C bond formation in the reaction of NIs and boronic acids 
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Table 3.4: The impact of concentration and time on reaction conversion 

 

Entry Time (h) Concentration (M) Conversion (%)a 

1 1 0.08 4 

2 2 0.08 5 

3 3 0.08 9 

4 7 0.08 9 

5 3 0.04 6 

6 3 0.16 9 

aConversion determined by HPLC with reference to caffeine as an internal standard 

The results of these preliminary screens were puzzling. More complete photolysis of the 

tetrazole seldom led to an improved yield and generated a mass balance that failed to account 

for the fate of more than 80 % of the NI in some cases. This indicated one or more 

significant side reactions occurring during the procedure, and an examination of the HPLC 

chromatograms confirmed this, with a large unknown signal dominating the spectra (Figure 

3.1). 

 

Figure 3.1: An example of an HPLC chromatogram from this optimisation, with a large unassigned elution at 

around 5.3 minutes 
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With efforts to isolate this species unsuccessful, control experiments were conducted to 

establish whether this unknown compound was a side product of the NI alone, or whether the 

boronic acid was implicated in its generation. Crucially, results suggested that both the 

boronic acid and NI were essential to its formation. To drive the reaction towards the desired 

ketone hydrazone, it was determined that introduction of the electron-rich substrate 4- 

methoxyphenylboronic acid may facilitate improved conversion through promotion of the 

critical C-B bond migration (Scheme 3.10). Previous mechanistic evidence from the PBM 

itself has also demonstrated the increased reactivity of electron-rich boronic acids (Scheme 

3.4). 

Oxidation of the hydrazone primary product into the ketone 3.20 was also reintroduced for 

this assay, due to difficulties in isolating the corresponding hydrazone. The reaction was 

performed using an NMR tube as opposed to round-bottom flasks to enable faster and more 

efficient tetrazole photolysis. The results of this screen are shown in Table 3.5. 

Table 3.5: The optimisation of reaction conditions when using 4-methoxyphenylboronic acid as a substrate 

 

Entry Solvent 
Time 

(h) 

Concentration 

(M) 

B(OH)2 

Stoichiometry 

Conversion 

(%)a 

1 THF 3 0.1 2 57 

2 MeCN 3 0.1 2 53 

3 THF 1 0.1 2 41 

4 THF 2 0.1 2 48 

5 THF 3 0.05 2 61 

6 THF 3 0.2 2 57 

7 THF 3 0.1 1 45 

8 THF 3 0.1 3 69 

9 THF 3 0.1 5 78 (75b) 

aConversion determined by HPLC with reference to caffeine as an internal standard 

bIsolated yield 

Initial observations clearly showed that exchange of the boronic acid facilitated an improved 

conversion over previous attempts. Solvent again had little effect, as was also observed with 
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concentration and reaction time. However, boronic acid stoichiometry had a significant 

impact on reaction conversion. This was unexpected, as boronic acid stoichiometry was 

investigated as part of the initial optimisation involving phenylboronic acid (Table 3.3). It is 

likely that the increased reactivity of 4-methoxyphenylboronic acid makes the system more 

sensitive to its stoichiometry, leading to the pronounced increase in conversion.  

Regardless of earlier results, the use of five equivalents of 4-methoxyphenylboronic acid 

generated a 75 % isolated yield of the corresponding ketone 3.20, marking the first 

synthetically tractable yield of the campaign. However, multiple issues with the reaction 

remained. Firstly, the requirement of five equivalents of boronic acid severely limited the 

utility of the procedure. Secondly, the substrate scope had proven to be highly limited. 

Phenylboronic acid, an electronically neutral substrate, provided disappointingly low 

conversions, with introduction of a methoxy moiety in the para position of the aromatic ring 

necessary to facilitate improved yields. With a Hammett ůp value of -0.27,279 this represents 

a considerable deviation from the neutral properties of an ideal optimisation. Finally, a 

substantial portion of the mass balance of earlier reactions remained unaccounted for. The 

identity of the unknown compound highlighted by HPLC remained elusive, despite 

establishing that both the boronic acid and the NI were required for its formation. 

It was decided that a beneficial approach to tackling these problems would involve a switch 

from an HPLC assay to 19F NMR spectroscopy. One of the principal advantages of NMR 

assays is that results are immediately quantifiable without calibration, as the integration of 

19F atoms are much more consistent than the 254 nm light absorbance between different 

organic molecules. NMR studies also avoid the degree of sample preparation required by 

HPLC. As HPLC assays traditionally employ reverse phase chromatography, the sample 

must be miscible in aqueous media. The reactivity of H2O means that any unstable 

intermediates, such as the NI or any side products, may be quenched by water prior to 

generation of the chromatogram. Furthermore, NMR allows the detection of multiple nuclei 

within the same spectra. This is particularly beneficial if 19F atoms are incorporated into both 

reaction partners, as it permits identification of which compounds are responsible for the 

generation of each new species. This is more difficult to generate via HPLC and can only be 

assessed through further control experiments. 19F NMR was selected over 1H NMR to enable 

analysis without the need of a transfer into deuterated solvent. 

The model reaction used in the previous optimisation work was modified incorporate 

multiple fluorine atoms. Preliminary experiments found that 5-(4-fluorophenyl)-2-(4-

methoxyphenyl)-tetrazole (3.5) and 3-fluoro-4-methoxyphenylboronic acid enabled simple 

quantification of all species formed within the reaction mixture. 5-Phenyl-2-(3-fluoro-4-

methoxyphenyl)-tetrazole (3.3) was used as a standard due to its near-identical T2-relaxation 
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times, enabling the acquisition of accurate integration values. Replication of the reaction 

conditions used within the HPLC assay caused the yield to decrease from 78 % to 56 %. This 

was unsurprising, given the change in electronic properties of the alternative boronic acid. 

While the Hammett ůp value of the methoxy group is -0.27, the ům value of fluorine is 

0.34,279 with the sum of these values rendering the substrate electron-deficient, and 

anticipated to be less reactive. 

Initial screening addressed one of the key issues of the earlier optimisation through 

investigation of boronic acid stoichiometry (Table 3.6). It was found that conversion could 

be maintained when lowering the equivalents from five to three, while the use of any less 

resulted in a significant decrease in conversion. These results are similar to those observed 

during the earlier optimisation, where a relatively modest increase in yield (9 %) was 

observed when moving from 3 to 5 equivalents, with a significant increase of 24 % when 

moving from 1 equivalent to 3 (Table 3.5). 

Table 3.6: An investigation into the impact of boronic acid stoichiometry on conversion using 19F NMR 

 

Entry B(OH)2 Stoichiometry (equiv.) Conversion (%)a 

1 5 56 

2 4 55 

3 3 53 

4 2 42 

5 1 33 

aConversion determined by 19F NMR with reference to 3.3 as an internal standard 

 

The most important outcome of this study was additional information concerning the side 

reactions of the mixture. 19F NMR data showed that the boronic acid was relatively benign, 

with its only side reaction involving oxidation to the phenol, and a substantial portion of 

starting material remaining following reaction completion. The NI, however, was much more 

promiscuous, generating several side products in addition to the desired hydrazone. 

These results raised some interesting questions. Firstly, previous precedent indicated that in 

the absence of a reactive partner in solution, NIs would dimerise, forming the 1,2,3-triazole 

via the 1,2,3,4-tetrazine (Section 1.3.3). However, while detectable, neither the triazole nor 
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the tetrazine were ascribed to be a major side product. Secondly, earlier control experiments 

had shown that the presence of the boronic acid was essential in the formation of some 

unknown by-products, yet the species was not present in the final structure of any other 

compounds, as evidenced by the 19F NMR spectra. 

A significant development was made during an investigation into the compatibility of alkyl 

boronic acids, where primary hydrazide 3.22 was unexpectedly isolated in 81 % yield 

(Scheme 3.15). This compound is a known hydration product of the intermediate NI, caused 

by nucleophilic attack of a water molecule into the neutral terminus of the dipole. However, 

in literature examples of this reaction, the process must be conducted at very high dilution 

using water as the solvent, as compensation for its limited nucleophilicity and due to 

competing dipole dimerisation. In the procedure above, no external source of water was 

added, save for that found in typical atmospheric conditions. A further control experiment 

excluding the boronic acid failed to replicate this exceptional result, indicating that the 

boronic acid is somehow necessary in the synthesis of this compound, corroborating earlier 

findings. 

 

Scheme 3.15: The unexpected isolation of primary hydrazide 3.22 

This can be rationalised when assuming rapid coordination of the boronic acid to the anionic 

terminus of the NI to form the hypothesised boronate complex. If the migration of the R 

group of the boronate is the rate limiting step of the procedure, then at this point the NI is 

susceptible to attack by another nucleophile, as it is no longer a conventional zwitterionic 

dipole, but rather an electrophilic pseudo-nitrillium ion (Scheme 3.16). This would justify 

why an NI in the presence of a boronic acid is more likely to be intercepted a nucleophile 

such as water, and could explain a key side reaction observed throughout the optimisation. 

The formation of 3.22 may also be exacerbated through the addition of super-stoichiometric 

portions of boronic acid, as the principal source of water is likely through the condensation 

of the boronic acid to form the corresponding boroxine. This would also explain the lack of 

triazole or tetrazine formation, as NI dimerisation relies on a concerted cycloaddition 

between two equivalents of the dipole, which would not be possible if the electronics of the 

original species had been distorted through coordination to the boronic acid.  
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Scheme 3.16: The hypothesised mechanism which facilitates the formation of primary hydrazide 3.22 

Table 3.7: Elimination of the hydrazide by-product 3.22 from the reaction manifold 

 

Entry Atmosphere Additive 
Conversion (%)a 

3.21 3.22 

1 - - 41 19 

2 N2 - 45 18 

3 N2 3 Å molecular sieves (400 gmol-1) 46 8 

4 N2 3 Å molecular sieves (4000 gmol-1) 60 1 

5 N2 Trimethyl orthoformate (10 eq.) 38 21 

6 N2 Trimethyl orthoformate (neat) 11 31 

7 N2 3 Å molecular sieves (400 gmol-1)b 61 2 

8 N2 3 Å molecular sieves (4000 gmol-1)b 55 <1 

aConversion determined by 19F NMR with reference to 3.3 as an internal standard 

bCrushed 

Gratifyingly, analysis of 3.22 by 19F NMR identified the compound as one of the most 

prominent by-products of the reaction. A focused optimisation was then conducted to 

remove water from the reaction mixture to minimise its formation (Table 3.7). Performing 

the reaction under nitrogen in an oven-dried flask did little to improve conversion, or to 
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diminish the yield of hydrazide. To combat the generation of H2O via boroxine formation, 

exogenous drying agents were added, while the oven-dried glassware and nitrogen 

atmosphere were maintained. Trimethylorthoformate was not capable of improving 

conversions, however success was achieved using 3 Å molecular sieves (MSs). While a 

relatively high loading was initially required to eliminate the hydrazide formation, this was 

reduced by a factor of 10 by crushing the sieves prior to their introduction. 

These optimisation studies permitted the identification of highly efficient conditions for the 

novel reaction of NIs with aryl boronic acids, furnishing high yields in a reaction with no 

previous precedent prior to this research. This transformation represents an environmentally 

benign and economical approach towards C-C bond formation in the absence of any 

organometallic species, with only UV light and molecular sieves required as exogenous 

reagents (Scheme 3.17). 

 

Scheme 3.17: The reaction conditions identified as part of the optimisation of the PBM-inspired reaction of NIs 

and aryl boronic acids 

3.3.1.3 Scope of the Reaction 

The studies outlined above facilitated a much better understanding of the reaction between 

NIs and aryl boronic acids, identifying robust conditions for investigation of the substrate 

scope. One of the only alterations made from the above conditions was the adoption of 

quartz round-bottom flasks as reaction vessels. This enabled the interrogation of a broader 

library of 2,5-diaryl tetrazoles (e.g. 3.18) by maximising their exposure to incident light. 

The most extensively examined substrate class were para-substituted aryl boronic acids, 

owing to the apparent influence of electronics on the outcome of the reaction. Substitution of 

the para-position was intended to minimise the impact of sterics while maximising 

electronic impact through direct conjugation of the substituent with the boron centre. The 

results of this study are shown in Table 3.8. A total of ten para-substituted examples were 

exposed to the optimised conditions using 2,5-diphenyl tetrazole as a reaction partner. It was 

immediately apparent that the electronics of the aromatic ring had a substantial influence on 

the isolated yield. 

Beginning with compound 3.24, a substrate for much of the optimisation, the reaction 

proceeded in very good yield. When this conversion is compared to the unsubstituted 
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product 3.30 (16 %), it is evident that the improved conversion of 3.24 can be attributed to 

the electron-rich properties of the boronic acid (p-MeO ůp= -0.27279).  

Table 3.8: The scope of para-substitued aryl boronic acids 

 

This trend is maintained in numerous other examples. In the case of electron-deficient 

boronic acids, such as 4-trifluoromethyl and 4-methoxycarbonyl (ůp= 0.54 and 0.45, 

respectively279), the products did not form at all, with only NI decomposition observed. 

While a partial conversion of 14 % was observed for hydrazone 3.31, this represented the 

lowest isolated yield and the only example of a formally electron deficient boronic acid (p-Cl 

ůp= 0.23279). 

By contrast, substitution of the aryl boronic acid with electron-donating groups afforded the 

desired hydrazones in good to excellent yields. Even mildly electron-donating moieties such 

as a methyl group had a significant impact on yield (comparing 3.27 to 3.30). As a general 
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trend amongst electron-rich boronic acids, conversion increased with decreasing ůp value. 

One significant outlier was the conversion of hydrazone 3.25, with an anomalously high 

yield of 92 % (p-NHCO2R ůp= -0.17279). While the reasons behind this excellent yield are 

not immediately apparent, it remains an encouraging example of the versatility of the 

protocol. 

Following on from this investigation, the impact of steric factors was assessed through the 

incorporation of functional groups into the meta and ortho positions of the boronic acid. The 

scope was also broadened to include examples of heterocycles. Owing to the previous results, 

it was determined that the investigation of electron rich heterocycles such as thiophene and 

indazole would be of greater relevance. 

Table 3.9: The scope of heterocyclic and ortho and meta-substituted boronic acids 

 

Pleasingly, the reaction manifold was highly tolerant of substitution of both the meta and 

ortho positions of the aryl boronic acid (Table 3.9). While hydrazone 3.34 was isolated in 

only a 21 % yield (c.f. the para-substituted regioisomer 3.24 isolated in a 79 % yield), this is 

due to the electronic impact of relocating the methoxy substituent, effectively inverting the 

electronic effects of the aromatic ring (p-MeO ůp = -0.27, m-MeO ůp = 0.12). The negligible 

impact of meta-substitution can be clearly observed in the isolated yield of hydrazone 3.36 

(79 %). The retention of an ñactivatingò methoxy group in the para position allows for an 
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accurate comparison with the m-H example 3.24, with an identical yield obtained for both 

reactions. 

Ortho-substituted boronic acids were also tolerated, with the isolation of hydrazone 3.35 in 

66 % yield. While comparable to the yield of hydrazone 3.24 (79 %), the presence of an 

additional methoxy group constitutes further electronic activation of the boronic acid, 

meaning steric effects are not entirely detached from electronic influence in this comparison. 

Nevertheless, the minimal reduction in yield between the two substrates indicates that 

substitution in the ortho-position is well tolerated. 

Five heterocyclic boronic acids also furnished the desired hydrazones, with good to excellent 

yields in most cases. All four heterocycles tested (thiophene, furan, indole and indazole) are 

electron-rich, meaning that these results remained consistent with those observed involving 

electron-rich boronic acids in the previous scope. The low yield of the furan-containing 

hydrazone 3.37 was initially surprising when compared to its closely related thienyl analogue 

3.40 (26 % vs. 72 %). This can be explained by the propensity of furanyl boronic acids to 

undergo protodeboronation, meaning that this substrate may have been unstable under the 

reaction conditions.288 

Overall, investigation of the boronic acid scope within this emerging process provided a 

satisfactory degree of diversity. The conditions were applicable to a wide number of 

electron-rich boronic acids, most of which were isolated in good to excellent yields. This 

also extended to heterocyclic boronic acids, as well as sterically encumbered examples. 

Unfortunately, electron-deficient species were generally incompatible, with only two 

examples furnishing the products, and in comparatively poor yields. This is likely based on 

the electronic contributions of the boronic acid substituents, with a comparison of conversion 

versus Hammett ů values displaying a clear trend of improved yields with increased electron 

density. However, the exact behaviour of these species cannot be explained through ů values 

alone. For example, two ů-neutral derivatives, 3.28 and 3.30, generated yields that differ by 

over 20 %. Similarly, hydrazone 3.36, which is defined by its ů value as electron-deficient, 

afforded a higher isolated yield than many electron-rich analogues. 

Following examination of the boronic acid scope, modification of the NI dipole was also 

assessed. This required variation of the substituents of the 2,5-disubstituted tetrazoles 

employed in the reaction, which would in turn influence the behaviour of the NI following in 

situ generation of the dipole. Diversification of the NI was not as extensive as the 

investigation of boronic acids for a number of reasons. Firstly, the introduction of two sites 

of variation necessitated screening a much larger palette of substrates to achieve similar 

coverage. As 2,5-diaryl tetrazoles are not typically commercially available, the synthesis of 

an exhaustive scope of starting materials was not efficient nor practical, even through 
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application of the newly developed 2,5-tetrazole synthesis outlined above (Section 2.3). 

Secondly, the alteration of NI substituents was not anticipated to have such a significant 

influence on reaction yield as the properties of the boronic acid. Previous publications have 

shown that substantial alterations to the NI are necessary to meaningfully influence their 

properties.31 Finally, changes to the 2,5-diaryl tetrazole could impact the efficiency of NI 

generation itself, rather than the subsequent reactivity of the NI. For example, as discussed 

above (Section 1.2.3), it has previously been demonstrated that certain substituents of 2,5-

tetrazoles may inhibit NI formation entirely.94 The inclusion of such a substrate within this 

scope could lead to a false negative result. 

For these reasons, the NI substrates studied were limited to the following criteria. To 

investigate NI electronics, examples were included with electron-rich, electron-neutral, and 

electron-deficient groups in the para position of both aromatic rings, in all eight possible 

combinations. Methoxy and trifluoromethyl moieties were selected as the electron-donating 

and electron-withdrawing groups respectively, as both were known to have minimal impact 

on NI generation via photolysis. 4-Tolylboronic acid was selected as the boronic acid 

substrate, due to the comparatively modest yield of this compound in the initial scope above 

(57 %). This was intended to enable straightforward identification of any beneficial or 

detrimental impacts of the NI species on reaction yield, as the introduction of either 

phenylboronic acid or 4-methoxyphenylboronic acid may have resulted in deceptively low or 

high yields, respectively. 

The results of this study are shown in Table 3.10. It was immediately apparent that the 

substituents of the NI have a significantly reduced influence on yield compared to the 

boronic acid. Firstly, all electron-deficient and electron-rich examples of substitution on the 

N-aryl ring afforded isolated yields within 10 % of the unsubstituted reference compound 

3.27. It was initially considered that boronate formation using the anionic terminus of the NI 

may have been affected by the electronic properties of this ring system, however the reaction 

yield remained unaffected. Modification of the C-aryl ring also proved to have a limited 

impact on reaction yield. This was exemplified by the yields of 3.44 and 3.45, which both 

afforded moderate conversions despite possessing inverted electronic properties of the C-

motif. Some examples did result in atypically low yields (c.f. 3.48 and 3.49, 27 % and 16 %), 

however this is thought to be a consequence of isolation issues as opposed to substrate 

incompatibility. 

One significant issue encountered during this scope was the partial hydrolysis of the 

hydrazones during column chromatography, as was observed during the early stages of the 

optimisation (Scheme 3.13). Compound 3.46 was isolated as the ketone derivative in a 47 % 

yield, representing an entirely metal-free procedure for the synthesis of aryl ketones using no 
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exogenous reagents other than silica. In other cases, partial hydrolysis resulted in 

unrepresentatively low reaction yields through continuous mechanical loss, such as 

compound 3.43, which was eventually isolated as the ketone. Species containing an electron-

rich N-aryl ring underwent ambient hydrolysis much more readily than any other hydrazones. 

The exact reason for this phenomenon remains unclear.  

Table 3.10: The scope of electronic modification of the NI component 

 

Due to the proximity of the C-aryl ring of the NI to the centre of the reaction, some 

additional parameters around this moiety were also probed (Table 3.11). These included both 

an electron-poor and electron-rich heterocycle, as well as the introduction of both a m-chloro 

and o-chloro moiety. 

The reaction was tolerant of ortho and meta substitution as the synthesis of hydrazones 3.51 

and 3.52 both proceeded smoothly. Steric occlusion of this ring could theoretically preclude 

the reaction by preventing aryl group migration onto the C-terminus of the NI. Gratifyingly, 

this was not observed in practice and all three chloro-substituted compounds were obtained 

in good yields. Only two heterocyclic substrates were investigated, with the electron-rich C-

thiophenyl NI yielding the desired hydrazone 3.53 in an acceptable yield (36 %). Initial 










































































































































































































































































































































































































































