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Abstract

The chemistry of heteroatom-substituted isocyanates is less explored compared to their carbon-
substituted counterparts due to their inherent instability and propensity to oligomerize even at low
temperatures. This instability together with their amphoteric character have limited their applications.
However, the N-N-C=0 and O-N-C=0 structural motifs found in these isocyanates are prevalent in
pharmaceuticals and agrochemicals. Therefore, harnessing the chemistry of N- and O- substituted
isocyanates could open new pathways for the synthesis of these motifs. The development of blocking
group chemistry for these isocyanates, which would control their concentration and reduce homocoupling
side reactions, is a promising strategy to circumvent these limitations and to broaden the synthetic
applications of heteroatom-substituted isocyanates.

The research presented in this thesis centers around the stoichiometric addition of organometallic
reagents, particularly Grignard reagents, to heteroatom-substituted isocyanates to provide access to
hydroxamates and hydrazides via C-C bond forming reaction with masked O-isocyanates and N-
isocyanates, respectively. It is demonstrated that Grignard reagents can effectively generate free O- and
N- isocyanates in situ from blocked precursors, enabling high-yielding addition reactions, provided that
diorganomagnesium reagents are used. The investigation explores the formation of a relatively stable
five-membered chelate as a key aspect in the addition of Grignard reagents to masked heteroatom-
substituted isocyanates. This chelate controls the release of the reactive isocyanate, hence mitigating
uncontrolled reactivity including oligomerization of isocyanates and/or rearrangement. Heating at reflux
in THF is required to overcome the stability of the chelate formed upon deprotonation. Precise adjustment
of the nature and coordination environment of the isocyanate/metal complex controls the release of the
reactive isocyanate in situ, minimizing side reactions and enhancing the desired activity.

The study of nitrogen-substituted isocyanate precursors with sp? nitrogen atoms (imino-isocyanates)
unveiled unexpected reactivity with the masked sp? N-isocyanate precursors bearing a-hydrogens. This
new reactivity was the intramolecular cyclization to form five-membered pyrazolone derivatives. These
unexpected outcomes supported the two previously developed concepts, by highlighting the importance
of fine-tuning the equilibrium between the blocked and free heteroatom-substituted isocyanates by
manipulating the stability of the five-membered complex, and the necessity to control the concentration
of the free isocyanate to mitigate oligomerization and allow the desired reactivity to occur. Additionally,
these outcomes underscored that the five-membered chelate possibly allowed the coordination of a 2™
equivalent of Grignard to the nitrogen atom, presumably, facilitating the deprotonation of the a-proton

via a six-membered transition state (i.e., a directed metalation event). This is followed by generating the



free isocyanate intermediate and the subsequent intramolecular nucleophilic attack on the electrophilic

N-isocyanate which enabled accessing cyclic five-membered pyrazolones from hydrazone precursors.
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This reactivity was also explored using intramolecular variants of masked heteroatom-substituted
isocyanates as potential precursors for the purpose of the synthesis of heterocyclic compounds. The
productive reaction sequence involved deprotonation of the masked isocyanate to form a relatively stable
chelate, followed by formation of organometallic reagent and cyclization onto the heteroatom-isocyanate
intermediates. Preliminary findings demonstrated their ability to undergo intramolecular cyclization
reactions to form heterocyclic compounds by C-C bond formation. This was confirmed by the successful
formation of a six-membered heterocyclic benzoxazinone product. It was hypothesized that the formation
of the relatively stable five-membered chelate made this approach feasible. Indeed, the Turbo Grignard
reagent enables halogen-metal exchange under mild conditions to form the desired organomagnesium
intermediate, which can then cyclize once in situ release of the free reactive isocyanate species is induced
by heating the reaction conditions.

Overall, this work provides new approaches to conduct C-C bond forming reactions with masked N- and
O-isocyanate reagents, both inter and intramolecularly. These reactions facilitate the synthesis of various
N-N-C=0 and O-N-C=0 motifs, including protected hydroxamic acid derivatives, hydrazides, pyrazolones

and other heterocyclic compounds.
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Chapter 1 Introduction
1.1 Organometallic Reagents with Isocyanates

1.1.1 Isocyanates: Their Synthesis and Reactivity
First identified by Wurtz in 1849, isocyanates are a class of highly reactive heterocumulenes. Their

potential to polymerize and create polyurethanes was not discovered until 1947 by Bayer,? which ignited
a wave of research interest in these substances. Isocyanates have since become a fundamental organic
component with a wide range of industrial uses, including but not limited to coatings, paints, and
adhesives.® Diisocyanates, including methylene diphenyl diisocyanate (MDI) and toluene diisocyanate
(TDI), are used in the polyurethane industry, particularly in foam production. Aliphatic diisocyanates like
hexamethylene diisocyanates (HDI) are typically employed in polymer coatings. Methyl isocyanate (MIC)
is frequently used in the production of pesticides and polymers (Figure 1.1).* The pivotal role of
isocyanates in the synthesis of amides, urea, carbamate, and heterocyclic compounds underscores their
importance in the manufacture of fine chemicals, such as those used in agrochemical and pharmaceutical
development.®

Figure 1.1. Structures of common isocyanates.
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Isocyanates are predominantly synthesized via the phosgene process, which remains the cornerstone of
industrial isocyanate production together with non-phosgene synthetic routes. The phosgene method
encompasses both liquid and gas phase approaches, determined by the reaction conditions and the phase
of the organic amine (Scheme 1.1, a). The liquid phase phosgene method facilitates isocyanate production
under mild conditions, including room temperature, but it requires longer reaction times, includes higher
solvent usage, and generates significant byproducts.®’ Conversely, the gas phase phosgene process
involves vaporizing amine compounds at elevated temperatures (200-600 °C) and reacting them directly
with gaseous phosgene to produce isocyanate. Initially used for aliphatic isocyanate production, this
method has been adapted for aromatic isocyanates through reactor improvements.® Its advantages
include short reaction residence times (less than 1 minute), fewer byproducts and high space-time yields.
Preliminary pilot tests indicate that this process can reduce solvent consumption by 80% and energy
consumption by 60%.”° Currently, the phosgene process is the most critical technological approach for

industrial organic isocyanate production, offering benefits such as a well-established process, high yields,



rapid reactions, and cost-effectiveness. However, the inherent toxicity of phosgene and the corrosive
nature of hydrogen chloride byproduct present significant safety hazards and their use and production
during the synthetic process contradicts the principles of green chemistry and intrinsic safety.
Consequently, the development of non-phosgene synthetic routes for isocyanate production is emerging
as a promising area for future advancements in the field.” These non-phosgene methods include reductive
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carbonylation of nitro compounds, oxidative carbonylation of primary amines,*® dimethyl carbonate

approach,* and urea method (Scheme 1.1, b).»

Scheme 1.1. Synthetic approaches of isocyanates.

a) Phosgene approach

b) Non-phosgene approaches
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Isocyanates are highly reactive electrophiles. The high reactivity of these compounds towards different
nucleophiles can be justified considering their allenic nature together with the major resonance
contributor (Figure 1.2). The highly electronegative oxygen and nitrogen surrounding the carbon leads to
a highly polarized heterocumulene where most of the electron density shifted toward the heteroatoms,

leaving a carbon atom with a significant partial positive charge.®



Figure 1.2. Major resonance contributors of isocyanates.
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The reactivity of various protic nucleophiles toward isocyanates to generate carbamates, ureas, etc., is
the most common application of isocyanates, which has been extensively researched.®> However, due to
their affordability and widespread availability in the market, isocyanates have garnered attention as
potential building blocks for amide synthesis, which involves the addition of various carbon-based
nucleophiles. Several methodologies have been reported describing stoichiometric carbon centered
nucleophilic addition to isocyanates, including the amide bond formation reaction of isocyanates with

carboxylic acids,”*® C-C bond forming electrophilic aromatic substitution with isocyanates,*® and C-C bond

formation through radical addition to isocyanates.?

1.1.2  Stoichiometric Organometallic Addition to Isocyanates
The process of introducing various stoichiometric organometallic reagents to isocyanates, leading to the

synthesis of amide products, has its roots in the early 1900s.2? Despite its potential, this synthetic
technique has not been widely adopted due to limited substrate compatibility and the need for more
optimal reaction conditions. Intermittent reports of this chemical reactivity can be found in scientific
literature throughout the 20" century, with a marked increase in the 21° century. The scope of these
studies encompasses the use of diverse organometallics, including organolithium, organomagnesium,
organozinc, organoaluminium, organoboron, and organocuprates.??* The recent advancements in the
stoichiometric organometallic addition to isocyanates have resulted in their employment as powerful
alternative amide bond syntheses.3* The mechanism of stoichiometric addition of Grignard reagents to
isocyanates was described by Gilman et al. in 1924.% Shortly after, the Gillman group also described a
titration method for organomagnesium reagents using the reaction of Grignard reagents with
isocyanates.?? In 2012, a C-C bond forming addition of Grignard reagents to isocyanates to access sterically
hindered/electronically deactivated amides was disclosed by Bode and coworkers.* These amides are
typically difficult to access via standard condensation methods. The addition of equimolar amounts of
Grignard reagent to isocyanates was facile at room temperature, and the reaction tolerated various
conditions and functional groups on both reaction partners (Scheme 1.2, a). In the same year, through
their attempts to develop a more selective coupling to synthesize isoquinolones, Ready and coworkers
reported a one-pot, four-component coupling method that involved the addition of Grignard reagents to
the isocyanate, resulting in an amide anion.?® This amide anion then guides an ortho metalation event,

which is later utilized for additional modifications to access isoquinolones (Scheme 1.2, b).



Scheme 1.2. Synthesis of sterically hindered amides from Grignard addition to isocyanates (Bode et al.). b)
Four component one-pot synthesis of isoquinolones (Ready et al.).
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Pace and his team have made significant advancements in the field of organometallic reagents reacting
with isocyanates and isothiocyanates.3* They were the first to document the addition of lithium
carbenoids to isocyanates, which give access to a-halogenated and dihalogenated amides (Scheme 1.3,
a).3”38 The use of Barbier-type conditions was particularly noteworthy, where LiTMP was used to
selectively form lithium carbenoids from dihalomethane precursors, bypassing the direct addition to the
isocyanate. The use of the lithium amide such as LDA or less hindered amide bases resulted in the
unwanted formation of urea side product in large quantities.

Building on Bode’s work, Pace then developed a facile method to produce various thioamides by reacting
isothiocyanates with different organolithium reagents (Scheme 1.3, a).3® Remarkably, their approach
demonstrated the formation of enantioenriched products through the use chiral lithiated species with
sparteine and s-Buli, but they have not applied this to isocyanate substrates. Aggarwal and coworkers,
however, have reported a stereoretentive process by adding chiral a-heteroatom (O or S) organolithium
reagents to various electrophiles including isocyanates (Scheme 1.3, b).*° In 2016, Pace reported a
chemoselective reduction of isocyanates to the desired formamide using the Schwartz reagent,** to
tolerate various sensitive function groups (ester, nitro, nitrile, alkene) and effectively avoiding

overreduction (Scheme 1.3, a).



Scheme 1.3. a) Pace et al. contributions to the addition of organometallic reagents onto isocyanates and
isothiocyanates. b) Aggarwal et al. stereoretentive addition of chiral organolithium reagents to
isocyanates.
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Flow chemistry has been employed to broaden the application of organometallic addition to isocyanates.
There are a few examples involving Grignard reagents. Inspired by Bode’s work, Kerr and coworkers have
unveiled a high-yielding, atom-efficient, functional group tolerant, and scalable amide synthesis through
isocyanate/Grignard addition performed by flow chemistry.*? The application of flow chemistry and the
use of sub-stoichiometric quantities of CuBr, have further enhanced this process, enabling it to
accommodate a broad range of substrates (Scheme 1.4). Attempted additions to non-sterically hindered
isocyanates were unsuccessful due to fast oligomerization, resulting in the formation of undesired
acylurea side products. However, the use of flow chemistry effectively reduced the formation of this
unwanted side products through tuning of reactivity via controlling the residence time, offering a more
general amide synthetic method with a broader scope than previously reported under batch conditions.

Scheme 1.4. Flow synthesis of amide from isocyanates and Grignard reagents.
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The implementation of flow chemistry for the addition of organolithium reagents to isocyanates has been

studied by Kim and coworkers in the course of innovative methodology to produce thioquinazolinones.*?
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o-Bromophenylisothiocyanates selectively underwent lithium halogen exchange, followed by trapping
with an isocyanate. This heterocycle can then undergo a substitution reaction to yield the desired
thioquinazolinones (Scheme 1.5).

Scheme 1.5. Flow synthesis of thioquinazolinones using isothiocyanates.
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1.2 Masked (Blocked) Isocyanates

Isocyanates are known for their flammability, toxicity, and significant harm when inhaled. All isocyanates
are moisture-sensitive, decomposing into amines and ureas upon contact with water. Due to their toxicity
and sensitivity to moisture, together with difficulties in controlling their reactivity, the direct use of the
free form of isocyanates has become less favored. Additionally, the storage of these isocyanates becomes
increasingly challenging when dealing with large industrial quantities. To address problems related to the
toxicity of isocyanates, their uncontrolled reactivities, and their sensitivity to moisture, the polyurethane

industry has developed a range of masked or blocked isocyanates.

1.2.1  Blocking Group Strategy
The strategy of blocking isocyanates, as initially described by Wicks,* involves using “an isocyanate which

has been reacted with material which will prevent its reaction at room temperature with compounds that
conventionally react with isocyanates but will permit that reaction to occur at higher temperatures.” This
approach has largely diminished the exposure to the toxic free isocyanates, given access to shelf stable
isocyanate precursors, hence, more convenient storage and handling.*® Furthermore, it has provided
better control over reactivity, by controlling the concentration of the free (reactive) form of isocyanate,
which is released slowly in the reaction mixture, thereby cleaner reactions are secured. This strategy has
expanded the range of applications achievable within isocyanate chemistry.*® The process of deblocking
isocyanates is a chemical equilibrium wherein the blocking group (BG) is cleaved, forming the free
isocyanate (reactive form of isocyanate) in situ, that can subsequently interact with a nucleophile (Figure
1.3, a).*” This remarkable development has urged significant focus on studying the kinetics of nucleophilic
substitution reactions with various blocked isocyanates.®® Control over the release of the free form of

isocyanate in blocked systems is achieved by manipulating factors that affect not only the equilibrium



between the free and the blocked form of isocyanate but also the activity of the reaction partners as well
as the minimum activation energy needed to access the products. These factors include temperature,
nature of blocking group, isocyanate structure, and reaction medium (solvents, etc.). Common blocking
groups include alcohols and phenols, amines and anilines, amides, oximes, and heterocycles, such as
imidazoles or pyrazoles (Figure 1.3, b).

Figure 1.3. a) General reaction of a blocked isocyanate with a nucleophile. b) Blocking group categories
with representative examples of blocking groups.
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The nature of the blocking group can influence the deblocking equilibrium, therefore, the ideal conditions
required for the deblocking processes vary according to the blocking group. Although “deblocking
temperatures” are often mentioned in various studies of blocked isocyanates, closer observations of these
reports reflect that variation of these temperature value does not accurately reflect the equilibrium in the
deblocking process. Since deblocking temperatures are determined and reported using various methods
(such as IR, FTIR, TGA, UV-VIS, etc.), where both reaction conditions and detection methods vary,
therefore the temperature ranges typically provided in reviews cannot be considered as universally
applicable values.”® Furthermore, “deblocking temperatures” do not always correlate with reactivity. For

instance, a primary amine blocked isocyanate might show high reactivity at a certain temperature, while



achieving similar reactivity using a primary alcohol as a blocking group would require a substantial
temperature increase. Deblocking temperature does not always correlate with reactivity in solution; good
reactivity can be obtained at a lower temperature than the measured deblocking temperature. Hence, it
depends more on the nature of the blocking group and the isocyanate structure.

Certain temperature related trends, however, can be observed, when temperatures are examined
in the same blocking group categories.® For instance, Kothandaraman and coworkers reported a
correlation between the pKa values of phenols and the deblocking temperature of phenol-blocked TDI
monomers, as determined by IR spectroscopy (Table 1.1).%* Interestingly, these phenols likely share similar
deblocking mechanisms that impact the deblocking equilibrium. The deblocking mechanism for the
blocking groups, which uses intramolecular proton transfer can provide some general insights into relative
reactivity, but so far, no precise predictive models have been reported (Figure 1.4).%¢

Table 1.1. Dissociation temperatures of phenol-blocked TDI.

Me
-ArO—H
JL JL vvselie
Cs .C
Ar +ArO—H N N

Phenol blocked TDI DI
. Minimum dissociation 50% dissociation
Phenol blocking group pKa of ArOH
temperature (°C) temperature (°C)
phenol 9.98 110 130
o-cresol 10.29 120 150
m-cresol 10.08 120 140
p-cresol 10.14 165 >180
guaiacol 9.98 70 130
2,6-dimethylphenol 10.6 125 155
o-chlorophenol 8.56 75 95

Figure 1.4. Proposed intramolecular interactions important for deblocking for several blocked carbon-
substituted isocyanates.
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The effectiveness of the blocking group approach is largely dependent on the nature of the blocking
groups reported. The cleavage of the blocking groups is attributed to different steric and electronic factors
related to the structure of the blocking group. Furthermore, the capacity to fine tune the equilibrium
between blocked and free isocyanate through the manipulation of blocking groups is a fundamental part
of the blocking group strategy. Phenol, for instance, is a frequently used blocking group because of its
relatively low deblocking temperature. The electronic properties of the phenol can be easily adjusted with
varying substitution on the ring, to play a vital role in isocyanate deblocking. Electron-donating
substituents tend to favor the blocked form, while the opposite is true for electron-withdrawing
substituents (Figure 1.5). This pattern is thought to be due to changes in the strength of the C-O bond in
the resulting blocked isocyanate.*>*” Furthermore, the stability of the resulting phenolate (after cleavage)
justifies the previous pattern. Noteworthy, for the phenol system, electronic effects tend to dominate
over steric effects, with blocking groups like o-cresol and 2,6-dimethylphenol showing higher deblocking
temperatures than their phenol equivalent.

Figure 1.5. Electronics of different phenol blocking groups affecting the blocking equilibrium.
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Different trends related to electronics have also been observed. Kothandaraman et al. demonstrated that,
for the benzophenone oxime blocking group, the presence of electron donating groups lower the
deblocking temperature, while it increases with electron-withdrawing groups.®* The measurements were
performed using thermogravimetric analysis. This trend was consistent with the proposed intramolecular
interaction in oximes forming five-membered complexes, thereby augmenting the deblocking mechanism
(Figure 1.4), where the oxime nitrogen lone pair assists in deprotonating the carbamate N-H, as such, the
more basic the nitrogen, the more facile the deblocking. Similar trends are observed with anilines and
pyrazoles.®® Interestingly, this is contrary to the trend seen for phenols, wherein the electronic trend for
deblocking seems to be more associated with the stability of the resulting phenolate than the oxygen
basicity (Table 1.2). In general, predicting the effects of the identity of blocking groups on specific

reactions and conditions can be challenging.



Table 1.2. Deblocking trends differences in oxime blocked TDI vs phenol blocked TDI reflecting different
electronic contributions.
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cl H H cl

The deblocking equilibrium is also dependant on the isocyanate structure (both electronic and steric
environments). It is typically observed that alkyl isocyanates deblock at higher temperatures in
comparison to aryl isocyanates. This is consistent with the greater thermodynamic stability of aromatic
isocyanates, which results from the conjugation of the mt-system. Similarly, aryl isocyanates with electron-
donating substituents tend to shift the equilibrium towards the blocked form compared to their electron-
deficient counterparts. Steric effects of the isocyanate also influence the deblocking equilibrium. This is
more obvious when observing the trends using the same blocking group category. More sterically
hindered isocyanates tend to deblock faster than less sterically hindered isocyanate (Scheme 1.6).
However, this cannot be considered as a conclusive trend, because it is also largely dependent on the

nature of the reacting nucleophile.*’

10



Scheme 1.6. Effect of the steric hindrance on the deblocking equilibrium.
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The reaction medium, including the nature of solvent, in blocked isocyanates reactions may also influence
the position of the deblocking equilibrium. For the same blocking group category, non-polar solvents tend
to shift the equilibrium in the direction of the blocked isocyanate, while polar aprotic solvents tend to do
the opposite. This is likely due to the capacity of polar aprotic solvents to form stronger hydrogen bonds
with the blocking group, which shifts the equilibrium toward the formation of the free isocyanate. It is
important to note that in systems where the kinetics are primarily controlled by the subsequent addition
of the nucleophile to the free isocyanate, non-polar solvents might be preferred as they promote the

generation of nucleophile/isocyanate adducts.*’*

1.2.2  Uses of Blocked Isocyanates
Blocked isocyanates are commonly employed in the polyurethane industry. A recent study by Kim and

coworkers reported the use of 3-(4-bromophenyl)-1H-pyrazole as an efficient blocking group for the
widely used toluene diisocyanate (TDI) monomer (Scheme 1.7), enabling the generation of polyurethanes
derived from glycols.>?

Scheme 1.7. Example of a blocked TDI polymerization using a pyrazole-based blocking group.
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In a recently published study in polymerization chemistry, Dornbusch and coworkers introduced vanillin
as an effective blocking agent that operates at moderate temperatures, for blocking of hexamethylene

diisocyanate trimer (HDI trimer) to provide better water dispersion.>® The relatively low temperature
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required for deblocking with vanillin allows for in situ generation of HDI-trimer, which reacts with binders
with terminal OH group, following the deblocking process (Scheme 1.8). As such, vanillin was deemed
appropriate as a non-toxic blocking agent for isocyanates, facilitating the manufacture of crosslinkers for
single-component, water-based coatings.

Scheme 1.8. Vanillin-blocked crosslinker (HDI-trimer) and its reaction with OH-binder.
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1.2.3  Non-Polyurethane Based Applications of Blocked Isocyanates
The strategy of using blocking groups has significantly advanced the field of fine chemical synthesis. The

use of this approach extends beyond the realm of polymerizations and has been enthusiastically adopted
by medicinal chemists for the production of ureas via blocked isocyanates.>*>’ While isocyanates serve as
a predominant framework for urea synthesis, the requirement for highly functionalized derivatives, a
common objective among medicinal chemists, has seemingly propelled the field towards the adoption of
blocked isocyanate chemistry.

Buchwald et al. reported a palladium catalysed cross-coupling reaction to access both free and blocked
isocyanates from sodium cyanate coupling with aryl chloride/triflates. This coupling was followed by a
nucleophilic addition of amines to the in situ formed isocyanates to access ureas (Scheme 1.9).>® The
generation of blocked isocyanates instead of free isocyanates was achieved by the addition of phenol to
the reaction mixture. They revealed that blocked isocyanates mitigated the unwanted competing
degradation pathway and catalyst deactivation that were observed with free isocyanate counterparts.
The same group then investigated a similar approach to access carbamates by switching to alcohol
nucleophiles instead of amines (Scheme 1.9). This approach proved successful in case of free isocyanates,
but the blocking group strategy was not compatible with the poorly nucleophilic alcohols.>® This study

demonstrated that using a blocking group strategy to regulate the release of free isocyanates can address
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key synthetic challenges in some reactions. However, this approach may not be suitable for all types of

reactions and requires careful optimization to achieve the intended reactivity and product formation.

Scheme 1.9. Palladium catalysed cross-coupling reaction to access blocked isocyanates and their reaction
with various nucleophiles.
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Buchwald and Pentelute have pioneered an inventive application of blocked isocyanates. They employed
a bifunctional palladium oxidative addition complex as a cross-linking agent for peptides and proteins
(Scheme 1.10).%° This palladium coupled complex maintains stability over several months and undergoes
arylation selectively at cysteine residues. The cross-linking process is initiated when peptides or proteins
containing lysine are introduced, leading to a reaction between the primary amine of lysine residue and
the blocked isocyanate motif. This approach proved to be effective for both intra- and intermolecular

cross-linking reactions.
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Scheme 1.10. The development of palladium coupled complex with a blocked isocyanate functional group
as a cross-linking agent for proteins.
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Imidazole blocked isocyanates have also been applied in substitution reactions involving a variety of protic
nucleophiles. Imidazole blocking groups cleave under acidic reaction conditions in contrast to phenolic
blocking groups which cleave under basic conditions.®®? Imidazole blocked isocyanates can be readily
synthesized through the reaction of an amine with CDI. Batey and coworkers disclosed a straightforward
synthesis of imidazole blocked methyl isocyanate, produced quantitatively using carbonyldiimidazole
(CDI) and methyl amine. ®*%* This precursor exhibits a broad reactivity profile, readily engaging with a
variety of amines to yield urea products. Additionally, reactivity was observed with diverse alcohols and
thiols (Scheme 1.11). The ease with which this wide range of reactivities were accessed under mild
conditions, circumvented the need to directly use the harmful free methyl isocyanate. However, similarly
to phenol blocked isocyanates, the presence of sodium hydride (NaH) was crucial when dealing with weak
nucleophiles such as deactivated amines or alcohols. This advancement was promptly employed by the
same group in their total synthesis of agelastatin A.%*

Scheme 1.11. Blocked methyl isocyanate synthesis and substitution.
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1.2.4 Amide Bond Formation Using Blocked Isocyanates
The exploration of blocked isocyanates as a platform for the synthesis of amide bonds has not been as

thoroughly investigated as the synthesis of urea, carbamates and thiocarbamate derivatives. Early reports
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introduced the formation of amide bond via the reaction of imidazole and pyrazole blocked isocyanates
with carboxylic acids. Gante and coworkers employed both of these blocking groups for peptide coupling
with amino acids, and observed that imidazole proved to be more efficient in yielding the desired product
than pyrazole blocked derivatives.®® Thereafter, Gertzmann and Giirtler successfully achieved amide bond
formation with pyrazole blocked isocyanates, although a bidentate Lewis acid catalyst was required to
ensure high yields.®® Campagne and coworkers achieved amide bond formation by employing catalytic
CuBr, and 1-hydroxybenzotriazole (HOBt), which facilitated room temperature reactivity. They used
blocked isocyanate precursors with an ester substituent (protected carboxylic group) as the electrophile
and a carboxylic acid with a protected amino substituent as the nucleophile to access peptides by
performing sequential amide bond forming reactions (Scheme 1.12). Performing the reaction under basic
conditions (i.e., EtsN) did not yield the desired product, thereby emphasizing the critical role of acid
activation with these imidazole blocked derivatives.®’

Scheme 1.12. Amide bond formation using blocked isocyanate and carboxylic acids to access peptides.
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1.2.5 Carbon-Based Nucleophilic Addition to Blocked Isocyanates
Boroxines have been employed in C-C bond formation through the transition metal catalysed synthesis of
amides from blocked isocyanate precursors. In 2015 Zhang and coworkers reported a novel synthetic

method employing rhodium(l) as the transition metal for this approach.®® They generated benzamides

from the reaction of benzyl and tert-butyl carbamates with aryl boroxines (Scheme 1.13).
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Scheme 1.13. Synthesis of amides through C-C bond formation using blocked isocyanates and boroxines in
a rhodium(l) catalysed coupling.
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In the same context, Beauchemin and Derasp reported the use of phenol blocked isocyanates in rhodium
catalyzed synthesis of amides (Scheme 1.14, a).®° The conditions allowed wider scope and tolerated liable
functionalities such as pendant nucleophiles. The in situ generation of both reactive species
(organorhodium nucleophile and free isocyanate electrophile) mitigated the toxicity and provided a
controlled release of the free reactive form of isocyanate which resulted in wider functional group
tolerance and overcoming the unwanted oligomerization reactions. Furthermore, when blocked

precursors are used, isocyanates with pendant nucleophiles can also be accommodated (Scheme 1.14, b).
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Scheme 1.14. a) Blocked isocyanates and boroxines in a rhodium(l) catalysed amide synthesis through C-C
bond formation. b) Example of successful reaction of isocyanates bearing protic nucleophilic groups with
boroxine.
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In 2009, Gonzdlez and coworkers first introduced the addition of Grignard reagent to blocked or masked
isocyanates, and unexpectedly accessed amides from carbamate precursors via a C-C bond forming
reaction.’”® In their attempt to prepare diphenyl-L-prolinol, excess phenyl magnesium bromide was
employed as a reaction partner with N-Cbz-L-proline methyl ester starting material, where the Cbz group
was used to protect the amine group. Instead of achieving C-N cleavage by the Grignard reagent, a C-O
cleavage and a Grignard nucleophilic addition to the carbonyl carbon took place at room temperature to
furnish the amide (Scheme 1.15, a). Consequently, through investigation on carbamates of primary
amines and carbamates of secondary amines, it was revealed that while carbamates of secondary amines
produced amies and ketones upon treatment with Grignard reagents, carbamates of primary amines gave
rise to amides in high yield and that primary amines can be converted into amides in a one-pot reaction
through carbamate protection and Grignard addition (Scheme 1.15, b). They postulated that the reaction

proceeded through the formation of a four-membered N,0-magnesium chelate (Scheme 1.15, c).
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Scheme 1.15. a) Unexpected amide formation from the reaction of carbamate starting material with
Grignard. b) The reaction outcomes of Grignard reagent with carbamates of secondary amines vs
carbamates of primary amines. c) Accessing amides via C-C bond forming reaction of Grignard reagents
with benzyl alcohol blocked isocyanates showing the proposed four-membered N,0-magnesium chelate.
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Bode and coworkers have expanded upon their previous research by demonstrating a notable application
of Grignard addition to sterically hindered isocyanates (Scheme 1.2).3° They postulated that in the
presence of N-carboxyanhydrides (NCA), which can be considered blocked isocyanate precursors, an
excess of Grignard reagent would first lead to deprotonation, subsequently releasing the isocyanate for a
nucleophilic attack by the residual Grignard reagent (Scheme 1.16).”* This method proved effective with
various aryl Grignard reagents, though alkyl variants resulted in complex mixtures. The latter issue was
addressed by introducing a sterically bulky sacrificial base. Additionally, the process was compatible with
different organolithium reagents. Chiral NCA precursors were also employed without any detectable
epimerization. The hypothesized isocyanate intermediacy was corroborated by React-IR studies. Notably,
the isocyanate group remained intact within the reaction mixture alongside mesityl Grignard at -78 °C,
with the addition reaction only occurring upon temperature elevation. Noteworthy, N-carboxyanhydrides
(NCAs) were employed as a useful platform to access amides via the use of carboxylic acids nucleophilic

substitution reactions followed by extrusion of carbon dioxide.”
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Scheme 1.16. C-C Bond formation from the reaction of N-carboxyanhydrides with organometallic reagents
(Grignard and organolithium).
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In the same context of C-C bond formation by employing Grignard reagents reacting with blocked
isocyanates, Maes et al. described a relevant transformation that used thiophenol masked isocyanates.”
A variety of sterically hindered Grignard reagents yielded the desired amide addition products in good
yields (Scheme 1.17). Diphenyl disulfide by-product that resulted after the acidic workup was readily
isolated and recycled in the process of the production of the thiophenol blocked isocyanate starting
materials. Notably, the process did not result in the oligomeric side products, even when non-sterically
hindered thiocarbamate partners were used as previously documented by Kerr et al.** However, the use
of alkyl or less bulky aryl Grignard reagents led to the formation of urea side products, as a consequence
of the aminolysis of the thiocarbamate precursor during the workup process. This complication was
effectively circumvented using more reactive organolithium compounds.

Scheme 1.17. C-C Bond formation from the reaction of thiophenol masked isocyanates with Grignard
reagents.
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Finally, Kambe and coworkers employed trifluoromethyl blocked isocyanates as a platform to access
amides via stoichiometric nucleophilic substitution reactions using Grignard reagents as carbon
nucleophiles.” They introduced these bench stable, readily accessible trifluoroacetyl amides as versatile
precursors for isocyanates (Scheme 1.18, a). This study suggested that the reaction pathway proceeded
via the in situ formation of the free isocyanate intermediate at high temperatures, as supported by the
control reactions outcomes (Scheme 1.18, b). Additionally, several proposed mechanisms of the

productive and unproductive (degradation) pathways were described to justify the desired products
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formation along with the side products that were observed with most of their reaction outcomes. The
postulated mechanism started with N-H deprotonation by Grignard reagent to give intermediate X
(Scheme 1.18, c), followed by a productive pathway A, which involved elimination/addition pathway to
generate a free isocyanate intermediate then addition of the carbon nucleophile (Grignard). Another
hypothesized pathway B was the addition/elimination sequence to form dual anionic intermediate
followed by elimination of the blocking group (-CFs) (a productive pathway). A competing degradation
pathway involved the addition/elimination sequence to form dual anionic intermediate followed by
elimination of amine moiety to access a trifluoroacetyl ketone product which is a common side product
for this reaction (Scheme 1.18, c). A wide scope of functional groups including aryl, quinolin-8-yl, and

(hetero)alkyl functional groups as well as F, Cl, and Br substituents were amenable to this reactivity.
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Scheme 1.18. a) Accessing amides via C-C bond forming reaction of Grignard reagents with CFs blocked
isocyanates. b) Selected control reactions performed by Kambe et al. c) The proposed reaction mechanism

showing two productive pathways and an unproductive pathway for the formation of a commonly
observed side product.
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1.3 Heteroatom-Substituted Isocyanates and Their Masked (Blocked) Derivatives

In contrast to the well-established chemistry of carbon-substituted isocyanates, amphoteric heteroatom-
substituted derivatives such as N- and O-isocyanates are still limited in synthetic reports. They are
notoriously unstable and tend to oligomerize at low temperatures, typically forming dimerization
products for N-isocyanates and trimeric isocyanurate products for O-isocyanates (Figure 1.6, b).”>® The
effectiveness of these oligomerizations is such that it precludes the storage of heteroatom-substituted
isocyanates in their free form. While the toxicity of N- and O- substituted isocyanates is a lower concern
due to their transient existence, their dual character of being amphoteric (carrying both nucleophilic and
electrophilic centers) have limited their applications for decades (Figure 1.6, a).

Figure 1.6. a) Heteroatom-substituted isocyanates (N- and O- isocyanates) showing their amphoteric
nature. b) Oligomerization (homocoupling) reactions of N- and O- isocyanates.
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Nevertheless, N-N-C=0 and O-N-C=0 motifs are common subunits in pharmaceuticals and agrochemicals
(Figure 1.7). Therefore, exploiting the chemistry of N- and O- substituted isocyanates could provide a
promising avenue for the synthesis of such motifs. This reflects the importance of employing of N- and O-
isocyanates as candidates for the development of their blocking group chemistry to overcome limitations

by controlling their concentration (in situ release) to reduce homocoupling side reactions (Scheme 1.19).
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Figure 1.7. a) Selected pharmaceuticals and agrochemicals containing the N-N-C=0 motif. b) Selected
bioactive molecules containing the O-N-C=0 motif.
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1.4 N-Isocyanates Synthesis and Reactivity

Throughout the 20™ century, studies on N-substituted isocyanates have been intermittently reported.
Most of these studies focused on reactivity based on solvolysis, with only a few reports on synthetic
advancements using such species.”’® This can be attributed to the complex methods required to access
such motifs, further complicated by their extreme instability, as they tend to undergo homocoupling even
at temperatures as low as -40 °C to generate dimerization products.

Pioneering work for the in situ synthesis of N-isocyanates and their subsequent capture by other reagents
to provide access to valuable compounds have been reported in the early 20*" century. Stollé and Lwowski
used carbamoyl azides as starting materials, allowing the in situ formation of the N-isocyanate via the
Curtius rearrangement.”””® In the 1920’s, Stollé disclosed the first examples of aza-Curtius (the nitrogen
analogue of the Curtius rearrangement).” Under thermolysis conditions, carbamoyl azides underwent
rearrangement and formation of N-N bonds via extrusion of N,. The proposed intermediate was an N-
isocyanate, which reacted intra- or inter-molecularly depending on the reaction conditions: indeed, when
the aza-Curtius was performed in anhydrous solvent, an indazolone moiety was observed. On the other
hand, when the reaction was performed in water, a carbazide was obtained via hydrolysis of the N-
isocyanate intermediate. Finally, when the thermolysis was run in alcohol solvent, the corresponding
carbazate was formed (Scheme 1.20).

Scheme 1.20. Stollé aza-Curtius rearrangement for N-isocyanate synthesis and subsequent
functionalization.
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Moreover, cycloadditions of in situ generated N-isocyanates were reported by Lwowski and coworkers,”
who were the first to report intermolecular cycloadditions of N-isocyanates with various m-systems
including alkynes,® carbodiimides® and C-isocyanates® (Scheme 1.21, a). Fundamental insights on N-

isocyanate reactivity were gained through these early efforts. Similar reactivity was observed by Jones
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when imino-isocyanates were used as intermediates, and intermolecular aminocarbonylation was
reported (Scheme 1.21, b).2

Scheme 1.21. a) Lwowski's aminocarbonylation with amino-isocyanates. b) First imino-isocyanate [3+2]
cycloadditions on alkenes and alkynes by Jones.
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1.4.1  Masked N-Isocyanates

Following the advancements of the blocking group approach with carbon-substituted isocyanates, there
have been several successful endeavors to employ this strategy for nitrogen-substituted isocyanates over
the last two decades. There is a necessity of implementation of a blocking group strategy with this species,
for the purpose of exploiting their reactivity in a broader fashion for various synthetic applications, by
allowing a high degree of control over the reactivity of these reactive intermediates. Of particular
significance, the Beauchemin group has been engaged in studies on N-isocyanates over a prolonged period
(=14 years). They reported that amphoteric amino- and imino-isocyanates can be formed in situ (Scheme

84-86

1.22 and Scheme 1.23) under mild conditions and engage in high-yielding alkene cycloadditions and
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nucleophilic additions,?”# despite their known tendency to dimerize. In contrast to the pioneering work
of Lwowski (intermolecular alkyne aminocarbonylation) and Jones (intermolecular alkene
aminocarbonylation), the Beauchemin group successfully applied the blocking group strategy with N-
isocyanates. This allowed for the easy access to N-isocyanates from their bench stable, readily available
hydrazide and hydrazone precursors, thereby allowing the development of both intra and intermolecular
variants of this reactivity (Scheme 1.22 and Scheme 1.23). In addition, this approach provided a fruitful
platform for the synthesis of a variety of important compounds bearing the N-N-C=0 motif. These
derivatives are amenable to various substitution, cycloaddition and cascade reactions, leading to the
formation of a range of semi-carbazides and heterocyclic compounds through reaction sequences. In their
studies, the dual-reactive nature of N-isocyanates has been effectively utilized for various cyclization
reactions. Additionally, several of these studies involved blocking group screening experiments to further
optimize the blocking groups used to aid in controlled deblocking for each study depending on the mode

of reactivity.8>87:8°
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Scheme 1.22. Selected previous Beauchemin group studies on amino-isocyanates.

4 )
Amino-Isocyanates RZ O
e ——————— ,{l J]\ Blocking group strategy
'+ Electronegative sp° nitrogen' R'" N BG Hydrazides
:\. Mono- or Di-substituted H (Readily available) masked N-isocyanates
- BG-HJ + BG-H
. 0 nucleophile electrophile  _________. R
Nk R RN L Ng©
N—N «— N Cs —5 1 _N '
R2 bs 2y O : :
R R L} 1
O latent N, ;
nucleophile
o / \
R! O
’?‘J\I : A
HN_N._, N
T R ‘R NH:
o) ! = :
N o _.
OL 2075 JOC 2017
O
) M - +-BUO-H o H o
Hl}l OtBu _—_—~, H l}j & [3+2] N
NH N~ N
W ~
JACS 2009
2
R0 ; ¥
c) N ~ PhO-H Xy °N |Friedel Crafts XN
1L ‘NJ\OPh R I R'-F NH
R _ H F C ]150-200 °C, F
3 3-7h
@]
JOC 2017
Y 0 :NHR? 2
H ) @) R
N A o YW
R" N7 ~oph e N A
H 20 17"
N. -C R N° 7O
R?” "N H
OL 2015
0
R‘l
NH i-ProEtN, PhCF3 N—N’
) 07 NH > 2 N
R? OEt ! 100-150 °C, 6 h R R®
o RS ‘R4 (e}
CEJ 2015
|\

27



Scheme 1.23. Selected previous Beauchemin group studies on imino-isocyanates.
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The group’s efforts towards N-isocyanates were first reported in 2009, building on a hydroamination
reactivity study of different hydrazine derivatives that initially led to the discovery of an intriguing side
product in low yield. This side product was found to be the result of a [3+2] cycloaddition between an N-
isocyanate intermediate and a pendant olefin (Scheme 1.22, b). This unexpected alkene
aminocarbonylation reactivity promoted the exploration of alternative R groups to serve as blocking
groups that would cleave under the reaction conditions to access the cycloaddition product. Manipulating
the structure by changing R group (R = Ot-Bu, NH,) enabled the cyclization reaction to occur at high
temperatures (150-200 °C, necessary given their poor leaving group ability), while using R = Ph group
offered a platform to perform Cope-type hydroaminations (Scheme 1.24). Since this initial report, the
Beauchemin lab has dedicated considerable effort to enhancing the reactivity of these blocked N-

isocyanate precursors.

Scheme 1.24. Different reactivities by changing R group R = Ot-Bu gives aminocarbonylation, R = Ph allows
Cope-type hydroaminations.
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The same approach was probed using hydrazone starting materials to access bench-stable, readily isolable
azomethine imines, which are crystalline cyclic dipole products (Scheme 1.23, b).28>° A concerted [3+2]
cycloaddition aminocarbonylation event between an alkene and an in situ generated imino-isocyanate
intermediate took place and was validated using computational chemistry. A thorough investigation
provided support of their postulate about the intermediary of imino-isocyanate in free form in the
concerted mechanism, by conducting a control experiment on an N-isocyanate substrate with a N-methyl
substituent on the nitrogen atom required to form the isocyanate in situ. The failure of this reaction to
generate the substitution product, in substitution and cascade reactions, provided evidence that the
reaction pathway took place through the formation of the free isocyanate (Scheme 1.25, a). Additionally,

the free N-isocyanate was observed for the first time by FTIR under closely related reaction conditions
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(Scheme 1.25, b).*® Furthermore, the study offered better information on the behavior of imino-
isocyanate with the more electronegative sp? nitrogen atom (the lone pair on nitrogen are less available
for donation). The results revealed that electron-rich alkene substrates were most reactive, and this
supported that the LUMO of the imino-isocyanate was reacting with the HOMO of the alkene. Hydrazones
precursors were also employed in substitution reactions with various heteroatomic nucleophiles. A range
of semicarbazone and hydrazone derivatives were efficiently synthesized from hydrazone precursors and
protic nucleophiles such as amines, alcohols, or thiols (Scheme 1.23, c¢). A blocking group screening
suggested that phenol proved to be an effective blocking group which allowed room temperature
reactivity, while tert-butanol allowed exchange at higher temperatures (80 - 120 °C). Strong nucleophiles
as amines provided rapid access to the substitution products (20 minutes), while weaker phenols and

thiols needed longer times.

Scheme 1.25. a) A control reaction to support the postulate of formation of free N-isocyanate in situ. b)
Observation of the free N-isocyanate by FTIR, NCO stretching observed by in situ IR.
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Guided by the study of the addition of a-amino esters on blocked amino isocyanates to access dipeptide
analogues,® the reactivity of amino- vs imino- isocyanates was then explored for substitution cascade
reactions using a-amino esters. The cascade proceeded through the addition of a-amino esters to
isocyanate intermediates generated in situ, followed by cyclization to afford the hydantoin products
(Scheme 1.22, e and Scheme 1.23, d).%! Noteworthy, imino-isocyanates were observed to be more reactive
than amino-isocyanates which required higher temperatures and gave lower yields. This shed light on the

reactivity differences among similar heteroatom-substituted isocyanates with different hybridization. The
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cyclization led to the selective formation of a five-membered hydantoin over the six-membered aza-

diketopiperazine (Scheme 1.26).

Scheme 1.26. The selective formation of a five-membered hydantoins by the cascade reaction of N-
isocyanates with a-amino esters.
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Aza-diketopiperazines, however were accessed from hydrazide precursors, through a one-pot reaction
involving acylation of the hydrazide precursor with chloroacetyl chloride, nucleophilic substitution with a
primary amine, followed by intramolecular cyclization by the attack of the amine nucleophile on the in
situ generated free isocyanate (Scheme 1.22, d).>? This reaction pathway was validated by conducting a
separate control experiment to determine whether the product of amine substitution on isocyanate
would undergo acylation reaction to form the cyclized product (Scheme 1.27, a). The result of this
experiment clearly demonstrated that only the former pathway can lead to the desired product (Scheme

1.27, b).
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Scheme 1.27. a) A control reaction to validate one pathway over the other. b) A productive and an
unproductive pathway for the synthesis of aza-DKP from hydrazide precursor, chloroacetyl chloride, and
primary amines.
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1.4.2  Previous Efforts on Carbon-Based Nucleophilic Addition to Masked N-Isocyanates
In all previous attempts, the reactivity of blocked N-isocyanates has had a major limitation: the addition

of carbon nucleophiles to N-isocyanates remains poorly developed. The C-C bond forming reactions have
been strictly confined to producing specific heterocycles, which result from cycloaddition reactions or the
formation of 5-aminopyridazinone.8*®%° The synthesis of hydrazides from masked N-isocyanate
precursors was investigated via carbon based nucleophilic addition to masked N-isocyanates. The previous
successful endeavors of amide bond formation via addition of carboxylic acids to masked C-isocyanates
(Section 1.2.3) motivated exploring this approach with masked N- and O- isocyanates. For N-isocyanates,
both amino- and imino-substituted isocyanate derivatives with phenol blocking group were probed, and
carboxylic acids were attempted as nucleophiles to achieve this goal. This strategy was met with failure
with N-isocyanates (Scheme 1.28, a), presumably due to competing oligomerization reaction that
predominates in the absence of strong nucleophiles. However, the generation of oxadiazolones and their
use as a platform to access hydrazides instead of regular masked N-isocyanates was successful, resulting
in the formation of the desired addition products (Scheme 1.28, b).%® Such reactivity of oxadiazolones may
be justified by the hypothesis that these precursors are actually heterocyclic precursors of blocked N-
isocyanates. However, unlike their non-heterocyclic equivalents, these derivatives are highly resistant to

oligomerization due to their aromatic nature.
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Scheme 1.28. a) Initial attempts to amidate amino- and imino-substituted isocyanate derivatives. b)
Successful application of oxadiazolone precursor in N-isocyanate amidation.
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Furthermore, Friedel-Crafts cyclization was employed with blocked amino-isocyanates bearing N-
aromatic substituents to afford C-C bond formation to access indazolones (Scheme 1.22, ¢).® Limitation
of this methodology include that it was restricted to intramolecular cyclization of aromatic-substituted
hydrazides, so a narrow scope of C-C bond formation was developed using this approach, combined with
the harsh conditions employed. These limitations underscore an area of unexplored potential in the field.
In summary, the Beauchemin group has exploited the amphoteric nature of N-isocyanates by applying a
blocking group strategy which allowed a high degree of control over the reactivity of these reactive
intermediates. This strategy led to facile synthesis of bench stable hydrazide and hydrazone precursors
which demonstrated a clear potential for being a fruitful platform for the synthesis of various derivatives
employing two major reaction manifolds, leveraging the amphoteric nature of N-isocyanates: 1)
cycloaddition reactivity, which resulted in the formation of cyclic-azomethine imines and pyrazolones, and
2) substitution cascades, which led to the formation of aza-hydantoins, azauracil, aza-diketopiperazines,

acyl-phtalazinones, acyl pyrazoles, and saturated heterocyclic derivatives.
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1.5 O-lsocyanates Synthesis and Reactivity

O-lsocyanates are even scarcer than their nitrogen counterparts, despite the frequent occurrence of the
O-N-C=0 motif in widely used chelating pharmaceuticals, such as hydroxamic acid HDAC inhibitors, non-
steroidal anti-inflammatory drugs, as well as in agrochemicals (Figure 1.7, b).**°” There are only a handful
of reports about O-isocyanates in the literature prior to 2017. Similar to N-isocyanates, O-isocyanates are
amphoteric and unstable, with high intrinsic propensity to oligomerize (homotrimerize) to form
isocyanurates. However, their weak N-O bond adds complexity to the synthetic use of this species, which
is not experienced in N-isocyanates. Their precursors and reaction products are more likely to undergo
rearrangement reactions due to the weak N-O bond. Indeed, these unexpected rearrangements constitute
a significant portion of the initial studies on O-isocyanates. Subsequently, the blocking group strategy has
been applied to allow for the better use of this species as useful building blocks in organic synthesis. For
an extended duration, masked O-isocyanate applications have been restricted to reactions that use strong
protic nucleophiles, presumably due to competing trimerization reaction that predominates in the
absence of strong nucleophiles. Nevertheless, the use of O-isocyanates in C-C bond forming reactions or
amide bond forming reactions, wherein they serve as a platform for hydroxamate/hydroxamic acid
synthesis, is very appealing. These functional groups exhibit strong biological activity and have applications
ranging from synthetic intermediates to chiral ligand backbones. However, progress towards synthesizing

these powerful functional groups is still lacking.

1.5.1 O-lsocyanates Synthesis by Lossen Rearrangement
The Lossen rearrangement is a chemical transformation characterized by the activation of an oxygen atom

within a hydroxamic acid molecule, which subsequently behaves as a leaving group. This prompts the
migration of a carbon group (R) following N-H proton abstraction by a base, resulting in the formation of
an isocyanate product (Scheme 1.29).981% This reaction, identified in the latter part of the 19*" century,
has been extensively utilized in conjunction with the Curtius and Hofmann rearrangements. Over the
decades, these reactions have facilitated the synthesis of isocyanates and their derivatives, contributing

significantly to advancements in the field of organic chemistry.
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Scheme 1.29. General reaction mechanism for the Lossen rearrangement.
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In the literature on Lossen rearrangement, the occurrence of heteroatom migration is quite rare, and in
several cases, it has been reported as an unwanted side reaction. Indeed, unexpected formation of oxa-
Lossen rearrangement products (oxygen-based migrating groups) has been observed by several groups in
their attempts to perform electrophilic amination using bis-protected hydroxylamines (Scheme 1.30).
Beauchemin and Polat have recently conducted an extensive study on the aza-Lossen rearrangement,
101

employing N-hydroxyureas as precursors.

Scheme 1.30. Unexpected O-isocyanate formation via oxa-Lossen rearrangement.
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Hanessian and Johnstone were initially attempting to generate NH-Boc a-amino acids using the reaction
of dicarbonyl nucleophiles with sulfonyl hydroxylamine derivatives (PyrSO,ONHBoc).'* However, instead
of the expected result, they generated O-t-butoxy-carbonylamino derivatives through the addition of
enolates to t-butoxy-isocyanate, as confirmed by X-ray spectroscopy (Scheme 1.31, a). Similar reactivity
was also reported using TsONHBoc. Additionally, Pellacani et al. reported an unexpected Lossen
rearrangement that resulted in the formation of imidazolidin-2-ones, with an O-isocyanate proposed as

the intermediate (Scheme 1.31, b).1%
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Scheme 1.31. a) Hanessian oxa-Lossen mediated formation of O-t-butoxy-carbonylamino derivatives
through the addition of enolates to t-butoxy-isocyanate. b) Pellacani synthesis of imidazolidin-2-ones via
oxa-Lossen rearrangement.
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In the same context, Priefer and coworkers were trying to access protected hydrazines through the
electrophilic amination of amines. However, they ended up observing N-t-butoxyurea products instead
(Scheme 1.32, a).1% The authors suggested an oxa-Lossen mechanism to explain this outcome, referring
to the work of Hanessian and Pellacani as evidence that the reaction goes through the formation of the
free O-isocyanate as an intermediate.

Furthermore, Thambidurai group were aiming to form hydrazines via N-N bond formation with amines
using TsONHBoc. Although they reported in 2011 and 2012 that their reaction conditions led to the
formation of the targeted hydrazine derivatives,'%>1% they issued corrections to both papers in 2014 and
2015, changing the structure of the products to N-oxyureas.!®'% |n these corrections, the authors
suggested an O-isocyanate intermediate that was formed via an oxa-Lossen rearrangement and then
captured with an amine nucleophile, similar to Priefer’s work (Scheme 1.32, b).

These studies highlight not only the unpredictable reactivity of species containing hydroxylamine, but also
demonstrate that substitution reactions on O-isocyanate can proceed successfully. However, these
studies did not develop the scope of O-isocyanate oxygen substitution (their precursors were limited to t-

Bu).
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Scheme 1.32. a) Priefer’s synthesis of N-t-butoxyurea products via oxa-Lossen mechanism. b) Thambidurai’s
synthesis of N-oxyureas via oxa-Lossen rearrangement.
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1.5.2 O-lsocyanates Reactivity by Application of Blocking Group Strategy
In 1994, a group of researchers from the BMS pharmaceutical research institute was first to disclose the

synthesis and synthetic application of a masked O-isocyanate. This pioneering work demonstrated that
homotrimerization of O-isocyanates can be avoided through in situ isocyanate formation, likely by
controlling the concentration of O-isocyanate available.X® Initially, the BMS scientists used equimolar O-
benzylhydroxylamine and CDI to access an imidazole-blocked O-isocyanate, to be employed in
substitution reactions with various amine and aniline nucleophiles (Scheme 1.33). Some products
underwent a subsequent cyclization reaction through an intramolecular nucleophilic attack of isocyanate
nitrogen on a carbonyl electrophile residue. Although no reactions have been reported to either confirm
or refute the intermediacy of an O-isocyanate, there is a possibility that an elimination/addition
mechanism took place, because even moderately nucleophilic anilines demonstrated acceptable
reactivity using this approach. This approach by Romine and coworkers underscores the efficient reactivity
of blocked O-isocyanates, but the conditions are not ideal for synthesis. Hydroxylamines are susceptible
to degradation when stored as the free base, so it would be more suitable to store them as the blocked
precursor. A comprehensive study of the effects of O-substitution is also needed because they only
introduced O-benzyl isocyanate as precursor for this synthesis. A closely related study was conducted by
Tsukamoto and colleagues during their attempt to synthesize novel D-amino acid oxidase inhibitors, using

4-nitrophenyl benzyloxycarbamate to access N-hydroxyureas via an amine substitution process.°
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Scheme 1.33. First report of blocked O-isocyanate reactivity using in situ formation of an imidazole-blocked
precursotr.
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The Beauchemin group started research on O-isocyanates by studying the synthesis of their masked form
and their use as a platform for cascade reactions. In an attempt to access hydroxylamine containing
heterocyclic molecules, they reported the use of phenol blocked isocyanate as a precursor for this reaction
wherein the deblocking conditions involved employment of a base catalyst and heat. This gave access to
the five-membered oxy-hydantoins via the rection of phenol-blocked O-isocyanates with a-amino esters,
and the six-membered oxy-dihydrouracils via the rection of phenol-blocked O-isocyanates with B-amino
esters (Scheme 1.34, a).’'! Notably, an N-methoxy carbamate was employed as the O-isocyanate reaction
partner under the optimized conditions and at elevated temperatures to investigate the likelihood of an
O-isocyanate intermediate. The substitution reaction with sarcosine ethyl ester as the nucleophile was
met with failure in all trials, where the presence of methyl substituent on the nitrogen completely shut
down the reactivity, implying that an addition/elimination mechanism is not taking place. The complete
recovery of both starting materials indicates an elimination/addition mechanism is happening instead,
involving a free O-isocyanate intermediate as a part of the reaction pathway (Scheme 1.34, b). This was a
significant discovery during the development of O-isocyanate reactivity in the Beauchemin lab, and this
mechanistic test has been replicated for a range of new approaches with a proposed O-isocyanate

intermediate.
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Scheme 1.34. a) Accessing oxy-hydantoins and oxy-dihydrouracils via the rection of phenol-blocked O-
isocyanates with amino esters. b) A control reaction to validate elimination/addition mechanism
(generation of free O-isocyanate intermediate) over addition/elimination mechanism.
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In a second publication from the Beauchemin lab, the five-membered oxy-benzimidazolones and the six-
membered oxy-dihydroquinazolinones were produced through a substitution reaction and copper-
catalyzed amination cascade (Scheme 1.35).1*2 Phenol was employed as a blocking group once more, and
a suitable deblocking equilibrium was achieved using high temperature and base catalysis. Notably, this
process was carried out in a single pot, with reagents added sequentially instead of all at once. Neither of
these previous studies probed the use of alternative blocking groups, nor did they investigate the
optimization of the substitution reaction on the masked O-isocyanates separately. Consequently, a more

comprehensive investigation of the substitution of blocked O-isocyanates was deemed necessary.
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Scheme 1.35. Synthesis of oxy-benzimidazolones and oxy-dihydroquinazolinones via substitution reaction
and amination cascade on masked O-isocyanates.
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Subsequently, a comprehensive study was conducted by the Beauchemin group wherein the use of oxy-
carbamate O-isocyanate precursors provided a pathway to the synthesis of the useful N-oxyureas,
through the process of substitution with amine nucleophiles (Scheme 1.36).1'* The attempt to identify
suitable O-isocyanate precursors shed light on the varying reactivity of isocyanate masking groups. This
research has resulted in the development of bench stable O-isocyanate precursors, which enhance the
versatility of N-oxyureas synthesis. It also showcases the controlled reactivity of masked O-isocyanates.
Furthermore, the unsaturated hydroxyureas products of this reaction are of special interest as they gave
access to the first example of Cope-type hydroamination on unsaturated hydroxyureas.

Scheme 1.36. The use of oxy-carbamate O-isocyanate precursors for the synthesis of the N-oxyureas
through substitution with amines.
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In an effort to understand the reactivity of O-isocyanate precursors, Beauchemin et al. initially
investigated the potential of various oxy-carbamates and a single oxyurea to form O-isocyanates under

conditions similar to those employed for N-isocyanates.!'® The experimental outcome demonstrated that
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the conditions necessary for the deblocking equilibrium to release of reactive free O-isocyanates are
dictated by the nature of the masking (leaving) group of the isocyanate precursor, as is the case with both
carbon and nitrogen-substituted isocyanates. The screening study of various blocking groups (PhO, p-
NO,CsH40, BnO, t-BuO, EtO, i-Pr;N, and CFsCH,0) on various oxy-carbamate precursors (hydroxy-, alkoxy-
, and acyloxy-substituted carbamates) revealed couple significant conclusions. Regarding the substituted
oxy-carbamates, it was observed that hydroxy-carbamate precursors (R = H) were significantly less
efficient at undergoing substitution compared to alkoxy and acyloxy carbamates. These findings are
particularly significant given the lack of Lossen rearrangement under the reaction conditions and the
considerable interest in OBz hydroxylamine derivatives as amination agents. Presumably, the
susceptibility of hydroxycarbamates to oxidation and difficulties in their isolation accounted for the lower
yields linked to their use.

Secondly, regarding the blocking groups, phenol emerged as the optimal leaving group for the substitution
on hydroxy carbamates and was also found to be the most effective leaving group for alkyl and acyl-
substituted examples. The conditions required when p-nitrophenol leaving group was found to be too
mild, necessitating the addition of a stoichiometric base to mitigate the competing oligomerization
reaction, and the corresponding precursors (with the nitrophenyl BG) were too unstable for routine use.
Alternatively, phenol-derived masked isocyanates demonstrated stability over extended storage periods

and exhibited high reactivity under the conditions.

1.5.3  Previous Efforts on Carbon-Based Nucleophilic Addition to Blocked O-lsocyanates
Inspired by their previous closely related study on blocked N-isocyanates, the Beauchemin group reported

that amphoteric free O-isocyanates could be formed in situ, and engaged in high yielding oxy-carbonylative
cycloadditions, wherein they serve as a non-charged 1,3-dipole equivalents in the concerted reaction with
alkenes or pendant alkenes to access aza-oxonium ylides (Scheme 1.37).1'* These reactive ylide
intermediates were involved in subsequent reactivities, such as C-H amination to generate six-membered
oxazinones, [1,2]-shift to yield five-membered oxazolidinones, or ring opening followed by a ring closure

to form four-membered lactam products (Scheme 1.37).
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Scheme 1.37. Phenol-blocked O-isocyanates serve as a non-charged 1,3-dipole equivalents for the
synthesis of aza-oxonium ylide via [3+2] cycloaddition.
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In their attempts to access hydroxamic acid-based metal chelating hosts with potential biological activity,
Gopalan and coworkers developed an approach which is based on the use of bench stable N-benzyloxy
carbamic acid ethyl ester, which is essentially a benzyloxy carbonyl building block with a leaving group, as
an electrophilic platform for their reaction.!’®> They aimed to use stoichiometric strong carbon
nucleophiles, formed by deprotonation using LiIHMDS, as reaction partners. However, prior to this
substitution step, they had to initially modify the precursor carbamate by performing N-alkylation to the
isocyanate nitrogen, a step which made the substitution reaction more feasible, considering the strong
basic characteristics of the lithium reagent (Scheme 1.38). This strategy of protecting or functionalizing
the isocyanate nitrogen presumably omitted the generation of the free isocyanate form as an intermediate
of the reaction. Additionally, their postulate about the use of nucleophiles carrying electron-withdrawing
sulfone groups was successful in suppressing the side reactions and promoting the pathway leading to the

formation of the desired hydroxamate products.
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Scheme 1.38. Gopalan’s synthesis of hydroxamate derivatives.

(0]

©\/ ® CI)J\OEt i

o\

NH3 O\ JL /Et
NaH
DMF, rt

Pyridine, rt, 2 h N O
ocl H
| x=r R'CH,EWG
l LiIHMDS,
THF, -78 °C
©\/ i 2
ON J\ -Et + RCHLEWG —»
’}j o ° O« EWG
-78 °Ctort N
R |
R R'

(15 examples)

Following advances in studying blocked O-isocyanates applications in substitution and cycloaddition
reactions, which provided access to several heterocycles, the Beauchemin group was enthusiastic about
the reactivity of blocked O-isocyanates toward carbon centered nucleophiles to access hydroxamic
acid/hydroxamates based molecules.!'® These are useful synthetic intermediates and powerful chiral
ligand backbone which bind efficiently with metals like iron and zinc in biological systems. Hydroxamates
exhibit potent biological activity ranging from antibacterial, anti-inflammatory, to anticancer agents.
Inspired by the previous work of employing carboxylic acid nucleophiles to access amides from blocked C-
isocyanates,® %’ this isocyanate amidation approach attracted the attention to be probed on the blocked
O-isocyanates, given the successful reactivity of masked O-isocyanates toward various heteroatom
nucleophiles. The reaction of carboxylic acids on isocyanates eventually involves amide bond formation,
this reaction takes place through the attack of the carboxylate nucleophile through its protic oxygen on
the isocyanate electrophile (Scheme 1.39). Thus, it remains, to an extent, related to the protic nucleophilic
substitution reactions. The bigger concern was the natural tendency of O-isocyanates to oligomerize in the
absence of strong bases. Nevertheless, investigations proceeded by probing the ability of blocked O-
isocyanates to serve as a backbone for this reaction. Extensive optimization study was conducted to
provide knowledge about the reactivity of these species and the optimal conditions to promote the
desired reaction pathway. Superstoichiometric carboxylic acid (at least 2.0 equivalents, preferably 3.0
equivalents) was necessary to circumvent the side reactions including hydrolysis which generated urea
side products, and trimerization, which generated cyclic isocyanurate. The optimization of the amount of
the base, to 0.2 equivalents, was also crucial for the reactivity. The optimal conditions included employing
heat with temperatures as high as 120 °C for overnight reaction, polar aprotic solvent (MeCN), and a
tertiary amine base such as EtsN. Limitations included the relatively harsh conditions of the reaction and

the incompatibility of the synthetic method with a number of substrates such as substrates bearing protic
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motifs, benzoic acid derivates bearing a free phenolic OH, or electron poor aromatic rings with halide
substituents. This methodology of amide synthesis provided the first official carbon centered nucleophilic
substitution on masked O-isocyanates, where the free form of isocyanates is a potential in situ released
intermediate. The success of this approach paves the way for successive investigations of substitution
reactions of masked O-isocyanates with carbon-based nucleophiles.

Scheme 1.39. Synthesis of hydroxamate derivatives via amide bond formation reaction of carboxylic acids
with blocked O-isocyanates.
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1.6 Research Hypothesis and Goals

The significance of nitrogen containing compounds in organic synthesis, the strategic application of a
blocking group approach to heteroatom-substituted isocyanates, and our research group's interests in the
synthesis of hydroxamates, hydrazides, and NNCO containing heterocycles such as pyrazolones, serve to
provide context for the research contributions included within this thesis. Despite that the use of
isocyanates as a platform for amide synthesis has been extensively studied, this field is still
underdeveloped when it comes to heteroatom-substituted isocyanates. The central working hypothesis
being that the employment of a blocking group strategy with these rare heteroatomic isocyanates could
allow for the development of suitable precursors for controlled addition of carbon nucleophiles to masked
O- and N- isocyanates and overcome the limitations that hinder the widespread adoption of these
reagents. By optimizing the reactivity of the stoichiometric organometallic addition to masked O- and N-
isocyanates, C-C bond forming reactions could be feasible. Efforts to mitigate the competing side reactions
such as rearrangement and oligomerization reactions, could provide high yields of the desired products
(hydoxamates or hydrazides for O- and N- isocyanates, respectively).

Inspired by the previous efforts on the organometallic addition on isocyanates by Bode, Pace, Kerr, and
Kim (for free C-isocyanate precursors, Section 1.1.2), and by Bode, Gonzalez, Maes, and Kambe (for
masked C-isocyanate precursors, Section 1.2.5), this reactivity could be first investigated on the rare
amphoteric O-isocyanates by applying blocking group strategy. This strategy is particularly attractive to
address issues such as unwanted oligomerization and functional group limitations. The goal was to study

the behavior of masked O-isocyanate reagents to identify the differences between these heteroatomic
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isocyanates and the C-substituted counterparts, study the possibility of additional chelation of these
substrates with the metal, and the effects of this additional chelation (if any) on the reactivity. The success
of this approach would lead to the development of high yielding, intermolecular, stoichiometric
organometallic substitution reactions with O-isocyanate reagents. Efforts toward this goal are presented
in Chapter 2.

If successful, this goal would be extended to involve masked N-isocyanates as well. While potentially a
straightforward extension, the reports of dimerization side reactions occurring at very low temperatures
made this a more ambitious goal that could benefit from prior knowledge gained with O-isocyanate
precursors. Importantly, this could allow for the expansion of research on the coordination with the metals
by employing different types of nitrogen atoms with different geometric properties, Lewis basicity, and
coordination abilities. The intermolecular addition organometallic to masked N-isocyanates would give
access to different products, hydrazides, by using these precursors. Efforts toward this goal are presented
in Chapter 2, and unexpected reactivity that resulted in the formation of pyrazolones, is presented in
Chapter 3.

Then, this chemistry would be explored using intramolecular variants for the purpose of the synthesis of
heterocyclic compounds. This is a more ambitious objective, as this requires controlled reactivity for the
formation of the organometallic reagent and generation of the transient isocyanate, to provide access to

the target heterocyclic product. Efforts toward this goal are presented in Chapter 4.
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Chapter 2 Stoichiometric Addition of Organometallic Reagents to Masked
Heteroatom-Substituted Isocyanates

21 Syntheses of Hydroxamic Acid and Derivatives

Given the importance of hydroxamic acid derivatives in synthetic organic and medicinal chemistry,®*%5117~

115 we elected to first revisit their formation from masked O-isocyanates. Recent advancements have
centered on oxidative strategies, transforming alcohols,'® aldehydes,'® and oximes'?? into the
corresponding hydroxamates/hydroxamic acids (Figure 2.1). Despite being innovative, these strategies are
characterized by limited functional group tolerance. The direct conversion of inactivated esters to
hydroxamates/hydroxamic acids has also been investigated, but it generally requires either strong bases,
protic conditions, or a large excess of the hydroxylamine nucleophile, which typically limits functional
group tolerance.'12* As 3 result, the most prevalent method for accessing hydroxamates/hydroxamic

acids continues to be the stoichiometric activation of carboxylic acids (Figure 2.1).%6:11°

Figure 2.1. Previous efforts in synthesis of hydroxamates/hydroxamic acids.
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Related to this strategy, we have recently demonstrated that carboxylates can add to O-isocyanates (Figure
2.1 & Scheme 2.1, a),*'® however this required temperatures above 100 °C and faced limitations that could
potentially be overcome through direct C-C bond formation using an organometallic reagent, such as
Grignard reagent. With the intention to explore this chemistry on masked O-isocyanates, a concern arose
of the effect of the basicity of the organometallic reagents on the outcomes of this reaction. While a
catalytic amount of base is needed to cleave the blocking group of masked O-isocyanates, achieving C-C
bond formation using Grignard reagents would necessitate superstoichiometric amounts of such bases to
attain a full deprotonation of the masked substrate, which poses a risk of losing the control over the

reactivity, potentially leading to oligomerization problems.
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2.2 Optimization of Masked O-Isocyanates Reaction with Grignard Reagents

To test the reactivity of O-isocyanates towards Grignard reagents, the first attempt was intended as a
control reaction with C-substituted isocyanate (Scheme 2.1, b). Treating this substrate with 4.0 equivalents
of isopropylmagnesium chloride (i-PrMgCl) afforded the desired amide product after stirring the reaction
mixture for two hours at room temperature with facile deblocking of the masked isocyanate. This result
suggested that super-stoichiometric amounts of Grignard reagent are not detrimental to the C-C bond

formation reactivity, and the conditions were ready to be tested on the masked O-isocyanates.

Initially, reagent 2a (O-benzyl phenylcarbamate) was selected as an O-isocyanate precursor, due to its
balance between stability and reactivity. Indeed, this substance is a solid stable for months at room
temperature, but this precursor also conveniently forms an O-isocyanate upon heating above 70 °C, or in
the presence of catalytic base (ejecting PhOH as a byproduct). Thus, the potential C-C forming reaction
was explored with masked O-isocyanate 2a, and i-PrMgCl. Applying the conditions developed for Grignard
addition to C-isocyanates to substrate 2a did not reveal the formation of the addition product; the NMR
analysis revealed mostly unreacted starting material. Given this result, it was hypothesized that the
generation of the reactive free isocyanate species from the O-isocyanate precursor is fundamentally
different from its C-substituted counterpart (Scheme 2.1, b and c), possibly due to the formation of a
relatively stable five-membered chelate complex upon deprotonation, making it reluctant to generate the
reactive isocyanate species (Scheme 2.1, c).!* Noteworthy, this kind of chelation with organometallics

including Grignard reagents was previously described in literature.12>-128

Pleasingly, after reflux with 4.0 equivalents of turbo Grignard (i-PrMgCleLiCl), the desired product was
formed in 85% NMR yield. Upon scaling up the reaction, the product was isolated in 66% yield (Scheme
2.1, c). Optimization of this reaction was carried out afterwards to further understand the behavior of this
system. It included examining various reaction conditions, solvents, and additives (see selected examples
in Table 2.1). This project was initiated by Dr. Joshua Derasp (a senior PhD candidate who graduated in
2019). The optimization of the reaction of Turbo Grignard with 2a was done by both Dr. Derasp and Mr.
Kwame Agyei (an undergraduate (Honours) student during 2018-2019).
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Scheme 2.1. a) Reactivity of masked O-isocyanates toward carboxylic acids. b) A control reaction of masked
C-isocyanate precursor with i-PrMgCl. c) Reactivity of 2a towards i-PriMgCl showing the formation of five-
membered chelate.
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Table 2.1. Preliminary optimization of 2a with i-PrMgCleLiCl.
O O
THF (0.2 M)
0N - oLi  ———— O« ,
B NJ\OPh +  i-PrMgClI-LiCl - Bn” Nk/-Pr
H 4.0 equiv. 66°C, 1h H
2a 1D 3aD
Entry Deviation from above conditions® Product yield (%)° BnOH yield (%)°
1 rt <2 <2
2 None 85 (66)°¢ 10
3 2.5 equiv. 77 21
4 2h 78 20
5 16 h 42 15
6 CHxCl, 15 85
7 Toluene 84 15
8 CuBr; (0.1 equiv.) 72 28
9 ZnCl; (1.0 equiv.) 50 18

a Conditions: 2a (0.2 mmol), 1D (0.8 mmol), THF (0.2 M), at 66 °C in a sealed uW vial unless otherwise noted.  1H NMR yield
determined by using 1,3,5-trimethoxybenzene as internal standard. ¢Yields in parenthesis indicate isolated yield from 0.6 mmol
reaction scale.
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The optimization with i-PrMgCleLiCl revealed the formation of benzyl alcohol as a side product of this
reaction, which was confirmed spectroscopically by spiking the NMR sample with benzyl alcohol. The
benzyl alcohol formation suggested N-O bond cleavage as a competing degradation pathway under these
conditions. Extending the reaction time to 2 hours resulted in a minor reduction in yield (entry 4), while
a significant decrease in product formation was noted when the reaction was heated at reflux overnight
(entry 5). These findings strongly indicate that the product degrades under the reaction conditions.
Interestingly, the increased degradation was also associated with a reduced production of benzyl alcohol
(entries 4 and 5). This unexpected outcome implied that the production of benzyl alcohol under these
conditions is not benign and could potentially undergo additional nucleophilic reactions. However, no such

side products were identified during the optimization process.
2.3 Mechanistic Insights via Optimization of Substrate 2a

2.3.1 The Hypothesized Mechanism of a Competitive Degradation Pathway
The hypothesized mechanism of the degradation pathway could be explained through the formation of a

(benzyloxy carbamate conjugate base) dianion A (Figure 2.2) upon deprotonation with Grignard reagent,
followed by spontaneous rearrangement and cleavage of the weak N-O bond to form benzyl alcohol after
aqueous workup. Another potential mechanism could be the Lossen rearrangement pathway,?% by the
formation of hydroxamate conjugate base upon deprotonation with Grignard reagent and cleavage of the
leaving group (-OPh), followed by rearrangement to cleave the N-O bond and form C-N bond with the
generation of the free isocyanate species and cleavage of benzyloxy anion which reveals benzyl alcohol
upon acidic quench (Figure 2.2). Given the results of Grignard addition to C-isocyanate precursor (control
reaction; facile deblocking at room temperature) versus the O-isocyanate precursor 2a (requiring high
temperature), the pathway for the formation of the desired hydroxamate product is postulated to proceed
through the formation of five-membered O,N-magnesium chelate upon deprotonation by a Grignard
reagent. This chelation would afford certain stability to this transient species (X), which would result in a
controlled release of the free reactive O-isocyanate in situ.”%?>!'! This would ensure the slow increase in
the concentration of the free O-isocyanate intermediate in the reaction medium, which would provide
good control over the reactivity. Subsequently, a nucleophilic addition of the Grignard reagent to the

electrophilic isocyanate species would give rise to the C-C bond formation and the desired reactivity.
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Figure 2.2. Hypothesized pathways for the formation of benzyl alcohol degradation product.
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2.3.2  Optimization of 2a with Ethylmagnesium Bromide
After the preliminary optimization performed on 2a using i-PrMgCleLiCl, ethylmagnesium bromide

(EtMgBr) was introduced as a candidate for the reaction on the same substrate 2a. Applying the optimized
conditions from the reaction with Turbo Grignard revealed the addition product in 44%, while observing
significant amounts of benzyl alcohol side product (46%, Table 2.2, entry 1). This unpleasant result

suggested that further optimization would be necessary for different Grignard reagents.
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Table 2.2. Optimization of 2a with EtMgBr.

0 Bre, _ 0
H 4.0 equiv. ’ Bn~ N H
2a 1b 3ab
Entry Deviation from above conditions® Product yield (%)° BnOH vyield (%)°
1 None 44 46
2 rt 0 0
3 40 °C 20 66
4 2.0 equiv. 25 70
5 0.075 M 57 23
6 LiCl 10 21
7 Dioxane® 57 10
8 Dioxane® (to Grignard), 0.075 M, LiCl 85 15
9 Dioxane” (to Grignard), 0.075 M 80 15
10 Dioxane” (to rxn mix.), 0.075 M 87 (80)° 10

a Conditions: 2a (0.2 mmol), 1b (0.8 mmol), THF (0.2 M), at 66 °C in a sealed uW vial unless otherwise noted. ? 1,4-Dioxane was
added as a co-solvent with THF. ¢'H NMR yield determined by using 1,3,5-trimethoxybenzene as internal standard. ? Yields in
parenthesis indicate isolated yield from 0.6 mmol reaction scale.

In the efforts to improve the yield and suppress the N-O bond cleavage, extensive optimization was
performed on EtMgBr, together with three more Grignard systems, to explore the reactivity trends.
Different conditions have been submitted to the test, including lowering the temperature, using different
number of equivalents of the Grignard reagent, changing the concentration, changing the reaction time,
and using additives.

For ethylmagnesium bromide, performing the reaction at reflux proved necessary, both to minimize the
formation of benzyl alcohol side product observed at lower temperatures (e.g., 40 °C, entry 3, Table 2.2),
and to overcome the lack of reactivity observed at room temperature (entry 2). The use of excess Grignard
reagent was ascertained to improve that ratio toward the formation of the desired product, as observed
after lowering to 2.0 equivalents of Grignard reagent (entry 4). The outcome of the reaction also proved
sensitive to changes in reaction concentration (entry 5) and additives (entries 6-7), such as lithium
chloride, which was added to mimic the turbo Grignard (i-PrMgCleLiCl) medium, and to reduce the
precipitation of magnesium salts. When added alone, LiCl was found to be detrimental to the efficiency of
the reaction. The presence of 1,4-dioxane, however, significantly promoted the formation of the desired
product (entry 8). 1,4-Dioxane is commonly used to form diorganomagnesium reagents (R;Mg) from

organomagnesium halide reagents (RMgX).13132 performing the reaction with dioxane as a co-solvent
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proved both practical, as common Grignard reagents are typically commercially available in Et;0 or THF,
and efficient to minimize the formation of side products arising from N-O bond cleavage. Interestingly, the
reactivity proved quite similar if dioxane was added to the Grignard reagent (entry 8) or to substrate 2a
before Grignard addition (entry 9), with the latter providing somewhat better results and being more

practical from a reaction setup standpoint.

2.3.3  Reactivity Towards RMgX vs R,Mg (Effect of Dioxane Addition)
Dioxane favors the formation of diorganomagnesium species by shifting the Schlenk equilibrium

between organomagnesium halides and diorganomagnesium species towards the formation of the latter
(Scheme 2.2).13! This switch is achieved by precipitation of a dioxane bridged MgX, adduct. In this case,
when diorganomagnesium species is a predominant nucleophile in the reaction medium, it is hypothesized
that the stability of the five-membered chelate is reduced, due to the lower Lewis acidity of the metal
center, making the departure of the blocking group (-OPh) and the formation of the free isocyanate more
favorable, which enables efficient addition of the Grignard to the transient isocyanate. In addition, the
decreased Lewis acidity of the metal center likely results in reduced polarization of the N-O bond, which

could help minimize side reactions associated with a N-O bond cleavage event.

Scheme 2.2. Effect of dioxane addition and the formation of diorganomagnesium species.
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Table 2.3. Optimization of 2a with three Grignard reagents.

H H
THF (0.2 M)
_N_ _OPh _N_LR
BnO \ﬂ/ + RMgBr —— > BnO T
0 4.0 equiv. 66°C,1h 0O
2a
L R =j-Pre R = n-Hex R=Ph
Deviation from
Entry . Product BnOH Product BnOH Product BnOH
above conditions- . . . . ) )
yield (%) vyield (%) vyield (%) vyield (%) vyield (%) yield (%)

1 None 72 10 62 25 65 25

2 LiCl 85 10 30 65 <5 80

3 2.0 equiv. 76 21 - - 58 14

4 0.075 M 72 10 72 25 67 22

Dioxane?® (to
. 85 10 82 12 85 7
Grignard), 0.075 M

Dioxane® (to rxn

85 (79)¢ 7 85 (75)¢ 8 90 (82)¢ 2

mix.), 0.075 M

aConditions: 2a (0.2 mmol), Grignhard reagent (0.8 mmol), THF (0.2 M), at 66 °C in a sealed pW vial unless otherwise noted. 2 1,4-
Dioxane was added as a co-solvent with THF. ¢'H NMR yield determined by using 1,3,5-trimethoxybenzene as internal standard. ¢
Yields in parenthesis indicate isolated yield from 0.6 mmol reaction scale. € Using i-PrMgCl not i-PrMgBr.

Simultaneously, related optimization data was obtained for i-PrMgCl, PhMgBr, and n-HexMgBr
demonstrated comparable reactivity trends, with some variability (Table 2.3). These trends include slightly
better yields with more diluted reactions except for i-Pr (entry 4), dire effect of adding LiCl alone except
for i-Pr (entry 2), and the beneficial effect of dioxane (entry 5 and 6), which supports the hypothesis that
tuning the Lewis acidity of the metal center of the five-membered chelate intermediate (by manipulating
the reactive Grignard species) is necessary for promoting the desired reactivity of the masked O-isocyanate
system.

Noteworthy was the isolation of an anilide side product from phenylmagnesium bromide reaction with
substrate 2a in 3% yield. This finding lends support to the proposed competitive degradation pathway with

two potential mechanisms as described above. (Scheme 2.3)
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Scheme 2.3. The formation of anilide side product from the reaction of PhMgBr with substrate 2a.
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24 Scope of Stoichiometric Grignard Addition to Masked O-Isocyanates

2.4.1  Scope of Grignard Partner
Having these optimized conditions in hand, the attention was focused on the scope of this reaction with

various Grignard reagents and masked O-isocyanate substrates.

Scheme 2.4. Stoichiometric Grignard addition to masked O-isocyanates: (Grignard scope).

H H

Dioxane/THF (0.075 M)
_N OPh _N R
BnO \ﬂ/ + RMgX » BnO T
0O 4.0 equiv. 66°C. 1h 0]
2a 1a-k X =Br, ClI 3aa-ak
H H H H I I
H H
” Me _N - -
BnO \lr BnO j(\ BnO \l(\/\/\ BnO \’H\ BnO’N BnO/N\’p/
0 0 0
3aa 3ab 3ac 3ad 3ae 3af
68% 80% 75% 79% 82% 81%
Me H
H H H
H /N / ,N /N /
_N Z BnO j/ Bno’ij BnO BnO j(\/
BnO o) o) (o) (0]
O
3ag 3ah 3ai 3aj 3ak
69% 70% 0% 0% Not observed

a Conditions: 2a (0.6 mmol), Grignard 1a-k (2.4 mmol), Dioxane/THF (0.075 M), at 66 °C in a sealed uW vial. Yields shown are
isolated yields from 0.6 mmol reaction scale.
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Upon reaction with compound 2a, some alkyl and aryl Grignard reagents were competent reaction
partners (Scheme 2.4), while other bulky groups like mesityl and tert-butyl were not amenable to this
reaction, suggesting a deactivating effect of sterically demanding Grignard reagents. Allylmagnesium
bromide, on the other hand, did not form the desired addition product, although the starting material was

fully consumed.

2.4.2  Scope of O-Isocyanate Partner
The scope of O-isocyanate partner was then probed, using two selected Grignard reagents for this

purpose; the use of an aromatic nucleophile was achieved by employing phenylmagnesium bromide, and

isopropylmagnesium chloride was introduced to represent a bulky nucleophilic partner (Scheme 2.5).
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Scheme 2.5. Stoichiometric Grignard addition to masked O-isocyanates: (isocyanate scope).

H . H
Rl _N OPh Dioxane/THF (0.075 M) R'L _N R2
o) \ﬂ/ +  R?MgBr - > 0 T
e} 4.0 equiv. 66°C. 1h O
2a-h 1a-h 3
H \/ H \/ H \/ H
: Si.__N Si. _N
O/Np XSI\O,N\'Q >( I o >F 0 j(\

o) o) o} o}
3ae 3be 3bd 3bb
82% 75% 67% 68%

H H
H H
Me. _N N
Me. _N ~A° _N -

0 O 0 0
3ce 3cd 3de 3dd
60% 46% 77% 68%

P PN P
o° O si” 0" S0
0 “ | o)
0] (e
3ee 3ed 3fe 3fd
79% 70% 61% 60%
| | H @\ H H H
H. _N
N N Ho N ~0”

0 0 0 O

3ge 3gd 3he 3hd

10% » <5% b 0% 0%

aConditions: 2a-h (0.6 mmol), Grignard reagent (2.4 mmol), Dioxane/THF (0.075 M), at 66 °C in a sealed uW vial. Yields shown are
isolated yields from 0.6 mmol reaction scale. b After further optimization and the use of TMEDA (1.1 equiv.) 3ge was isolated in
80% and 3gd was isolated in 30%.

Benzyl, methyl, isopropyl, isobutyl, TBS, as well as TMS-CH, derived O-isocyanates were competent
reaction partners giving yields ranging from moderate to good. They all showed similar reactivity trend in
that they were more reactive toward PhMgBr than i-PrMgCl (Scheme 2.5). Unsurprisingly, blocked
derivative bearing a free OH proved an unsuccessful candidate under a variety of reaction conditions and
additives. This can be justified in light of the hypothesized pathway, by the formation of a dianion upon

deprotonation, which forms a more stable five-membered chelate (Scheme 2.6).
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Scheme 2.6. Mechanistic justification of the unsuccessful formation of 3he.
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2.5 Optimizing the C-C Bond Forming Step for a Potential O-Isocyanate Amide Linchpin

In the Beauchemin group, there is a long-standing project envisioning the possible development of new
biselectrophilic amide linchpin reagent in order to functionalize on both sides of amide group. This
requires two functionalization methodologies, one for each side of the linchpin reagent. While many
linchpin reagents have been developed for common functional groups,*37% to our knowledge an amide
linchpin reagent has not been developed. Typically, the use of linchpin reagents requires perfect
chemoselectivity for each bond-forming step to form the target bond without affecting the other side of
the molecule. The first thing to consider is to determine the optimal LG! and LG? surrounding the amide
functionality to achieve the balance between selectivity and reactivity. This goal can be approached
through two different pathways to furnish the secondary amides. The first pathway (pathway A) is
achieving a C-C bond formation reaction to functionalize on the carbonyl part of the compound, followed
by a C-N bond formation reaction to decorate the other side of the compound (Scheme 2.7). The second
pathway (pathway B), however, starts through the C-N bond formation, followed by C-C bond formation
on the product of the first step. Masked O-isocyanates were proposed as potential candidates for this
purpose, motivated by the promising results of stoichiometric Grignard addition to the blocked O-
isocyanates, where the reaction was optimized to cleave the blocking group of the O-isocyanate (OPh in
this case) to successfully achieve C-C bond. Consequently, pathway A was selected to be explored initially

(Scheme 2.7).
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Scheme 2.7. Pathways to the development biselectrophilic amide linchpin reagent showing 2g as a
potential candidate.
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Compound 2g (in which LG! = OPh and LG? = OPh) was proposed as a potential substrate for testing
pathway A. Should the C-C bond forming stoichiometric Grignard addition be successful (cleavage of LG*
is selectively achievable with the survival of LG?), it will be conceivable that the product of this reaction
could be used in a metal catalyzed cross coupling across the N-O bond to install different functional groups
on the nitrogen side of the amide functionality giving access to secondary amides (Scheme 2.7). With the
discouraging low yields with both Grignard reagents PhMgBr and i-PrMgCl on compound 2g, it rapidly
became apparent that further optimization was required with this substrate 2g. This reactivity trend with
2g was likely due to the electron-withdrawing effect of O-phenyl group, which appeared to promote the
N-O bond cleavage/degradation pathway, as if this substituent had cancelled the beneficial effect of
dioxane addition (Scheme 2.8). An alternative hypothesis is that it may have led to further weakening the
coordination between the heteroatom and the metal center, to a degree that resulted in uncontrolled
release of free isocyanate species, hence, uncontrolled reactivity. Thus, several changes in reaction

conditions were investigated with both i-PrMgCl and PhMgBr (Table 2.4).
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Scheme 2.8. Possible rationale for the unsuccessful Grignard addition to 2g.

(0] RaoMg R Very O
\
O. 4.0 equiv. Mg slow | Ph_ _Ng
Ph” NJ\OPh _ \ ,—OPh Csh Ph’O‘NJLR
H Dioxane/THF O=N
(0.075 M) Ph/ o
2g 66 °C, 1h (5-10%)

Table 2.4. Optimizing Grignard addition to compound 2g.

j)\ Dioxane/THF (0.075 Ml JOL
pOsN" Sopn * RMoX soin > PrONTOR
H 4.0 equiv. ’ H
2g 1d & 1e 3gd & 3ge
L. . PhMgBr i-PrMgCl
Entry Deviation from above conditions ¢ - -
Product yield (%)’ Product yield (%)°
1 None 10 <5
2 No Dioxane (only THF) 13 10
3 rt 0 0
4 2.5 equiv. 5 <5
5 4h 35 15
6 ON 39 15
7 3.3 equiv., 4 h 36 16
8 3.3 equiv., 4 h, 1,1-phenanthroline <5 -
9 3.3 equiv., 4 h, TMEDA (1.1 equiv.) 70 33 (30)°
10 3.3 equiv., 4 h, TMEDA (3.3 equiv.) 49 -
11 3.3 equiv., 4 h, RMgXsLiCl 70 <5
12 3.3 equiv., 4 h, TMEDA (1.1 equiv.), RMgXeLiCl 85 (80)° 25

aConditions: 2g (0.2 mmol), Grignard reagent (0.8 mmol), THF (0.075 M), at 66 °C in a sealed uW vial unless otherwise noted.
b1H NMR yield determined by using 1,3,5-trimethoxybenzene as internal standard. ¢Yields in parenthesis indicate isolated yield
from 0.6 mmol reaction scale.

Interestingly, the reactivity of substrate 2g varied significantly for the two Grignard reagents
investigated. Poor activity was observed upon running the reaction at room temperature (entry 3). Excess
Grignard reagent proved essential for the reactivity as reflected by the detrimental effect of lowering the
Grignard load to 2.5 equivalents (entry 4). Running the reaction over a longer period of time improved the
yields slightly of both products (3gd and 3ge) with more improvement shown by the phenyl Grignard
product (entries 5 & 6). The use of a smaller excess (3.3 equivalents) of Grignard reagents gave yields close
to the original 4.0 equivalents (entry 7). While 1,1-phenanthroline addition proved unsuccessful for yield

improvement (entry 8), adding TMEDA (at 1.1 equivalent) led to very good results for the phenyl product
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(70%) and moderate improvement in isopropyl product yield (33%) with long reaction time (entry 9). The
presence of lithium chloride in the reaction mixture, although being beneficial in the case of the phenyl
product (70%), demonstrated dire effect on the isopropyl product (<5%) (entry 11). Combining both
TMEDA and lithium chloride in a four-hour reaction generated the phenyl product in 80% isolated yield
but did not help in the case of the isopropyl product (entry 12). As concluded from the aforementioned
data, both products showed similar reactivity trends toward different conditions, with some exceptions.

The isopropyl product, however, was much reluctant in its response to the optimization changes.
2.6 Reactivity of Masked O-Isocyanates Towards Other Organometallic Reagents

2.6.1 Reactivity Towards n-Butyllithium
The hypothesis of the importance of fine-tuning the Lewis acidity of the metal center of the five-

membered complex to conquer the reactivity of the O-isocyanate system was further explored by changing
the metal itself. Instead of manipulating the Grignard reagents (by switching the predominant form in the
reaction mixture from RMgX to R;Mg via dioxane addition), the use of different metals arose as a potential
solution for the scope expansion issue. Consequently, parallel investigations with other organometallic
reagents were performed using organolithium®* and organozinc reagents.’*® n-Butyllithium did not
demonstrate the desired reactivity toward the masked O-isocyanate system. Although the C-C addition
product was not generated, N-O bond cleavage was observed even at lower temperatures, with the
formation of significant amount of benzyl alcohol when the starting material 2a was the reaction partner,

therefore, n-butyllithium has received less attention as organometallic nucleophile with this system (Table

2.5).
Table 2.5. n-Buli addition to compound 2a
H H
THF (0.2 M) i
BnO,N\"/OPh +  nBuli Bno’N\n/” Bu
0] 4.0 equiv. 66 °C, 1h 0]
2a (Not observed)
Entry Deviation from above conditions® Product yield (%)° BnOH yield (%)°
1 None 0 60
2 rt 0 50
3 Et,O, rt 0 50
4 2.0 equiv. 0 30

a Conditions: 2a (0.2 mmol), n-BuLi (0.8 mmol), THF (0.2 M), at 66 °C in a sealed pW vial unless otherwise noted. ?1H NMR yield
determined by using 1,3,5-trimethoxybenzene as internal standard.
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2.6.2 Reactivity Towards Organozinc Reagents.
Milder organozinc reagents were then evaluated as candidates for this reaction.'*%14! A variety of

conditions were tested for their ability to promote the formation of the desired product (Table 2.6).

Table 2.6. Optimization of 2a with organozinc reagents.

H

b H
BnO’N\n/OPh + Et,Zn m Bno’N\n/Et
(0] 4.0 equiv. 66°C. 1h (0]
2a
Entry Deviation from above conditions ° Product yield (%) ¢

1 None 56
2 Dioxane 48
3 Change order of addition 44

4 2h 64 (59)°
5 ON 64
6 0.2M,2h 56
7 90 °C 50
8 EtZnl 20
9 EtZnl/ 2 h 21

aConditions: 2a (0.2 mmol), Et,Zn (0.8 mmol), THF (0.075 M), at 66 °C in a sealed pW vial unless otherwise noted.  Hexanes was
always a co-solvent; EtoZn was in hexanes. ¢ 'H NMR vyield determined by using 1,3,5-trimethoxybenzene as internal standard. ¢
Yields in parenthesis indicate isolated yield from 0.6 mmol reaction scale.

Employing the optimized conditions from organomagnesium reactions, but without the addition
of dioxane (being no longer needed as the reacting species in this case is already the diorganozinc),
achieved the addition product in 56% (entry 1). Addition of dioxane to the reaction slightly decreased the
yield of the target product (entry 2), as did reversing the order of addition by adding the reagent 2a to the
diethylzinc in the sealed reaction vial (entry 3). Running the reaction for 2 hours moderately improved the
product formation, while no dramatic change was observed upon allowing the reaction to reflux overnight
(entries 4 and 5). A slight drop in yield was noted with increasing the reaction concentration (entry 6) or
increasing the reaction temperature (entry 7). As expected, when the organozinc reagent was switched to
ethylzinc iodide, a significant decline in reactivity was observed, revealing that Et,Zn is superior to EtZnl.
This result was consistent with the prior reactivity trend with organomagnesium reagent, presumably due
to the same justification. This reactivity trend thus lends additional support to the postulate that precise
adjustment of the Lewis acidity of the metal center is required to optimize the reactivity of the relatively
stable five-membered complex, thus allowing for more facile release of the isocyanate and help minimize

other degradation pathways (Scheme 2.9).
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Scheme 2.9. Reactivity towards EtZnl vs Et,Zn.
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For the purpose of improving the reaction outcomes, various solvents were scanned for their ability to
facilitate the desired transformation (Table 2.7). Running the reaction using dioxane as a co-solvent with
THF did not seem beneficial, while removing THF altogether while keeping dioxane was found to have no

substantial effect on the reaction outcome from using a mixture of both solvents (entries 2 and 3).
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Table 2.7. Solvent scan for diethylzinc addition to masked O-isocyanates.

H Ivent (0. b H
Bno’N\n/OPh .\ Et,Zn Solvent (0.075 M); Bno’N\n/Et
O 4.0 equiv. 66°C,2h (0]
2a
Entry Solvent® Product yield (%)
1 THF 64 (59)7
2 THF/Dioxane 48
3 Dioxane 44
4 CH,Cl, 20
5 Et,O 32
6 Toluene 37
7 DMA 25
8 NMP 14

a Conditions: 2a (0.2 mmol), EtoZn (0.8 mmol), THF (0.075 M), at 66 °C in a sealed uW vial unless otherwise noted. ® Hexanes was
always a co-solvent; EtoZn was in hexanes. ¢ 'H NMR vyield determined by using 1,3,5-trimethoxybenzene as internal standard. ¢
Yields in parenthesis indicate isolated yield from 0.6 mmol reaction scale.

Various solvents including diethyl ether, dichloromethane, as well as toluene were found to have
a dire effect on the reaction outcome (entries 4-6). Similar low yields were observed with the use of polar
aprotic solvents such as N-methyl-2-pyrrolidone (NMP), and the more stable analogue of DMF,
dimethylacetamide (DMA). It is worth noting that unreacted starting material was seen with most of the
solvents under the reaction conditions.

Table 2.8. Additive scan for diethylzinc addition to masked O-isocyanates.

H . b additiv H
Bno’N\n/OPh . Et,Zn THF (0.075 M °, add t;e Bno’N\n/Et
@) 4.0 equiv. 66°C.2h 0]
2a
Entry Additive/different conditions® Product yield (%) ¢

1 LiCl/1h 8

2 MgCl; <5

3 MgCl,/Dioxane 43

4 CuCN 20

5 CuCN/ON 35

6 CuCN/Toluene/ ON 50

7 2,2’-Bipyridyl 22

8 TMEDA <2

a Conditions: 2a (0.2 mmol), Et,Zn (0.8 mmol), THF (0.075 M), at 66 °C in a sealed uW vial unless otherwise noted. ? Hexanes was
always a co-solvent; Et,Zn was in hexanes. ¢1H NMR yield determined by using 1,3,5-trimethoxybenzene as internal standard.
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Finally, a variety of additives were employed to probe their potential toward this transformation (Table

142-14% or magnesium?

2.8). The endeavors toward improving the nucleophilicity by incorporating copper
to the organozinc reagent did not prove a useful strategy (entries 2-6) and the yields ranged from very low
to moderate, depending on other reaction conditions. Using chelating additives such as 2,2’-bipyridyl, or
TMEDA resulted in low yielding reactions. The low reactivity of organozinc reagents reflected in their
modest yields, under various reaction conditions, has discouraged further investigation with other

organometallic reagents.

2.7 Previous Efforts Toward the Synthesis of Hydrazides

Hydrazides are valuable building blocks in organic synthesis. They have garnered significant interest in
both organic and medicinal chemistry fields due to their versatile applications.*®'#” Their broad spectrum
of biological activities, including anti-inflammatory, antihypertensive, and analgesic properties made
them increasingly attractive compounds for synthetic investigations.?*® Various synthetic strategies have
been reported including the reaction of hydrazine with different acyl derivatives!®'° (acyl halides, esters,
ketones, and cyclic anhydrides®®?) (Figure 2.3). Nitrene mediated intermolecular N-N cross-coupling have
been reported for the synthesis of hydrazides (Figure 2.3, i), starting from benzoylated hydroxamates or
cyclic 1,4,2-dioxazol-5-one with a broad range aromatic and aliphatic amines using transition metal
catalysis like Ni,*>? Fe,’>3 and Ir.»>* Iridium has been also employed for the synthesis of hydrazides via
deoxygenative coupling of carboxylic acids with azobenzenes (Figure 2.3, k).1*>> Metal-free conditions have
been reported to access hydrazides from N-tosylhydrazones in the presence of N-chlorosuccinimide
(Figure 2.3, j).»*® The synthetic methodologies involving C(sp?)-N formation from arenes, aryl halide,
arylboronic acids, olefins, alkynes, and alkynyl halides have been reported (Figure 2.3, h).**” N-isocyanates
have been employed in the synthesis of hydrazides via [3+2] cycloaddition reactions. This is achievable by
N-isocyanates in situ formation either by aza-Curtius rearrangement (Lwowski work, Figure 2.3, f),%° or via
blocking group strategy (Beauchemin work, Figure 2.3, g).8%°° Hydrazides were also accessible via
stoichiometric carboxylic acid addition to oxadiazolones (which are considered as blocked N-isocyanate
precursors) where the reaction proceeds through the generation of free N-isocyanate intermediate (Figure

2.3,e)3
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Figure 2.3. Previous efforts towards the synthesis of hydrazides.
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2.8 Masked N-Isocyanates Reaction with Grignard Reagents to Access Hydrazides

2.8.1 Mechanistic Insights Through N-Isocyanates Reactivity
The synthesis of hydrazides from masked N-isocyanate precursors was then investigated via carbon based

nucleophilic addition to masked N-isocyanates. The successful addition of carboxylic acids to masked O-
isocyanates motivated the exploration of this approach with masked N-isocyanates. Two masked amino-
and imino-substituted isocyanate derivatives were probed, and carboxylic acids were attempted as
nucleophiles to achieve this goal (Scheme 2.10, a). Unlike masked O-isocyanates, this strategy was met
with failure with N-isocyanates, presumably due to competing oligomerization reaction that predominates
in the absence of strong nucleophiles. Noteworthy, using oxadiazolones as a platform to access hydrazides
instead of regular masked N-isocyanates was successful, resulting in the formation of the desired addition
product (Scheme 2.10, b).%® Such reactivity of oxadiazolones may be justified by the hypothesis that these
precursors are actually heterocyclic precursors of blocked N-isocyanate. However, unlike their non-
heterocyclic equivalents, these derivatives are highly resistant to oligomerization due to their aromatic,
cyclic nature.

Scheme 2.10. a) Initial attempts to amidate amino- and imino-substituted isocyanate derivatives. b)

Successful application of oxadiazolone precursor in N-isocyanate amidation.
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Alternatively, stoichiometric addition of Grignard reagents to provide access to hydrazides via C-C bond
forming reaction with masked N-isocyanates was investigated, inspired by the success of this strategy with

masked O-isocyanates which suggested the potential for achieving this goal. Initially, reagent 4a (N-

66



(Phenoxycarbonylamino)morpholine) was selected as an N-isocyanate precursor for preliminary reaction
optimization (Table 2.9). This precursor was not amenable to the carboxylic acid addition reaction.

Table 2.9. Optimization of 4a with i-PrMgCl and PhMgBr.

H H

N. _OPh Dioxane/THF (0.075 M) N R
(\Nz \n/ + RMgX > (\Nz T
O\) o 4.0 equiv. 6e"C1h O\) ©

4a 1d-e 5ad-ae
Entry R, X Deviation from above conditions’ Product yield (%)°
1 i-Pr, Cl None 42
2 i-Pr, Cl Reverse addition of Grignard reagent 42
3 Ph, Br None 45
4 i-Pr, Cl 1.1 equiv. TMEDA 95 (92)¢
5 Ph, Br 1.1 equiv. TMEDA 99 (98)°

a Conditions: 4a (0.2 mmol), 1d-e (0.8 mmol), Dioxane/THF (0.075 M), at 66 °C in a sealed pW vial unless otherwise noted. ? 1H
NMR yield determined by using 1,3,5-trimethoxybenzene as internal standard. ¢ Yields in parenthesis indicate isolated yield from
0.6 mmol reaction scale.

Applying the optimized conditions (from O-isocyanate precursors) on this substrate gave 42% NMR vyield
when i-PrMgCl was the Grignard reaction partner, and 45% with PhMgBr (Table 2.9 entries 1-3). When it
became apparent that further optimization was required to improve the reactivity, adopting TMEDA as an
additive (1.1 equivalents) afforded the target product in 92% isolated yield with i-PrMgCl and 98% with
PhMgBr (entries 4 and 5).

2.8.2 Different sp? Nitrogen Types
Motivated by the promising results provided by the reaction of 4a with two Grignard reagents, the scope

of this reaction was explored with the purpose of carefully studying the N-isocyanate system, addressing
the differences between the behavior of the two masked heteroatom-substituted isocyanate systems, and
testing the hypothesis that has been developed throughout the study of the reactivity of masked O-
isocyanates. Noteworthy, the generation of the free form of N-isocyanate as a part of the substitution
reaction pathway received supporting evidence, as the free isocyanate was observed by FTIR as a reaction
intermediate in a previous study conducted by Beauchemin group.® However, the formation of the
relatively stable five-membered chelate which is distinctive for the heteroatom-substituted isocyanate
systems, and the beneficial effect of dioxane addition are two aspects of the hypothesis that required
validation. Furthermore, exploring the effects of having different substituents (with different electronic
and steric environments) on the B-nitrogen atom was another motif to evaluate. Throughout the

exploration of the reactivity of masked O-isocyanates, we postulated the formation of a five-membered
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chelate upon deprotonation. The stability of this complex required precise adjustment to optimize the
release of the reactive free isocyanate species. This could be achieved by adjusting the coordination
between the metal and the heteroatom (Scheme 2.11). By doing a solvent scan and using dioxane, which
promotes the formation of diorganomagnesium species, it became apparent that fine-tuning the Lewis
acidity of the metal by manipulating the predominant Grignard species greatly influenced the stability of
the chelate and, consequently, the reactivity. Additionally, the initial outcomes of the N-isocyanate
precursor 4a with the optimized reaction conditions for O-isocyanate substrates yielding 42-45%,
supported the hypothesis that the Lewis basicity of the beta nitrogen atom forming the chelate could
impact the reactivity. With N-isocyanates, we got the chance to explore this aspect in depth. The scope of
this reaction was targeted to assess the impact of varying the electronic environment surrounding the
nitrogen atom, which would, in turn, influence the coordination strength between the magnesium and
nitrogen atom. This alteration would influence the stability of the proposed five-membered chelate,
thereby modifying its propensity to release the free reactive isocyanate species. In order to adjust the
coordination from the heteroatom'’s perspective, an experiment was conducted to evaluate the influence
of different substituents on the nitrogen atom’s electronegativity, thus affecting its ability to donate a lone
pair to the metal center. Four substrates were submitted to the Grignard addition applying the conditions
optimized for the O-isocyanate system (Scheme 2.11). This experimentation was performed while
maintaining the other factors affecting the coordination constant: therefore, dioxane was employed with

all four precursors to ensure consistent reaction conditions.
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Scheme 2.11. Stoichiometric addition of i-PrMgCl to masked N-isocyanates, five-membered complexes are
demonstrated, different substituents on the sp> nitrogen revealed different yields.
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The variation in the yields indicated that the Lewis basicity of nitrogen is a significant aspect to consider in
the process of tuning the stability of the five-membered complex. While the precursor featuring dialkyl-
substituted nitrogen 4a achieved moderate yield (42% NMR yield), increasing the electronegativity of the
nitrogen atom by employing a nitrogen with one phenyl and one alkyl group revealed significant
improvement of the reactivity, with 80% unoptimized NMR yield. Contrarily, a precursor with two phenyl
groups on the nitrogen exhibited diminished reactivity towards Grignard addition (17% of the desired
product) (Scheme 2.11 and Figure 2.4). It was interesting to notice that further increasing the
electronegativity of the nitrogen beyond one aryl group seemed detrimental to the reactivity. This finding
could be justified by postulating that the weakened interaction between the nitrogen and the metal
resulted in an excessively unstable five-membered chelate, leading to a surplus of free reactive isocyanate
species in the reaction medium. This excess, in turn, could lead to uncontrolled reactivity, despite the

complete consumption of the starting material as indicated by TLC.
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Figure 2.4. Crude *H NMR spectrum showing a precursor with two phenyl groups on the nitrogen exhibited
diminished reactivity towards i-PrMgCl addition.
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However, a precursor with monosubstituted nitrogen afforded, as anticipated, a lower yield (35%) due to
the formation of a full covalent bond with the metal post-deprotonation, which revealed an extra stable
five-membered chelate (Scheme 2.11). In conclusion, these reactivity trends with different sp® nitrogen
types supported the mechanistic hypothesis previously described. The introduction of electron-
withdrawing aryl groups as a nitrogen substituent appears to be more beneficial for the release of the
isocyanate intermediate than the electron donating alkyl groups. This can be justified by withdrawing
electron density from the nitrogen leading to a weaker dative bond between nitrogen and magnesium,
resulting in less stable five-membered complex, hence more facile deblocking. Moreover, the use of the
diaryl-substituted and the monosubstituted precursors provided another evidence that fine-tuning the
stability of the five-membered chelate by making it neither overly stable (as in case of monosubstituted
precursor) nor overly unstable (as in case of diaryl-substituted precursor) was crucial for the reactivity of

this system (Scheme 2.11).

2.8.3 Reactivity Towards RMgX vs R,Mg
At this stage, evaluating the effect of dioxane on the reactivity of the N-isocyanate system was probed.

The aim was to explore the behavior of N-isocyanates toward the presence or absence of dioxane as a co-
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solvent in the reaction medium, to determine whether N-isocyanates would behave like the O-isocyanates
and benefit from dioxane addition, or they would prefer omitting dioxane from the reaction medium.
Throughout the study of masked O-isocyanates, it was proposed that dioxane, by promoting the formation
of diorganomagnesium species in the reaction medium, would lead to modulation of the structure of the
relatively stable five-membered chelate, in the way that would lower the Lewis acidity of the magnesium
atom. This structural modification would result in weakening the coordination between the heteroatom
and the metal center, so that it would make this chelate less stable, and thus facilitate the release of free
reactive isocyanate species and promote the formation of the desired product. To evaluate if the reactivity
of the masked N-isocyanate would support this hypothesis, a control test was conducted (Scheme 2.12).
For this purpose, compound 4c was subjected to the same reaction with i-PrMgCl but with the absence of
dioxane as a co-solvent. The 'H NMR yield of the desired product was 21%, which is significantly lower
than the yield of the product in the presence of dioxane (80% NMR yield). This result was consistent with
the hypothesized mechanism where dioxane favors the formation of diorganomagnesium species which
yield a less stable five-membered chelate, overall facilitating the desired reaction.

Scheme 2.12. The effect of dioxane addition on the reaction of masked N-isocyanates.

' Halide Increases Mg LeW/s‘,
acidity (very stable 5- |

[———

........................

CI\.
) -'M V. slow| Me. _N« Me O
I-PI\M/ >—OPh _____ N \C\\ _____ > l{l Jk
g | o - > ptol” N7 NiPr
Me” p-tol P H
-toI .
Me O 7 | .o p Reluctant generation of the NMR vield
v L {| {Dioxane; reactive free isocyanate 215
to1” "N" oPh °
p-to
H
Slow | Me. 'N\\C ',\\l'/le i
— 7 ~ .
ptol p-tol H i-Pr
! Alkyl group instead of Cl NMR yield
ylgroup 1 80%

(Reduces stability of 5-

1
1
1
1
1
v

........................

2.9 Scope of Grignard Addition to Masked N-Isocyanates

The scope of N-isocyanate partner was then probed, using two Grignard reagents i-PrMgCl and PhIMgBr.
TMEDA was adopted as an additive in 1.1 equivalents to optimize the products formation for substrates

with different substituents on the nitrogen atom. It was expected that TMEDA could act as a chelating

71



ligand for magnesium,*>®1>° which seemed to help tune the reactivity of the five-membered complex. This
was represented in higher yields associated with its use especially with dialkyl-substituted N-isocyanates.
The tested N-isocyanate substrates demonstrated similar reactivity trend toward the Grignard partners as
observed for O-isocyanate system, in that for reactions with PhMgBr proved higher yielding than reactions
with i-PrMgCl (Scheme 2.13).

Scheme 2.13. Scope of stoichiometric Grignard addition to masked N-isocyanates.
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a Conditions: 4a-e (0.6 mmol), Grignard 1 (2.4 mmol), Dioxane/THF (0.075 M), TMEDA (99 pL) at 66 °C in a sealed uW vial. Yields
shown are isolated yields from 0.6 mmol reaction scale.

In addition, precursor 5b was allowed to react with diethylzinc under the reaction conditions optimized
for the addition of diethylzinc to the O-isocyanates, and a 30% *H NMR yield of the addition product was
achieved, however, no further investigation of this route was carried out, given the challenges observed
with varying organometallic reagents in the previous section (Scheme 2.14).

Scheme 2.14. The reaction of 5b with diethylzinc.
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2.10 Summary of the Key Findings

This chapter centered on the study of masked O-isocyanates and their behavior toward the stoichiometric
addition of Grignard reagents to achieve C-C bond formation to access hydroxamates. Preliminary studies
comparing the masked O-isocyanate system with a masked C-isocyanate control reaction provided
significant insights. The facile deblocking and ambient temperature reactivity observed with C-
isocyanates, as opposed to the slow deblocking and thermal requirements for blocked O-isocyanates, led
to the first postulate regarding O-isocyanates reactivity, that there is a fundamental difference between
the generation of free reactive isocyanates species in phenol blocked O-isocyanates and their C-
counterparts. This variance may be attributed to the additional coordination of the oxygen in these
substrates with the metal, facilitating the formation of a relatively stable five-membered chelate upon
Grignard-mediated deprotonation, a phenomenon absent in C-isocyanates analogues (Scheme 2.15, a and
b). Although this chelate formation slows the reaction, it may be essential for the reactivity of the O-
isocyanate system, given the high tendency of free O-isocyanates to trimerize when generated in situ at
high concentrations. Consequently, the second hypothesis posits that the five-membered chelate, by
moderating the release of the free O-isocyanate, maintains a low concentration of this reactive
intermediate in the reaction medium, potentially reducing oligomerization (Scheme 2.15, b).

Scheme 2.15. a) Difference between masked O-isocyanate and C-substituted analogue in metal chelation
affects the reactivity. b) The proposed mechanism of product formation of O-isocyanate, showing the
benefits of forming five-membered chelate.
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Subsequent research indicated the need for further optimization of the chelate structure to tune
reactivity. Observations of benzyl alcohol as a common side product, along with reduced yields of the
target addition product, pointed to a competitive N-O bond cleavage degradation mechanism. This could
be rationalized by the high Lewis acidity of the metal, which may lead to increased polarization of the
oxygen-metal dative bond, thereby further weakening the N-O bond and leading to its cleavage. At this
juncture, a proposed mechanism for target product formation included deprotonation, five-membered
chelate formation, deblocking, in situ release of free O-isocyanate, nucleophilic addition of Grignard
reagents to the electrophilic isocyanate leading to C-C bond formation, and product furnishing following
aqueous workup (Scheme 2.15, b). Additionally, two degradation mechanisms involving N-O bond
cleavage were postulated: the dianion mechanism (via addition/elimination or double addition pathways)
and Lossen rearrangement, as supported by the isolation of traces of a symmetric anilide product
alongside benzyl alcohol (Scheme 2.16).

Scheme 2.16. Proposed mechanisms for degradation pathways showing common side products formation.
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To address the competing degradation pathways, dioxane was introduced as a co-solvent in the reaction
mixture which, gratifyingly, enhanced the yield. Dioxane promotes shifting the Schlenk equilibrium toward
the formation of diorganomagnesium species, which became the predominant nucleophile in the reaction
medium, thereby, led to the fourth hypothesis: the addition of dioxane presumably altered the five-
membered chelate structure by substituting the metal-bound halogen with a less electronegative R group,
reducing the Lewis acidity of the magnesium, resulting in a less polarized coordinate bond and a less labile

N-O bond, thus mitigating degradation (Figure 2.5).
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Figure 2.5. Effect of dioxane addition on the structure and the stability of the five-membered chelate.
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Subsequent investigations employed organozinc reagents, for the purpose of evaluating reactivity
differences when the metal is changed. While organozinc reagents failed to yield high reactivity with the
blocked O-isocyanate system, the differential reactivity towards diethylzinc in comparison to ethylzinc
iodide lent additional support to our postulate that manipulating the R group on the metal could optimize
the chelate structure, allowing for fine-tuning of the system’s reactivity. Leveraging knowledge gained
from O-isocyanate precursors, the stoichiometric addition of Grignard reagents was extended to include
masked N-isocyanates. The reactivity trends of the masked N-isocyanate system supported the previously
described mechanistic hypotheses, including the influence of the five-membered chelate and dioxane.
However, it also highlighted the need to optimize another factor: the Lewis basicity of the sp® nitrogen
adjacent to the isocyanate group, by varying the nitrogen substituents. Notably, electron-withdrawing
groups enhanced product formation by diminishing the metal-nitrogen coordination, thereby weakening
the chelate to a degree conducive to product synthesis. The exploration of using sp? nitrogen atom in
place of sp? nitrogen atom will be detailed in the next chapter.

2.11 Conclusion and Future Work

The chapter investigates the formation of a relatively stable five-membered chelate as a key aspect in the
stoichiometric addition of Grignard reagents to masked heteroatom-substituted isocyanates. This chelate
controls the release of the reactive isocyanate, hence mitigating uncontrolled reactivity including

oligomerization of free O- or N- isocyanates and/or rearrangement.
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Future work will be geared towards exploration of the heteroatom-substituted isocyanates reactivity
towards transition-metal catalysed addition of carbon nucleophiles using rhodium or ruthenium mediated
catalysis, guided by the previous efforts on masked C-isocyanates.®® Stoichiometric organometallic
addition to heteroatom-substituted isocyanates should be revisited, benefiting from the recent

advancements in organozinc,#%1%%161 grganolithium,3%1%2 cuperates,**'% and organomagnesium?®+16>

chemistry.16®
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Chapter 3 Formation of Pyrazolones via Cyclization

Pyrazolones are considered key structural motifs in many biologically active heterocyclic compounds. They
are known for their commercial use in pharmaceuticals, agrochemicals and dyes (Figure 3.1). In terms of

167,188 \with antipyrine

biological applications, pyrazolones are among the oldest synthetic pharmaceuticals,
(phenazone) being the first introduced in the 1880s.%° These compounds generally act as analgesics and
include a variety of drugs such as dipyrone (Metamizole), aminophenazone, and propyphenazone. Other
biological activities include antipyretic, antitumor, antibacterial, antidepressant, and several other
medicinal applications.}”®%”> Due to their widespread biological activities, pyrazolone derivatives are a

very attractive class of heterocycles for chemists.

Figure 3.1. Selected pharmaceuticals and agrochemicals containing pyrazolone ring.
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In 1883, Ludwig Knorr achieved the first successful synthesis of pyrazolones, marking a significant
milestone in the field of heterocyclic chemistry, when he accessed 1-phenyl-3-methyl-2-pyrazolin-5-one
(currently known as edaravone) via a condensation reaction between ethyl acetoacetate and
phenylhydrazine.'’® Thereafter, conventional approaches to synthesizing pyrazolones predominantly
utilize the Knorr synthesis approach, which involves the condensation of B-ketoesters with substituted
hydrazines (Figure 3.2, a).Y” This process often requires the use of additives, elevated temperatures, or
the application of microwave irradiation.’®1® Different precursors were employed in such reactions
included B-(carbonylhydrazono)esters (Figure 3.2, b)*®! or derivatives of propiolate esters (Figure 3.2, c).182
Other coupling methods include palladium-catalyzed carbonylation of 1,2-diaza-1,3-butadies with carbon

monoxide (Figure 3.2, d),*®® as well as a-chloroketones, with carbon monoxide in the presence of

hydrazines (Figure 3.2, f).1¥* Gold catalysis has also been reported in a cascade reaction for the synthesis
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of pyrazolones (Figure 3.2, e).)¥® Moreover, the Murarka group recently disclosed N’-arylidene-N-
acryloyltosylhydrazides as novel frameworks for the generation of pyrazolones via a photoinduced radical
cascade reaction involving N-(acyloxy)phthalimides (Figure 3.2, g).1® Furthermore, N-isocyanates were
employed in the synthesis of pyrazolones via [3+2] cycloaddition reactions. This is achievable by in situ
formation of N-isocyanates either by an aza-Curtius rearrangement (Lwowski work, Figure 3.2, h)® or via
a blocking group strategy, by Beauchemin group who reported aminocarbonylation of alkenes via inter-
and intramolecular [3+2]-cycloadditions on masked N-isocyanates with the intermediary of N,N’-cyclic

azomethine imines (Figure 3.2, i-k).187-18

Figure 3.2. Selected previous efforts towards the synthesis of pyrazolones.
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3.1 Different Nitrogen Type: Reactivity of sp? Nitrogen

In Chapter 2, to fully understand the behavior of nitrogen-substituted isocyanate precursors with Grignard
reagents, it was required to study different types of sp® nitrogen atom, but one aspect that was not
discussed in that chapter was the possible consequences of employing the more electronegative sp?
nitrogen (Scheme 3.1). It was unclear if the sp? nitrogen with different geometry and electronics would
change the coordination with the metal in such a way that would favor the formation of the addition
product. The strength of coordination of the sp? nitrogen to the magnesium would control the equilibrium
leading to the generation of the free reactive N-isocyanate species. Consequently, the yields of the
addition products (if any) would be expected to reflect whether the stability of the five-membered chelate
was sufficiently tuned to give the expected reactivity.

Scheme 3.1. Expected outcome of initial reaction of sp? nitrogen-substituted isocyanates.
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i-PrMgCl. Unexpectedly, when 6a was submitted to the reaction conditions optimized for O-isocyanates,
the corresponding cyclic pyrazolone compound 7a was observed in 56% NMR yield instead of the addition
product (Scheme 3.2). Compound 6a has 2 methylene hydrogens a to the imino group, and as such, it was
inferred that the cyclic product was the outcome of a reaction sequence that included the deprotonation
of one a hydrogen followed by intramolecular nucleophilic attack on the electrophilic N-isocyanate which
led to cyclization. The conjugation was attained via the abstraction of the other a hydrogen using a base,
which in this case was i-PrMgCl. The *H NMR analysis confirmed the structure of product 7a by cleavage
of phenoxy group (4 aromatic Hs in the product versus 9 aromatic Hs in the starting material), no signals
for isopropyl addition, and the disappearance of a multiplet signal corresponding to two hydrogens in the

product (Figure 3.3).
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Scheme 3.2. The reactivity of compound 6a toward i-PrMgCl (formation of pyrazolones).
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Figure 3.3. Comparing the *H NMR spectra for the product 7a and the precursor 6a.
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3.2 Mechanistic Hypothesis and Discussion

This unexpected formation of a cyclic pyrazolone instead of a non-cyclic addition product was a pleasant
surprise, as the Beauchemin group had long been interested in the formation of pyrazolones from
hydrazones, via N-isocyanates. Several students had attempted the reactivity with a variety of substrates,
blocking groups, and strategies (including simple thermolysis), and most recently Mr. Frédéric Vuillermet
(a current PhD candidate) had explored this reactivity using several basic conditions combined with several

Lewis acids, some of which are illustrated below (Table 3.1 and Table 3.2).
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Table 3.1. Previous unsuccessful reaction conditions to access pyrazolone from hydrazone carboxylate

precursors.
o m—C, HN—NH 0
N. JJ\ TiCly (1.5 equiv.) A />—OPh o
- H OPh gase (3.0 equiv.) N—N
6 DCM (0.2 M)
a
Time NMR yield of
Base T °
emperature °C (hours) ketone’
DBU -78 to R.T. 1 40%
DIPEA 80 16 30%
EtsN 80 16 30%

aI{ NMR yield determined by using 1,3,5-trimethoxybenzene as internal standard.

Table 3.2. Previous unsuccessful reaction conditions to access pyrazolone from hydrazone carboxylate

precursors (Continued).

0 [ M—O, HN—NH o)
N J]\ Lewis Acid (1.5 equiv.) * />—0Ph 0
%// N OPh " DipEA (3.0 equiv) [ N—N O‘ C@
6a DCM (0.2 M)
60-80°C, 16 h
Lewis acid NMR yield of ketone®’ Lewis acid NMR yield of ketone®’
A|C|3 S.M. Pb(OAC)4 S.M.
Ba(OAc), 50% hydrolysis RuClzeH,0 Degradation
CuCl, S.M. & degradation SnCl,#2H,0 S.M.
Cu(OAc), S.M. & degradation SnCl, 50% & 50% S.M.
MgCl> S.M. Ti(Cp).Cly 10% & 50% S.M.
MgBr,¢O(CzHs), 9% Ti(Oi-Pr)4 99% i-Pr substituted
product
Mn(OAc)3°3H20 4% & S.M. VzOs S.M.
Ni(OAc);*4H,0 S.M. ZnXz2 (X =Cl, Br, 1) S.M.
BF3;¢Et,0 S.M. MgSO,4 S.M.

a1t{ NMR yield determined by using 1,3,5-trimethoxybenzene as internal standard.

These failed attempts, together with the success of the cyclization of 6a into pyrazolone 7a using the

stoichiometric Grignard conditions shed light on the importance of fine-tuning the equilibrium between

the blocked and the free heteroatom isocyanates via manipulating the stability of the five-membered

complex. It was crucial to control the concentration of the free reactive form of heteroatom isocyanate,

and to only generate reasonably low amounts of this species at once in the reaction medium to mitigate

oligomerization, so that the desired reactivity will have a chance to take place. In addition, it provided an
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example of a successful strategy to form pyrazolones, and how a direct metalation could be achieved,

thereby allowing a subsequent intramolecular reaction.

Based on what has been learned from studying masked O- and N- isocyanates, it was hypothesized that
the mechanism starts through the deprotonation of N-H of 6a by the Grignard base, leading to the
formation of the five-membered chelate. This increases the acidity of the proton a to the imino group by
electron-withdrawing effects. The five-membered chelate enables the coordination of a 2" equivalent of
Grignard to the nitrogen atom, possibly facilitating the deprotonation of the a-proton via a six-membered
transition state (i.e., a directed metalation event).®1%3 This is followed by the slow generation of the

electrophilic free isocyanate species,®

which is then attacked by the olefinic nucleophile to allow
pyrazolone ring formation. This hypothesis may provide further evidence of controlled or reluctant free

isocyanate release by formation of the five-membered chelate (Figure 3.4).

Figure 3.4. Potential mechanism for the Grignard reaction with sp? nitrogen-substituted isocyanates.
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Similar approaches are adopted by research groups who have made modifications to SAMP/RAMP
auxiliaries for asymmetric alkylation of ketones (Scheme 3.3, a)1**1%°, The primary design feature of these
modified auxiliaries is the strategic placement of a carbonyl group adjacent to the hydrazone moiety.%
Upon deprotonation and the formation of an aza-enolate, the metal forms a five-membered chelate with
both the carbon-bound nitrogen of the hydrazone and the carbonyl of the auxiliary. This five-membered

chelate enhances the acidity of the proton through tight chelation and electron-withdrawing effects,

thereby facilitating deprotonation (Scheme 3.3, b).
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Scheme 3.3. a) Enders SAMP/RAMP hydrazone for asymmetric alkylation reactions. b) Asymmetric
alkylation of ketones by using chiral N-amino cyclic carbamate (ACC) hydrazones.

a) Enders et al. Tetrahedron 2002
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A related approach uses hydrazones to direct a deprotonation Using LDA at the opposite side of the
molecule via complex-induced syn-deprotonation (CIS-D). Here, the carbonyl influences the
regiochemistry of the deprotonation by chelating with the Lewis acidic metal of the base, guiding the base
to remove a proton on the same side of the C=N bond as the heteroatom.®”:1%8 This process occurs in a

configurationally controlled manner with respect to the hydrazone C=N bond geometry and is considered

a directed metalation event (Scheme 3.4).
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Scheme 3.4. Using chiral auxiliary to induce syn-deprotonation (directed deprotonation).

Coltart et al. JACS 2011
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Mechanistically, it was hypothesized that both approaches take place in the case of the formation of
pyrazolones from masked N-isocyanates, exploiting the relatively stable five-membered chelate. Upon
deprotonation of the isocyanate nitrogen, the oxygen of the masked isocyanate forms a five-membered
chelate with magnesium, enhancing the acidity of the proton through tight chelation and electron-
withdrawing effects. Simultaneously, the nitrogen of the masked isocyanate chelates a second Grignard

molecule, leading to directed deprotonation of the a-proton via a six-membered transition state (Scheme

3.5).

Scheme 3.5. Our hypothesis: both heteroatoms of isocyanate enable five-membered chelate electron
withdrawing effect and directed metalation simultaneously.
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3.3 Optimization of The Reactivity of Compound 6a

Extensive optimization was conducted on compound 6a to further investigate this reactivity and improve
the yield of the cyclic product 7a. Initially, different Grignard reagents were employed to compare their
reactivities and assign the best base among them to access the pyrazolone product (Table 3.3). Performing
the reaction in the absence of dioxane as a co-solvent was also probed with each of the tested Grignard

reagents. The best reactivity was observed with i-PrMgCl amongst the attempted Grignard reagents. It
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afforded the pyrazolone in 58% NMR yield and 55% isolated yield when the reaction was performed in the
presence of dioxane, while it gave a better yield (78% NMR yield) in its absence. (Table 3.3, entry 1).
Moderate cyclization capability was demonstrated by EtMgBr as it provided the cyclic pyrazolone product
in 53% NMR yield, but unlike i-PrMgCl, running the reaction in the absence of dioxane seems to have dire
effect on the product yield, as it formed in 38% (entry 2). The use of PhMgBr as a base appeared to result
in an uncontrolled reaction where neither a good vyield of the cyclized nor the addition product were
obtained (entry 3). Employing MeMgBr in this reaction may have led to the formation of the addition
product in a moderate vyield (entry 4), but this has not been further investigated (Figure 3.5). This
preliminary scan of the Grignard reagents led to the validation of i-PrMgCl as a platform for performing
the remaining optimization process. (shown in Table 3.4), with results suggesting that both Lewis acidity,
steric hindrance and basicity are important to favor the pyrazolone product.

Figure 3.5. A crude 'H NMR spectrum showing the proposed formation of the addition product from the
reaction of 6a with MeMgBr.
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Table 3.3. Grignard screening for the synthesis of pyrazolone product.

H H
N OPh HN—NH N R
N \ﬂ/ Dioxane/THF (0.075 M) N T
Ll O + RMgX > O 5
4.0 equiv. 66°C,1h or
6a 1a-e 7a Addition product
Pyrazolone Product yield (%)*
Entry R X
With dioxane Without dioxane
1 i-Pr cl 58 (55)° 78
2 Et Br 53 38
<2
3 Ph Br 15 Traces of addition product may
have formed
4 M B Addition product may have Addition product may have
e r
formed formed

914 NMR yield determined by using 1,3,5-trimethoxybenzene as internal standard. ?Yields in parenthesis indicate isolated yield

from 0.6 mmol reaction scale.
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Table 3.4. Optimizing pyrazolone formation from the reaction of compound 6a with i-PrMgCl.

2 CiMg. N -
N 1 Iztzrle\:/lq%f/l Mg />—OPhj|SIl ° \C\ HN-NH
z H OPh Dioxane/THF N\N O‘
0 075 M “
6a 7a
Entry Deviation from above conditions’ Pyrazolone yield (%)°
1 None 58 (55)¢
2 rt 8
3 rt, ON 44
4 No dioxane (only THF) 78
5 Dioxane” 58
6 CH,Cly? 56
7 Et,O° 40
8 Toluene® 38
9 i-PrMgBr (not Cl) 40
10 2.5 equiv. 50
11 No dioxane (only THF), new Grignard bottle 52
12 0.1 M, only THF, new Grignard bottle 43
13 Only THF, new Grignard bottle, 1.0 equiv. LiCl (solid) 52
14 Only THF, i-PrMgCleLiCl (turbo Grignard bottle) 30
15 None, old Grignard bottle 60
16 0.5 equiv. TMEDA, only THF, new Grignard bottle 68
17 1.1 equiv. TMEDA,'No dioxane (only THF), new 82 (76)°
Grignard bottle
18 1.1 equiv. TMEDA, No dioxane (only THF), old Grignard g2
bottle
19 -15°Cto 5 °C, 1.1 equiv. TMEDA, only THF, 3 h, new cy

Grignard bottle
a Conditions: 6a (0.2 mmol), dioxane/THF (0.075 M), i-PrMgCl (0.8 mmol), at 66 °C in a sealed uW vial unless otherwise noted. ©
THF was always a co-solvent; i-PrMgCl was in THF. ¢1H NMR yield determined by using 1,3,5-trimethoxybenzene as internal
standard. 9Yields in parenthesis indicate isolated yield from 0.6 mmol reaction scale.

The reaction was initially attempted using the optimized conditions for O-isocyanates, which gave access
to the cyclic pyrazolone in 58% NMR yield and 55% isolated yield (Table 3.4, entry 1). Performing the
reaction at room temperature for 1 hour yielded traces of product, however, when the reaction was left
to stir overnight at room temperature, 44% NMR yield of the cyclic product was obtained (entry 3).
Removing dioxane from the reaction mixture resulted in an increased yield of 78% (entry 4). Solvent

screening was conducted to reveal the best solvent for this reaction. Various solvents were evaluated

87



including dioxane, diethyl ether, dichloromethane, as well as toluene. While dioxane and CHCl, did not
enhance the pyrazolone formation, diethyl ether and toluene were found to have a detrimental effect on
the reaction outcome (entries 5-8). A lower 40% yield was observed with the use of i-PrMgBr instead of
chloride (entry 9), further supporting that increased Lewis acidity favors the cyclization pathway. Lowering
the Grignard load to 2.5 equivalents afforded 50% of the product versus 78% using excess (4.0 equiv.) of
Grignard (entry 10). At this stage of the optimization, a new batch of i-PrMgCl bottles arrived in the lab
and yields started to drop with the use of these new bottles (53% vyield, entry 11). Further optimization
was required to tackle this issue. Increasing the concentration of the reaction was unfavorable and the
NMR yield was 43% (entry 12). Adding 1.0 equivalent of dry LiCl solid to the reaction mixture did not affect
the reaction outcome (entry 13), while switching to Turbo Grignard'®® appeared to have negative effect,
giving 30% NMR vyield (entry 14). The use of 0.5 equivalents of TMEDA as an additive was beneficial,
affording the cyclic pyrazolone product in 68% yield (entry 16). Motivated by this result, TMEDA loading
was increased to 1.1 equivalents and pleasingly, an 82% NMR yield was obtained along with 76% isolated
yield (entry 17). Importantly, this result was reproducible even when switching between different i-PrMgCl
bottles (entry 18). Eventually, TMEDA was able to mitigate the variation in the results that arose from the
use of different reagent batches. An attempt to run the reaction at a lower temperature for longer time (3
h) resulted in the formation of the cyclized product in 52% vyield, indicating that deblocking is possible at
lower temperatures in this system. Noteworthy, n-butyllithium was employed as the basic reaction partner
with compound 64, instead of the Grignard, to perform the cyclization reaction. The reaction was carried
out at room temperature for 3 hours, after which the starting material was fully consumed and the
corresponding cyclic pyrazolone product was achieved in 40% *H NMR yield (Scheme 3.6). This discovery
that lithium intermediates can afford the desired cyclization constituted the basis upon which Mr. Frédéric
Vuillermet successfully developed milder, second-generation conditions for the cyclization that will not be

further discussed in this thesis.

Scheme 3.6. Reactivity of 6a towards n-butyllithium.
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3.4 Scope and Different Substrate Reactivities

Following the optimization of cyclization conditions for 6a, the attention was focused on the scope of the
reaction. The first goal was to secure the production of sufficient hydrazone carboxylate precursors for
scope purpose, a goal that was shared equally between Mr. Fred Vuillermet and myself. Condensation of
phenyl carbazate with common ketones was carried out to synthesize the required starting materials
following a literature procedure (Scheme 3.7).86 Some products were successfully formed at lower
temperatures and in shorter reaction times such as 6a and 6c¢ (0 °C for 1 h), while others required stirring

overnight at reflux.

Scheme 3.7. Scope of starting materials (hydrazone carboxylates) formation.
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9 Conditions: Ketones (10.0 — 20.0 mmol), phenylcarbazate (5.0 — 10.0 mmol), methanol (0.5 M), at reflux for 16 hours unless
otherwise noted. Yields shown are isolated yields from 10.0 to 20.0 mmol reaction scale.

Several hydrazone carboxylate precursors (with a-hydrogens) were then submitted to the optimized
reaction conditions and gave access to the cyclic pyrazolone products in moderate to good yields (Scheme
3.8). Addition products were observed as side reaction outcomes with some precursors like 6e and 6f,
where R? is larger. Performing the reaction at lower temperatures (0 °C to rt) helped diminish the

production of the addition side products for the precursors that suffered from this issue. Some products
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were obtained in higher yields when the reaction was performed at lower temperatures such as 7d (0 °C)
and 7g (rt) (Table 3.5). These results suggest that the control between the cyclization pathway and the

addition pathway is quite sensitive to substrate structure and reaction conditions.

Scheme 3.8. Scope of pyrazolone formation.

i-PrMgCl (4.0 equiv. CI<
o gCl ( q')[ Mg—O. HN—NH OQT/L\
ARl N, TMEDA (1.1 equiv.) \ >—0Ph J\f

/ NH
/ j:/ ” OPh  THF (0.075 M) [,-R* N~\ RTY O N~
. 66 °C, 1h : :
“R2H ' N ~H LR R“ll\/R2
6a-i R 7a-i Side product
H
HN"NH N un-N
O
Y
oF o I o
7a 7d
82%P (76%)° 89% (77% 75% (71% 67% (63%)
H
HN-N N’N
~ {gf tf
Te
82% (70%) 52% (50%) 88% (70%) 68% (60%) 55% (53%)

@ Higher yields of the products afforded at 0 °C for 3 h. @ Higher yield of the product afforded at rt for 2 h.
a Conditions: 6a-i (0.6 mmol), i-PrMgCl (2.4 mmol), THF (0.075 M), TMEDA (99 uL) at 66 °C in a sealed uW vial. # 1H NMR yield

determined by using 1,3,5-trimethoxybenzene as internal standard. ¢Yields in parenthesis indicate isolated yield from 0.6 mmol
reaction scale.
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Table 3.5. Lower temperature conditions allowed for better yields of some pyrazolone products.

. Lower Product yield (%) at
Pyrazolone Pyrazolone product Product yield (%)
temperature lower temperature
product structure at 66 °C“ . .
conditions conditions®
HN—NH
7d Y © 50 0°Cfor3h 67
H
HN—NH
54 with 17%
7e Y © B ° 0°Cfor3h 82
addition product
Me
HN—NH
45 with 25%
7f Y ° > WIEN 257 0°Cfor3h 52
addition product
Me
HN—NH

78 © 72 Rt for 2 h 88

2 1H NMR vyield determined by using 1,3,5-trimethoxybenzene as internal standard.

Some precursors have demonstrated poor or no cyclization reactivity when the optimized conditions were
applied (Scheme 3.9). Compounds 6j and 6k lack one a hydrogen which upon abstraction, provides extra
stability to the pyrazolone product via conjugation with the carbonyl group and the adjacent aromatic
substituent (if any), making it thermodynamically favored (Scheme 3.9, a and b). The cyclized product 7]
was believed to be generated (by heating overnight) under the reaction conditions. Reaction progress was
followed by TLC, and the consumption of the starting material was observed, as well as the formation of a
new spot at the same Ry range at which other pyrazolones appear. However, it is hypothesized that the
product decomposed rapidly after isolation attempts (Scheme 3.9, a) as the spot previously observed by
TLC was no longer found. Compound 6k was an unsuccessful candidate for this reaction and did not reveal
the formation of either of the two possible pyrazolone products, presumably due to the difficulty of
abstracting the more acidic proton (on the isopropyl group) under the reaction conditions due to steric
hinderance (Scheme 3.9, b). While compound 6l gave the cyclic product 71 in 33% NMR vyield, it
demonstrated high water solubility which made the standard workup process not suitable for its isolation
and purification (Scheme 3.9, c). Compound 6m (the bromo version of the precursor 6d) was submitted to

the reaction condition in order to afford the corresponding cyclic product. Unfortunately, only traces of
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the cyclic pyrazolone 7m (which is the same as 7d) was observed (<5%) as determined from the crude

NMR analysis (Scheme 3.9, d).

Scheme 3.9. Unsuccessful cyclization precursors to access pyrazolones.
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Conditions: i-PrMgCl (4.0 equiv.), TMEDA (1.1 equiv.), THF (0.075 M), 66 °C, 1 h
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Hydrazone carboxylate precursors with longer linear alkyl groups 6n and 6o were also unsuccessful
candidates for the cyclization reaction. Under the reaction conditions, 6n with an n-butyl group formed
the cyclized pyrazolone product in 22% NMR yield, while the addition product was observed in 9% NMR
yield (Scheme 3.9, e). Interestingly, when the reaction was performed using 6o precursor (differing in
structure from 6n only slightly), no cyclization product was observed, while the isopropyl addition product
was isolated in 52% vyield (Scheme 3.9, f). Comparing these results with the outcomes of the precursors
with shorter linear R group such as 6e and 6f, which demonstrated higher yields especially with lower
temperatures, it was suggested that the conformational flexibility and the degrees of freedom of these
groups could be affecting the reactivity of the hydrazone carboxylate precursors towards cyclization (Table

3.6).

Table 3.6. Comparing the reactivity trends of hydrazone carboxylate precursors with different linear R

groups.
Oﬁ)\
0] i-PrMgCl (4.0 equiv.) —NH
v JU TMEDA (1.1 equiv.) HIN N H
Z "N TOPh T THE (0.075M) N R
66 °C, 1h
R™ "H R
6 7 Addition side product
Hydrazone . . o/\a - . or\a
precursor R Cyclized pyrazolone product yield (%) Addition product yield (%)
6d H 50 0
6e Me 54 17
6f Et 52 25
6n Propyl 22 9
60 propenyl 0 (52)°

a 14 NMR yield determined by using 1,3,5-trimethoxybenzene as internal standard. ?Yields in parenthesis indicate isolated yield
from 0.6 mmol reaction scale.

The reactivity trends of different precursors may suggest that cyclic precursors such as 6a, 6b, or 6g with
the restricted conformation on the R group attached to imine carbon due to ring closure, experienced
lower steric hinderance and hence, could adopt a conformation that support deprotonation (by directed
metalation) and subsequent cyclization (Scheme 3.10). This could be justified by the formation of E-
enamine as the only possible intermediate upon deprotonation. This E-enamine may support facile
cyclization to access pyrazolone products (Scheme 3.10). However, in the acyclic substrates, the R group,

especially if larger, can adopt two conformations, leading to both metallo-enamine E and Z after
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deprotonation. It is suggested that the conformer that could form the Z-enamine would be more stable
than the other, due to the lack of the destabilizing interaction with the aromatic ring (Scheme 3.10). It is
proposed that forming the Z-enamine would be more difficult, due to destabilization of the directed
metalation transition state, resulting in a much more difficult deprotonation step. This could explain why
these precursors do not work well. These findings highlight that cyclic substates could facilitate complex
formation (if a directed deprotonation is indeed happening), and the deprotonation and cyclization steps.
However, having linear R group with conformational flexibility could hinder the reactivity toward the
formation of pyrazolone cyclic products and make the molecule conformationally unfavorable for the
cyclization to take place.

Scheme 3.10. A proposed justification for the reactivity trends of hydrazone carboxylate precursors with
cyclic versus linear R groups.

Restricted conformation Linear R group
by the ring A High degree of freedom ‘more stable conformation but likely’
OPh OPh t more difficult to form complex and :
OPh
O~( O-( i
O - X deprotonate '.
CI—Mg \\( C|_M9 \ N C|_M9\ \N """""""""""""""

ymé

“\/ vJ/-Pr Vs )( «Jl-Pr ~

~
i i 60 intermediate Cl
6a intermediate % . . Favored conformation
Destabilizing interaction " "~
l:’ Adopt the right conformation ~: l ' The molecule favors a conformatlon H
' that allows the formation of : L that does not support cyclization ':
Gl \E-enamine that supports cyclization:  C| G T
Mg M
\o_<OPh Mg\ OPh 9\ OPh
N\ /O_\< /o_\{l
— . _ _N —Mg~rni e ] s
cl Mg\N Cl Mg\N Cl—Mg N ' more difficult cyclization

(destab/l/zmg interaction in

OG X NANZ N Zmetallo-enamine,

-------------------- R Z enamine
v E enamine ' E enamine |
\(must form since cyol ’.C_) l

J '

HN—NH HN-N

Y <
7a \
82% (76%) 7o

Not observed

94



3.5 Conclusion

The study of nitrogen-substituted isocyanate precursors with Grignard reagents necessitated an
examination of both sp® and sp? nitrogen atoms. The coordination of the sp? nitrogen to the magnesium,
which could potentially favor the formation of the addition product, was of particular interest. In this
chapter, unexpected reactivity was discovered with the masked sp? N-isocyanate precursors bearing a-
hydrogens. This new reactivity was the cyclization to form five-membered pyrazolone derivatives. These
unexpected outcomes not only highlighted the importance of fine-tuning the equilibrium between the
blocked and free heteroatom-substituted isocyanates by manipulating the stability of the five-membered
complex, and the need to control the concentration of the free reactive form of heteroatom isocyanate to
prevent oligomerization and allow the desired reactivity to occur (the two concepts developed in Chapter
2), but these findings also underscored that the five-membered chelate facilitated unlocking of new
reactivity which captured the attention of the group for a long period of time. This was achieved by
allowing the coordination of a 2" equivalent of Grignard to the nitrogen atom, possibly facilitating the
deprotonation of the a-proton via a six-membered transition state (i.e., a directed metalation event). This
allows a direct synthesis of pyrazolones could be accessed from hydrazone precursors. Other findings
observed during optimizing and scoping this reaction, included: the possible deblocking at lower
temperatures in this system, the formation of the i-Pr addition competing side products with the sterically
demanding precursors which could adopt a conformation that does not favor the deprotonation and
cyclization, and that lithium intermediates can afford the desired cyclization. These findings constituted
the basis for the development of second-generation conditions by Mr. Frédéric Vuillermet, benefitting
from the Grignard addition approach, which suggested that the use of milder bases would be a strong

asset to overcome limitations and to achieve broader functionality tolerance.
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Chapter 4 Additional Cyclizations
4.1 Previous Cyclizations Using Masked O- and N-Isocyanates in Beauchemin Group

The Beauchemin Group has exploited masked heteroatom-substituted isocyanates in several heterocyclic
cyclization reactions. N-isocyanates, with more than 20 publications, has gained the most attention. C-C
bond formation was achieved by aminocarbonylation of alkenes via an inter- or intramolecular concerted
[3+2]-cycloaddition mechanism, to achieve five-membered azomethine imines, pyrazolones, or
pyrazolidinones (Figure 4.1, a and b).34890187,188,195-201 Aqdijtionally, access of 5-aminopyridazinone
provided C-C bond formation via the formation of enamine which acts as a carbon nucleophile (Figure 4.1,
¢).?2 Furthermore, Friedel-Crafts cyclization was employed with blocked amino-isocyanates bearing N-
aromatic substituents to afford C-C bond formation to access indazolones (Figure 4.1, d).2° Alternatively,
other cyclization reactions included substitution reactions with various protic nucleophiles featured in
cascade reactions to access 1,2,4-triazinones (Figure 4.1, e),2°%72% imidazolones,?* thiazolidines (Figure
4.1, f),° azo-diketopiperazines (Figure 4.1, g),°* aminobenzimidazolones (Figure 4.1, h),%®

aminohydantoins (Figure 4.1, i),°* and oxadiazinones (Figure 4.1, j).1%
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Figure 4.1. Previous cyclizations using blocked N-isocyanates in Beauchemin group.
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Masked O-isocyanates were employed in cyclization reactions exploiting the blocking group strategy that
allowed controlled reactivity. Several heterocyclic products were accessible via substitution and cascade
reactions such as hydantoins, dihydrouracils (Figure 4.2, a),''! imidazolidinones (Figure 4.2, b),13
benzimidazolones, 3,4-dihydroquinazolin-2(1H)-ones (Figure 4.2, c),!*? and the zwitterionic cycloadduct

aza-oxonium ylide via oxycarbonylation which allowed C-C bond formation (Figure 4.2, d).}'4

97

h)



Figure 4.2. Previous cyclizations using blocked O-isocyanates in Beauchemin group.
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4.2 Efforts Towards Expansion of Application of New Reactivity

The research outlined in Chapter 2 demonstrated that Grignard reagents can effectively generate free O-
and N- isocyanates in situ from blocked precursors, facilitating high-yielding addition reactions. The
process requires heating to overcome the stability of the chelate formed upon deprotonation. Precise
adjustment of the coordination environment of the isocyanate/metal complex controls the release of the
reactive isocyanate, minimizing side reactions (rearrangement and/or oligomerization of the isocyanate)
and enhancing the desired reactivity. A superstoichiometric amount of Grignard reagent is necessary to
achieve high vyields of the addition products. The Grignard reagent plays multiple roles, including
deprotonation, coordination with the heteroatoms via its Lewis acidic metal center, and nucleophilic
addition to the electrophilic center of the isocyanate, leading to C-C bond formation.

The formation of organometallic intermediates at low temperature, in the presence of functional groups,
has long been a useful strategy in organometallic chemistry. For example, halogen-metal exchange and
directed metalation reactions allow conversion of halides and substrates with acidic C-H bonds into a
variety of organometallic intermediates.®>%07-28 While some functional groups are compatible with the
reaction conditions, others must be protected to avoid undesired reactions. Importantly, to our
knowledge, there are no reports of organometallic intermediates formed in the presence of an isocyanate,
or a masked isocyanate intermediate. Given our group's longstanding interest in amphoteric molecules,
including amphoteric isocyanates, we wondered if the controlled reactivity developed in the previous
chapters could be used to form such rare intermediates, and use them in heterocyclic synthesis (Figure

4.3).
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Figure 4.3. Hypothetical organometallic intermediate formed and cyclized in the presence of an

isocyanate.
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More specifically, the halogen-metal exchange ability of specific Grignard reagents has been optimized to
provide access to various Grignard reagents. Knochel’s Turbo Grignard (i-PrMgCleLiCl) method has
emerged as a broadly applicable procedure for this purpose, forming the desired organomagnesium
intermediate in short time (10 minutes), at temperatures as low as -78 °C (Scheme 4.1),132165.209-212

Scheme 4.1. Halogen-magnesium exchange using Turbo Grignard.
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This seemed an ideal starting point to explore the strategy described above, resulting in intramolecular
variants for the purpose of the synthesis of heterocyclic compounds (Scheme 4.2). The efforts towards
validating this strategy were initially begun by designing the starting materials that could, in principle,
cyclize to form five and six-membered rings. This exploratory work was anticipated to provide insight into
the optimal reaction conditions to form these heterocyclic products, help to identify possible
unproductive pathways, and demonstrate the potential of the strategy developed in Chapter 3, and in this
Chapter, for future development.

Scheme 4.2. Intramolecular variants of masked heteroatom-substituted isocyanates as potential
precursors for the purpose of the synthesis of heterocyclic compounds.
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4.3 Mechanistic Blueprint

The optimal reaction pathway that would promote the formation of the cyclic products would proceed
through the deprotonation of the N-H by the Turbo Grignard at low temperature. This deprotonation
would lead to the formation of a five-membered chelate, which would be expected to survive at low
temperature. This would be followed by the halogen-metal exchange at low temperature to form a
transient arylmagnesium reagent on the aromatic ring. When the temperature rose, the deprotonated
masked isocyanate would be expected to undergo cleavage of the blocking group to generate the free
reactive isocyanate. Then, the nucleophilic Grignard formed via metal-halogen exchange would cyclize
onto the isocyanate, thus providing the heterocycle using a C-C bond forming reaction (Scheme 4.3).

Scheme 4.3. A potential mechanism of cyclization products formation from intramolecular Grignard
addition to masked heteroatom-substituted isocyanates.
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An unproductive pathway, however, could proceed through the halogen-metal exchange at low
temperature, followed by the deprotonation at low temperature by this newly formed organomagnesium
species, which would lead to the formation of C-H bond at the aromatic ring, effectively preventing the

reaction (Scheme 4.4).
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Scheme 4.4. A potential unproductive pathway preventing cyclization.
O,
(0] ! fe) \
X Jk Halogen-metal O Deprotonation l\;g ~0 [ @/r JJ\ H
N Lfalogen-meta’, —_— ! X< .
n N OPh  exchange X< X 2 ' n N OPh
H "N SoPh "N NoPh h Hoooooo . .
Mg ,MM H Potential side product
i-Pr” 5 Cl

j Deblocking
X=0orNR,n=0or1

_____________________ CIM Nucleophilic
: 0O : 90 addition @\“’X 0
' X< | — Xo 2 “N*

n Hki-Pr ' h N i-P C‘>

Potential side product

This concern about whether the protonation would take place before the halogen-metal exchange or the
reverse appeared avoidable by modifying the approach, the reagents and/or reaction conditions. This may
give an opportunity for deprotonation to take place prior to halogen-metal exchange. Furthermore,
allowing the reaction to initially proceed at low temperature (-78 °C) for a period of time then gradually
raising the temperature may provide an opportunity for better control over the reactivity. More options
for condition modification could be fruitful if required, to give opportunity for developing the optimal
conditions, such as the initial addition of a base to mediate deprotonation, and the ability to modify the

blocking group.

4.4 Synthesis of Cyclization Precursors

The synthesis of suitable cyclization precursors was an important part of this approach. Four precursors
were designed to investigate this reactivity. These two masked O-isocyanate precursors and two masked
N-isocyanate precursors could conceivably give access to five- and six-membered ring products (Figure

4.4).
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Figure 4.4. Design of cyclization precursors.

N~ “OPh
H 0
13 15
' v
v 0 o)
NH
! O
“Ph 0
14 16

]
Bn O
17
v O

The synthetic pathway for the synthesis of substrate 10 was designed according to literature

procedure.’'>?13 N-Hydroxyphthalimide A was reacted overnight with 2-iodobenzyl bromide in the

presence of triethylamine to give access to O-(2-iodobenzyl)-N-hydroxyphthalimide. This derivative was

engaged in the second step by the reaction with hydrazine monohydrate to produce the primary

hydroxylamine derivative, O-(2-iodobenzyl)hydroxylamine. This intermediate was used for the

subsequent step without further purification. Reaction with phenylchloroformate in the presence of

pyridine to afford the precursor 10 (O-(o-iodobenzyl) phenylcarbamate) in 80% yield (Scheme 4.5).
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Scheme 4.5. The synthetic pathway for the formation of precursor 10.
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Compound 13 was successfully synthesized according to the literature procedure.?#?!> The synthesis

included a two-step reaction pathway starting from 2-iodobenzyl bromide to yield N-(2-iodobenzyl)-N-

phenylhydrazine 12 by the nucleophilic substitution reaction with phenylhydrazine in aqueous medium in

68%. After purification, this phenylhydrazine derivative underwent a nucleophilic substitution with
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phenylchloroformate to access precursor 13 (phenyl 2-(o-iodobenzyl)-2-phenyl hydrazinecarboxylate) in

65% yield (Scheme 4.6).

Scheme 4.6. The synthetic pathway for the formation of precursor 13.
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The synthesis of precursor 15 proceeded through a four-step synthetic pathway starting from the reaction
of 1,2-diiodobenzene with Turbo Grignard and timethylborate to produce 2-iodophenylboronic acid. 2
Treatment of boronic acid X with N-hydroxyphthalimide gave access to the protected hydroxylamine 14 in
75% yield.?'” Subsequently, an overnight reaction with hydrazine hydrate yielded the corresponding
primary hydroxylamine derivative, which was used without further purification in the last step for the

formation of phenyl (0-iodophenoxy)carbamate 15, using phenylchloroformate (Scheme 4.7).

Scheme 4.7. The synthetic pathway for the formation of precursor 15.
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4.5 Successful Cyclization of O-lIsocyanate Substrate 10

A preliminary designed procedure has been carried out on precursor 10, starting with stirring 10 with /-
PrMgCleLiCl for 2 hours at -78 °C in a 0.075 M reaction in THF. The reaction progress was monitored by
TLC. The persistence of the spot corresponding to the starting material after two hours at -78 °C suggested
that a higher temperature might be necessary for the formation of the desired product. Therefore, the
temperature was gradually raised to ambient temperature, then the reaction mixture was allowed to stir

for 1 hour at 66 °C. An acidic quench was carried out after the TLC analysis indicated the reaction
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completion, as gauged by consumption of the starting material 10. Gratifyingly, the heterocyclic
benzoxazinone product 11 was isolated in 65% yield as indicated by the NMR analysis (Scheme 4.8).

Scheme 4.8. The formation of benzoxazinone 11 showing the proposed species exist in low versus high
temperature.
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The observation of the cyclization supported that the deprotonation step preceded the halogen metal
exchange. This allowed the formation of the five-membered chelate which demonstrated reasonable
stability at low temperature (cyclization was possible at elevated temperatures). This resulted in the
formation of organometallic intermediate formed in the presence of a masked O-isocyanate (in the form
of five-membered magnesium chelate) at low temperature (Scheme 4.8). At elevated temperatures, a
new transient species was formed by cleavage of the phenol blocking group, which is an organometallic
intermediate formed in the presence of a free O-isocyanate. This species underwent an intramolecular
cyclization via nucleophilic addition to give a six-membered heterocyclic compound through the formation
of C-C bond (Scheme 4.8). This result implies that the process requires heating to overcome the stability
of the chelate formed upon deprotonation. Furthermore, a slight excess of Turbo Grignard seemed
sufficient to achieve the cyclization. These findings were consistent with the proposed mechanism based
on the knowledge gained from studying masked O- and N- isocyanates in the previous Chapters 2 and 3.
This successful cyclization supports our postulate that the formation of rare organometallic/heteroatom-
isocyanate intermediates and employing controlled reactivity (developed in the previous chapters) is a

valid strategy to access heterocyclic motifs.
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Due to time constraints, it was not possible to evaluate the cyclization of the 2" masked O-isocyanate
substrate 15 that was anticipated to produce a fused 5,6-ring system; this will be addressed in future

work.

4.6 Cyclization of N-Isocyanate Substrates

Due to time constraints, masked N-isocyanate substrates designed for intramolecular cyclization were not
able to be investigated for their ability to cyclize. However, the promising result obtained from
intramolecular cyclization of the corresponding O-isocyanate precursor suggests that this approach could

be feasible with N-isocyanates as well. This will be discussed in the future work in the next section.

4.7 Conclusion and Future Work

This chapter has focused on the exploration of the formation of organometallic/heteroatom-isocyanate
intermediates, and their ability to undergo intramolecular cyclization reactions to form heterocyclic
compounds by C-C bond formation. To evaluate this strategy, model systems were designed that contained
both masked heteroatom isocyanates and an aryl halide capable of undergoing metal-halogen exchange.
It was hypothesized that the formation of the relatively stable five-membered chelate made this approach
feasible, allowing the other abilities of the Grignard reagent namely, the halogen-metal exchange, to be
exploited. Given the promising result obtained by the O-isocyanate precursor, it was suggested that

optimal reaction conditions are possible for achieving this goal.

Future work includes the formation of the N-isocyanate precursor 17 anticipated to form five-membered
indazolone derivative (upon successful cyclization). Its proposed synthetic strategy based on literature
reports?#?1> begins with 2-iodoaniline, which would undergo diazotization and reduction to form the
corresponding hydrazine hydrochloride salt Y, which would then react with benzyl bromide under
inorganic alkaline medium to afford benzyl group addition to the internal (secondary) nitrogen atom of
the hydrazine. A subsequent reaction with phenylchloroformate would afford the target substrate 17

(Scheme 4.9).
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Scheme 4.9. The proposed synthetic pathway for the formation of precursor 17.
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The cyclization approach for the other model substrates should then be evaluated to determine if desired
products are formed in these instances as well. Exploring this cyclization approach fully on masked
heteroatom isocyanate precursors is an important aspect of the future work to provide insight into the
optimal reaction conditions to form these heterocyclic products and demonstrate the potential of the

strategy developed throughout the study of the masked heteroatom-substituted isocyanates.
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Chapter 5 Conclusion and Outlook

5.1 Conclusions

In this thesis, the reactivity of heteroatom-substituted isocyanates has been studied by stoichiometric
addition of Grignard reagents to masked isocyanate precursors. A blocking group strategy was employed
effectively with these rare heteroatomic isocyanates which allowed for the development of suitable
procedures for controlled addition of Grignard nucleophiles to masked O- and N- isocyanates and to
overcome the limitations that result from their amphoteric nature. Indeed, it was hypothesized that
amphoteric free O- and N- isocyanates could be formed in situ from their masked precursors and engage
in high yielding C-C bond forming reactions with Grignard reagents via controlled release of the reactive
intermediate. Overall, the results obtained support that this controlled release was achieved through a
relatively stable five-membered intermediate, a chelate formed upon deprotonation by the basic Grignard
reagent. Interestingly, this type of coordination results in much more stable intermediates, which was
shown to be a fundamental difference between heteroatom isocyanates and their C-analogues.
Importantly, this allowed the synthesis of a variety of motifs possessing the NNCO and ONCO motifs, first

by intermolecular reactions (Chapter 2), then by intramolecular reactions (Chapters 3 and 4).

In Chapter 2, this strategy enabled the synthesis of various hydroxamate derivatives from masked O-
isocyanate precursors (21 examples) and hydrazide derivatives from masked N-isocyanate precursors (7
examples) (Scheme 5.1). Diorganomagnesium reagents were effectively employed to modify the structure
of the five-membered chelate to reduce the Lewis acidity of the metal to a degree that favors optimal
deblocking, hence, promoting the desired reactivity. This resulted in an optimal five-membered chelate,
with the desired balance of stability and reactivity. Consequently, the competing side reactions
(rearrangement and/or oligomerization of the isocyanate) were minimized, permitting the desired activity
to predominate, enabling access to hydroxamate and hydrazide derivatives. Rearrangement side reactions
caused by cleavage of the weak N-O or N-N bond were effectively suppressed by the use of
diorganomagnesium reagents, formed in situ by Schlenk equilibrium with organomagnesium bromides,
induced in the presence of dioxane. Importantly, the study of N-isocyanates allowed for the expansion of
research on the heteroatom coordination with the metals by employing different types of nitrogen atoms
with different geometric properties, Lewis basicity, and coordination abilities. This effect was represented
in the higher yields obtained by the precursors with aromatic-substituted nitrogen compared to the ones

with aliphatic substituted nitrogen, which required TMEDA addition to enhance the yield. The reactivity
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trends of N-isocyanates and the beneficial influence of TMEDA as an additive supported the hypothesis of
chelate formation and helped understand the significance of fine-tuning the coordination strength and the

stability of the five-membered chelate on the reactivity.

Scheme 5.1. Summary of Chapter 2 Results.
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In Chapter 3, a new synthesis of pyrazolones has been optimized and studied, relying on hydrazones as N-
isocyanate precursors, and using a Grignard reagent as base to allow an intramolecular reaction (Scheme
5.2). This unexpected reactivity was discovered from the masked sp? N-isocyanate precursors bearing a-
hydrogens. Under optimized conditions, formation of pyrazolone derivatives by intramolecular cyclization
was preferred over the intermolecular addition reactivity that was detailed in Chapter 2. It was
hypothesized that this reactivity was feasible by effectively employing the five-membered chelate
intermediate to facilitate deprotonation of the a-proton by increasing the acidity of the a-hydrogens,
possibly by allowing the coordination of a 2" equivalent of Grignard to the nitrogen atom, thus directing
the deprotonation of the a-proton via a six-membered transition state (i.e., a directed metalation event).
These hypotheses are supported by several experimental observations: that increased Lewis acidity of the
Grignard reagent promotes the reaction, and that hydrazones derived from cyclic ketones cyclize more
readily. Overall, this has enabled the access to a variety of pyrazolone products from simple starting

materials, building on controlled reactivity of N-isocyanates.
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Scheme 5.2. Summary of Chapter 3 Results.
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In Chapter 4, investigation was then focused on the formation of organometallic/heteroatom-isocyanate
intermediates and their potential to participate in intramolecular cyclization reactions, leading to the
synthesis of heterocyclic compounds via carbon-carbon bond formation (Scheme 5.3). This builds on the
type of reactivity studied in Chapter 3 but was hypothesized to be potentially applicable to a variety of
NNCO and ONCO heterocycles. Again, this process was facilitated through the use of a magnesium chelate
formed upon deprotonation of the masked heteroatom isocyanate. The stability of the chelate at lower
temperatures permitted a subsequent metal-halogen exchange reaction (yielding a Grignard reagent) to
be performed within the same molecule. Upon heating, the isocyanate could be formed in situ, allowing
cyclization. While only exploratory trials were performed, gratifyingly a sequence using a halogen-metal
exchange reaction was unveiled, allowing the synthesis of a ONCO-containing heterocycle, a
benzoxazinone. This result validates this strategy, suggesting that the findings in Chapter 2 can allow the
generalization of this concept, and the development of intramolecular reactions forming ONCO and NNCO
heterocycles. Conceptually, this is a new class of amphoteric molecule, the development of which was
dependent entirely on the understanding of the stabilized chelate that can be formed from masked O-
and N-isocyanates.

Scheme 5.3. Summary of Chapter 4 Results.
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Proof of principle

Overall, the findings in this thesis have resulted in broadly applicable procedures for the synthesis of ONCO
and NNCO containing molecules, using both inter- and intramolecular C-C bond forming events.
As illustrated in Chapter 1, such reactions with masked isocyanates were rare prior to this work; the use

of masked O- and N-isocyanates in C-C bond forming reactions were almost non-existent. This work has
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found that the formation of stabilized chelate enables the use of masked O- and (sp®) N-isocyanates in
powerful C-C bond formation reactions. Further, this same stabilized chelate enables the formation of
pyrazolones, an important class of heterocycles, by facilitating a more facile deprotonation of a-
hydrogens on intermediates derived from masked sp? N-isocyanates. This research culminated in the
successful proof of principle that the stability of the chelate can be exploited to perform a metal-halogen
exchange within the same molecule. The resultant Grignard reagent can act as a nucleophile on the
heteroatom isocyanate (released from chelate at higher temperatures) and cyclize to form heterocycles.

This is a new class of amphoteric molecules that enables reactivity that was not previously possible.

5.2 Outlook

It will be important to continue the work started in Chapter 4 to further study this new class of amphoteric
molecules (Scheme 5.4). The approach of intramolecular cyclization by applying halogen-metal exchange
for the formation of organometallic/heteroatom-isocyanate intermediate has a great deal of potential to
form interesting heterocycles in an efficient manner. Several substrates have already been prepared and
work is on-going by Ms. Bhavana Uppalapati to complete the initial set of four model compounds that
were described in Chapter 4. Further studies will evaluate the feasibility of this new amphoteric approach

to a variety of NNCO and ONCO cyclic motifs.

Scheme 5.4. Future Work Exploring New Amphoteric Class of Molecules.
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An additional opportunity is to extend the applicability of the intermediates formed in Chapters 2, 3 & 4,
since nitrogen anions are present at the end of the reaction. Future work, some of which is already
underway by Mr. Fred Vuillermet, will determine if these anions can be intercepted by other electrophiles
(alkyl halides, for example), to form even more complex structures (Scheme 5.5). These studies will

determine if this electrophilic interception can be made general.
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Scheme 5.5. Future Work Exploring Electrophilic Interception of Anions.
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The masked O-isocyanate used as the starting material for Grignard addition in Chapter 2 can be
considered as a bis-electrophilic synthon. Building on the results in this thesis, there is potential to access
amides from the products shown in Chapter 2 if suitable conditions for the selective functionalization of
the N-O bond to an N-R bond could be determined (Scheme 5.6).

Scheme 5.6. Future Work Exploring Potential Amide Synthesis from Chapter 2 Products.
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Chapter 6 Supporting Information

6.1 General Information

Purification of products was carried out by flash column chromatography using silica gel (40 — 63 um),
unless otherwise noted. Analytical thin layer chromatography (TLC) was performed on aluminum or glass
plates, cut to size. Visualization was accomplished with UV light followed by staining with a potassium
permanganate solution, cerium molybdate solution, ninhydrin, or anisaldehyde solution, and heating.
Heating of reaction mixtures was accomplished using thermoprobe controlled oil bath. All air- and
moisture-sensitive reactions were carried out in oven-dried 10 or 20 mL glass microwave vials with
aluminum caps and septa as seals under an atmosphere of argon unless otherwise noted. *H NMR and 3C
NMR spectra were recorded on Bruker AVANCE 300 MHz, 400 MHz, 500 MHz, or 600 MHz spectrometers
at ambient temperature, unless otherwise indicated. Spectral data is reported in ppm using residual
protio-solvent as the reference (DMSO-ds at 2.50 ppm or CDCls at 7.26 ppm for *H NMR and DMSO-d; at
39.52 ppm or CDClsat 77.0 ppm for *3C NMR). *H NMR data was reported as: multiplicity (ap = apparent,
br = broad, s =singlet, d = doublet, t = triplet, q = quartet, quint = quintet, sext = sextuplet, sept = septuplet,
m = multiplet), integration and coupling constant(s) in Hz. *3C NMR is reported indicating information from
distortionless enhancement by polarization transfer (DEPT) experiments. High-resolution mass
spectroscopy (HRMS) was performed on a mass spectrometer with an electron beam of 70 eV (El) or

Micromass Q-TOF | - Time of flight Electrospray lonisation mass spectrometer (ESI).

Unless otherwise noted, all materials were purchased from commercial sources and used without further
purification. Tetrahydrofuran (THF) and dichloromethane (CH.Cl,) were passed through an activated
alumina column embedded in a solvent purification system provided by LC Technology Solutions. 1,4-

Dioxane was dried by reflux over calcium hydride then stored over 4 A Molecular sieves.
6.2 Supporting Information for Stoichiometric Grignard Addition to Masked O-Isocyanates

6.2.1 General Procedure
6.2.1.1 General Procedure A: Synthesis of Hydroxamates

RlO’H OPh R2MgX Dioxane/THF (0.075 M) Rlo’H R2
\n/ 4.0 equiv. 66 °C, 1 h T
O @)
X = Br, Cl
2a-g 1a-h 3
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An oven dried and argon flushed 20 mL uW vial, equipped with a magnetic stir bar, was charged with N-
alkoxycarbamates 2 (1.0 equiv) prepared following literature procedure,?*® and then was sealed. THF and
1,4-dioxane (0.075 M) were added sequentially via syringe. At 0 °C, the corresponding Grignard reagent
(4.0 equiv), which was prepared as per literature procedure,?® and titrated before use following the

literature procedure,?®

was added by syringe, and the reaction mixture was stirred for 1 hour at 66 °C. The
solution was then cooled in an ice bath and quenched using saturated NH4Cl (q) and extracted three times
with EtOAc. The combined organic phases were washed once with brine, dried over anhydrous Na;SOa,
filtered, and concentrated under reduced pressure. Purification was achieved using silica gel flash column

chromatography using EtOAc/Hexanes mixture.

6.2.2 Characterization Data
)\/ i
oN /( j
N (0]
H

Phenyl N-(2-methylpropoxy)carbamate 2d

O
)\/ K,CO3 (2.5 equiv.)
Br + HO-N Y\

DMSO (0.67 M), 80 °C, 3 h

O
1.5 equiv. 1.0 equiv. HaNNH-H,0
(2.0 equiv.)
CH,Cl,:MeOH
10:1 (0.3 M), rt 0

Cl OPh NaHCO; H
Y\O,NHZ 1.0 equiv. (1.2 equiv.:) YO,NTOPh
JCH20|2:H20 2:1 (0.3 M), rt (o)

1.2 equiv. 2d

This substrate was synthesized by Dr Ryan Ivanovich. The title compound was synthesized according to a
modified literature procedure.'?23 To a 250 mL round bottom flask equipped with a stir bar N-
hydroxyphthalimide (3.26 g, 20.0 mmol., 1.0 equiv) was dissolved in DMSO (30 mL, 0.67 M) at room
temperature. Then K,CO; (6.91 g, 50.0 mmol, 2.5 equiv) was added to the reaction flask, followed by
isobutylbromide (5.52 g, 30.0 mmol, 1.5 equiv). The flask was sealed, and it was allowed to stir for 3 h at
80 °C. The reaction progress was monitored by TLC and stopped upon completion, as gauged by
consumption of the N-hydroxyphthalimide. Most of the solvent was removed under reduced pressure,
and the reaction mixture contents were transferred into a separatory funnel by rinsing the round bottom
flask with CH,Cl, and water. After the mixture contents separated, the organic layer was reserved, and the

aqueous layer was extracted three times with CH,Cl,. The combined organic layers were then washed with
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distilled water (x 3) and then brine (x 1). The organic layer was then dried over anhydrous Na,SO4
overnight. The final product was obtained by filtration and rotary evaporation and high vacuum to yield a
white solid, with a yield of 63%. The second step of the reaction: To a 250 round bottom flask equipped
with a stir bar was added 0-1-(2-methyl)propyl-N-hydroxyphthalimide (2.78 g, 12.7 mmol, 1.0 equiv)
followed by dilution in CH,Cl,:MeOH (55 mL : 5.5 mL, 10:1) (0.3 M) and cooled to 0 °C. To this vigorously
stirred solution was added hydrazine hydrate (1.63 mL, 25.4 mmol, 2.0 equiv). The reaction was allowed
to stir at room temperature, and the reaction progress was monitored by TLC and stopped upon
completion, as gauged by consumption of the 0-1-(2-methyl)propyl-N-hydroxyphthalimide. Upon
completion, the solution was filtered over a fritted funnel and the filtrate was collected (the white
precipitate was discarded). The filtrate was washed with sat. NaHCOs; (x 2) and then brine (x 1). The organic
phase was dried over anhydrous Na,;SO, and filtered over a fritted funnel. The filtrate was concentrated
via rotary evaporation and used in the subsequent step without further purification. The third step of the
reaction: To a 250 mL round bottom flask equipped with a stir bar was added the crude O-
isobutylhydroxylamine from the previous step (1.13 g, 12.7 mmol, 1.2 equiv) followed by dilution with
CHCl3:H;0 (30 mL : 15 mL, 2:1) (0.3 M) and cooled to 0 °C. To this vigorously stirred solution was added
NaHCO; (1.06 g, 12.7 mmol, 1.2 equiv). After addition of NaHCOs, the solution was allowed to stir at 0 °C
for 0.5 h. Phenylchloroformate was then added dropwise (1.63 mL, 10.58 mmol, 1.0 equiv), and the
reaction was allowed to stir at room temperature. The reaction progress was monitored by TLC and
stopped upon completion, as gauged by consumption of the phenylchloroformate. Upon completion, the
reaction was extracted using sat. NaHCOs; (x 2) and then brine (x 1). The organic phase was dried over
anhydrous Na,SO, and filtered over a fritted funnel. The filtrate was concentrated via rotary evaporation
and the crude was purified using silica-gel flash column chromatography using CH,Cl; to afford the pure

product as white solid (1.48 g, 67%).

TLC Ry: 0.40 in CH,Cl,.

'H NMR (400 MHz, DMSO-ds) 6 10.97 (s, 1H), 7.42 — 7.37 (m, 2H), 7.26 — 7.21 (m, 1H), 7.15 - 7.12 (m, 2H),
3.60 (d, J = 6.7 Hz, 2H), 1.90 (sept, /= 6.7 Hz, 1H), 0.91 (d, J = 6.7 Hz, 6H).

13C NMR (101 MHz, DMSO-ds) & 154.6 (C), 150.4 (C), 129.4 (CH), 125.4 (CH), 121.7 (CH), 82.2 (CH,), 26.7
(CH), 19.0 (CHa).

HRMS (ESI): Exact mass calcd for C13H1sNOsNa [M+Na]* 232.0950. Found: 232.0952.
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Phenyl N-(trimethylsilyl)methoxycarbamate 2f

o) (o]
| K,COj3 (1.25 equiv.) |
/Sl\/Cl + HO-N > \SII/\O/N
o)

DMF (0.3 M), 80 °C, 18 h

(0]
1.0 equiv. 1.0 equiv. HaNNHz+H,0
(2.0 equiv.)
CH,Cl,:MeOH
10:1 (0.3 M), rt (0]

H
o N TOPh

o

1.0 equiv. (1.2 equiv.) \Sli
CH,ClyH,0 2:1 (0.3 M), 1t |
1.2 equiv. 2f

| NH
\Si/\o, 2

'I Cl OPh NaHCO;

This substrate was synthesized by Dr Ryan Ivanovich. The title compound was synthesized according to a
modified literature procedure!'??'®* To a 250 mL round bottom flask equipped with a stir bar N-
hydroxyphthalimide (3.26 g, 20.0 mmol., 1.0 equiv) was dissolved in DMF (66.7 mL, 0.3 M) at room
temperature. Then K;COs (3.45 g, 25.0 mmol, 1.25 equiv) was added to the reaction flask, followed by
chloromethyltrimethylsilane (2.45 g, 20.0 mmol, 1.0 equiv). The flask was sealed, and it was allowed to
stir for overnight (18 h) at 80 °C. The reaction progress was monitored by TLC and stopped upon
completion, as gauged by consumption of the N-hydroxyphthalimide. The solvent was removed under
reduced pressure, the reaction mixture contents were transferred into a separatory funnel by rinsing of
the round bottom flask with CH,Cl, and water. After the mixture contents separated, the organic layer was
reserved, and the aqueous layer was extracted three times with CH,Cl,. Then the combined organic layers
were washed with distilled water (x 3) and then brine (x 1). The organic layer was then dried over
anhydrous Na,SO, overnight. The final product was obtained by filtration and rotary evaporation and high
vacuum and used in the subsequent step without further purification (3.71 g, 73%). The second step of
the reaction: To a 250 mL round bottom flask equipped with a stir bar was added O-(trimethylsilyl)methyl-
N-hydroxyphthalimide from the previous step (3.71 g, 14.7 mmol, 1.0 equiv) followed by dilution in
CH,Cl;:MeOH (50 mL : 5.0 mL, 10:1) (0.3 M) and cooled to 0 °C. To this vigorously stirred solution was
added hydrazine hydrate (1.92 mL, 30.0 mmol, 2.0 equiv). The reaction was allowed to stir at room
temperature, and the reaction progress was monitored by TLC and stopped upon completion, as gauged

by consumption of the O-(trimethylsilyl)methyl-N-hydroxyphthalimide. Upon completion, the solution
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was filtered over a fritted funnel and the filtrate was collected (the white precipitate was discarded). The
filtrate was washed with sat. NaHCOs (x 2) and then brine (x 1). The organic phase was dried over
anhydrous Na,SO, and filtered over a fritted funnel. The filtrate was concentrated via rotary evaporation
and used in the subsequent step without further purification (1.51 g, 86%). The third step of the reaction:
To a 250 mL round bottom flask equipped with a stir bar was added the crude O-
((trimethylsilyl)methyl)hydroxylamine from the previous step (1.51 g, 12.7 mmol, 1.2 equiv) followed by
dilution with CH,Cl,:H,0 (30 mL : 15 mL, 2:1) (0.3 M) and cooled to 0 °C. To this vigorously stirred solution
was added NaHCOs (1.06 g, 12.7 mmol, 1.2 equiv). After addition of NaHCOs, the solution was allowed to
stir at 0 °C for 0.5 h. Phenylchloroformate was then added dropwise (1.63 mL, 10.58 mmol, 1.0 equiv). The
reaction progress was monitored by TLC and stopped upon completion, as gauged by consumption of the
phenylchloroformate. Upon completion, the reaction was extracted using sat. NaHCOs (x 2) and then brine
(x 1). The organic phase was dried over anhydrous Na,SO, and filtered over a fritted funnel. The filtrate
was concentrated via rotary evaporation and isolated using silica-gel flash column chromatography using

CH,Cl, to afford the pure product as white solid (1.82 g, 72%).
TLC Rf: 0.63 in 25% EtOAc/Hexanes.

H NMR (400 MHz, DMSO-ds) 5 11.03 (s, 1H), 7.45— 7.38 (m, 2H), 7.25—7.21 (m, 1H), 7.14— 7.11 (m, 2H),
3.71 (s, 2H), 0.06 (s, 9H).

13C NMR (101 MHz, DMSO-ds) 5 150.5 (C), 129.4 (C), 125.4 (CH), 121.6 (CH), 121.5 (CH), 71.1 (CH,), -3.0
(CHs).

HRMS (ESI): Exact mass calcd for C11H17NO5SiNa [M+Na]* 262.0875. Found: 262.0860.

H
O,erMe
(0]

N-Benzyloxy acetamide 3aa

The title compound was synthesized following General Procedure A using O-benzyl phenylcarbamate 2a
(0.122 g, 0.50 mmol. 1.0 equiv), methylmagnesium bromide 1a (2.2 mL, 0.90 M in THF, 4.0 equiv), THF (3.0
mL) and 1,4-dioxane (1.5 mL) (0.075 M). The crude product was purified by flash column chromatography
(50% EtOAc/Hexanes) to afford the pure compound as an off-white solid (0.056 g, 68%).

TLC Rf=0.028 in 25% EtOAc/Hexanes.
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'H NMR (400 MHz, DMSO-ds) 6 10.95 (s, 1H), 7.41 - 7.31 (m, 5H), 4.78 (s, 2H), 1.72 (s, 3H).

13C NMR (101 MHz, DMSO-ds) § 166.5 (C), 136.1 (C), 128.7 (CH), 128.3 (CH), 128.2 (CH), 76.8 (CH,), 19.6

(CHs). Spectral data (using CDCls) was found consistent with literature reports.??°

H
N
oY
@)
N-Benzyloxy propionamide 3ab

The title compound was synthesized following General Procedure A using O-benzyl phenylcarbamate 2a
(0.146 g, 0.60 mmol, 1.0 equiv), ethylmagnesium bromide 1b (2.5 mL, 0.95 M in THF, 4.0 equiv), THF (4.0
mL) and 1,4-dioxane (1.5 mL) (0.075 M). The crude product was purified by flash column chromatography
(40% EtOAc/Hexanes) to afford the pure compound as an off-white solid (0.086 g, 80%).

TLC Rf=0.10 in 25% EtOAc/Hexanes.

H NMR (400 MHz, DMSO-ds) 5 10.92 (s, 1H), 7.39 — 7.34 (m, 5H), 4.77 (s, 2H), 1.96 (g, J = 7.6 Hz, 2H), 0.99
(t,J = 7.6 Hz, 3H).

13C NMR (101 MHz, DMSO-ds) 5 170.3 (C), 136.1 (C), 128.8 (CH), 128.3 (CH), 128.2 (CH), 76.7 (CH,), 25.6

(CH2), 9.7 (CHs). Spectral data (using CDCls) was found consistent with literature reports.??

N-Benzyloxy heptanamide 3ac

The title compound was synthesized following General Procedure A using O-benzyl phenylcarbamate 2a
(0.146 g, 0.60 mmol, 1.0 equiv), n-hexylmagnesium bromide 1c¢ (2.7 mL, 0.90 M in THF, 4.0 equiv), THF (3.8
mL) and 1,4-dioxane (1.5 mL) (0.075 M). The crude product was purified by flash column chromatography
(25% EtOAc/Hexanes) to afford the pure compound as an off-white solid (0.106 g, 75%).

TLC Rf=0.20 in 25% EtOAc/Hexanes.

'H NMR (400 MHz, DMSO-ds) 6 10.93 (s, 1H), 7.39 - 7.32 (m, 5H), 4.77 (s, 2H), 1.93 (t, J = 7.3 Hz, 2H), 1.47
(m, 2H), 1.28 = 1.21 (m, 6H), 0.85 (t, / = 7.0 Hz, 3H).
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13C NMR (101 MHz, DMSO-ds) & 169.4 (C), 136.1 (C), 128.7 (CH), 128.3 (CH), 128.2 (CH), 76.7 (CH,), 32.2
(CH.), 30.9 (CHy), 28.1 (CH3), 24.9 (CH,), 22.0 (CH,), 13.9 (CHs) ppm. Spectral data (using CDCls) was found

consistent with literature reports.??

N-Benzyloxy isobutyramide 3ad

The title compound was synthesized following General Procedure A using O-benzyl phenylcarbamate 2a
(0.146 g, 0.60 mmol, 1.0 equiv), isopropylmagnesium chloride 1d (2.5 mL, 0.95 M in THF, 4.0 equiv), THF
(4.0 mL) and 1,4-dioxane (1.5 mL) (0.075 M). The crude product was purified by flash column

chromatography (30% EtOAc/Hexanes) to afford the pure compound as an off-white solid (0.091 g, 79%).
TLC Rf=0.16 in 25% EtOAc/Hexanes.

H NMR (400 MHz, DMSO-ds) & 10.96 (s, 1H), 7.39 — 7.32 (m, 5H), 4.77 (s, 2H), 2.20 (sept, J = 6.9 Hz, 1H),
0.98 (d, J = 6.9 Hz, 6H).

13C NMR (101 MHz, DMSO-ds) 5 173.2 (C), 136.1 (C), 128.8 (CH), 128.3 (CH), 128.2 (CH), 76.6 (CH,), 31.2

(CH), 19.2 (CHs) ppm. Spectral data (using CDCls) was found consistent with literature reports.??!

O/
0
N-Benzyloxy benzamide 3ae

The title compound was synthesized according to General Procedure A using O-benzyl phenylcarbamate
2a (0.146 g, 0.60 mmol, 1.0 equiv), phenylmagnesium bromide 1e (2.7 mL, 0.90 M in THF, 4.0 equiv), THF
(3.8 mL) and 1,4-dioxane (1.5 mL) (0.075 M). The crude product was purified by flash column

chromatography (25% EtOAc/Hexanes) to afford the pure compound as an off-white solid (0.112 g, 82%).
TLC Ry =0.26 in 25% EtOAc/Hexanes.

H NMR (400 MHz, DMSO-ds) 5 11.78 (s, 1H), 7.76 — 7.73 (m, 2H), 7.57 — 7.34 (m, 8H), 4.93 (s, 2H).
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13C NMR (101 MHz, DMSO0-ds) § 169.8 (C), 136.0 (C), 132.3 (C), 131.6 (CH), 128.9 (CH), 128.5 (CH), 128.4
(CH), 128.3 (CH), 127.1 (CH), 76.9 (CH;) ppm. Spectral data was consistent with literature reports.??3

N
O/
0]

N-Benzyloxy 4-methylbenzamide 3af

The title compound was synthesized following a modified General Procedure A using O-benzyl
phenylcarbamate 2a (0.146 g, 0.60 mmol, 1.0 equiv), tolylmagnesium bromide 1f (2.5 mL, 0.95 M in THF,
4.0 equiv) and THF (0.5 mL, 0.20 M). The crude product was purified by flash column chromatography
(20% EtOAc/Hexanes) to afford the pure compound as a white solid (0.117 g, 81%).

TLC Rf=0.20 in 20% EtOAc/Hexanes.

H NMR (400 MHz, DMSO-ds) 6 11.71 (s, 1H), 7.68 — 7.64 (m, 2H), 7.47 — 7.36 (m, 5H), 7.29 — 7.25 (m, 2H),
4.92 (s, 2H), 2.34 (s, 3H).

13C NMR (101 MHz, DMSO-ds) & 164.4 (C), 141.6 (C), 136.0 (C), 129.5 (C), 129.0 (CH), 128.9 (CH), 128.3
(CH), 128.3 (CH), 127.1 (CH), 77.0 (CH,), 21.0 (CHs). Spectral data was consistent with literature reports.??*

N-Benzyloxy-3-phenylpropiolamide 3ag

The title compound was synthesized following a modified General Procedure A using O-benzyl
phenylcarbamate 2a(0.146 g, 0.60 mmol, 1.0 equiv), 2-phenylethynylmagnesium chloride lithium chloride
1g (3.0 mL, 0.8 M in THF, 4.0 equiv), which was synthesized following the literature procedure,**” and THF
(5.0 mL, 0.075 M). The crude product was purified by flash column chromatography (25% EtOAc/Hexanes)

to afford the pure compound as an off-white solid (0.104 g, 69%).
TLC Rf=0.29 in 25% EtOAc/Hexanes.

'H NMR (400 MHz, DMSO-ds) 6 11.93 (br s, 1H), 7.59 — 7.36 (m, 10H), 4.87 (s, 2H).
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13C NMR (101 MHz, DMSO-ds) & 150.1 (C), 135.6 (C), 132.2 (CH), 130.6 (CH), 129.0 (CH), 128.8 (CH), 128.4
(CH), 128.4 (CH), 119.3 (C), 85.4 (C), 81.2 (C), 77.2 (CH3). Spectral data (using CDCl3) was consistent with

literature reports.?®

N-Benzyloxybut-2-ynamide 3ah

The title compound was synthesized following General Procedure A using O-benzyl phenylcarbamate 2a
(0.146 g, 0.60 mmol, 1.0 equiv), 1-propynylmagnesium bromide solution 1h (6.7 mL, 0.36 M in THF, 4.0
equiv) and 1,4-dioxane (1.4 mL, 0.075 M). The crude product was purified by flash column chromatography
(30% EtOAc/Hexanes) to afford the pure compound as a white solid (0.079 g, 70%).

TLC Rf=0.15 in 25% EtOAc/Hexanes.
H NMR (400 MHz, DMSO-ds) 6 11.61 (br s, 1H), 7.40 — 7.34 (m, 5H), 4.79 (s, 2H), 1.96 (s, 3H).

13C NMR (101 MHz, DMSO-ds) & 150.4 (C), 135.6 (C), 129.4 (CH), 128.8 (CH), 128.3 (CH), 85.3 (C), 77.0
(CH,), 72.7 (C), 3.1 (CH).

HRMS (ESI): Exact mass calcd for C;1H1:NO2Na [M+Na]* 212.0687. Found: 212.0695.

XK
7oy
0]
N-((Tert-butyldimethylsilyl)oxy)propionamide 3bb

The title compound was synthesized following General Procedure A using phenyl (tert-
butyldimethylsilyl)oxycarbamate 2b (0.160 g, 0.60 mmol, 1.0 equiv), ethylmagnesium bromide 1b (2.7 mL,
0.90 M in THF, 4.0 equiv), THF (3.6 mL) and 1,4-dioxane (1.7 mL) (0.075 M). The crude product was purified
by flash column chromatography (25% EtOAc/Hexanes) to afford the pure compound as a white solid
(0.083 g, 68%).

TLC Ry =0.25 in 25% EtOAc/Hexanes.

H NMR (300 MHz, DMSO-ds) & 10.52 (s, 1H), 1.96 (q, J = 7.6 Hz, 2H), 0.99 (t, J = 7.6 Hz, 3H), 0.90 (s, 9H),
0.09 (s, 6H).
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13C NMR (75 MHz, DMSO-ds) 5 170.7 (C), 25.7 (CH,), 25.6 (C), 17.9 (CHs), 10.0 (CHs), -5.6 (CHs).
HRMS (ESI): Exact mass calcd for CoH,1SiNO,Na [M+Na]* 226.1239. Not found.*

*Detailed analysis of the HRMS data obtained using TOF MS ES+ shows similar peaks being present for five
molecules with different molecular weights, and three different types of structures. Thus, it is not possible

to retrieve LRMS data, and further analysis will be carried out by Mr. Frederic Vuillermet.

>r | ,
O

N-((Tert-butyldimethylsilyl)oxy) isobutyramide 3bd

The title compound was synthesized following General Procedure A using phenyl (tert-
butyldimethylsilyl)oxycarbamate 2b (0.160 g, 0.60 mmol, 1.0 equiv), isopropylmagnesium chloride 1d (1.3
mL, 1.80 M in THF, 4.0 equiv), THF (4.5 mL) and 1,4-dioxane (2.2 mL) (0.075 M). The crude product was
purified by flash column chromatography (20% EtOAc/Hexanes) to afford the pure compound as a white
solid (0.087 g, 67%).

TLC Rf=0.32 in 20% EtOAc/Hexanes.

H NMR (300 MHz, DMSO-ds) & 10.57 (s, 1H), 2.25 (sept, J = 6.8 Hz, 1H), 0.98 (d, J = 6.8 Hz, 6H), 0.90 (s,
9H), 0.08 (s, 6H).

13 NMR (75 MHz, DMSO-ds) § 173.7 (C), 31.2 (CH), 25.7 (CHs), 19.4 (CHs), 17.9 (C), -5.6 (CHs).
HRMS (ESI): Exact mass calcd for CioH,3SiNO2Na [M+Na]* 240.1396. Not found.*

*Detailed analysis of the HRMS data obtained using TOF MS ES+ shows similar peaks being present for five
molecules with different molecular weights, and three different types of structures. Thus, it is not possible

to retrieve LRMS data, and further analysis will be carried out by Mr. Frederic Vuillermet.
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N-((Tert-butyldimethylsilyl)oxy)benzamide 3be

The title compound was synthesized following General Procedure A using phenyl (tert-

butyldimethylsilyl)oxycarbamate 2b (0.160 g, 0.60 mmol, 1.0 equiv), phenylimagnesium bromide 1e ( 3.0
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mL, 0.80 M in THF, 4.0 equiv), THF (3.4 mL) and 1,4-dioxane (1.6 mL) (0.075 M). The crude product was
purified by flash column chromatography (10% EtOAc/Hexanes) to afford the pure compound as a white
solid (0.113 g, 75%).

TLC Rf=0.32 in 10% EtOAc/Hexanes.

H NMR (400 MHz, DMSO-ds) 5 11.33 (s, 1H), 7.76 — 7.70 (m, 2H), 7.53 — 7.52 (m, 1H), 7.48 — 7.46 (m, 2H),
0.96 (s, 9H), 0.17 (s, 6H).

13C NMR (101 MHz, DMSO-ds) 6 165.4 (C), 131.4 (C), 128.4 (CH), 127.1 (CH), 115.2 (CH), 25.8 (CHs), 18.0

(C), -5.4 (CHs). Spectral data was consistent with literature reports.?2®

Me _N
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N-Methoxyisobutyramide 3cd

The title compound was synthesized following General Procedure A using phenyl N-methoxycarbamate 2c
(0.100 g, 0.60 mmol, 1.0 equiv), isopropylmagnesium chloride 1d (1.3 mL, 1.80 M in THF, 4.0 equiv), THF
(4.5 mL) and 1,4-dioxane (2.2 mL) (0.075 M). The crude product was purified by flash column

chromatography (50% EtOAc/Hexanes) to afford the pure compound as a white solid (0.032 g, 46%).
TLC Rf=0.18 in 50% EtOAc/Hexanes.

H NMR (600 MHz, DMSO-ds) 6 10.94 (s, 1H), 3.55 (s, 3H), 2.17 (sept, J = 6.9 Hz, 1H), 0.98 (d, J = 6.9 Hz,
6H).

13C NMR (151 MHz, DMSO-ds) & 173.1 (C), 63.0 (CHs), 31.2 (CH), 19.2 (CH3). Spectral data (using CDCls)

was consistent with literature reports.??’

H
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N-Methoxybenzamide 3ce

The title compound was synthesized following General Procedure A using phenyl N-methoxycarbamate 2c

(0.100 g, 0.60 mmol, 1.0 equiv), phenylmagnesium bromide 1e (3.0 mL, 0.80 M in THF, 4.0 equiv), THF (3.4
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mL) and 1,4-dioxane (1.6 mL) (0.075 M). The crude product was purified by flash column chromatography
(30% EtOAc/Hexanes) to afford the pure compound as a white solid (0.054 g, 60%).

TLCRf=0.1in 25% EtOAc/Hexanes.
IH NMR (300 MHz, DMSO-ds) 6 11.76 (s, 1H), 7.79 — 7.75 (m, 2H), 7.57 — 7.43 (m, 3H), 3.72 (s, 3H).

13C NMR (75 MHz, DMSO-ds) 6 164.2 (C), 132.3 (C), 131.6 (CH), 128.5 (CH), 127.1 (CH), 63.3 (CHs). Spectral

data was consistent with literature reports.??®

2-Methyl-N-(2-methylpropoxy)propanamide 3dd

The title compound was synthesized following General Procedure A using phenyl N-(2-
methylpropoxy)carbamate 2d (0.125 g, 0.60 mmol, 1.0 equiv), isopropylmagnesium chloride 1d (1.3 mL,
1.80 M in THF, 4.0 equiv), THF (4.5 mL) and 1,4-dioxane (2.2 mL) (0.075 M). The crude product was purified
by flash column chromatography (25% EtOAc/Hexanes) to afford the pure compound as a white solid
(0.065 g, 68%).

TLC Rf=0.26 in 25% EtOAc/Hexanes.

'H NMR (300 MHz, DMSO-ds) 6 10.84 (s, 1H), 3.50 (d, J = 6.7 Hz, 2H), 2.18 (sept, J = 6.8 Hz, 1H), 1.83 (dh,
J=13.2,6.5Hz, 1H), 0.98 (d, J = 6.8 Hz, 6H), 0.88 (d, J = 6.7 Hz, 6H).

13C NMR (75 MHz, DMSO-ds) 6§ 173.0 (C), 81.4 (CH,), 31.2 (CH), 26.7 (CH), 19.2 (CHs), 19.1 (CH3).

HRMS (ESI): Exact mass calcd for CgsH17NO;Na [M+Na]* 182.1157. Found: 182.1154.

N
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N-Isobutoxybenzamide 3de

The title compound was synthesized following General Procedure A using phenyl N-(2-
methylpropoxy)carbamate 2d (0.125 g, 0.60 mmol, 1.0 equiv), phenylmagnesium bromide 1e (3.0 mL, 0.80
M in THF, 4.0 equiv), THF (3.4 mL) and 1,4-dioxane (1.6 mL) (0.075 M). The crude product was purified by
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flash column chromatography (20% EtOAc/Hexanes) to afford the pure compound as a white solid (0.089
g, 77%).

TLC Rf=0.29 in 20% EtOAc/Hexanes.

H NMR (400 MHz, DMSO-ds) 5 11.64 (s, 1H), 7.76 — 7.74 (m, 2H), 7.56 — 7.51 (m, 1H), 7.48 — 7.44 (m, 2H),
3.66 (d, J = 6.6 Hz, 2H), 1.92 (dh, J = 13.4, 6.7 Hz, 1H), 0.94 (d, J = 6.7 Hz, 6H).

13C NMR (101 MHz, DMSO-ds) 6 164.2 (C), 132.5 (C), 131.5 (CH), 128.4 (CH), 127.1 (CH), 81.7 (CH,), 26.9

(CH), 19.6 (CHs). Spectral data (using CDCls) was found consistent with literature reports.??

SN

2-Methyl-N-propan-2-yloxypropanamide 3ed

The title compound was synthesized following General Procedure A using phenyl isopropoxycarbamate 2e
(0.117 g, 0.60 mmol, 1.0 equiv), isopropylmagnesium chloride 1d (1.3 mL, 1.80 M in THF, 4.0 equiv), THF
(4.5 mL) and 1,4-dioxane (2.2 mL) (0.075 M). The crude product was purified by flash column
chromatography (33% EtOAc/Hexanes) to afford the pure compound as an off-white solid (0.061 g, 70%).

TLC Rf=0.27 in 33% EtOAc/Hexanes.

H NMR (400 MHz, DMSO-ds) & 10.67 (s, 1H), 3.94 (sept, J = 6.2 Hz, 1H), 2.23 (sept, J = 6.8 Hz, 1H), 1.10
(d,J=6.2 Hz, 6H), 0.98 (d, J = 6.8 Hz, 6H).

3C NMR (101 MHz, DMSO-ds) 6 173.2 (C), 76.0 (CH), 31.2 (CH), 20.5 (CHs), 19.4 (CHs).

HRMS (ESI): Exact mass calcd for C;H1sNNaO, [M+Na]* 168.0995. Found: 168.1000.

S Ve

N-Isopropoxybenzamide 3ee

The title compound was synthesized following General Procedure A using phenyl isopropoxycarbamate 2e

(0.117 g, 0.60 mmol, 1.0 equiv), phenylmagnesium bromide 1e (3.0 mL, 0.80 M in THF, 4.0 equiv), THF (3.4
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mL) and 1,4-dioxane (1.6 mL) (0.075 M). The crude product was purified by flash column chromatography
(25% EtOAc/Hexanes) to afford the pure compound as an off-white solid (0.085 g, 79%).

TLC Rf=0.24 in 25% EtOAc/Hexanes.

H NMR (300 MHz, DMSO-ds) 5 11.44 (s, 1H), 7.78 — 7.74 (m, 2H), 7.57 — 7.43 (m, 3H), 4.13 (sept, J = 6.2
Hz, 1H), 1.20 (d, J = 6.2 Hz, 6H).

13C NMR (75 MHz, DMSO-ds) 6 164.5 (C), 132.6 (C), 131.4 (CH), 128.4 (CH), 127.1 (CH), 76.5 (CH), 20.7

(CHs). Spectral data was consistent with literature reports.?*°

2-Methyl-N-(trimethylsilyl)methoxypropanamide 3fd

The title compound was synthesized following General Procedure A using phenyl N-
(trimethylsilyl)methoxycarbamate 2f (0.143 g, 0.60 mmol, 1.0 equiv), isopropylmagnesium chloride 1d (1.3
mL, 1.80 M in THF, 4.0 equiv), THF (4.5 mL) and 1,4-dioxane (2.2 mL) (0.075 M). The crude product was
purified by flash column chromatography (20% EtOAc/Hexanes) to afford the pure compound as a white
solid (0.068 g, 60%).

TLC Rf=0.25 in 20% EtOAc/Hexanes.

'H NMR (300 MHz, DMSO-ds) 6 10.94 (s, 1H), 3.61 (s, 2H), 2.11 (sept, J = 6.8 Hz, 1H), 0.97 (d, J = 6.8 Hz,
6H), 0.05 (s, 9H).

13C NMR (76 MHz, DMSO-ds) § 172.5 (C), 70.4 (CH,), 31.3 (CH), 19.2 (CH3), -3.0 (CHs).

HRMS (ESI): Exact mass calcd for CgH15SiNO,Na [M+Na]* 212.1083. Found: 212.1081.

Si” O~
(@]

H
S~a AN
7

N-(Trimethylsilyl)methoxybenzamide 3fe

The title compound was synthesized following General Procedure A using phenyl N-
(trimethylsilyl)methoxycarbamate 2f (0.143 g, 0.60 mmol, 1.0 equiv) phenylmagnesium bromide 1e (3.0
mL, 0.80 M in THF, 4.0 equiv), THF (3.4 mL) and 1,4-dioxane (1.6 mL) (0.075 M). The crude product was
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purified by flash column chromatography (25% EtOAc/Hexanes) to afford the pure compound as a white
solid (0.081 g, 61%).

TLC Rf=0.32 in 25% EtOAc/Hexanes.

1H NMR (400 MHz, DMSO-ds) 6 11.75 (s, 1H), 7.74-7.72 (m, 2H), 7.57 — 7.44 (m, 3H), 3.78 (s, 2H), 0.10 (s,
9H).

13C NMR (101 MHz, DMSO-ds) 6 163.7 (C), 132.7 (C), 131.4 (CH), 128.4 (CH), 126.9 (CH), 70.6 (CH,), -2.9
(CHs).

HRMS (ESI): Exact mass calcd for C;11H17SiNO2Na [M+Na]* 246.0926. Found: 246.0923.

QWS

0O
N-Phenoxyisobutyramide 3gd

The title compound was synthesized following a modified General Procedure A using phenyl
phenoxycarbamate 2g (0.137 g, 0.60 mmol, 1.0 equiv), isopropylmagnesium chloride 1d (1.1 mL, 1.80 M
in THF, 3.3 equiv), TMEDA (0.099 mL, 0.66 mmol, 1.1 equiv), THF (4.6 mL) and 1,4-dioxane (2.3 mL) (0.075
M). The crude product was purified by flash column chromatography (25% EtOAc/Hexanes) to afford the
pure compound as an off-white solid (0.032 g, 30%).

TLC Rf=0.31 in 25% EtOAc/Hexanes.

'H NMR (400 MHz, DMSO-ds) 6 11.69 (s, 1H), 7.35 - 7.29 (m, 2H), 7.03 — 6.96 (m, 3H), 2.43 (sept, /= 6.8
Hz, 1H), 1.10 (d, J = 6.8 Hz, 6H).

13C NMR (101 MHz, DMSO-ds) 6 173.9 (C), 159.6 (C), 129.5 (CH), 122.2 (CH), 112.7 (CH), 31.3 (CH), 19.2

(CHs). Spectral data (using CDCls) was found consistent with literature reports.?3!

©\
,N
O

O

N-Phenoxybenzamide 3ge
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The title compound was synthesized following a modified General Procedure A using phenyl
phenoxycarbamate 2g (0.137 g, 0.60 mmol, 1.0 equiv), phenylmagnesium bromide 1e (2.5 mL, 0.80 M in
THF, 3.3 equiv), TMEDA (0.099 mL, 0.66 mmol, 1.1 equiv), THF (3.7 mL) and 1,4-dioxane (1.8 mL) (0.075
M). The crude product was purified by flash column chromatography (20% EtOAc/Hexanes) to afford the
pure compound as an off-white solid (0.102 g, 80%).

TLC Rf=0.29 in 20% EtOAc/Hexanes.

'H NMR (400 MHz, DMSO-dg) 6 12.49 (br's, 1H), 7.94 — 7.87 (m, 2H), 7.64 — 7.51 (m, 3H), 7.37 = 7.32 (m,
2H), 7.11-7.02 (m, 3H).

13C NMR (101 MHz, DMSO-ds) § 164.9 (C), 159.6 (C), 132.1 (C), 131.5 (CH), 129.5 (CH), 128.7 (CH), 127.3
(CH), 122.4 (CH), 113.0 (CH). Spectral data was consistent with literature reports. 232

6.3 Supporting Information for Stoichiometric Grignard Addition to Masked N-Isocyanates
6.3.1 General Procedure
6.3.1.1 General Procedure B: Synthesis of N-Substituted Hydrazides

1.1 equiv TMEDA

R! ,H oPh R*MgX ~ Dioxane/THF (0.075M) R ’H R3
N \n/ 4.0 equiv. 66 °C 1h ” N
R? O ’ R2 O
X = Br, Cl
4a-e 1 5

An oven dried and argon flushed 20 mL uW vial, equipped with a magnetic stir bar, was charged with
hydrazinecarboxylates 4 (1.0 equiv) prepared following literature procedure,?? and then was sealed. THF
and 1,4-dioxane (0.075 M) were added sequentially via syringe. At 0 °C, TMEDA (1.1 equiv) was added via
micro-syringe. The corresponding Grignard reagent 1 (4.0 equiv), which was prepared as per literature

procedure,?!®

and titrated before use following the literature procedure,?!® was then added by syringe at
0 °C, and the reaction mixture was stirred for 1 hour at 66 °C. The solution was then cooled in an ice bath
and quenched using saturated NH4Claq) and extracted three times with EtOAc. The combined organic
phases were washed once with brine, dried over anhydrous Na,SO,, filtered, and concentrated under

reduced pressure. Purification was achieved using silica gel flash column chromatography.
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6.3.2 Characterization Data

N-(Phenoxycarbonylamino)morpholine 4a

The title compound was synthesized according to a modified literature procedure.?®® An oven dried, and
argon flushed 250 mL RBF, equipped with a magnetic stir bar, was charged with N-aminomorpholine (1.2
mL, 12.0 mmol, 1.0 equiv). The flask was sealed and purged with argon, then CH,Cl; (26 mL) was added,
followed by pyridine (1.0 mL, 12.0 mmol, 1.0 equiv). At 0 °C, phenyl chloroformate (1.5 mL, 12.0 mmol,
1.0 equiv) was added, and the reaction mixture was stirred overnight at room temperature. The reaction
mixture was then diluted with more CH,Cl; (10 mL), and was extracted once with water, once with brine,
dried over anhydrous Na,SO,, filtered, and concentrated under reduced pressure. Purification was

achieved via crystallization from CH,Cl,/hexanes to yield off-white solid (2.11 g, 79%).
TLC Rf: 0.37 in 5% MeOH/ CHxCly.

H NMR (400 MHz, DMSO-ds) 5 9.08 (s, 1H), 7.38 — 7.36 (m, 2H), 7.23 — 7.18 (m, 1H), 7.11 — 7.09 (m, 2H),
3.63 (t,J = 4.7 Hz, 4H), 2.81 (t, J = 4.7 Hz, 4H).

13C NMR (101 MHz, DMSO-ds) 6 152.9 (C), 150.8 (C), 129.3 (CH), 125.1 (CH), 121.7 (CH), 65.9 (CH>), 55.0
(CH,).

HRMS (ESI): Exact mass calcd for C11H14N,03Na [M+Na]* 245.0902. Found: 245.0900.

£y

N-Acetylaminomorpholine 5aa

The title compound was synthesized following General Procedure B, using N-(phenoxycarbonylamino)
morpholine 4a (0.133 g, 0.60 mmol, 1.0 equiv), methylmagnesium bromide 1a (2.4 mL, 1.00 M in THF, 4.0
equiv), TMEDA (0.099 mL, 0.66 mmol, 1.1 equiv), THF (3.8 mL) and 1,4-dioxane (1.8 mL) (0.075 M). The
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crude product was purified by flash column chromatography (6% MeOH/ CHxCl,) to afford the pure
compound as a white solid (0.058 g, 68%).

TLC Rf: 0.20 in 6% MeOH/ CH,Cl,.

H NMR (600 MHz, DMSO-ds) for two conformers & 8.86 (s, 1H), 8.39 (s, 1H), 3.60 — 3.58 (m, 8H), 2.72 —
2.70 (m, 8H), 1.93 (s, 3H), 1.71 (s, 3H).

13C NMR (151 MHz, DMSO-d;) for two conformers § 172.2 (C), 166.3 (C), 66.0 (CH,), 65.9 (CH,), 55.8 (CH,),
54.7 (CH3), 21.3 (CHs), 19.8 (CHs). Spectral data (using CDCls) was found consistent with literature reports.

234

N-Morpholin-4-yl-isobutyramide 5ad

The title compound was synthesized following General Procedure B, using N-(phenoxycarbonylamino)
morpholine 4a (0.133 g, 0.60 mmol, 1.0 equiv), isopropylmagnesium chloride 1d (1.5 mL, 1.62 M in THF,
4.0 equiv), TMEDA (0.099 mL, 0.66 mmol, 1.1 equiv), THF (4.4 mL) and 1,4-dioxane (2.1 mL) (0.075 M).
The crude product was purified by flash column chromatography (5.5% MeOH/ CHCl;) to afford the pure

compound as a white solid (0.095 g, 92%).

TLCRf:0.28 in 5.5% MeOH/ CH,Cl,.

1H NMR (600 MHz, DMSO-ds) for two conformers 6 8.79 (s, 1H), 8.30 (s, 0.3H), 3.59 (t, J = 4.7 Hz, 4H), 3.06
(sept, J=6.9 Hz, 0.3H), 2.71 (t, J = 4.7 Hz, 4H), 2.22 (sept, / = 6.8 Hz, 1H), 0.97 (dd, J = 6.9, 6.8 Hz, 9H).

13C NMR (151 MHz, DMSO-ds) for two conformers 6 178.3 (C), 173.4 (C), 66.0 (CH,), 65.9 (CH,), 56.2 (CH,),
54.6 (CH,), 32.4 (CH), 28.7 (CH), 19.4 (CHs), 19.1 (CH3).

HRMS (ESI): Exact mass calcd for CsHisN202Na [M+Na]* 195.1109. Found: 195.1109.
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N-Morpholinobenzamide 5ae

The title compound was synthesized following General Procedure B, using N-(phenoxycarbonylamino)
morpholine 4a (0.133 g, 0.60 mmol, 1.0 equiv), phenylmagnesium bromide 1e (2.6 mL, 0.90 M in THF, 4.0
equiv), TMEDA (0.099 mL, 0.66 mmol), THF (3.6 mL) and 1,4-dioxane (1.8 mL) (0.075 M). The crude product
was purified by flash column chromatography (5.5% MeOH/ CH2Cl,) to afford the pure compound as a
white solid (0.122 g, 98%).

TLCRs: 0.31in 5.5% MeOH/ CH,Cl>.

H NMR (600 MHz, DMSO-ds) § 9.49 (s, 1H), 7.78 — 7.76 (m, 2H), 7.54 — 7.51 (m, 1H), 7.46 — 7.44 (m, 2H),
3.66 (t, J = 4.6 Hz, 4H), 2.88 (t, J = 4.6 Hz, 4H).

13C NMR (151 MHz, DMSO-ds) 5 164.2 (C), 134.0 (C), 131.2 (CH), 128.3 (CH), 127.3 (CH), 66.0 (CH,), 54.4

(CH>). Spectral data (using CDCls) was found consistent with literature reports. 1>2

N’-Methyl-N’-phenylbenzohydrazide 5be

The title compound was synthesized following a modified General Procedure B (TMEDA omitted), using
phenyl 2-methyl-2-phenylhydrazinecarboxylate 4b (0.097 g, 0.40 mmol, 1.0 equiv), phenylmagnesium
bromide 1e (1.8 mL, 0.90 M in THF, 4.0 equiv), THF (2.4 mL) and 1,4-dioxane (1.1 mL) (0.075 M). The crude
product was purified by flash column chromatography (25% EtOAc/Hexanes) to afford the pure compound
as a white solid (0.088 g, 97%).

TLC Ry: 0.27 in 25% EtOAc/Hexanes.

H NMR (600 MHz, DMSO-ds) 5 10.64 (s, 1H), 7.92 — 7.90 (m, 2H), 7.60 — 7.57 (m, 1H), 7.53 — 7.49 (m, 2H),
7.23-7.19 (m, 2H), 6.83 — 6.81 (m, 2H), 6.77 — 6.74 (m, 1H), 3.20 (s, 3H).
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13C NMR (151 MHz, DMSO-ds) § 165.5 (C), 149.9 (C), 132.9 (C), 131.8 (CH), 128.9 (CH), 128.5 (CH), 127.3
(CH), 118.2 (CH), 112.3 (CH), 40.2 (CHs). Spectral data (using CDCl3) was found consistent with literature

reports. 2°
I\l/le O
N ~
N
N’-Methyl-N’-(4-tolyl)-isobutyrohydrazide 5cd

The title compound was synthesized following General Procedure B, using phenyl 2-methyl-2-(4’-
tolyl)hydrazinecarboxylate 4c (0.076 g, 0.30 mmol, 1.0 equiv), isopropylmagnesium chloride 1d (0.75 mL,
1.60 M in THF, 4.0 equiv), TMEDA (0.050 mL, 0.33 mmol, 1.1 equiv), THF (2.2 mL) and 1,4-dioxane (1.0 mL)
(0.075 M). The crude product was purified by flash column chromatography (40% EtOAc/Hexanes) to
afford the pure compound as a white solid (0.043 g, 70%).

TLC Ry: 0.29 in 40% EtOAc/Hexanes.

H NMR (600 MHz, DMSO-ds) 5 9.81 (s, 1H), 6.99 (d, J = 8.6 Hz, 2H), 6.64 (d, J = 8.6 Hz, 2H), 3.02 (s, 3H),
2.40 (sept, J = 6.9 Hz, 1H), 2.19 (s, 3H), 1.05 (d, J = 6.9 Hz, 6H).

13C NMR (151 MHz, DMSO-ds) & 175.1 (C), 148.0 (C), 129.3 (CH), 126.7 (C), 112.4 (CH), 40.4 (CH3), 32.2
(CH), 20.0 (CHs), 19.3 (CHs).

HRMS (ESI): Exact mass calcd for C1;H1sN,ONa [M+Na]* 229.1317. Found: 229.1339.

Me

Iz

N’-Methyl-N’-(2-tolyl)benzohydrazide 5de

The title compound was synthesized following General Procedure B, using phenyl 2-methyl-2-(2'-
tolyl)hydrazinecarboxylate 4d (0.076 g, 0.30 mmol, 1.0 equiv), phenylmagnesium bromide 1e (1.3 mL, 0.90
M in THF, 4.0 equiv), TMEDA (0.050 mL, 0.33 mmol, 1.1 equiv), THF (1.8 mL) and 1,4-dioxane (0.9 mL)
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(0.075 M). The crude product was purified by flash column chromatography (33% EtOAc/Hexanes) to
afford the pure compound as a white solid (0.065 g, 89%).

TLC Ry: 0.34 in 33% EtOAc/Hexanes.

H NMR (600 MHz, DMSO-ds) 5 10.23 (s, 1H), 7.83 — 7.81 (m, 2H), 7.55 = 7.52 (m, 1H), 7.47 — 7.44 (m, 2H),
7.20—7.11 (m, 3H), 6.95- 6.93 (m, 1H), 3.06 (s, 3H), 2.22 (s, 3H).

13C NMR (151 MHz, DMSO-ds) & 164.5 (C), 149.0 (C), 133.3 (C), 131.4 (CH), 131.0 (CH), 130.4 (C), 128.4
(CH), 127.3 (CH), 126.1 (CH), 122.7 (CH), 117.8 (CH), 41.8 (CHs), 18.6 (CHs).

HRMS (ESI): Exact mass calcd for C3sH16N,ONa [M+Na]* 263.1160. Found: 263.1152.

I\l/le O
N
N
Cl

N’-(4-Chlorophenyl)-N’-methyl-isobutyrohydrazide 5ed

The title compound was synthesized following General Procedure B, using phenyl 2-(4-chlorophenyl)-2-
methylhydrazinecarboxylate 4e (0.069 g, 0.25 mmol, 1.0 equiv), isopropylmagnesium chloride 1d (0.6 mL,
1.60 M in THF, 4.0 equiv), TMEDA (0.041 mL, 0.27 mmol, 1.1 equiv), THF (1.8 mL) and 1,4-dioxane (0.9 mL)
(0.075 M). The crude product was purified by flash column chromatography (33% EtOAc/Hexanes) to
afford the pure compound as a pale-yellow solid (0.032 g, 56%).

TLC Rf: 0.20 in 33% EtOAc/Hexanes.

1H NMR (600 MHz, DMSO-ds) & 9.97 (s, 1H), 7.21 (d, J = 9.2 Hz, 2H), 6.72 (d, J = 9.2 Hz, 2H), 3.06 (s, 3H),
2.42 (sept, J = 6.9 Hz, 1H), 1.06 (d, J = 6.9 Hz, 6H).

13C NMR (151 MHz, DMSO-ds) & 175.0 (C), 148.9 (C), 128.5 (CH), 121.6(C), 113.6 (CH), 40.2 (CHs), 32.1
(CH), 19.2 (CHa).

HRMS (ESI): Exact mass calcd for C11H1sCIN,ONa [M+Na]* 249.0771. Found: 249.0772.
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6.4 Supporting Information for Chapter 3
6.4.1 General Procedure

6.4.1.1 General Procedure C: Synthesis of Hydrazonecarboxylates

R‘l
0 H OPh  AcOH (15 mol%), MeOH (0.5 M) H\\ H
N/

R1lI\/R2 * HZN’N\H/ >

') reflux, 14-16 h

OPh

R? o]
6a-i

Condensation of acyl hydrazines with ketones was conducted following literature procedure.® A round
bottom flask 100 mL, equipped with a magnetic stir bar, was charged with phenyl hydrazinecarboxylate
(1.0 equiv) which was prepared following literature procedure.?*® Methanol (0.5 M) was then added to
the flask, followed by the ketone (2.0 equiv). A catalytic amount of AcOH (15 mol%) was added and the
reaction mixture was stirred at reflux for overnight (14 — 16 h). The reaction mixture was then cooled to
ambient temperature, concentrated under reduced pressure, and purified by silica gel flash column

chromatography or crystallization to afford the corresponding hydrazone.

6.4.1.2 General Procedure D: Synthesis of Pyrazolones:

R! H H
X, N OPh )\ 1.1 equiv TMEDA HN~
H\N \n/ + MgCI » — e}
R2 e} THF (0.075 M), 66 °C, 1 h R!
4.0 equiv. R2
6a-i 1d 7a-i

An oven dried and argon flushed 20 mL pW vial, equipped with a magnetic stir bar, was charged with
(phenoxycarbonyl)hydrazones 6 (1.0 equiv) prepared following General Procedure C,2¥ and then was
sealed. THF (0.075 M) was added via syringe. At 0 °C, TMEDA (1.1 equiv) was added via micro-syringe.
Isopropylmagnesium chloride 1d (4.0 equiv), which was titrated before use following the literature

219 was then added by syringe at 0 °C, and the reaction mixture was stirred for 1 hour at 66 °C.

procedure,
The solution was then cooled in an ice bath and quenched using saturated NH4Clq) and extracted three
times with EtOAc. The combined organic phases were washed once with brine, dried over anhydrous
Na,S0,, filtered, and concentrated under reduced pressure. Purification was achieved using silica gel flash

column chromatography using MeOH/CHCl, mixture.

6.4.2 Characterization Data
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Phenyl 2-(3,4-dihydronaphthalen-2(1H)-ylidene)hydrazinecarboxylate 6b

The title compound was synthesized following General Procedure C, using phenyl hydrazinecarboxylate
(1.5 g, 10.0 mmol, 1.0 equiv), B-tetralone (2.60 mL, 20.0 mmol, 2.0 equiv), methanol (20.0 mL, 0.5 M) and
AcOH (15 mol%). The crude product was purified by crystallization from Et,0 to afford the pure compound

as a pale-yellow solid (1.96 g, 70%).

TLC Ry: 0.34 in 50% EtOAc/Hexanes.

H NMR (300 MHz, DMSO-ds) & 10.48 (s, 1H), 7.46 — 7.38 (m, 2H), 7.28 — 7.13 (m, 8H), 3.77 (s, 2H), 2.86
(t,J = 6.5 Hz, 2H), 2.54 (t, J = 6.5 Hz, 2H).

13C NMR (151 MHz, DMSO-d¢) 6 150.7 (C), 137.2 (C), 133.2 (CH), 129.5 (CH), 128.6 (CH), 128.1 (CH), 127.3
(C), 127.1 (C), 126.5 (CH), 126.2 (CH), 125.4 (C), 121.9 (CH), 31.8 (CHa), 31.1 (CH,), 28.6 (CH,).

HRMS (ESI): Exact mass calcd for C37H16N,0,Na [M+Na]* 303.1109. Found: 303.1099.

Phenyl 2-(1-phenylpropylidene)hydrazinecarboxylate 6e

The title compound was synthesized following a modified General Procedure C, using phenyl
hydrazinecarboxylate (1.5 g, 10.0 mmol, 1.0 equiv), 1-phenyl-propan-1-one (1.32 mL, 10.0 mmol, 1.0
equiv), methanol (20.0 mL, 0.5 M) and AcOH (15 mol%). The crude product was purified by crystallization

from minimal amount of MeOH to afford the pure compound as a white solid (2.41 g, 90%).

TLC Rf: 0.33 in 50% EtOAc/Hexanes.
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'H NMR (300 MHz, DMSO-ds) 6 10.84 (s, 1H), 7.79 — 7.75 (m, 2H), 7.47 — 7.38 (m, 5H), 7.30 - 7.22 (m, 3H),
2.85(q,J=7.6 Hz, 2H), 1.06 (t, / = 7.6 Hz, 3H).

13C NMR (126 MHz, DMSO-ds) 6 150.7 (C), 136.9 (C), 129.5 (CH), 129.0 (C), 128.4 (CH), 126.3 (CH), 125.4
(CH), 121.9 (CH), 19.6 (CHy), 10.8 (CHs).

HRMS (ESI): Exact mass calcd for C16H16N202Na [M+Na]* 291.1110. Not found.*

*Detailed analysis of the HRMS data obtained using TOF MS ES+ shows similar peaks being
present for five molecules with different molecular weights, and three different types of
structures. Thus, it is not possible to retrieve LRMS data, and further analysis will be carried out

by Mr. Frederic Vuillermet.

OPh

Phenyl 2-(1-phenylbutylidene)hydrazinecarboxylate 6f

The title compound was synthesized following a modified General Procedure C, using phenyl
hydrazinecarboxylate (1.5 g, 10.0 mmol, 1.0 equiv), butyrophenone (1.45 mL, 10.0 mmol, 1.0 equiv),
methanol (20.0 mL, 0.5 M) and AcOH (15 mol%). The crude product was purified by crystallization from
Et,0 to afford the pure compound as a white solid (2.59 g, 92%).

TLC Ry: 0.30 in 50% EtOAc/Hexanes.

H NMR (600 MHz, DMSO-ds) 5 10.88 (s, 1H), 7.77 — 7.75 (m, 2H), 7.45 — 7.38 (m, 5H), 7.28 — 7.23 (m, 3H),
2.82 (t,J = 7.3 Hz, 2H), 1.47 (m, 2H), 0.97 (t, J = 7.3 Hz, 3H).

13C NMR (151 MHz, DMSO-ds) 5 150.7 (C), 137.3 (C), 129.5 (CH), 129.0 (CH), 128.4 (CH), 128.2 (C), 126.3
(CH), 125.4 (CH), 121.9 (CH), 121.4 (C), 28.0 (CH,), 19.5 (CH,), 13.7 (CHs).

HRMS (ESI): Exact mass calcd for Ci7H1sN2O2Na [M+Na]* 305.1266. Not found.*
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*Detailed analysis of the HRMS data obtained using TOF MS ES+ shows similar peaks being
present for five molecules with different molecular weights, and three different types of
structures. Thus, it is not possible to retrieve LRMS data, and further analysis will be carried out

by Mr. Frederic Vuillermet.

H
N _OPh
N

0]

Phenyl 2-(1-phenylpentylidene)hydrazinecarboxylate 6n

The title compound was synthesized following a modified General Procedure C, using phenyl
hydrazinecarboxylate (0.520 g, 3.60 mmol, 1.2 equiv), valerophenone (0.49 mL, 3.00 mmol, 1.0 equiv),
methanol (10.0 mL, 0.3 M) and AcOH (15 mol%). The crude product was purified by crystallization from
MeOH to afford the pure compound as a white solid (0.764 g, 86%).

TLC Ry: 0.24 in 50% EtOAc/Hexanes.

H NMR (400 MHz, CDCls) & 8.22 (s, 1H), 7.82 — 7.79 (m, 2H), 7.43 — 7.37 (m, 5H), 7.27 — 7.23 (m, 3H), 2.69
(t,J=7.3 Hz, 2H), 1.63 — 1.58 (m, 2H), 1.56 — 1.44 (m, 2H), 0.98 (t, J = 7.2 Hz, 3H).

13C NMR (151 MHz, CDCls) § 137.1 (C), 129.7 (C), 129.5 (CH), 128.6 (CH), 126.6 (CH), 125.9 (CH), 121.7(CH),
120.5 (C), 115.5 (CH), 105.2 (C), 28.2 (CH,), 26.5 (CH>), 23.1 (CH,), 13.9 (CH3).

HRMS (ESI): Exact mass calcd for CigH20N20,Na [M+Na]* 319.1412. Found: 319.1422.
HN—NH

ooh

1,2,4,5-Tetrahydro-benz[glindazol-3-one 7a

The title compound was synthesized following General Procedure D, using phenyl 2-(3,4-

dihydronaphthalen-1(2H)-ylidene)hydrazinecarboxylate 6a (0.168 g, 0.60 mmol, 1.0 equiv),
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isopropylmagnesium chloride 1d (1.3 mL, 1.80 M in THF, 4.0 equiv), TMEDA (0.099 mL, 0.66 mmol, 1.1
equiv), THF (6.7 mL, 0.075 M). The crude product was purified by flash column chromatography (6%
MeOH/ CHCl,) to afford the pure compound as a pale-yellow solid (0.085 g, 76%).

TLC Rf: 0.15 in 6% MeOH/ CH,Cl>.

'H NMR (600 MHz, DMSO-dg) § 7.52 - 7.51 (m, 1H), 7.26 — 7.21 (m, 2H), 7.17 — 7.15 (m, 1H), 2.84 (t, J =
7.6 Hz, 2H), 2.52 (t, / = 7.6 Hz, 2H).

13C NMR (151 MHz, DMSO-ds) § 155.2 (C), 141.2 (C), 136.9 (C), 129.0 (CH), 128.7 (CH), 126.8 (CH), 125.4
(C), 122.2 (CH), 98.8 (C), 28.6 (CH.), 16.9 (CH,).

HRMS (ESI): Exact mass calcd for C33H10N,ONa [M+Na]* 209.0691. Found: 209.0690.

(0]

2,3,4,5-Tetrahydro-benz[elindazol-1-one 7b

The title compound was synthesized following General Procedure D, using phenyl 2-(3,4-
dihydronaphthalen-2(1H)-ylidene)hydrazinecarboxylate 6b (0.168 g, 0.60 mmol, 1.0 equiv),
isopropylmagnesium chloride 1d (1.3 mL, 1.80 M in THF, 4.0 equiv), TMEDA (0.099 mL, 0.66 mmol, 1.1
equiv), THF (6.7 mL, 0.075 M). The crude product was purified by flash column chromatography (7.5%
MeOH/ CHCly) to afford the pure compound as a pale-yellow solid (0.086 g, 77%).

TLCRf: 0.27 in 7.5% MeOH/ CH,Cl>.

H NMR (600 MHz, DMSO-ds) 6 7.55 — 7.53 (m, 1H), 7.15 — 7.12 (m, 2H), 6.97 — 6.94 (m, 1H), 2.88 (t, J =
7.7 Hz, 2H), 2.70 (t, J = 7.7 Hz, 2H).

13C NMR (151 MHz, DMSO-ds) § 157.7 (C), 141.3 (C), 132.2 (C), 131.5 (C), 127.8 (CH), 126.5 (CH), 123.9
(CH), 121.7 (CH), 100.0 (C), 28.9 (CH,), 20.4 (CH,).

HRMS (ESI): Exact mass calcd for C13H10N,ONa [M+Na]* 209.0691. Found: 209.0692.
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HN-NH

e

4,5-Diphenyl-1,2-dihydro-3H-pyrazol-3-one 7c

The title compound was synthesized following General Procedure D, using phenyl 2-(1,2-
diphenylethylidene)hydrazinecarboxylate 6¢ (0.198 g, 0.60 mmol, 1.0 equiv), isopropylmagnesium
chloride 1d (1.3 mL, 1.80 M in THF, 4.0 equiv), TMEDA (0.099 mL, 0.66 mmol, 1.1 equiv), THF (6.7 mL,
0.075 M). The crude product was purified by flash column chromatography (5% MeOH/ CH,Cl>) to afford

the pure compound as a yellowish white solid (0.100 g, 71%).
TLCRf: 0.24 in 5% MeOH/ CHCl,.
'H NMR (600 MHz, DMSO-ds) 6 7.38 — 7.33 (m, 5H), 7.28 — 7.23 (m, 4H), 7.17 — 7.15 (m, 1H).

13 NMR (151 MHz, DMSO-ds) & 159.0 (C), 139.8 (C), 132.7 (C), 130.6 (C), 128.9 (CH), 128.6 (CH), 128.2
(CH), 128.1 (CH), 127.5 (CH), 125.6 (CH), 102.7 (C). Spectral data was consistent with literature reports.2®

HN—NH
NS (0]

H
5-Phenyl-1,2-dihydro-3H-pyrazol-3-one 7d

The title compound was synthesized following a modified General Procedure D, using phenyl 2-(1-
phenylethylidene)hydrazinecarboxylate 6d (0.153 g, 0.60 mmol, 1.0 equiv), isopropylmagnesium chloride
1d (1.3 mL, 1.80 M in THF, 4.0 equiv), TMEDA (0.099 mL, 0.66 mmol, 1.1 equiv), THF (6.7 mL, 0.075 M)
and the reaction was stirred at 0 °C for 3 h. The crude product was purified by flash column
chromatography (7.5% MeOH/ CHCl,) to afford the pure compound as a yellowish white solid (0.060 g,
63%).

TLCRs: 0.30in 7.5% MeOH/ CHCl>.

'H NMR (600 MHz, DMSO-d;) 6 7.67 — 7.65 (m, 2H), 7.41 - 7.38 (m, 2H), 7.30 — 7.27 (m, 1H), 5.89 (s, 1H).
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13C NMR (151 MHz, DMSO-ds) § 161.1 (C), 143.6 (C), 130.7 (C), 128.8 (CH), 127.8 (CH), 124.8 (CH), 86.8

(CH). Spectral data was consistent with literature reports.?*®

HN—NH
S O

Me

4-Methyl-5-phenyl-1,2-dihydro-3H-pyrazol-3-one 7e

The title compound was synthesized following a modified General Procedure D, using phenyl 2-(1-
phenylpropylidene)hydrazinecarboxylate 6e (0.161 g, 0.60 mmol, 1.0 equiv), isopropylmagnesium
chloride 1d (1.3 mL, 1.80 M in THF, 4.0 equiv), TMEDA (0.099 mL, 0.66 mmol, 1.1 equiv), THF (6.7 mL,

0.075 M) and the reaction was stirred at 0 °C for 3 h. The crude product was purified by flash column
chromatography (7% MeOH/ CHCl,) to afford the pure compound as a yellowish white solid (0.073 g,
70%).

TLC Rf: 0.25 in 7% MeOH/ CH,Cl>.

H NMR (600 MHz, DMSO-ds) 6 7.56 — 7.54 (m, 2H), 7.46 — 7.43 (m, 2H), 7.35 — 7.31 (m, 1H), 2.01 (s, 3H).

13C NMR (151 MHz, DMSO-ds) 5160.4 (C), 139.7 (C), 131.2 (C), 128.9 (CH), 127.6 (CH), 126.4 (CH), 96.1 (C),

7.7 (CHs). Spectral data was consistent with literature reports.?

HN—NH
X (0]

Me
4-Ethyl-5-phenyl-1,2-dihydro-3H-pyrazol-3-one 7f

The title compound was synthesized following a modified General Procedure D, using phenyl 2-(1-
phenylbutylidene)hydrazinecarboxylate 6f (0.170 g, 0.60 mmol, 1.0 equiv), isopropylmagnesium chloride
1d (1.3 mL, 1.80 M in THF, 4.0 equiv), TMEDA (0.099 mL, 0.66 mmol, 1.1 equiv), THF (6.7 mL, 0.075 M)

and the reaction was stirred at 0 °C for 3 h. The crude product was purified by flash column
chromatography (7% MeOH/ CHCl,) to afford the pure compound as a yellowish white solid (0.056 g,
50%).
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TLC Rs: 0.33 in 7% MeOH/ CH2Cl>.

'H NMR (600 MHz, DMSO-ds) 6 7.50 — 7.44 (m, 3H), 7.36 — 7.33 (m, 1H), 2.44 (q, J = 7.5 Hz, 2H), 1.06 (t, J
= 7.5 Hz, 3H).

13C NMR (151 MHz, DMSO-ds) §160.1 (C), 139.3 (C), 131.2 (C), 128.8 (CH), 127.6 (CH), 126.6 (CH), 102.8
(C), 15.3 (CHa), 15.0 (CHs).

HRMS (ESI): Exact mass calcd for C;1H1;N,ONa [M+Na]* 211.0847. Found: 211.0846.
HN—NH

Qﬁ

2,4-Dihydro-1H-indeno[1,2-c]pyrazol-3(3H)-one 7g

0]

The title compound was synthesized following a modified General Procedure D, using phenyl 2-(2,3-
dihydro-inden-1-ylidene)hydrazinecarboxylate 6g (0.160 g, 0.60 mmol, 1.0 equiv), isopropylmagnesium
chloride 1d (1.3 mL, 1.80 M in THF, 4.0 equiv), TMEDA (0.099 mL, 0.66 mmol, 1.1 equiv), THF (6.7 mL,
0.075 M) and the reaction was stirred at room temperature for 2 h. The crude product was purified by
flash column chromatography (9% MeOH/ CH,Cl,) to afford the pure compound as a yellowish white solid
(0.072 g, 70%).

TLCRy: 0.26 in 9% MeOH/ CH:Cl,.
H NMR (600 MHz, DMSO-ds)  7.49 — 7.47 (m, 2H), 7.31 = 7.29 (m, 1H), 7.23 — 7.20 (m, 1H), 3.43 (s, 2H).

13C NMR (151 MHz, DMSO-ds) & 175.1 (C), 148.5 (C), 130.4 (C), 129.6 (C), 126.7 (CH), 126.2 (CH), 126.0
(CH), 118.7 (CH), 82.9 (C), 28.1 (CH.).

HRMS (ESI): Exact mass calcd for C10HsN2ONa [M+Na]* 195.0534. Found: 195.0537.

HN—NH
X o)

H

5-Cyclopropyl-2,4-dihydro-3H-pyrazol-3-one 7h
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The title compound was synthesized following General Procedure D, using phenyl 2-(1-
cyclopropylethylidene)hydrazinecarboxylate 6h (0.131 g, 0.60 mmol, 1.0 equiv), isopropylmagnesium
chloride 1d (1.3 mL, 1.80 M, 4.0 equiv), TMEDA (0.099 mL, 0.66 mmol, 1.1 equiv), THF (6.7 mL, 0.075 M).
The crude product was purified by flash column chromatography (9% MeOH/ CH,Cl;) to afford the pure
compound as a yellowish white solid (0.045 g, 60%).

TLC Rs: 0.24 in 9% MeOH/ CH2Cl>.

H NMR (600 MHz, DMSO-ds) & 5.33 (s, 1H), 1.82 (tt, J = 8.5, 5.0 Hz, 1H), 0.96 — 0.91 (m, 2H), 0.73 — 0.69
(m, 2H).

13C NMR (151 MHz, DMSO-ds) & 159.2 (C), 149.6 (C), 86.0 (CH), 8.2 (CH.), 7.3 (CH). Spectral data was

consistent with literature reports.?%°

HN—NH
N (0]

4,5,6,7-Tetrahydro-1H-indazol-3(2H)-one 7i

The title compound was synthesized following General Procedure D, using phenyl N-
(cyclohexylideneamino)carbamate 6i (0.139 g, 0.60 mmol, 1.0 equiv), isopropylmagnesium chloride 1d
(1.3 mL, 1.80 M, 4.0 equiv), TMEDA (0.099 mL, 0.66 mmol, 1.1 equiv), THF (6.7 mL, 0.075 M). The crude
product was purified by flash column chromatography (9% MeOH/ CH,Cl,) to afford the pure compound
as a yellowish white solid (0.044 g, 53%).

TLC Rf: 0.32 in 9% MeOH/ CH,Cl>.

H NMR (600 MHz, DMSO-ds) § 2.42 (t, J = 6.2 Hz, 2H), 2.21 (t, J = 6.2 Hz, 2H), 1.67 — 1.58 (m, 4H).

13C NMR (151 MHz, DMSO-d5) & 158.5 (C), 139.8 (C), 98.5 (C), 22.9 (CH,), 22.3 (CH,), 21.3 (CH,), 18.9 (CH,).

HRMS (ESI): Exact mass calcd for C;H10N2ONa [M+Na]* 161.0691. Found: 161.0691.
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6.5 Supporting Information for Chapter 4
6.5.1 General Procedure

6.5.1.1 General Procedure E: Intramolecular Cyclization

|
(0]
©:\*X\ JJ\ _Ph i-PrMgCI-LiCl (2.2 equiv.)= [}jH
n N @] X

THF (0.075 M)
-78°C t0 66 °C, 3 h n

X=0o0orNR,n=0or1

An oven dried and argon flushed 20 mL pW vial, equipped with a magnetic stir bar, was charged with the
corresponding iodo-substituted carbamate (1.0 equiv) prepared following specific procedure for each
substrate (see following section), and then was sealed. THF (0.075 M) was added via syringe and the
reaction mixture was allowed to stir at -78 °C for 10 minutes. At -78 °C, isopropylmagnesium chloride
lithium chloride 1D (2.2 equiv), which was titrated before use following the literature procedure,?'® was
then added by syringe, and the reaction mixture was allowed to stir for 2 hours at -78 °C. The temperature
was gradually raised to ambient temperature, then the reaction mixture was allowed to stir for 1 hours at
66 °C. The solution was then cooled in an ice bath and quenched using saturated NH4Cl(sq) and extracted
three times with EtOAc. The combined organic phases were washed once with brine, dried over anhydrous
Na,S0,, filtered, and concentrated under reduced pressure. Purification was achieved using silica gel flash

column chromatography.

6.5.2 Characterization Data

. 1 0

O-(o-lodobenzyl) phenylcarbamate 10
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Et3N THF (0.2 M) j“
+ HO-N
rt, 18h

1.3 equiv. HoNNH3+H,0
(5.5 equiv.)
THF (0.086 M),
rt, 24 h (0]

A '

Cl OPh Pyridine

_N OPh
O:\O'NH;‘ 1.0 equiv. (1.0 equiv.) CE\O T
| J CH,Cl, (0.4 M), 1t, 18 h | o

The title compound was synthesized following literature procedure.?*?%!3 To a 500 mL round bottom flask

equipped with a stir bar N-hydroxyphthalimide (2.86 g, 17.53 mmol., 1.3 equiv) was dissolved in THF (45
mL) at room temperature. Triethylamine (2.8 mL, 20.1 mmol, 1.5 equiv) was added to the reaction flask
using a syringe and a red color was immediately appeared upon addition while the drop hits the solution.
A stock solution of 2-iodobenzyl bromide (3.97 g, 13.4 mmol, 1.0 equiv) in THF (15 mL) (0.2 M) was added
dropwise (in three aliquots of 5 mL) to the reaction flask over 10 min. The flask was sealed, and it was
allowed to stir for 18 h at room temperature. The mixture was characterized by TLC with 40%
EtOAc/Hexanes eluent. After the THF solvent was removed under reduced pressure, the reaction mixture
contents were transferred into a separatory funnel by rinsing the round bottom flask with CH,Cl, (165 mL)
and water (165 mL). After the mixture contents separated, the organic layer was reserved, and the
aqueous layer was extracted with CH>Cl; (x 3). Then the combined organic layers were washed three times
using 100 mL distilled water and once with 100 mL brine. The organic layer was then dried over anhydrous
Na,SO, overnight. The final product was obtained by filtration and rotary evaporation and high vacuum
to yield an off-white powdery solid (4.93 g, 97%, without further purification). The second step of the
reaction was to obtain the O-(2-iodobenzyl)hydroxylamine. O-(2-iodobenzyl)-N-hydroxyphthalimide (4.93
g, 13.0 mmol, 1.0 equiv) was added into a 500 mL round bottom flask with 150 mL THF (0.086 M) and the
mixture was kept stir for 10 min to fully dissolve. Hydrazine monohydrate (3.5 mL, 71.5 mmol, 5.5 equiv)
was added through a syringe to the vigorously stirred solution and the color was changed to a light-yellow.
The reaction was allowed to stir for 24 h at room temperature during which time, the reaction mixture
turned murky white. The solvent was evaporated under reduced pressure, then CH,Cl, (100 mL) was
added to the reaction mixture, layers were separated, and the combined organic layer was then washed
with water (x 2) and brine (x 1). The organic layer was then dried over anhydrous Na,SO4, and solvent was

evaporated to yield the product as an off-white oil which was used for the subsequent step without
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further purification (3.00 g, 92%, ). The third step of the reaction: To a 250 mL round bottom flask equipped
with a stir bar was added O-(2-iodobenzyl)hydroxylamine from the previous step (3.0 g, 12.0 mmol, 1.0
equiv) followed by dilution with CH,Cl; (26 mL, 0.4 M) and cooled to 0 °C. To this stirred solution was
added pyridine (1 mL, 12 mmol, 1.0 equiv). After addition of pyridine, the solution was allowed to stir at
0 °Cfor 0.5 h. Then phenylchloroformate (1.5 mL, 12.0 mmol, 1.0 equiv) was added dropwise at 0 °C, and
the reaction mixture was allowed to stir for overnight (18 h) at room temperature. The mixture was
characterized by TLC with 40% EtOAc/Hexanes eluent. Upon completion, the reaction was extracted using
sat. NaHCOs (x 2) and then brine (x 1). The organic phase was dried over anhydrous Na,SO, and filtered
over a fritted funnel. The filtrate was concentrated via rotary evaporation and purified using silica-gel
flash column chromatography using 20% EtOAc/Hexanes to afford the pure compound as white solid (3.54

g, 80%).

TLC Rf: 0.30in 20% EtOAc/Hexanes.

H NMR (600 MHz, DMSO-ds) 5 7.89 (dd, J = 7.9, 1.2 Hz, 1H), 7.52 (dd, J = 7.6, 1.7 Hz, 1H), 7.45 (ddd, J =
7.6,1.7, 1.2 Hz, 1H), 7.43 — 7.38 (m, 2H), 7.24 (ddd, J = 7.9, 1.7, 1.2 Hz, 1H), 7.14 — 7.11 (m, 3H), 4.92 (s,
2H).

13C NMR (151 MHz, DMSO-ds) 6 154.8 (C), 150.4 (C), 139.2 (CH), 138.2 (CH), 130.7 (C), 130.4 (CH), 129.5
(CH), 128.5 (CH), 125.5 (CH), 121.7 (CH), 99.8 (C), 80.8 (CH.).

HRMS (ESI): Exact mass calcd for C14H12INOsNa [M+Na]* 391.9766. Found: 391.9760.

o)

I}IH

o)
1H-2,3-Benzoxazin-4(3H)-one 11
The title compound was synthesized following General Procedure E, using O-(o-iodobenzyl)
phenylcarbamate 10 (0.369 g, 1.00 mmol, 1.0 equiv), isopropylmagnesium chloride lithium chloride 1D
(2.0 mL, 1.10 M, 2.2 equiv), and THF (11.0 mL, 0.075 M). The crude product was purified by flash column
chromatography (28% EtOAc/Hexanes) to afford the pure compound as a yellowish white solid (0.097 g,
65%).

TLC Rf: 0.21 in 28% EtOAc/Hexanes.
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'H NMR (600 MHz, DMSO-ds) § 11.26 (s, 1H), 7.88 (dd, J = 7.7, 1.6 Hz, 1H), 7.60 (ddd, J = 7.5, 1.6, 1.4 Hz,
1H), 7.48 (ddd, J=7.7, 1.6, 1.4 Hz, 1H), 7.35 (dd, J = 7.5, 1.4 Hz, 1H), 5.07 (s, 2H).

13C NMR (101 MHz, DMSO-ds) § 165.3 (C), 137.9 (C), 132.9 (CH), 128.1 (CH), 126.3 (CH), 125.8 (C), 124.1
(CH), 70.1 (CHa).

HRMS (ESI): Exact mass calcd for CgH;NO,Na [M+Na]* 172.0374. Not found.*

*Detailed analysis of the HRMS data obtained using TOF MS ES+ shows similar peaks being present for five
molecules with different molecular weights, and three different types of structures. Thus, it is not possible

to retrieve LRMS data, and further analysis will be carried out by Mr. Frederic Vuillermet.

N-(2-lodobenzyl)-N-phenylhydrazine 12

Br Ph<. .NH, NaHCO3 (2.4 equiv.) N'NH2
+ N’ > |
| H H,0 (3.3 M), reflux, 3 h | Ph

1.0 equiv. 1.0 equiv.

12

The title compound was synthesized following a modified literature procedure.?* In a 100 mL round
bottom flask equipped with a stir bar phenylhydrazine (0.49 mL, 5.0 mmol., 1.0 equiv) was dissolved in
distilled water (1.5 mL, 3.3 M) at room temperature. Then NaHCO; (1.01 g, 12.0 mmol, 2.4 equiv) was
added to the reaction flask, followed by 2-iodobenzyl bromide (1.48 g, 5.0 mmol, 1.0 equiv), then the
reaction was allowed to stir at reflux for 3 h. The reaction progress was monitored by TLC and stopped
upon completion, as gauged by consumption of the 2-iodobenzyl bromide. The reaction mixture contents
were transferred into a separatory funnel by rinsing the round bottom flask with Et,O. After the mixture
contents separated, the organic layer was reserved, and the aqueous layer was extracted with Et,0 (x 3),
then the combined organic layers were washed with brine (x 1). The organic layer was then dried over
anhydrous Na,SO,, filtered, and concentrated under reduced pressure. The crude product was purified
using silica-gel flash column chromatography using 10% EtOAc/Hexanes, to yield the purified product as

yellow oil (1.1 g, 68%).
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TLC Ry: 0.42 in 20% EtOAc/Hexanes.

'H NMR (600 MHz, DMSO-ds) 6 7.87 — 7.85 (m, 1H), 7.30 (dd, J = 7.5, 1.3 Hz, 1H), 7.16 — 7.11 (m, 3H), 7.02
—7.00 (m, 1H), 6.85—-6.83 (m, 2H), 6.63 (dd, J = 7.5, 1.5 Hz, 1H), 4.50 (s, 2H).

13C NMR (151 MHz, DMSO-ds) 5 151.5 (C), 139.8 (C), 139.5 (C), 129.3 (CH), 129.0 (CH), 128.5 (CH), 128.5
(CH), 117.2 (CH), 112.3 (CH), 98.7 (CH), 64.6 (CH,).

CLr a0

Phenyl 2-(o-iodobenzyl)-2-phenyl hydrazinecarboxylate 13

X
Cl OPh Pyridine H
N2 0 equiv. (1.0 equiv,) NN OPh
|:l)h > | T
| CH,CI, (0.4 M), rt, 18 h | Ph O
12 13

The title compound was synthesized following a modified literature procedure.’'? To a 250 mL round
bottom flask equipped with a stir bar was added N-(2-lodobenzyl)-N-phenylhydrazine 12 (1.1 g, 3.4 mmol,
1.0 equiv) followed by dilution with CH,Cl, (8.5 mL, 0.4 M) and cooled to 0 °C. To this stirred solution was
added pyridine (0.32 mL, 4.0 mmol, 1.2 equiv). After addition of pyridine, the solution was allowed to stir
at 0 °C for 10 minutes. Then phenylchloroformate (0.5 mL, 3.4 mmol, 1.0 equiv) was added dropwise at 0
°C, and the reaction mixture was allowed to stir for overnight (18 h) at room temperature. The mixture
was characterized by TLC with 17% EtOAc/Hexanes eluent. Upon completion, the reaction was extracted
using sat. NaHCOs (x 2) and then brine (x 1). The organic phase was dried over anhydrous Na,SO, and
filtered over a fritted funnel. The filtrate was concentrated via rotary evaporation and purified using silica-
gel flash column chromatography using 14% EtOAc/Hexanes to afford the pure compound as a yellowish

white solid (0.98 g, 65%).

TLC Rs: 0.35in 17% EtOAc/Hexanes.

1H NMR (600 MHz, DMSO-ds) & 10.15 (s, 1H), 7.91 (dd, J = 7.9, 1.1 Hz, 1H), 7.51 (dd, J = 7.7, 1.2 Hz, 1H),
7.41-7.38 (m, 3H), 7.26 -7.22 (m, 3H), 7.14 - 7.13 (m, 2H), 7.09 — 7.06 (m, 1H), 6.83 — 6.80 (m, 3H), 4.67
(s, 2H).
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13C NMR (151 MHz, DMSO-ds) § 154.3 (C), 150.6 (C), 148.7 (C), 139.2 (CH), 139.1 (C), 129.5 (CH), 129.3
(CH), 129.2 (CH), 128.4 (CH), 125.5 (CH), 121.8 (CH), 119.2 (CH), 113.1 (C), 112.6 (CH), 99.0 (CH), 61.9 (CH>).

HRMS (ESI): Exact mass calcd for CyoH17IN;O2Na [M+Na]* 467.0232. Found: 467.0237.

2-(2-lodophenoxy)isoindole-1,3-dione 14

o
HO-N
| | 2
| 1) i-PrMgCIsLiCl o] o.
©: 2) B(OMe)3 .OH Py, CuCl, 4 AMS_ N
| 3)HCI Br DCE, rt,48h
OH ©
Boronic acid X 14

The title compound was synthesized following literature procedure.?’® An oven dried, and argon flushed
250 mL RBF, equipped with a magnetic stir bar, was charged with 1,2-diiodobenzene (3.3 g, 10.0 mmol,
1.0 equiv), and then was sealed. THF (50 mL) and Et,O (50 mL) (0.10 M) were added sequentially via
syringe. The reaction mixture was cooled in dry ice/acetone bath for 10 minutes, then
isopropylmagnesium chloride lithium chloride 1D (9.1 mL, 1.10 M, 1.0 equiv) was added dropwise via a
syringe. At -78 °C, trimethyl borate (3.4 mL, 30.0 mmol, 3.0 equiv) was added to the reaction mixture, and
the temperature was gradually raised to room temperature, then the reaction mixture was allowed to stir
at room temperature for overnight. Hydrochloric acid (100 mL, 10% v/v) was added, and the reaction
mixture was stirred for 30 minutes, then the content of the flask was transferred to a 1 L separatory funnel
and the two layers were separated. The aqueous layer was extracted with Et,0 (x 3), then the combined
organic layer was washed with brine (x 1), dried over anhydrous Na,SO, and filtered over a fritted funnel.
The filtrate was concentrated via rotary evaporation and the crude was purified using silica-gel flash
column chromatography using 25% EtOAc/Hexanes to yield the boronic acid X as white solid (1.75 g, 70%).
The second step of the reaction: A 100 mL RBF equipped with a magnetic stir bar was charged with N-
hydroxyphthalimide (0.365 g, 2.0 mmol, 1.0 equiv) and dissolved in 1,2-dichloroethane (10 mL, 0.2 M) and

was allowed to stir at room temperature. Boronic acid X from the previous step (1.00 g, 4.0 mmol, 2.0
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equiv) was added to the reaction mixture followed by CuCl (0.198 g, 2.0 mmol, 1.0 equiv). Activated 4 A
molecular sieves were added followed by pyridine (0.17 mL, 2.2 mmol, 1.1 equiv), then the reaction
mixture was allowed to stir at room temperature for 48 hours. The reaction mixture was diluted with
CH,Cl;, filtered over a fritted funnel, washed with CH,Cl; (x 3), concentrated via rotary evaporation and the
crude was purified by crystallization from CH,Cl,/hexanes mixture to yield compound 14 as white solid

(0.547 g, 75%).
TLC Rf: 0.57 in 40% EtOAc/Hexanes.
1H NMR (400 MHz, DMSO-ds) 6 7.97 — 7.88 (m, 5H), 7.36 — 7.29 (m, 2H), 6.97 = 6.93 (m, 1H).

13C NMR (101 MHz, DMSO-ds) & 162.6 (C), 157.1 (C), 139.6 (C), 135.2 (C), 130.1 (CH), 128.8 (CH), 126.0
(CH), 123.8 (CH), 112.7 (CH), 81.0 (CH).

I
LA
O’NTOPh

Phenyl (2-iodophenoxy)carbamate 15

0O

HoNNH,+H,0 | CI™ "OPh pyridine '
_(5.5equiv) 1.0 equiv. (1.2 equiv.) H oPh
THF (0.086 M), O'NHZ " o T

rt oat J CH,Cl, (0.4 M), 1t, 18 h

The title compound was synthesized following the literature procedure. A 100 mL RBF equipped with a
magnetic stir bar was charged with2-(2-lodophenoxy)isoindole-1,3-dione 14 (0.530 g, 1.45 mmol, 1.0
equiv) and dissolved in THF (16.9 mL, 0.086 M). The mixture was kept to stir for 10 min to fully dissolve
then hydrazine monohydrate (0.39 mL, 7.97 mmol, 5.5 equiv) was added through a syringe to the
vigorously stirred solution and the color was changed to a light-yellow. The reaction was allowed to stir for
24 h at room temperature. The solvent was evaporated under reduced pressure, then CHxCl, (10 mL) was
added to the reaction mixture, layers were separated, and the combined organic layer was then washed
with water (x 2) and brine (x 1). The organic layer was then dried over anhydrous Na,SO,, and solvent was
evaporated to yield the product as an off-white oil in 90%, which was used for the subsequent step without
further purification. The second step of the reaction: To a 50 mL round bottom flask equipped with a stir

bar was added O-(2-iodophenyl)hydroxylamine from the previous step (0.306 g, 1.3 mmol, 1.0 equiv)
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followed by dilution with CH,Cl; (3.2 mL, 0.4 M) and cooled to 0 °C. To this stirred solution was added
pyridine (0.12 mL, 1.56 mmol, 1.2 equiv). After addition of pyridine, the solution was allowed to stir at 0
°C for 0.5 h. Then phenylchloroformate (0.19 mL, 1.3 mmol, 1.0 equiv) was added dropwise at 0 °C, and
the reaction mixture was allowed to stir for overnight (18 h) at room temperature. The mixture was
characterized by TLC with 25% EtOAc/Hexanes eluent. Upon completion, the reaction was extracted using
sat. NaHCO3 (x 2) and then brine (x 1). The organic phase was dried over anhydrous Na,SO, and filtered
over a fritted funnel. The filtrate was concentrated via rotary evaporation and purified using silica-gel flash
column chromatography using 25% EtOAc/Hexanes to give the pure compound as off-white solid (0.263

g, 57%).
TLC Rf: 0.16 in 25% EtOAc/Hexanes.

H NMR (300 MHz, DMSO-ds) 5 10.89 (s, 1H), 8.02 — 7.4 (m, 4H), 7.47 = 7.42 (m, 2H), 7.31 = 7.26 (m, 1H),
7.23-7.20 (m, 2H).

13C NMR (151 MHz, DMSO-ds) & 165.2 (C), 153.6 (C), 150.3 (C), 135.6 (CH), 129.8 (CH), 129.5 (C), 129.3
(CH), 126.1 (CH), 124.1 (CH), 121.5 (CH), 115.3 (CH).

149



Claims to Original Research

1) The first C-C bond forming stoichiometric organometallic addition to masked O- and N-isocyanates has
been described.

2) A relatively stable five-membered chelate is suggested as a key reactivity controlling factor for
stoichiometric organometallic addition to masked heteroatom-substituted isocyanates.

3) A novel synthesis of pyrazolones from intramolecular cyclization of hydrazone carboxylate precursors
mediated by Grignard reagents is reported.

4) The synthesis of iodinated masked heteroatom-substituted isocyanates to serve as precursors for
intramolecular cyclizations is reported.

5) The development of a novel heterocyclic synthesis via intramolecular cyclization of iodinated masked
heteroatom-substituted isocyanates enabled by amphoteric metalated O-isocyanate intermediate is

reported.
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AM-3-51.2.fid — 13C NMR with proton decoupling

~
n
o~
{
NN
ooty
e}
3bb
©
Q
- ©
w
2 =
. SIS
R [
“HWMMMW Wl

T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90 80 70 60
f1 (ppm)

189



AM-3-51.3.fid — 13C DEPT 135

25.7

-5.5

10.0

T T T T T
130 120 110 100 90 80 70 60

T T T T T T
190 180 170 160 150 140
f1 (ppm)

190



AM-3-52.1.fid — 1H NMR
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AM-3-52.2.fid — 13C NMR with proton decoupling
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AM-3-53.1.fid — 1d_1H_16_scans DMSO D
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AM-3-53.2.fid — 1d_13C_20_minutes DMSO D:\\ Beau 36
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AM-3-60.10.fid — 1d_1H_4min DMSO
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AM-3-60.11.fid — {1d_13C[1H]_35min} DMSO {C:\data} Beau 14
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AM-OMe-Ph-product.1.fid — 1H NMR
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AM-OMe-Ph-product.2.fid — 13C NMR with 1H decoupling
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AM-3-31.1.fid — 1H NMR
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AM-3-31.2.fid — 13C NMR with proton decoupling
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AM-2-40.2.fid — 1d_1H_16_scans DMSO D
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AM-2-40.3.fid — 1d_13C_20_minutes DMSO D:\\ Beau 42
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AM-3-32.2.fid — 1d_13C_20_minutes DMSO D:\\ Beau 37
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AM-3-42.1.fid — 1H NMR
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AM-3-42.2.fid — 13C NMR with 1H decoupling
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AM-3-34.1.fid — 1H NMR
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AM-3-34.2.fid — 13C NMR with 1H decoupling
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AM-3-43-run2.10.fid — 1d_1H_1min DMSO
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AM-3-43-run2.11.fid — {1d_13C[1H]_18min} DMSO {C:\data} Beau 2
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AM-3-43-run2.12.fid — 1d_13C_dept135 DMSO {C:\data} Beau 2
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AM-2-134.11.fid — {1d_13C[1H]_8min} DMSO {C:\data} Beau 6
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AM-2-158.11.fid — {1d_13C[1H]_8min} DMSO {C:\data} Beau 4
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AM-2-102-Pure.1.fid — 1d_1H_16_scans DMSO D
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AM-2-102-Pure.2.fid — 1d_13C_20_minutes DMSO D:\\ Beau 57
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AM-3-146.10.fid — 1d_1H_1min DMSO
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AM-3-146.11.fid — {1d_13C[1H]_1h10min} DMSO {C:\data} Beau 10
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AM-3-146.12.fid — 1d_13C_dept135 DMSO {C:\data} Beau 10
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AM-3-138.10.fid — 1d_1H_1min DMSO
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AM-3-138.11.fid — {1d_13C[1H]_1h10min} DMSO {C:\data} Beau 22
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AM-3-138.12.fid — 1d_13C_dept135 DMSO {C:\data} Beau 22
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Am-3-139.10.fid — 1d_1H_1min DMSO
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Am-3-139.11.fid — {1d_13C[1H]_1h10min} DMSO {C:\data} Beau 16
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Am-3-139.12.fid — 1d_13C_dept135 DMSO {C:\data} Beau 16
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AM-3-141.10.fid — 1d_1H_1min DMSO
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AM-3-141.11.fid — {1d_13C[1H]_1h10min} DMSO {C:\data} Beau 23
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AM-2-101-P-run2.10.fid — 1d_1H_1min DMSO
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AM-2-101-P-run2.11.fid — {1d_13C[1H]_18min} DMSO {C:\data} Beau 8
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AM-3-144.10.fid — 1d_1H_1min DMSO
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AM-3-144.11.fid — {1d_13C[1H]_1h10min} DMSO {C:\data} Beau 19
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AM-3-145.10.fid — 1d_1H_1min DMSO
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AM-3-145.11.fid — {1d_13C[1H]_1h10min} DMSO {C:\data} Beau 20
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AM-3-81-cryst.1.fid — 1H NMR
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FV-SM-phenyl-ethyl.1.fid — 1H NMR
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FV-SM-phenyl-ethyl.2.fid — 13C
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FV-sm-Phenyl-propyl.10.fid — 1d_1H_1min DMSO {C:\data} Beau 17
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FV-sm-Phenyl-propyl.11.fid — {1d_13C[1H]_18min} DMSO {C:\data} Beau 17
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32MHz, CDCI3

— — FV-04-valero-co2ph.1.fid — 1H, 400
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— — FV-valero-SM.10.fid — 13C, 151.00MHz, CDCI3
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AM-3-94rel.12.fid — 1d_1H_1min DMSO
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— — FV-04-24-dp.2.fid — 13C, 100.67MHz, DMSO

HN—NH
soh
Ta
on TN o o
JARELR N 3
p R
N
N o hed
T8 &
Lo
N [
mn
wn
q
’ m f J \ M " | (W
T T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 8 70 60 50 40 30 20 10 0o -10

Chemical Shift (ppm)

244



{C:\data} Beau 17

AM-3-95rel.10.fid — 1d_1H_1min DMSO
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AM-3-95-P.11.fid — {1d_13C[1H]_8min} DMSO {C:\data} Beau 15
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— — FV-04-20-DP.3.fid — 1H, 500.25MHz, DMSO
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— — FV-04-20-dp.5.fid — 13C, 100.67MHz, DMSO
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AM-3-100-P-run.10.fid — 1d_1H_1min DMSO {C:\data} Beau 23
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AM-3-100.11.fid — {1d_13C[1H]_35min} DMSO {C:\data} Beau 15
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AM-3-99.10.fid — 1d_1H_1min DMSO
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AM-3-120.10.fid — 1d_1H_1min DMSO
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AM-3-120.11.fid — {1d_13C[1H]_1h10min} DMSO {C:\data} Beau 4
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AM-3-97.10.fid — 1d_1H_1min DMSO
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— — FV-04-31-DP.2.fid — 13C, 100.67MHz, DMSO
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AM-3-112.10.fid — 1d_1H_1min DMSO {C:\data} Beau 3
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AM-3-112.11.fid — {1d_13C[1H]_1h10min} DMSO {C:\data} Beau 3
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AM-3-115-P-May24.11.fid — {1d_13C[1H]_18min} DMSO {C:\data} Beau 23
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AM-3-131-May24.10.fid — 1d_1H_1min DMSO {C:\data} Beau 3
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AM-3-131.2.fid — 1d_13C_1_hour DMSO C:\\ Beau 42
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AM-3-131.3.fid — 1d_13C_DEPT_135_1_hour DMSO C:\\ Beau 42
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AM-3-154.10.fid — 1d_1H_1min DMSO

05 —
299
£9'9
+9'9
599
£8'9
+8'9
589
00°Z A\
1072
20, %
11
[AVE ﬁ
€1
p1°L
ST
912
67,
og
e
98/ 1
98'
87

—T10°C

/660
-£0'C
ﬂ:
183
11

“oor

f1 (ppm)

266



AM-3-154.11.fid — {1d_13C[1H]_1h10min} DMSO {C:\data} Beau 8
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AM-3-157-2ndtry-May24.10.fid — 1d_1H_1min DMSO {C:\data} Beau 10
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AM-3-157-2ndtry-May24.11.fid — {1d_13C[1H]_18min} DMSO {C:\data} Beau 10
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AM-3-164-lower-product.1.fid — 1H NMR
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AM-3-164-lower-myproduct-May24.11.fid — {1d_13C[1H]_35min} DMSO {C:\data} Beau 14
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