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Abstract 

As one of the fundamental heterocyclic building blocks, indazole and its derivatives have 

spurred significant research interest and patented applications. In particular, C-7 substituted indazole 

derivatives are of prime interest due to their significant bioactivities. Azaborine molecules incorporating 

the B-N structural motif are also of prime interest to chemists and material scientists stemming from 

their distinctive photophysical properties. The aim of this thesis is to construct new azaborine targets 

incorporating the indazole framework using Directed ortho Metalation (DoM) reactions as a key step, as 

well as devise new methods for C-7 functionalization of indazole heterocycles using DoM reactions. 

Successful N-1 functionalization of indazoles enabled the subsequent Suzuki-Miyaura or 

Sonogashira cross coupling reactions to prepare C-3 substituted indazoles. Efforts in Directed ortho 

Metalation (DoM) reactions at the C-3 aryl groups of substituted indazoles towards azaborine targets 

were unsuccessful. Internal alkyne bearing substituted indazole was subjected to hydroboration 

conditions but without any conversion to the desired products. C-3 protected Indazoles bearing N- 

Directed Metalation Groups (DMGs) enabled their C-7 functionalization using DoM chemistry, and 

thereby led to the development of a new general route to these derivatives. 
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Chapter 1 Introduction 

1.1 Indazoles 

1.1.1 Introduction to Indazoles 

The history of the heterocycle indazole began with Emil Fisher, a Nobel laureate who 

fundamentally advanced the field of organic chemistry through his dedicated research on various 

natural products, dyes, narcotics, sugars, and proteins. In the early 1880s, he thermolyzed o-

hydrozinocinnamic acid 1.1 and from a number of products obtained, a new substance which by 

combustion analysis did not contain oxygen.1 Fischer assigned structure 1.2 to the product and 

described this transformation as “remarkable in the highest degree”. He named it “indazole”, analogous 

to the already known indole.2 Hence a new field of heterocyclic chemistry was born.  

Scheme 1-1 Fischer synthesis of 1H-indazole in 1885. 

 

As one of the fundamental heterocyclic building blocks, indazole and its derivatives have 

spurred significant research interest and patented applications since Fischer’s discovery. To fast-

forward, the year 2009 alone witnessed more than 150 articles pertaining to the biological properties of 

indazole derivatives, and over 400 patents relating to the indazole core - mediated biological effects.3 

On the other hand, indazole derivatives remain rare in nature,4 and only three naturally occurring 

indazoles are known (Figure 1-1). 5 



2 
 

Figure 1-1 Indazole based natural products. 

 

1.1.2 Structure and Properties of Indazoles 

In the words of Emil Fischer, the molecular structure of indazole resembles that of “a pyrazole 

ring condensed with the benzene ring”. This system is a 10 π - electron heteroaromatic molecule for 

which there are three tautomeric forms (Figure 1-2). 

Figure 1-2 Tautomers of indazole. 

 

The 1H-tautomer 1.2 is determined to be approximately 2-4 kcal/mol more stable than the 2H-

tautomer 1.6 in the majority of cases,5, 6, 7 and only few examples of the 3H-tautomers 1.7 are known. In 

comparison to pyrazole, indazole is a weaker base (indazole: pKAH = 1.31, pyrazole: pKAH = 2.52) but 

stronger NH acid (indazole NH: pKA = 13.86, pyrazole NH: pKA = 14.21).8 N-1 unsubstituted Indazole 

derivatives frequently crystallize in the form of dimers (Figure 1-3), trimers or catemers in which an 

intermolecular N-H···N hydrogen bonding interaction is observed.9 
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Figure 1-3 The crystal structure of 3-methyl-1H-indazole dimers. 

 

Structures bearing Intramolecular hydrogen bonding are also feasible as shown in the example 

of 7-nitro-1H-indazole, (Figure 1-4).10 

Figure 1-4 Intramolecular hydrogen bonding of 7-nitro-1H-indazole. 

 

Computational calculations in lieu of experimental data have revealed a great deal of insight for 

the fundamental properties of indazoles. Zimmermann and Geisenfelder11  detailed the heats of 

combustion in the solid and gaseous phase of indazoles, which Dewar used to compute their heats of 

atomization.12 An earlier work by Kamiya has used the Pariser-Parr-Pople method with configuration 

interaction to calculate the electronic spectra, ionization energy, π-electron distribution and total π-

energy of indazole,13 and molecular diagrams stemming from these calculations for the lowest 1(π, π*) 

singlet and 3(π, π*) triplet states show that isomerization from the 1H-tautomer to the 2H-tautomer is 

easier in the excited state. Escande and coworkers have used X-ray structure geometries of indazoles as 

a basis for CNDO/2 and CNDO/S calculations with satisfactory agreement to experimental data, and 

proposed that indazole in a crystalline solid state to be of the 1H tautomeric form.14 INDO calculations 
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performed by Palmer and coworkers presented a previously unknown geometry for the indazole 

anion.15 Physical chemistry data on indazole and its derivatives are also available through NMR,16 MS,17 

X-ray,18 IR,19 microwave,20 Raman,21 UV,22 and laser-induced fluorescence (LIF) excitation spectroscopy.23 

Despite these advances, inherent limitations within such methods still can only provide a 

tentative guideline for real molecular properties. For instance, in contrary to experimental evidence 

proving the sites for electrophilic substitution to occur at positions C-3 and C-5 on indazoles, Kamiya’s 

calculations predicted instead for the preference to follow C-7 > C-5 for 1H-indazole and C-3 > C-5 > C-7 

> C-4 for 2H-indazole. Palmer’s calculations on indazole dipole moments from ab initio LCGO methods 

(1.97)24 are in disagreement with experimental values (1.60).25 

1.1.3 Reactivity of Indazoles 

Indazoles exhibit similar reactivity as that of other aromatic moieties. However, there are 

notable differences. For instance, in comparison to pyrazole, the presence of the benzene ring decreases 

the overall ‘aromaticity’ in this system in a similar fashion as in the comparison of naphthalene to 

benzene, therefore, basic ring cleavage is reported to be easier in indazoles than in pyrazoles.26 

The photochemical reactivity of indazoles has been reported (Scheme 1-2). A classical study 

from 1967 by Schmid and colleagues observed the formation of a 1,2-disubstituted benzene derivative 

(1.12) which proceeded through a remarkable ring-opening reaction of 1-methly-3-phenyl-1H-indazole 

(1.11) under UV irradiation.27 Grimshaw and coworkers irradiated 1,4,5-triphenylpyrazole (1.13) under 

nitrogen atmosphere in the presence of iodine to afford 1-phenyl-1H-phenanthro[9,10-c]pyrazole (1.14), 

an indazole derivative extended in conjugation by 2 additional benzene rings to form the phenanthrene 

scaffold.28 The phototransposition of 2H-indazoles into benzimidazoles (1.15  1.17), was studied in 

detail with regard to variations of quantum yield following conditional changes of wavelength, solvent, 
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temperature and concentration.29 The intermediate tricyclic compound (1.16) was hypothesized to form 

via a hypersurface crossing in quantitative yield at -60 °C.30 

Scheme 1-2 Photochemical reactions of indazoles. 

 

 Thermolysis studies by Crow and colleagues of commercial grade indazole over a temperature 

range of 600 – 950 °C led to the isolation of fulvenallene and ethynylcyclopentadiene in yields greater 

than 55% (Scheme 1-3). They proposed a mechanism involving the rare 3H-indazole tautomer 1.7. 
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Scheme 1-3 Thermolysis of indazole at 600 – 950 °C. 

 

 An important feature of indazole reactivity is the regioselective N-1 and N-2 functionalization. 

INDO calculations and 1H NMR spectroscopy aided Palmer and coworkers in their studies regarding the 

regioselective N-1 vs N-2 methylation of C-3 and C-7 substituted indazole N-anions, and established the 

electronic preference for N-1 over N-2 alkylation reactions. 31  In addition, Palmer and Nunn 

experimentally determined that the ratio of methylation at N-1 vs N-2 positions is sensitive to steric 

effect of substituents at C-3 and C-7 positions, which favors N-1 and N-2 positions respectively.32  

Yang and colleagues disclosed of a method for the synthesis of fused indazole ring systems 1.24 

by starting with an alkylation reaction of 1.2 with 1.21 to give a mixture of N-1 and N-2 

bromoalkylindazoles 1.22 and 1.23 (Scheme 1-4). Heating this mixture at 100 °C gave indazolinium 1.24 

as products in > 95% yield. 
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Scheme 1-4 The synthesis of fused indazole ring systems. 

 

Regioselective alkylation of indazoles may also be achieved through the careful selection of 

reaction conditions. Luo and colleagues introduced the 2-(trimethylsilyl)ethoxymethyl (SEM) protecting 

group with good regio control at either the N-1 or N-2 positions by variation of reaction conditions 

(Scheme 1-5).33 A strong, non-nucleophilic base such as sodium hydride readily effects deprotonation of 

the acidic NH on indazoles, which then undergoes reaction as a nucleophile towards 2-

(trimethylsilyl)ethoxymethyl chloride (SEM-Cl) to obtain the desired products (1.26:1.25 ratio of 7.5:1) in 

66 % combined yield. The authors proposed a mechanism in which deprotonation by sodium hydride 

results in the indazole anion where the negative charge primarily centers on the N-1 position but readily 

delocalizes between N-1 and N-2 without a significant energy barrier. On the other hand, when a weak 

base such as dicyclohexylmethylamine is introduced together with SEM-Cl, the reaction proceeds via N-2 

quaternization followed by N-1 deprotonation since the electron pair at N-1 remains as part of the 

aromatic system, and only product 1.25 is formed. 

Scheme 1-5 Regioselective protection of indazoles with the SEM protecting group. 
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 Indazole readily undergoes electrophilic aromatic substitution (SEAr) with common reagents: 

results from nitration at C-3 and C-5,34 sulfonation at C-7,35 and bromination at C-5 and C-7 have been 

reported in classical studies.36 The exact positions towards SEAr reactivity varies depending on the 

overall electronic and steric factors of the system, but the general ranking of SEAr tends to follow C-5 > 

C-3 > C-7 in the order of substitutions.26 

1.1.4 Bioactivity and Material Science Applications of Indazoles 

The known biological activities of indazole derivatives are far too copious for an exhaustive 

listing. Recent publications on the subject have highlighted the properties (Figure 1-5) of substituted 

indazole derivatives acting as a methionine aminopeptidase 2 (MetAP2) inhibitor for a possible 

treatment of obesity;37 as a potent ERK1/2 enzyme inhibitor;38 as a potential treatment of bipolar 

disorder through glycogen synthase kinase 3 beta (GSK-3 beta) inhibition;39 as an anti-parasitic agents;40 

as a candidate for antihypertensive drugs,41 and as a potent therapeutic agent in the treatment of neural 

degenerative disorder multiple sclerosis.42 These are prime examples that attest to the potential of 

indazoles for the future betterment of human lives and health. 
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Figure 1-5 Bioactive indazoles. 

 

Interestingly, the NH bond is often an essential component of ligand-protein interactions, as 

shown in the hydrogen bonding interaction between p110γ kinase and compound 1.33, an important 

anti-cancer 1H-indazole derivative (Figure 1-6).43 

Figure 1-6 Crystal structure of an NH indazole anti-cancer derivative interacting with p110γ kinase. 

 

Indazole derivatives have also found utility in material sciences as copper corrosion inhibitors,44  

copolymerizing molecules for the fabrication of new materials,45 effective film-forming additives over 
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high-voltage positive electrodes for battery applications,46 and possible OLEDs through binding with 

lanthanide or transition metal complexes.47 

1.1.5 C-7 Substituted Indazoles 

The progress in the study of the biological and physical properties of indazole derivatives would 

not have been possible without a similar spur of research in fundamental organic synthesis. Even though 

the drug discovery process is still being driven by decades old protocols, emerging technologies in 

microwave,48 catalysis,49 flow,50 solvent-free,51 and green chemistry52 are all seeking to revolutionize the 

status quo. However, certain substituent patterns of indazole remain elusive and difficult to achieve by 

traditional means. Among these, C-7 substituted indazole derivatives are of prime interest due to their 

significant bioactivities as nitric oxide synthase inhibition,53 antinociceptive effects,54 anti-proliferation,55 

mitochondrial respiration inhibition,56 anti-arthritic effects,57 and serotonin receptor agonist (Figure 

1-7). 
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Figure 1-7 Bioactive C-7 substituted indazoles. 

 

Traditional methods for the synthesis of C-7 substituted indazoles are cumbersome and indirect, 

and typically involve early stage prefunctionalization of the desired regio isomer of substituted benzene 

derivatives followed by various forms of cyclization reactions.58,59,60 The type and variety of C-7 

substituted derivatives that may be obtained are often limited by harsh reaction conditions.  A classical 

route towards indazoles involves the condensation reaction between substituted benzaldehydes with 

hydrazine.60 In a more recent modification, 7-chloroindazole 1.41 was prepared by a condensation - SNAr 

reaction of substituted o-fluorobenzaldehydes 1.40 with hydrazine (Scheme 1-6). 

Scheme 1-6 Synthesis of 7-chloro-1H-indazole via SNAr type reactions. 
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In another method,61 2-bromo-6-methylaniline 1.42 is subjected to diazotization using aqueous 

sodium nitrite solution in fluoroboric acid to give the corresponding diazonium tetrafluoroborate salt 

1.43, which upon cyclization promoted by potassium acetate and 18-crown-6 gave 7-bromoindazole 

1.44 in 90 % yield. Under these conditions, 4-, 5-, 6- and 7- halo substituted 1H-indazoles can be 

obtained dependent upon the substitution pattern of the initial methylaniline derivative (Scheme 1-7). 

Scheme 1-7 Diazotization procedure towards substituted indazoles. 

 

A rare example for the construction of C-7 substituted indazoles involves a [3 + 2]-cycloaddition 

reaction for the construction of C-7 substituted indazoles (Scheme 1-8). Thus, the generation of benzyne 

in the presence of in-situ generated lithium trimethylsilyldiazomethane (TMSC(Li)N2), followed by 

cycloaddition leads to the formation of products 1.46 and 1.47.59 The starting reagent 

trimethylsilyldiazomethane is highly toxic that has caused fatalities upon fatal exposure.62 Safety hazards 

aside, this reaction suffers from poor regioselectivity and low yields under the used conditions of 

reaction.  

Scheme 1-8 [3+2] cycloaddition reactions towards substituted indazoles. 
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1.2 Organometallic Reactions 

1.2.1 The Directed ortho Metalation (DoM) Reaction: An Overview 

Given the importance and ubiquity of aromatic and heteroaromatic compounds, chemists have 

long sought to build and modify them through various means. Classically, the electrophilic aromatic 

substitution (SEAr) reaction is the standard set of reactions with which chemists functionalize arenes. 

However, SEAr reactions are not without their draw backs in problems of regioselectivity, functional 

group tolerance, harsh conditions and low yields. Perhaps dissatisfied with the inherent limitations of 

SEAr reactions, chemists have since developed methods using Directed ortho Metalation (DoM) and later 

C-H activation to better address the expectations of modern synthetic challenges. 

Gilman and Wittig were the original discoverers of the power of alkyl lithiums to effect ortho 

deprotonation of anisole.63 In which the OMe directed metalation group (DMG) regioselectively controls 

the site of deprotonation by a strong base, and the subsequent quench with an electrophile effectively 

traps the intermediate lithiated species to achieve ortho regioselective substitution of anisole (Scheme 

1-9). Today, more than half a century since the inception of the DoM reaction, new DMGs are being 

developed, mechanisms are better understood, and the industry and academia alike rely heavily on the 

past achievements of Hauser64, Gschwend,65 Beak,66 Meyers,67 and Snieckus68 among others for tackling 

modern synthetic challenges, and realizing, in part, the promise of DoM chemistry. 
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Scheme 1-9 Simplified representation of the DoM reaction. 

 

1.2.2 The DoM Reaction: Directed Metalation Groups (DMGs) 

Directed metalation groups (DMGs) are generally classified into two camps: those based on 

carbons and those on heteroatoms. Each DMG is unique in its relative strength for ortho directing, 

sensitivity to reaction conditions such as temperature and solvent, and ease with which it may 

subsequently be removed or converted. A DMG should generally be a good coordinator for alkylithium 

bases but not so electrophilic as to be attacked by these very same reagents, and strategies such as 

steric hindrance by introducing bulkier substituent and charge deactivation by anion formation on the 

DMG groups can sometimes be successful.68 Generally, a heteroatom is included as a part of the DMG 

for coordination purposes, preferably through a 5-membered ring transition state during the 

deprotonation stage.68 Selected examples of DMGs are shown in Figure 1-8. 
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Figure 1-8 Examples of common DMGs. 

 

The relative ortho directing strengths of many DMGs has been established through competition 

experiments (Figure 1-9). Intramolecular competition studies using 1,4-disubstituted aromatics bearing 

different DMG groups were reported by Slocum,69 Beak70  and Macklin71  among others, and the 

preferred site of deprotonation is ortho to the stronger DMG and not the weaker DMG. Similarly, 

Meyers and Lutomski reported intermolecular competition studies using the oxazolino anchoring 

group.72 

Figure 1-9 Hierarchy of DMG power. 

 

To rationalize the effectiveness of different DMGs, theories based on DMG dihedral angles73 and 

triple ion model74 have been proposed with varying degrees of success. The need for understanding 
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DMG activating strength requires fundamental kinetic and thermodynamic information. In an important 

study by Fraser and colleagues, pKa data for monosubstituted benzenes in THF was determined, thereby 

providing a direct measure of the acidifying effect of a substituent on the ortho - proton.75 Other than a 

few exceptions such as the N,N-diethyl o-carbamate directing group, the majority of substituents give 

rise to very similar pKa values, thereby suggesting that kinetic effects are predominantly responsible for 

reactivity orders. 

 An important practical consideration when choosing any DMGs is the ease with which it may be 

modified or removed. For instance, Schwarz reagent generated in situ readily reduces DMGs such as the 

N,N-diethylcarboxamide to aldehydes that proceeds with very short reaction time, excellent functional 

group tolerance and the use of inexpensive reagents.76 Tertiary amides are excellent DMGs, and their 

use in DoM chemistry prior to reduction can lead to unusually substituted aromatics. Cross coupling 

reactions of tertiary sulfonamides (SO2NR2)77 or aryl o-carbamates78 with Grignard reagents are also 

feasible under nickel (0) catalysis, thus making them latent DMGs. OMOM and NHBoc groups are 

relatively labile under hydrolysis to give unprotected phenols and anilines. The oxazoline DMG can also 

be hydrolyzed albeit by a complicated procedure to give the carboxylic acid.79 

 

1.2.3 The DoM Reaction: Mechanism 

The mechanism of the DoM reaction may be simplified to a three stage process (Scheme 1-10). 

First, the base (RLi)n in the form of an aggregate undergoes coordination to the heteroatom-containing 

DMG. This forms a “preDoM” complex 1.161 which brings the base in close proximity to the ortho 

hydrogen. Deprotonation gives the coordinated ortho-lithiated species 1.49, followed by the treatment 

with electrophiles to yield the product 1.50. Beak and Myers termed this phenomenon the complex 

induced proximity effect (CIPE).80 
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Scheme 1-10 Mechanisms of DoM according to the Complex Induced Proximity Effect (CIPE). 

 

Beak and associates helped to establish evidence supporting the formation of a preDoM 

complex in an α-deprotonation reaction (Scheme 1-11).81 Using the stopped-flow IR technique, they 

observed the presence of the amide lithium complex 1.60 prior to α deprotonation, in which the 

organolithium base is brought by coordination to close proximity of α hydrogen. Energy calculations on 

species 1.61 suggest a stabilization of about 25 kcal/mol relative to an uncoordinated α-lithio amine 

species, with two thirds of this stabilization due to dipole-dipole interactions and one-third due to 

bonding by the lithium.82 Theoretically, the binding between the heteroatom of a DMG to the 

alkylithium base contributes to a stabilization resulting from a favorable energetic interaction between 

the small positively charged lithium atom and the electron pair of that heteroatom.96 Evidential support 

for lithium-electron pair complexation in the ground state is provided by X-ray crystallography.83 

Scheme 1-11 Evidence for CIPE in alpha-deprotonation. 

 

Evidence supporting the concept of DMG stabilization of the ortho-lithiated complex is also 

available. Thermodynamic data from Klumpp and Sinnige established that proton quench of (p-anisyl) 

lithium is 3.6 kcal/mol more exothermic than (o-anisyl) lithium, which is indicative for the greater 

thermodynamic stability of the ortho-lithiated anisole species.84 Broaddus has demonstrated ortho-
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deprotonation of anisole is 100 times faster than that of benzene.85 Furthermore, the reaction of 

dimethylbenzylamine with nBuLi·TMEDA has been shown to produces an ortho-lithiated species, which 

was revealed by X-ray crystallographic analysis to be a tetrameric aggregate where each lithium atom is 

associated with three carbanionic carbon atoms and one nitrogen atom.86 Significantly, the structure of 

the lithiated complex in Et2O dynamically changes to produce a mixture of three different dimers, each 

exhibiting strong intramolecular chelation.87 Through Ab initio calculations, the STO-3G stabilization 

energy versus phenyllithium were determined to be -7.1, -0.5, and 0.0 kcal/mol respectively, for o-, m-, 

and p-lithiophenol.88 Similarly, o-, m-, and p-lithiofluorobenzene were reported to be more stable by 8.4, 

1.2 and 0.7 kcal/mol relative to phenyllithium. The DMG stabilizing effect on the ortho-lithiated complex 

can be seen in these results. 

It is well known through 13C and 6,7Li NMR spectroscopic studies that organolithiums exist as 

aggregates in organic solvents,89 with n-BuLi existing in dimeric,90 tetrameric91 and hexameric92 forms. In 

a detailed NMR and computational study (Scheme 1-12),93 Bauer and Schleyer discovered that the 

hexameric n-BuLi aggregate can be disrupted upon addition of an equimolar concentration of anisole 

and replaced by a tetrameric 1:1 aggregate of anisole and n-BuLi 1.64 in toluene-d8, which was 

observed through two-dimensional 7Li and 1H-heteronuclear overhauser effect spectroscopy. The 

authors had initially anticipated the rapid metalation of anisole in the aggregate due to its close contacts 

with n-BuLi but this was not observed. Upon the addition of 1 equivalent of TMEDA, anisole undergoes 

decomplexation from the aggregate to give the n-BuLi dimer 1.65 which was observed spectroscopically. 

Under these conditions, anisole readily underwent metalation to give 1.68, which was attributed to the 

formation of the reactive intermediate 1.67 with low stationary concentration undetectable by NMR. 

MNDO calculations supported these experimental results. 
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Scheme 1-12 NMR and computation study on the ortho lithiation of anisole. 

 

A mechanistic proposal complementary to the CIPE was suggested by Hommes and Schleyer and 

termed the “kinetically enhanced metalation” (KEM). Based on the above NMR studies, this hypothesis 

argues that the pre-lithiation complex as an intermediate is not formed but replaced by a rate-

determining proton transfer transition state.94 In other words, the proton transfer occurs simultaneously 

with complexation as shown in Figure 1-10. This proposal is supported by the observation that halogens 

such as fluorine, chlorine and bromine which are poor coordination groups for alkyl-lithium bases are 

able to serve as moderate DMGs. The electron-withdrawing nature of these DMGs may play a role 

acidifying the ortho C-H bond. The KEM hypothesis is supported by ab initio calculations.94 However, for 

DMGs with strongly coordinating groups such as amide, oxazoline, the onset of CIPE-type mechanism is 

still not ruled out.95 
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Figure 1-10 The Kinetically Enhanced Metalation (KEM) transition state. 

 

1.69 

 Over the years, extensive research efforts were invested towards understanding the mechanism 

of DoM reactions, and an excellent review from 2004 comprehensively summarized the most important 

findings.96 

1.2.4 The DoM Reaction: The Directed remote Metalation (DreM) 

The application of DoM chemistry in the metalation of a remote arene in a biaryl/hetaryl system 

has led to the development of the directed remote metalation reaction (DreM). In one of the earlier 

examples, Narasimhan and colleagues established a synthetic route towards the difficult to access 7,8-

dimethoxy phenanthridine 1.72 using DreM chemistry (Scheme 1-13).97 

Scheme 1-13 The DreM reaction in the synthesis of 7,8-dimethoxy phenanthridine. 

 

In another example, Cartoon and coworkers reported on the DreM reaction of 1-(2’-

carboxyphenyl)pyrrole 1.73 with lithium diisopropylamide (LDA) to form 9-keto-9H-pyrolo-[1,2-a]indole 

1.75 (Scheme 1-14).98 The reaction proceeds through an intramolecular cyclization of the remotely 2-

lithiated pyrrole onto the carboxylic acid DMG in forming a ketone after acidic quench.  
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Scheme 1-14 The DreM reaction in the synthesis of 9-keto-9H-pyrolo-[1,2-a]indole. 

 

This important discovery of a self-quenching DMG upon metalation was further elaborated with 

CONEt2 and OCONEt2 as DMGs and developed into a robust methodology by the Snieckus group towards 

the total synthesis of a long list of important natural products (Figure 1-11), including dengibsin,99 

Imeluteine, 100  defucogilvocarin, 101  piperolactam, 102  lapachone, 103  plicadin, 104  eupolauramine, 105 and 

gymnopusin.106 

Figure 1-11 Synthesis of natural products using the DreM strategy. 
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The key aspect of DreM chemistry lies in its ability to selectively affect lithiation at positions 

remote from the arene which bears the DMG (Figure 1-12). It is often viewed as an extension of directed 

ortho metalation even though its development has lagged behind that of DoM.107 Mechanistically, CIPE 

and KEM are both relevant and sometimes invoked together to rationalize the concept of DreM 

reaction.107, 108 

Figure 1-12 Sites of deprotonation in DoM compared with DreM. 
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1.2.5 Grignard Reactions: An Overview 

With the exception of DoM reactions, few reactions can rival the synthetic utility and versatility 

of the Grignard reaction in classical C-C bond formation. First discovered in 1912 for which Victor 

Grignard received the Nobel Prize in Chemistry, it has since been the subject of intensive studies totally 

over 40,000 papers published by 1975. 109  Today, it is an extremely valuable and widely-used 

transformation in organic synthesis. 

A variety of methods for the preparation of Grignard reagents have since then developed, and 

these include: carbenoid-homologation possibly proceeding through an halide-Ate complex,110 reaction 

with activated magnesium through reduction of its salt with an alkali metal,111 reaction with magnesium 

anthracene complex through its decomposition,112 metal-catalyzed Grignard formation with iron,113 as 

well as numerous exchange reactions involving magnesium with halogens.114 The developments of chiral 

Grignard reagents were also outlined both theoretically and experimentally.115 

The cross-coupling reaction of a Grignard reagent received a great deal of attention from both 

the Corriu and Kumada research groups in the late 1960s, which culminated in the discovery of the 

Kumada-Corriu coupling reaction in 1972,116 an important synthetic milestone predating many of the 

mainstream cross-coupling reactions such as the Sonogashira (1975), Negishi (1976), Stille (1977), Suzuki 

(1979), and Hiyama (1988) reactions.  
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1.3 N,C-Chelating Organoboron Compounds and Azaborines 

1.3.1 Introduction to Azaborines 

The history of azaborines can be traced to 1926 with the synthesis of borazine by German 

chemist Alfred Stock.117 By heating diborane with ammonia at 300 degrees, Stock obtained the desired 

borazine 1.83 (Figure 1-13) in 50% conversion. As an isoelectronic and isostructural analogue of 

benzene, it is frequently termed as the “inorganic benzene”, which appears as a colorless liquid (bp = 53 

°C) with an aromatic odour and similar physical properties.117, 118 The B-N bonding distances in the planar 

structure are equal (144 pm), with delocalization of electron density from the lone pairs on nitrogen into 

the empty p orbitals of boron. The relative electronegativity of boron (χP = 2.0) and nitrogen (χP = 3.0) 

places the site of nucleophilic and electrophilic attack on these two atoms respectively, opposite to what 

is expected based on the distributions of its formal charge (Figure 1-13).117,118 

Figure 1-13 Borazine formal charge and electronegativity. 

 

                                      1.83         1.84 

The conceptual framework with which one may attempt to understand the azaborine motif 

should be based on the idea of BN/CC isosterism, which is the replacement of bonding carbons with an 

isoelectronic and isosteric B-N unit.119, 120 There are three different relationships by which BN/CC 

isosterism can occur, and these are based on the hybridization of the atomic orbitals belonging to the 

bonding B-N pair in question (Figure 1-14). Despite the same total valence electron count, 

fundamentally different molecular properties and chemistry may be expected when such replacements 

are made.119, 120 Comparisons can be made in the simplest case when the R groups are hydrogen atoms. 
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For instance, the sp3 hybridized ethane molecule is a volatile gas under standard conditions (bp: -89 °C), 

with zero net dipole moment from symmetry and a C-C bond dissociation energy of 90.1 kcal/mol.121 In 

contrast, the BN analogue of ethane, ammonia-borane, is a solid under standard conditions (mp: 104 

°C), and due to its electronegativity differences, ammonia-borane has a dipole moment of 5.2 D and a 

bond dissociation energy of 27.2 kcal/mol.122 

Figure 1-14 The isoelectronic relationships of BN/CC isosterism. 

 

While azaborine derivatives have recently shown some signs of promise as biologically relevant 

molecules,123 the true extent of their prominence belongs to the field of material sciences. Their use as 

hydrogen storage materials (Figure 1-15), 124  OLEDs, 125  fluoride sensors, 126  cyanide sensors 127  and 

optoelectronic devices128 are just some of the functionalities that attest to the importance of azaborine 

derivatives. 
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Figure 1-15 Azaborine based hydrogen storage materials. 

 

1.3.2 Key advancement of Azaborines 

Since Alfred Stock, numerous other research groups have made headway into the field of 

azaborines. An important pioneer in the early development of azaborines was Dewar (Figure 1-16), a 

theoretical chemist who developed synthetic pathways to BN analogues of phenanthrene 1.86129 and 

naphthalene 1.87,130 and who was the first to achieve the synthesis of a monocyclic 1,2-azaborine 

derivative 1.90,131 which was reported to be stable to Raney Nickel reduction as well as acidic and basic 

conditions in ethanol.  
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Figure 1-16 Azaborine products synthesized by Dewar. 

 

 The parent 1,2-dihydro-1,2-azaborine 1.95 proved to be a much more elusive target than its 

substituted derivatives (Scheme 1-15). The Dewar group attempted its synthesis via a hydroboration-

oxidation pathway which proved unsuccessful. 132  The Polivka group managed to synthesize a 

hydrogenated version of the desired compound with full saturation and doubly substituted methyl 

groups on nitrogen 1.97.133 The Goubeau group got even closer to the target compound by synthesizing 

the B-H substituted 1,2-azaborine, but still N-methylated 1.100. 134 
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Scheme 1-15 Progress towards 1,2-dihydro-1,2-azaborine. 

 

Almost half a decade following Dewar’s synthesis of the monocyclic 1,2-azaborine derivative 

1.90, the breakthrough was finally achieved by the Liu group in 2009 when they reported on the first 

successful synthesis of this elusive target 1.95 (Scheme 1-16).135 Worthy of note is the relative 

importance of the ring-closing metathesis reaction, a modern synthetic methodology characterized by 

mild reaction conditions which made further advancement into azaborine chemistry possible, and has 

being adopted by a number of research groups towards the synthesis of this class of molecules.136 In 

Liu’s synthesis, the use of chromium tricarbonyl as an activating agent that formed a piano-stool 

complex with the azaborine cycle 1.107 was necessary for the subsequent removal of the TBS protecting 

group.135 
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Scheme 1-16 Synthesis of 1,2-dihydro-1,2-azaborine. 

 

The idea of BN/CC isosterism became a theoretical justification for tackling new synthetic 

challenges. Motivated to expand the frontiers of aromatic chemistry and developing new synthetic 

methodologies, scientists such as Dewar, Polivka and Goubeau took on the challenge to replace the CC 

unit in the arene motif with the equivalent BN units in a variety of substrates. Many of Dewar’s original 

azaborine targets did not reveal any significant applications in the years following their 

conceptions.129,130 However, interest did not subside and azaborine chemistry has undergone a 

renaissance in the recent decade as research groups lead by Ashe, 137  Wang, 138  Perepichka, 139 

Yamaguchi,140 Liu,135 Kawashima141, Pei142, Piers,143 and Nakamura144 joined the fray in an effort to unveil 

the future potential of these molecules (Figure 1-17). 
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Figure 1-17 Exemplary azaborine molecules. 

 

1.3.3 Four-Coordinate Chelated Organoboron Compounds 

Recently, the Wang research group has made significant progress in azaborine chemistry both 

by expanding the synthetic methodologies for accessing these molecules as well as elaborating on the 

azaborine scaffold for fine tuning their photo luminescent properties (Figure 1-21).138 These 

achievements were predated by, and perhaps impossible without a systematic investigation into the 

unique photo luminescence and electronic configurations of four-coordinate chelated organoboron 

compounds (Figure 1-18). 

The Wang research group has been studying organoboron molecules for almost two decades.145 

In particular, they have focused on four-coordinate organoboron compounds bearing a π-conjugated 

chelate backbone 1.115, where the electronic properties of the chelating scaffold as well as the charge 
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transfer transitions from the aromatic substituent attached to the coordinated boron center and their 

associated steric congestions impart broader molecular properties with practical applications as organic 

light-emitting diodes (OLEDs), organic field transistors, photo responsive materials, and sensory and 

imaging materials.145 In this class of compounds, the lowest unoccupied molecular (LUMO) is usually 

localized on the π-conjugated chelate ligand stabilized by boron coordination. The highest occupied 

molecular orbital (HOMO) may be localized on either the chelate ligand or the R group attached as 

substituent on the coordinated boron atom. The photochemical properties of such compounds are 

usually the result of π → π* electronic transitions of the chelate or charge-transfer transition for the R 

group to the chelating ligand (Figure 1-18).147 

Figure 1-18 Components of a four-coordinate organoboron compound. 

 

 In their earlier works (Figure 1-19), Wang studied N,O-chelating azaborines 8-

hydroxyquinolinate 1.116 and 1.117 in hopes of discovering blue emitters for OLED applications with 

limited success.146 N,N-chelating compounds based on the 7-azaindolyl chromophore 1.119 were later 

developed that addressed some of the short comings in the N,O-chelating series with greater stability 

with regards to thermal degradation and irreversible oxidation in OLED devices.147 The deprotonated 7-

azaindole anion emitting a bright-blue color can be stabilized by metals and tetrahedral boron 

centers,148 including the diboron compound 1.119. This motif of N,N-chelating scaffold was later 

extended to indolyl 1.121, pyridyl, thiazolyl, quinolyl, and benzoimidazolyl systems 1.120, some of which 
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emits in the bright blue region.149 Color tuning from blue to red and vice versa for this class of 

compounds was achieved via introduction of various electron donating/withdrawing substituents such 

as chloro, fluoro and methoxy groups.150 

Figure 1-19 Early work on N,O-chelating and N,N-chelating azaborines. 

 

In 2008, the Wang group discovered a reversible intramolecular C-C bond formation/breaking 

process involving a tetrahedral boron center that is accompanied by distinct color switching (Scheme 

1-17).151 When irradiated by UV light (365 nm) under N2, 1.123 was formed from 1.122 accompanied by 

a rapid loss of fluorescence and a shift from colorless to olive green or navy blue, depending on the 

exact isomer. Noticeable changes in UV-Vis and NMR spectra correlated with the reaction progress. 

Supported by DFT calculations, 1.123 was initially proposed to contain the borabicyclo[4.1.0]hepta-2,4-

diene structure, where a C-C bond is formed between the phenyl and one of the mesityl groups. This 

hypothesis was subsequently confirmed through an X-ray crystal structure of an analogue based on the 
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pyridyl-indolyl chelating ligand.152 Remarkably, 1.123 exhibits photochromic behavior as it readily 

reverts back to the parent compounds 1.122 in quantitative conversion after heating in C6D6. The 

thermal reversibility of 1.123 was unprecedented and believed to be facilitated by the chelating scaffold 

holding the boron center and aryl groups in fixed positions. 

Scheme 1-17 Isomerisation pathways of photochromic N,C-chelating organoboron compounds. 

 

It was necessary to understand the various factors that influence the photochemical stability 

and photochromic switching behaviour for this class of N,C-chelate boryl systems both from a 

fundamental perspective as well as for their potential future application as OLEDs. Over the next 

decade, by pursuing new synthetic directions and probing fundamental assumptions, the Wang group 

have broadened the photoisomerization of the parent compound 1.122 that can be controlled, 

modified, stabilized or inhibited by introducing a variety of structural motifs that operate through a 

myriad of kinetic, electronic and steric factors. 

In a comprehensive report, a variety of N,C-chelate boryl systems based on the 2-phenylpyridyl 

1.125 – 1.132 (ppy), benzo[b]thiophenylpyridine 1.133 and indolylpyridine 1.134 chelating ligands and 

mesityl or phenyl substituent on the boron center were synthesized and systematically investigated by 

the Wang group (Figure 1-20).153 It was discovered that the mesityl substituent plays a significant role in 

affecting low energy charge-transfer transition from the mesityl groups to the chelating ligands 
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stemming from its steric congestion and electron donating properties. In sharp contrast, boryl centers 

bearing phenyl substituent 1.131 do not exhibit photochromic behavior. The electron-donating and 

electron with-drawing groups were found to have a distinct impact on the photoisomerization rate and 

the photochemical stability of the molecules, with the former increasing and the latter reducing the 

overall rate of photo-conversion.153 In a subsequent study, the mechanism for the photoisomerization 

process was elucidated to proceed via photoactive triplet states, which implicate the potential for 

modulating photoreactivity by introducing triplet sensitizers or acceptors onto the chelate backbone.154 

Furthermore, unprecedented multistructural transformations extending beyond the simple formation of 

isomer 1.123 was observed in the case of 2-phenylbenzothiazolyl, 2-phenyl 4-methylthiazolyl, 2-

phenylbenzoxazolyl, 2-phenylbenzimidazolyl as chelating ligands. In these systems, the formation of 

isomer 1.123 upon photoexcitation was followed by thermal intramolecular H-atom transfer, azole ring 

reductions and further ring expansions to generate novel azaborine derivatives.155 

Figure 1-20 Visible fluorescence from N,C-chelating organoboron compounds. 

 

Extension of π-conjugation in the chelating ligand using vinyl or acetylene linkers was found to 

introduce photostability to the parent isomer 1.136 under UV radiation, which instead of forming 

isomer 1.135, undergoes cis-trans isomerization 1.137 and completely inhibits the photo-switching 

process (Scheme 1-18).156 Time-dependent density functional theory (TD-DFT) computations probing the 

mechanism of this photo-excitation established that the presence of an olefinic bond provides an 
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alternate energy dissipation pathway for this series of substrates, hence stabilizing them towards 

photochromic switching. An alternative method using a dithienyl unit conjugated with the chelate 

backbone was also effective at disrupting photo-switching in this class of N,C-chelate boryl compounds. 

Other transition metals (Au(I), Pt(II), Re(I)) attached to the chelating ligand through an acetylene linker 

were shown to similarly inhibit or reduce photoisomerization in the parent chromophore 1.123. 

Scheme 1-18 Inhibition of photoisomerization in N,C-chelating organoborons. 

 

To study the impact of incorporating multiple photochromic boron centers, Wang synthesized a 

series of π-conjugated N,C-chelate boryl systems based on the parent chromophore 1.123 in the forms 

of dimers, trimers and hexamers, and subjected them to the same photo-excitation under UV light. The 

Wang group discovered that the isomerization of one chromophore prevents the isomerization of 

others, which leads to amplified and reversible fluorescence quenching of the entire molecule. It was 

postulated that upon photo-excitation, photo-switching at a single boryl will be significantly faster than 

the simultaneous switching at multiple boryl centers due to substantial structural rearrangements, 

hence making it kinetically favored. Once a monoisomerized product is formed, the energy of its excited 

state can be dissipated by fast intramolecular energy transfer in accordance with Kasha’s rule, 

effectively preventing any further isomerization.157 This property may prove beneficial in organic charge-

transport materials or transistors where the integrity of the conjugated system is important.158 Non-

conjugated silyl-bridged linkers were shown to achieve the same effect.159 



36 
 

In a 2016 paper, Wang disclosed the synthesis for a new class of N,C-chelating organoborons 

through trans-hydroboration of internal alkynes at room temperature with 9-BBN, producing five-

membered BN-heterocycles 1.141 (Scheme 1-19).160 The mechanistic rationale supported by DFT 

calculations proposes the formation of a Lewis adduct 1.138 upon mixing of the substrate with borane, 

which then proceeds with a hydride migration from the borane to the sp-hybridized carbon of the 

acetylene unit to give 1.139. Finally, rotation about the vinylpyridine C-C single bond and ring closure 

affords the trans product 1.141. 

Scheme 1-19 Synthesis of N,C-chelating organoborons through trans-hydroboration of internal 

alkynes. 
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1.3.4 Recently Synthesized Azaborines 

A breakthrough in 2013 marked the beginning of Wang’s synthesis of azaborines 1.143 through 

highly unusual photoelimination pathway that involves the breakage of a C-H bond and of a B-C bond 

from a four-coordinate chelated organoboron compound 1.142 (Scheme 1-20).161 This process appears 

to be a generic reaction that works for this type of B, N-heterocyclic compounds. The R’ groups may be 

alkyl or aryl and the N heterocycle can be either a pyridyl or a benzothiazolyl. Under UV irradiation at 

300 nm in dry toluene or benzene under nitrogen atmosphere, it was observed that the solutions readily 

changed from colorless to bright yellow. The photoelimination reaction also occurs readily in the solid 

state with polymer films such poly-methylmethacrylate (PMMA) or poly-N-vinylcarbazole (PVK). 

Scheme 1-20 Formation of azaborines through photoelimination of four-coordinate chelated 

organoboron compounds. 

 

The course of the reaction shown in Scheme 1-20 was monitored spectroscopically, and a new 

absorption band appeared in the 360-520 nm region of the UV/Vis spectra that increased in intensity 

with longer irradiation time, correlating with the color change. The reactions were monitored by 1H and 

11B NMR spectroscopy, and changes were observed in the chemical shift and integration of the 

methylene protons, and the 11B chemical shifts further downfield as the tetrahedral sp3 hybridized 

boron centers in the starting materials 1.142 adopt sp2 hybridization in the final products 1.143. The 

final azaborine product 1.148 as shown in Scheme 1-21 constitute previously unknown isomers of B,N 

phenanthrene.162 They were stable as solids but slowly degrade upon exposure to air. Unlike their non-
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emissive precursors 1.145 - 1.147, the azaborine products are fluorophores with bright green or yellow-

green fluorescence emission, and reported as the brightest emitters among all known B,N phenanthrene 

compounds. 

Scheme 1-21 Formation of azaborines through photoelimination reactions. 
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Figure 1-21 Examples of azaborine compounds. 

 

 Subsequent work in this area have focused on fine tuning the electronic and photo-luminescent 

properties of azaborines as well as developing new synthetic pathways for accessing these molecules. It 

was discovered that metal chelation with Pt(II) enhances the photoelimination quantum efficiency by 

two orders of magnitude and enables phosphorescence in the analogous B,N-benzoquinolines 1.153.163 

Double photoelimination was observed to form fluorescent BN-pyrenes containing two B-N units 

(1.155).164 In 2015, Wang expanded upon the original discovery by showing that pyrido[1,2-a]isoindole 

1.158 readily undergoes a reversible 1,1-hydroboration reaction thermally with certain boranes to give 

the four-coordinate chelated organoboron compounds 1.159, which subsequently proceeds through a 

photoelimination pathway to yield the final azaborine product 1.160 (Scheme 1-22).165 
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Scheme 1-22 Reversible 1,1-hydroboration reaction towards N,C-chelated four coordinate 

organoborons. 
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Chapter 2 Indazole Based Azaborines and the DoM Reaction of Indazoles 

2.1 The DoM Approach towards Indazole-based Azaborines 

2.1.1 Project Aims 

Scheme 2-1 Proposed retro-synthetic pathway for targets 2.6 and 2.9. 

 

Scheme 2-1 outlines the proposed retrosynthetic strategy towards target molecules 2.6 and 2.9. 

Both targets follow a similar pathway that involves C-3 iodination, N-1 protection, C-3 arylation, and the 

late stage DoM reactions.  Target 2.6 serves as a proof of concept for N,C-chelating organoboron 

compounds based on the indazole heterocycle, which undergoes reaction through a direct coordination 

of N-2 to boron center. For target 2.9, we envisage a photoelimination reaction pathway on compound 

2.8 to afford the azaborine products. The efforts expended toward the synthesis of the final target 
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molecules constitute a methodological study into modern ways of functionalizing indazoles. In addition, 

the targets were chosen with the aims of expanding the library of known N,C-chelating organoboron and 

azaborine compounds, many of which possess unusual and highly desirable properties as outlined in the 

introductory section. 

2.1.2 N-1 Protection of 3-Iodo-1H-indazole 

Work started with commercially available 1H-indazole. By following a literature procedure for 

iodination,166 3-iodoindazole (2.10) was obtained in good yield. Next, N-1 protection was explored using 

potassium tert-butoxide as a base in a variety of solvents, and the best results in Et2O are reported in 

Scheme 2-2. Potassium tert-butoxide (pKaH ~ 17) was chosen as a readily available strong base that is 

capable of deprotonating the aforementioned position. Even though a variety of other bases such as 

carbonates, sodium hydride, and amides could also function in a similar capacity, it was advantageous to 

find a base whose conjugate acid is only slightly higher in pKa value than that of the target. With the 

optimized conditions in hand, we were able to successfully incorporate benzyl (2.12, 90%), tosyl (2.13, 

83%), Boc (2.14, 92%), and diethyl carbamoyl (2.15, 91%) as N-1 protecting groups (Scheme 2-2). 

Scheme 2-2 N-1 protection of 3-Iodo-1H-indazole. 

 

2.1.3 C-3 Functionalization of Indazoles via Suzuki-Miyaura Cross Coupling Reactions 
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From retrosynthetic analysis, N-1 protection was recognized as a crucial step as the acidic N-H 

proton (pKa ~ 13.8) will interfere with subsequent coupling reactions at the C-3 position under standard 

conditions.167 A recent report had in fact disclosed of unprotected N-H indazoles undergoing Suzuki-

Miyaura cross coupling reactions at the C-3 position.168 However; this required an expensive and 

uncommon catalyst and ligand system (Scheme 2-3). 

Scheme 2-3 Precedent for the Suzuki-Miyaura cross coupling reaction of 3-Chloro-1H-indazole. 

 

 

With the desired protecting groups in place, work was begun to effect C-3 cross coupling 

reactions. In a 1999 paper, Rault et al. disclosed that the Suzuki-Miyaura reaction was successful in the 

reaction of compound 2.12 with a variety of aryl and hetero-aryl boronic acids.167 The Rault procedure 

was followed with modifications extending the duration of the reaction time and using different 

base/solvent systems as appropriate. The isolated yield of product 2.19 (94%) obtained under the 

modified conditions was greater than that reported (72%).167 Extension of this methodology to other 

aryl boronic acids successfully introduced o-tolyl (2.20) and 2-bromophenyl (2.21) at the C-3 position of 

N-benzyl indazoles (Scheme 2-4). 
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Scheme 2-4 The Suzuki-Miyaura cross coupling reaction of 3-iodo-1H-indazole. 

 

Extension of this methodology to N-Boc protected indazoles (2.14) was initially unsuccessful 

with either phenylboronic acid or o-tolylboronic acid using K2CO3 as a base and THF/H2O (5:1) solvent 

mixtures, as were attempts to functionalize the C-3 position of N-tosyl protected indazoles (2.13) under 

reported conditions (Scheme 2-5). However, changing the base and solvent systems to Na2CO3 and 1,4-

dioxane/H2O (4/1) respectively resulted in the in-situ loss of the Boc group to furnish N-H C-3 aryl 

functionalized indazoles (2.23, 2.24) in very good yields (Scheme 2-4). 
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Scheme 2-5 Unsuccessful Suzuki-Miyaura cross coupling of N-1 protected 3-Iodo-1H-indazoles.  

 

2.1.4 Directed ortho Metalation of N-Benzyl 3-Aryl Indazoles 

With the desired starting molecules 2.19 and 2.20 now available, DoM reactions were 

attempted on these substrates in the hope of accessing the remote ortho positions on the C-3 aryl 

groups. While many different types of functional groups were previously identified as potential DMGs 

for DoM reactions as outlined in the introduction 1.2.2 The DoM Reaction: Directed Metalation Groups 

(DMGs), we did not find any literature precedent for using indazoles or pyrazoles as a directing group. 

The closest analogy upon which to base the precedent would be that of Ziegler and Fowler’s work in 

achieving ortho lithiation of piperonal cyclohexylimine169 (Scheme 2-6). 

Scheme 2-6 Ziegler and Fowler's ortho lithiation of piperonal cyclohexylimine. 

 

An extensive review on DoM reactions by Snieckus170 identified s-BuLi in combination with 

TMEDA as a potent and effective lithiation reagent. Our initial attempts following these conditions 
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resulted only in the recovery of starting materials, and the unsuccessful reaction was attributed to trace 

amounts of moisture in the reaction vessel. The experiment was repeated with care for stringent 

anhydrous conditions and a new result was obtained as shown in Scheme 2-7: 

Scheme 2-7 The DoM reaction of N-benzyl 3-aryl indazoles. 

 

 The same products (2.28, 2.29) were obtained with s-BuLi/TMEDA as the base/ligand 

combination and yields of the respective products were within 10% of that obtained under LDA 

conditions. 1H NMR spectra shows the incorporation of the TMS group in the products with a 

characteristic up-field singlet integrating for nine protons. In the aromatic region, signals found between 

the 7.0 and 8.0 ppm window integrate for fourteen protons as expected. The most revealing change is 

that of the singlet peak located near 5 ppm belonging to the benzyl protecting group as its integration 

had reduced from two protons in the starting material to one in the product. In the case of 2.29, the o-

tolyl methyl group remains at 2.48 ppm and integrates for three protons as it had in the starting 

material 2.20. This suggests that the site of deprotonation and subsequent electrophile quench with 

TMSCl had occurred on the N-1 benzyl protecting group instead of the remote ortho positions on the 3-

aryl groups. This result falls within our expectations as the N-1 substituted benzyl position can be 

deemed to be the most acidic position, hence the most thermodynamically favored site for lithiation. 

Subsequent attempts reducing the duration of DoM reactions from 1 hour to 15 minutes resulted only in 

similar yields for products 2.28 (80%) and 2.29 (66%). Additional equivalents of base (3 equiv) were 

added in subsequent experiments with the hopes of facilitating the generation of lithio-dianions (2.31) 
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on both the benzyl position and the remote ortho positions (Scheme 2-8), but the reaction did not 

proceed as hypothesized. 

Scheme 2-8 Unsuccessful generation of lithio-dianion. 

 

2.1.5 Debenzylation Attempts 

Although useful in their purpose as a protecting group during the Suzuki-Miyaura cross coupling 

stage, the N-1 benzyl protecting group of 2.19 and 2.20 now becomes a hindrance for the subsequent 

DoM reactions step, therefore justifying for their removal. The cleavage of benzyl protecting groups may 

be accomplished via hydrogenolysis over a transition metal catalyst, such as palladium. One such 

example demonstrates the viability of this methodology for the enantioselective reduction of benzyl 

amines (Scheme 2-9).171 

Scheme 2-9 Enantioselective reduction of benzyl amines. 

 

Given the precedent reported in Scheme 2-9, this general reductive technique was attempted 

under a variety of conditions for molecules 2.19 & 2.20 albeit with little success (Table 2-1). In a majority 
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of cases, no conversion was observed and only starting materials were recovered. Acidic conditions 

appear to facilitate the process notwithstanding the low yield (entry 6). Eventual success was achieved 

by following literature precedent using potassium tert-butoxide in DMSO under oxygen172, which 

afforded the products 2.23 and 2.24 in very good yields (entries 8 & 12). 

Table 2-1 Optimization studies for N-1 debenzylation reactions of substituted indazoles. 

 

Entry Starting Materials Conditions Yield 

1 2.19 H2 (1 atm), Pt/C (10 mol %), EtOH, 24 h No conversion 

2 “ H2 (1 atm), Pt/C (10 mol %), 60°C, EtOH, 24 h “ 

3 “ H2 (1 atm), Pd/C (10 mol %), EtOH, 24 h “ 

4 “ H2 (1 atm), Pd/C (10 mol %), CH3COOH (0.1 equiv), EtOH “ 

5 “ NH4HCO2 (10 equiv), Pd/C (10 mol %), EtOH “ 

6 “ H2 (1 atm), Pd/C (10 mol %), Formic acid (0.1 equiv), MeOH 2.23 (3 %) 

7 “ KOtBu (3 equiv), O2, DMSO, 6 h 2.23 (21 %) 

8 2.19 KOtBu (6 equiv), O2, DMSO, 24 h 2.23 (90 %) 

9 2.20 H2 (1 atm), Pt/C (10 mol %), EtOH, 24 h No conversion 

10 “ H2 (1 atm), Pt/C (10 mol %), 60°C, EtOH, 24 h “ 

11 “ KOtBu (3 equiv), O2, DMSO, 8 h 2.24 (86 %) 

12 2.20 KOtBu (6 equiv), O2, DMSO, 24 h 2.24 (91 %) 
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2.1.6 DoM of N-H 3-Aryl Indazoles 

Successful removal of the benzyl protecting groups furnishes N-H substituted indazoles for 

subsequent experiments. The DoM reactions were attempted on both C-3 phenyl (2.23) and C-3 o-tolyl 

(2.24) N-H indazoles under 3 equivalents of s-BuLi and TMEDA combination for 1 h at -78 °C, and 

immediately subjected to electrophilic quench under an excess of TMSCl (4 equiv). We initially anticipate 

for the quantitative deprotonation of the N-H acidic proton upon base addition, and it was hoped that 

the excess of alkyl-lithiums will subsequently afford C-3 phenyl as well as C-3 o-tolyl depronations, and 

the site will be directed ortho to the indazole N-2 nitrogen. This hypothesis necessitates the formation 

of a lithio-dianion intermediate that will subsequently afford the desired products upon quench by the 

appropriate electrophiles. The initial attempts were unsuccessful with only starting materials recovered 

from the reaction mixture. Other bases such as t-BuLi and LiTMP were also utilized in an effort to affect 

ortho-lithiation but to no avail. 
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Table 2-2 Unsuccessful ortho lithiation of N-H unprotected 3-aryl indazoles. 

 

Entry Starting Materials Conditions 

1 2.23 & 2.24 

1) s-BuLi (3 equiv), TMEDA (3 equiv), - 78 °C, 1 h (inverse) 

2) TMSCl (4 equiv), - 78 °C – RT 

 

2 “ 

1) s-BuLi (5 equiv), TMEDA (5 equiv), - 78 °C, 1 h (inverse) 

2) TMSCl (10 equiv), - 78 °C – RT 

 

3 “ 
1) LiTMP (5 equiv), TMSCl (5 equiv), - 78 °C, 1 h (Martin) 

 

4 “ 

1) t-BuLi (5 equiv), TMEDA (5 equiv), - 78 °C, 1 h 

2) TMSCl (6 equiv), 1 h 

 

5 “ 

1) t-BuLi (5 equiv), TMEDA (5 equiv), - 78 °C, 1 h 

2) CO2 (excess), - 78 °C – RT 

 

6 “ 
1) t-BuLi (5 equiv), TMEDA (5 equiv), - 40 °C, 1 h 

2) d4-MeOH (6 equiv), - 40 °C - RT 
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2.1.7 DoM of N-1 Protected 3-Aryl Indazoles 

Due to unsuccessful results functionalizing N-H unprotected indazoles under DoM conditions, 

our attention turns to functionalizing the N-1 position of 3-aryl indazoles. The strategy aims to introduce 

alkyl-lithium inert protecting groups that would also permit for their facile removal under mild 

conditions. To that end, we functionalized molecule 2.23 with tert-butoyloxycarbonyl (Boc), and N,N-

diethylcarbamoyl groups and molecule 2.24 with Boc and triphenylmethyl (trityl) protecting groups 

(Scheme 2-10). 

Scheme 2-10 N-1 protection of 3-aryl indazoles. 

 

DoM reactions with this subset of molecules were attempted. Upon treatment with t-BuLi (1.5 

equiv) under cryogenic conditions (-78 °C, THF, 1 h) followed by quench with 2 equivalents of TMSCl, the 

Boc derivative 2.36 gave 25 % of 2.23 resulting from Boc cleavage, and the rest remained as starting 

material 2.36. Switching to the sterically encumbered base lithium 2,2,6,6-tetramethylpiperidine (LiTMP) 

eliminated this side reaction completely but metalation was not achieved as evidenced by recovery of 

starting material 2.36 (88 %). Similar results were observed with 2.37 (82 %) under identical reaction 

conditions. Detailed investigation of DoM reactions of the trityl derivative 2.39 was then undertaken and 

the results are reported Table 2-3. 
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Table 2-3 Unsuccessful Directed ortho Metalation of N-trityl 3-ortho-tolyl indazole. 

 

Entry Base & Ligand Temp (°C) E+ recovery of 2.39a 

1 n-BuLi (3 equiv), TMEDA (3 equiv) - 78 TMSCl (3 equiv) 89 % 

2 n-BuLi (4 equiv), TMEDA (4 equiv) 0 TMSCl (4 equiv) 86 % 

3 “ “ d4-MeOH (4 equiv) “ 

4 s-BuLi (3 equiv), TMEDA (3 equiv) -78 TMSCl (3 equiv) 83 % 

5 s-BuLi (4 equiv), TMEDA (4 equiv) 0 TMSCl (4 equiv) 89 % 

6 “ “ d4-MeOH (4 equiv) 91 % 

7 t-BuLi (3 equiv), TMEDA (3 equiv) - 78 TMSCl (3 equiv) 82 % 

8 t-BuLi (4 equiv), TMEDA (4 equiv) 0 TMSCl (4 equiv) 79 % 

9 “ “ d4-MeOH (4 equiv) 82 % 

10 LDA (3 equiv) - 78 TMSCl (3 equiv) 91 % 

11 LDA (4 equiv) 0 TMSCl (4 equiv) 90 % 

12 “ “ d4-MeOH (4 equiv) 92 % 

aYields of isolated products after column chromatography 

  

Positive results were obtained upon treatment of molecule 2.38 under DoM conditions (Table 

2-4). Using LiTMP as a base, we were able to regioselectively functionalize the C-7 position of indazoles 

with trimethylsilyl (TMS) using the corresponding trimethylsilyl chloride (TMSCl) as the electrophile. 

Entries 3 to 5 details the gradual improvement in isolated yield of product 2.41 as LiTMP was increased 
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from 3.0 to 4.0 equivalence. As detailed in 1.2.2 The DoM Reaction: Directed Metalation Groups 

(DMGs), N,N-diethylcarbamoyl group is an effective and potent DMG commonly utilized to direct ortho-

lithiation on a variety of substrates. Although compound 2.38 (Table 2-4) has two potential DoM sites, 

the C-2’ and C-7 for favorable 5-membered ring chelated intermediate formation, previous work on 

azaindoles173 and benzimidazoles174 provided precedent for C-7 metalation. The preliminary results 

require work in optimization and generalization to provide a valuable methodology for the difficult to 

obtain 7-substituted indazoles. 

Table 2-4 Directed ortho Metalation of N-diethylcarbamoyl 3-phenyl indazoles. 

 

Entry Base E+ Yieldsa 

1 t-BuLi (1.5 equiv) TMSCl (2.5 equiv) 2.23 (15%), 2.38 (61%) 

2 t-BuLi (3.0 equiv) TMSCl (5 equiv) 2.23 (29%), 2.38 (30%), 2.41 (10%) 

3 LiTMP (3.0 equiv, inverse) “ 2.38 (32%), 2.41 (57%) 

4 LiTMP (3.5 equiv, inverse) “ 2.38 (33 %), 2.41 (58 %) 

5 LiTMP (4.0 equiv) “ 2.38 (24 %), 2.41 (70 %) 

6 LiTMP (3.0 equiv, inverse) I2 (3.5 equiv) 2.38 (52 %), 2.42 (44 %) 

7 LiTMP (3.0 equiv, inverse) CO2 (excess) No conversion, 2.38 (79 %) 

aYields of isolated products after column chromatography 
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2.2 C-7 Functionalization of Substituted Indazoles 

2.2.1 Project Aims 

We were pleased by the relative efficiency and high regio-selectivity of C-7 activation of 

indazoles using DoM chemistry (Table 2-4). Given the difficulties in accessing this position through 

traditional methodologies, we aim to expand upon our preliminary results and further develop the DoM 

approach towards C-7 substituted indazoles which are of great interests to medicinal chemists. Our 

approach involves attempts to effect the directed ortho metalation (DoM) reactions on C-3 protected 

indazoles bearing N-directed metalation groups (DMG) to obtain the C-7 deprotonated species, which by 

quench reactions with various electrophiles would lead to 7-substituted 1H-indazoles, and thereby 

facilitate the development of a new general route to these derivatives. 

Scheme 2-11 C-7 Activation of substituted indazoles via DoM chemistry. 
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2.2.2 C-3 Protection of 1H-Indazole 

Previous results from the Snieckus lab reported that without C-3 protection, 1H-indazole 

undergoes deprotonation and subsequent ring opening to form di-substituted aryl derivatives 2.47, as 

shown in Scheme 2-12. 

Scheme 2-12 Base-mediated ring opening of unprotected indazoles. 

 

 Mechanistic studies probing the nature of metal-halogen exchange reactions have identified 

chloride as a suitable protecting group towards alkyl-lithium bases.175  Upon treatment with N-

chlorosuccinimide (NCS), we obtained 3-chloro-1H-indazole in good yield (Scheme 2-13). 

Scheme 2-13 Synthesis of 3-chloro-1H-indazole. 
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2.2.3 N-1 Functionalization of 3-chloro-1H-Indazole 

Base mediated deprotonation and nucleophilic addition of 3-chloro-1H-indazole to the 

electrophilic form of several directing groups affords N-1 substituted 3-chloro-1H-indazoles in good 

yields. 

Scheme 2-14 N-1 functionalization of 3-chloro-1H-indazole. 

 

2.2.4 Optimizing C-7 DoM Reaction Conditions 

Preliminary attempts to direct C-7 lithiation of 2.49 and 2.51 using n-BuLi and TMEDA 

combination was unsuccessful, presumably attributed to relative weak directing abilities of the N,N-

dimethylsulfonamide and tetrahydropyran (THP) groups. Encouragingly, 2.50 and 2.52 bearing N,N-

diethylsulfonamide and N,N-diethylcarboxamide directing groups enabled the selective activation of the 

C-7 position on indazole derivatives using DoM reactions. Condition optimizations were conducted using 

LiTMP as the base and upon generation of the C-7 lithiated species for 1 hour at -78 °C in THF, it is 

quenched using d4-MeOH as the electrophile, and effectively replacing the proton with deuterium for 

the purpose of determining reaction conversions (Table 2-5). 
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Table 2-5 Condition optimization studies on C-7 metalation of substituted indazoles. 

 

Entrya Starting Material X Deuteration (%)b 

1 2.50 2.0 66 

2 “ 2.0 73 

3 “ 2.0 63 

4 “ 3.0 65 

5 “ 3.0 79 

6 “ 5.0 80 

7 “ 5.0 78 

8 “ 8.0 79 

9 2.52 1.5 22 

10 “ 1.5 9 

11 “ 2.0 76 

12 “ 3.0 76 

13 “ 3.0 87 

14 “ 5.0 84 

15 “ 5.0 90 

16 “ 8.0 97 

aAll reactions were performed at 0.1M concentration of starting material 
excess (greater than 10 equivalence) of electrophiles 
bDeuteration was determined by 400 Mhz 1H NMR on the purified reaction mixture 
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While keeping the concentration of the starting materials 2.50 and 2.52 constant at 0.1 M, the 

trend from Table 2-5 suggests that the level of deuterium incorporation for compounds 2.53 and 2.54 

increases steadily as the equivalents of base increase. The observed increase of deuterium incorporation 

may be attributed to the increasing molarity of base in solution. Hence it may be possible to maintain 

the same percentage of deuteration with lower equivalents of base by reducing the overall volume of 

solution. We conducted additional reaction optimization experiments by substituting d4-MeOH with 

TMSCl as the electrophile instead, and the best result is highlighted in entry 6 (Table 2-6). 

Table 2-6 Condition optimization studies on C-7 silylation of substituted indazoles. 

 

Entrya X Yield (%)b 

1 1.5 2.52 (21 %); 2.55 (56 %) 

2 1.5 2.52 (49 %); 2.55 (45 %) 

3 2.0 2.52 (8 %); 2.55 (82 %) 

4 2.0 2.55 (90 %) 

5 2.0 2.55 (89 %) 

6 2.0 2.55 (92 %) 

7 2.5 2.55 (92 %) 

aAll reactions were performed at 0.1M concentration of starting material 
excess (greater than 10 equivalents) of electrophiles 
bIsolated yields of pure compounds 
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2.2.5 DoM of Substituted Indazoles 

We were satisfied with the optimized condition outlined in entry 6 of Table 2-6, and applied this 

to subsequent reactions with a variety of carbon and heteroatom based electrophiles to demonstrate 

the scope and applicability of this methodology. The halogen series in the form of chloro, bromo and 

iodo substituents were introduced at the C-7 position via hexachloroethane (C2Cl6), bromine (Br2) and 

iodine (I2) respectively. Carbon based electrophiles such as CO2 and MeI were also easily incorporated as 

their acid (COOH) and methyl derivatives. Phenyl disulfide (PhS)2 provide for an example of C-7 

incorporation of sulfur based electrophiles in good yield (2.69, 83%). When we introduced 

bis(pinacolato)diboron (B2pin2) to the reaction mixture, the expected organoboron compound was 

isolated  upon workup in modest yields (2.67, 26 %), in addition, we also isolated the N-1 

decarbamoylated 3-chloro 7-Bpin indazole as the major product (2.68, 41%), presumably the 

consequence of hydroxide mediated carboxamide cleavage during basic work-up. Upon C-7 metalation, 

the ensuing electrophilic quench using trimethylborate and hydrogen peroxide successfully incorporates 

hydroxyl group at the C-7 position (2.63). An interesting result was obtained by introducing the 

electrophilic diethylcarbamoyl chloride to the reaction mixture, which as a strong directing group for 

ortho lithiation, presumably enabled in the presence of excess base and electrophiles a series of 

successive quench-metalating cycles that gradually introduced the diethylcarbamoyl group around the 

indazole ring. The mono- (2.57), bis- (2.58), and tri- (2.59) substituted derivatives appear as a light 

yellow liquid and various attempts for their recrystallization were unsuccessful. 
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Figure 2-1 C-7 functionalization of substituted indazoles. 
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2.3 Hydroboration Approach Towards Indazole Based N,C-Chelating 

Organoboron Compounds 

2.3.1 Project Aims 

The Wang research group have disclosed a novel approach towards the synthesis of N,C-

chelating organoboron compounds via trans-hydroboration reaction of 9-BBN and internal alkynes 

(Scheme 2-15).176 

Scheme 2-15 trans-hydroboration of internal alkynes. 

 

 Hydroboration is one of the simplest methods for generating organoboron compounds.177 The 

mechanism for such reactions is generally accepted to occur via four-membered transition states 

between the borane and the alkyne. The geometry of the transition state during which B-H bond 

breakage and C-H/C-B bond formation occur simultaneously will lead to cis-addition products. The 

remarkable results in trans-stereoselectivity as shown by the Wang research group also proceeds within 

minutes to yield the final products at room temperature (Scheme 1-19). Such stereo-selectivity is not 

usually observed in the standard hydroboration reactions without the addition of a transition metal 

catalyst, for instance, Miyaura et al. reported the use of Ir or Rh catalysts for the trans-hydroboration of 

terminal alkynes.178 Furstner et al. reported a series of Ru catalysts for the trans-hydroboration of 

internal alkynes.179 Other groups had also discovered the utility of Ru and Co complexes as effective 

trans-hydroboration catalysts with good selectivity and high yields.180 



62 
 

We envisaged a similar structural motif based on the indazole heterocycle (2.73) instead of 

pyridine in the configuration of an internal alkyne, and to affect trans-hydroboration on this system in 

the manner as shown by Scheme 2-16. The goal of this project is to evaluable the robustness and utility 

of the trans-hydroboration reaction discovered by the Wang research group when it is extended to 

aromatic systems incorporating the indazole backbone, as well as expanding the library of related 

organoboron compounds. 

Scheme 2-16 trans-hydroboration of internal alkynes incorporating indazole-based systems. 

 

2.3.2 C-3 Functionalization of Indazoles via Sonogashira Cross Coupling Reactions 

We attempted the Sonogashira cross coupling reactions of N-1 protected 3-iodo-1H-indazoles by 

following a modified literature procedure.181 For compound 2.14, the best conditions were reported 

using tetrakis(triphenylphosphine)palladium(0) with copper(I) iodide as the catalyst/ligand system. 

Stirring for twelve hours at room temperature in triethylamine (TEA) affords 3-TMS acetylene coupled 

indazole in good yield (entry 3). However, we did not observe any conversion when phenyl-acetylene 

was substituted as the alkyne coupling partner (entry 4). The optimized condition was extended to 

compound 2.12 which affords 3-TMS acetylene (entry 7) and 3-phenyl acetylene coupled indazoles 

(entry 9). 
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Table 2-7 Sonogashira cross coupling reactions of substituted indazoles. 

 

Entry 
Starting 
material 

Catalyst Ligand/Additive Alkynes Temp Time Compoundsa 

1 2.14 PdCl2(PPh3)2  TMS-acetylene 50 °C 5 h 2.74 (25 %) 

2 “ Pd(OAc)2 PPh3, CuI “ 80 °C “ 2.74 (50 %) 

3 2.14 Pd(PPh3)4 CuI TMS-acetylene RT 12 h 2.74 (71 %) 

4 “ “ “ Ph-acetylene “ “ 2.14 recovery (76 %) 

5 2.12 “ “ TMS-acetylene “ 1 h 2.12 recovery (72 %) 

6 “ “ “ “ “ 3 h 2.12 recovery (73 %) 

7 2.12 Pd(PPh3)4 CuI TMS-acetylene 95 °C 12 h 2.75 (22 %) 

8 “ “ “ Ph-acetylene RT 3 h 2.76 (89 %) 

9 “ “ “ Ph-acetylene “ 12 h 2.76 (90 %) 

aYields of isolated products after column chromatography 

 

2.3.3 De-Silylation of 3-(TMS-Acetylene) Indazoles 

Successful de-silylation of compounds 2.74 and 2.75 was achieved with the treatment of 

potassium carbonate (K2CO3) in refluxing EtOH (Scheme 2-17). Under these conditions, compound 2.74 

also undergoes base-mediated decarboxylation, thus re-exposing the N-H acidic proton at the N-1 

position. 
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Scheme 2-17 Base-mediated de-silylation of substituted indazoles. 

 

As an extension, compound 2.78 was subjected to the optimized Sonogashira reaction condition 

with aryl halide coupling partners, which offers a powerful synthetic handle for further elaborations on 

the substituted indazole nucleus. 

Scheme 2-18 Sonogashira cross coupling reactions of indazoles. 

 

  



65 
 

2.3.4 Hydroboration Reactions 

With starting material 2.76 readily available, we attempted the hydroboration reactions under 

conditions optimized by the Wang research group (Table 2-8).176 The air and moisture sensitive 

properties of 9-borabicyclo[3.3.1]nonane (9-BBN) led to careful preparations prior to experimental 

work. Entry 1 details the first attempt at the hydroboration reaction by following procedural 

precedent.176 1H and 11B NMR experiments within 1 hour of reaction initiation show only the presence of 

starting materials, and subsequent examinations at later times using NMR spectroscopy did not suggest 

any conversion towards the desired product. Concerns regarding the relative permeability of standard 

NMR tubes to gases and moisture led to the adoption of standard round bottom flasks under an inert 

atmosphere of argon for ensuing experiments. Disappointingly, only starting materials were recovered 

with THF as the solvent under reflux (Entry 2). Similarly, we did not observe significant changes in 1H and 

11B NMR spectroscopy except for the decomposition of 9-BBN reagent when the reaction mixture was 

heated at 50 °C for 3 days in benzene (Entry 3). Switching from 9-BBN to B(Mes)2H did not facilitate the 

process. (Entries 3 & 4) 
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Table 2-8 Unsuccessful hydroboration reactions towards N,C-chelating organoboron compounds. 

 

Entry Conditionsa 

1 

 
9-BBN (1 equiv), C6D6, RT, 1 week 

2 

 
9-BBN (1 equiv), THF, reflux, 3 days 

3 

 
9-BBN (1 equiv), C6D6, 50 °C, 3 days 

4 

 
B(Mes)2H (1 equiv), C6D6, RT, 3 days 

5 

 
B(Mes)2H (1 equiv), C6D6, 80°C, 3 days 

aEntry 1: reaction within standard NMR tube; Entry 2: reaction within round bottom flask; Entries 3, 4, 5: reactions within J-young NMR tube; 

 

However, a new product (2.80) was obtained from heating the reaction mixture to reflux in 

benzene (Scheme 2-19). The cis-hydrogenated regio-isomer was established through the observed 12.5 

Hz coupling constant doublet in the 1H NMR spectra. The mass (311.15u, (M+H)+ ) and atomic 

composition (C22H19N2, (M+H)+ ) of the product by HRMS analysis provides further evidence in support. 

The product appears as light yellow oil and attempts to crystallize this compound in a variety of solvents 

were unsuccessful. 9-BBN was confirmed to be the reductant as control experiment under identical 

conditions except for its addition gave only the recovery of starting materials. 
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Scheme 2-19 cis-Hydrogenation of N-benzyl 3-phenylethynyl indazole. 
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2.4 Conclusion and Future Work 

Progress towards the synthesis of novel azaborine compounds have shown that DoM reactions 

may be of limited utility in the late stage borylation steps (Table 2-3). Given the difficulties experienced 

thus far in our efforts, alternative strategies are proposed to mitigate these problems. We may attempt 

radical bromination on compound 2.7,182 and if successful, magnesium-halogen exchange may be 

feasible under Knochel conditions to afford Grignard reagents 2.82 (Scheme 2-20).183 Alternatively, C-H 

activation may be explored as a potential pathway albeit few literature precedents exist to support 

indazole as a directing group for that purpose.184 

Scheme 2-20 Grignard reagents based on indazoles. 

 

If these efforts prove successful in accessing the ortho position of C-3 coupled aryl groups, we 

hope to achieve quantitative anion formation, a standard that may be characterized as having >95% 

deuterium incorporation. Upon treatment with electrophilic boron reagents such as B(Mes)2F, BCl3, BF3 

or B(Ph)2F, nucleophilic attack by the Grignard reagent 2.82 may afford the desired product 2.8, which 

may then proceed through the photoelimination pathway to generate indazole-based azaborines 2.9  

(Scheme 2-21). 
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Scheme 2-21 Synthesis of indazole-based azaborines using Grignard reagents. 

 

New indazole-based azaborines may involve the installation of electron withdrawing/donating 

groups and further extension of the pi-conjugated framework, an example of which can be seen in 

Figure 2-2. 

Figure 2-2 Theoretical azaborine molecule that incorporates indazole dimers. 

 

Directed ortho Metalation is indeed a powerful method for the regioselective functionalization 

of substituted aromatics and provides direct access to unusually substituted indazoles. 3-chloro-1H-

indazoles bearing N,N-diethylsulfamoyl or N,N-diethylcarbamoyl DMGs enabled C-7 functionalization 

using DoM chemistry, and successfully introduced deuterium >95% at this position. Optimized 

conditions settled on the use of LiTMP as the amine base during DoM reactions which enabled the 

synthesis for a variety of substrates incorporating carbon and heteroatom based electrophiles at the C-7 

position. 
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2.5 Experimental Section 

2.5.1 General Information 

All reactions were carried out under argon atmosphere using flame-dried glassware. Anhydrous 

solvent was obtained from an SPS Solvent Purification System. All compounds were purified by flash 

chromatography using silica gel 60 (40-63 μm, Silicycle) and gave spectroscopic data consistent with 

being ≥ 95% by 1H NMR. Analytical thin layer chromatography (TLC) was performed on pre-coated 0.2 

mm thick silica gel 60-F254 plates (Merck); visualized using UV light and by treatment with a KMnO4 dip, 

followed by heating. Melting points were obtained from a Büchi M560 melting point instrument. IR 

spectra were recorded on a Agilent Technologies Cary 630 FT-IR (ATR) spectrometer; wavenumbers (ν) 

are given in cm-1; Mass spectra were obtained through the Chemistry Department Mass Spectrometry 

Service, Queen’s University. 1H NMR and 13C NMR spectra were recorded on a Bruker Avance-400 

spectrometer operating at 400 MHz (1H NMR frequency, corresponding 13C frequencies are 100 MHz) in 

CDCl3 at ambient temperature; chemical shifts (δ) are given in ppm and calibrated using the signal of 

residual undeuterated solvent as internal reference. 1H NMR data are reported as follows: chemical shift 

(multiplicity, coupling constant, integration). Coupling constants (J) are reported in Hz and apparent 

splitting patterns are designated using the following abbreviations: s (singlet), d (doublet), t (triplet), q 

(quartet), m (multiplet), br (broad), app. (apparent) and the appropriate combinations. Unless otherwise 

indicated, reagents were obtained from commercial sources and were used without further purification. 

Solutions of nBuLi and tBuLi bases were purchased from Sigma-Aldrich and were titrated using N-

benzylbenzamide as indicator. Indazole, Pd(PPh3)4, Pd2dba3, and Pd(OAc)2 were purchased from Sigma-

Aldrich. 
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2.5.2 Representative Experimental Procedure for Suzuki-Miyaura Cross Coupling Reactions 

1-Benzyl-3-iodo-1H-indazole 2.12 (100 mg, 0.30 mmol, 1.0 equiv) was added to a mixture 

Pd(PPh3)4 (17 mg, 5 mol%), phenylboronic acid (37 mg, 0.31 mmol, 1.1 equiv) and NaHCO3 (70 mg, 0.83 

mmol, 3 equiv) in a flame-dried round bottom flask attached to a reflux condenser under an inert 

atmosphere. Degassed solvent mixture toluene/EtOH/H2O (20/1/4 mL) was added and the reaction 

mixture was stirred at reflux for ca. 72 hours. The reaction mixture was concentrated in vacuo and 

purified by flash column chromatography (silica gel, eluting with Et2O / hexane) to afford 1-benzyl-3-

phenyl-1H-indazole 2.19 (80 mg, 0.28 mmol, 94%) as a colourless solid. 

2.5.3 Spectra Data for Products of Suzuki-Miyaura Cross Coupling Reactions 

 

1-benzyl-3-phenyl-1H-indazole (2.19) 

Color and State: colourless solid (mp = 66 – 67 °C) 

Recrystallization solvent - Et2O : Hexanes (1 : 2) 

1H NMR (400 MHz, Acetone-d6) δ 7.98 – 7.87 (m, 3H), 7.49 – 7.42 (m, 1H), 7.35 (dd, J = 8.4, 7.0 Hz, 2H), 

7.26 – 7.19 (m, 2H), 7.18 – 7.10 (m, 4H), 7.09 – 7.02 (m, 2H), 5.54 (s, 2H). 

13C NMR (100 MHz, Acetone-d6) δ 144.25, 142.18, 138.50, 134.92, 129.67, 129.47, 128.64, 128.47, 

128.28, 128.06, 127.19, 122.71, 122.15, 122.03, 110.92, 53.33. 

IR (ATR) v 3051, 2939, 1604, 1492, 1297, 1150, 1111cm-1 

HRMS (EI [M]+) calcd for C20H16N2 284.1313, found 284.1317 
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1-benzyl-3-(o-tolyl)-1H-indazole (2.20) 

 

Color and State: colourless liquid 

1H NMR (400 MHz, Acetone-d6) δ 7.48 (m, 2H), 7.41 (m, 1H), 7.27 – 7.04 (m, 9H), 6.99 (m, 1H), 5.55 (s, 

2H), 2.26 (s, 3H). 

13C NMR (100 MHz, Acetone-d6) δ 145.21, 141.38, 138.66, 137.90, 133.54, 131.72, 131.15, 129.44, 

128.85, 128.43, 128.29, 127.11, 126.60, 124.21, 121.84, 121.73, 110.68, 53.27, 21.03. 

IR (ATR) v 3059, 2922, 2854, 1613, 1454, 1311, 1152, 1100, 697 cm-1 

HRMS (EI [M]+) calcd for C21H18N2 298.1470, found 298.1477 

 

 

 

1-benzyl-3-(2-bromophenyl)-1H-indazole (2.21) 

 

Color and State: colourless liquid 

1H NMR (400 MHz, CDCl3) δ 7.67 (dd, J = 8.0, 1.3 Hz, 1H), 7.60 (d, J = 8.2 Hz, 1H), 7.50 (dd, J = 7.6, 1.8 Hz, 

1H), 7.35 (t, J = 7.5, 1H), 7.31 – 7.16 (m, 8H), 7.09 (m, 1H), 5.61 (s, 2H). 

13C NMR (101 MHz, CDCl3) δ 144.26, 140.27, 136.85, 134.28, 133.36, 132.44, 129.80, 128.73, 127.74, 

127.29, 127.19, 126.46, 123.54, 123.05, 121.90, 120.83, 109.56, 53.19 

IR (ATR) v 3058, 1614, 1492, 1312, 1153, 723, 703 cm-1 

HRMS (EI [M]+) calcd for C20H15N2Br 362.0419, found 362.0422 
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3-chloro-N,N-diethyl-7-phenyl-1H-indazole-1-carboxamide (2.84) 

Color and State: grey solid (104 – 105 °C) 

Recrystallization solvent – EtOAc : Hexane (1 : 3) 

1H NMR (400 MHz, Acetone-d6) δ 7.59 (dd, J = 7.7, 1.4 Hz, 1H), 7.41 – 7.27 (m, 6H), 7.23 (m, 1H), 3.45 (q, 

J = 7.1 Hz, 2H), 3.06 (q, J = 7.1 Hz, 2H), 1.17 (t, J = 7.1 Hz, 3H), 0.81 (t, J = 7.1 Hz, 3H). 

13C NMR (101 MHz, Acetone-d6) δ 151.51, 140.97, 139.48, 137.88, 131.05, 129.46, 128.80, 128.58, 

128.37, 124.83, 124.33, 119.19, 43.94, 41.90, 14.14, 12.35 

IR (ATR) v 2981, 1696, 1460, 1432, 1159, 761, 700 cm-1 

HRMS (EI [M]+) calcd for C18H18ClN3O 327.1138, found 327.1141 

 

 

3-chloro-N,N-diethyl-7-(o-tolyl)-1H-indazole-1-carboxamide (2.85) 

Color and State: colourless solid (136 – 137 °C) 

Recrystallization solvent – EtOAc: Hexane (1 : 3) 

1H NMR (400 MHz, Acetone-d6) δ 7.61 (dd, J = 8.0, 1.2 Hz, 1H), 7.33 (dd, J = 8.1, 7.1 Hz, 1H), 7.25 (dd, J = 

7.1, 1.2 Hz, 1H), 7.18 – 7.10 (m, 2H), 7.07 (m, 1H), 7.00 (dd, J = 7.4, 1.5 Hz, 1H), 3.24 (q, J = 7.1 Hz, 2H), 

2.96 (dq, J = 6.8 Hz, 2H), 2.00 (s, 3H), 1.09 (t, J = 7.0 Hz, 4H), 0.64 (t, J = 7.1 Hz, 4H). 

13C NMR (100 MHz, Acetone-d6) δ 151.32, 141.34, 138.35, 137.32, 137.06, 131.44, 131.03, 130.00, 

128.71, 128.49, 126.33, 124.33, 123.79, 119.14, 43.99, 41.86, 20.33, 14.10, 12.17. 

IR (ATR) v 2994, 2984, 1702, 1432, 1260, 1217, 1068, 760 cm-1 

HRMS (EI [M]+) calcd for C19H20N3OCl 341.1295, found 341.1299 
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3-phenyl-1H-indazole (2.23) 

Color and State: colourless solid (108 – 109 °C) 

Recrystallization solvent – DCM slow evaporation 

1H NMR (400 MHz, Acetone-d6) δ 12.25 (s, 1H), 7.98 (d, J = 8.3 Hz, 1H), 7.93 (d, J = 7.0 Hz, 2H), 7.50 (d, J 

= 8.4 Hz, 1H), 7.39 (t, J = 7.7 Hz, 2H), 7.35 – 7.21 (m, 2H), 7.15 – 7.05 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 145.83, 141.69, 133.57, 128.92, 128.18, 127.67, 126.83, 121.40, 121.17, 

121.02, 110.12 

IR (ATR) v 3148, 2985, 1343, 1101, 775, 738, 694 cm-1 

HRMS (EI [M]+) calcd for C13H10N2 194.0844, found 194.0842 

 

3-(o-tolyl)-1H-indazole (2.24) 

Color and State: colourless solid (120 - 122 °C) 

Recrystallization solvent – DCM slow evaporation 

1H NMR (400 MHz, CDCl3) δ 10.16 (s, 1H), 7.60 (d, J = 8.1 Hz, 1H), 7.54 – 7.39 (m, 2H), 7.36 (dd, J = 6.9, 

1.2 Hz, 1H), 7.29 (dd, J = 4.1, 1.9 Hz, 3H), 7.12 (ddd, J = 7.9, 6.8, 0.9 Hz, 1H), 2.34 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 140.92, 137.48, 132.35, 130.81, 130.64, 129.05, 128.38, 128.24, 126.72, 

125.81, 122.36, 121.14, 109.97, 20.51 

IR (ATR) v 3146, 2925, 1338, 1093, 905, 724 cm-1 

HRMS (EI [M]+) calcd for C14H12N2 208.1000, found 208.1004 
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2.5.4 Representative Experimental Procedure for DoM reactions of N-benzyl 3-Aryl 

Indazoles 

1-Benzyl-3-phenyl-1H-indazole 2.19 (100 mg, 0.35 mmol, 1 equiv) was dissolved in anhydrous 

tetrahydrofuran (1.5 mL) in a flame-dried round bottom flask under an inert atmosphere. The solution 

was cooled down to – 78 °C before LDA (0.35 mL, 2.0 M, 2 equiv) was added to it drop wise via syringe 

pump (1.0 mL / min). The reaction mixture was stirred at – 78 °C for ca. 1 hour, and then TMSCl (0.16 

mL, 1.24 mmol, 3.5 equiv) was added via drop wise addition into the flask at – 78 °C, ensuring T < – 72 

°C. The reaction mixture was then allowed to warm up to room temperature, and subsequently 

quenched with water. The reaction mixture was extracted into EtOAc (3 × 10 mL), washed with water (2 

× 10 mL) and brine (1 × 10 mL). The combined organic layers were dried with MgSO4, filtered and 

concentrated in vacuo. The crude product was purified by flash column chromatography (silica gel, 

eluting with Et2O / hexane) to afford 3-phenyl-1-(phenyl(trimethylsilyl)methyl)-1H-indazole 2.28 (105 

mg, 0.29 mmol, 84%) as a colourless solid. 

2.5.5 Spectra Data for Products of DoM reactions of N-benzyl 3-Aryl Indazoles 

 

3-phenyl-1-(phenyl(trimethylsilyl)methyl)-1H-indazole (2.28) 

Color and State: colourless solid (mp = 153 – 154 °C) 

Recrystallization solvent – DCM slow evaporation 

1H NMR (400 MHz, CDCl3) δ 7.98 (m, 3H), 7.43 (dd, J = 8.4, 7.0 Hz, 2H), 7.34 – 7.25 (m, 1H), 7.19 – 7.01 

(m, 6H), 7.00 – 6.94 (m, 2H), 5.05 (s, 1H), 0.17 (s, 9H). 

13C NMR (100 MHz, CDCl3) δ 143.74, 143.35, 142.16, 136.07, 130.44, 129.98, 129.18, 128.83, 127.83, 

127.75, 127.42, 123.55, 122.83, 122.66, 111.95, 58.88, 0.00 

IR (ATR) v 3055, 2850, 1600, 1486, 1243, 1060, 841, 746 cm-1 

HRMS (EI [M]+) calcd for C23H24N2Si 356.1709, found 356.1702 
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1-(phenyl(trimethylsilyl)methyl)-3-(o-tolyl)-1H-indazole (2.29) 

 

Color and State: light yellow liquid 

1H NMR (400 MHz, CDCl3) δ 7.61 (dt, J = 8.1, 1.0 Hz, 1H), 7.58 – 7.52 (m, 1H), 7.33 – 7.28 (m, 1H), 7.27 – 

7.21 (m, 2H), 7.16 – 7.09 (m, 4H), 7.06 – 6.95 (m, 4H), 5.07 (s, 1H), 2.48 (s, 3H), 0.12 (s, 9H). 

13C NMR (101 MHz, CDCl3) δ 145.01, 142.80, 142.52, 139.02, 134.71, 132.77, 132.38, 130.12, 129.55, 

128.03, 127.89, 127.57, 127.48, 125.18, 123.03, 122.41, 111.73, 58.88, 23.16, 0.00 

IR (ATR) v 3061, 2924, 2899, 1611, 1452, 1338, 1224, 1096, 846, 775 cm-1 

HRMS (EI [M]+) calcd for C24H26N2Si 370.1865, found 370.1870 

2.5.6 Representative Experimental Procedure for the N-1 Functionalization of Indazoles 

3-Chloro indazole 2.16 (152.58 mg, 1.0 mmol, 1.0 equiv) was dissolved in the minimum amount 

of anhydrous acetonitrile in a flame-dried round bottom flask under an inert atmosphere. Potassium 

carbonate (276 mg, 2.0 mmol, 2.0 equiv) was then added in one portion, and the reaction mixture was 

allowed to stir at 50 °C for ca. 24 hours. The reaction mixture was then quenched with an aqueous 

solution of saturated ammonium chloride and extracted with EtOAc (3 x 10 mL). The combined organic 

layer was washed with water (2 × 10 mL), brine (1 × 10 mL) and dried with MgSO4, filtered and 

concentrated in vacuo to afford the crude product. The crude product was purified by flash column 

chromatography (silica gel, eluting with Et2O / hexane) to afford 3-chloro-N,N-diethyl-1H-indazole-1-

carboxamide 2.52 (229.05 mg, 0.92 mmol, 92%) as a yellow liquid. 
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2.5.7 Spectra Data for Products of N-1 Functionalization of Indazoles 

 

3-chloro-N,N-diethyl-1H-indazole-1-carboxamide (2.52) 

 

Color and State: Light yellow liquid  

1H NMR (400 MHz, CDCl3) δ 8.03 (d, J = 8.6 Hz, 1H), 7.61 (d, J = 8.1, 1H), 7.45 (m, 1H), 7.25 (m, 1H), 3.54 

(q, J = 7.0 Hz, 4H), 1.26 (t, 3JH-H = 7.0 Hz, 6H). 

13C NMR (100 MHz, CDCl3) δ 152.0, 141.9, 137.6, 129.3, 123.5, 122.4, 119.3, 115.0, 43.4, 13.4 

IR (ATR) v 2943, 2939, 1680, 1431, 1339, 1275, 1209, 1066 cm-1 

HRMS (EI [M]+) calcd for C12H14N3OCl 251.0825, found 251.0829 

 

 

3-chloro-N,N-diethyl-1H-indazole-1-sulfonamide (2.50) 

 

Color and State: Light yellow oil 

1H NMR (400 MHz, CDCl3) δ 7.98 (d, J = 8.6 Hz, 1H), 7.62 (d, J = 8.1 Hz, 1H), 7.50 (m, 1H), 7.30 (t, J = 7.6 

Hz, 1H), 3.39 (q, J = 7.2 Hz, 4H), 1.08 (t, J = 7.2 Hz, 6H). 

13C NMR (100 MHz, CDCl3) δ 141.7, 139.9, 130.0, 124.0, 122.4, 119.8, 113.5, 43.8, 13.7 

IR (ATR) v 2977, 2939, 1392, 1345, 1110, 950, 562 cm-1. 
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3-chloro-N,N-diethyl-1H-indazole-1-sulfonamide (2.49) 

Color and State: colourless solid (mp = 99 - 100 °C) 

Recrystallization solvent – Et2O : Hexane (1 : 1) 

1H NMR (300 MHz, CDCl3) δ 8.03 (d, J = 8.5 Hz, 1H), 7.70 (d, J = 8.0 Hz, 1H), 7.58 (t, J = 7.7 Hz, 1H), 7.38 (t, 

J = 7.5 Hz, 1H), 3.00 (s, 6H). 

13C NMR (100 MHz, CDCl3) δ 142.18, 140.46, 130.11, 124.13, 122.23, 119.90, 113.40, 38.94. 

IR (ATR) v 2946, 1611, 1463, 1290, 1241, 1176, 1104, 978 cm-1 

HRMS (EI [M]+) calcd for C9H10N3O2ClS 259.0182, found 259.0185 

 

 

3-chloro-1-(tetrahydro-2H-pyran-2-yl)-1H-indazole (2.51) 

Color and State: colourless solid (mp = 70 – 71 °C) 

Recrystallization solvent - Et2O : Hexane (1 : 1) 

1H NMR (400 MHz, CDCl3) δ 7.60 (dd, J = 8.1, 1.1 Hz, 1H), 7.50 (m, 1H), 7.37 (dd, J = 8.3, 6.9, 1H), 7.16 

(dd, J = 7.9, 6.9 Hz, 1H), 5.60 (dd, J = 9.2, 2.8 Hz, 1H), 3.95 (m, 1H), 3.66 (m, 1H), 2.48 (m, 1H), 2.08 (m, 

1H), 1.99 (m, 1H), 1.76 – 1.51 (m, 3H). 

13C NMR (100 MHz, CDCl3) δ 140.79, 134.26, 127.75, 121.89, 119.77, 110.45, 85.35, 67.41, 29.29, 25.04, 

22.44 

IR (ATR) v 2963, 2944, 1412, 1212, 1076, 909, 747 cm-1 

HRMS (EI [M]+) calcd for C12H13N2OCl 236.0716, found 236.0722 
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N,N-diethyl-3-iodo-1H-indazole-1-carboxamide (2.15) 

 

Color and State: colourless liquid 

1H NMR (400 MHz, CDCl3) δ 7.98 (d, J = 8.5 Hz, 1H), 7.44 (m, 1H), 7.39 (m, 1H), 7.23 (m, 1H), 3.52 (q, J = 

7.0 Hz, 4H), 1.24 (t, J = 7.1 Hz, 6H). 

13C NMR (100 MHz, CDCl3) δ 151.95, 140.96, 129.15, 129.12, 123.51, 121.31, 114.56, 98.34, 43.52, 13.39. 

IR (ATR) v 2969, 2933, 1455, 1326, 1274, 1051, 853 cm-1 

HRMS (EI [M]+) calcd for C12H14N3OI 343.0182, found 343.0189 

 

 

tert-butyl 3-iodo-1H-indazole-1-carboxylate (2.14) 

Color and State: colourless solid (mp = 117 – 118 °C) 

Recrystallization solvent – EtOH : H2O (20 : 1) 

1H NMR (400 MHz, CDCl3) δ 8.12 (d, J = 8.5 Hz, 1H), 7.59 (t, J = 7.8 Hz, 1H), 7.51 (d, J = 8.1 Hz, 1H), 7.42 – 

7.33 (m, 1H), 1.72 (s, 9H); 

13C NMR (101 MHz, CDCl3) δ 148.36, 139.61, 130.19, 129.96, 124.18, 121.99, 114.56, 102.91, 85.51, 

28.14. 

IR (ATR) v 2985, 2975, 1724, 1377, 1234, 1143, 1047, 740 cm-1, 

HRMS (EI [M]+) calcd for C12H13N2O2I 344.0022, found 344.0025 
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3-iodo-1-tosyl-1H-indazole (2.13) 

Color and State: colourless solid (mp = 142 – 143 °C) 

Recrystallization solvent – Acetone slow evaporation 

1H NMR (400 MHz, CDCl3) δ 8.19 (dd, J = 8.5, 0.9 Hz, 1H), 7.96 – 7.84 (m, 2H), 7.64 (t, J = 8.4, 1H), 7.51 – 

7.46 (m, 1H), 7.40 (m, 1H), 7.32 – 7.23 (m, 2H), 2.39 (s, 3H). 

13C NMR (100 MHz, CDCl3) δ 145.69, 140.18, 134.27, 130.29, 130.21, 129.96, 127.70, 124.71, 122.23, 

113.18, 104.20, 21.68 

IR (ATR) v 2919, 1383, 1187, 1123, 685, 657, 572, 533 cm-1 

HRMS (ESI [M+H]+) calcd for C14H12O2N2IS 398.9659, found 398.9660 

 

 

 1-benzyl-3-iodo-1H-indazole (2.12) 

Color and State: yellow solid (mp = 56 – 57 °C) 

Recrystallization solvent – DCM slow evaporation 

1H NMR (400 MHz, CDCl3) δ 7.48 – 7.37 (m, 1H), 7.33 (d, J = 1.1 Hz, 1H), 7.26 – 7.09 (m, 7H), 5.54 (s, 2H). 

13C NMR (100 MHz, CDCl3) δ 140.18, 136.37, 128.79, 128.72, 127.95, 127.56, 127.22, 121.71, 121.48, 

109.51, 91.58, 53.61 

IR (ATR) vmax 3028, 2921, 1455, 1318, 1246, 1166, 742, 725, 694 cm-1 

HRMS (EI [M]+) calcd for C14H11N2I 333.9967, found 333.9961 
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tert-butyl 3-phenyl-1H-indazole-1-carboxylate (2.36) 

Color and State: light yellow solid (mp = 98 – 99 °C) 

Recrystallization solvent – EtOAc : Hexane (1 : 1) 

1H NMR (400 MHz, CDCl3) δ 8.24 (d, J = 8.3 Hz, 1H), 8.02 (m, 3H), 7.65 – 7.48 (m, 4H), 7.40 (t, J = 8.3, 1H), 1.78 (s, 

9H). 

13C NMR (100 MHz, CDCl3) δ 149.83, 149.43, 141.06, 132.04, 129.28, 128.80, 128.75, 128.33, 124.28, 

123.86, 121.46, 114.92, 84.82, 28.24 

IR (ATR) v 2985, 1726, 1340, 1250, 1053, 851, 749, 699 cm-1 

HRMS (EI [M]+) calcd for C18H18N2O2 294.1368, found 294.1371 

 

 

tert-butyl 3-(o-tolyl)-1H-indazole-1-carboxylate (2.37) 

Color and State: colourless solid (mp = 132 – 133 °C) 

Recrystallization solvent – EtOAc : Hexane (1 : 1) 

1H NMR (400 MHz, Acetone-d6) δ 8.14 (dd, J = 8.5, 0.9 Hz, 1H), 7.57 – 7.47 (m, 2H), 7.42 (d, J = 7.2 Hz, 

1H), 7.35 – 7.22 (m, 4H), 2.26 (s, 3H), 1.59 (s, 9H). 

IR (ATR) v 2981, 2930, 1737, 1383, 1249, 1151, 760, 743 cm-1 

HRMS (EI [M]+) calcd for C19H20N2O2 308.1525, found 308.1520 
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3-(o-tolyl)-1-trityl-1H-indazole (2.39) 

Color and State: colourless solid (mp = 164 – 165 °C) 

Recrystallization solvent – Et2O : Pentane (1 : 1) 

1H NMR (400 MHz, CDCl3) δ 7.76 (d, J = 8.0 Hz, 1H), 7.68 – 7.63 (m, 1H), 7.31 (m, 18H), 7.10 (t, J = 8.0 Hz, 

1H), 7.03 (m, 1H), 6.52 (d, J = 8.5, 1H), 2.36 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 143.63, 142.94, 141.90, 137.53, 132.36, 131.03, 130.28, 130.22, 127.74, 

127.50, 127.21, 125.51, 125.22, 124.60, 121.12, 120.73, 114.13, 78.57, 21.18. 

IR (ATR) v 3062, 3021, 1606, 1484, 1155, 867, 724, 697 cm-1 

HRMS (EI [M]+) calcd for C33H26N2 450.2096, found 450.2092 

 

 

N,N-diethyl-3-phenyl-1H-indazole-1-carboxamide (2.38) 

Color and State: Yellow solid (mp = 91.2 – 93.1 °C) 

Recrystallization solvent – Et2O : Pentane (1 : 1) 

1H NMR (400 MHz, CDCl3) δ 8.11 (d, J = 8.4 Hz, 1H), 8.02 – 7.85 (m, 3H), 7.55 – 7.33 (m, 4H), 7.26 (t, J = 

8.0, 1H), 3.60 (q, J = 6.9 Hz, 4H), 1.32 (t, J = 7.0 Hz, 6H). 

13C NMR (101 MHz, CDCl3) δ 153.01, 146.77, 142.42, 132.74, 128.89, 128.84, 128.02, 127.88, 123.23, 

122.98, 120.89, 114.89, 43.48, 13.54. 

IR (ATR) v 2974, 2961, 1672, 1415, 1335, 1215, 1054, 854, 754, 695 cm-1 

HRMS (EI [M]+) calcd for C18H19N3O 293.1528, found 293.1525 
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2.5.8 Representative Experimental Procedure for C-3 Sonogashira Coupling Reactions 

1-Benzyl-3-iodo-1H-indazole 2.12 (100 mg, 0.30 mmol, 1.0 equiv) was added to a mixture 

Pd(PPh3)4 (17 mg, 5 mol%), copper iodide (6 mg ,10 mol%) and phenylacetylene (0.05 mL, 0.45 mmol, 

1.5 equiv) in a flame-dried round bottom flask under an inert atmosphere. Degassed TEA (25 mL) was 

added and the reaction mixture was stirred at room temperature for ca. 12 hours. The reaction mixture 

was concentrated in vacuo and purified by flash column chromatography (silica gel, eluting with Et2O / 

hexane) to afford 1-benzyl-3-(phenylethynyl)-1H-indazole 2.76 (83.26 mg, 0.27 mmol, 90%) as a yellow 

solid. 

2.5.9 Spectra Data for Products of C-3 Sonogashira Coupling Reactions 

 

1-benzyl-3-(phenylethynyl)-1H-indazole (2.76) 

Color and State: yellow solid (91 – 93 °C) 

Recrystallization solvent - Et2O : Hexane (1 : 1) 

1H NMR (400 MHz, Acetone-d6) δ 7.91 (d, J = 8.1 Hz, 1H), 7.77 – 7.64 (m, 3H), 7.47 (dd, J = 5.0, 2.4 Hz, 

4H), 7.43 – 7.16 (m, 6H), 5.74 (s, 2H). 

13C NMR (100 MHz, Acetone-d6) δ 140.75, 138.00, 132.43, 129.71, 129.57, 129.53, 128.87, 128.65, 

128.42, 127.89, 126.68, 123.67, 122.65, 121.05, 111.16, 93.55, 82.01, 53.69 

IR (ATR) v 3058, 3029, 1340, 1254, 1175, 1094, 747, 688 cm-1 

HRMS (EI [M]+) calcd for C22H16N2 308.1313, found 308.1310 
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tert-butyl 3-((trimethylsilyl)ethynyl)-1H-indazole-1-carboxylate (2.74) 

Color and State: colourless solid (96 – 97 °C) 

Recrystallization solvent – Et2O : Hexane (1 : 1) 

1H NMR (400 MHz, CDCl3) δ 8.02 (d, J = 8.5 Hz, 1H), 7.63 (d, J = 8.0 Hz, 1H), 7.38 (t, J = 8.5, 1H), 7.20 (t, J = 

8.0, 1H), 1.56 (s, 9H), 0.15 (s, 9H). 

13C NMR (100 MHz, CDCl3) δ 149.06, 140.11, 135.07, 129.62, 127.19, 124.36, 121.00, 115.03, 102.48, 

94.77, 85.64, 28.42, 0.00. 

IR (ATR) v 2966, 2166, 1736, 1487, 1383, 1367, 1245, 1153, 839, 743 cm-1 

HRMS (EI [M]+) calcd for C17H22N2O2Si 314.1451, found 314.1459 

 

 

3-(phenylethynyl)-1H-indazole (2.86) 

Color and State: yellow solid (mp = 167 – 168 °C) 

Recrystallization solvent – Et2O : Hexane (1 : 1) 

1H NMR (400 MHz, Acetone-d6) δ 12.48 (s, 1H), 7.76 (d, J = 8.1 Hz, 1H), 7.58 – 7.46 (m, 3H), 7.37 – 7.23 

(m, 4H), 7.13 (m, 1H). 

13C NMR (101 MHz, Acetone-d6) δ 141.45, 132.44, 129.85, 129.66, 129.57, 127.81, 125.59, 123.75, 

122.47, 120.69, 111.53, 93.13, 82.39 

IR (ATR) v 3121, 2945, 2906, 2870, 1338, 1253, 1071, 910 cm-1 

HRMS (EI [M]+) calcd for C15H10N2 218.0844, found 218.0840 
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1-benzyl-3-(pyridin-2-ylethynyl)-1H-indazole (2.79) 

 

Color and State: colorless liquid 

1H NMR (400 MHz, Acetone-d6) δ 8.51 (m, 1H), 7.80 – 7.67 (m, 2H), 7.58 (m, 2H), 7.32 (m, 1H), 7.25 (m,  

1H), 7.22 – 7.11 (m, 6H), 5.60 (s, 2H). 

13C NMR (100 MHz, Acetone-d6) δ 151.18, 143.95, 140.76, 137.85, 137.29, 129.55, 128.70, 128.45, 

128.22, 128.16, 128.00, 126.85, 124.22, 122.94, 120.97, 111.30, 93.39, 81.17, 53.84. 

IR (ATR) v 3057, 3032, 2215, 1580, 1340, 1259, 1178, 697 cm-1 

HRMS (EI [M]+) calcd for C21H15N3 309.1266, found 309.1261 

 

2.5.10 Representative Experimental Procedure for De-silylation Reactions 

Tert-butyl 3-((trimethylsilyl)ethynyl)-1H-indazole-1-carboxylate 2.74 (100 mg, 0.32 mmol, 1.0 

equiv) was dissolved in ethanol (25 mL) in a round bottom flask attached to a reflux condenser. K2CO3 

(110 mg, 0.80 mmol, 2.5 equiv) was added in one portion and the resulting mixture was stirred at reflux 

for 12 hours. The reaction mixture was diluted with EtOAc (25 mL). The organic layer was washed with 

H2O (2 × 10 mL), brine (1 × 10 mL), dried over MgSO4, filtered and concentrated in vacuo to afford the 

crude product. The crude product was purified by flash column chromatography (silica gel, eluting with 

Et2O / hexane) to afford 3-ethynyl-1H-indazole 2.77 (15 mg, 0.11 mmol, 34%) as a grey solid. 

 

 

  



86 
 

2.5.11 Spectra Data for Products of De-silylation Reactions 

 

3-ethynyl-1H-indazole carboxamide (2.77) 

Color and State: grey solid (mp = 132 – 133 °C) 

Recrystallization solvent – Et2O : Hexane (1 : 1) 

1H NMR (400 MHz, CDCl3) δ 11.68 (s, 1H), 7.85 (d, J = 8.2 Hz, 1H), 7.64 (d, J = 8.3 Hz, 1H), 7.46 (q, J = 8.0, 

5.9 Hz, 1H), 7.27 (t, J = 7.5 Hz, 1H), 3.45 (s, 1H). 

13C NMR (100 MHz, CDCl3) δ 140.22, 128.93, 127.51, 124.77, 122.00, 120.30, 110.51, 81.40, 75.47 

IR (ATR) v 3298, 3153, 2903, 2761, 1624, 1476, 1077, 739 cm-1 

HRMS (EI [M]+) calcd for C9H6N2 142.0531, found 142.0534 

 

 

1-benzyl-3-ethynyl-1H-indazole (2.78) 

 

Color and State: colourless liquid 

1H NMR (400 MHz, Acetone-d6) δ 7.74 (dd, J = 8.1, 1.0 Hz, 1H), 7.66 (m, 1H), 7.41 (m, 1H), 7.35 – 7.19 (m, 

6H), 5.67 (s, 2H), 3.98 (s, 1H). 

13C NMR (100 MHz, Acetone-d6) δ 140.60, 137.91, 129.50, 128.63, 128.37, 128.13, 127.85, 126.74, 

122.69, 120.76, 111.18, 82.94, 76.33, 53.65 

IR (ATR) v 3283, 3060, 1614, 1491, 1341, 1314, 1101, 743, 698 cm-1 

HRMS (EI [M]+) calcd for C16H12N2 232.1000, found 232.1005 
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2.5.12 Representative Experimental Procedure for Hydroboration Reactions 

1-Benzyl-3-(phenylethnyl)-1H-indazole 2.76 (100 mg, 0.32 mmol, 1.0 equiv) was dissolved in 

anhydrous deuterobenzene (10 mL) in a flame-dried round bottom flask attached to an oven dried reflux 

condenser under an inert atmosphere. In a separate flame-dried flask under an inert atmosphere was 

dissolved 9-borabicyclo[3.3.1]nonane (39.05 mg, 0.32 mmol, 1 equiv) in anhydrous deuterobenzene (0.5 

mL), which was added drop wise to the flask containing 1-benzyl-3-(phenylethnyl)-1H-indazole 2.76 via 

syringe pump (1.0 mL / min). Following the addition of the 9-borabicyclo[3.3.1]nonane, the reaction 

mixture was stirred at reflux for 72 hours. The reaction mixture was then concentrated in vacuo and 

purified by flash column chromatography (silica gel, eluting with Et2O / hexane) to afford (Z)-1-benzyl-3-

styryl-1H-indazole 2.80 (26 mg, 0.08 mmol, 26%) as a light yellow liquid. 

 

2.5.13 Spectra Data for Products of Hydroboration Reactions 

 

(Z)-1-benzyl-3-styryl-1H-indazole (2.80) 

 

Color and State: Light yellow liquid 

1H NMR (600 MHz, CDCl3) δ 7.68 – 7.59 (m, 2H), 7.31 (d, J = 8.2 Hz, 1H), 7.07 (m, 11H), 6.89 (t, J = 7.5 Hz, 

1H), 6.80 (d, J = 12.5 Hz, 1H), 5.22 (s, 2H). 

13C NMR (100 MHz, Acetone-d6) δ 142.06, 141.18, 138.48, 138.31, 132.83, 130.28, 129.42, 128.77, 

128.45, 128.34, 127.04, 123.98, 121.79, 121.34, 120.51, 110.51, 71.27, 53.25. 

IR (ATR) v 3057, 3029, 1612, 1452, 1355, 1253, 1182, 695 cm-1 

HRMS (ESI [M+H]+) calcd for C22H19N2 311.15428, found 311.15405 
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2.5.14 Representative Experimental Procedure for C-7 DoM 

2,2,6,6-Tetramethylpiperidine (0.17 mL, 1.0 mmol, 2.5 equiv) was dissolved in anhydrous 

tetrahydrofuran (2.0 mL) in a flame-dried round bottom flask under an inert atmosphere. This mixture 

was cooled to 0 °C before drop wise addition of n-butyl lithium (0.4 mL, 1.0 mmol, 2.5 equiv, 2.5 M in 

hexane). This reaction mixture was allowed to stir at 0 °C for ca. 20 minutes before it was cooled down 

to – 78 °C. In a separate flame-dried flask under an inert atmosphere was dissolved 3-chloro-N,N-

diethyl-1H-indazole-1-carboxamide 2.52 (0.10 g, 0.40 mmol, 1.0 equiv) in anhydrous tetrahydrofuran 

(1.0 mL), before it was added dropwise to the flask containing lithium 2,2,6,6-tetramethylpiperidin-1-ide 

via syringe pump (1.0 mL / min).  Following the addition of 2.52, the reaction mixture was stirred at –78 

°C for 1 hour. In a separate flame-dried flask under an inert atmosphere was dissolved 

hexachloroethane (0.47 g, 2.0 mmol, 5.0 equiv) in tetrahydrofuran (0.3 mL), before it was added via 

drop wise addition to the flask at – 78 °C, ensuring T < – 72 °C. The reaction mixture was then allowed to 

stir at this temperature for 1 hour, and subsequently warmed-up to room temperature before being 

quenched with water. The reaction mixture was extracted into EtOAc (3 × 10 mL), washed with water (2 

× 10 mL) and brine (1 × 10 mL). The combined organic layers were dried with MgSO4, filtered and 

concentrated in vacuo. The crude product was purified by flash column chromatography (silica gel, 

eluting with Et2O / hexane) to afford 3,7-dichloro-N,N-diethyl-1H-indazole-1-carboxamide 2.60 (0.81 g, 

0.28 mmol, 71%) as a colourless solid.  

  



89 
 

2.5.15 Spectra Data for Products of C-7 DoM 

 

3,7-dichloro-N,N-diethyl-1H-indazole-1-carboxamide (2.60) 

Color and State: Colourless solid (mp = 80 – 81 °C) 

Recrystallization solvent – Et2O : Hexane (1 : 1) 

1H NMR (400 MHz, CDCl3) δ 7.52 (d, J = 8.2 Hz, 1H), 7.42 (d, J = 7.6 Hz, 1H), 7.16 (t, J = 7.9 Hz, 1H), 3.52 (q, J = 7.1 

Hz, 2H), 3.38 (q, J = 7.2 Hz, 2H), 1.27 (t, J = 7.1 Hz, 3H), 1.15 (t, J = 7.2 Hz, 3H). 

13C NMR (100 MHz, CDCl3) δ 150.75, 138.67, 137.76, 129.63, 124.57, 123.98, 118.52, 118.03, 43.83, 

42.29, 13.96, 12.40 

IR (ATR) v 2979, 1697, 1425, 1365, 1265, 1214, 1161, 1086, 857 cm-1 

HRMS (EI [M]+) calcd for C12H13N3OCl2 285.0436, found 285.0433 

 

 

7-deutero-3-chloro-N,N-diethyl-1H-indazole-1-carboxamide (2.54) 

 

Color and State: Light yellow liquid  

1H NMR (400 MHz, CDCl3) δ 7.60 (d, J = 8.1, 1H), 7.46 (d, J = 7.1 Hz, 1H), 7.25 (d, J = 8.1, 7.1 Hz, 1H), 3.65 

(q, J = 7.1 Hz, 4H), 1.25 (t, J = 7.1 Hz, 6H). 

13C NMR (100 MHz, CDCl3) δ 151.1, 140.9, 136.6, 128.2, 122.5, 121.4, 118.3, 113.7, 42.4, 12.4 

IR (ATR) v 2976, 2925, 1677, 1424, 1340, 1251, 1142, 745 cm-1 

HRMS (EI [M]+) calcd for C12H13DClN3O 252.0888, found 252.0882 
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7-(trimethylsilyl)-3-chloro-N,N-diethyl-1H-indazole-1-carboxamide (2.55) 

Color and State: Colourless solid (mp = 69 – 70 °C)  

Recrystallization solvent – Et2O : Hexane (1 : 1) 

1H NMR (300 MHz, CDCl3) δ 7.80 (d, J = 6.9 Hz, 1H), 7.70 (d, J = 7.9 Hz, 1H), 7.35 (t, J = 7.9 Hz, 6.9 Hz, 1H), 

3.67 (m, 4H), 1.4.0 (m, 6H), 0.43 (s, 9H) 

13C NMR (100 MHz, CDCl3) δ 153.2, 146.4, 138.6, 137.2, 126.4, 123.2, 122.6, 120.6, 43.7, 41.8, 13.7, 12.8, 

0.4 

IR (ATR) v 2944, 1701, 1440, 1249, 1153, 1067, 823, 753 cm-1 

HRMS (EI [M]+) calcd for C15H22ClN3OSi 323.1221, found 323.1213 

 

 

3-chloro-N1,N1,N7,N7-tetraethyl-1H-indazole-1-dicarboxamide (2.57) 

 

Color and State: light yellow oil 

1H NMR (400 MHz, CDCl3) δ 7.63 (dd, J = 8.0, 1.1 Hz, 1H), 7.32 (dd, J = 7.2, 1.1 Hz, 1H), 7.22 (t, J = 7.6 Hz, 

1H), 3.47 (q, J = 7.5, 7.1 Hz, 6H), 3.35 (q, J = 7.2 Hz, 2H), 1.23 (m, 9H), 1.13 (t, J = 7.1 Hz, 3H). 

13C NMR (100 MHz, CDCl3) δ 168.10, 151.74, 138.47, 137.24, 126.36, 123.68, 123.17, 122.54, 120.52, 

43.35, 39.05, 13.84, 12.49 

IR (ATR) v 2971, 2935, 1695, 1630, 1428, 1265, 1129 cm-1 

HRMS (EI [M]+) calcd for C17H23N4O2Cl 350.1510, found 350.1506 
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3-chloro-N1,N1,N6,N6,N7,N7-hexaethyl-1H-indazole-1-tricarboxamide (2.58) 

 

Color and State: light yellow oil 

1H NMR (400 MHz, CDCl3) δ 7.74 (d, J = 8.3 Hz, 1H), 7.23 (d, J = 8.3 Hz, 1H), 3.80 (m, 1H), 3.60 – 3.16 (m, 

10H), 3.01 (m, 1H), 1.31 (t, J = 7.1 Hz, 6H), 1.27 – 1.16 (m, 9H), 0.97 (t, J = 7.1 Hz, 3H). 

13C NMR (100 MHz, CDCl3) δ 168.51, 165.95, 151.32, 137.70, 136.92, 134.54, 123.00, 121.75, 120.47, 

119.56, 44.24, 43.16, 39.15, 38.68, 13.87, 12.95, 12.77, 12.72 

IR (ATR) v 2971, 2875, 1700, 1631, 1429, 1380, 1217, 1132, 1087 cm-1 

HRMS (ESI [M+H]+) calcd for C22H33O3N5Cl 450.22664, found 450.22665 

 

 

3-chloro-N1,N1,N5,N5,N6,N6,N7,N7-octaethyl-1H-indazole-1,5,6,7-

tetracarboxamide (2.59) 

 

Color and State: light yellow oil 

1H NMR (400 MHz, CDCl3) δ 7.53 (s, 1H), 3.50 – 3.10 (m, 16H), 1.21-0.97 (m, 24H). 

13C NMR (100 MHz, CDCl3) δ 168.58, 166.57, 165.30, 151.20, 137.53, 136.99, 132.31, 131.40, 122.15, 

119.75, 117.33, 44.38, 44.01, 43.60, 39.42, 38.82, 38.54, 13.89, 13.01, 12.78, 12.68, 12.53 

IR (ATR) v 2972, 1703, 1634, 1432, 1380, 1269, 1216, 1068 cm-1 

HRMS (EI [M]+) calcd for C27H41N6O4Cl 548.2878, found 548.2889 
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 7-bromo-3-chloro-N,N-diethyl-1H-indazole-1-carboxamide (2.61) 

Color and State: Colourless solid (mp = 68 - 69 °C) 

Recrystallization solvent – Et2O : Hexane (1 : 1) 

1H NMR (400 MHz, CDCl3) δ 7.60 (m, 2H), 7.10 (t, J = 7.8 Hz, 1H), 3.53 (q, J = 7.1 Hz, 2H), 3.40 (q, J = 7.1 

Hz, 2H), 1.29 (t, J = 7.1 Hz, 3H), 1.18 (t, J = 7.2 Hz, 3H). 

13C NMR (100 MHz, CDCl3) δ 150.58, 140.13, 137.70, 133.00, 124.46, 124.24, 119.14, 105.09, 43.84, 

42.29, 13.98, 12.39 

IR (ATR) v 3006, 2954, 1697, 1492, 1432, 1262, 1082, 787, 597 cm-1 

HRMS (EI [M]+) calcd for C12H13N3OClBr 328.9931, found 328.9932 

 

 

 7-iodo-3-chloro-N,N-diethyl-1H-indazole-1-carboxamide (2.62) 

Color and State: Colourless solid (mp = 76.2 - 77 °C) 

Recrystallization solvent – Et2O : Hexane (1 : 1) 

1H NMR (400 MHz, CDCl3) δ 7.90 (d, J = 7.4 Hz, 1H), 7.63 (d, J = 8.0 Hz, 1H), 6.99 (t, J = 7.7 Hz, 1H), 3.55 

(q, J = 7.2 Hz, 2H), 3.47 (q, J = 7.2 Hz, 2H), 1.34 (t, J = 7.1 Hz, 3H), 1.24 (t, J = 7.1 Hz, 3H); 

13C NMR (100 MHz, CDCl3) δ 150.15, 143.26, 140.12, 137.66, 124.60, 123.88, 119.99, 75.22, 43.86, 42.26, 

14.15, 12.56 

IR (ATR) v 2971, 1694, 1443, 1381, 1341, 1312, 782, 732 cm-1 

HRMS (EI [M]+) calcd for C12H13IN3OCl 376.9792, found 376.9789 
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 7-hydroxyl-3-chloro-N,N-diethyl-1H-indazole-1-carboxamide (2.63) 

Color and State: Colourless solid (mp = 42 - 43 °C) 

Recrystallization solvent – chloroform slow evaporation 

1H NMR (400 MHz, CDCl3) δ 10.21 (s, 1H), 7.25 – 7.17 (m, 1H), 7.11 (dd, J = 7.8, 1.1 Hz, 1H), 7.01 (dd, J = 

7.8, 1.1 Hz, 1H), 3.59 (q, J = 7.1 Hz, 4H), 1.30 (t, J = 7.1 Hz, 6H). 

13C NMR (100 MHz, CDCl3) δ 153.67, 143.70, 139.69, 132.05, 126.01, 124.98, 116.38, 110.25, 44.64, 

13.11 

IR (ATR) v 3058, 2875, 1648, 1514, 1440, 1316, 1269, 915, 850 cm-1 

HRMS (EI [M]+) calcd for C12H14N3O2Cl 267.0775, found 267.0769 

 

 

3-chloro-1-(diethylcarbamoyl)-1H-indazole-7-carboxylic acid (2.64) 

Color and State: Colourless solid (mp = 165-166 °C) 

Recrystallization solvent – Et2O : Hexane (1 : 1) 

1H NMR (400 MHz, CDCl3) δ 9.06 (s, 1H), 8.16 (dd, J = 7.4, 1.1 Hz, 1H), 7.95 (dd, J = 8.0, 1.1 Hz, 1H), 7.53 – 

7.36 (m, 1H), 3.70 (q, J = 7.1 Hz, 2H), 3.59 (q, J = 7.1 Hz, 2H), 1.37 (t, J = 7.2 Hz, 6H). 

13C NMR (100 MHz, CDCl3) δ 169.72, 152.38, 139.68, 138.46, 131.93, 125.12, 124.53, 122.93, 117.10, 

43.73, 41.97, 13.52, 12.52 

IR (ATR) v 2968, 2590, 1683, 1592, 1427, 1267, 890, 753 cm-1 

HRMS (EI [M]+) calcd for C13H14N3O3Cl 295.0724, found 295.0719 
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 7-methyl-3-chloro-N,N-diethyl-1H-indazole-1-carboxamide (2.65) 

 

Color and State: Light yellow liquid 

1H NMR (400 MHz, CDCl3) δ 7.43 (m, 1H), 7.19 (m, 1H), 7.13 (m, 1H), 3.46 (q, J = 5.7 Hz, 4H), 2.40 (s, 3H), 

1.35 - 1.05 (m, 6H) 

13C NMR (100 MHz, CDCl3) δ 152.0, 141.0, 137.7, 130.7, 128.7, 123.5, 123.3, 117.3, 43.8, 42.3, 19.0, 14.1, 

12.6 

IR (ATR) v 2972, 2875, 1691, 1461, 1333, 1313, 1272, 1257 cm-1 

HRMS (EI [M]+) calcd for C13H16N3OCl 265.0982, found 265.0973 

 

 

7-Bpin-3-chloro-N,N-diethyl-1H-indazole-1-carboxamide (2.67) 

Color and State: Grey solid (mp = 135 – 136 °C) 

Recrystallization solvent – Et2O : Hexane (1 : 1) 

1H NMR (400 MHz, CDCl3) δ 7.71 (dd, J = 6.9, 1.1 Hz, 1H), 7.64 (dd, J = 8.1, 1.1 Hz, 1H), 7.24 (dd, J = 8.1, 6.9 Hz, 1H), 

3.62 (s, 4H), 1.32 (s, 12H), 1.23 (t, J = 7.1 Hz, 6H). 

13C NMR (100 MHz, CDCl3) δ 152.77, 144.57, 138.28, 135.35, 135.13, 123.09, 121.99, 121.37, 84.45, 

84.02, 25.14, 24.99 

IR (ATR) v 2927, 2849, 1684, 1592, 1315, 1300, 1264, 1127, 753 cm-1 

HRMS (ESI [M+H]+) calcd for C18H26O3N3BCl 378.1750, found 378.1749 
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7-Bpin-3-chloro-N,N-diethyl-1H-indazole-1-carboxamide (2.68) 

Color and State: Grey solid (mp = 130-132 °C) 

Recrystallization solvent – Et2O : Hexane (1 : 1) 

1H NMR (400 MHz, CDCl3) δ 10.54 (s, 1H), 7.79 (d, J = 6.9, 1H), 7.75 – 7.71 (m, 1H), 7.16 (dd, J = 8.2, 6.9 

Hz, 1H), 1.32 (s, 12H). 

13C NMR (100 MHz, CDCl3) δ 145.54, 135.35, 134.86, 122.93, 121.29, 119.47, 84.45, 29.70, 24.99 

IR (ATR) v 3337, 2928, 1595, 1430, 1369, 1211, 845, 702 cm-1 

HRMS (EI [M]+) calcd for C13H16BClN2O2 278.0993, found 278.0988 

 

 

7-(phenylthio)-3-chloro-N,N-diethyl-1H-indazole-1-carboxamide (2.69) 

Color and State: Colourless solid (mp = 86 - 87 °C) 

Recrystallization solvent – Et2O : Hexane (1 : 1) 

1H NMR (400 MHz, CDCl3) δ 7.48 (d, J = 8.1, 1H), 7.25 (d, J = 7.5, 1H), 7.20 – 7.08 (m, 6H), 3.44 (q, J = 7.1 

Hz, 2H), 3.28 (q, J = 7.1 Hz, 2H), 1.21 (t, J = 7.1 Hz, 3H), 1.11 (t, J = 7.1 Hz, 3H). 

13C NMR (100 MHz, CDCl3) δ 151.71, 141.21, 137.92, 135.23, 133.14, 131.23, 129.34, 127.50, 124.04, 

123.65, 121.26, 118.86, 43.85, 42.21, 13.94, 12.50 

IR (ATR) v 2982, 2870, 1708, 1581, 1431, 1340, 1260, 1213, 1154, 690 cm-1 

HRMS (EI [M]+) calcd for C18H18N3OSCl 359.0859, found 359.0850 
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7-deutero-3-chloro-N,N-diethyl-1H-indazole-1-sulfonamide (2.53) 

 

Color and State: colourless liquid 

1H NMR (400 MHz, CDCl3) δ 7.62 (dd, J = 8.1, 1.1 Hz, 1H), 7.50 (dd, J = 7.1 Hz, 1H), 7.30 (dd, J = 8.1, 7.1 

Hz, 1H), 3.39 (q, J = 7.19 Hz, 4H), 1.06 (t, J = 7.19 Hz, 6H). 

13C NMR (100 MHz, CDCl3) δ 141.7, 140.0, 130.0, 124.0, 122.4, 120.0, 113, 43.8, 13.7 

IR (ATR) v 2980, 1383, 1210, 1023, 962, 719, 567 cm-1 

HRMS (EI [M]+) calcd for C11H13DClN3O2S 288.0558, found 288.0549 

 

 

7-(trimethylsilyl)-3-chloro-N,N-diethyl-1H-indazole-1-sulfonamide (2.66) 

Color and State: Grey solid (mp = 68.5 – 70 °C) 

Recrystallization solvent – Et2O : Hexane (1 : 1) 

1H NMR (400 MHz, CDCl3) δ 7.78 (dd, J = 7.2, 1.2 Hz, 1H), 7.60 (dd, J = 7.9, 1.2 Hz, 1H), 7.30 (dd, J = 7.9, 

7.2 Hz, 1H), 3.22 (q, J = 7.2 Hz, 4H), 0.97 (t, J = 7.2 Hz, 6H), 0.38 (s, 9H). 

13C NMR (100 MHz, CDCl3) δ 146.3, 141.1, 137.1, 126.5, 122.3, 121.5, 118.9, 42.3, 12.0, 0.0 

IR (ATR) v 2977, 2920, 1384, 1339, 1220, 1177, 1098, 856, 723 cm-1 

HRMS (EI [M]+) calcd for C14H22N3O2SClSi 359.0891, found 359.0877 
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7-(trimethylsilyl)-N,N-diethyl-3-phenyl-1H-indazole-1-carboxamide (2.41) 

Color and State: colourless solid (mp = 105 – 106 °C) 

Recrystallization solvent – Et2O : Hexane (1 : 1) 

1H NMR (400 MHz, CDCl3) δ 7.91 (dd, J = 8.0, 1.2 Hz, 1H), 7.87 – 7.81 (m, 2H), 7.66 (dd, J = 7.0, 1.2 Hz, 

1H), 7.45 (m, 2H), 7.42 – 7.36 (m, 1H), 7.24 (dd, J = 8.0, 7.0 Hz, 1H), 3.62 (m, 4H), 1.34 (m, 6H), 0.34 (s, 

9H). 

IR (ATR) v 2973, 1679, 1433, 1377, 1261, 1153, 825, 746 cm-1 

HRMS (EI [M]+) calcd for C21H27N3OSi 365.1923, found 365.1919 

 

 

7-iodo-N,N-diethyl-3-phenyl-1H-indazole-1-carboxamide (2.42) 

Color and State: colourless solid (mp = 75 – 76 °C) 

Recrystallization solvent – Et2O : Hexane (1 : 1) 

1H NMR (400 MHz, Acetone-d6) δ 8.04 – 7.95 (m, 1H), 7.91 – 7.82 (m, 3H), 7.51 – 7.39 (m, 2H), 7.38 – 

7.31 (m, 1H), 6.99 (dd, J = 8.1, 7.4 Hz, 1H), 3.46 (dq, J = 30.2, 7.1 Hz, 4H), 1.22 (dt, J = 28.3, 7.1 Hz, 6H). 

13C NMR (100 MHz, Acetone-d6) δ 151.72, 147.79, 144.36, 139.83, 133.18, 129.88, 129.85, 128.66, 

125.29, 124.89, 122.37, 75.86, 44.40, 42.62, 14.59, 12.86. 

IR (ATR) v 2969, 2870, 1695, 1430, 1375, 1261, 1100, 854, 696 cm-1 

HRMS (EI [M]+) calcd for C18H18IN3O 419.0495, found 419.0490 
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Appendix 
 

The Benzylic methyl group can be readily activated under radical halogenation conditions, and 

we subjected compound 2.39 to n-bromosuccinimide (NBS) in chlorinated solvents under refluxing 

conditions and the results are reported in table 1, free radical initiators such as azobisisobutyronitrile 

(AIBN) and benzoyl peroxide were also introduced in several experiments for the purpose of optimizing 

reaction conversions. The best result was obtained by treatment with two equivalents of NBS in 

refluxing carbon tetrachloride and the desired product 3.1 was isolated in 70 % yield (entry 6). 

Table 1 Radical halogenation reactions of compound 2.39. 

 

Entry Conditions Compound yields(%)a 

1 NBS (1 equiv), AIBN (01. Equiv), CHCl3, reflux, 24 h 2.39 recovery (67%) 

2 NBS (1 equiv), (PhCO2)2, (0.1 equiv) CCl4, reflux, 24 h 3.1 (60%) 

3 NBS (1.1 equiv), CCl4, reflux, 24 h 3.1 (20%) 

4 NBS (1.1 equiv), AIBN (0.1 equiv), CCl4, RT, 24 h 3.1 (15%) 

5 NBS (2 equiv), CCl4, reflux, 4 h 3.1 (55%) 

6 NBS (2 equiv), CCl4, reflux, 4 h 3.1 (70%) 

aYields of isolated products after column chromatography 

 

The classical Grignard reaction was attempted using freshly prepared magnesium turnings with 

catalytic amounts of iodine sublimed onto metal surfaces, and in the presence of compound 3.1 it was 

hoped that the Grignard reagent can be generated in refluxing diethyl ether (Table 2) Subsequent 
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experiments also explored knochel-grignard exchange reactions using isopropylmagnesium chloride (i-

PrMgCl) and isopropylmagnesium bromide (i-PrMgBr) to affect magnesium-halogen exchange at the 

benzylic position of compound 3.1. However, all of these attempts were unsuccessful in generating the 

desired Grignard reagent as no further reactions occurred when reactive electrophiles were added into 

the reaction mixture (Table 2). 

Table 2 Unsuccessful attempts in the generation of Grignard reagents. 

 

Entry Conditions 

1 

1) Mg turnings (2 equiv, crushed), I2(catalytic) 

2) SM, Et2O, reflux (5 min) – RT (10 min) 

3) Benzaldehyde (5 equiv) 

 

2 

1) Mg turnings (2 equiv, crushed), I2(catalytic) 

2) SM, Et2O, reflux (30 min) 

3) Benzaldehyde (5 equiv) 

 

3 

1) iPrMgBr (1 equiv), Et2O, 2 h, RT 

2) Benzaldehyde (2 equiv) 

 

4 
1) iPrMgCl (2 equiv), Et2O, 2 h, RT 

2) Benzaldehyde (2 equiv) 

 

 

Knochel and colleagues have discovered that the lithium salt additives of i-PrMgCl or i-PrMgBr in 

the forms of i-PrMgCl·LiCl and i-PrMgBr·LiBr can lead to an increase in the rate and overall efficiency of 

magnesium-halogen exchange reactions with excellent functional group tolerance under mild reaction 
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conditions. The improvements have lead to the use of the term “turbo Grignard reagents” in describing 

these compounds. We subjected compound 3.1 to six equivalents of i-PrMgCl·LiCl in diethyl ether at 

room temperature for one hour, and subsequently quenched the reaction mixture with deuterated 

methanol to afford a crude product mixture that was difficult to purify.  

Scheme 1 Grignard reaction of compound 3.1. 

 

We were unable to obtain a satisfactory 1H NMR spectra of the product after purification to 

offer evidence in support of compound 3.3, however, the electron impact MS analysis of the product 

mixture suggests the presence of a compound whose molecular mass was found to be that of a deuterio 

substituted for a single hydrogen atom in the molecule (Figure 1) , which would be expected if the 

Grignard reagent 3.2 was successfully generated from compound 3.1 before reacting with d4 MeOH to 

afford the final product 3.3. 
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Figure 1 EI-MS analysis of compound 3.3. 

 


