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Abstract 

When new, synthetic challenges arise and the old, synthetic tools no longer suffice, the 
development of new methodologies are desired. The work in this dissertation focuses 
on expanding the synthetic toolbox by developing new strategies for C-N coupling of 
imides, with the focus being on the hydantoin framework. Being less reactive than 
many other N-nucleophiles, the imide functional group presents a challenging task for 
functionalizing the nitrogen atom and often requires assistance from a metal. 

 

The applications and previous synthetic strategies for hydantoin functionalization is 
summarized in Chapter 1. Chapter 2 describes the development of a new methodology 
for the Cu-catalyzed and regioselective N-3-arylation of hydantoins. The protocol 
utilizes unsymmetrical diaryliodonium salts as arylating agents in the presence of 
triethylamine and a catalytic amount of a simple Cu-salt. The method is compatible 
with structurally diverse hydantoins and arenes bearing weakly electron donating- or 
withdrawing substituents. The method is applicable for late-stage functionalization of 
pharmaceutically relevant hydantoins. Parts of this chapter is published in Paper I.  

 

The computational investigation of the reaction in Chapter 2 is described in Chapter 3. 
Based on density functional theory (DFT) calculations and experimental observations, 
a CuI/CuIII-catalytic cycle is proposed for the N-3-arylation of hydantoins. Our results 
suggest that deprotonation of hydantoin proceeds the oxidative addition of 
aryl(TMP)iodonium tosylate to a CuI-imido intermediate. The rate-determining step 
of the reaction depends on the properties of the transferred aryl groups. The mechanism 
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agrees with species observed by 1H NMR spectroscopy, a kinetic isotope experiment, 
and the product yields observed. A completed manuscript for the work presented in 
this chapter is appended in this dissertation as Paper II. 

 

Chapter 4 covers the development of a general Cu-catalyzed C(sp2)-N bond forming 
strategy for N-functionalization of hydantoins and other cyclic imides using boronic 
acids as coupling partners. The simple and practical method includes the use of 
(E)-alkenylboronic acids for the formation of (E)-enimides, with full retention of the 
double-bond configuration. The method is also operable with arylboronic acid, yielding 
N-arylimides. A large range of cyclic imides are allowed under the conditions, including 
pharmaceutically relevant hydantoins and uracils. Parts of this work is published in 
Paper III.  

 

In Chapter 5, the study of an unexpected reaction discovered in Chapter 4 is described. 
Using maleimide as a cyclic imide under the conditions described in Chapter 4 led to 
the formation of a linear molecule through a ring-opening mechanism. The use of the 
N-alkenylated maleamate (boxed) as a building block is demonstrated through 
exploration of synthetic transformations. The results indicate that EtOH is the 
preferred alcohol for ring-opening, and that transformations ranging from double bond 
isomerization and ester hydrolysis to intramolecular ring-formations were feasible. The 
work presented in this chapter is unpublished. 
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Chapter 1: Introduction 

1.1 Hydantoins: General introduction and chemistry 

Hydantoin (2,4-imidazolidinedione) 1a (Figure 1.1) is a five-membered heterocyclic 
compound first discovered by Adolf von Baeyer in 1861.1 During his work with uric 
acid he isolated hydantoin as a hydrogenation product of allantoin, hence the name. 
The conformation of the newly discovered substance was however unclear until 1870 
when Adolph Strecker2 proposed the now-accepted cyclic structure. Designation of 
positions in the hydantoin ring has, however, differed over the years.3 The general 
consensus nowadays is as displayed in Figure 1.1.  

 

Figure 1.1. Hydantoin core structure with numbering.  

Comprised of two nitrogen atoms, two carbonyl groups and an a-carbonyl carbon, the 
hydantoin framework provides multiple reactive positions. The N-1, N-3 and C-5 
positions are considered the primary points of functionalization,4, 5 whereas the carbonyl 
positions only partake in some reactions.3 The two N-H sites and the electron 
withdrawing ability of the carbonyl groups helps explain the weakly acidic nature of 
hydantoins.6 pKa values of 9.0-9.1 in water7, 8 and 15.0 in DMSO9 have been determined 
for the proton in the N-3 position of unsubstituted hydantoin, making it the most 
acidic site. The N-3 position can be regarded as an imide (with two carbonyl groups) 
where resonance stabilization of the negative charge (as a result of deprotonation) is 
greatest (Scheme 1.1).     

The pKa of the amidic N-1 proton has been estimated to 19.4 in DMSO.10 The ability 
to stabilize a negative charge is lesser in this position, hence the weaker acidity. 
Situated alpha to a carbonyl group, the C-5 protons can also be considered very weakly 
acidic. Based on other a-carbonyl amide protons,11 a very rough estimate of pKa » 30 
can be made.  

HN
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NH

O

1 3

5

2
4

1a



 
2 

 

Scheme 1.1. pKa-values of the N-3- and N-1 protons, deprotonation and resonance stabilization of the 
negative charge.  

Intramolecular proton transfers cause hydantoin to exhibit tautomerism. Several 
tautomeric forms have been suggested (Figure 1.2). Liquid- and solid state studies 
confirm the predominance of the imido-tautomer I.12 Additional support from more 
recent density functional theory (DFT) calculations confirm the stability of conformer 
I, both isolated and in solution.13, 14 However, the importance of tautomers II-VII are 
reflected in various reactions of hydantoin and hydantoin analogs.3 For example, 
racemization of optically active hydantoin can only be explained by the enolization of 
conformer IV, V or VI. 

 

Figure 1.2. Hydantoin tautomers. 

1.1.1 Notable reactions and stability of the hydantoin ring 

In the presence of alkali salts in hot, dilute solutions, the hydantoin ring is cleaved and 
converted to salts of hydantoic acid (Scheme 1.2a). The reverse reaction, cyclization, 
can be realized with hot, dilute hydrochloric acid3, 15 (Scheme 1.2a). The reaction is not 
reversible in concentrated alkali- or (mineral)acidic solutions.16 Instead, the hydantoin 
ring is hydrolyzed to its corresponding a-amino acid (Scheme 1.2b). Amino acid 
synthesis by hydantoin hydrolysis is a highly valuable synthetic tool as both natural 
and unnatural amino acids can be obtained. However, chemically induced reactions 
typically give racemic mixtures. For enantioselective production of D- and L-amino 
acids, enzymatic routes involving the use of biocatalysts are used (Scheme 1.2c).17-19   
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Scheme 1.2. Reactions involving cleavage of the hydantoin ring. 

Ring stability is highly influenced by the substituents on the ring atoms. Generally, 
substituted hydantoins are more stable than unsubstituted ones with regards to 
hydrolysis of the ring and the ease of formation from hydantoic acid. The stability is 
apparent with substituents at either nitrogen atoms or at C-5 and typically increases 
with the number of substituents.3, 15 Substituents also affect the acidic character of 
hydantoins, generally by increasing the acidity. As an example, the pKa of 
5,5-diphenylhydantoin is 8.3 in water,20 which is 7-8 times stronger than unsubstituted 
hydantoin.   

1.2 Applications of the hydantoin scaffold 

Hydantoins have several applications areas (Figure 1.3) due to its intrinsic properties 
and tunable nature. The combination of several sites of functionalization and numerous 
possible substitution patterns provides endless possibilities to regulate its features; 
introduction of substituents in the C-5 position allows for altering flexibility/rigidity 
and chirality while the presence of hydrogen bond donors- and acceptors allows for 
adjusting hydrophilicity/lipophilicity.21, 22 
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Figure 1.3. Applications and structural properties of hydantoins. Adapted from reference 21 and 22. 

The versatile heterocycle can be found in molecular photo switches,23, 24 energy storing 
materials,25 polymers,26, 27 agrochemicals (pesticides)28 and as preservatives in 
cosmetics.29 Figure 1.4 displays examples where the hydantoin core is embedded in such 
structures. Substituted hydantoins can be utilized as reagents in synthesis.30-32 By 
introducing halogens on both nitrogen atoms, they can serve as electrophilic 
halogenation agents.33-35 For example, 1,3-dibromo-5,5-dimethylhydantoin (DBDMH) 
(X = Br in Figure 1.4) is a cheap and convenient alternative to the more popular 
N-bromosuccinimide (NBS) as they exhibit similar reactivities.  

Due to their chelating abilities, hydantoins are used as ligands in transition metal 
complexes.36-41 The coordination modes differ with the metal and the overall conditions 
with N-3 and/or O-4 coordination being the most dominant (Figure 1.4). Their 
complexing aptitude is evident in e.g. electroplating of silver.42, 43  

Owing to the many advances made in the preparation of hydantoins by cyclization (see 
Section 1.3.1.1), a variety of isotope labelled atoms can be directly introduced into the 
hydantoin ring.44 Depending on the isotopic labelling, they can be utilized as 
radiotracers in PET-imaging45, 46 (Figure 1.4). Moreover, hydantoin cyclization 
reactions have been exploited in derivatization of natural plant-extract in the synthesis 
of natural product like hydantoins.47 Hydantoin-containing molecules have also been 
directly isolated from natural sources48-50 (Figure 1.4).  
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Figure 1.4. The hydantoin ring in structures with a wide range of applications.  

As seen in Section 1.1.1, hydrolysis of the hydantoin ring can be used in the production 
of both natural- and unnatural amino acids.17, 19 Despite the many properties and uses 
of hydantoins, most notable are the broad biological and pharmacological properties 
and hence its appearance in wide range of drugs51-59 (Figure 1.4).  

Hydantoin is considered a privileged scaffold in medicinal chemistry being an integral 
part of several bioactive compounds.60, 61 The wide range of biological activities can be 
attributed to the ease of modifications on the hydantoin ring, making them highly 
attractive candidates for drug discovery. A vast number of hydantoin-containing 
compounds have been led through clinical trials and several of them are clinically 
approved and commercialized (Figure 1.5). Some representative examples are the 
marketed drugs phenytoin (anticonvulsant), dantrolene (muscle relaxant) 
nitrofurantoin (antibacterial) and nilutamide (antiandrogen). Clinical candidates 
include the selective androgen receptor modulators (SARMs) GLPG-049262 and 
PS178990 (previously known as BMS-564929)63, as well as leukocyte function-
associated antigen-1 (LFA-1) antagonists BMS-58710164 and BIRT377.65  
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Figure 1.5. Hydantoin marketed drugs and clinical candidates.  

1.3 Synthetic methods to access hydantoins 

Numerous methods have been developed to access the hydantoin scaffold.5, 66 The 
previously mentioned C-5, N-1 and N-3 positions suggest a variety of possible 
substitution patterns and give rise to several classes of mono-, di-, tri- and/or 
tetrasubstituted hydantoins.  

In the following subsections, the synthetic methods for accessing substituted 
hydantoins will be divided into “classical” and “non-classical”. The classical approaches 
include cyclization reactions from linear precursors or direct functionalization of the 
ring by the means of substitution (e.g. condensation and nucleophilic substitution). 
Easily accessible starting materials with a high number of diversity points, the ease of 
the reactions and the possibility to obtain nearly any desired substituted hydantoin 
make the classical cyclization methods extremely attractive from a synthetic 
perspective. Some limitations are, however, associated with these methods. The 
apparent drawbacks are the harsh conditions and toxic reagents often used, combined 
with the invariable C-5 substitution. Additionally, long reaction times, solubility 
problems and poor yields have been reported.22, 67  

To overcome some of the limitations associated with the classical linear methods, direct 
functionalization offers an alternative solution to access substituted hydantoins. In a 
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direct route, the substituents are chemo- or regioselectively put onto the ring itself. 
This strategy offers many advantages; it is potentially faster, cheaper, allows for 
divergent modification and late-stage functionalization of the hydantoin core. Despite 
the diversity the classical methods offer, limitations exist. Unaddressed synthetic 
challenges include the direct and selective functionalization where the classical 
strategies fall short. The non-classical methods rely on new synthetic methodologies, in 
particular on advances made in transition metal catalysis.  

1.3.1 Classical methods 

1.3.1.1 Cyclization reactions   

The first methods developed for hydantoin ring synthesis were dedicated to the 
preparation of 5-substituted and 5,5-disubstituted hydantoins.5 Urech68 reported the 
first constructive synthetic route for 5-methylhydantoin in 1873, which still remains as 
one of the most prominent approaches to access 5-substituted hydantoins. It involves 
a two-step condensation-cyclization of amino acids in the presence of potassium cyanate 
and hydrochloric acid (Scheme 1.3). Equally impactful methods are: (1) Read69 
synthesis (Scheme 1.3), using Urech conditions, but starting from  a-aminonitriles, (2) 
the Bücherer-Berg70 reaction starting from carbonyl compounds, potassium cyanate 
and ammonium carbonate to generate 5-substituted or 5,5-disubstiuted hydantoins 
(Scheme 1.3)  and (3) the Biltz71 synthesis utilizing 1,2-dicarbonyl compounds and urea 
under strong basic conditions to obtain 5,5-disubstituted hydantoins (Scheme 1.3).  

 

Scheme 1.3. Classical approaches to substituted hydantoins, including the Urech/Read, Bücherer-Berg, 
Biltz and Ugi-type condensation reactions.  
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The primary access point for N-substituted hydantoins also include linear synthesis or 
multicomponent reactions (MCRs). Improvements and variations of the classical 
conditions have been extensively reported over the years.3, 5, 66 They include substituents 
on the amino-nitrogen in the amino acid derivative in a Urech/Read type reaction 
giving rise to N-1-substituted hydantoins.58, 59, 72-74 The use of substituted isocyanates 
instead of cyanate salts results in substituents in the N-3 position.72, 75-79 Following Biltz 
method, substituted ureas have been used to access hydantoins with substituents in 
N-180, 81 or N-382-84 (or both) positions depending on the conditions. Another well-
established approach used is the Ugi condensation reaction where primary amines, 
aldehydes, isocyanides and carboxylic acid (or carbon dioxide) react to give 
1,3,5-substituted hydantoins.85-89 Besides the aforementioned methods, a plethora of 
other synthetic routes have been developed to furnish various substituted hydantoins.5 

1.3.1.2 Direct functionalization by substitution and addition reactions 

Derivatization of the hydantoin scaffold in either nitrogen position is predominantly 
accomplished through alkylation and acylation reactions (Scheme 1.4). The most usual 
way is by reaction with alkyl- and acyl halides in alkaline solutions, where the more 
acidic N-3 position is the preferred site of reaction.30, 90-99 Similar conditions have also 
been implemented in arylation reactions where aryl halides undergo nucleophilic 
aromatic substitution to furnish N-3-arylated hydantoins (Scheme 1.4a). The method 
is, however, restricted to electron deficient aryl halides, which limits the general 
applicability of the strategy. Phenytoin100, 101 and nilutamide102-104 (Figure 1.4) analogs 
have been prepared using such methods.   

 

Scheme 1.4. Classical approaches for direct functionalization of hydantoins.   
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Introduction of alkyl groups at the N-1 nitrogen is generally only possible when N-3 is 
already substituted, and often requires harsher conditions (use of a stronger base 
and/or longer reaction times) (Scheme 1.4a). However, some cases of direct 
N-1-alkylation (without N-3-substitution) have been reported under similar, basic 
conditions.105, 106 Selective acylation of the less basic, but more nucleophilic N-1 position 
is considered less challenging than alkylation and commonly performed with acid 
anhydrides.107-113  

While most saturated C-5 substituents are introduced through cyclization reactions, 
unsaturated substituents are introduced directly on the ring (Scheme 1.4b). Depending 
on the R-group, they are referred to as aryl- or alkylidenehydantoins and are 
predominantly accessed through the Knoevenagel condensation reaction with 
aldehydes.114-118 

1.3.2 Non-classical methods 

The previously untackled challenges from the classical methods include direct and 
selective functionalization of N-1, N-3 and C-5 (Scheme 1.5, left). Functionalizations 
include, but are not limited to, arylations, alkenylations and alkynylations. For the C-5 
position, alkylation is also a challenge that requires other tools (than those provided 
by the classical methods) to be conquered. Some of these matters have already been 
dealt with,119 most often by the aid of transition metals120, 121 (Scheme 1.5, right).  

 

Scheme 1.5. Challenges for direct and selective functionalization of hydantoins and two reported 
non-classical strategies to handle them.  
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A direct Pd-catalyzed C-5 arylation was reported for the first time by Clayden and co-
workers in 2015120 (Scheme 1.5a). The use of palladium as a transition metal catalyst 
allowed for the coupling of a sp2-carbon with the C-5 carbon, furnishing 
5,5-disubstituted hydantoins. The first example of selective N-3-functionalization of 
hydantoins with a metal was reported for the first time in 1992121 (Scheme 1.5b). In 
this reaction, arylation with a slightly electron rich arene was accomplished with the 
assistance of a Cu-catalyst.  

As will be shown in later sections, some advances have been made for the direct- and 
transition metal-catalyzed N-arylation reactions. Of particular interest in this work are 
the N-3-functionalization (including arylations) of hydantoins. The following sections 
will shed light on how these challenges can be met and what tools can be utilized to 
successfully handle them.   

1.4 Cu-catalysis: A tool to form C-N bonds 

Copper has emerged as one of the most important transition metals in various 
transformations of organic molecules owing to its high abundance, low price, low 
toxicity and chemical diversity.122 Its versatility stems from the accessible Cu0, CuI, 
CuII, CuIII oxidations states, allowing it to catalyze both polar- (two-electron) and 
radical (one-electron) processes.123 Additionally, copper coordinates easily to 
heteroatoms, p-bonds and terminal alkynes, providing the ability for a wide range of 
transformations.  

Copper has proven to be an important tool in the construction of C-N bonds.124 The 
discovery of Cu-promoted cross-coupling reactions started with Ullmann and Goldberg 
in the early 1900s125-127 (Scheme 1.6a). Almost a century later Chan128 and Lam129 
reported the well-known Chan-Lam cross-coupling reaction (Scheme 1.6b).  Besides the 
Pd-catalyzed Buchwald-Hartwig cross-coupling, these are considered the main routes 
to form C-N bonds.130 
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1.4.1 Cu-catalysis in coupling reactions: Ullmann and Chan-Lam 
reactions  

Ullmann-type conditions typically involve the coupling of an aryl halide (electrophile) 
with a nucleophile in the presence of a copper-salt and a base, often at high 
temperatures (Scheme 1.6a). The Chan-Lam reaction uses arylboronic acids 
(nucleophiles) instead of aryl halides and requires an additional oxidation source 
(Scheme 1.6b).  

 

Scheme 1.6. General conditions for the Ullmann- and Chan-Lam cross-coupling reactions. 

Several advances have been made over the years towards improving and expanding the 
original conditions of these reactions. Recent developments include the use of other 
arylating agents, including more reactive ones, and expansion of possible coupling 
partners to include alkynyl-, alkenyl- and alkyl halides and boron-based analogs, and 
the use of chelating ligands to promote couplings.124, 131-133 Additionally, the scope of 
N-nucleophiles has been extended from the original amines to amides, sulfonamides, 
carbamates, imides, hydrazines, and azides.124, 133 

Several possible mechanisms have been proposed for the Ullmann-type reaction, but 
the CuI/CuIII catalytic cycles (Scheme 1.7) are considered the most accepted ones.124, 134 
The detailed reaction pathway is, however, highly dependent on the nature of the 
ligands. For ionic ligands (pathway I, Scheme 1.7), the active catalytic CuI-species A 
undergoes oxidative addition with an aryl halide to form CuIII-complex B. Coordination 
of the nucleophile with B results in the intermediate CuIII-complex C, then 
deprotonation by a base affords CuIII-complex D. Reductive elimination generates the 
arylated nucleophile (Ar-Nu) and regenerates A.  
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Scheme 1.7. Suggested general CuI/CuIII catalytic cycles for the Ullmann-reaction. L = ligand, X = 
halide, B = base. Adapted from reference 124 and 134.  

For neutral ligands (pathway II, Scheme 1.7), coordination of the nucleophile with 
active catalytic CuI-species E provides intermediate CuI-complex F. Upon reaction 
with a base, CuI-complex G is formed. Complex G could alternatively be generated 
directly by substitution with an anionic nucleophile. G undergoes oxidative addition 
with an aryl halide to form CuIII-complex H. Reductive elimination generates the 
arylated nucleophile (Ar-Nu) and regenerates E. 

The detailed mechanistic understanding of the Chan-Lam reaction remains 
underdeveloped due to its complicated nature.130 However, recent efforts have been 
made to thoroughly investigate the catalytic cycle.135 A CuI/CuII/CuIII cycle has been 
suggested based on the standard Chan-Lam conditions where copper(II)acetate 
(Cu(OAc)2) and triethylamine (Et3N) are used (Scheme 1.8). The active CuII-species I 
is formed in a reaction with the pre-catalyst and its ligands, the solvent, the and the 
nucleophile. Transmetalation by the boronic acid results in the formation of CuII-
complex J. A second CuII-source is used in the disproportionation reaction to furnish 
CuIII-complex K. Reductive elimination generates the arylated nucleophile (Ar-Nu) 
while simultaneously generating CuI-complex L. I is regenerated using an oxidant (O2 
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Scheme 1.8. Suggested general CuI/CuII/CuIII catalytic cycle for the Chan-Lam reaction. L = ligand, 
X/X’ = anionic ligand, s = solvent. Adapted from reference 130 and 135.  

1.4.2 Cu-catalysis in N-functionalization of hydantoins 

The Cu-promoted C-N bond-forming reactions are potentially a highly relevant tool in 
the development of methods to functionalize the nitrogen atoms of hydantoins. Despite 
of the several advantages, the direct, selective functionalization strategy remains 
underdeveloped. The lack of attention from the synthetic community towards these 
reactions is imaginably due to their challenging nature. With the help of the Ullmann 
and Chan-Lam methodology, the disadvantages of the classical methods have been 
partly defeated in the pursuit to access, in particular, N-arylhydantoins. 

A brief retrosynthetic analysis of the N-3-arylation of hydantoins demonstrates the 
possible ways in which they can be synthesized (Figure 1.6). Two fragments are 
obtained from breaking the C-N bond. Nucleophilic hydantoin-synthon S-1 can be 
prepared by the reaction with a base. The electrophilic aryl-synthon S-2 can be formed 
through interactions of an aryl- and copper-source, potentially in combination with a 
ligand. Some widely used copper-sources, bases and ligands are displayed, along with 
potential coupling partners.131, 134  
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Figure 1.6. Retrosynthesis of 3-phenylhydantoin and some common aryl-, ligand-, base- and copper-
sources used in C-N bond-forming reactions. 

Lopéz-Alvarado and co-workers pioneered the Cu-catalyzed N-3-arylation of 
hydantoins using p-tolyllead triacetate121, 136 (Scheme 1.9a). However, only the arylation 
of phenytoin was reported. Later, Hügel et al. developed a protocol utilizing arylboronic 
acids and triarylbismuthanes as arylating agents (Scheme 1.9b) in a Cu-mediated 
arylation.137 Aryl halides were employed in the same Cu-mediated fashion by Nique73 
and Wang138 (Scheme 1.9c and d) in the search for novel clinical trial candidates. The 
latter author (and co-workers) also explored the use of arylboronic acids in order to 
obtain all desired analogs.  
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Scheme 1.9. Cu-promoted N-3-arylations of 5,5-disubstituted hydantoins.  

The above-mentioned methods only include highly specialized substrates. A more 
general and comprehensive procedure was recently reported by Evano’s group.139 They 
revisited the Cu-mediated regioselective N-3-arylation using aryl halides, followed by a 
subsequent Cu-catalyzed N-1-arylation protocol to access N,N-diarylated hydantoins 
(Scheme 1.10a). The method allows for a wide range of aryl groups (except 
ortho-substituted) to be transferred to both nitrogen atoms in good to excellent yields. 
However, regioselectivity was lost by removal of one or both C-5 substituents, rendering 
the method only applicable for 5,5-disubstituted hydantoins. Even more recentlya, a 
fully Cu-catalyzed N-3- and subsequent N-1-arylation using symmetrical and 
unsymmetrical diaryliodonium salts was published by Thakur and co-workers140 
(Scheme 1.10b). A major advantage with this method is the possibility to transfer 
ortho-substituted arenes. Additionally, there are no demands for 5,5-disubstituted 
hydantoins.   
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(a) Lopéz-Alvarado, 1992/1996

CH2Cl2-DMF, 80 oC, 7 h

Pb(OAc)3

Me

Cu(OAc)2 (15 mol %)
NaH (1.2 equiv.)

+

1.2 equiv. 75 %

(b) Hügel, 2006

B(OH)2
+

Cu(OAc)2 (1.0 equiv.)
Pyridine (1.2 equiv.)

O2, CH2Cl2, ~7 days
1.2 equiv.

or

8-79 %

Bi

3

(c) Nique, 2012

(d) Wang, 2016

Br
+

Cu2O (0.6-0.8 equiv.)

DMAc, 130-170 oC, 1-48 h
1.0 - 2.5 equiv. 18-63 %

Method 1

,  Cu2O (0.3-0.4 equiv.), DMAc/DMF, 140-160 oC, 12-48 h

,  Cu(OAc)2 (7 mol %), O2, MeOH, 70 oC, overnight

Method 2

21-90 %

HN

O

N

OPh Ph

Me

HN

O

NH

OPh Ph

Ar Ar HN

O

N

OMe Me

HN

O

NH

OMe Me

Ar

HN

O

NH

OR1 R2

Ar HN

O

N

OR1 R2

Ar

B(OH)2
Ar

HN

O

NH

OR1 R2

HN

O

N

OR1 R2

Ar
Br

Ar



 
16 

 

Scheme 1.10. N-3- and subsequent N-1-arylation of hydantoins.  
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direct, regioselective C(sp2)-N-3-functionalization of unsubstituted hydantoins, with a 
focus on using lower catalysts loadings. The developed methods should be applicable 
to substituted hydantoins and other compounds containing the imide-functionality as 
the overall purpose of this work is to help to expand the synthetic toolbox.  
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The previously reported N-3-arylation reactions rely on 5,5-disubstited hydantoins and 
(mostly) high catalyst loadings. The regioselective arylation of unsubstituted 
hydantoins still remains elusive. The key challenge of interest, and the first part of this 
dissertation aimed to tackle the regioselective N-3-arylation of unsubstituted 
hydantoins using lower catalyst loadings (Figure 1.7, part I). 

The second part of this thesis is dedicated to determine the mechanism of the reaction 
developed in part I using DFT calculations (Figure 1.7, part II). Although method-
dependent, no detailed mechanistic investigation of N-3-hydantoin arylations have so 
far been reported.  

Most direct N-functionalization of hydantoins include arylations reactions. The last 
part of this work aimed to expand the pool of C(sp2)-coupling partners in the 
N-functionalization scope to include alkenyl groups (Figure 1.7, part III). Expect for 
three isolated examples,141-143 no such protocol has been reported for hydantoins.  
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Chapter 2: Development of a methodology 
for the N-3-arylation of hydantoins using 
unsymmetrical diaryliodonium salts 

2.1 Introduction 

This chapter covers the development of a protocol for regioselective N-3-arylation of 
hydantoins using diaryliodonium salts as coupling partners. The work presented in this 
chapter is mainly covered in Paper I, but additional unpublished results are included 
as well. Prior to the method development, a brief introduction to diaryliodonium salts 
is given, where unsymmetrical salts are in focus.  

2.1.1 Diaryliodonium salts 

Diaryliodonium salts (diaryl-l3-iodanes) (Figure 2.1) are a class of hypervalent 
iodineIII-compounds first discovered in 1894.144 They possess a T-shape where the apical 
ligands (Ar2 and X as drawn in Figure 2.1b) share a 3c-4e (hypervalent) bond.145 Their 
exact geometry in solution, however, is still debated and may depend on both on the 
identity of the solvent and the counter anion.145, 146 

 

Figure 2.1. Structure of diaryliodonium salts. Ar1 = Ar2 for symmetrical salts. Ar1 ¹ Ar2 for unsymmetrical salts. 

Diaryliodonium salts have emerged a powerful source of arylating reagents over the 
past decades, owing to their high electrophilicity and the excellent leaving group ability 
of iodoarenes.147-151 They are applicable in a variety of transformations as they possess 
the ability transfer aryl groups to both carbon- and heteroatom nucleophiles, metal-
free152-155 (as aryl cation equivalents, aryl radicals or arynes) and transition 
metal-catalyzed.156-158 In particular, the use of copper159 or palladium156 as a transition 
metal-catalyst has proven to facilitate aryl transfer efficiently. Additional traits to their  
reactivity include good selectivity, low toxicity and stability in air and moisture.147  
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Diaryliodonium salts are either symmetrical (Ar1 = Ar2) or unsymmetrical (Ar1 ¹ Ar2), 
and their use is accompanied by advantages and disadvantages. In reactions with 
nucleophiles, both aryl groups can theoretically be transferred. Thus, from a selectivity 
point of view, symmetrical salts are superior as selectivity issues in these reactions are 
avoided. The use of unsymmetrical salts is thus accompanied with potential 
chemoselectivity issues. The observed chemoselectivities are influenced by steric- and 
electronic properties of the arenes and the nature of the nucleophile. In transition-metal 
catalyzed reactions, the most electron-rich or the least bulky arene is preferentially 
transferred to the metal (then to the nucleophile).157, 160, 161 In fact, sterically 
cumbersome arenes are often use as auxiliary groups (often referred to as “dummy 
ligands”) to help facilitate transfer of the desired (smaller) aryl group. In metal-free 
reactions the most electron-deficient arene is usually transferred. The steric effects, 
however, are highly dependent on the nucleophile. ortho-substituted aryl groups are 
often preferred transferred, even though being more electron-rich. This is commonly 
known as the “ortho-effect”. The ortho-effect is observed for heteroatom-nucleophiles 
(including N, O, S and F) where the bulkier aryl moiety is transferred.148, 155, 162 The 
opposite is observed for B- and C-nucleophiles where the less bulky arene is 
transferred148, 155 (Figure 2.2).  

 

Figure 2.2. Stereoelectronic effects and chemoselectivity of unsymmetrical diaryliodonium salts in 
metal-catalyzed and metal-free aryl transfer reactions. S = small, B = bulky, [M] = transition metal.   

From a synthetic perspective, the preparation of unsymmetrical salts is often more 
facile. Salts containing one electron-poor and one electron-rich arene are more readily 
prepared than symmetric salts containing two equally electron-rich or electron-poor 
moieties.163 Lastly, if an expensive aryl group is being transferred, the possibility to use 
a cheaper dummy ligand is especially lucrative as waste of expensive aryl iodides can 
be avoided.  
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2.1.1.1 Preparation of unsymmetrical diaryliodonium salts 

Diaryliodonium salts require synthesis prior to useb, which is a disadvantage compared 
to using, for example, aryl iodides or arylboronic acids as coupling partners. However, 
the preparation of unsymmetrical salts is often feasible and not too time-consuming. A 
plethora of synthetic strategies to access unsymmetrical diaryliodonium salts exist.147  
An overview over some common strategies is presented in Scheme 2.1. In the stepwise 
route (Scheme 2.1a), iodoarenes are first oxidized to iodineIII-species in the presence of 
an acid (HX), then isolated. The diaryliodonium salts are obtained by subsequent 
ligand exchange with arenes or metalarenes.164, 165 The direct route (Scheme 2.1b) 
involves  preformed/commercially available iodineIII-reagents that reacts with HX and 
an arene to furnish the salts. 

 

Scheme 2.1. General synthetic strategies towards unsymmetrical diaryliodonium salts. Sketched in 
grey is the anion exchange prosses necessary in some cases.  

Recently, convenient and efficient one-pot procedures have been developed (Scheme 
2.1c) by the groups of Olofsson,166-171 Stuart,172, 173 Zhdankin174, 175 and others.176, 177 This 
strategy involves the formation of diaryliodonium salts by oxidation and ligand 
exchange of iodoarenes (or molecular iodine) and arenes. The ligand exchange step of 
arenes on the iodineIII-intermediates is formally considered an electrophilic aromatic 
substitution implying certain limitations of salts possible to produce by these methods.  

 
b Several diaryliodonium salts are commercially available, but often expensive.  
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2.1.1.2 Controlling chemoselectivity: 2,4,6-trimethoxyphenyl as auxiliary 

The concept of dummy groups/auxiliaries was briefly introduced in Section 2.1.1. The 
chemoselectivity of aryl transfers can be (sterically or electronically) controlled with 
careful selection of the non-transferred arene, i.e. the dummy group. Diaryliodonium 
salts bearing a 2,4,6-trimethoxyphenyl (TMP) moiety have displayed remarkable 
selectivity in reactions with several nucleophiles.152, 163, 166, 172, 178-181 Other frequently used 
dummy ligands include 2,4,6-trimethylphenyl (Mes), anisyl and phenyl.155, 163 Recent 
efforts in the development of one-pot reactions have made aryl(TMP)iodonium salts 
easily accessible. These advantages make them highly attractive candidates in arylation 
reactions. 

 

Figure 2.3. Common dummy ligands. 

2.1.1.3 Cu-catalyzed N-arylations with unsymmetrical diaryliodonium 
salts 

Various N-nucleophiles have been successfully arylated with diaryliodonium salts. Both 
symmetrical and unsymmetrical salts have been used for that purpose, including metal-
free and metal-catalyzed processes. However, less reactive N-nucleophiles, such as 
amides and imides, often require the assistance of a metal-catalyst to overcome 
limitations in reactivity.182-187 Moreover, a metal-catalyst is often needed to ensure 
selectivity in substrates with multiple nucleophilic sites.188-192 

This section focuses specifically on reactions catalyzed by copper using unsymmetrical 
diaryliodonium salts. The pool of nucleophiles is also limited to include only 
N-nucleophiles with similar N-character as hydantoins like imides c , amides, 
sulfonamides. The nitrogen lone-pair of these nucleophiles are less available due to 
delocalization and are thus weaker nucleophiles than e.g. amines.  

 
c No Cu-catalyzed N-arylation of imides using unsymmetrical diaryliodonium salts were reported prior to our work. 
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Scheme 2.2. Some examples of Cu-catalyzed N-arylations of weak nucleophiles using unsymmetrical 
diaryliodonium salts. 

In 2014, Wang et al. published an N-arylation of N-arylsulfonamides in water using in 
the presence of a simple copper salt and a base (Scheme 2.2a).182 Symmetrical 
diaryliodonium salts were mostly used in the study, but two examples using 
unsymmetrical salts were reported. Selective transfer of the phenyl group was 
accomplished using phenyl(Mes)iodonium triflate. Electron-deficient p-nitrophenyl was 
selectively transferred using anisyl as auxiliary and tosylate as counter anion. 
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A year later, Kim and co-workers also published a study concerning the N-arylation of 
N-arylsulfonamides (Scheme 2.2b).184 CuCl was also used a catalyst in their procedure 
but with lower catalyst loading. Triethylamine was used as a base/ligand and toluene 
as solvent. Unsymmetrical salts containing either Mes or its ethyl analog 
(2,4,6-ethylphenyl) were only used in the transfer of an electron-deficient aryl- and two 
heteroaryl groups. The following year, the same group reported an N-arylation of 
2-pyridones using the same conditions as in their previous work (Scheme 2.2c).183 The 
same strategy was also employed concerning the transfer of an electron-deficient and 
two heteroarenes.  

The group of Postnikov reported N-arylation of oxadiazolones in 2021, using both 
symmetric and unsymmetrical diaryliodonium salts (Scheme 2.2d).185 The reaction took 
place in 1,2-dichloroethane employing CuI as a catalyst and triethylamine as a 
base/ligand. They evaluated the effect of reactivity of the symmetrical and 
unsymmetrical salts. It was discovered that by using Mes as an auxiliary, the yield of 
the N-phenylated oxadiazolone was increased compared to using the symmetric 
diphenyl-salt. When electron-withdrawing groups were present on the arene being 
transferred, TMP was the superior auxiliary in terms of yield and avoidance of side-
product formation (O-arylation). In cases were sterically hindered ortho-substituents 
were present in the TMP-salts, only small amounts of product were obtained.  

Diaryliodonium salts using TMP as auxiliary and trifluoroacetate (TFA) as counter 
anion facilitated the N-arylation of isatoic anhydrides (Scheme 2.2e).193 The use of a 
simple Cu-salt in combination with triethylamine in DCE proved yet again to be an 
efficient system for such transformation.  

2.2 Development of a method for N-3-arylation of hydantoins 

Based on the previously reported N-arylations of hydantoins (Chapter 1, Scheme 1.9 
and 1.10), we saw an unexploited potential where the development of a new method 
could enable us to reach our goal (Chapter 1, Figure 1.7). We reasoned that our 
conditions should include a copper salt, a base and/or ligand and heat. Considering the 
weak nucleophilicity of hydantoins N-3 position, we postulated that diaryliodonium 
salts would be a suitable coupling partner owing to its high electrophilicity. More 
specifically, aryl(TMP)iodonium salts were chosen for reasons already described in 
Section 2.1.  
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A small selection of the exploratory study is already included in Paper I. The following 
sections includes additional unpublished results as some interesting results were 
discovered during the study. Reaction parameters evaluated during the optimization 
include bases, ligands, catalysts and catalyst loading, solvents, concentration, 
temperature, stoichiometry, auxiliaries and counter anions of the diaryliodonium salts. 
To simplify the reading experience, the screening of reaction parameters is divided into 
subsections. It should be noted that the order presented here is not chronological.  

2.2.1 Initial hits and screening of bases and ligands 

We decided to start the study using unsubstituted hydantoin 1a, a slight excess of 
phenyl(TMP)iodonium tosylate 2a and catalytic amounts of CuI. Working with the 
assumption that deprotonation is paramount for product formation, we initiated the 
optimization with an excess of the base, triethylamine (Et3N). Toluene was chosen as 
solvent, and the reaction was carried out at 70o C. This resulted in 47 % of the desired 
product 3a and 9 % of the bis-arylated 3c (Figure 2.4). The latter was present to a 
certain extent in all our reactions. The N-1-arylated 3b was only detected in a few 
reactions in around 5 %. Transfer of TMP to hydantoin was not seen in any of the 
reactions.  

A series of primary, secondary and tertiary amine bases were then tested to in an 
attempt to increase formation of 3a and reduce formation of 3c (Figure 2.4). None of 
the bases outperformed triethylamine, but identical results were obtained with 
N-methylpiperidine (NMPPR). DBU and diisopropylamine (DIPA) both produced 3a 
in 30 % yield and 3c in 1 %. Pyrrolidine gave similar results (28 % of 3a and 3 % of 
3c), while ethylamine and piperidine (PPR) gave 17 % of 3a and 3 % of 3c. 
Trimethylamine (TMA), triisopropylamine (TPA) and dimethylaniline (DMA) were 
least effective amine bases only yielding 5-7 % of the N-3-arylated 3a.  

Common inorganic bases were also screened (NaH, K2CO3 and K3PO4). No reaction 
occurred in any of the instances. The bidentate amine ligands 
1,2-dimethylethylenediamine (DMEDA) and trans-1,2-diaminocyclohexane (chxn) 
were tested in catalytic amounts but were incapable to furnish any product. The 
combination of K3PO4 and chxn were ineffective, as was the phosphorus-based ligand 
triphenylphosphine (PPh3). 
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Figure 2.4. Graphical presentation of the base/ligand screening. pKa-values194-196 (in water) of amine 
bases are given in parentheses. Conditions: Hydantoin 1a (0.2 mmol, 1.0 equiv.), PhI(TMP)OTs 2a (0.3 
mmol, 1.5 equiv.), CuI (0.02 mmol, 0.1 equiv.), base/ligand (as specified) and toluene (2 mL). Yields 
were measured using mesitylene (Mes) as an internal standard (IS) in 1H NMR spectroscopic analyses. 

The results clearly indicate the reaction being aided by the presence of an amine. The 
results from the amine-screening, however, cannot be explained based solely on basicity 
(pKa-values are listed in Figure 2.4). Assuming hydantoin deprotonation prior to aryl 
transfer is a rate limiting step, the best results would have been yielded by the stronger 
base (DBU or NaH). Moreover, no clear trend can be extrapolated from their structural 
features as both the most (TEA and NMPPR) and the least (TMA, DMA and TPA) 
favorable results were provided by tertiary amines. Considering the lack of product 
formation using strong, inorganic bases and the affinity of amines towards Cu-ligation, 
we propose a dual role for the amines; as Cu-ligand and base. 
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2.2.2 Catalyst screening  

Having shown that the N-3-arylation of hydantoin could be performed with CuI as a 
catalyst, we wanted to explore other transition metals. Catalysts based on copper, 
nickel, iron and palladium were tested in the hydantoin arylation reaction (Table 2.1).  

Table 2.1. Screening of catalysts. 

 

# [M]  
Base/ligand/additive 
(equiv.) 

Yield 3a 
(%)[a] 

Yield 3c 
(%)[a] 

1 CuI Et3N (1.5) 47[b] 9 

2 CuCl Et3N (1.5) 45 10 

3 Cu2O Et3N (1.5) 41 6 

4 CuOAc  Et3N (1.5) 28 4 

5 Cu2SO4 Et3N (1.5) 16 2 

6 Cu(OTf)2 Et3N (1.5) 65, 60[b] 12 

7 Cu(OAc)2 ∙ H2O Et3N (1.5) 59 8 

8 CuCl2 ∙ 2H2O Et3N (1.5) 61[b] 8 

9[c] Cu(NO3)2 ∙ 2.5 H2O Et3N (1.5) 66 7 

10[c] Cu(NO3)2 ∙ 2.5 H2O Et3N (0.2) and NaH (1.1) 67 14 

11 Cu(OTf)2 Et3N (1.5) and H2O (1.0) 78[b] 10 

12 CuI Et3N (1.5) and H2O (1.0) 62 6 

  Other metals   

13 NiCl2 Et3N (1.5) nd nd 

14 Fe(OCl4)2 ∙ H2O Et3N (1.5) nd nd 

15 Pd(OAc)2 Et3N (1.5) nd nd 

16 Pd(OAc)2 PPh3 (0.2) nd nd 

Conditions: Hydantoin 1a (0.2 mmol, 1.0 equiv.), PhI(TMP)OTs 2a (0.3 mmol, 1.5 equiv.), catalyst (as 
specified, 0.02 mmol, 0.1 equiv.), base/ligand/additive (as specified) and toluene (2 mL). [a] 1H NMR 
yield using Mes as IS. [b] Isolated yield. [c] 1.1 equiv. of PhI(TMP)OTs 2a was used. 
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A range of Cu-based catalysts were investigated with varying success (Table 2.1, entries 
1-9) Similar results as using CuI (Table 2.1, entry 1) were obtained with CuCl and 
Cu2O (Table 2.1, entries 2 and 3), while CuOAc and Cu2SO4 (Table 2.1, entries 4 and 
5) did not perform well under the conditions (28 % and 16 % yield, respectively). 
Increased yields of 3a were obtained with Cu(OTf)2 and the hydrated salts (Table 2.1, 
entries 6-9), ranging from 59 % to 66 %.  

Cu(NO3)2 × 2.5 H2O (66 % yield, Table 2.1, entry 9) was used further in reaction with 
NaH and Et3N to investigate whether the role of Et3N could be dual, operating as both 
a base and a ligand (Table 2.1, entry 10). We theorized that in the reaction, NaH 
would work as base (being the stronger of the two) while Et3N would primarily work 
as a ligand for the catalyst. 67 % yield of the product was obtained from this reaction 
compared to 66 % using only Et3N, which suggest the possibility for the theory being 
valid.  

The highest yields from the catalyst screening were seen with hydrated Cu-salts. 
Considering the yields using Cu(OTf)2 were obtained without waterd, 1.0 equivalent of 
water was added to the reaction mixture (Table 2.1, entry 11). Not surprisingly, an 
increase in yield of 3a (78 %) was observed. A “control” experiment with CuI and 
water (Table 2.1, entry 12) verified the increase in yield of 3a from 47 to 62 %. We 
speculated whether the water contributes to solubility or proton transfer but did not 
warrant it any further investigation.  

At the point of the discovery, the conditions from entry 11 (Table 2.1) were the best 
at hand. Hence, several of the optimization reactions in later sections include the use 
of these conditions. However, these were not the final, optimized conditions used further 
in the scoping of coupling partners and substrates for several reasons. As will be seen 
later, they failed to furnish the transfer of substituted arenes in desirable yields (Section 
2.2.10.2, Scheme 2.7). Also, the addition of 1.0 equivalent of water to each reaction 
was impractical due to the low volume added (3.6 µL). Additionally, the hygroscopic 
nature of Cu(OTf)2 left us with too many uncertainties concerning the amount of water 
added to each reaction.  

 

 
d Cu(OTf)2 is hygroscopic to a certain degree, and no measurement were taken to ensure moisture-free reaction conditions. 



 
29 

The catalyst loadings were evaluated for the two catalysts yielding the best results 
from the catalyst screening in Table 2.1. A decrease in loading from 10 mol % to 5 % 
Cu(OTf)2 (Table 2.2, entries 1 and 2), produced 3a in only 58 % yield and increased 
the yield of the undesired 3c to 21 %. An increase in loading from 10 to 20 mol % 
(Table 2.2, entry 3) the reaction was unfavorably affected producing only 42 % of 3a.  

Table 2.2. Screening of catalyst loading. 

 

# [Cu] (mol %) 
Base/additive 
(equiv.) 

Yield 3a 
(%)[a] 

Yield 3c 
(%)[a] 

1 Cu(OTf)2 (10) Et3N (1.5) and H2O (1.0)   78[b] 10 

2 Cu(OTf)2 (5) Et3N (1.5) and H2O (1.0) 58 21 

3 Cu(OTf)2 (10) Et3N (1.5) and H2O (1.0) 42 3 

4 Cu(NO3)2 ∙ 2.5 H2O (10) Et3N (1.5)   66[b] 7 

5 Cu(NO3)2 ∙ 2.5 H2O (5) Et3N (1.5) 70 9 

6 Cu(NO3)2 ∙ 2.5 H2O (2.5) Et3N (1.5) 66 8 

7 Cu(NO3)2 ∙ 2.5 H2O (100) Et3N (1.5) 7 nd 

Conditions: Hydantoin 1a (0.2 mmol, 1.0 equiv.), PhI(TMP)OTs 2a (0.3 mmol, 1.5 equiv.), catalyst (as 
specified) base/ligand/additive (as specified) and toluene (2 mL). [a] 1H NMR yield using Mes as IS.    
[b] Isolated yield.  

Varying the catalyst loading of Cu(NO3)2 × 2.5 H2O did not impact the reaction as 
significantly as with Cu(OTf)2. A decrease in loading from 10 % mol (Table 2.2, entry 
4) to 5 mol % (Table 2.2, entry 5) gave a slight increase in yield of 3a from 66 % to 
70 %. Further reduction of the loading to 2.5 mol % gave the same results as with 10 
mol % (Table 2.2, entry 6). 

Complete conversion of hydantoin was not achieved under our best conditions thus far. 
We wanted to explore the possibility of full hydantoin conversion using stoichiometric 
amounts of copper, seeing that several N-3 hydantoin arylations have been reported 
with stochiometric amounts of catalyst.73, 137, 139 However, such high loadings failed 
under our conditions as only 7 % of 3a was afforded (Table 2.2, entry 7).  
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2.2.3 Can we eliminate the formation of the bis-arylated product? 

We desired to investigate the formation of the unwanted bis-arylated 3c into more 
detail. We speculated additional deprotonation of the N-1 position (after N-3 
deprotonation) and hence formation of 3c with the excess of Et3N used. Consequently, 
the amount of Et3N was evaluated (Figure 2.5). The red dots represent the reactions 
with the addition of water, while no water was added in the reaction represented by 
the blue dots. In both cases, 1.5 equivalents of Et3N (with respect to hydantoin 1a) 
was the optimal amount concerning product formation. By reducing the amount of 
Et3N to 1.1 equivalent, a decrease in yield of N-3-arylated 3a was apparent; from 78 % 
to 66 % (red) and 65 % to 60 % (blue). By reducing to 1.0 equivalent (blue only), a 
more significant reduction was seen when only 45 % of the desired product was yielded. 
Additionally, 7 % of the bis-arylated product was formed. A further reduction of Et3N 
gave a further reduction in yield. Surprisingly, an increase to 2.0 equivalents Et3N 
affected the reaction negatively. The formation of bis-arylated 3c could not be 
eliminated regardless of the amount of Et3N, but a more favorable 3a:3c ratio was 
obtained with the addition of water. The addition of more than 1.0 equivalent was, 
however, not favorable. 

 

Figure 2.5. Screening of the amount of triethylamine in reactions employing Cu(OTf)2 as a catalyst, 
with (dark- and light red) and without (dark- and light blue) the addition of 1.0 equiv. H2O. Conditions: 
Hydantoin 1a (0.2 mmol, 1.0 equiv.), PhI(TMP)OTs 2a (0.3 mmol, 1.5 equiv.), Cu(OTf)2 (0.02 mmol, 
0.1 equiv.), Et3N (as specified) and toluene (2 mL). Yields were measured using Mes as IS in 1H NMR 
spectroscopic analyses. 
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2.2.4 Screening of the diaryliodonium salt counter anions 

The counter anion of diaryliodonium salts exerts a dramatic effect on reactivity197 and 
reaction selectivity.197, 198 Hence, it is an important variable to evaluate in an 
optimization process.  In order to screen a wide range of counter anions and avoid 
synthesizing each individual salt, an “admix approach”197 was used. In this approach, 
the diaryliodonium salt is mixed with an excess of sodium salt containing the counter 
anion of interest prior to addition of nucleophile and additives (Scheme 2.3).  

  

Scheme 2.3. The admix approach. Excess NaX is added to facilitate in situ exchange of the counter 
anion. 

To verify the results of N-arylation using this approach, two of the diaryliodonium 
salts (2a-BF4 and 2a-OTf) were pre-synthesized by “classical” counter anion exchange 
reactions (Scheme 2.4).172  

 

Scheme 2.4. Anion exchange reaction. 

The results of the screening (Table 2.3) show a great variety in the outcome of each 
reaction using different counter anions. Formation of bis-arylated 3c could not be 
suppressed in any of the reactions where reasonable yields of 3a were obtained (Table 
2.3, entries 1-4 and 10). The original conditions using OTs- as a counter anion (Table 
2.3, entry 1) proved to be optimal affording 3a in 78 %.  

The reaction proceeded well using F-, BF4
- and NO3

- as counter anions (Table 2.3, 
entries 2-4) producing 3a in 66 %, 64 % and 61 % yields, respectively. Only 26 % of 
the desired product was obtained employing PF6

- (Table 2.3, entry 5), while the reaction 
barely proceeded using OAc-, Br- and Cl- (Table 2.3, entries 6-8). OTf- have frequently 
been used as a counter anion in several successful arylation reactions182-185, but 
surprisingly, no product was obtained when triflate was used under our conditions 
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(Table 2.3, entry 9). The result was confirmed starting from the pre-exchanged triflate 
salt 2a-OTf (Table 2.3, entry 10). The result in entry 3 (Table 2.3) was also confirmed 
by starting from the pre-exchanged tetrafluoroborate salt 2a-BF4 (Table 2.3, entry 
11), yielding 62 % of 3a.  

A direct connection between the nature of the anion and the reactivity of the 
diaryliodonium salts have been difficult to establish. In metal-free reactions, the effects 
of the counter anions are often attributed to their leaving group ability or 
nucleophilicity (as competing nucleophiles).197-199 The presence of a Cu-salt under the 
conditions tested adds another complicating factor as the anions could additionally 
interact with the metal center.  

Table 2.3. Screening of counter anions. 

 

# Anion (X) Alkali salt (equiv.) Yield 3a (%)[a] Yield 3c (%)[a] 

1 OTs - 78 10 

2 OTs NaF (4.4) 66 5 

3 OTs NaBF4 (4.4) 64 3 

4 OTs NaNO3 (4.4) 61 5 

5 OTs KPF6 (4.4) 26 1 

6 OTs NaOAc (4.4) 7 0 

7 OTs NaBr (4.4) 7 0 

8 OTs NaCl (4.4) 5 0 

9 OTs NaOTf (4.4) 0 0 

10[b] OTf - 0 0 

11[c] BF4 - 62 3 

Conditions: PhI(TMP)OTs 2a (0.22 mmol, 1.1 equiv.), alkali salt (0.44 mmol, 4.4 equiv.), hydantoin 1a 
(0.2 mmol, 1.0 equiv.), Cu(OTf)2 (0.02 mmol, 0.1 equiv.), Et3N (0.3 mmol, 1.5 equiv.) and toluene 
(2 mL). [a] 1H NMR yield using Mes as IS. [b] PhI(TMP)OTf 2a-OTf (0.22 mmol, 1.1 equiv.) was used, 
[c] PhI(TMP)BF4 2a-BF4 (0.22 mmol, 1.1 equiv.) was used. 
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2.2.5 Screening of concentration, temperature and solvents 

The insolubility of the starting materials (except Et3N) in toluene encouraged us assess 
whether it was the ideal solvent for the reaction. A series of solvents were screened, 
and the results are summarized in Figure 2.6. The optimal concentration was 
determined prior to the solvent screening. A 0.1 M concentration was used during the 
entire optimization process, which also proved to be the optimal one. Yields of 3a 
comparable to those obtained in toluene (78 %) were seen in DMSO (76 %), DMF 
(74 %) and 1,4-dioxane (73 %). The ratio of N-3-arylated 3a to bis-arylated 3c were 
most favorable in the reaction where acetonitrile was used, but the yield was 
considerably lower with only 66 %. To our surprise, the reaction proceeded to some 
extent in all the solvents tested, including heptane.  

 

 

Figure 2.6. Screening of solvents. Conditions: Hydantoin 1a (0.2 mmol, 1.0 equiv.), PhI(TMP)OTs 2a 
(0.3 mmol, 1.5 equiv.), Cu(OTf)2 (0.02 mmol, 0.1 equiv.), Et3N (0.3 mmol, 1.5 equiv.) and solvent 
(2 mL). Yields were measured using Mes as IS in 1H NMR spectroscopic analyses. 
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Temperature can assert a dramatic effect on a chemical reaction in terms of reaction 
rate and possible thermal decomposition of the diaryliodonium salts. Five sets of 
reactions were run at different temperatures to investigate the effect (Figure 2.7, dark 
blue line). Increasing the temperature from 70 oC to 80 oC had no effect on product 
formation as the yields were the same (72 % and 73 %, respectively). By increasing the 
temperature to 90 oC and 100 oC, reaction rates were visibly faster as the reaction 
completion could be reached after 8 hours. However, less product was formed with only 
67 % and 54 %, respectively. No residual salt 2a was detected by 1H NMR spectroscopic 
analysis of the post-reaction mixture, indicating possible thermal decomposition (and 
hence less product formation). DSC-TGA e  analysis have shown reduced thermal 
stability of diaryliodonium salts bearing electron-rich aromatic rings.200 Additionally, 
Cu-complexes of diaryliodonium salts also displayed lower decomposition temperatures 
(down to 70 oC). With an electron-rich TMP-moiety and Cu-complexation during the 
reaction, thermal decomposition around the temperatures tested are not unlikely.  

 

Figure 2.7. Effect of the reaction temperature. Conditions: Hydantoin 1a (0.2 mmol, 1.0 equiv.), 
PhI(TMP)OTs 2a (0.3 mmol, 1.5 equiv.), Cu(OTf)2 (0.02 mmol, 0.1 equiv.), Et3N (0.3 mmol, 1.5 equiv.) 
and toluene (2 mL). Yields were obtained from isolation of the products. 

Conversion of hydantoin 1a was not particularly efficient at 60 oC as only 38 % of 3a 
was produced. Residual salt 2a was detected in the post-reaction mixture by 1H NMR 
spectroscopy, indicating potential increase in yield with prolonged reaction times. 
Certainly, a twofold increase in reaction time (Figure 2.7, pale blue line) yielded 72 % 
of the product.  

 
e DSC = Differential Scanning Calorimetry, TGA = Thermogravimetric Analysis. DSC-TGA measures heat flow and mass 
changes in a compound as a function of temperature. 
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2.2.6 Screening of reaction stoichiometry  

It has been demonstrated that a slight excess of diaryliodonium salt provide good yields 
of the N-3-arylated product. However, we thought a brief exploration of reaction 
stoichiometry was warranted; either by increasing the amount of arylating agent to 
produce more of 3a, or reversing the stoichiometry, having an excess of hydantoin. 
Reversing the stoichiometry and ultimately reducing the amount of diaryliodonium salt 
employed would improve the atom economy as less I-TMP is wasted. 

Table 2.4. Screening of reaction stoichiometry. 

 

# [Cu] 
2a 

(equiv.) 
1a 

(equiv.) 
Et3N 

(equiv.) 
Yield 3a 

(%)[a] 
Yield 3c 

(%)[a] 

Excess salt 

1 Cu(OTf)2 1.1 1.0 1.5 66, 78[b,c] 10 

2 Cu(OTf)2 1.5 1.0 1.5 65 8 

3 Cu(NO3)2 ∙ 2.5 H2O 1.1 1.0 1.5   66[b] 8 

4 Cu(NO3)2 ∙ 2.5 H2O 1.5 1.0 1.5 72 10 

5 Cu(NO3)2 ∙ 2.5 H2O 2.0 1.0 1.5 72 10 

6[d] Cu(NO3)2 ∙ 2.5 H2O  3.0 1.0 1.5   79[b] 11 

Excess hydantoin 

7 Cu(NO3)2 ∙ 2.5 H2O 1.0 1.1 1.5 64 6 

8 Cu(NO3)2 ∙ 2.5 H2O 1.0 1.5 1.5 51 4 

9 Cu(NO3)2 ∙ 2.5 H2O 1.0 2.0 1.5 52 3 

10 Cu(NO3)2 ∙ 2.5 H2O 1.0 2.0 3.0 48 2 

11[c] Cu(OTf)2 1.0 2.0 3.0 29 2 

Conditions: Hydantoin 1a, PhI(TMP)OTs 2a, and Et3N as specified, Cu-catalyst (0.02 mmol, 0.1 equiv.) 
and toluene (2 mL). [a] 1H NMR yield using Mes as IS. [b] Isolated yield. [c] H2O (1.0 equiv.) was added. 
[d] 5 mol % catalyst was employed.  

The results from screening are summed up in Table 2.4, where entries 1-4 are included 
for easier comparison. Increasing the amount of salt from 1.5 to 2.0 equivalents did not 
influence the product formation as the same results were obtained (72 % of 3a and 10 
% of 3c, Table 2.4, entry 5). A further increase to 3.0 equivalents (and using 5 mol % 
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loading of Cu(NO3)2 ∙ 2.5 H2O), however, gave a boost in the yield of 3a to 79 %, which 
were the best result obtained thus far (Table 2.4, entry 6). 

We theorized that by reversing the stoichiometry, an excess of hydantoin could hamper 
the formation of bis-arylated product. Using an excess of hydantoin ranging from 1.1-
2.0 equivalents did in fact reduce the bis-formation but did also impede the formation 
of 3c (Table 2.4, entries 7-9). An excess of base was added to compensate for the 
increased amount of hydantoin (Table 2.4, entries 10 and 11), but in neither case the 
yield was satisfactory.  

2.2.7 Screening of auxiliaries: TMP vs. Mes 

Using mesityl (Mes, briefly mentioned in Section 2.1.1.2) as an auxiliary for selective 
arene transfer is well established in the literature.155, 160, 189, 201-206 A short study was 
conducted to investigate the effect using Mes in place of TMP as auxiliary (Table 2.5).  

Table 2.5. Screening of auxiliaries: TMP and Mes. 

 

# [Cu] (mol %) 2a-Aux (equiv.) Yield 3a (%)[a] Yield 3c (%) 

1 CuI (10) TMP (1.5) 47 11[b] 

2 CuI (10) Mes (1.5) 30 7[c] 

3 Cu(NO3)2 ∙ 2.5 H2O (5) TMP (3.0) 79 11[b] 

4 Cu(NO3)2 ∙ 2.5 H2O (5) Mes (3.0)   60[c] 4[c] 

Conditions: Hydantoin 1a (0.2 mmol, 1.0 equiv.), PhI(TMP)OTs 2a or PhI(Mes)OTs 2a-Mes (as 
specified), Cu-catalyst (as specified), Et3N (0.3 mmol, 1.5 equiv.) and toluene (2 mL). [a] Isolated yield. 
[b] 1H NMR yield using Mes as IS. [c] 1H NMR yield using TMP-H as IS. 

Phenyl transfer selectivity was retained as no transfer of Mes was detected. However, 
a reduction in overall yield was seen. Using CuI as a catalyst, 47 % of 3a was produced 
with TMP as auxiliary and only 30 % with Mes (Table 2.5, entries 1 and 2). With 
Cu(NO3)2 ∙ 2.5 H2O, a reduction from 79 % to 60 % (Table 2.5, entries 3 and 4) was 
seen with Mes. The reduced conversion is an indication that a more electron rich 
auxiliary is favorable.  
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2.2.8 Attempts to develop a protocol for bis-arylation 

Complete suppression of bis-arylation was not achieved under our conditions. No direct 
(one-pot) N,N-bis-arylation, where hydantoin is arylated at both nitrogen atoms 
concomitantly, have been reported. We decided to optimize the conditions in an 
attempt to develop a procedure. We began the optimization similar to the optimization 
for N-3-arylation, but 3.0 equivalents of both coupling partner and base was used to 
ensure bis-arylation. Employing CuI as a catalyst and TMP as the auxiliary furnished 
65 % of the bis-arylated 3c (Table 2.6, entry 1) Exchanging TMP for Mes gave a 
reduction in yield and only 37 % was obtained (entry 2). These results are consistent 
with previous results where Mes was used as an alternative to TMP (see Table 2.5).  

Table 2.6. Optimization of bis-arylation. 

 

# [Cu] (mol %) 
2a-Aux 
(equiv.) 

Additive 
(equiv.) 

Atm Yield 3c (%)[a] 

1 CuI (10) TMP (3.0) - Argon   65[c] 

2 CuI (10) Mes (3.0) - Argon   37[b] 

3 Cu(OTf)2 (10) TMP (3.0) H2O (1.0) Air 42 

4 Cu(OTf)2 (10) TMP (3.0) - Air 72 

5[d] Cu(OTf)2 (10) TMP (3.0) - Argon 59 

6 Cu(OTf)2 (5) TMP (3.0) - Air   63[c] 

7 Cu(NO3)2 ∙ 2.5 H2O (10) TMP (3.0) - Air 44 

8 Cu(NO3)2 ∙ 2.5 H2O (10) TMP (5.0) - Air 60 

Conditions: Hydantoin 1a (0.2 mmol, 1.0 equiv.), PhI(TMP)OTs 2a or PhI(Mes)OTs 2a-Mes (as 
specified) catalyst (as specified), Et3N (0.6 mmol, 3.0 equiv.) and toluene (2 mL). [a] 1H NMR yield using 
Mes as IS. [b] 1H NMR yield using TMP-H as IS. [c] Isolated yield. [d] Cu(OTf)2 was dried in the oven, 
then under high vacuum prior to the reaction. Additionally, anhydrous toluene was used.  

Previous results also showed a reduction of 3c produced when Cu(OTf)2 and H2O was 
used. Without addition of water, 72 % of 3c was obtained, compared to 42 % where 
water was included (Table 2.6, entries 3 and 4). Rationally, we then tried to ensure 
moisture-free conditions by drying the catalyst and using an anhydrous solvent (Table 
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2.6, entry 5). The reaction was performed under inert atmosphere as previous results 
did not indicate any negative impact of excluding air. However, only 59 % of 3c was 
afforded. From the screening of catalyst loading (Table 2.2), a lower load of Cu(OTf)2 

lead to more of the bis-arylated product. 5 mol % Cu(OTf)2 yielded 3c in 63 % under 
normal conditions (Table 2.6, entry 6). Substituting Cu(OTf)2 for Cu(NO3)2 ∙ 2.5 H2O 
did not yield a satisfactory outcome as only 44 % and 60 % of 3c was afforded (Table 
2.6, entries 7 and 8). The latter with a large excess of salt (5.0 equivalents).  

Unfortunately, reproducibility of the best results was not achieved, likely due to 
uncontrollable effects. Pinpointing the culprits of the failed reproducibility were not 
the focus of this study, and it was decided not to proceed any further.  

2.2.9 Final optimized conditions for the N-3-arylation reaction 

After an extensive optimization study, the optimized conditions for the reaction were 
finally determined (Scheme 2.5) and include Aryl(TMP)iodonium tosylate (3.0 
equivalents), Cu(NO3)2 ∙ 2.5 H2O (10 mol %) and Et3N (1.5 equivalents) in toluene at 
70 oC for 24 hours.  

 

Scheme 2.5. Optimized conditions. 

2.2.10 Synthesis of aryl(TMP)iodonium tosylates 

With the final optimized conditions, a natural next step is to explore the scope and 
limitations of the reaction. Prior to this, the preparation of the diaryliodonium salts is 
presented. Most of the salts included in the upcoming scope tables are included in 
Paper I. The following section will include the synthesis of unpublished salts, in 
addition to unsuccessful attempts. The majority of the salts presented were used further 
in the coupling reactions with hydantoin.  

A number of substituted aryl(TMP)iodonium tosylates were synthesized according to 
procedures reported by Stuart (method A)172 and Olofsson (method B)166 (Scheme 2.6). 
Method A have demonstrated tolerance towards a variety of diverse steric- and 
electronic effects. As such, it was the primary method of choice for preparation of the 
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salts. Salt 2b-2i was smoothly synthesized and isolated in very good yields (60-88 %) 
using this method.  

 

Scheme 2.6. Substrate scope of unpublished aryl(TMP)iodonium tosylates. Salt 2b-2i were synthesized 
using  method A,172 conditions: 1) aryliodide (5.0 mmol, 1.0 equiv.), TsOH×H2O (5.0 mmol, 1.0 equiv.), 
mCPBA (5.0 mmol, 1.0 equiv.), MeCN, 77 oC, 30 min. 2) Trimethoxybenzene (TMP-H) (5 mmol, 1.0 
equiv.), 5 min. Salt 2j and 2k were synthesized using method B,166 conditions: 1) arene (1.1 mmol, 1.0 
equiv.), iodine (0.55 mmol, 0.5 equiv.), TsOH×H2O (1.1 mmol, 1.0 equiv.), mCPBA (1.7 mmol, 1.5 
equiv.), DCM, rt, 1 h. 2) TMP-H (1.1 mmol, 1.0 equiv.), 30 min. [a] synthesized using method A on 
a 2 mmol scale. 

In method B, the iodoarene is generated in situ from an arene and molecular iodine. 
This method was used in the preparation of salt 2j and 2k. Challenges in purification 
process gave these salts in only 44 % and 15 %, respectively. Aryl- and heteroaryl 
iodides were subjected to the conditions of method A, but the reactions were 
unsuccessful (2l-2q). The milder method B was tested using thiophene, were 
regioisomers 2p and 2q potentially could form, but no product was obtained from the 
reaction. No other methods were tried in the preparation of these salts as they were 
merely attempts to get an insight in the limitations of the methods.   
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2.2.11 Scope and limitations of the developed reaction 

With a selection aryl(TMP)iodonium tosylates and various N-nucleophiles (hydantoins 
and imides), the scope and limitations of the reactions were explored. Most of the 
structures are included in Paper I, but 3a-d5, 3c, 3e, 3i-j, 3p, 3v, 3aa-3ac, and 6c 
are additional structures included herein.  

2.2.11.1 Substrate scope: Diaryliodonium salts 

Using the optimized conditions, aryl(TMP)iodonium salts with different electronic- and 
steric properties were tested in the N-3-arylation reaction to investigate the scope and 
limitations of the substrates (Scheme 2.7). To our surprise, the performance of 
deuterated salt 2b was mediocre. Only 44 % of 3a-d5 was obtained from the reaction, 
presumably due to the presence of a kinetic isotope effect (KIE). Aryl groups bearing 
weakly electron-donating groups (EDGs) in the para-position were efficiently 
transferred, yielding 3d in 82 %, 3e in 66 % and 3f in 65 %. Substituting the weakly 
EDGs with electron withdrawing-groups (EWGs) reduced the efficiency of the aryl 
transfer and p-NO2 substituted 3g and p-CO2Me 3h were afforded in moderate yields.  

Replacing Cu(NO3)2 × 2.5 H2O with Cu(OTf)2 and H2O (frequently reoccurring 
conditions in the optimization study) gave unexpected results in the transfer of p-Me- 
and p-NO2 substituted arenes. Only 65 % of 3d and 25 % of 3g was obtained, 
indicating an unforeseen electronic sensitivity in aryl transfer with Cu(OTf)2.  

The fluorinated p-CF3 3i, p-OCF3 3j, and p-SF5 3k were also afforded in moderate 
yields (46-50 %). Recently, the latter two “exotic” groups have been of high interest in 
the quest for new drugs.207, 208 Despite the moderate outcome, the method helps expand 
accessibility of potential biologically active hydantoins containing these groups. The 
increased electron deficiency of the pyridine analog also had a negative impact on the 
outcome and 3l was only isolated in modest yields (38 %). 
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Scheme 2.7. Diaryliodonium salt substrate scope. Conditions: Hydantoin 1a or 1-methylhydantoin 1b 
(0.2 mmol, 1.0 equiv.), ArI(TMP)OTs 2 (0.6 mmol, 3.0 equiv.), Cu(NO3)2 × 2.5 H2O (0.02 mmol, 0.1 
equiv.), Et3N (0.3 mmol, 1.5 equiv.), toluene (2 mL). [a] 5 mol % of catalyst employed [b] Cu(OTf)2 
(10 mol %) and H2O (1.0 equiv.) was used instead of Cu(NO3)2×2.5 H2O. [c] 1H NMR yield determined 
by using Mes as IS.   

meta-Substituted arenes were also tolerated under our conditions. Similar trends in 
terms of electronic effects were also observed for 3m-3p. The more electron-rich m-Me 
substituted 3m was afforded in 70 %, while 51 % to 57 % of 3n-3p were afforded. Our 
method was notably sensitive to substituents in ortho-position. The effect can likely be 
attributed to steric crowding around the Cu-center in the catalytic process,209, 210 
increasing the energy needed for effective aryl transfer. o-Me substituted 3q was too 
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sterically congested and no product formation was observed. The smaller fluorine atom 
was tolerated and 41 % of 3r was isolated.  

Di-substituted aryl moieties 3s-3u were transferred smoothly (61-76 %), while transfer 
of the more electron-deficient 3v and 3w were, not surprisingly, less efficient. The fused 
naphthyl- and fluorene-rings 3x and 3y were obtained in moderate and good yields 
(52 % and 70 %, respectively). As with the very electron-poor, the method was also 
ineffective for very electron-rich substrates. To demonstrate the fact, 
dihydrobenzofuran 3z was only isolated in 30 %.  

The three arylated hydantoins 3aa-3ac were synthesized, but not isolated due to 
unsatisfactory yields. Thus, their yields were determined by 1H NMR analysis of the 
crude reaction mixture. In addition to the bis-arylated byproduct, the N-1-arylated 
was present in 12 % in the reaction with the m-xylene salt, only affording 62 % of 3aa. 
Compared to the other methylated arenes (see 3d, 3t and 3u), higher yields were 
expected in this reaction. The free hydroxy group of salt 2g survived our conditions, 
but only 24 % of 3ac was detected.  

2.2.11.2 Substrate scope: Hydantoins and other imides 

Next, we wanted to investigate the N-3-arylation of hydantoins with substituents on 
N-1 and C-5 (Scheme 2.8). Introducing a methyl group on C-5 did not affect yield 
significantly (76 % of 4a vs. 79 % of unsubstituted 3a). Pleasingly, our conditions did 
not cause epimerization in the C-5 position, allowing for controlled, stereoretentive 
couplings. (R)-4a was afforded in equal yields to 4a. Introducing yet another methyl 
group did not affect the reaction notably either as 72 % of 5,5-dimethylated 4b was 
isolated. As expected, N-1-substitution was beneficial, blocking potential N-1-aryl 
transfer and hence bis-arylation. A slight increase in yield (82 %) was seen for 
1-methylated 4c. Arylation of hydantoin with substituents in 1- and 5 position was 
also successful. L-proline-derived hydantoin (S)-4d was obtained in 78 % yield and 
retention of stereochemistry was observed.  

The bulkier 5,5-diphenylated hydantoin were subjected to arylation with a small series 
of diaryliodonium salts. Phenyl, p-Me- and m-Me-substituted 4e-4g were, expectantly, 
obtained in very good yields (80-82 %), while the yield severely reduced with the ortho-
substituted o-F 4h. Similar trends were seen with the C-5 unsubstituted 3d, 3m, 3q 
and 3r.  
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Scheme 2.8. Hydantoin- and imide scope. Conditions: Hydantoin or imide 1 (0.2 mmol, 1.0 equiv), 
ArI(TMP)OTs 2 (0.3 mmol, 1.5 equiv), Cu(NO3)2 2.5 H2O (0.02 mmol, 0.1 equiv), Et3N (0.3 mmol, 1.5 
equic), toluene (2 mL). [a] 5 mol % of catalyst employed.  

Evano et al. reported a subsequent N-1-arylation (Chapter 1, Scheme 1.10a) after 
N-3-arylation. The reaction required a different set of (harsher) conditions for the more 
demanding N-1-arylation to proceed. We subjected N-3-arylated (3a) hydantoin to 
N-1-arylation using our original conditions. Only 52 % of 3c was obtained, clearly 
demonstrating the more challenging arylation of the N-1 position.  
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To demonstrate the usefulness of the method, marketed hydantoin-containing 
pharmaceuticals were arylated. The racemate of sorbinil211 (an aldose reductase 
inhibitor) was pleasingly arylated in good yields (5a, 75 %). Arylation of the well-
known antibacterial nitrofurantoin provided a nitrofurantoin-derivatives 5b-5c also in 
good yields. These examples illustrate the possibility of late-stage functionalization of 
pharmaceuticals, thereby highlight the advantage of direct functionalization.  

To further expand the structural space, a small selection of cyclic imides were exposed 
to our conditions. Aryl transfer proved to efficient for succinimide and phthalimide 
producing 6a and 6b in 81 % and 87 %, respectively. The method was less productive 
for the 2,4-oxazolidinedione (hereby referred to as “oxohydantoin”) 6c and the 
6-membered imide (naphthalimide) 6d.  

Unfortunately, several of the substrates tested were not compatible with our method. 
The failure of thiohydantoins 7a and 7b can likely be attributed their preference for a 
thio-enol configuration3, 212 (see Chapter 1, Figure 1.2, tautomer II). Decomposition of 
allantoin 7c in the presence of Cu(II) have been reported,213 but no decomposition was 
detected under our conditions. Regardless, coupling with 7c was unsuccessful, 
presumably due to Cu-coordination. The method was not applicable to lactams 7e and 
7f, barbituric acid 7g, and and the linear imide 7h as no reaction was detected.  

2.3 Conclusion 

A general and efficient Cu-catalyzed method for regioselective N-3-arylation of 
hydantoins has been developed. The method utilizes unsymmetrical diaryliodonium 
salts, a simple Cu-salt in catalytic amounts and triethylamine as a base/ligand. The 
chemoselective nature of unsymmetrical aryl(TMP)iodonium salts was displayed in the 
aryl transfers, providing a broad scope of arylated hydantoins in moderate to very good 
yields. The method operates best with, but are not limited to, weakly EWGs and 
EDGs. Structurally diverse hydantoins are well tolerated, including unsubstituted 
hydantoins and chiral hydantoins where the stereogenic center is retained. The method 
developed is useful for diversification of pharmaceutically relevant agents such as 
phenytoin, rac-sorbinil and nitrofurantoin. 
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2.4 Experimental 

Experimental details and data for compounds not included in Paper I are described 
herein. Information about reagents, solvents and instrumentation are mostly covered 
in the supporting information to Paper I. Additional information included here are: 
Spectra using CD3CN as solvent were calibrated using the residual solvent peak 
(1H NMR: 1.94 ppm and 13C NMR: 1.32 ppm/118.26 ppm).  

Synthesis and characterization of diaryliodonium salts 

Diaryliodonium salts 2a, 2a-BF4, 2a-OTf, 2a-Mes and 2b-2k were prepared 
according to literature procedures.166, 172 

General procedure for anion exchange172 

 

Phenyl(2,4,6-trimethoxyphenyl)iodonium tosylate (2a) (0.651 g, 1.20 mmol, 1.00 equiv.) 
was added to 50 mL boiling water in a 100 mL round-bottom flask. As the salt did not 
fully dissolve after 2 min, methanol was added dropwise until the solution had a 
homogenous appearance. NaBF4 (13.2 g, 120 mmol, 100 equiv.) was added and the 
solution was stirred for 2 minutes at 100 oC. The resulting solution was left to cool to 
ambient temperature before chilling further in an ice-bath. The mixture was then 
vacuum filtered, and the filter cake was washed with cold water (3 x 30 mL), dried 
under suction for 15-20 min, and then washed with diethyl ether (3 x 30 mL). The 
sample was further dried under high vacuum to afford the final product.  

 

 

 

 

 

NaX (excess)

H2O, 100 oC - rt

I
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X
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General procedure A: preparation of aryl(TMP)iodonium tosylates from 
iodoarenes 

 

Following a reported procedure,172 aryl iodide (5.0 mmol, 1.0 equiv.) and acetonitrile 
(5 mL) were added to a 50 mL round-bottom flask and equipped with a magnetic stir 
bar. p-Toluenesulfonic acid monohydrate (TsOH·H2O) (5.0 mmol, 1.0 equiv.) was 
added in one portion at room temperature, followed by m-chloroperbenzoic acid 
(mCPBA) (5.0 mmol, 1.0 equiv.). The flask was lowered into a pre-heated heating 
block set at 77 °C and stirred for 30 minutes. 1,3,5-trimethoxybenzene (TMP-H) (5.0 
mmol, 1.0 equiv.) was then added and the resulting solution was stirred for 5 minutes 
at 77 °C. The flask was cooled to ambient temperature before acetonitrile was removed 
under reduced pressure. The resulting crude oil was triturated with Et2O (40 mL). The 
precipitate was isolated by vacuum filtration with a fritted funnel and rinsed with Et2O 
(3 x 20 mL), then dried further under high vacuum to obtain the product in analytic 
purity. 

General procedure B: preparation of aryl(TMP)iodonium tosylates from 
arenes and iodide 

 

With slight modifications from the original procedure,166 iodine (0.55 mmol, 0.50 equiv.) 
and DCM (40 mL) were added to a 100 mL round-bottom flask and equipped with a 
magnetic stir bar. m-chloroperbenzoic acid (mCPBA) (1.7 mmol, 1.5 equiv.), arene (1.1 
mmol, 1.0 equiv.) and p-toluenesulfonic acid monohydrate (TsOH·H2O) (1.1 mmol, 
1.0 equiv.) were added sequentially, and the reaction mixture was stirred at rt for 1 h. 
The mixture gradually change color from deep purple to clear yellow. 
1,3,5-trimethoxybenzene (TMP-H) (1.1 mmol, 1.0 equiv.) was then added and the 
resulting solution was stirred for 30 min at rt. The solution was triturated with Et2O 
(60 mL), the mixture was stirred for 30 min and then kept in the freezer for an addition 
30 min. The resulting solid was filtered off, washed three times with Et2O, dried under 
water suction and then dried further under high vacuum to afford the desired product.  

1) TsOH  H2O (1.0 eq.)
mCPBA (1.0 eq.), 30 min

2) TMP-H (1.0 eq.), 5 min
MeCN, 77 oC

I
TMP

TsO
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R R

1) TsOH  H2O (1.0 eq.)
mCPBA (1.5 eq.), 1 h
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Phenyl(2,4,6-trimethoxyphenyl)iodonium tetrafluoroborate (2a-BF4)214  

Phenyl(2,4,6-trimethoxyphenyl)iodonium tosylate (2a) (0.651 g, 1.20 
mmol, 1.00 equiv.) and NaBF4 (13.2 g, 120 mmol, 100 equiv.) were used 
in the preparation of 2a-BF4 according to the general procedure for 

anion exchange. Some product was suspected lost during the filtration step, as such, 
the filtrate was extracted three times with DCM. The combined organic layers were 
dried with MgSO4, filtered and DCM was removed under reduced pressure. The two 
batches were combined and dried under high vacuum. 2a-BF4 was afforded as a grey-
brown solid (0.221 g, 40 %). 

1H NMR (600 MHz, DMSO-d6): d 7.92 (dd, J = 8.4, 1.2 Hz, 2H), 7.61 (t, J = 7.5 Hz, 
1H), 7.47 (t, J = 7.8 Hz, 2H), 6.47 (s, 2H), 3.95 (s, 6H), 3.87 (s, 3H). 

13C NMR (151 MHz, DMSO-d6): d 166.2, 159.4, 134.3, 131.6 (2C), 116.1, 92.1, 87.0, 
57.3, 56.2.  

19F NMR (376 MHz, DMSO-d6): d -148.23 (from [10BF4]-), -148.29 (from [11BF4]-) 

HRMS (ESI) m/z [M - BF4]+: Calcd. for C15H16IO3
+: 371.0139, found: 371.0138.  

Phenyl(2,4,6-trimethoxyphenyl)iodonium triflate (2a-OTf)163, 215 

Phenyl(2,4,6-trimethoxyphenyl)iodonium tosylate (2a) (0.543 g, 1.00 
mmol, 1.0 equiv.) and NaOTf (3.45 g, 20.0 mmol, 20.0 equiv.) were used 
in the preparation of 2a-OTf according to the general procedure for 
anion exchange. 2a-OTf was afforded as a white solid (0.298 g, 57 %). 

1H NMR (600 MHz, DMSO-d6): d 7.92 (dd, J = 8.4, 1.2 Hz, 2H), 7.63 – 7.59 (m, 1H), 
7.47 (t, J = 7.8 Hz, 2H), 6.47 (s, 2H), 3.95 (s, 6H), 3.87 (s, 3H). 

13C NMR (151 MHz, DMSO-d6): d 166.2, 159.4, 134.4, 131.6, 120.7 (q, JC-F = 322.6 Hz), 
116.1, 92.1, 87.0, 57.3, 56.2. 

19F NMR (376 MHz, DMSO-d6): d -77.7. 

HRMS (ESI) m/z [M - OTf]+: Calcd. for C15H16IO3
+: 371.0139, found: 371.0139.  
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Phenyl(2,4,6-trimethylphenyl)iodonium tosylate (2a-Mes)216 

2a-Mes was prepared according to general procedure A with 
modifications. In stage 2), 1,3,5-trimethylbenzene (mesitylene) (765 µL, 
5.50 mmol, 1.10 equiv.) was added in place of TMP-H and the reaction 

time was extended from 5 min to 12 h. 2a-Mes was afforded as a white solid (2.17 g, 
88 %). 

1H NMR (600 MHz, DMSO-d6): d 7.97 (dd, J = 8.5, 1.1 Hz, 2H), 7.64 – 7.61 (m, 1H), 
7.51 – 7.48 (m, 2H), 7.48 – 7.45 (m, 2H), 7.21 (d, J = 0.7 Hz, 2H), 7.10 (dd, J = 8.5, 
0.7 Hz, 2H), 2.59 (s, 6H), 2.29 (s, 3H), 2.28 (s, 3H). 

13C NMR (151 MHz, DMSO-d6): d 145.7, 143.0, 141.5, 137.6, 134.4, 131.8, 131.7, 129.7, 
128.0, 125.5, 122.6, 114.5, 26.3, 20.8, 20.5. 

HRMS (ESI) m/z [M - OTs]+: Calcd. for C15H16I+: 323.0291, found: 323.0292.  

Phenyl-d5-(2,4,6-trimethoxyphenyl)iodonium tosylate (2b) 

2b was prepared to general procedure A on a 2.0 mmol scale and 
obtained as a pale, pink solid (1.10 g, 87 %). 

 

1H NMR (600 MHz, DMSO-d6): d 7.47 (d, J = 8.0 Hz, 2H), 7.10 (d, J = 7.8 Hz, 2H), 
6.47 (s, 2H), 3.94 (s, 6H), 3.87 (s, 3H), 2.28 (s, 3H).  

13C NMR (151 MHz, DMSO-d6): d 166.2, 159.4, 145.8, 137.6, 133.9 (t, J = 25.7 Hz), 
131.1 (t, J = 24.5 Hz), 128.0, 125.5, 115.8, 92.1, 87.0, 57.3, 56.2, 20.8. One triplet was 
not visible in the spectrum, but visible the spectrum of the coupled product (3a-d5). 

HRMS (ESI) m/z [M - OTs]+: Calcd. for C15H11D5INO3
+: 376.0453, found: 376.0452. 
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(4-(tert-butyl)phenyl)(2,4,6-trimethoxyphenyl)iodonium tosylate (2c)172   

2c was prepared according to general procedure A on a 5 mmol 
scale and obtained as an off-white powder (1.84 g, 83 %).  

 

1H NMR (600 MHz, DMSO-d6): d 7.83 (d, J = 8.7 Hz, 2H), 7.49 – 7.46 (m, 4H), 7.12 
– 7.09 (m, 2H), 6.47 (s, 2H), 3.95 (s, 6H), 3.87 (s, 3H), 2.28 (s, 3H), 1.24 (s, 9H). 

13C NMR (151 MHz, DMSO-d6): d 166.1, 159.4, 154.6, 145.8, 137.5, 134.1, 128.6, 127.9, 
125.5, 112.5, 92.0, 86.9, 57.3, 56.1, 34.8, 30.7, 20.7. 

HRMS (ESI) m/z [M - OTs]+: Calcd. for C19H24IO3
+: 423.0765, found: 423.0764.  

4-(Trifluoromethyl)phenyl(2,4,6-trimethoxyphenyl)iodonium tosylate 
(2d)172  

2d was prepared according to general procedure A on a 5 mmol 
scale and obtained as a pale, pink powder (1.28 g, 60 %). 

 

1H NMR (600 MHz, DMSO-d6): d 8.11 (d, J = 8.2 Hz, 2H), 7.82 (d, J = 8.4 Hz, 2H), 
7.47 (d, J = 8.1 Hz, 2H), 7.10 (d, J = 7.8 Hz, 2H), 6.49 (s, 2H), 3.94 (s, 6H), 3.88 
(s, 3H), 2.28 (s, 3H). 

13C NMR (151 MHz, DMSO-d6): d 166.4, 159.4, 145.7, 137.6, 135.0, 131.4 (q, JC-F = 
32.5 Hz), 128.1 (q, JC-F = 3.7 Hz), 128.0, 125.5, 123.4 (q, JC-F = 272.8 Hz), 120.3, 92.2, 
87.0, 57.4, 56.2, 20.7. 

19F NMR (376 MHz, DMSO-d6): d -61.7. 

HRMS (ESI) m/z [M - OTs]+: Calcd. for C16H15F3IO3
+: 439.0013, found: 439.0013.  
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4-(Trifluoromethoxy)phenyl(2,4,6-trimethoxyphenyl)iodonium tosylate 
(2e)217 

2e was prepared according to general procedure A on a 5 mmol 
scale and obtained as a white powder (2.85 g, 88 %).  

 

1H NMR (600 MHz, DMSO-d6): d 8.03 (d, J = 9.1 Hz, 2H), 7.47 (d, J = 8.3 Hz, 4H), 
7.10 (d, J = 8.4 Hz, 2H), 6.48 (s, 2H), 3.95 (s, 6H), 3.87 (s, 3H), 2.28 (s, 3H). 

13C NMR (151 MHz, DMSO-d6): d 166.3, 159.4, 150.2, 145.8, 137.5, 136.7, 128.0, 125.5, 
123.8, 119.8 (q, JC-F = 258.2 Hz), 113.7, 92.1, 87.2, 57.4, 56.2, 20.7. 

19F NMR (376 MHz, DMSO-d6): d -56.8. 

HRMS (ESI) m/z [M - OTs]+: Calcd. for C16H15F3IO4
+: 454.9962, found: 454.9961.  

3-Cyanophenyl(2,4,6-trimethoxyphenyl)iodonium tosylate (2f)172 

2f was prepared according to general procedure A on a 2 mmol scale 
and obtained as a pale, pink powder (0.920 g, 81 %).  

 

1H NMR (600 MHz, DMSO-d6): d 8.45 (t, J = 1.7 Hz, 1H), 8.19 (ddd, J = 8.2, 1.9, 1.1 
Hz, 1H), 8.06 (dt, J = 7.8, 1.3 Hz, 1H), 7.64 (t, J = 8.0 Hz, 1H), 7.46 (d, J = 8.2 Hz, 
2H), 7.10 (d, J = 7.9 Hz, 2H), 6.47 (s, 2H), 3.94 (s, 6H), 3.87 (s, 3H), 2.28 (s, 3H). 

13C NMR (151 MHz, DMSO-d6): d 166.4, 159.4, 145.5, 138.9, 137.7, 137.4, 135.2, 132.3, 
128.1, 125.5, 117.0, 116.2, 113.6, 92.1, 87.2, 57.4, 56.2, 20.8. 

HRMS (ESI) m/z [M - OTs]+: Calcd. for C16H15INO3
+: 396.0091, found: 396.0090. 
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4-(hydroxymethyl)phenyl(2,4,6-trimethoxyphenyl)iodonium tosylate (2g)172 

2g was prepared according to general procedure A on a 5 mmol 
scale and obtained as a pink powder (2.26 g, 79 %). 

1H NMR (600 MHz, DMSO-d6): d 7.87 (d, J = 8.4 Hz, 2H), 7.47 
(d, J = 8.1 Hz, 2H), 7.38 (d, J = 8.7 Hz, 1H), 7.11 (d, J = 7.9 Hz, 2H), 6.45 (s, 2H), 
5.70-4.70 (br s, 1H), 4.52 (s, 2H), 3.94 (s, 6H), 3.86 (s, 3H), 2.28 (s, 3H). 

13C NMR (151 MHz, DMSO-d6): d 166.1, 159.3, 146.6, 145.7, 137.6, 134.3, 129.2, 128.0, 
125.5, 113.6, 92.0, 87.2, 62.0, 57.3, 56.2, 20.8. 

HRMS (ESI) m/z [M - OTs]+: Calcd. for C16H18INO4
+: 401.0244, found: 401.0244. 

3,5-Dichlorophenyl(2,4,6-trimethoxyphenyl)iodonium tosylate (2h)172 

2h was prepared according to general procedure A on a 5 mmol scale 
with the following deviations: (I) The reaction mixture was removed 
from heat 10 min before stage 2; (II) Stage 2 was ran for 10 min at 
room temperature. 2h was obtained as a white powder (2.44 g, 80 %).  

1H NMR (600 MHz, DMSO-d6): d 7.96 (d, J = 1.9 Hz, 2H), 7.89 (t, J = 1.8 Hz, 1H), 
7.46 (d, J = 8.0 Hz, 2H), 7.10 (d, J = 7.8 Hz, 2H), 6.49 (s, 2H), 3.95 (s, 6H), 3.88 
(s, 3H), 2.28 (s, 3H). 

13C NMR (151 MHz, DMSO-d6): d 166.5, 159.4, 145.6, 137.6, 135.6, 132.2, 131.6, 128.0, 
125.5, 116.5, 92.2, 87.2, 57.4, 56.2, 20.8. 

HRMS (ESI) m/z [M - OTs]+: Calcd. for C15H14Cl2IO3
+: 438.9359, found: 438.9359. 
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3,5-Dimethylphenyl(2,4,6-trimethoxyphenyl)iodonium tosylate (2i)172 

2i was prepared according to general procedure A on a 5 mmol scale 
and obtained as a white powder (2.37 g, 83 %). 

 

1H NMR (600 MHz, DMSO-d6): d 7.55 – 7.54 (m, 2H), 7.47 (d, J = 8.1 Hz, 2H), 7.24 
– 7.22 (m, 1H), 7.10 (d, J = 7.8 Hz, 1H), 6.46 (s, 2H), 3.95 (s, 6H), 3.87 (s, 3H), 2.28 
(s, 3H), 2.27 (s, 6H). 

13C NMR (151 MHz, DMSO-d6): d 166.1, 159.4, 145.8, 141.0, 137.5, 133.0, 131.7, 128.0, 
125.5, 115.6, 92.1, 86.8, 57.3, 56.1, 20.7, 20.6. 

HRMS (ESI) m/z [M - OTs]+: Calcd. for C17H20IO3
+: 399.0452, found: 399.0452. 

4-Methoxy-3-(methoxycarbonyl)phenyl(2,4,6-trimethoxyphenyl)iodonium 
tosylate (2j)166 

2j was prepared according to general procedure B on a 0.55 mmol 
scale and obtained as a white powder (0.305 g, 44 %). 

 

1H NMR (600 MHz, DMSO-d6): d 8.17 (d, J = 2.4 Hz, 1H), 8.03 (dd, J = 9.0, 2.4 Hz, 
1H), 7.46 (d, J = 8.1 Hz, 2H), 7.22 (d, J = 9.1 Hz, 1H), 7.10 (d, J = 7.8 Hz, 2H), 6.46 
(s, 2H), 3.95 (s, 6H), 3.86 (s, 3H), 3.85 (s, 3H), 3.81 (s, 3H), 2.28 (s, 3H). 

13C NMR (151 MHz, DMSO-d6): d 166.1, 164.3, 160.2, 159.2, 145.8, 137.5, 136.9, 128.0, 
125.5, 122.3, 115.8, 104.5, 92.1, 87.6, 57.3, 56.4, 56.2, 52.5, 20.8. 

HRMS (ESI) m/z [M - OTs]+: Calcd. for C18H20IO6
+: 459.0299, found: 459.0299. 
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3-Bromo-4-methoxyphenyl(2,4,6-trimethoxyphenyl)iodonium tosylate 
(2jk)166 

2k was prepared according to general procedure B on a 0.55 mmol 
scale and obtained as a white powder (0.107 g, 15 %). 

 
1H NMR (600 MHz, DMSO-d6): 8.11 (d, J = 2.3 Hz, 1H), 7.87 (dd, J = 8.9, 2.2 Hz, 
1H), 7.47 (d, J = 8.1 Hz, 2H), 7.17 (d, J = 9.0 Hz, 1H), 7.10 (d, J = 7.8 Hz, 2H), 6.46 
(s, 2H), 3.95 (s, 6H), 3.86 (d, J = 1.9 Hz, 6H), 2.28 (s, 3H). 

13C NMR (151 MHz, DMSO-d6): 166.2, 159.3, 158.0, 145.7, 138.0, 137.7, 135.8, 128.1, 
125.5, 115.4, 112.3, 105.2, 92.1, 87.7, 57.3, 56.8, 56.2, 20.8. 

HRMS (ESI) m/z [M - OTs]+: Calcd. for C16H17BrIO4
+: 478.9349, found: 478.9348. 

Synthesis and characterization of arylhydantoins 

 

Hydantoin (0.2 mmol, 1.0 equiv.), aryl(TMP)iodonium tosylate (0.6 mmol, 3.0 equiv.) 
and Cu(NO3)2·2.5 H2O (4.7 mg, 0.020 mmol, 0.10 equiv.) were added to a 7 mL screw 
cap vial equipped with a magnetic stir bar. Toluene (2 mL) was added and the vial 
was placed in a pre-heated vial insert heating block set to 70 oC. Triethylamine (42 µL, 
0.30 mmol, 1.5 equiv.) was added via a syringe, and the suspension was stirred for 24 
hours at 70 oC. The resulting mixture (typically colored orange, brown or black) was 
allowed to cool to room temperature before it was concentrated under reduced pressure. 
The crude mixture was purified by column chromatography using silica gel and eluent 
system as specified. The desired product was dried under high vacuum for several 
hours. 
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3-Phenyl-d5-hydantoin (3a-d5) 

3a-d5 was prepared according to the general procedure. The crude 
reaction mixture was purified by column chromatography using 
gradient elution (hexane:acetone [9:1 → 8:2 → 7:3]) to afford 3a-d5 
as a colorless solid (15.9 mg, 44 %). 

1H NMR (600 MHz, CD3CN): d  6.23 (br s, 1H), 3.99 (d, J = 1.3 Hz, 2H). 

13C NMR (151 MHz, CD3CN): d 172.0, 158.0, 133.3, 129.4 (t, JC-D = 24.7 Hz), 128.5 
(t, JC-D = 24.6 Hz), 127.4 (t, JC-D = 25.0 Hz), 47.2. 

HRMS (ESI) m/z [M + Na]+: Calcd. for C9H3D5N2NaO2
+: 204.0792, found: 204.0792. 

1,3-Diphenylhydantoin (3c)218 

3c was prepared according to the general procedure starting from 
3-phenylhydantoin 3a. The crude reaction mixture was purified 
by column chromatography (pentane:EtOAc [4:1]) to afford 3c as 
a colorless solid (26.2 mg, 52 %). 

1H NMR (600 MHz, CDCl3): d 7.65 – 7.61 (m, 2H), 7.52 – 7.49 (m, 2H), 7.47 – 7.45 
(m, 2H), 7.44 – 7.40 (m, 3H), 7.20 (tt, J = 7.4, 1.1 Hz, 1H), 4.47 (s, 2H). 

13C NMR (151 MHz, CDCl3): d 167.3, 153.2, 137.4, 131.3, 129.4, 129.2, 128.5, 126.3, 
124.7, 118.6, 49.8. 

HRMS (ESI) m/z [M + Na]+: Calcd. for C15H12N2NaO2
+: 275.0791, found: 275.0790. 

3-(4-tert-butylphenyl)hydantoin (3e)  

3e was prepared according to the general procedure. The crude 
reaction mixture was purified by column chromatography using 
gradient elution (hexane:acetone [9:1 → 4:1]) to afford 3e as a 
colorless solid (30.9 mg, 66 %). 

1H NMR (600 MHz, CDCl3): d 7.48 (dt, J = 8.7, 2.6 Hz, 2H), 7.28 (dt, J = 8.6, 2.6 Hz, 
2H), 6.92 (br s, 1H), 4.06 (d, J = 1.2 Hz, 2H), 1.31 (s, 9H). 

13C NMR (151 MHz, CDCl3): d 170.4, 158.0, 151.5, 128.5, 126.3, 125.7, 46.5, 34.7, 31.2. 

HRMS (ESI) m/z [M + Na]+: Calcd. for C13H16N2NaO2
+: 255.1104, found: 255.1103. 
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3-(4-trifluoromethylphenyl)hydantoin (3i)45, 219 

3i was prepared according to the general procedure. The crude 
reaction mixture was purified by column chromatography using 
gradient elution (hexane:chloroform:acetone [9:9:1 → 3:3:1]) to 
afford 3i as a colorless solid (22.8 mg, 46 %). 

1H NMR (600 MHz, CDCl3): d 7.75 (d, J = 8.4 Hz, 2H), 7.61 (d, J = 8.3 Hz, 2H), 6.80 
(br s, 1H), 4.15 (d, J = 1.2 Hz, 2H). 

13C NMR (151 MHz, CDCl3): d 169.6, 156.9, 134.5, 130.2 (q, JC-F = 32.9 Hz), 126.2 (q, 
JC-F = 3.8 Hz), 126.0, 123.5 (d, JC-F = 272.5 Hz), 46.4. 

19F NMR (376 MHz, CDCl3): d -62.7. 

HRMS (ESI) m/z [M + Na]+: Calcd. for C10H7F3N2NaO2
+: 267.0352, found: 267.0351. 

3-(4-trifluoromethoxyphenyl)hydantoin (3j)220  

3j was prepared according to the general procedure. The crude 
reaction mixture was purified by column chromatography using 
gradient elution (hexane:acetone [9:1 → 7:3]) to afford 3j as a 
colorless solid (24.7 mg, 47 %). 

1H NMR (600 MHz, CDCl3): d 7.46 (d, J = 9.0 Hz, 2H), 7.31 (d, J = 8.0 Hz, 2H), 6.73 
(br s, 1H), 4.11 (d, J = 1.1 Hz, 2H). 

13C NMR (151 MHz, CDCl3): d 169.8, 157.2, 148.5 (q, JC-F = 2.0 Hz), 129.7, 127.5, 
121.7, 120.34 (d, JC-F = 257.9 Hz), 46.4. 

19F NMR (376 MHz, CDCl3): d -57.9. 

HRMS (ESI) m/z [M + Na]+: Calcd. for C10H7F3N2NaO3
+: 283.0301, found: 283.0301. 
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3-(3-cyanophenyl)hydantoin (3p)  

3p was prepared according to the general procedure. The crude 
reaction mixture was purified by column chromatography using 
gradient elution (hexane:acetone [9:1 → 7:3]) to afford 3p as a 
colorless solid (21.8 mg, 55 %). 

1H NMR (600 MHz, CD3CN): d 7.78 (t, J = 1.9 Hz, 1H), 7.75 – 7.71 (m, 2H), 7.64 (t, 
J = 7.9 Hz, 1H), 6.35 (br s, 1H), 4.02 (d, J = 1.3 Hz, 2H). 

13C NMR (150 MHz, CD3CN): d 171.5, 157.1, 134.3, 132.4, 131.9, 131.0, 130.6, 118.9, 
113.6, 47.2. 

HRMS (ESI) m/z [M + Na]+: Calcd. for C10H7N3NaO2
+: 224.0430, found: 224.0430. 

3-(3,5-Dichlorophenyl)hydantoin (3v)221, 222  

3v was prepared according to the general procedure. The crude 
reaction mixture was purified by column chromatography using 
gradient elution (hexane:chloroform:acetone [9:9:1 → 3:3:1]) to 
afford 3v as a colorless solid (16.5 mg, 34 %). 

1H NMR (600 MHz, CDCl3): d 7.43 (d, J = 1.9 Hz, 2H), 7.38 (t, J = 1.9 Hz, 1H), 6.36 
(br s, 1H), 4.14 (d, J = 1.1 Hz, 2H). 

13C NMR (150 MHz, CDCl3): d 169.1, 156.2, 135.3, 133.1, 128.4, 124.3, 46.3. 

HRMS (ESI) m/z [M + Na]+: Calcd. for C9H6Cl2N3NaO2
+: 266.9699, found: 266.9698. 

5,5-Dimethyl-3-phenyl-2,4-oxazolidinedione (6c)223  

6c was prepared according to the general procedure starting from 
5,5-dimethyl-2,4-oxazolidinedione. The crude reaction mixture was 
purified by column chromatography (hexane:chloroform [7:3]), 
followed by hot recrystallization from MeOH (0.5 mL) to afford 6c as 

a colorless solid (24.9 mg, 61 %). 

1H NMR (600 MHz, CDCl3): d 7.51 – 7.48 (m, 2H), 7.45 – 7.40 (m, 3H), 1.69 (s, 6H). 

13C NMR (150 MHz, CDCl3): d 174.9, 153.3, 130.9, 129.3, 128.8, 125.5, 83.4, 23.8. 

HRMS (ESI) m/z [M + Na]+: Calcd. for C11H11NNaO3
+: 228.0631, found: 228.0631.  
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Figure 2.8. 1H NMR (600 MHz, DMSO-d6) spectrum of 2a-BF4. 

 

 
Figure 2.9. 13C NMR (151 MHz, DMSO-d6) spectrum of 2a-BF4. 
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Figure 2.10. 19F NMR (376 MHz, DMSO-d6) spectrum of 2a-BF4. 

 

 
Figure 2.11. 1H NMR (600 MHz, DMSO-d6) spectrum of 2a-OTf. 
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Figure 2.12. 13C NMR (151 MHz, DMSO-d6) spectrum of 2a-OTf. 

 

 
Figure 2.13. 19F NMR (376 MHz, DMSO-d6) spectrum of 2a-OTf. 
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Figure 2.14. 1H NMR (600 MHz, DMSO-d6) spectrum of 2a-Mes. 

 

 
Figure 2.15. 13C NMR (151 MHz, DMSO-d6) spectrum of 2a-Mes. 
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Figure 2.16. 1H NMR (600 MHz, DMSO-d6) spectrum of 2b. 

 

 

Figure 2.17. 13C NMR (151 MHz, DMSO-d6) spectrum of 2b. 
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Figure 2.18. 1H NMR (600 MHz, DMSO-d6) spectrum of 2c. 

 

Figure 2.19. 13C NMR (151 MHz, DMSO-d6) spectrum of 2c. 
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Figure 2.20. 1H NMR (600 MHz, DMSO-d6) spectrum of 2d. 

 

 

Figure 2.21. 13C NMR (151 MHz, DMSO-d6) spectrum of 2d. 
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Figure 2.22. 19F NMR (376 MHz, DMSO-d6) spectrum of 2d. 

 

 

Figure 2.23. 1H NMR (600 MHz, DMSO-d6) spectrum of 2e. 

I
TMP

TsO

F3C

I
TMP

TsO

F3CO

Et2O Et2O 



 
65 

 

Figure 2.24. 13C NMR (151 MHz, DMSO-d6) spectrum of 2e. 

 

Figure 2.25. 19F NMR (376 MHz, DMSO-d6) spectrum of 2e. 
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Figure 2.26. 1H NMR (600 MHz, DMSO-d6) spectrum of 2f. 

 

 

Figure 2.27. 13C NMR (151 MHz, DMSO-d6) spectrum of 2f. 
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Figure 2.28. 1H NMR (600 MHz, DMSO-d6) spectrum of 2g. 

 

 

Figure 2.29. 13C NMR (151 MHz, DMSO-d6) spectrum of 2g. 
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Figure 2.30. 1H NMR (600 MHz, DMSO-d6) spectrum of 2h. 

 

 

Figure 2.31. 13C NMR (151 MHz, DMSO-d6) spectrum of 2h. 
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Figure 2.32. 1H NMR (600 MHz, DMSO-d6) spectrum of 2i. 

 

 

Figure 2.33. 13C NMR (151 MHz, DMSO-d6) spectrum of 2i. 
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Figure 2.34. 1H NMR (600 MHz, DMSO-d6) spectrum of 2j. 

 

Figure 2.35. 13C NMR (151 MHz, DMSO-d6) spectrum of 2j. 
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Figure 2.36. 1H NMR (600 MHz, DMSO-d6) spectrum of 2k. 

 

 
Figure 2.37. 13C NMR (151 MHz, DMSO-d6) spectrum of 2k. 

 

 

Water 

I
TMP

TsO

MeO

Br

I
TMP

TsO

MeO

Br



 
72 

 
Figure 2.38. 1H NMR (600 MHz, CD3CN) spectrum of 3a-d5. 

 

 
Figure 2.39. 13C NMR (151 MHz, CD3CN) spectrum of 3a-d5. 

CD3CN 

Water 

CD3CN CD3CN 

HN

O

N

O

D
D

D

D
D

HN

O

N

O

D
D

D

D
D



 
73 

 

Figure 2.40. 1H NMR (600 MHz, CDCl3) spectrum of 3c. 

 

 

Figure 2.41. 13C NMR (151 MHz, CDCl3) spectrum of 3c. 
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Figure 2.42. 1H NMR (600 MHz, CDCl3) spectrum of 3e. 

 

 

Figure 2.43. 13C NMR (151 MHz, CDCl3) spectrum of 3e. 
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Figure 2.44. 1H NMR (600 MHz, CDCl3) spectrum of 3i. 

 

 

Figure 2.45. 13C NMR (151 MHz, CDCl3) spectrum of 3i. Quartets arising from JC-F couplings are 
marked above the peaks. 
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Figure 2.46. 19F NMR (376 MHz, CDCl3) spectrum of 3i. 

 

 

Figure 2.47. 1H NMR (600 MHz, CDCl3) spectrum of 3j.  

 

HN

O

N

O

CF3

HN

O

N

O

OCF3



 
77 

 

Figure 2.48. 13C NMR (151 MHz, CDCl3) spectrum of 3j. Quartets arising from JC-F couplings are 
marked above the peaks. 

 

 

Figure 2.49. 19F NMR (376 MHz, CDCl3) spectrum of 3j. 
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Figure 2.50. 1H NMR (600 MHz, CD3CN) spectrum of 3p.  

 

 

Figure 2.51. 13C NMR (151 MHz, CD3CN) spectrum of 3p. 
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Figure 2.52. 1H NMR (600 MHz, CDCl3) spectrum of 3v. 

 

 

Figure 2.53. 13C NMR (151 MHz, CDCl3) spectrum of 3v. 
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Figure 2.54. 1H NMR (600 MHz, CDCl3) spectrum of 6c.  

 

 

Figure 2.55. 13C NMR (151 MHz, CDCl3) spectrum of 6c.  
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Chapter 3: A mechanistic study of the 
Cu-catalyzed N-arylation of hydantoin using 
aryl(TMP)iodonium salts 

3.1 Introduction  

The experimental results from the N-3-arylation of hydantoins using unsymmetrical 
diaryliodonium salts described in Chapter 2 prompted us to investigate the reaction 
mechanism. This chapter covers the in-depth mechanistic study of said reaction using 
DFT calculations. The synergy between DFT calculations and experiments aid in the 
understanding of experimental reaction outcomes and can predict unexpected 
opportunities for reaction development.  

The work presented in this chapter is covered in Paper II. Paper II will be published 
as a full articlef covering all computational and experimental details. Therefore, this 
chapter will only comprise a summary of the most important findings. The manuscript 
and supporting information for Paper II can be found in the Appendix.  

Symmetrical and unsymmetrical diaryliodonium salts were introduced in Chapter 2 as 
a source of arylating agents capable of transferring aryl groups to carbon- and 
heteroatom nucleophiles, both transition metal-free and transition metal-catalyzed. 
The use of copper as a transition metal-catalyst has proven to facilitate the transfer 
effectively, as also demonstrated in our work. However, the detailed mechanistic 
understanding of Cu-catalyzed couplings with diaryliodonium salts is modest and 
mostly limited to C-H-functionalization reactions with symmetrical salts.224-229 A 
thorough investigation into the use of unsymmetrical aryl(Mes)iodonium salts in Cu-
catalyzed fluorination reactions was reported by Sanford and co-workers.161, 230 Based 
on DFT calculations and experimental results, they suggested a CuI/CuIII-catalytic 
cycle, starting with the oxidative addition of aryl(Mes)iodonium. Oxidative addition 
as a first step is also suggested in the DFT studies of Cu-catalyzed C-H arylation 
reactions227-229 with symmetrical salts. Closely related to the aryl(Mes)iodonium salts 
are the aryl(TMP)iodonium salts used in the work presented in Chapter 2. To the best 

 
f Paper I and Paper III are communications and thus discussed in more details in their respective chapters.  
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of our knowledge, no mechanistic investigation of Cu-catalyzed arylation using 
ArI(TMP) salts have been reported. Regardless of the method, no detailed mechanistic 
investigation of N-3-hydantoin arylations have been reported.  

As seen in the previous chapter, chemoselective aryl transfer from [ArI(TMP)]OTs to 
the N-3 position of hydantoins was facilitated by a Cu(II)nitrate salt in the presence 
of Et3N (TEA). I-TMP is generated as a byproduct in the process. The lack of previous 
mechanistic studies prompted us to propose two different reaction pathways, both 
based on CuI/CuIII-catalytic cycles (Scheme 3.1). 

 

Scheme 3.1. Proposed CuI/CuIII-catalytic cycles for the N-3-arylation of hydantoins. 

In pathway I, the imide NH (N-3 position) of the hydantoin is deprotonated by a 
CuI-species prior to the oxidative addition of [ArI(TMP)]OTs. Deprotonation as a first 
step of the catalytic cycle has been proposed for Ullmann-type C-N coupling reactions 
using aryliodides.124, 134  In pathway II, oxidative addition to form a CuIII-species is the 
first step, followed by hydantoin deprotonation. Oxidative addition as a first step has 
been proposed for the C-H-arylations with diaryliodonium salts. The final product is 
formed by reductive elimination of a CuIII-species in both pathways.  

The work presented in Paper II includes the exploration of the two mechanistic reaction 
pathways in Scheme 3.1 using DFT calculations. (PBE-D3/def2SVP/CPCM//PBE0-
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D3/def2TZVP/CPCM). Free energies were obtained considering standard state 
conditions. The reactants selected to study the full mechanism were hydantoin (1a) 
and [PhI(TMP)]OTs (2a). The questions we tried to answer during the study include:  

(1) Which substrate reacts with Cu first, 1a or 2a? 

(2) Is the observed regioselectivity in the arylation reaction due to thermodynamics 
or kinetics? 

(3) Does Cu participate in the deprotonation of hydantoin? 

(4) What is the role of TEA in the reaction?  

(5) What prevents TMP to be transferred in the arylation reaction? 

(6) Can we find a mechanism explaining the absence of linear trend in yields upon 
changing the steric and electronic properties of the aryl group being transferred 
(Chapter 2, Scheme 2.7)? 

3.2 Summary of important findings in the mechanistic study 

Prior to the study of the catalytic cycles, the thermodynamics of the reactions were 
investigated. We discovered that the arylation of hydantoin 1a was highly exergonic 
in both N-3 (yielding 3a) and N-1 position (yielding 3b), with a slight preference for 
the latter. The observed experimental regioselectivity can therefore be attributed to 
kinetic preferences for the N-3 position. In the absence of TEA, the reactions were less 
exergonic, indicating the preferable presence of TEA.  

 

Scheme 3.2. Thermodynamics of the N-1- and N-3-arylation of hydantoin under standard conditions. 
The slight thermodynamic preference (by 1.8 kcal/mol) for 3b indicates that 3a is formed due to kinetic 
preferences.     

Investigation of the two pathways revealed that the highest energy barrier in 
pathway II is 4.9 kcal/mol higher than in pathway I. This pathway agrees with the 
obtained regio- and chemoselectivity of the arylation reaction, the observed KIE and 
the species detected during 1H NMR spectroscopic reaction monitoring. Thus, based on 
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computational- and experimental results, we propose the catalytic cycle in Scheme 3.3, 
pathway I, as the preferred pathway for the N-3-arylation of hydantoins using 
aryl(TMP)iodonium salts.  

The active catalytic CuI-species (TEA)Cu(I)(OTs) (AC) is likely formed by TEA-
assisted reduction231 of Cu(II)(NO3)2 (the employed catalyst). The first step of the cycle 
includes deprotonation of hydantoin in the kinetically preferred N-3 position and yields 
the CuI-imido complex N3-Cu. N3-Cu is kinetically accessible via two pathways: (1) 
deprotonation by the base, TEA and (2) intramolecular CuI-assisted deprotonation by 
the tosylate (OTs) anion. In both cases the proton abstraction is stabilized by the 
carbonyl groups (in 2-position) of hydantoin (N3-TEA and N3-TsOH). N3-TEA 
and N3-TsOH can further react with AC or TEA, respectively, to form the off-cycle 
ion-pair intermediate N3-diTEA. The low energy of N3-diTEA compared to the 
other reaction intermediates indicates that it can act as the catalysts resting state. 
Both deprotonation pathways lead to the formation of hydantoin-copper-complex N3-
Cu. The simultaneous protonation of TEA to [TEAH]+ can be monitored by 1H NMR 
spectroscopy and is occurring before the I-TMP disassociation step. 

The following step includes addition of the aryl(TMP)iodonium salt to N3-Cu. With 
Ph(TMP)iodonium tosylate (2a), the phenyl group interaction with the Cu-center 
provides the stable intermediate N3-Cu-Ar. During evaluation of the arene transfer 
chemoselectivity (Ph vs. TMP), we found that intermediate N3-Cu-TMP has a lower 
energy than N3-Cu-Ar. However, the transfer of TMP to Cu was found to be 
thermodynamically unfavored. N3-Cu-TMP is there considered to be an off-cycle 
intermediate in in equilibrium with N3-Cu-Ar and has relevance since it might act as 
the catalysts resting state.  

Cleavage of the C(Ar)-I bond in N3-Cu-Ar and the following oxidative addition of 
the Ar-fragment and I-TMP to the Cu-center yields the pentacoordinate 
CuIII-intermediate N3-Cu-Ar-TMP, in which the hydantoin and aryl-substituent are 
trans to each other. For arene-transfer to occur in the final step (reductive elimination), 
a rearrangement is necessary to put the two ligands in a cis configuration. This is a 
stepwise process in which the first step involves the disassociation of I-TMP (also 
visible in the 1H NMR spectrum) from Cu. The formed square planar CuIII-complex 
N3-Cu-Artrans undergoes an isomerization process where the carbonyl oxygen of 
hydantoin coordinates to Cu. The process yields the pentacoordinate CuIII-intermediate 
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N3-Cu-Ariso which undergoes further reorientation during the reductive elimination 
transition state to provide the cis configuration, upon which the final product is 
released.  

 

Scheme 3.3. Pathway I: Proposed catalytic cycle for the regio- and chemoselective N-3-arylation of 
hydantoins. Bold arrows indicate possible rate-determining transition states, which are dependent on 
the aryl group being transferred.  

During the experimental work in Chapter 2, the stereoelectronic properties of 
[ArI(TMP)]OTs and their influence on N-3-arylhydantoins yields were explored. The 
absence of a linear trend when using salts with different electronic properties (EDGs 
and EWGs) was seen. During the computational work, we discovered that three of the 
transition states (marked with bold arrows in Scheme 3.3) in pathway I are susceptible 
to be rate-determining: (1) the oxidative addition of the diaryliodonium salt (supported 
by the presence of a b-secondary KIE) (2) the disassociation of I-TMP and (3) the 
isomerization required for reductive elimination. Additionally, three species may 
behave as the catalyst resting states (N3-diTEA, N3-Cu-Ar and N3-Cu-TMP). 
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Both the rate-determining step and the resting state were found to be influenced by 
the electronic and steric properties of [ArI(TMP)]OTs in a different manner, which 
may explain why no linear trend is observed going from EWGs to EDGs. Indeed we 
found that the trends in the reaction energy span232 (the overall reaction energy barrier) 
for the different substrates were in qualitative agreement with the obtained yields 
(Figure 3.1). Ultimately, these results highlight the need for fine-tuning of the non-
transferred arene for increasing the efficiency in the arylation reaction. 

 

Figure 3.1. Comparison of product yields and reaction energy barriers for a selection of products with 
different stereoelectronic properties obtained from the N-3-arylation in Chapter 2. 

3.3 Conclusion 

Two pathways for the N-3-arylation of hydantoin were investigated, in which the 
pathway I, where 1a reacts with Cu before 2a, was found to be preferred. The observed 
preference for the N-3 over N-1 position can be attributed to a kinetic preference rather 
than a thermodynamic one. It was discovered that deprotonation of 1a can be assisted 
by both a Cu-complex and TEA. TEA also partakes in the formation of the active CuI-
complex from the employed CuII-catalyst. Further, a stable intermediate in which Cu 
and TMP interact was found, but the transfer of TMP to Cu was thermodynamically 
not favorable. Lastly, the change of the rate-determining step in the catalytic cycle 
explains the absence of a linear trend in product yields when changing the 
stereoelectronic properties of the arene being transferred.  
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Chapter 4: Development of a methodology 
for Cu-catalyzed C(sp2)-N cross-coupling of 
cyclic imides and boronic acids 

4.1 Introduction 

This chapter covers the development of a method for C(sp2)-N-bond forming reactions 
(N-alkenylation and N-arylation of hydantoins and other cyclic imides with boronic 
acids. The work presented in this chapter is mainly covered in Paper III, but additional 
unpublished results are included as well. A brief introduction to N-alkenylation 
reactions and the use of boronic acids as coupling partner is given prior to the method 
development.  

4.1.1 Access to enimides through N-alkenylation reactions  

Structurally related to the more common enamines and enamides are the enimides 
(Figure 4.1, top left). Enimides are well established as key structures in various classes 
of biologically active compounds,233-238 natural products48, 143, 239, 240 and functional 
materials241, 242 (Figure 4.1). Enimides can be considered versatile intermediates. As 
such they have been utilized as building blocks in the synthesis of more complex 
structures243-248 and b-amino acid derivatives.249, 250 

 

Figure 4.1. General structure of enimides and representative examples of cyclic enimides. 
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Regardless of the encounter of the cyclic enimide moiety in valuable structures, only a 
few strategies for the direct enimidic C-N bond construction are known. This bond 
construction, N-alkenylation, involves the direct installation of an alkene group onto a 
nitrogen atom. Alternative approaches to cyclic enimides is through cyclization-251 
and/or elimination236, 239 reactions which requires more steps, often leading to lower 
yields. For the direct N-alkenylation, both transition metal-free141, 142, 252-254 and 
transition metal-catalyzed protocols have been reported, but the main strategies are 
based on metal-catalysis (Scheme 4.1).  

Ruthenium-catalyzed protocols have been developed where imides and alkynes are 
condensed in a hydroimidation reaction255-258  (Scheme 4.1a). In general, these methods 
are well-develop and good yields are obtained, but E/Z-stereoselectivity remains a 
challenge. Additional drawbacks include structural limitations due to the use of 
terminal alkynes and the use of expensive Ru-catalysts.  

A second approach include the palladium-catalyzed oxidative addition of alkenes to 
phthalimides259-262 (Scheme 4.1b). This strategy has mainly been used to access 
N-vinylphthalimides (the Markovnikov product), but an anti-Markovnikov protocol 
has also been developed. The method is, however, only applicable for phthalimides, 
and therefore highly specialized.  

 

Scheme 4.1. Main strategies for direct N-alkenylations of imides. 
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Another entry point to enimides is through copper-promoted cross-coupling reactions 
(Scheme 4.1c). Both vinyl-halides263, 264 and vinyl-silanes265, 266 have been used to access 
N-vinylimides. In particular, the use of vinyl-silanes demonstrated applicability to a 
wide range of imides. A significant addition to the Cu-protocol is the Chan-Lamg 
inspired methodology. The use of alkenylic boron coupling partners have proven to be 
an attractive route to enimides.143, 267-272 This approach addresses some of the selectivity-
issues with the other methods as it permits good control of E/Z-stereoselectivity. 
Compared to the Ru-based methods, the potential for larger structural diversity of 
enimides is conceivable using alkenylboronic reagents. These reagents are easily 
available, either commercially or by preparation.273 Lastly, the use of an inexpensive 
Cu-catalyst is advantageous. Despite all the potential benefits the method provides, 
only highly substrate dependent examples have been reported.  

 

Scheme 4.2. N-alkenylation of hydantoins using the main metal-promoted strategies. 

 
g The Chan-Lam cross-coupling reaction was introduced in Chapter 1, Section 1.7 
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The main metal-promoted strategies (Scheme 4.1) have been utilized in 
N-3-alkenylation of hydantoins (Scheme 4.2). Goossen and co-workers reported a 
stereoselective Ru-catalyzed anti-Markovnikov addition of imides to alkynes 
(Scheme 4.2a).256 Two examples of hydantoins were included in the substrate scope 
with varying yield and E/Z-selectivity. A vinylated bicyclic hydantoin was prepared in 
a series of reactions to obtain an anti-cancer compound (Scheme 4.2b).274 A set of 
conditions from a reported Pd-catalyzed vinylation using vinyl acetate method was 
used.275 The cyanogramide-hydantoin analog displayed in Figure 4.1 was N-alkenylated 
using modified Chan-Lam conditions (Scheme 4.2c).143 The Cu-mediated process 
utilizes potassium alkenyltrifluoroborate salts as coupling partners and was first 
reported by Batey et al.268 The coupling reaction failed using other conditions, but the 
target compound was obtained in 28 % using Batey conditions.  

Two isolated examples of metal-free N-3-alkenylations of phenytoin have also been 
reported. One of the method utilizes trifluoropropenyliodonium salts for E-selective 
trifluoropropenylation.142 The other method relies on in situ generated phosphorus 
ylides via multicomponent reactions for the N-alkenylations.141 

Despite recent efforts in the development of protocols for N-alkenylation, some areas 
are still in the need for further development. Thus far, the lack of a general protocol 
for imide N-alkenylation is apparent, as only a few isolated examples for each method 
are reported. Moreover, a method that allows for better control over E/Z-selectivity 
while simultaneously allowing for the use of more structurally diverse alkenylboronic 
acids would be valuable.  

4.1.2 Boronic acids as coupling partners in cross-coupling reactions  

The Chan-Lam cross-coupling reaction with arylboronic acids were introduced in 
Chapter 1. As displayed in Scheme 4.1, alkenylboronic acids can also serve as coupling 
partners under Chan-Lam conditions. Boronic acids are boron-containing organic 
compounds not found in nature. The first preparation and isolation of a boronic acid 
was reported in 1860 by Frankland.276-278 Structurally, they are trivalent species 
containing one alkyl-, alkenyl- or aryl substituent and two hydroxyl groups (Figure 
4.2a).273 The sp2-hybridized boron-atom possess a vacant p-orbital which confers Lewis 
acidity. Consequently, the boron atom readily establishes reversible dative covalent 
bond with Lewis bases, e.g. oxygen- and nitrogen nucleophiles.279 Most boronic acids 
exist as air-stable solids in a mixture of free boronic acid and dehydrated forms, most 
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often the cyclic boroxine (Figure 4.2b). Their chemical stability and ease of handling 
coupled with their unique reactivity make boronic acids highly attractive as reagents 
in organic synthesis. A supplementary trait is their low toxicity and ultimate 
degradation to boric acids (B(OH)3). As such, they can be considered “green” reagents. 
Several boronic acids are commercially available but can otherwise be prepared by 
synthesis. Numerous methods have been developed for the synthesis of boronic acids,273 
including borylation of aryl halides, which gives access to arylboronic acids, and 
hydroboration of alkynes to form alkenylboronic acids.  

 

Figure 4.2. (a) Structure of boronic acids and (b) the dehydrative equilibrium between boronic acids 
and boroxines.  

The Chan-Lam reaction can be hampered with competing side reactions (Scheme 
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protodeboronated product. They are also susceptible to oxidative damage by 
atmospheric oxidation. This process is, fortunately, kinetically slow for aryl- and 
alkenylboronic acids. The presence of stronger oxidants and metals can, however, 
increase the rate of the oxidation process.282, 283 As a consequence of oxidation, and the 
propensity of boronic acids to couple with O-nucleophiles, the oxidative homocoupled 
product is an additional side product. Homocoupling of two boronic acids is another 
common side reaction.280, 284, 285  

 

Scheme 4.3. Common products from side reactions in Chan-Lam coupling reactions. 
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Methods have been developed to mitigate these side reactions. One major method relies 
on “masking” the boronic acids, for example as their ester counterpart, to protect from 
degradation.286 Hence, several boronic acid derivatives have been developed for this 
purpose. Some common boronic acid derivatives used in C(sp2)-N-
coupling  reactions132, 133, 135, 268, 269, 287-290 and other cross-coupling reactions291, 292 are 
shown in Figure 4.3.  

 

Figure 4.3. A selection of common boronic acid derivatives used in cross-coupling reactions. 
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4.2.1 Screening of reaction conditions 

Reaction conditions were selected based on Chan-Lam type N-alkenylations previously 
reported,143, 267-272 which comprise a Cu-salt, oxidant, often an amine-base and a suitable 
solvent. The optimization was initiated using 1-methylhydantoin 1b as a model 
substrate and commercially available (E)-styrylboronic acid 8a as coupling partner. 
Due to potential side product formation (see Scheme 4.3) an excess of boronic acid (3.0 
equivalents) was used. The reaction was carried out in the presence of catalytic 
amounts of Cu(OTf)2 using pyridine as ligand/base and ethanol as a solvent to ensure 
solubility, at slightly elevated temperature (40 oC). Access to air was paramount and 
ensured during all the reactions.  

The reaction proceeded effectively and 98 % of the desired N-3-styrlylated 9a was 
afforded (Table 4.1, entry 1). Reducing the temperature to 25 oC was equally efficient 
as 97 % of 9a was isolated, providing longer reaction times (Table 4.1, entry 2). The 
process was also effective using 2.0 equivalents of the boronic acid (Table 4.1, entry 3), 
so less reagent can be used if a slight reduction in yield is acceptable. A further 
reduction of the reagent equivalents was not favorable as a severe reduction in yield 
was seen (Table 4.1, entries 4-7). The stereochemistry of the alkene was retained in all 
reactions.  

Less expensive Cu-salts were also evaluated. Cu(NO3)2 ∙ 2.5 H2O (Table 4.1, entry 8) 
was equally efficient as Cu(OTf)2, while CuCl2 was less active and only 77 % of 9a was 
obtained. Surprisingly, Cu(I)-catalyst CuCl (Table 4.1, entry 10) was just as effective 
as Cu(NO3)2 ∙ 2.5 H2O, while CuI failed to catalyze the reaction (Table 4.1, entry 11). 

No correlation between effectiveness of the salt and its oxidation state is apparent from 
these results. The differences can rather be attributed to the counter anions. Studies 
suggest that the counter anions play an important role in formation of an active 
dinuclear copper-boron complexes during the catalytic cycle.280, 294, 295 Control reactions 
(Table 4.1, entries 12-15) showed the dependence of the Cu-catalyst and base as the 
rection did not proceed in the absence of either.  
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Table 4.1. Screening of reaction conditions 

 

# [Cu]   
8a  
(equiv.) 

Base/additive 
(equiv.) 

Solvent 
Temp 
(oC) 

Time  
(h) 

Yield 
(%)[a] 

Equivalents of styrylboronic acid 

1 Cu(OTf)2 3.0 Pyridine (1.0) EtOH 40 9 98 

2 Cu(OTf)2 3.0 Pyridine (1.0) EtOH 25 15 97[b] 

3 Cu(OTf)2 2.0 Pyridine (1.0) EtOH 25 24 94 

4 Cu(OTf)2 1.5 Pyridine (1.0) EtOH 40 24 45 

5 Cu(OTf)2 1.0 Pyridine (1.0) EtOH 25 24 41 

6 Cu(OTf)2 1.0 Pyridine (1.0) EtOH 40 24 71 

7 Cu(OTf)2 0.5 Pyridine (1.0) EtOH 40 24 28 

Other Cu-catalysts 

8 Cu(NO3)2
[c] 3.0 Pyridine (1.0) EtOH 25 24 96 

9 CuCl2 3.0 Pyridine (1.0) EtOH 25 24 77 

10 CuCl 3.0 Pyridine (1.0) EtOH 25 24 95 

11 CuI 3.0 Pyridine (1.0) EtOH 25 24 0 

Control reactions 

12 Cu(OTf)2 3.0 - EtOH 40 23 8 

13  3.0 Pyridine (1.0) EtOH 40 24 0 

14  3.0 Pyridine (1.0) EtOH 80 24 0 

15  3.0 - EtOH 80 23 0 

Conditions: 1-Methylhydantoin 1b (0.20 mmol, 1.0 equiv.), boronic acid 8a (as specified), catalyst (0.010 
mmol, 0.050 equiv.), additive/base (as specified) in solvent EtOH (1 mL). [a] 1H NMR yield using Mes 
as IS. [b] Isolated yield. [c] The (hemi)pentahydrate salt was used. 

 

Equimolar amounts of pyridine and hydantoin ensured full conversion and near 
quantitative yield. Reducing the amount of pyridine to 0.2 equivalents (Table 4.2, 
entry 1) reduced the yield of 9a to 47 %. The bulky 2,6-di-tert-butylpyridine (DTBP) 
did only provide 8 % of 9a (Table 4.2, entry 2). These results are pointing towards 
deprotonation by a pyridine-copper complex (as is suggested during the 
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disproportionation step in the catalytic cycle, Scheme 4.10), rather than a direct 
deprotonation of the hydantoin. Other amine bases (Table 4.2, entries 3-5) and 
inorganic bases (Table 4.2, entries 6-10) suppressed the reaction to varying extents.  
 
The strong solvent dependence296 in Chan-Lam type coupling reactions was evident 
during a short screening of solvents. i-PrOH was less effective than EtOH, but 83 % of 
9a was obtained from the reaction (Table 4.2, entry 11). Aprotic solvents such as DMF 
(Table 4.2, entry 12) and toluene (Table 4.2, entry 13) were inefficient in the process, 
attesting to the need of a polar protic solvent.  

Table 4.2. Screening of bases. 

 

# 
8a 

(equiv.) 
Base/additive 
(equiv.) 

Solvent 
Temp 
(oC) 

Time 
(h) 

Yield 
(%)[a] 

1 3.0 Pyridine (0.2) EtOH 25 18 47 

2 3.0 DTBP[b] (1.0) EtOH 25 24 8 

3 3.0 DIPEA (1.0) EtOH 25 16 1 

4 3.0 chxn[c] (1.0) EtOH 25 16 0 

5 3.0 Et3N (1.0) EtOH 25 18 8 

6 3.0 K2CO3 (1.0) EtOH 25 18 25 

7 3.0 K2CO3 (1.0) EtOH 40 18 52 

8 3.0 t-BuOK (1.0) EtOH 25 18 22 

9 3.0 LHMDS (1.0) EtOH 25 18 3 

10 3.0 LHMDS (1.0) THF 25 24 0 

11 3.0 Pyridine (1.0) i-PrOH 25 24 83 

12 3.0 Pyridine (1.0) DMF 25 24 26 

13 3.0 Pyridine (1.0) Toluene 25 24 0 

Conditions: N-Methylhydantoin 1b (0.20 mmol, 1.0 equiv.), boronic acid 8a (0.60 mmol, 3.0 equiv.), 
Cu(OTf)2 (0.010 mmol, 0.050 equiv.), additive/base (as specified) in solvent (as specified, 1 mL). [a] 1H 
NMR yield using Mes as IS. [b] DTBP = 2,6-di-tert-butylpyridine. [c] chxn = trans-1,2-
diaminocyclohexane.  
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While the N-1 position of 1b is substituted and blocked, the same site in 1a is 
unsubstituted and thus a potential site for alkenylation. With the optimized conditions 
at hand for 1-methylated 1b, we were interested to see if unsubstituted hydantoin 1a 
could be regioselectively alkenylation in the N-3 position. 

The first reaction was performed at 40 oC for 18 hours using 3 equivalents of the boronic 
acid (Table 4.3, entry 1). The crude reaction mixture was analyzed using 1H NMR 
spectroscopy and revealed the possible formation of the bis-styrylated 9b’. Only 58 % 
of the desired 9b was isolated from this reaction. The reaction time was then reduced 
in an effort to obtain a more favorable 9b:9b’ ratio (Table 4.3, entry 2), working from 
the assumption that N-3-coupling occurs prior to N-1-coupling. Both products were 
isolated, and the identity of second product was confirmed as the bis-styrylated 9b’. 
Further efforts to suppress formation of 9b’ included reduction of temperature and 
amount of coupling partner (Table 4.3, entries 3-5). The final set of optimized 
conditions (Table 4.3, entry 5) for unsubstituted hydantoin include 2 equivalents of 8a 
and 25 oC, which afforded 9b in 77 %.  

Table 4.3. Optimization of reaction conditions for unsubstituted hydantoin. 

 

# 8a (equiv.) Temp (oC) Time (h) 9b:9b’[a] Yield 9b(%)[b] Yield 9b’(%)[b] 

1 3.0 40 18 2.5 : 1.0 58 - 

2 3.0 40 6.5 2.5 : 1.0 68 30 

3 2.0 40 8 4.4 : 1.0 - - 

4 3.0 25 8 6.5 : 1.0 70 - 

5 2.0 25 19 4.8 : 1.0 77 - 

Conditions: Hydantoin 1a (0.4 mmol, 1.0 equiv.), (E)-styrylboronic acid 8a (as specified), Cu(OTf)2 
(0.020 mmol, 0.050 equiv.), pyridine (0.40 mmol, 1.0 equiv.) and EtOH (2 mL). [a] 1H NMR integral 
ratio of C-5 protons. [b] Isolated yield.  
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4.2.2 Scope and limitations of the developed reaction 

With the optimized conditions for both substituted and unsubstituted hydantoins, the 
scope and limitations of the reaction was investigated. The following subsections will 
include N-alkenylation of various hydantoins and imides using a selection of 
alkenylboronic acids. Most of the structures are included in Paper III, but 9b’, 9i, 9n’, 
and 15m are additional structures included herein. Furthermore, discussion around 
side product formation, mechanism, and unexpected results, none of which were 
included in Paper III are also included.  The pool of coupling partners was also 
expanded to include arylboronic acids and derivatives, which constitute the second part 
of this scope and limitations section. Non-commercial alkenylboronic acids and 
arylboroxines were prepared according to literature procedures.297-299 

4.2.2.1 Substrate scope: Hydantoins and imides 

We first sought to explore the styrylation with a wide range of imides (Scheme 4.4). 
As previously seen, 98 % of 9a, 77 % of unsubstituted 9b and 30 % of the bis-styrylated 
9b’ was afforded during the optimization. Increasing the scale of the reaction (from 
0.4 mmol to 1.5 mmol) had a positive outcome and 88 % of 9b was isolated. L-proline-
derived hydantoin (S)-9c was smoothly styrylated in 97 % yield with retention of the 
C-5 stereocenter. The structural similarities of the hydantoins suggest that our 
conditions could be a good alternative for the Batey-coupling of the hydantoin-
cyanogramide (Scheme 4.2c). The anti-convulsant phenytoin was also pleasingly 
styrylated in excellent yields (9d, 96 %). 

Other five-membered imides, including oxohydantoin, succinimide and phthalimide 9e-
9g, were also obtained in excellent yields (90-100 %). The mildness of the reaction was 
demonstrated with the epoxidated tetrahydrophthalimide. Ring-opening of epoxides in 
the presence of boronic acids have been reported,300, 301 but fortunately, our reaction 
proceeded without ring-opening of the epoxide and 9h was isolated in 91 % yield. 
3-Phenylhydantoin 3a was subjected to the conditions. Only 67 % of 9i was isolated, 
yet again demonstrating the challenge of functionalizing the N-1 site.  



 
98 

 

Scheme 4.4. Hydantoin- and imide scope. Conditions: imide 1 (0.40 mmol, 1.0 equiv.), boronic 
acid 8a (1.2 mmol, 3.0 equiv.), Cu(OTf)2 (0.020 mmol, 0.050 equiv.), pyridine (0.40 mmol, 1.0 equiv.) 
and EtOH (2 mL). [a] 2.0 equiv. boronic acid 8a was used. [b] Reaction performed at 1.5 mmol scale. 
[c] Reaction performed at 40 oC for 6.5 h. [d] Reaction performed at 0.40 and 1.0 mmol scale. [e] Reaction 
performed at 0.2 mmol scale. [f] 4.0 equiv. boronic acid 8a was used. 
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and not O-alkenylated. Expectedly, some N-1-alkenylation was observed in addition to 
the desired N-3-alkenylation, but only for the brominated- and iodinated substrate 9m 
and 9n. 9m’ and 9n’ were additionally isolated. Cu-catalyzed Suzuki-Miyaura cross-
couplings with boronic acids/esters and aryl halides have been reported.302-305 No aryl 
halide couplings were observed under our conditions. Inspired by recent N-arylations 
of ferrocenyl 2,4-thiazolidinedione (2,4-TZD) conjugates,306 9l was alkenylated and 
successfully isolated in 94 %. 

Our protocol was extended to include 6-membered imides. Glutarimide 9o was 
efficiently alkenylated in 90 %. Uracils are privileged structures in drug development.307 
Bis-alkenylation of uracil and the chemotherapeutic agent 5-fluorouracil provided 9p 
and 9q in excellent yields. Mono-alkenylation was not possible under our conditions, 
even when reducing the amount of boronic acid. The nucleoside uridine 9r was isolated 
in modest yields without any O-alkenylation. These results highlight the possibility of 
accessing drugs and nucleosides otherwise cumbersome to access.266, 308   

A range of N-nucleophiles (10a-10h) were not tolerated under our conditions. The 
successful alkenylation of ferrocenyl 2,4-TZD 9l led us to believe 2,4-TZD 10a could 
be alkenylated, but no reaction occurred. We theorize that the absence of a bulky 
ferrocenyl side-arm might have facilitated coordination of the sulfur atom to the Cu-
center, preventing it from its catalytic function. Moreover, no reactions were observed 
with the 6-membered imides 10b, 10c and theobromine 10d. Linear imide 10e also 
failed to react, revealing the methods dependence on cyclic imides. As suggested by 
Wasielewski et al.309 the carbonyl groups in imide 10e can adopt a parallel, coplanar 
confirmation and chelate to the CuII-center.310 The chelation may attenuate the 
catalytic activity of copper and/or the reactivity of the imide. Cu-coordination was 
likely also the reason for saccharin 10f to fail. A blue precipitate was formed during 
the reaction, indicating the possible formation of a stable CuII-saccharin specie.311, 312  

The alkenylation of the amidic position of hydantoin in 9i suggested a possible 
successful alkenylation of cyclic amide 10g. 1H NMR analysis of the post-reaction 
mixture indicated formation of the product, but all isolation attempts failed for 
unknown reasons. Lastly, indole 10h was not a suitable substrate for our conditions.  

In all the successful alkenylations, complete retention of the (E)-alkene double bond 
was observed in all cases, highlighting control of the E/Z-stereoselectivity. Pleasingly, 
no isomerization of the (Z)-double bonds in 5-arylidenehydantoins were observed.  
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4.2.2.2 Substrate scope: Maleimide 

The unsaturated analog of succinimide 1i, maleimide 1w was also subjected to our 
conditions (Scheme 4.5). In accordance with the results in Scheme 4.4, the 
N-alkenylated maleimide 11a was the expected product of the reaction. However, upon 
isolation and identification, 11a was not seen. The product of the reaction was 
identified as the ring-opened and N-alkenylated maleimide ethyl ester 11b. The 
formation of the unexpected product gave rise to a new project which is further 
described in Chapter 5.  

 

Scheme 4.5. N-alkenylation of maleimide 1w and formation of the unexpected ring-opened product 
11b. 

4.2.2.3 Substrate scope: Alkenylboronic acids 

A selection of alkenylboronic acids were investigated with some imides (Scheme 4.6). 
The use of pentenyl- and cyclopentenylboronic acids required higher reaction 
temperatures (80 oC) as they were less reactive than their styryl counterparts.  

Overall, the yields were lower for the pentenyl- and cyclopentenylboronic acids 8b and 
8c than for the styrylboronic acid 8a. By comparing the 1H NMR chemical shifts of 
the alkene protons belonging to pentenyl- and styrylboronic acid, higher shifts are 
found for the styryl protons. An upfield shift change of 0.85 ppm can be seen in the 
pentenylboronic acid, indicating a higher electron density around the pentenyl double 
bond compared to the styryl double bond. Consequently, electrons are more easily 
donated towards the vacant p-orbital of boron, which in turn increases the double bond 
character of the C-B bond. With higher double bond character, more energy is required 
for bond breaking to occur. Alternatively, a higher energy barrier is seen in the Lewis 
pairing step in the catalytic cycle (see Scheme 4.10). We believe these are the reasons 
for the inferior performance and requirement for higher temperatures for the 8b and 
8c compared to 8a. 
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Scheme 4.6. Alkenylboronic acid scope. Conditions: imide 1 (0.40 mmol, 1.0 equiv.), boronic acid 8b-
8f (1.2 mmol, 3.0 equiv.), Cu(OTf)2 (0.020 mmol, 0.050 equiv.), pyridine (0.40 mmol, 1.0 equiv.) and 
EtOH (2 mL). [a] Reaction was performed at 0.18 mmol scale at 25 oC. 

The performance of the coupling varied within the boronic acids and the imide 
substrates. Pentenylboronic acid 8b was transferred in good yields to hydantoin and 
oxohydantoin, affording 12a and 12b in 78 % and 66 %, respectively. Phthalimide 12c 
was isolated in very good yields (88 %), while a significant reduction in yield was seen 
with glutarimide 12d. The cyclopentenylboronic acid 8c was more challenging, likely 
due to its more sterically demanding arrangement around the Cu-center. 12e and 12f 
were obtained in average to good yields, while phthalimide 12g was only isolated in 
25 %. For reasons unknown, transfer of cyclopentenylboronic 8c to glutarimide was 
not detected. Thus, no 12h was isolated. Despite the moderate results, access to 
1,1,2-trisubstituted alkenes can be obtained, previously inaccessible with the Ru-based 
methods mention in Section 4.1.1. 1-Phenylvinylboronic acid 8d and the chlorinated 
boronic acid 8e failed to react. Based on the lasting green color of the reaction solution, 
a stable Cu-complex was likely formed with 8d. The result was, however, not surprising 
with 8d being more sterically demanding than the cyclopententylboronic acid 8c. 
Boronic acid 8e failed to react due to decomposition. In contrast to the previous boronic 
acids, phenanthreneboronic acid 8f was effective and 12k was obtained in 93 % yield.   
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4.2.2.4 Side product formation in the N-alkenylation reactions 

Boronic acids propensity to partake in competitive side reactions was briefly discussed 
in Section 4.1.2 Although not detrimental, side reactions were observed under our 
conditions. As demonstrated during the optimization, 2.0-3.0 equivalents of the boronic 
acid were essential for reaction completion and optimal yields. A reduction to 1.5 
equivalents had a negative impact on both conversion of the starting material and the 
obtained yields (see Table 4.1). These side reactions might contribute to the need for 
> 1.5 equivalents of 8a. 

Scheme 4.7 presents observed side products from various reactions and plausible 
pathways from styrylboronic acid 8a. (1): Styrene 8a-S was observed in the 
commercially obtained 8a (experimental section, Figure 4.13). Likely due to being 
exposed to the atmosphere and stored over time without any precautions. In fresh, 
“homemade” batches of 8a,313, 314 no styrene was visible, but protodeboronation can be 
Cu-induced.135 No styrene was seen in the 1H NMR analysis of the post-reaction 
mixtures, likely due to its reactive nature.  

 

Scheme 4.7. Proposed pathways to observed side products.  

(2): Regardless of the reaction outcome, benzaldehyde 8a-B was always detected in 
the 1H NMR analysis of the post-reaction mixture (experimental section, Figure 4.10). 
Formation of 8a-B might take place directly from the styrene via a radical oxidation 
mechanism, or via the epoxide 8a-E. No epoxide was, however, detected in the 
1H NMR analysis of the post-reaction mixture. (3): A product observed in all the post-
reaction mixtures was identified as the styrylether 8a-SE (experimental section, Figure 
4.12). We expected to observe the ethoxyboronic ester, as esterification of boronic acids 
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in the presence of alcohols is common.273 However, they often require harsher 
conditions.315, 316 Formation of 8a-SE directly from (E)-styrylboronates have been 
reported under very similar conditions (Cu-catalyst, amine base and EtOH at 25 oC).317 

4.2.2.5 Substrate scope: Arylboronic acids 

After the alkenylation study, we proceeded to expand the scope to include arylboronic 
acids. Additionally, we also explored arylboroxines as coupling partners, which can be 
prepared by simple dehydration of the arylboronic acids. The use of boroxines as 
coupling partners is well documented. Studies have compared boroxines and their 
parent boronic acids in cross-coupling reactions and found the boroxines to be of 
superior reactivity.267, 289, 318, 319  

Method 1 relied on the combination of boronic acids and pyridine to furnish the desired 
products, while no pyridine was required when using boroxines (method 2). Our method 
was overall high yielding and tolerable to diverse aryl groups, including heterocycles 
(Scheme 4.8). 1-Methylhydantoin 1b was phenylated using both methods in equal 
yields, while (S)-15b was obtained using phenylboroxine. Electron-rich aryl groups 
were smoothly transferred by boroxines to give hydantoins 15c-15e in very good to 
excellent yields 15e was also arylated using the boronic acid, but a reduction in yield 
from 73 % to 52 % was observed. Ferrocenyl 2,4-TZD was only arylated with boronic 
acid and the electron-rich 15f was successfully isolated in 97 % yield.  

Phenylation of oxohydantoin 15g was significantly impacted by choice of method. The 
boroxine was again the superior arylating agent, and 95 % (against 48 % from the 
boronic acid) of 15g was afforded. The electron-neutral- and rich 15h-15l were isolated 
in very good yields using boroxines as aryl source, while the electron-poor 15m and 
15n were isolated in good yields using the boronic acids. Indole 15o was also 
successfully arylated with the boronic acid without arylation of the indole nitrogen 
atom. Pyridyl- and ortho-substituted aryl groups were not suitable under our 
conditions as no 15p nor 15q were formed.  
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Scheme 4.8. Arylboronic acid scope. Method 1: imide 1 (0.40 mmol, 1.0 equiv.), boronic acid 13a-
13j (1.2 mmol, 3.0 equiv.), Cu(OTf)2 (0.020 mmol, 0.050 equiv.), pyridine (0.40 mmol, 1.0 equiv.). 
Method 2: imide 1 (0.40 mmol, 1.0 equiv.), boroxine 14a-14i’ (0.44 mmol, 1.1 equiv.), Cu(OTf)2 (0.020 
mmol, 0.050 equiv.). [a] No pyridine was used. [b] Reactions were performed on a 0.14 mmol scale. nd: 
reaction was attempted, but the product was not detected. -: reaction not attempted.  

Based on these results, it is hard to draw any conclusion as to which method operates 
best with which substrate. The dynamic behavior of boronic acids must be taken into 
consideration. Depending on the substituents of the aryl groups, the equilibrium 
constant varies. A study320 has shown that EDGs supports boroxine formation while 
EWGs destabilizes the boroxine relative to its parent boronic acid. Additionally, 
pyridine can partake in ligand-facilitated formation of boroxines.321 Without any 
measurements taken during our reactions, it is impossible to imply whether the active 
arylating agent is in fact the free acid or the anhydride. Nevertheless, the protocol 
developed give access to a range of arylated hydantoins, including very electron-rich 
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ones, which was challenging with our previous diaryliodonium salt-based method 
(Chapter 2). Additionally, oxohydantoins could be arylated with both electron-rich- 
and electron-poor arenes in very good to excellent yields. Only one such protocol 
regarding the arylation of oxohydantoins has been previously reported.322 

4.2.3 C(sp2)-N coupling reactions with other boronic acid derivatives 

Other boronic acid derivatives were evaluated as coupling partners (Scheme 4.9). 
Alkylborane reagent (E)-styryl-9-BBN 8g have been utilized as alkenylation agent in 
C-C bond-forming reactions,323-326 but no C-N bond-formation has been reported. 8g 
was prepared299 in a THF-solution and used as such (Scheme 4.9a). 8g was less effective 
than the boronic acid and only 55 % of 9a was isolated.  

 

Scheme 4.9. N-Alkenylation- and arylation of imides with boronic acid derivatives. All reactions were 
performed on a 0.2 mmol scale using 1 mL of EtOH. 
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The MIDA-protected cis-propenyl boronate ester 8h (Scheme 4.9b) have only been 
used as coupling partner in Suzuki-Miyaura C-C cross-couplings.327-329 8h failed to 
furnish the desired product 9s under our conditions. 

We desired to expand the alkenylation scope to include the vinyl group (Scheme 4.9c). 
The instability of vinylboronic acid330, 331 and our previous success using arylboroxines 
as coupling partners encouraged us to utilize trivinylboroxine 8i as vinyl source. Two 
reactions were carried out, but only 4 % of the desired 9t was obtained at best. 
Phthalimide 1j has been successfully vinylated with 8i, but under another set of 
conditions.267 

Aryl pinacol boronic (BPin) esters are frequently used as aryl sources.130, 135, 288, 332, 333 
The performance of 13k under our conditions (Scheme 4.9d) was inferior and only 12 
% of 15a was isolated. Reactivity issues with BPin compounds due to catalyst 
inhibition by pinacol (generated by hydrolysis of the starting material) have been 
reported135 and might be the cause of the inefficiency.  

4.2.4 Reaction mechanism: Proposal of a catalytic cycle 

No extensive investigation for the reaction mechanism was done in this work. 
Regardless, a proposed mechanism based on previous reports and observations during 
the optimization study is given in Scheme 4.10. The mechanism of the arylation 
reactions will not be covered as they are only secondary to the alkenylation reactions.  

A brief study was conducted to investigate the role of pyridine in the reaction. Pyridine 
is known to partake in ligand-facilitated formation of the boroxines.321 Clear indication 
of pyridine-boron coordination of vinylboronic acid (and hence boroxine formation) has 
been reported.331 1H NMR spectroscopic analysis of boronic acid-pyridine mixture 
showed significant downfield chemical shift changes of the pyridine protons upon 
coordination. Our 1H NMR spectra (experimental section, Figure 4.14-4.16) revealed 
only slight upfield changes (Dd 0.1-0.2 ppm) in the mixture of styrylboronic acid 8a 
and pyridine. Broadening of the a-alkene proton of the styrylboronic acid (and 
boroxine) was seen, indicating a dynamic process. Ultimately, the lack of strong 
evidence of pyridine-facilitated boroxine formation is likely favoring the boronic acid 
as the reacting specie. Additionally, no consideration was taken to ensure dry 
conditions in any of our reactions. The presence of water pushes the equilibrium 
towards formation of the boronic acid.  
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Scheme 4.10. Proposed catalytic cycle for the N-alkenylation of imides using boronic acids. X and 
X’ = OTf, OH or OEt, L = unknown ligand as the ligation state of the CuII-oxidant in the 
disproportionation step remains unknown.130 

Studies suggest displacement of the anion, most likely by the solvent, for the formation 
of the active catalyst.135, 280, 334 Whether one or both triflate anions (-OTf) are displaced, 
and whether it is by the solvent or water is in this case not known. However, the choice 
of solvent was paramount in this reaction, as a polar protic solvent was required (see 
Table 4.2). Addition of pyridine to the solution induced a rapid color change from blue 
to dark green. As previous mechanistic studies suggest the active catalyst to possess a 
square planar geometry, we suggest the active CuII-species M. Subsequent replacement 
of one pyridine unit with the nucleophile gives intermediate N.  

Lewis pairing include the coordination of one of the anionic ligands (either OTf or X) 
to the empty p-orbital of the boron atom in the boronic acid/boroxine. O can then 
undergo transmetalation to obtain P. During the disproportionation step, the substrate 
is deprotonated and an acid (HX) is generated. A base, presumably pyridine, is required 
to mitigate re-protonation of the substrate. The CuII ® CuIII oxidation generates 
CuIII-species Q which upon reductive elimination delivers the desired product and 
CuI-species R that is oxidized M for completion of the catalytic cycle.  

CuII
N

NTfO

X

CuII

N

O

O

H

NTfO

X

NH

O

O

B(OH)2

CuII

N

O

O

H

NTfO

X
B

N

OH

HO

CuII

N

O

O

H

NTfO

XB(OH)2

CuIII

N

O

O
NTfO

Disproportionation LCuIIX’2

LCuIX’ + HX

N

O

O

Reductive elimination

+ 1/2 O2Oxidation

Transmetallation

CuIITfO OTf

CuI N

OTf

N

M

N

O

P

Q

R

Lewis pairing

N
HX



 
108 

4.3 Conclusion 

A general and highly efficient Cu-catalyzed strategy for C(sp2)-N bond forming with 
cyclic imides has been developed. The method enables the preparation of (E)-enimides, 
using (E)-alkenylboronic acids, in excellent yields under mild and practical conditions. 
A broad range of cyclic 5- and 6-membered imides are well accepted and di- and 
tri-substituted alkenylboronic acids can be utilized. Retention of alkene double bond 
configurations were seen in all cases. The method also enables the preparation of 
N-arylimides using arylboronic acids as coupling partners. High functional group 
tolerance is displayed as both halogen-, hydroxy-, epoxide- and iron containing 
compounds and a selection of heterocycles are well tolerated. The usefulness of the 
strategy is exemplified by diversification of the nucleoside uridine and pharmaceutically 
relevant agents such as phenytoin and 5-fluorouracil.  

4.4 Experimental 

Experimental details and data for compounds not included in Paper III are described 
herein. Information about reagents, solvents and instrumentation are covered in the 
supporting information to Paper III.  

Synthesis and characterization of N-alkenylhydantoins 

 

Hydantoin (0.40 mmol, 1.0 equiv.), (E)-styrylboronic acid (0.60 mmol, 3.0 equiv.), 
Cu(OTf)2 (7.2 mg, 0.020 mmol, 0.050 equiv.) and ethanol (2 mL) were added to a 5 mL 
round-bottom flask equipped with a magnetic stir bar. Pyridine (32 µL, 0.40 mmol, 1.0 
equiv.) was added via a syringe, a cooler was connected to the flask and the mixture 
was stirred with access to air at the indicated temperature (25-40 oC) and time 
(6.5 - 22.5 h) The crude mixture was either purified by filtration followed by washing, 
column chromatography (using silica gel and eluent system as specified) or both as 
specified. The desired product was dried under high vacuum. 
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(E,E)-1,3-distyrylhydantoin (9b’)  

Following the general procedure at 40 oC for 6.5 h, 9b’ 
was obtained after filtration and washing with ethanol 
(3 x 1 mL) of the crude reaction mixture and column 
chromatography (chloroform:hexane [2:1]) as a colorless 

solid (36.2 mg, 30 %).  

1H NMR (600 MHz, CDCl3): d 7.62 (d, J = 15.1 Hz, 1H), 7.57 (d, J = 14.7 Hz, 1H), 
7.46 – 7.42 (m, 2H), 7.38 – 7.31 (m, 6H), 7.29 – 7.26 (m, 1H), 7.25 – 7.21 (m, 1H), 7.16 
(d, J = 15.1 Hz, 1H), 5.87 (d, J = 14.7 Hz, 1H), 4.16 (s, 2H). 

13C NMR (151 MHz, CDCl3): d 166.3, 152.1, 135.3, 135.2, 128.8, 128.7, 127.9, 127.1, 
126.3, 125.6, 121.4, 121.0, 117.4, 112.0, 47.1. 

HRMS (ESI) m/z [M + Na]+: Calcd. for C19H16N2NaO2
+: 327.1104, found: 327.1103. 

3-Phenyl-(E)-1-styrylhydantoin (9i)  

Following the general procedure at 0.2 mmol scale at 25 oC for 
22.5 h, 9i was obtained after filtration of the crude reaction 
mixture and washing with ethanol (3 x 0.5 mL) as a colorless 
solid (37.2 mg, 67 %). 

1H NMR (600 MHz, CDCl3): d 7.62 (d, J = 14.8 Hz, 1H), 7.52 – 7.48 (m, 2H), 7.46 – 
7.40 (m, 3H), 7.39 – 7.36 (m, 2H), 7.35 – 7.31 (m, 2H), 7.25 – 7.21 (m, 1H), 5.91 (d, 
J = 14.8 Hz, 1H), 4.29 (s, 2H). 

13C NMR (151 MHz, CDCl3): d 167.4, 153.0, 135.4, 131.1, 129.2, 128.8, 128.6, 127.0, 
126.0, 125.7, 121.7, 111.6, 47.7. 

HRMS (ESI) m/z [M + Na]+: Calcd. for C17H14N2NaO2
+: 301.0947, found: 301.0947. 
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(Z)-(5-(2-iodobenzylidene))-(E,E)-1,3-distyrylhydantoin (9n’) 

Following the general procedure at 25o C for 20 h, 9n’ was 
obtained after filtration and washing with ethanol 
(3 x 0.5 mL) of the crude reaction mixture and column 
chromatography (chloroform:hexane:acetone [7:2:1]) as a 
yellow solid (41.0 mg, 20 %).  

1H NMR (600 MHz, CDCl3): d 7.93 (dd, J = 8.0, 1.2 Hz, 1H), 7.70 (d, J = 15.1 Hz, 
1H), 7.50 – 7.46 (m, 2H), 7.37 (t, J = 7.7 Hz, 2H), 7.31 – 7.24 (m, 3H), 7.23 – 7.17 (m, 
4H), 7.06 (s, 1H), 7.02 (td, J = 7.7, 1.7 Hz, 1H), 6.90 (dd, J = 7.8, 1.7 Hz, 2H), 6.57 
(d, J = 14.7 Hz, 1H), 6.47 (d, J = 14.7 Hz, 1H). 

13C NMR (151 MHz, CDCl3): d 160.5, 151.4, 139.1, 136.6, 135.4, 134.7, 131.0, 130.2, 
128.8, 128.5, 127.9, 127.8, 127.7, 126.6, 126.4, 125.9, 123.8, 121.5, 119.6, 117.6, 117.2, 
99.9. 

HRMS (ESI) m/z [M + Na]+: Calcd. for C26H19IN2NaO2
+: 541.0383, found: 541.0383. 

5,5-dimethyl-3-(4-nitrophenyl) oxazolidine-2,4-dione (15m)335  

 

Oxohydantoin (20.7 mg, 0.160 mmol, 1.00 equiv.), 4-nitrophenylboronic acid (77.2 mg, 
0.462 mmol, 2.90 equiv.), Cu(OTf)2 (2.9 mg, 0.0080 mmol, 0.050 equiv.) and EtOH 
(1 mL) were added to a 5 mL round-bottom flask equipped with a magnetic stir bar. 
Pyridine (12 µL, 0.16 mmol, 1.0 equiv.) was added via a syringe, a cooler was connected 
to the flask and the mixture was stirred with access to air at 40 oC for 24 h. Purification 
by flash column chromatography (chloroform:hexane:acetone [8:1:1]) gave a mixture of 
15m and 4-nitrophenol. The mixture was dissolved in DCM and extracted using 
aqueous NaHCO3 (sat.) until the aqueous layer stopped taking on a yellow color. The 
organic layer was dried under reduced pressure to give 15m as a pale yellow solid (25.0 
mg, 64 %).  

1H NMR (600 MHz, CDCl3): d 8.38 – 8.34 (m, 2H), 7.82 – 7.78 (m, 2H), 1.72 (s, 6H). 

13C NMR (151 MHz, CDCl3): d 174.1, 152.1, 146.9, 136.6, 125.4, 124.5, 83.7, 23.8. 

HRMS (ESI) m/z [M + Na]+: Calcd. for C11H10N2NaO5
+: 273.0482, found: 273.0482. 
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Figure 4.4. 1H NMR (600 MHz, CDCl3) spectrum of 9b’.  

 
Figure 4.5. 13C NMR (151 MHz, CDCl3) spectrum of 9b’. 
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Figure 4.6. 1H NMR (600 MHz, CDCl3) spectrum of 9i. 
 

 
Figure 4.7. 13C NMR (151 MHz, CDCl3) spectrum of 9i. 
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Figure 4.8. 1H NMR (600 MHz, CDCl3) spectrum of 9n’. 

 

 
Figure 4.9. 13C NMR (151 MHz, CDCl3) spectrum of 9n’. 
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1H NMR spectra of observed side products and mechanistic investigation 
into boroxine formation 

 
Figure 4.10. 1H NMR (600 MHz, CDCl3) spectrum. The marked peaks were identified as benzaldehyde 
8a-B (see spectrum in Figure 4.11) and were present in all reactions.  

 
Figure 4.11. 1H NMR (600 MHz, CDCl3) spectrum. Comparison of spectrum in Figure 4.10 (top) and 
pure benzaldehyde (bottom).  

O

1H NMR spectrum from Figure 4.10 

Reference spectrum of benzaldehyde 
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Figure 4.12. 1H NMR (600 MHz, CDCl3) spectrum of (E)-(2-ethoxyvinyl)benzene 8a-SE present in a 
crude reaction mixture. The remaining unmarked protons are located in the overlapping, aromatic 
region.  

 

 
Figure 4.13. 1H NMR (600 MHz, CDCl3) spectra of (E)-styrylboronic acid 8a. Commercially obtained 
8a (bottom) with traces of styrene (HS). Synthesized 8a (top and middle) without styrene. The presence 
of the boroxine 8a’ (HBO) can be seen in all spectra, but in various ratios to the boronic acid (HBA).  
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Figure 4.14. 1H NMR (600 MHz, CD3OD) spectrum. Bottom: boronic acid 8a, middle: pyridine, top: 
1:1 mixture of 8a and pyridine. 
 

 

Figure 4.15. 1H NMR (600 MHz, CD3OD) spectrum. Bottom: boronic acid 8a, middle: pyridine, top: 
1:1 mixture of 8a and pyridine. The upfield chemical shift change of pyridine in the mixture is indicated 
with black dots. 
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(0.2 M, CD3OD) 

Pyridine  
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(E)-styrylboronic acid 8a + pyridine (1:1) 
(0.2 M, CD3OD) 
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Figure 4.16. 1H NMR (600 MHz, CD3OD) spectrum Bottom: boronic acid 8a, middle: pyridine, top: 
1:1 mixture of 8a and pyridine. The broadening of the boronic acid/boroxine peaks (framed) in the 
mixture indicate a dynamic process, likely due to interaction between pyridine and the empty boron 
p-orbital.  
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Chapter 5: Simple access to N-substituted 
maleamates via one-pot C(sp2)-N cross-
coupling and ring-opening of maleimides  

5.1 Introduction 

During the reaction between maleimide 1w and (E)-styrylboronic acid 8a (Chapter 4, 
Scheme 4.5), we discovered the formation of the unexpected N-alkenylated and ring-
opened maleamate 11b. This chapter covers further exploration of 11b, including a 
short (attempted) optimization of reaction conditions and the reactivity of 11b in 
various transformations. A brief introduction to maleimides, maleamic acids and esters 
(maleamates) is given prior to further investigation of compound 11b. The results 
presented in this section does not represent a full study as future work is needed.  

5.2 Formation of maleamic acids and esters from maleimides 

Maleimides are frequently used as building blocks in organic synthesis due to their 
dense functionality. Besides substitutions at the nitrogen atom,309, 336 they partake in 
C-C cross coupling reactions.337, 338 Furthermore, they are susceptible to reactions across 
the double bond including cycloaddition reactions339-343 and conjugate additions.344-346 
The latter is commonly used in bio-conjugation reactions to modify cysteine residues, 
proteins and peptides.347, 348  

Compared to its saturated counterpart (succinimide), maleimide and N-substituted 
maleimides are more inclined to undergo hydrolytic cleavage under basic conditions 
(Scheme 5.1).349, 350 Ring-opening produces the linear (Z)-alkene maleamic acid. The 
(E)-analog, fumaramic acid, is not observed as a direct hydrolysis product.  

  

Scheme 5.1. Hydrolytic cleavage of maleimide under basic conditions to produce maleamic acid (also 
referred to maleic amide). 
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The ring-opening mechanism349-351 (Scheme 5.2) involves a nucleophilic attack from 
H2O/OH- on the maleimide carbonyl groups followed by a cleavage of the carbonyl-
nitrogen bond, then a protonation process to furnish the maleamic acid. Besides 
concentration-, pH- and temperature-dependence, the rate of the hydrolysis is affected 
by the substituents of the maleimide. Introduction of electron withdrawing groups on 
either C=C352, 353 or the nitrogen350, 354 accelerates the rate of hydrolysis, due to higher 
electrophilicity of the carbonyl groups.  

 

Scheme 5.2. Mechanism of maleimide hydrolysis. Top: nucleophilic attack by hydroxide. Bottom: 
nucleophilic attack by water.  

5.2.1 Strategies to access N-substituted maleamic acids and esters  

Since 11b is the N-substituted maleamic ester produced directly from maleimide, we 
were naturally interested to see how these structures are accessed in the literature. 
Also, whether our method can provide a complimentary entry point to such structures.  

Maleamic acids and their ester derivatives have found application in biologically active 
compounds,355-357 in drug delivery systems,358-360 and as ligands in metal-complexes.361-363 
As their ring-closed analog, the maleamic acids and their derivatives can undergo 
numerous transformations. A few of them include MCRs to prepare more complex 
molecules,364, 365 isomerization to form the fumaramic analog,366 esterification,367 
hydrolysis368 and peptide-coupling reactions.369 N-substituted maleamic acids are 
usually prepared from maleic anhydride and aryl- or alkylamines (Scheme 5.3a).343, 356, 

370-375 Access to the ester is usually granted through esterification with the appropriate 
alcohol, which requires the presence of thionyl chloride. Only two examples have been 
reported obtaining the ester directly from the maleimide (Scheme 5.3b), where the 
presence of either a metal-catalyst376 or an enzyme377 was required. The methods are 
also limited to aryl and alkyl substituents. As far as we are concerned, no one-pot 
sequence involving N-functionalization and subsequent ring-opening/hydrolysis and 
esterification of maleimide (Scheme 5.3c) has been reported.  
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Scheme 5.3. Strategies to access N-functionalized maleamic acids and esters.  

5.3 Exploration of the formation and reactivity of (E)-N-styryl 
ethyl maleamate 

Further exploration of 11b was motivated by several factors: (1) the lack of a method 
were N-functionalized maleamates are obtained directly from maleimides, (2) the 
scarcity of N-alkenylated maleamates reported378-381 and (3) the potential use of 11b as 
a building block in further synthetic manipulations. We believe the several functional 
sites of 11b allows for access to new, complex molecules hard to obtain by other 
methods. As the reaction in question was serendipitously discovered, optimization of 
the reaction conditions performed before further exploration. As none of this work is 
published at the time of writing this dissertation, all experimental details are covered 
in the experimental section.  

5.3.1 Optimization of reaction conditions for the one-pot C-(sp2)-N 
coupling and ring-opening reaction 

The conditions shortly investigated herein are based directly on the results obtained in 
the formation of 11b from the previous chapter. Upon exploration of the reaction, the 
presence of the ring-closed product 11a in addition to the ring-opened product 11b, 
was discovered (Table 5.1). 11a was likely not discovered in the initial reaction 
(Table 5.1, entry 1) due to the small amounts produced. Based on the results described 
in Chapter 4, 11a is likely the initial product formed. In the scope of N-alkenylation, 
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only cyclic imides were allowed under our conditions, while linear substrates were not 
reactive. After formation of 11a, the presence of copper376, 382 and a base may instigate 
the hydrolysis and esterification to form 11b. Alternatively, the ester is formed directly 
by attack from EtOH. Scaling down the reaction from 0.40 mmol to 0.20 mmol using 
the same conditions (Table 5.1, entry 2) affected the reaction negatively as only 64 % 
of 11b was formed. Unconverted starting material prompted further attempts of 
optimization including varying the equivalents of boronic acid 8a, catalyst loading, 
base, time and temperature (Table 5.1, entries 3-7), none of which improved the 
outcome of 11b. As such, the original conditions from entry 1 (Table 5.1) were used 
further.  

Table 5.1. Screening of reaction conditions.  

 

# 
8a 
(equiv.) 

Cu(OTf)2 

(mol %) 
Base 
(1.0 equiv) 

Temp 
(oC) 

Time 
(h) 

Yield 
11b (%)[a] 

Yield 
11a (%)[a] 

1[b] 2.0 5 Pyridine  25 24 78[c] nd 

2 2.0 5 Pyridine  25 24 64 7 

3 2.0 5 Pyridine  40 48 40 5 

4 2.0 5 Pyridine  60 4.5 39 8 

5 2.0 10 Pyridine  60 19 28 nd* 

6 2.0 5 Pyridine  60 48 34 nd* 

7 3.0 5 DMAP 25 24 0 0 

Conditions: Maleimide 1w (0.2 mmol, 1.0 equiv.), I-styrylboronic acid 8a (as specified), Cu(OTf)2 (as 
specified), base (0.20 mmol, 1.0 equiv.) and EtOH (1 mL). [a] 1H NMR yield using Mes as IS. [b] Reaction 
performed on a 0.40 mmol scale [c] Isolated yield. * Not detected due to overlapping peaks in the 1H 
NMR spectrum. 

As larger quantities of 11b were needed for further reactions, we looked into scaling 
up the process (Scheme 5.4). Upon purification by column chromatography on SiO2, 
11b was seen as a yellow band. An additional orange, less polar band was also 
discovered. The band containing this product was identified as the N-styrylmaleimide 
11a, which is likely in equilibrium with 11b. Unfortunately, the tailing of 11a could 
not be avoided in any of the eluents used, and further purification by trituration was 
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necessary. Ultimately, the yield was affected in the upscaling process due to the need 
of a second purification. Nevertheless, 62-70 % yield of 11b was obtained depending 
on the reaction scale. 

 

Scheme 5.4. Scale up of the reaction to 1.0 and 2.0 mmol scale.  

5.3.2 Can we produce other esters by changing the solvent? 

As previously mentioned, the exact details on the ethyl ester formation (11b) are 
unclear and likely involves either a direct ethanolysis or hydrolysis and subsequent 
esterification of the acid. Regardless, ethanol is paramount for product formation. 
Based on this, we theorized that other alcohol-based solvents would furnish the 
corresponding ester. Ethanol was replaced by methanol (MeOH) in an attempt to 
prepare the methyl ester 11c (Scheme 5.5a) and isopropanol (i-PrOH) to prepare the 
isopropyl ester 11d (Scheme 5.5b). 

Yields were measured in the post-reaction mixture using 1H NMR spectroscopic 
analysis, which revealed 46 % of the ring-opened methyl ester 11c and only 5 % of 
11a. The starting material (maleimide 11w) was not fully converted. However, upon 
isolation, only trace amounts of 11c were obtained while 70 % of 11a was isolated. We 
believe the dynamic equilibrium between 1w, 11a and 11c shifted upon a lengthy 
isolation process. The increase from the total 51 % to 70 % yield points to further 
reaction after the 24 hours reaction time. At the time the reaction was performed, the 
possibility for further reaction was not taken into consideration and the methanol was 
not immediately removed from the post-reaction mixture. 
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Scheme 5.5. Preparation of the (a) methyl and (b) isopropyl ester of 11b by replacing EtOH with 
MeOH and i-PrOH. 

The results clearly demonstrate low tolerance towards a solvent change, likely for two 
reasons: (1) the N-alkenylation process is highly influenced by the choice of solvent as 
earlier discussed and demonstrated in Chapter 4 (Table 4.2). Ethanol was the superior 
solvent, isopropanol yielded the N-alkenylated product in lower yields and methanol 
was not tested. (2) The ring-opening step is influenced by the nucleophilicity of the 
solvent (MeOH > EtOH > i-PrOH) as this step involves a nucleophilic addition. Thus, 
low yields obtained using methanol is likely due to its ineffectiveness in the C-N 
coupling reaction as around 50 % of the starting material remained unconverted. 

5.3.3 Changing the maleimide or the coupling partner: how will it affect 
the reaction? 

Next, we redirected the focus to substituted maleimides and phenylboronic acid 
(Scheme 5.6) to evaluate if they were suitable substrates for the reaction. 
2,3-bis(phenylethynyl)maleimide (PEM) 1x was prepared from the dibromomaleimide 
precursor via a Sonogashira cross-coupling reaction according to literature.383 In the 
reaction with the boronic acid, 11e was isolated in 57 % yield. Ring-opened 11f was 
not detected in the reaction. We attribute the observed results to the lesser 
electrophilicity of 1x. Based on 13C NMR chemical shifts of the unsubstituted 
maleimide 1w and PEM 1x, the maleimide carbons in 1x have lower chemical shifts 
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(170.4 and 135.1 ppm vs. 166.3 and 128.5 ppm), and hence less electrophilic and less 
susceptible for nucleophilic attack of the carbonyls. Replacing styrylboronic acid with 
arylboronic under our conditions was proven successful in Chapter 4. 8a was replaced 
with phenylboronic acid 13a (Scheme 5.6b), and the arylated 11g was isolated in 65 % 
yield.  

 

Scheme 5.6. N-functionalization and ring-opening of (a) substituted maleimide and (b) using 
arylboronic acid as coupling partner.  

5.3.4 (E)-N-styryl ethyl maleamate (11b) as synthon in synthetic 
transformations 

Next, we wanted to explore the reactivity of 11b. Containing multiple reactive sites, 
11b carries the potential as a useful building block in synthetic transformations. This 
section covers the exploratory studies using 11b as a synthon in a range of reactions. 
The purpose of the chosen transformations was to gain access to new compounds with 
similar structural features to the ones found in bioactive molecules.368, 384-387 

We started with some well-established reactions in which substrates similar to 11b 
have been subjected (Scheme 5.7). The selective Z ® E  isomerization366 reaction 
(Scheme 5.7a) was successful, providing the fumaramate 11h in 70 % yield. 
Hydrolysis368 (Scheme 5.7b) proceeded smoothly without cyclization, and the carboxylic 
acid 11i was obtained in 97 % yield. Formation of the hydroxamic acid368 (Scheme 
5.7c) 11j was less efficient, but 11j was obtained in 63 % yield.  
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Scheme 5.7. Exploration of the reactivity of 11b: (a) Z ® E isomerization, (b) hydrolysis and (c) 
formation of hydroxamic acid.  

In line with our previous work, N-arylation of the linear amide was naturally attempted 
(Scheme 5.8a). A reported metal-free protocol388 was used where symmetrical 
diaryliodonium salts were utilized. 11b was clearly not a good substrate for the reaction 
as the desired 11k was not detected. Not surprisingly, the ring-opened 11a was present. 
Additionally, the ethoxy-conjugated 11l was detected in the isolatedh mixture with 
11a. Maleimides have been used as Michael/conjugate acceptors. The presence of NaH 
is likely responsible for both the ring-closing and the conjugate addition of the ethoxy 
group to the maleimide double bond.  

Containing an enamide moiety (Scheme 5.8b, marked in red), 11b was subjected to 
phenyliodineIII-diacetate (PIDA)-mediated intramolecular cyclization to form 
oxazoles.389 No double bond (Scheme 5.8b, marked in blue) isomerization was 
anticipated, and only the oxazole 11m was expected. However, prior to isolation, two 
fluorescent spots were seen during TLC analysis. The two products were isolated and 
confirmed as the (Z)- and (E)-substituted oxazoles 11m and 11n. Only 24 % and 22 % 
of 11m and 11n, respectively, were obtained as the separation of the isomers was 
challenging. Upon addition of the oxidizing agent, PIDA, to the enamide, acetic acid 
is generated.389 Acidic catalyzed isomerization of maleic acid to fumaric acid at higher 

 
h Bachelor student Robin Mikael Hallin performed both the synthesis and isolation of the mixture. 

N
H

OEtO O

11h 70 %11b

Piperidine (16 mol %)

(a) Z      E isomerization

(b) Hydrolysis

MeCN, MW, 120 oC, 15 min
O

EtO
O

N
H

N
H

OEtO O

11b

NaOH (1M, 1.0 equiv.)

THF, 25 oC, 18 h N
H

OHO O

11i 97 %

(c) Hydroxamic acid formation

N
H

OEtO O

11b

NH2OH  HCl (1.0 equiv.) 
NaOH (8.0 equiv.)

MeOH, 0 oC, 2 h N
H

OHOHN O

11j 63 %

Off-white solid
High solubility in CDCl3

Bright yellow solid
Low solubility in CDCl3



 
127 

temperatures is well known390 and likely the cause for the partial isomerization seen 
here.  

 

Scheme 5.8. Exploration of the reactivity of 11b: (a) N-arylation and (b) oxazole formation. 

5.4 Conclusion 

A one-pot protocol to access new N-substituted maleamates directly from maleimides 
have been developed. The method relies on a Cu-catalyzed strategy for the direct 
C(sp2)-N bond formation of maleimide and a subsequent ring-opening of the 
N-substituted maleimide. The details of the ring-opening process were not explored in 
detail but likely involves a direct solvolysis or a two-step hydrolysis and esterification.  

The method utilizes (E)-styrylboronic acid as coupling partner and gives access to new 
N-alkenylated maleamates. Arylboronic acids were also allowed under the conditions. 
The maleamates obtained can be further utilized as synthons in synthetic 
transformations including hydrolysis, isomerization and oxazole-formation. The results 
obtained are only preliminary and requires further investigation. Suggestions for further 
investigations are included in the “future prospects” chapter. 
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5.5 Experimental 

General considerations 

All reactions were performed with open access to air unless otherwise stated. 
Commercially available reagents and solvents were purchased from Sigma-Aldrich, 
TCI, and Alfa Aesar were used without further purification unless stated otherwise. 
Hexanes were distilled prior to use. Thin layer chromatography was performed on 
60 F254 silica coated aluminum plates from Merck and visualized using UV-light. Flash 
chromatography was performed on silica gel from Merck (Silicagel 60, 40-63 µm) using 
fritted glass columns. 

1H and 13C NMR spectra were recorded using Bruker AVIIIHD400, AVI600 and 
AVII600 spectrometers. Spectra were calibrated using the residual solvent peaks for 
CDCl3 (1H: 7.26 ppm; 13C: 77.00 ppm) and DMSO-d6 (1H: 2.50 ppm; 13C: 39.52 ppm). 

Microwave experiments were carried out in sealed vessels in a synthesis reactor 
(Monowave 300, Anton Paar GmbH) equipped with an internal IR probe calibrated 
with a Ruby thermometer. 

High-resolution mass spectra (HRMS) were obtained by electron spray ionization (ESI) 
on Bruker Daltonik GmbH MAXIS II ETD spectrometer. 
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Synthesis and characterization of starting materials 

2,3-bis(phenylethynyl)maleimide (1x)383 

 

1x was prepared according to a literature procedure383 with slight modifications.  

2,3-Dibromomaleimide (381 mg, 1.50 mmol, 1.00 equiv.) and dry THF (10 mL) were 
added to a 50 mL Schlenk-flask equipped with a stir bar. The flask was evacuated and 
refilled with argon, then phenylacetylene (412 µL, 3.75 mmol, 2.50 equiv.), CuI (28.7 
mg, 0.150 mmol, 0.100 equiv.), PdCl2(PPh3)2 (52.5 mg, 0.0750 mmol, 0.0500 equiv.) 
and DIPEA (653 µL, 3.75 mmol, 2.50 equiv.) were successively added to the solution 
under a stream of argon. The mixture was stirred at room temperature for 23 h, upon 
which several color changes occurred. The final red-orange solution was treated with 
H2O (20 mL) and EtOAc (20 mL) to induce phase separation. The organic layer was 
isolated and washed with saturated solution of NH4Cl (20 mL). The aqueous phases 
were combined and extracted with EtOAc (50 mL). The combined organic layers were 
dried over anhydrous MgSO4, filtered and concentrated under reduced pressure. The 
crude product was isolated by column chromatography (SiO2, hexane:EtOAc [4:1]). All 
fractions containing 1x were collected and recrystallized by hot recrystallization from 
CHCl3 to give pure 1x as yellow-orange needles (170 mg, 38 %).  

1H NMR (600 MHz, CDCl3): d 7.66 – 7.63 (m, 4H), 7.50 (br s, 1H), 7.48 – 7.44 (m, 2H), 
7.44 – 7.40 (m, 4H). 

13C NMR (151 MHz, CDCl3): d 166.4, 132.5, 130.5, 128.6, 128.5, 121.4, 110.2, 80.2. 

HRMS (ESI) m/z [M + Na]+: Calcd. for C20H11NNaO2
+: 320.0682, found: 320.0681. 
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Synthesis and characterization of (E)-N-styrylmaleamates, 
(E)-N-styrylmaleimides and N-arylmaleamates 

General procedure  

 

Maleimide (0.40 mmol, 1.0 equiv.), boronic acid (0.80 mmol, 2.0 equiv.), Cu(OTf)2 (7.2 
mg, 0.020 mmol, 0.050 equiv.) and ethanol (2 mL) were added to a 5 mL round-bottom 
flask equipped with a magnetic stir bar. Pyridine (32 µL, 0.40 mmol, 1.0 equiv.) was 
added via a syringe, a cooler was connected to the flask and the mixture was stirred 
with access to air at 25 oC for 24 hours. The crude mixture was purified by column 
chromatography using silica gel and eluent system as specified. The desired product 
was dried under high vacuum.  

Scale-up and purification of 11b  

1.0 mmol scale: Maleimide (97.1 mg, 1.00 mmol, 1.00 equiv.), (E)-styrylboronic acid 
(438 mg, 3.00 mmol, 3.00 equiv.), Cu(OTf)2 (18.1 mg, 0.0500 mmol, 0.0500 equiv.) and 
ethanol (5 mL) were added to a 25 mL round-bottom flask equipped with a magnetic 
stir bar. Pyridine (81 µL, 1.0 mmol, 1.0 equiv.) was added via a syringe, a cooler was 
connected to the flask and the mixture was stirred at 25 oC for 24-30 hours. The crude 
product was purified by column chromatography (chloroform:hexane:acetone [6:4:1]). 
All the fractions containing the desired product was collected, solvents were removed 
under reduced pressure and then re-dissolved in a small amount of chloroform (~5 mL). 
Hexane (~15 mL) was added and the precipitate was isolated by filtration and washed 
with hexane (3 x ~5 mL). The precipitation process was repeated, and the desired 
product 11b was obtained as an off-white solid (172 mg, 70 %) 

2.0 mmol scale: Procedure and purification is the same as in the 1.0 mmol reaction. 
Maleimide (194 mg, 2.00 mmol, 1.00 equiv.), (E)-styrylboronic acid (747 mg, 5.05 mmol, 
2.52 equiv.), Cu(OTf)2 (36.1 mg, 0.100 mmol, 0.0500 equiv.), ethanol (10 mL) and 
pyridine (161 µL, 2.00 mmol, 1.00 equiv.) was used. The desired product 11b was 
obtained as an off-white solid (306 mg, 62 %).  
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Figure 5.1. Purification of 11b. Column chromatography (left) displays 11b as a yellow band and 11a 
as an orange band. Despite the seemingly good separation, 11a is tailing into the fractions of 11b. 
Trituration of the product mixture induces precipitation of 11b and leaves 11a in solution. 

(E)-N-styrylmaleimide (11a) 

Following the general procedure and replacing EtOH with MeOH, 
11a was obtained as the major product in the attempted formation 
of 11c after column chromatography (chloroform:hexane:acetone 
[6:3:1]) as a bright, orange solid (55.7 mg, 70 %). 

1H NMR (600 MHz, CDCl3): d 7.43 – 7.39 (m, 3H), 7.33 (t, J = 7.7 Hz, 2H), 7.27 – 7.23 
(m, 2H), 7.13 (d, J = 15.2 Hz, 1H), 6.78 (s, 2H) 

13C NMR (151 MHz, CDCl3): d 168.5, 135.7, 134.5, 128.7, 127.5, 126.0, 119.2, 116.8. 

HRMS (APPI, MeCN)i m/z [M]+: Calcd. for C12H9NO2
+: 199.0628, found: 199.0626. 

 

 

 
i It was necessary to use MeCN as solvent rather than MeOH to prevent hydrolysis.  
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(E)-N-styryl ethyl maleamate (11b) 

Following the general procedure, 11b was obtained after 
column chromatography (chloroform:hexane:acetone [6:3:1]) as 
an off-white solid (76.5 mg, 78 %). 

1H NMR (600 MHz, CDCl3): d 11.08 (d, J = 9.5 Hz, 1H), 7.57 (dd, J = 14.7, 10.4 Hz, 
1H), 7.38 – 7.34 (m, 2H), 7.32 – 7.27 (m, 2H), 7.22 – 7.16 (m, 1H), 6.40 (d, J = 13.4 Hz, 
1H), 6.31 (d, J = 14.7 Hz, 1H), 6.23 (d, J = 13.4 Hz, 1H),  4.31 (q, J = 7.2 Hz, 2H), 
1.36 (t, J = 7.1 Hz, 3H). 

13C NMR (151 MHz, CDCl3): d 166.6, 160.8, 138.0, 136.0, 128.5, 126.7, 126.3, 125.6, 
122.4, 114.9, 62.0, 13.9. 

HRMS (ESI) m/z [M + Na]+: Calcd. for C14H15NNaO3
+: 268.0944, found: 268.0943. 

(E)-N-styryl methyl maleamate (11c) 

Following the general procedure and replacing EtOH with 
MeOH, 11c was obtained after column chromatography 
(hexane:EtOAc [1:1]) as a yellow-orange oil (27.4 mg, 30 %).  

1H NMR (600 MHz, CDCl3): d 10.95 (d, J = 10.4 Hz, 1H), 7.57 (dd, J = 14.7, 10.4 Hz, 
1H), 7.37 – 7.34 (m, 2H), 7.31 – 7.27 (m, 2H), 7.20 – 7.17 (m, 1H), 6.40 (d, J = 13.3 Hz, 
1H), 6.31 (d, J = 14.7 Hz, 1H), 6.24 (d, J = 13.3 Hz, 1H), 3.86 (s, 3H). 

13C NMR (151 MHz, CDCl3): d 167.2, 160.6, 139.0, 136.1, 128.6, 126.8, 125.7, 125.6, 
122.4, 115.1, 52.9. 

HRMS (ESI) m/z [M + Na]+: Calcd. for C13H13NNaO3
+: 254.0788, found: 254.0787. 
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(E)-N-styryl isopropyl maleamate (11d) 

Following the general procedure on a 0.2 mmol scale and 
replacing EtOH with i-PrOH, 11d was obtained after column 
chromatography (hexane:EtOAc [2:1]) as a pale yellow oil that 

solidified upon drying under high vacuum (11.8 mg, 11 %). 

1H NMR (600 MHz, CDCl3): d 11.15 (d, J = 10.2 Hz, 1H), 7.57 (dd, J = 14.7, 10.4 Hz, 
1H), 7.38 – 7.35 (m, 2H), 7.29 (t, J = 7.8 Hz, 2H), 7.20 – 7.17 (m, 1H), 6.38 (d, 
J = 13.4 Hz, 1H), 6.31 (d, J = 14.7 Hz, 1H), 6.19 (d, J = 13.4 Hz, 1H), 5.15 (hept, 
J = 6.3 Hz, 1H), 1.34 (d, J = 6.3 Hz, 6H). 

13C NMR (151 MHz, CDCl3): d 166.3, 160.8, 138.8, 136.2, 128.6, 126.8, 126.5, 125.7, 
122.5, 115.0, 70.1, 21.6. 

HRMS (ESI) m/z [M + Na]+: Calcd. for C15H17NNaO3
+: 282.1101, found: 282.1099. 

(E)-N-styryl-bis(phenylethynyl)maleimide (11f) 

Following the general procedure on a 0.2 mmol scale, 11f 
was obtained after column chromatography 
(hexane:EtOAC [4:1]) and a short silica plug (toluene) as 
a dark red solid (44.9 mg, 57 %) 

 

1H NMR (600 MHz, CDCl3): d 7.69 – 7.65 (m, 4H), 7.52 (d, J = 15.1 Hz, 1H), 
7.49 – 7.41 (m, 8H), 7.35 (t, J = 7.7 Hz, 2H), 7.29 – 7.25 (m, 1H), 7.19 (d, J = 15.1 
Hz, 1H). 

13C NMR (151 MHz, CDCl3): d 165.0, 135.6, 132.6, 130.6, 128.7, 128.7, 127.8, 127.7, 
126.2, 121.4, 119.9, 117.0, 110.9, 80.4. 

HRMS (ESI) m/z [M + Na]+: Calcd. for C28H17NNaO2
+: 422.1151, found: 422.1145. 
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N-phenyl ethyl maleamate (11g)370 

Following the general procedure replacing (E)-styrylboronic acid 
8a with phenylboronic acid 13a, 11g was obtained after column 
chromatography (chloroform:hexane:acetone [6:3:1]) as a yellow 

oil (56.6 mg, 65 %). 

1H NMR (600 MHz, CDCl3): d 10.86 (br s, 1H), 7.66 (dd, J = 8.6, 1.2 Hz, 2H), 7.33 
(dd, J = 8.6, 7.4 Hz, 2H), 7.12 (tt, J = 7.4, 1.2 Hz, 1H), 6.42 (d, J = 13.4 Hz, 1H), 
6.19 (d, J = 13.2 Hz, 1H), 4.29 (q, J = 7.2 Hz, 2H), 1.33 (t, J = 7.2 Hz, 3H). 

13C NMR (151 MHz, CDCl3): d 166.7, 161.6, 139.9, 137.8, 128.9, 125.5, 124.5, 120.0, 
62.0, 13.9. 

HRMS (ESI) m/z [M + Na]+: Calcd. for C12H13NNaO3
+: 242.0788, found: 242.0787. 
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Synthesis and characterization of compounds obtained from 
reactions with 11b   

 (E)-N-styryl ethyl fumaramate (11h) 

 

11h was prepared according to a literature procedure366 with slight modifications.  

In a 10 mL MW reaction vial (Anton-Paar G10), (E)-N-styryl ethyl maleamate (11b, 
61.4 mg, 0.250 mmol, 1.00 equiv.), piperidine (4.0 µL, 0.040 mmol, 0.16 equiv.), CH3CN 
(0.25 mL) and a magnetic stirring bar was added. The vial was sealed, the reaction 
mixture pre-stirred for 1 min and then heated under microwave irradiation for 15 min 
at 120 °C. The reaction mixture was allowed to cool to room temperature, the resulting 
precipitate was filtered, washed with a small amount of MeCN (3 x 0.2 mL) and dried 
under high vacuum. 11h was afforded as a bright, yellow solid (43.0 mg, 70 %) 

1H NMR (600 MHz, CDCl3): d 7.86 (d, J = 10.8 Hz, 1H), 7.60 (dd, J = 14.6, 10.8 Hz, 
1H), 7.36 – 7.32 (m, 2H), 7.30 (t, J = 7.7 Hz, 2H), 7.23 – 7.18 (m, 1H), 7.02 (d, 
J = 15.3 Hz, 1H), 6.96 (d, J = 15.3 Hz, 1H), 6.25 (d, J = 14.6 Hz, 1H), 4.29 (q, 
J = 7.1 Hz, 2H), 1.34 (t, J = 7.1 Hz, 3H). 

13C NMR (151 MHz, CDCl3): d 165.5, 160.6, 135.5, 135.1, 131.8, 128.8, 127.2, 125.8, 
122.1, 115.1, 61.4, 14.1. 

HRMS (ESI) m/z [M + Na]+: Calcd. for C14H15NNaO3
+: 268.0944, found: 268.0943. 
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(E)-N-styryl maleamic acid (11i) 

 

11i was prepared according to a literature procedure368 with slight modifications.  

In a 4 mL screw cap vial, (E)-N-styryl ethyl maleamate (11b, 61.4 mg, 0.250 mmol, 
1.00 equiv.) was dissolved in THF (0.5 mL). A solution of NaOH (1.0 M, 0.25 mmol, 
0.25 mL, 1.0 equiv.) was added, in which a color change from yellow to red was 
observed. The reaction mixture was allowed to stir at 25 oC for 18 h, then washed with 
Et2O (1 mL). The top, ethereal layer was removed from the vial with a pipette. The 
remaining aqueous phase was acidified with HCl (2.0 M, 10 drops), the precipitate was 
filtered and washed with de-ionized water (3 x 0.3 mL) and dried under high vacuum. 
11i was afforded as a bright, yellow solid (52.8 mg, 97 %) 

1H NMR (600 MHz, DMSO-d6): d 13.37 (br s, 1H), 10.76 (d, J = 10.1 Hz, 1H), 7.44 
(dd, J = 14.7, 10.1 Hz, 1H), 7.40 – 7.34 (m, 2H), 7.30 (t, J = 7.7 Hz, 2H), 7.20 – 7.14 
(m, 1H), 6.39 (d, J = 12.1 Hz, 1H), 6.34 (d, J = 12.1 Hz, 1H), 6.29 (d, J = 14.7 Hz, 
1H). 

13C NMR (151 MHz, DMSO-d6): d 166.7, 162.3, 136.1, 131.8, 130.1, 128.8, 126.6, 125.5, 
122.9, 113.9. 

HRMS (ESI) m/z [M - H]+: Calcd. for C12H10NO3
+: 216.0666, found: 216.0659. 
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N1-hydroxy-N4-((E)-styryl)maleamide (11j) 

 

11j was prepared according to a literature procedure368 with slight modifications.  

In a 4 mL screw cap vial, (E)-N-styryl ethyl maleamate (11b, 61.2 mg, 0.250 mmol, 
1.00 equiv.) was dissolved in MeOH (0.56 mL). Hydroxylamine hydrochloride (17.8 mg, 
0.256 mmol, 1.02 equiv.) was added and the heterogenous solution was cooled to 0 oC. 
A solution of NaOH (4.0 M, 2.0 mmol, 0.5 mL, 8.0 equiv.) was added and the mixture 
was stirred at 0 oC for 2 h. HCl (2M, 40 drops) was added to the solution, the 
precipitate was filtered, washed with de-ionized water (3 x 0.3 mL) and acetone 
(3 x 0.5 mL) and dried under high vacuum. 11j was afforded as a bright, yellow solid 
(36.4 mg, 63 %). 

1H NMR (600 MHz, DMSO-d6): d 11.52 (d, J = 10.1 Hz, 1H), 9.88 – 8.73 (br s, 1H), 
7.52 – 7.13 (m, 6H), 6.30 – 6.14 (m, 3H). 

13C NMR (151 MHz, DMSO-d6): d 162.1, 161.9, 136.4, 131.9, 129.0, 128.8, 126.4, 125.3, 
123.2, 112.9. 

HRMS (ESI) m/z [M + Na]+: Calcd. for C12H12N2NaO3
+: 255.0740, found: 255.0740. 
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Attempted synthesis of (N-phenyl)-((E)-N-styryl) ethyl maleamate (11k) 

 

Preparation of 11k was attempted using a literature procedure.388 

To an oven-dried 25-ml round-bottomed flask, flushed with argon, (E)-N-styryl ethyl 
maleamate (11b, 61.5 mg, 0.250 mmol, 1.00 equiv.), diaryliodonium triflate (161 mg, 
0.370 mmol, 1.50 equiv.) and NaH (60 % in mineral oil) (15 mg, 0.38 mmol, 1.5 equiv.) 
were added. The flask was fitted with a condenser, stir bar, rubber septum, argon-
balloon and a needle outlet. Through the septum, dry toluene (5 mL) was added, and 
when the bubbling had stopped, the outlet was removed. The reaction mixture was 
stirred under argon, at room temperature for 24 h, changing from dark red to orange. 
Solvent was removed under reduced pressure, and product was isolated using column 
chromatography (chloroform:hexane:acetone [6:3:1]), giving an orange, oily substance, 
identified as a mix of 11a and 11l.  

11a is characterized above.  

Characterization of 11l from the mixture:  

1H NMR (400 MHz, CDCl3): d 7.60 (d, J = 15.2 Hz, 1H), [7.45 – 7.39 (m, 2H), 7.37 – 
7.30 (m, 2H), 7.29 – 7.22 (m, 1H)]j, 7.17 (d, J = 15.2 Hz, 1H), 4.34 (dd, J = 8.3, 4.3 
Hz, 1H), 4.05 (dq, J = 9.2, 7.0 Hz, 1H), 3.71 (dq, J = 9.1, 7.0 Hz, 1H), 3.09 (dd, J = 
18.4, 8.2 Hz, 1H), 2.73 (dd, J = 18.4, 4.3 Hz, 1H), 1.27 (t, J = 7.0 Hz, 3H).  

13C NMR (101 MHz, CDCl3): d 174.0, 172.3, 135.7, 135.3, 128.7, 128.1, 126.4, 122.8, 
117.3, 72.6, 67.1, 36.0, 15.1. 

HRMS (APPI, MeCN) m/z [M]+: Calcd. for C14H15NO3
+: 245.1046, found: 245.1045. 

 

 

 
j Exact determination of chemical shifts in this region was impossible due to overlapping protons from 11a.  
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Ethyl (Z)-3-(5-phenyloxazol-2-yl) acrylate (11m) and  
Ethyl (E)-3-(5-phenyloxazol-2-yl) acrylate (11n)  

 

11m and 11n were prepared according to a literature procedure.389 

To a solution of (E)-N-styryl ethyl maleamate (11b, 98.1 mg, 0.400 mmol, 1.00 equiv.) 
in anhydrous DCE (4 mL) was added BF3∙OEt2 (99 µL, 0.80 mmol, 2.0 equiv.). The 
reaction mixture was heated to reflux, then PhI(OAc)2 (167 mg, 0.520 mmol, 1.30 
equiv.) was added in one portion. After stirring under reflux for 2 h, the reaction 
mixture was cooled down to room temperature, quenched with sat. aq. NaHCO3 (5 mL) 
and then extracted with DCM (3 x 5 mL). The combined organic layers were washed 
with brine (5 mL), drier over anhydrous Na2SO4 and concentrated under reduced 
pressure. The crude product was purified by flash chromatography (SiO2, 
hexane:EtOAc [2:1], RF = 0.25 (Z-isomer), 0.38 (E-isomer)) to give the Z-isomer 11m 
as a pale yellow oil (23.4 mg, 24 %) and the E-isomer 11n as a pale yellow solid 
(21.3 mg, 22 %). 

1H NMR (600 MHz, CDCl3): d Z-isomer: 7.68 – 7.64 (m, 2H), 7.45 – 7.40 (m, 3H), 
7.37 – 7.33 (m, 1H), 6.67 (d, J = 12.7 Hz, 1H), 6.23 (d, J = 12.7 Hz, 1H), 4.33 (q, 
J = 7.1 Hz, 2H), 1.31 (t, J = 7.2 Hz, 3H). E-isomer: 7.70 – 7.66 (m, 2H), 7.48 (s, 
1H), 7.48 (d, J = 16.0 Hz, 1H), 7.46 – 7.42 (m, 2H), 7.39 – 7.35 (m, 1H), 6.80 (d, J = 
16.0 Hz, 1H), 4.30 (q, J = 7.2 Hz, 2H), 1.35 (t, J = 7.1 Hz, 3H). 

13C NMR (151 MHz, CDCl3): d Z-isomer: 165.7, 157.8, 152.1, 128.95, 128.92, 127.5, 
125.0, 124.5, 123.8, 122.6, 61.2, 14.1. E-isomer: 165.8, 158.6, 152.6, 129.2, 129.0, 128.5, 
127.2, 124.60, 124.59, 124.5, 61.0, 14.2. 

HRMS (ESI) m/z [M + Na]+: Calcd. for C14H13NNaO3
+: 266.0793, found: 266.0788 (for 

both isomers).   
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Figure 5.2. 1H NMR (600 MHz, CDCl3) spectrum of 1x. 

 

 

 
Figure 5.3. 13C NMR (151 MHz, CDCl3) spectrum of 1x. 
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Figure 5.4. 1H NMR (600 MHz, CDCl3) spectrum of 11a. 

 

 
Figure 5.5. 13C NMR (151 MHz, CDCl3) spectrum of 11a. 
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Figure 5.6. 1H NMR (600 MHz, CDCl3) spectrum of 11b. 

 

 
Figure 5.7. 13C NMR (151 MHz, CDCl3) spectrum of 11b. 
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Figure 5.8. 1H NMR (600 MHz, CDCl3) spectrum of 11c. 

 

 

 
Figure 5.9. 13C NMR (151 MHz, CDCl3) spectrum of 11c. The small peaks in the aromatic region 
belongs to 11a. 
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Figure 5.10. 1H NMR (600 MHz, CDCl3) spectrum of 11d.  

 

 

 
Figure 5.11. 13C NMR (151 MHz, CDCl3) spectrum of 11d. 

 

N
H

Oi-PrO O

N
H

Oi-PrO O



 
145 

 
Figure 5.12. 1H NMR (600 MHz, CDCl3) spectrum of 11f. 

 

 
Figure 5.13. 13C NMR (151 MHz, CDCl3) spectrum of 11f. 
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Figure 5.14. 1H NMR (600 MHz, CDCl3) spectrum of 11g. 

 

 
Figure 5.15. 13C NMR (151 MHz, CDCl3) spectrum of 11g. 
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Figure 5.16. 1H NMR (600 MHz, CDCl3) spectrum of 11h. 

 

 
Figure 5.17. 13C NMR (151 MHz, CDCl3) spectrum of 11h. 
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Figure 5.18. 1H NMR (600 MHz, DMSO-d6) spectrum of 11i. 

 

 
Figure 5.19. 13C NMR (151 MHz, DMSO-d6) spectrum of 11i. 
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Figure 5.20. 1H NMR (600 MHz, DMSO-d6) spectrum of 11j. Framed region: A sine bell II (70 %) 
window function was applied to the peaks in the aromatic region to reveal the splitting patterns. 

 

 
Figure 5.21. 13C NMR (151 MHz, DMSO-d6) spectrum of 11j. 
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Figure 5.22. 1H NMR (400 MHz, CDCl3) spectrum of 11l and 11a. The integrated peaks belong to 
11l. Peaks belonging to 11a is marked in red (the 1H NMR spectrum of 11a is shown in Figure 5.2). 

 

 
Figure 5.23. 13C NMR (101 MHz, CDCl3) spectrum of 11l and 11a. The marked peaks belong to 11l. 
Peaks belonging to 11a are not marked (the 13C NMR spectrum of 11a is shown in Figure 5.3). 
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Figure 5.24. 1H NMR (600 MHz, CDCl3) spectrum of 11m. 

 

 
Figure 5.25. 13C NMR (151 MHz, CDCl3) spectrum of 11m. 
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Figure 5.26. 1H NMR (600 MHz, CDCl3) spectrum of 11n. 

 

 
Figure 5.27. 13C NMR (151 MHz, CDCl3) spectrum of 11n. 
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Chapter 6: Future prospects 

6.1 Chapter 2 and 3: N-3-arylation of hydantoins 

During the development of a method for N-3-arylation of hydantoins with 
diaryliodonium salt, we discovered a “sweet spot” in the tolerance of both aryl groups 
and hydantoins/imides. Transfer of neutral arenes, or arenes bearing weak EDGs and 
EWGs were well tolerated, while the strong EDGs and EWGs were less tolerated. Most 
hydantoins and imides were well tolerated. One natural continuation of this work is 
therefore to exploit the strengths of the methods. Considering the successful 
derivatization of pharmaceutically relevant hydantoins, more challenging substrates 
can potentially be arylated, starting with (Z)-Axinohydantoin391, 392 and 
(±)-Hydantocidin49, 109 (Figure 6.1).  

 

Figure 6.1. Suggestions for N-3-arylation of bioactive hydantoins including (Z)-Axinohydantoin and 
(±)-Hydantocidin. These substrates are especially challenging considering the potential reactive sites for 
arylation (marked in green). 

By utilizing aryl substituents with neutral character, hydantoins with more structurally 
complex N-3 positions can be accessed. A natural starting point would include the use 
of aryl(TMP)iodonium tosylates already reported (Figure 6.1a).172 and salts similar to 
previously reported ones (Figure 6.2b). The benzylic phthalimide salt used for the 
synthesis of 3f have the potential for small, structure modifications (marked in blue) 
which can survive the oxidative conditions used in the salt syntheses. These can be 
prepared by alkylation of potassium phthalimide with the respective iodobenzyl 
bromides according to literature methods,393 followed by iodonium salt synthesis.172, 394 
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Figure 6.2. Potential coupling partners with neutral or weakly electron-donating- or withdrawing 
groups that can be used to build more complex N-3-arylated hydantoins. 

After the recent finalization of the computational study, a way for the N-3-arylation 
protocol to improve is by exploiting the synergy between computations and 
experiments. The mechanistic understanding gained can help with modifications of the 
reaction conditions to include the transfer of arenes outside the mentioned “sweet spot”, 
i.e. going to the stereoelectronic extremes (Figure 6.3). For the electron-poor and 
sterically congested substrates this can be achieved by adjusting the auxiliary (i.e. the 
TMP) since the TMP group is responsible for the stabilization of the catalyst resting 
state for these substrates (and hence the size of the energy barriers). For the 
electron-rich substrates, changing the anion of the diaryliodonium salt can be an option 
since the anion is involved in both the resting state and the highest transition state. A 
counter anion effect was experimentally observed (Chapter 2) and should be included 
in future computational work regardless to study their effect on the reaction. A second 
option involves exploring ligand design by replacement of TEA with other ligands.   
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Figure 6.3. Utilization of DFT calculations to modify and improve experimental conditions. 

Hydantoins/imides besides 1a were not studied by DFT calculations and should thus 
be included in further studies. Additional extensions could include the investigation 
into favorable conditions for bis-arylation and ultimately for the challenging 
regioselective N-1-arylation. In both cases, calculation of the energy barrier for the 
second deprotonation (in the N-1 position after N-3 is arylated) is a suggested first 
step, followed by calculations where other, stronger bases are included in addition to 
TEA/other ligand(s). For direct N-1-arylation of unsubstituted hydantoin, we theorize 
that that a directing group (DG) may be necessary. DG-design can be done 
computationally to see if the selectivity can be directed to the N-1 position prior to 
experimental trials.  

6.2 Chapter 4: N-alkenylation of cyclic imides with boronic acids 

While investigating the scope and limitations for the N-alkenylation of imides using 
alkenylboronic acids, we discovered that the method is mostly limited to cyclic imides 
and that (E)-styrylboronic acid was the superior boronic acid for alkenylation. 
Pentenyl- and cyclopentenylboronic acid were, however, moderately efficient, while the 
boronic acid with a phenyl group in 1-position failed under our conditions. As the imide 
scope was rather comprehensive, continuation of the work presented in this chapter 
involves expansion of the alkenylboronic acid scope. Naturally, (E)-styrylboronic acids 
with various substituents in ortho-, meta and para-positions of the phenyl ring should 
be included (Figure 6.4a). Although with poorer performance, 1,2,2-trisubstituted 
(E)-alkenylboronic could be further explored (Figure 6.4b) as the method allows for 
such substitution pattern. Restrictions in the size of the 1-substituent must, however, 
be taken into consideration as coupling with 1-phenylvinylboronic acid failed.  

Ar = electron richAr = electron poor Ar = electron neutral

Can we extend the green zones?

Sterical hindrance (Ar = o-substituted)
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Figure 6.4. Potential coupling partners (commercially available) for future work including (a) aryl-
substituted (E)-styrylboronic acids, (b) 1,1,2-trisubstituted (E)-alkenylboronic acids. 

6.3 Chapter 5: N-alkenylation and ring-opening of maleimides 

The work described in Chapter 5, N-alkenylation and ring-opening of maleimide is far 
from complete, and naturally warrants further studying. A starting point could include 
getting better control of the N-substituted maleimide-maleamate equilibrium and 
induce a shift in the desired direction (Figure 6.5). A standard synthesis of 
N-arylmaleimides from N-arylmaleamic acids is dehydration in acetic anhydride in the 
presence of sodium acetate,372, 395 and may be used to exclusively obtain 
N-styrylmaleimides (Figure 6.4, left). The opposite reaction may require a stronger 
nucleophile (-OEt under our conditions) for the ring-opening to proceed to a full extent, 
which can be formed by the presence of a stronger base (Figure 6.5, right).  

 

Figure 6.5. Controlling the formation of either 11a or 11b by pushing the equilibrium with the addition 
of sodium acetate and acetic anhydride (left) or by creating a stronger nucleophile (right), respectively.  
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Further work with exploring 11b as a synthon is a reasonable next step as it still has 
unrealized potential (Figure 6.6). The enamide moiety offers a plethora of synthetic 
transformations,396 including cross-coupling reactions, heterocycle synthesis and 
N-functionalization reactions. The alkenes can undergo E ® Z isomerization, 
epoxidations, reductions, nucleophilic additions and pericyclic reactions. Since the 
in situ formation of other esters than the ethyl ester was only partially successful, 
transesterification reactions might also be explored. Additionally, it can be worth 
investigating the fumaramate 11h as a synthon, especially in reactions where ring-
closing of 11b presents as a problem. 

 

Figure 6.6. Exploration of 11b as a synthon in a few, selected transformations.  
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Appendix: Paper I-III 

Paper I: 

Appended is the published paper. The supporting information can be found online with 
the publication. 

Paper II: 

Appended are the final draft of the manuscript and the supporting information which 
are not yet published.  

Paper III: 

Appended is the published paper. The supporting information can be found online with 
the publication.  

 

 

 

 

 

 

 

 

 

 

 

 



 

  



Paper I 

Cu-catalyzed N-3-Arylation of Hydantoins 
Using Diaryliodonium Salts 

Linn Neerbye Berntsen, Ainara Nova, David S. Wragg and Alexander H. Sandtorv 

Organic Letters 2020, 22 (7), 2687-2691. 

DOI: 10.1021/acs.orglett.0c00642 

I



 

 

  



https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Linn+Neerbye+Berntsen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ainara+Nova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+S.+Wragg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+H.+Sandtorv"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.orglett.0c00642&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00642?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00642?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00642?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00642?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00642?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00642?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00642?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00642?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00642?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00642?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00642?fig=sch1&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c00642?ref=pdf
https://pubs.acs.org/OrgLett?ref=pdf
https://pubs.acs.org/OrgLett?ref=pdf
https://acsopenscience.org/open-access/licensing-options/
https://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html


https://pubs.acs.org/doi/10.1021/acs.orglett.0c00642?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00642?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00642?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00642?fig=sch3&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c00642?ref=pdf


https://pubs.acs.org/doi/10.1021/acs.orglett.0c00642?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c00642/suppl_file/ol0c00642_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00642?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00642?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00642?fig=sch5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00642?fig=sch5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00642?fig=sch6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00642?fig=sch6&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c00642?ref=pdf


https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1975309&id=doi:10.1021/acs.orglett.0c00642
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1975600&id=doi:10.1021/acs.orglett.0c00642
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1975603&id=doi:10.1021/acs.orglett.0c00642
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1986195&id=doi:10.1021/acs.orglett.0c00642
http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+H.+Sandtorv"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-2480-0195
http://orcid.org/0000-0003-2480-0195
mailto:a.h.sandtorv@kjemi.uio.no
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Linn+Neerbye+Berntsen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ainara+Nova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-3368-7702
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+S.+Wragg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00642?ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c00642?ref=pdf


pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c00642?ref=pdf




Paper II 

A Mechanistic Study of the Cu-catalyzed N-arylation 
of Hydantoins with Aryl(TMP)iodonium Salts 

Linn Neerbye Berntsen and Ainara Nova 

Draft of the Manuscript  

II



 

 

  



Paper III 

Cu-catalyzed C(sp2)–N-bond Coupling 
of Boronic Acids and Cyclic Imides 

Linn Neerbye Berntsen, Thomas Nordbø Solvik, Kristian Sørnes, David S. Wragg 
and Alexander H. Sandtorv 

Chemical Communications 2021, 57, 1359-7345. 

DOI: 10.1039/D1CC04356K 

III



 

 



http://orcid.org/0000-0002-5338-9668
http://orcid.org/0000-0002-5761-1254
http://orcid.org/0000-0003-2480-0195
http://crossmark.crossref.org/dialog/?doi=10.1039/d1cc04356k&domain=pdf&date_stamp=2021-10-25
http://rsc.li/chemcomm
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cc04356k
https://pubs.rsc.org/en/journals/journal/CC
https://pubs.rsc.org/en/journals/journal/CC?issueid=CC057089


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cc04356k


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cc04356k


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cc04356k

	Tom side


 
 
    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page, only if even numbered
     Mask co-ordinates: Horizontal, vertical offset 58.47, 704.11 Width 245.24 Height 29.67 points
     Origin: bottom left
     Colour: Default (white)
      

        
     D:20230601083334
      

        
     1
     0
     BL
     2366
     517
    
            
                
         Even
         76
         CurrentPage
         98
              

       CurrentAVDoc
          

     58.473 704.1085 245.2375 29.6729 
      

        
     QITE_QuiteImposingPlus5
     Quite Imposing Plus 5.3d
     Quite Imposing Plus 5
     1
      

        
     2bcd117b-4c5d-49e5-9c6e-88dc58c37627
      

   1
  

 HistoryList_V1
 qi2base



	CrossMarkLinkButton: 


