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Abstract 

 

A regioselective method for the N3-arylation of hydantoins is investigated. It constitutes an 

important development complementing classical cyclization strategies. This method involves 

a Cu-catalyzed boronic acid mediated N-arylation. 
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DBU  1,8-Diazabicyclo[5.4.0]undec-7-ene 

DCM  dichloromethane 

DMAc            N,N-dimethyl acetamide 

DMF  N,N-dimethylformamide 

EtOAc  ethyl acetate 

EtOH  ethanol 

I.S.  internal standard 

Me2CyDA      trans-N,N′-dimethylcyclohexane-1,2-diamine 

MeCN  acetonitrile 

MeOH  methanol 

OTf  triflate 

PPE                polyphosphoric ester 

SAR               structure-activity relationship 

TBHP  tert-butyl hydroperoxide 

THF  tetrahydrofuran 

TMB  1,3,5-trimethoxybenzene 

TMHD            1,1,6,6-Tetramethyl-3,5-heptadione 
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Description and aim of the project 

 

Scheme I shows an initial experiment performed in the group. The experiment was inspired 

by similar procedures, such as the Chan-Lam1 coupling. Under oxidative conditions, N3-

phenylhydantoin was obtained in a yield of 18 % (based on 1H NMR yield using internal 

standard). These introductory experiments were clearly promising, but required a full 

optimization. 

 

 

 

Scheme I – One of the studied reactions. 

 

The key features of this process that required optimization studies involved: the catalyst, the 

nature and amount of oxidant, the stereoelectronics of the boronic acid electrophilic partner, 

the nature of the solvent and possibly the addition of a base/ligand. The intent was to screen a 

selection of the key parameters outlined above, and investigate and optimize the procedure. 
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1. Introduction 

1.1 Chemistry and uses of hydantoins 

 

The imidazolidine-2,4-dione, or hydantoin nucleus, is a 5-membered ring containing a 

reactive cyclic urea core. Hydantoins are rigid and stable in dilute acid, but will form ureido 

acid salts in basic solution.2 Generally, hydantoins with substitutents in the N1 and/or the N3 

positions are less reactive to hydrolyzing or oxidizing agents,2 indicating the increased 

stability of such derivatives. However, hydantoins bearing no N3 substitutents are weakly 

acidic, a result of the dissociation of the N3 proton and delocalization of the negative charge to 

the two neighbouring carbonyl groups.2,3 

Since their discovery by Adolf von Baeyer,4 the hydantoin scaffold has seen a vast expansion 

on its range of applications. Hydantoins find uses in areas of science such as agrochemistry,5 

medicinal chemistry,5 organic synthesis,6 coordination chemistry,7 polymer science8 and 

design of molecular switches.9 The hydantoin ring itself possesses no biological activity, but 

its substituted derivatives have a wide range of therapeutic applications, ranging from clinical 

candidates to marketed drugs. The most representative of those are Bristol-Myers Squibb’s 

anti-psoriasis BMS-587101 4,5a,10 Galapagos’ anti-cachexia GLGP-0492 5,5a,11 Sanofi-

Aventis’ antiandrogen nilutamide 6,5a,12 Pfizer’s anticonvulsant fosphenytoin 75a,13 and 

Shionogi’s antibacterial nitrofurantoin 85a,14 respectively. Hydantoin derivatives such as 

thiohydantoins have also been attested to be important in healthcare, as highlighted with 

Medivation/Astellas’ anticancer drug enzalutamide 9.15 Other important hydantoins are the 

lymphocyte function-associated antigen-1 antagonist BMS-688621 10, the selective androgen 

receptor modulator BMS-564929 11, the anti-convulsant ethotoin 12 and fungicidal iprodione 

13 (Figure 1.1). The hydantoin framework can also serve as an intermediate in the synthesis 

of natural and unnatural α-amino acids.16 
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Figure 1.1 – Some N3-arylated hydantoin drugs.5a,10-15,17 
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1.2. Hydantoins in synthesis 

 

During the past decade, many efforts for the development of synthetic routes to hydantoins 

have been elaborated. Those have to be efficient, reliable, straightforward, and allow for the 

synthesis of structurally diverse molecules. That same substitution diversity has allowed for 

studies aimed at a correlation between well-defined chemical structure and eventual biological 

activity.18 

The classical synthetic pathway for hydantoin synthesis involves cyclization reactions from 

linear precursors as reported by Urech,19 Read,20 Bucherer21 and Bergs.22 These procedures 

are examples of multi component reactions (MCR).23 The cyclization strategy is well 

developed and has received widespread attention by the synthetic community. However, the 

approach suffers from the general drawback that each linear precursor demands a custom 

synthesis. Furthermore, the reaction order of discrete reactions is hard to control once the 

process is initiated,23 potentially leading to further complications. 

An intriguing strategy that would maintain the capacity for structural diversification, as well 

as consist of a limited number of steps and exploit readily available starting materials, would 

be based on direct N-arylations of the bare hydantoin scaffold. This attractive approach to N- 

aryl hydantoins has been mostly restricted to nucleophilic aromatic substitutions and barely 

investigated.24-26 

This is what this report sets out to discover, a direct regioselective functionalization method 

that can achieve N-substituted hydantoins in a single reaction step, starting from the hydantoin 

ring (Scheme 1.1). 

 

Scheme 1.1 – Past synthetic pathways (left) versus this project (right). 

 

The experimental approach of the method development is inspired by the existing literature 

on N-H functionalization of nitrogen containing heterocycles.17,27-38 The ultimate goal is the 
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development of a general and “green”39 process for the selective arylation of the N3- 

nucleophilic nitrogen of the hydantoin scaffold. 

 

To that end, boronic acid derivatives were of interest to us. They are air-stable, easily 

derivatized and exhibit low toxicity.40,41 Their synthetic attractiveness stems from their Lewis 

acidity, making them highly appropriate as arylating agents of nucleophilic nitrogen-

containing heterocycles.41 The literature shows their versatility in carbon–heteroatom cross-

coupling transformations, which can be carried out in relatively mild conditions under copper 

promoted catalysis.41,42 Such derivatives have received only sparing attention in the C-N bond 

formation of hydantoins,16,24d and that is what we opted to tackle. 

 

Based on similar reactions,17,27-38,42 we have proposed a mechanistic sketch for the reaction 

under investigation as shown in Scheme 1.2.  

Part of the project will involve elucidation of some key features of this mechanism. 

 1. Whether the base/ligand in this reaction acts exclusively as one or the other, or if it adopts 

a dual character. It could be theorized that a ligand may thermodynamically ease the 

coordination of the aryl ring and the hydantoin to copper during the transmetalation and 

reductive elimination step respectively. Alternatively, as a base, it may kinetically accelerate 

the reductive elimination step by subtracting the N3-hydrogen.  

2. The oxidant. We want to explore the possibility of an oxidant species regenerating the 

copper (II) catalyst following the reductive elimination step, and if so, what is the optimal 

amount needed. Such a confirmation will allow for the development and progress of a 

procedure that is resource efficient and comparatively clean. 

 3. The boron species. As mentioned previously, the literature27-38,42 only associates ortho- 

substituted boronic derivatives with reduced yields. As such we are compelled to further 

probe how the steric and electronic factors of the involved functional groups affect the 

reaction. 
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Scheme 1.2 – The suggested mechanism for the reported arylation reaction.38,42 

 

 

1.3. Methods of Synthesis 

1.3.1. Cyclization 

 

As briefly mentioned earlier, there are several approaches to hydantoin synthesis, depending 

on the availability or choice of starting materials. However, some of them are considered 

“classical” and are still commonly employed today. Others are radical improvements of those 

classical methods, or completely novel ones. Figure 1.2 shows those that are most noteworthy 

and widely used today. 
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Figure 1.2 – Classical methods of hydantoin synthesis. 
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1.3.2. Direct N-arylation of hydantoins 

 

The palladium-mediated Buchwald-Hartwig and the copper-mediated Ullmann and Chan-

Lam1,42 are the three most widely applicable and effective methods for N-arylation of nitrogen 

containing heterocycles.5a,42,43 None of the three reactions is clearly superior for all N-

arylations, and they all suffer from constraints.42,43 However, the mildest conditions are 

employed by the Chan-Lam, with the inexpensiveness of copper and the tolerance to the 

substitution pattern of the boronic acid partner being particularly appealing concepts. 

 For these reasons we wished to adapt and optimize the latter procedure for the direct 

functionalization of the nitrogen atoms of hydantoins. 

For that purpose, knowledge of existing copper-promoted direct functionalization methods of 

hydantoins was crucial, which also includes their major setbacks and indications on how to 

overcome them. 

A first isolated example of both N3 as well as N1-arylation was developed for SAR (structure-

activity relationship) optimization of the N-aryl substituent of spiroindolones (Scheme 1.3).24a 

 

Scheme 1.3 – (a) CuI, K2CO3, MeNHCH2CH2NHMe, MeCN, DMF (78 %); (b) ArX (X = Br, 

I), CuI, TMHD, Cs2CO3, DMF, MeCN.24a 

 

This procedure (Scheme 1.3) does claim great substrate coverage,24a but at the cost of 

complexity and poor reagent economy, and only moderately high yields. 
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The most recent and possibly interesting example of N-arylation is a general and simple, 

albeit harsh method, utilizing aryl iodides or bromides to introduce the aryl ring to the 

reaction (Scheme 1.4).17 

 

Scheme 1.4 –N3-arylation of N1 and 5,5-substituted hydantoins.17 

 

This procedure was developed specifically for the hydantoin scaffold as a substrate, and the 

scoping provided several N3-substituted hydantoins from good to excellent yields. In addition, 

it showed great tolerance towards the electronic properties of the aryl ring. However, the 

substitution pattern of the starting hydantoin was found to have a significant impact on the 

selectivity of the reaction. N1-unsubstituted 5,5-disubstituted hydantoins were selectivly 

arylated at N3 in all cases, but removing one of the 5-substituents lead to significant 

competing arylation at N1, while removing both lead to N1 being the preferred arylation 

position.17 

A methodology was also created for the N1-arylation of N3-blocked substituted hydantoins 

(Scheme 1.5).17 

 

Scheme 1.5 – N1-arylation of N3-substituted 5,5-disubstituted hydantoins.17 

Similarly, the scope of the reaction was equally broad, and the electronic and steric effects of 

the N1 and 5-substituents well tolerated. Nevertheless, it does suffer from an extended reaction 

time, poor reagent economy, and the limitation of the starting hydantoin being N3-substituted. 

It has not been clarified how it performs in the case of N3-unsubstituted hydantoins. 
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The next method was designed to achieve novel SARM (selective androgen receptor 

modulator) compounds through various modifications around the hydantoin scaffold (Scheme 

1.6).24b 

 

Scheme 1.6 – A general procedure for the selective N3-arylation of 5,5-disubstituted 

hydantoins.24b  

 

A selection of bioactive compounds was regioselectively made with this procedure. Precisely 

due to that desired bioactivity, however, it was created to synthesize specificic variations of 

the initial hydantoin scaffold, rather than have broad applicability. Although simple and 

straightforward, the conditions are quite harsh, the stirring time on occasion fairly long, and 

the achieved yields low to moderately high.24b 

Another method employing the slightly unusual arylating agent, 4-tolyllead triacetate 19, is 

seen in Scheme 1.7.25 

 

Scheme 1.7 – Arylation of 5,5-diphenyl hydantoin with lead (III) triacetate.25 

 

Although the conditions used are described as mild and general for amidic and to a lesser 

extent imidic type compounds, the reaction has a noticeable environmental footprint due to 
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lead in the chemical waste.47 In addition, the achieved yield for 5,5-diphenyl hydantoin as the 

substrate is high, but not impressive. 

Another study conducted for the reevaluation of the SAR of a certain class of 

antischistosomal aryl hydantoins followed two different arylation approaches, one with aryl 

halides and the other with boronic acids (Scheme 1.8).24d 

 

Scheme 1.8 – Conditions employed for the different types of arylation of selected 

hydantoins.24d 

 

Although these transformations are straightforward and allow for direct regioselective 

arylation of the chosen hydantoins, they still have their shortcomings in the form of toxicity 

concerns of DMAc,48 MeOH,49 and pyridine50 and/or high temperatures and extended reaction 

times. 
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A different approach reports the first direct functionalization of 5,5-dimethyl hydantoin 21 

and other imides, in a cross coupling with triaryl bismuthanes or aryl boronic acids (Scheme 

1.9).16 

 

Scheme 1.9 – Triarylbismuthane N-arylation of imides.16 

 

The achieved yields for 5,5-dimethyl hydantoin 21 showed significant fluctuation from 8 % to 

70 %, with the reaction times being rather extended. 

These poor yields prompted the comparative with aryl boronic acids (Scheme 1.10). 

 

Scheme 1.10 – Aryl boronic acid N-arylation of imides.16 

 

For aryl boronic acids as the aryl donors, the yields saw a significant increase both for the 5,5-

dimethyl hydantoin 21, as well as for the other imides chosen. It was therefore clear that the 

general applicability of the latter procedure was higher. 

To summarize, the copper-mediated N-arylation of hydantoins is an indispensable method to 

achieve complex structures of biologically important compounds, but it has yet to reach its 

full potential. Optimization studies can be carried out both to simplify and improve several 

key parameters. 



12 

 

The ultimate goal of this study is to overcome potential obstacles such as those encountered in 

the similar transformations earlier, and develop a copper-mediated N3- regioselective 

procedure for the hydantoin scaffold, utilizing a suitable boronic acid derivative as the 

arylating partner. 
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2. Results and discussion – Screenings and 

the search for optimal conditions 

 

2.1. Introduction 

 

Inspired by the literature, we investigated a general reaction using a copper catalyst, oxidant, 

additive, boronic acid derivative (Figure 2.1) and a variety of conditions (Scheme 2.1). 

 

Scheme 2.1 – The key parameters that were investigated and optimized in the process under 

development. 
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Figure 2.1 – The different types of boronic acid derivatives tested in the optimization work. 

 

2.2. Initial experiments using Cu(OAc)2/CuI and 

K2S2O8/TBHP 

 

The screening started with two common and readily available copper catalysts, CuI (copper 

(I) iodide) and Cu(OAc)2
 (copper (II) acetate), and oxidants, TBHP 70 % 31 (tert-butyl 

hydroperoxide) and K2S2O8 (potassium persulphate) 32 (Figure 2.2). The aim was to probe 

the performance of the copper catalyst at two of its most common oxidation states, as well as 

confirm the necessity of an oxidant as additive to the reaction (Scheme 2.2). 
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Figure 2.2 – The two first oxidants tested. 

 

 

Scheme 2.2 – CuI/Cu(OAc)2 as catalyst and K2S2O8/TBHP as oxidant for the method. 

 

Table 2.1 – Cu(OAc)2 as catalyst and TBHP as oxidant held an advantage. 

 

# 

 

Catalyst 

 

Oxidant Yield [%] 

Type Type 
Amount 

[eq] 

Internal 

standarda Isolated 

1 CuI TBHP 31 1.1 18 - 

2 Cu(OAc)2 - - - 0 

3 Cu(OAc)2 TBHP 31 1.1 20 9b 

4 Cu(OAc)2 K2S2O8 32 0.10 - 0 

5 Cu(OAc)2 K2S2O8 32 2.0 - 0 

6 Cu(OAc)2 K2S2O8 32 5.0 - 0 
aInternal standard yield determined using TMB (1,3,5-trimethoxy benzene) as internal 

standard. 

bIsolated yield from separate experiment run under identical conditions, but no crude yield 

was determined.  
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The difference between the internal standard yields between CuI and Cu(OAc)2 is negligible. 

The oxidation state of the copper salt seemed to be of minor consequence that early in the 

method development. 

Conversely, the presence of an oxidant, and specifically TBHP 31, was seen to be crucial for 

product formation. In addition, it would appear that the nature of the oxidant is also important, 

as K2S2O8 32 resulted in a 0 % yield for all its entries. 

Cu(OAc)2 and TBHP were as a result chosen as the catalyst and oxidant respectively for the 

experiments that followed. 

At that point, we had experimental data at our disposal clarifying that the procedure is in fact 

regioselective. Linn Berntsen, a PhD student in our group, provided us with 1H NMR data of 

N3-phenyl hydantoin (Figure 2.2) and N1-phenyl hydantoin (Figure 2.3). We were thus able 

to confirm that the isolated product of the procedure was indeed the N3-phenyl hydantoin 

(Figure 2.4), as well as identify the spectral differences between N3 and N1-phenyl hydantoin 

(Figure 2.5). That allowed us to proceed with the optimization of this promising method. 

 

Figure 2.2 - N3-phenyl hydantoin isolated by Linn Berntsen (600 MHz, CD3COCD3). 
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Figure 2.3 – N1-phenyl hydantoin isolated by Linn Berntsen (600 MHz, CD3COCD3). 
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Figure 2.4 – Isolated N3-phenyl hydantoin of the procedure under study (600 MHz, 

CD3COCD3). 

 

 

Figure 2.5 – N3-phenyl hydantoin (red) and N1-phenyl hydantoin (green) isolated by Linn 

Berntsen (600 MHz, CD3COCD3). 

 

2.3. The beginning of optimization, experiments with 

TBHP as the oxidant 

 

The search started from boronic acid derivatives (Scheme 2.3), as it was of interest to early on 

study the stereoelectronic effects of the electrophilic partner.  For each derivative, an 

individual oxidant study was also conducted, to establish if its effect is ubiquitous for all of 

them. 
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Scheme 2.3 – Boronic acid derivatives with TBHP as the oxidant. 

 

Table 2.2 – Boronic acid derivatives with TBHP as the oxidant. 

# 

 

Boronic acid 

derivative 

 

Oxidant 

 

Yield [%] 

Type Type 
Amount 

[eq] 

Internal 

Standarda 

1 25 TBHP 31 1.1 8 

2 26 TBHP 31 1.1 12 

3 27 - - 13 

4 27 TBHP 31 2.0 47 

5 28 - - 5 

6 28 TBHP 31 0.10 16 

7 28 TBHP 31 1.1 21 

8 28 TBHP 31 2.0 18 

9 28 TBHP 31 5.0 11, 25 

11 29 TBHP 31 1.1 19 
aInternal standard yield determined using TMB (1,3,5-trimethoxy benzene) as internal 

standard. 

 

Tri phenyl boroxine 27 proved itself to be a much more efficient phenylating substrate 

compared to phenylboronic acid 2 (Table 2.1), phenyl trifluoroborate 25, and phenylboronic 

acid pinacol ester 26, which brought it to the forefront as a phenylating agent (Table 2.2). 

Electronic effects were seen to be well tolerated, with 4-tolyl boronic acid 28 and 4-

nitrophenyl boronic acid 29 as representative examples. In addition, the presence of the 
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oxidant still appears to be crucial for high yields to be achieved, however no conclusive 

results were obtained for an optimal quantity. 

Tri phenyl boroxine 27 and 4-tolyl boronic acid 28 were therefore chosen to proceed with the 

examination of other key parameters, while maintaining TBHP 31 static at 2.0 eq, which 

provided a 34 % yield increase for tri phenyl boroxine (entry 3 to 4, Table 2.2).  

 

A catalyst screening followed (Scheme 2.4), in an attempt to expand the scope to other copper 

catalysts. Due to lack of tri phenyl boroxine at the time, the three latter experiments were 

carried out with 4-tolyl boronic acid (Table 2.3), maintaining the assumption that electronic 

effects of the substituent are well tolerated. 

 

Scheme 2.4 – The conditions used for the catalyst screening. 

 

Table 2.3 – Screening of two copper (I) (entry 4 and 5) and four copper (II) (entry 1, 2, 3 

and 6) catalysts. 

# 
Catalyst Boronic acid derivative Yield [%] 

Type Type 
Amount 

[eq] 

Internal 

Standarda Isolated 

1 Cu(NO3)2 
. 2,5H2O 27 1.0 37 - 

2 CuCl2 
. 2H2O 27 1.0 64 44b 

3 CuCO3 
. Cu(OH)2 27 1.0 27 - 

4 Cu2O 28 1.1 13 - 

5 CuCl 28 1.1 22 - 

6 Cu(OTf)2 28 1.1 85 - 
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aInternal standard yield determined using TMB (1,3,5-trimethoxy benzene) as internal 

standard. 

bIsolated yield from separate experiment run under identical conditions, but no crude yield 

was determined. 

 

Cu(OTf)2 (copper (II) triflate) provided an excellent internal standard yield of 85 %. It was 

thus chosen as the method’s future catalyst. 

However, the experiment with CuCl2 
. 2H2O (copper (II) dichloride dihydrate), the next best 

catalyst, preceded Cu(OTf)2 chronologically. The former was chosen for solvent screening.  

Ethanol had been the initial solvent of choice, owing to its extensive presence in the literature 

and its chemically benign nature. We nevertheless desired to confirm if it was indeed the most 

appropriate solvent for the reaction (Scheme 2.5). 

  

Scheme 2.5 – The conditions used for solvent screening. 

 

Table 2.4 – Ethanol far outperformed all other solvents used. 

# 
Solvent Yield [%] 

Type Internal Standarda 

1 MeOH b 

2 i-PrOH 8 

3 MeCN 0 

4 Toluene 0 

5 DMF 14 

6 THF 0 
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7 1,4-Dioxane 0 

8 1,2-Dichloroethane 0 

9 EtOH 64 
aInternal standard yield determined using TMB (1,3,5-trimethoxy benzene) as internal 

standard. 

bThe crude H-NMR shows an inexplicably large number of signals. Product is observable, but 

minor, and impossible to calculate with precision. 

 

The above study tested several types of solvents, in an attempt to establish a connection 

between their nature and their efficiency. 

Polar protic solvents used: MeOH > EtOH > i-PrOH 

Polar aprotic solvents used: MeCN > 1,2-Dichloroethane > THF 

Polar diprotic solvents used: DMF 

Non-polar aprotic solvents used: Toluene > 1,4-Dioxane  

 

The only concrete conclusion that could be drawn was that polar protic solvents are beneficial 

to product formation. In that regard, it is intriguing to point out the difference in efficiency 

between methanol, ethanol and isopropanol. Ethanol, whose polarity is between that of 

methanol and isopropanol, is capable of providing yields that far outshine both. It was 

therefore kept as the method’s solvent for all experiments to follow. 

Readdressing the impressive 85 % internal standard yield of Table 2.3, a parallel reevaluation 

of Cu(OTf)2 and  CuCl2 
. 2H2O also became imperative, combined with a phenylating species 

study (Scheme 2.6). The goal was to find the most appropriate one for that purpose, as well as 

to draw a comparison of their suitability in two different catalytic systems. 
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Scheme 2.6 – A reevaluation of the so far two best catalysts, Cu(OTf)2 and CuCl2 
. 2H2O. 

 

Table 2.5 – Cu(OTf)2  seems to prevail over CuCl2 
. 2H2O with TBHP as the oxidant. 

# 
Catalyst 

Boronic acid 

derivative 
Yield [%] 

Type Type Internal Standarda Isolated 

1 Cu(OTf)2 2 - 21, 35 

2 Cu(OTf)2 25 46 ± 15b 

 
- 

3 Cu(OTf)2 26 - 60 

4 Cu(OTf)2 27 70 - 

5 CuCl2 
. 2H2O 2 23 - 

6 CuCl2 
. 2H2O 25 14 - 

7 CuCl2 
. 2H2O 27 - 40 

aInternal standard yield determined using mesitylene (1,3,5-trimethyl benzene) as internal 

standard. 

bBased on five replicates. 

 

Cu(OTf)2 was seen to hold a substantial advantage over CuCl2 
. 2H2O as a catalyst and tri 

phenyl boroxine 27 over the other boronic acid derivatives (Table 2.3 and 2.5). 

Cu(OTf)2 and tri phenyl boroxine became the procedure’s catalyst and phenylating agent 

respectively from that point onward. 

Shortly after these reactions we discovered that the internal standard (TMB) was consumed in 

the post-reaction mixture (Figure 2.6). When rerunning an NMR sample containing the crude 

mixture and the internal standard, analysis showed that the characteristic singlets around 6.26 

and 3.85 ppm had completely vanished. One possible explanation is that the copper catalyst 
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complexates with the compound. Based on this observation, we changed the internal standard 

to the less nucleophilic mesitylene. 

 

Figure 2.6 – Crude 1H NMR featuring the consumption of the TMB internal standard 

(CD3COCD3). First acquisition (blue) and second acquisition after 16h (red). 

 

In hopes of shedding more light into the mechanistic details of the reaction, a number of 

organic and inorganic bases with varying capacities to also act as ligands were also screened 

(Scheme 2.7). The thought process behind this investigation was that a base could potentially 

assist subtraction of the N3 hydrogen of the hydantoin, accelerating formation or improving 

the yield of the product. Alternatively, a ligand could ease coordination of the hydantoin with 

the metal catalyst, and similarly lead to higher yields being realized. 

 

Scheme 2.7 – The conditions used for additive screening. 
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Table 2.6 – An array of additives seen as either inconsequential or detrimental to product 

formation. 

# 
Ligand/base Yield [%] 

Type Internal Standarda 

1 PPh3 70 

2 NaOTf 39 

3 Piperidine 17 

4 DBU 0 

5 DIPEA 12 

6 DMEDA 0 

7 TEA 17 

8 trans-1,2-diamino 

cyclohexane 
70 

aInternal standard yield determined using mesitylene (1,3,5-trimethyl benzene) as internal 

standard.  

 

Entry 1 and entry 8 did result in high yields, but yields of that magnitude had been achieved 

without the use of an additive. The probability of an additive promoting the reaction, 

regardless of its route of action as either a ligand or a base, was discarded. No additive was 

used moving forward. 

Reaction time was also a factor taken into consideration (Scheme 2.8). It is common in the 

literature for copper-mediated cross-coupling reactions such as the method under 

development to require up to several days to reach completion.42,43 

 

Scheme 2.8 – Tri phenyl boroxine in a stirring time test. 
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Table 2.7 - Extended reaction time appears to be unimportant for the outcome of the reaction. 

# 
Stirring time Yield [%] 

[h] Internal Standarda 

1 24 45 ± 19b 

2 72 67 
aInternal standard yield determined using mesitylene (1,3,5-trimethyl benzene) as internal 

standard.  

bBased on nine replicates. 

As the highest internal standard yields achieved among the two entries of the table above 

were essentially identical, an extended reaction time was thought to be largely unimportant to 

the outcome of the reaction, and was kept unchanged at 24h. 

A very concerning issue, however, was the observed yield fluctuation of the first entry (Table 

2.7). Its origin was unclear, and the only option was to move forward with the examination of 

other parameters that could potentially hint towards a solution. 

Up to that point, 80 oC had been the temperature of the procedure. Two additional 

temperatures were screened, based on literature findings suggesting lower temperatures are 

more optimal for similar transformations.42 All available phenylating boronic acid derivatives 

were part of this study, in a desire to compare their effectiveness at the selected temperatures 

(Scheme 2.9). 

 

Scheme 2.9 –The conditions used for the temperature test. 
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Table 2.8 – Temperature tests for various boronic acid derivatives. 

# 
Temperature 

Boronic acid 

derivative 
Yield [%] 

[oC] Type Internal Standarda Isolated 

1 60 2 35 - 

2 80 2 21, 35 - 

3 60 25 45 - 

4 80 25 46 ± 15%b,c - 

5 60 26 22 - 

6 80 26 60 - 

7 60 27 44 45d 

8 80 27 60 ± 19e - 

9 100 27 - 16 
aInternal standard yield determined using mesitylene (1,3,5-trimethyl benzene) as internal 

standard. 

bBased on five replicates. 

cEntry shown in another study earlier, also included here for completeness. 

dIsolated yield from separate experiment run under identical conditions, but no crude yield 

was determined. 

eBased on eleven replicates. 

 

The yields achieved were at their highest when 80 oC was the temperature. As observed also 

in the reaction time screening earlier, though, with a considerable ranging. No indication as to 

the cause of this loss of reproducibility was noted. 

100 oC resulted in a greatly reduced yield when tri phenyl boroxine 27 was employed. 

Summarizing, 80 oC was maintained as the method’s temperature, and the concerning lack of 

reproducibility was to be tackled as soon as it was identified. 

 

An extensive study of TBHP for the phenylating boronic acid derivatives 2, 25 and 27 

followed. The oxidant was the only parameter kept unchanged since the start of optimization, 

and it was rationalized to be the most probable suspect for the lack of replicability. The two 

arylating boronic acid derivatives 28 and 29 were also included in this study, to gain further 

insight on the effect of the substituent under this modified system. 
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Scheme 2.10 – A quantitative study of TBHP for three phenylating boronic acid derivatives. 

 

Table 2.9 – A quantitative study of TBHP for three phenylating boronic acid derivatives. 

# 
Boronic acid 

derivative 
Oxidant Yield [%] 

Type Amount [eq] Internal Standarda Isolated 

1 2 0.50 - 53 

2 2 1.1 - 60 

3 2 4.0 - 26 

4 25 0.50 27 - 

5 25 1.1 0 - 

6 25 4.0 0 - 

7 27 0.50 51b 45b 

8 27 1.1 

 
51, 70 - 

9 27 1.5 54c 033 16c 

10 27 2.0 49 ± 10d - 

11 27 2.5 56 ± 24e - 

12 27 3.0 41 - 

13 27 4.0 55 - 

14 28 2.0 - 46 

15 29 2.0 - 10 
aInternal standard yield determined using mesitylene (1,3,5-trimethyl benzene) as internal 

standard. 

b,cTwo separate experiments. 

dBased on six replicates. 
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eBased on four replicates. 

 

Several conclusions can be drawn from Table 2.9.  

Judging by the entries 14 and 15, it would appear that electron donating substituents are well 

tolerated, while electron withdrawing substituents are visibly underperforming. This is 

surprising, because the literature for similar transformations is in agreement that the electronic 

effects of both electron donating and electron withdrawing substituents are equally well 

received.42,43 

Phenyl trifluoroborate 25 performed very poorly at all amounts of TBHP 31 used. No similar 

trend was witnessed in past experiments involving it. 

Phenylboronic acid 2 was only capable of providing modest yields, while tri phenyl boroxine 

27 is seen to result in significantly higher yields with relative ease, but in a rather 

untrustworthy manner, judging by the entries where more than one replicates were obtained. 

The assumption that wanted TBHP as the cause of reproducibility loss seemed to be sensible 

at that point, and it was deemed wiser for this study to move forward to a new oxidizing 

agent. 

2.4. Moving onwards, a broader oxidant screening 

 

The goal of this next study was to circumvent the setback imposed on the method 

development. New oxidants were tested for their chemical suitability in the reaction, and in 

sequence their ability to provide reproducible results (Figure 2.7, Scheme 2.11). 

Figure 2.7 – The new oxidants involved in this screening. 



30 

 

 

Scheme 2.11 – Screening of new oxidants. 

 

Table 2.10 – Screening for potential a oxidant. 

# 
Oxidant Yield [%] 

Type Internal Standarda 

1 35 53 

2 36 10 

3 37 0 
aInternal standard yield determined using mesitylene (1,3,5-trimethyl benzene) as internal 

standard. 

 

It is evident from Table 2.10 that the nature of the oxidant plays an important role to product 

formation. Peroxy acids such as oxone 36 and mCPBA 77 % 37 appeared to be especially low 

performing. H2O2 30 % 35 showed promise to move forward with optimization, and that was 

what followed. 

 

2.5. Experiments with H2O2 as the oxidant 

 

A quantitative study for H2O2 was conducted for three phenylating boronic acid derivatives, 

under the two catalysts previously seen to be the best performing, Cu(OTf)2 and CuCl2 
. 2H2O 

(Scheme 2.12). We wished to re-evaluate the appropriateness of each catalyst in the presence 

of a different oxidant. 
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Scheme 2.12 – Cu(OTf)2  and CuCl2 
. 2H2O with H2O2 as the oxidant. 

 

Table 2.11 – Cu(OTf)2  and CuCl2 
. 2H2O with H2O2 as the oxidant. 

# 
Catalyst 

Boronic acid 

derivative 
Oxidant Yield [%] 

Type Type Amount [eq] 
Internal 

Standarda Isolated 

1 Cu(OTf)2 2 0.50 46 - 

2 Cu(OTf)2 27 0.50 54 - 

3 Cu(OTf)2 2 1.1 44 - 

4 Cu(OTf)2 27 1.1 23b, 38, 82 85c 

5 Cu(OTf)2 27 1.5 61 - 

6 Cu(OTf)2 2 2.0 28 - 

7 Cu(OTf)2 25 2.0 0 - 

8 Cu(OTf)2 27 2.0 67 ± 5d - 

9 Cu(OTf)2 27 2.5 67 - 

10 Cu(OTf)2 27 3.0 72 - 

11 Cu(OTf)2 2 4.0 18 - 

12 Cu(OTf)2 27 4.0 44 - 

13 CuCl2 
. 2H2O 2 2.0 29 - 

14 CuCl2 
. 2H2O 25 2.0 5 - 

15 CuCl2 
. 2H2O 27 2.0 45 - 

aInternal standard yield determined using mesitylene (1,3,5-trimethyl benzene) as internal 

standard. 

bThis experiment was done in an airtight vial. The particularly low yield may be an indication 

of the importance of atmospheric oxygen to the reaction, which has also been implied in the 

literature. 



32 

 

cIsolated yield from separate experiments run under identical conditions, but no crude yield 

was determined. 

dBased on three replicates. 

 

In this study Cu(OTf)2 and tri phenyl boroxine 27 were again confirmed to be the superior 

catalyst and phenylating partner respectively. It was therefore natural to move on with this 

system for further reaction optimization studies. Conversely, 1.1 eq of H2O2 35 did provide 

the highest yield (entry 4, Table 2.11), but similarly to when TBHP was the oxidant, with 

lack of replicability. We had nothing conclusive at our disposal pointing towards a course of 

action that would resolve this major and recurring problem. The optimization proceeded, once 

again with the intent to gain further information and tackle this issue as soon as we had the 

evidence to do so. 

A catalytic loading test ensued for various boronic acid derivatives (Scheme 2.13). 

 

Scheme 2.13 – Catalytic loading screening for various boronic acid derivatives. 

 

Table 2.12 – Catalytic loading screening for various boronic acid derivatives. 

# 
Catalyst 

Boronic acid 

derivative 
Yield [%] 

Amount [eq] Type 
Internal 

Standarda Isolated 

1 0.050 2 45 - 

2 0.050 25 15 - 

3 0.050 26 - 23 

4 0.050 27 83 84b 

5 0.050 29 12 - 
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6 0.050 30 63 - 

7 0.10 27 23 - 

8 0.20 27 33 - 
aInternal standard yield determined using mesitylene (1,3,5-trimethyl benzene) as internal 

standard. 

bIsolated yield from separate experiments run under identical conditions, but no crude yield 

was determined. 

 

It immediately became clear (Table 2.12) that a 5 % catalytic loading gave vastly higher 

yields, compared to both 10 % and 20 %. One possible explanation to this counter-intuitive 

observation, was the formation of colloid particles of copper, preventing the regeneration of 

the catalyst and thus inhibiting the catalytic cycle. Therefore, the 5 % catalytic loading was 

adopted for all future experiments. 

Interestingly, all boronic acid derivatives above with the exception of tri phenyl boroxine 27 

and to a lesser extent tri (4-tolyl) boroxine 30 gave poor yields. That was another strong 

signifier that boroxines are in general more efficient arylating agents for this procedure. A 

reasonable explanation based on the literature38,52 for the inferior performance of the other 

boronic acid derivatives, namely phenylboronic acid 2, phenyl trifluoroborate 25, 

phenylboronic acid pinacol ester 26, and 4-nitrophenyl boronic acid 29, could be the 

formation of the phenolic byproduct. 

As boroxines gave superior yields, we presumed that they may be less prone to such 

byproduct formation, and potentially follow a different mechanistic pathway compared to 

their respective boronic acids. In order to gain a deeper insight of the reaction mechanism, tri 

phenyl boroxine 6 was involved in the two types of screening experiments that follow. 

As tri phenyl boroxine possesses three phenyl rings, it was rationalized that it may be capable 

of donating more than one to the reaction. Therefore the next study employed the former as 

the limiting reactant at three catalytic loadings, in order to confirm that hypothesis (Scheme 

2.14). 



34 

 

 

Scheme 2.14 – Tri phenyl boroxine as the limiting reactant. 

 

Table 2.13 – Tri phenyl boroxine as the limiting reactant at three different catalytic loadings. 

# 
Catalyst Yield [%] 

Amount [eq] Internal Standarda 

1 0.050 31 

2 0.10 39 

3 0.20 26 
aInternal standard yield determined using mesitylene (1,3,5-trimethyl benzene) as internal 

standard. 

 

Witnessing persistently low yields on all three entries above, it was theorized that only one 

phenyl ring is donated to the reaction, and tri phenyl boroxine was kept at the usual slight 

excess of 1.1 eq going onwards. 

Next up, a concentration screening ensued, as none had been carried out in the past and it 

could be crucial to upholding reproducibility (Scheme 2.15). 
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Scheme 2.15 – Two boroxines in a concentration test. 

 

Table 2.14 – Four different concentrations, at 5 % and 20 % catalytic loadings. 

# 
Concentration 

Boronic acid 

derivative 
Yield [%] 

[M] Type 
Internal 

Standarda Isolated 

1 0,20 27 91 ± 3b 75 ± 13c,d 

2 0,10 27 78 ± 12e 84d 

3 0,067 27 58, 98 - 

4 0,050 27 89, 98 72d 

5 0.20 30 66 - 

6 0.10 30 61 - 
aInternal standard yield determined using mesitylene (1,3,5-trimethyl benzene) as internal 

standard. 

bBased on three replicates. 

cBased on nine replicates. 

dIsolated yield from separate experiments run under identical conditions, but no crude yield 

was determined. 

eBased on three replicates. 
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All concentrations at which tri phenyl boroxine 27 was tested at once again resulted in a very 

noticeable difference between the lowest and highest yields achieved, while tri (4-tolyl) 

boroxine 30 behaved only decently on both occasions. 

Such persistent lack of reproducibility could not be coincidental, as it had been manifesting 

throughout the entirety of the screening work. In order to resolve that major setback, a 

permaganometric titration of H2O2 30 % 35 was conducted, which revealed an over time 

degradation of the latter. After three months of use, the concentration of H2O2 in water had 

dropped from 30 % to 16 %. That renders all experiments completed with that reagent largely 

unsafe for reliable accurate interpretation. 

It was considered the safest course of action to move away from peroxide oxidants altogether, 

and instead adopt another approach. 

 

2.6. Experiments with Ce(SO4)2 as the oxidant 

 

Ce(SO4)2 (cerium (IV) sulphate) was introduced as an oxidant to the reaction (Scheme 2.16). 

This study focused on the interaction between the oxidant, tri phenyl boroxine and 

concentration. 

 

Scheme 2.16 – A quantitative study for Ce(SO4)2, tri phenyl boroxine and concentration. 
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Table 2.15 – A quantitative study for Ce(SO4)2, tri phenyl boroxine and concentration. 

# 
Oxidant 

Boronic acid 

derivative 
Concentration Yield [%] 

Amount [eq] Amount [eq] [M] Isolated 

1 0.10 1.1 0.20 64 

2 1.1 1.1 0.20 61 

3 1.3 1.1 0.20 62 

4 1.5 1.1 0.20 31 

5 1.8 1.1 0.20 0, 66 

6 2.0 1.1 0.20 61 

7 4.0 1.1 0.20 64 

8 1.3 1.3 0.20 7 

9 1.5 1.3 0.20 9 

10 1.8 1.3 0.20 31, 68 

11 1.3 1.3 0.10 44 

12 1.5 1.3 0.10 63, 79 

13 1.8 1.3 0.10 64 ± 24b 

14 1.8 1.5 0.10 51, 69 

15 2.0 1.5 0.10 50 

16 1.8 1.1 0.067 56 ± 28c 

17 1.8 1.3 0.067 80 

18 1.8 1.5 0.067 61 
aInternal standard yield determined using mesitylene (1,3,5-trimethyl benzene) as internal 

standard. 

bBased on eight replicates. 

cBased on eleven replicates. 

 

Looking at Table 2.15 collectively, Ce(SO4)2 can be seen to behave as eratically as the 

peroxide oxidants earlier, providing yields in equally large ranges for entries with replicate 

experiments. There are of course individual studies that produced very high yields (i.e. entry 

17), however attempts to interpret them were thawed. A non existent pattern leading to the 

improvement of the method, and past experience with this lack of reproducibility, mandated 

the effectuation of a series of control experiments. The questions that surrounded them were 

as follows: 
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1) Does the cerium cation complexate with the product, preventing it from eluting through the 

flash chromatography column, or cause decomposition in solution? (Scheme 2.17) 

 

Scheme 2.17 – A control experiment aiming to ascertain the stability of N3-phenyl hydantoin 

3 in the presence of the Ce(SO4)2 oxidant. 

 

Over 99% of N3-phenyl hydantoin 3 was retrieved, rejecting the aforementioned suspicion. 

 

2) Is decomposition of tri phenyl boroxine 27 from Ce(SO4)2 a possibility? And if it is, would 

a large excess of phenylboronic acid 2 compensate for it? (Scheme 2.18) 

 

Scheme 2.18 – A control experiment to re-evaluate the efficiency of excess phenylboronic 

acid compared to tri phenyl boroxine as the phenylating agent. 

 

Followed by flash chromatography, 33 % and 35 % isolated yields obtained from two 

replicates. Tri phenyl boroxine 27 did not seem to suffer from decomposition problems, and 

remained the most appropriate boronic acid partner. 

 



39 

 

3) Does the cerium cation complexate with the hydantoin 1, rather than the product, 

preventing it from eluting through the flash chromatography column, or cause decomposition 

in solution? (Scheme 2.19) 

 

Scheme 2.19 – A control experiment aiming to ascertain the stability of hydantoin 1 as a 

starting material in the presence of the Ce(SO4)2 oxidant. 

 

Followed by flash chromatography, 68 % and 75 % isolated yields were obtained from two 

replicates, confirming that it is in fact the starting material affected by the oxidizing agent. It 

was however impossible to pinpoint whether the loss was due to decomposition, or 

complexation with the cerium cation. 

In either case, it was once again in this study that it was deemed safer to move away from an 

oxidant and continue the search for a new, appropriate one. 

 

2.7. A general oxidant screening 

 

A broader selection of oxidants was screened based on their potential in similar reactions 

(Figure 2.8, Scheme 2.20).  

1) The properties of 1,4-benzoquinone 38 and tetrachloro-1,4-benzoquinone 39 as 

oxidants are well established in the literature.53-55 1,4-benzoquinone 13 in particular 

has been known to accelerate the reductive elimination step for oxidative cross-

coupling reactions towards C-C bond formation.53 

2) Di-tert-butyl peroxide 40 is a stable peroxide with a long shelf life. It was chosen for 

its ability to regenerate Cu(II) catalysts.56,57 Due to our earlier experience with the 

H2O2 35, a comparison was interesting. Because the hydrogen peroxide had 
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decomposed within the time frame of the study, a more stable peroxide could 

overcome this issue. 

3) Boric acid 41 has been used as an additive to enable catalytic Chan-Lam amination of 

BPin Esters.58 The reaction conditions differ greatly compared to the method being 

developed, however the capacity of boric acid in aiding the reoxidation of Cu(I) in the 

presence of acetic acid and triethylamine has been reported.38,58   

4) Desyl chloride 42 has been used quite extensively in Pd-catalyzed reactions for the 

reoxidation of Pd(0) to Pd(II).55 Due to its possible overlap with the current Cu(I) to 

Cu(II) system, we wished to explore its potential further.  

 

 

Figure 2.8 – The newly tested oxidants.53-58 

 

 

 

Scheme 2.20 – A number of new oxidants was tested. 
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Table 2.16 – Two of the new oxidants gave especially high yields. 

# 
Oxidant 

Conversiona [%] 
Yield [%] 

Type Isolated 

1 1,4-benzoquinone 

38 
71 - 

2 tetrachloro-1,4-

benzoquinone 39 
84 83 

3 di-tert-butyl 

peroxide 40 
67 - 

4 boric acid 41 87 88 

5 desyl chloride 42 63 - 
aJudged by crude 1H NMR. 

The promise of each oxidant was judged by its conversion to product. Those that appeared to 

result in a higher percentage of product (entry 2 and 4) were consequently purified by flash 

chromatography, and produced excellent yields. Naturally, tetrachloro-1,4-benzoquinone 39 

and boric acid 41 were the choices for further optimization. These results (Table 2.16) did not 

however allow us to deduce the reason behind the superior performance of those two oxidants 

over the other three, while none of them appeared to be outright unsuitable. 

 

2.8. Experiments with boric acid as the oxidant 

 

Boric acid was the first of the two to be screened (Scheme 2.21), starting directly with a 

search for the optimal amount to use. 

 

Scheme 2.21 – A quantitative study for boric acid. 
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Table 2.17 – A quantitative study for boric acid. 

# 
Oxidant 

Conversiona [%] 
Yield [%] 

Amount [eq] Isolated 

1 0.50 71 30 

2 1.1 86 23 

3 2.0 67 54 
aJudged by crude 1H NMR. 

Boric acid failed to provide high yields, in spite of the preliminary result of entry 4, Table 

2.16. Notably, entry 2 of Table 2.17 employed the exact same conditions as entry 4 of Table 

2.16, yet a 65 % difference in isolated yield is observed, showing the absence of 

reproducibility. In addition, the conversions to product were also high, but the isolated yields 

did not reflect them. This gave rise to the suspicion that the starting material may decompose 

due to boric acid, similarly to the control experiment completed when Ce(SO4)2 was the 

oxidant. We then wished to test if tetrachloro-1,4-benzoquinone would show the same trend, 

as it was the next most promising oxidant (Table 2.16). 

 

2.9. Experiments with tetrachloro-1,4-benzoquinone as 

the oxidant 

 

Screening of tetrachloro-1,4-benzoquinone also began with a search for the most appropriate 

amount (Scheme 2.22). 

 

Scheme 2.22 – A quantitative study for tetrachloro-1,4-benzoquinone. 
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Table 2.18 – A quantitative study for tetrachloro-1,4-benzoquinone. 

# 
Oxidant 

Conversiona [%] 
Yield [%] 

Amount [eq] Isolated 

1 0.50 85 48 

2 1.1 85 25 

3 2.0 77 37 
aJudged by crude 1H NMR. 

As with boric acid earlier, the experiments with tetrachloro-1,4-benzoquinone 39 resulted in 

high conversions to product, but low isolated yields. In addition, entry 2 of Table 2.18 

employed the exact same conditions as entry 2 of Table 2.16, yet a 58 % difference in yield 

is observed, showing again a lack of replicability. The search shifted to confirming the 

suitability of other reaction parameters, wishing to unveil the one responsible for that 

recurring impediment. A catalyst and the boron partner change was considered, and were 

therefore involved in this next study (Scheme 2.23). Tetrachloro-1,4-benzoquinone was 

arbitrarily chosen over boric acid for this screening, as both were essentially equally 

promising judging by the first results they provided (Table 2.16). It was kept at 1.1 eq, as that 

had given the highest yield (entry 2, Table 2.16). 

 

Scheme 2.23 – A combined search for phenylatung agent and catalyst. 

 

Table 2.19 – A combined search for phenylatung agent and catalyst. 

# 
Catalyst 

Boronic acid 

derivative Conversiona [%] 
Yield 

Type Type Isolated 

1 Cu(OTf)2 2 77 37 

2 Cu(OTf)2 27 85 25 
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3 Cu(NO3)2 
. 2,5H2O 2 80 38 

4 Cu(NO3)2 
. 2,5H2O 27 83 ± 6b 61 ± 7b 

5 CuCl 2 80 38 

6 CuCl 27 80 42 
aJudged by crude 1H NMR. 

bBased on four replicates. 

 

The yields obtained were poor to decent for all combinations of catalyst and boronic acid 

derivative. Naturally, none of these results matched what this study opted to achieve. Having 

tested an astonishing number of oxidants under an equally impressive combination of 

conditions, it was concluded that the persistently poor results and lack of replicability could 

not be exclusively attributable to the oxidizing species. However, the experimental data gave 

no indication as to what that may be. 

 

2.10.Experiments without an oxidant 

 

A cursory literature overview revealed an interesting reaction consisting of similar features to 

the reaction being investigated.59 The reaction involved the Cu-catazlyed N-arylation of 

aminic, amidic and imidic N-H-groups using aryl boroxines (Scheme 2.24). We speculated 

that this reaction could be compatible with the hydantoin nucleus – a substrate not reported in 

the above study.  

 

Scheme 2.24 – Literature conditions for the arylation of succinimide, and other N-

heterocycles.59 
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Very similar conditions were employed in this study, but to our surprise two key features 

emerged: The authors state that temperatures above 40 oC accelerated the formation of 

biphenyl byproduct, and no oxidant was necessary. Concerning the former, it has not been 

elaborated whether the amount of formed byproduct is constant or not at higher temperatures. 

If it is not, it could be a very reasonable interpretation of the aberrant yields obtained 

throughout this study.  

Three key questions consequently emerged:  

1) was the earlier developed method applicable to hydantoins? 

The conditions of Scheme 2.24 were simulated for the hydantoin scaffold (Scheme 2.25). 

 

Scheme 2.25 – Hydantoin under the newly modified conditions. 

 

The improvement was indeed immediate and profound. Consistently high yields were finally 

achieved, implying that temperature is in fact the unpredictability introducing element. 

2) what had been the role of the oxidant to the reaction (Scheme 2.26)? 

It was imperative to elucidate the role of an oxidant to the reaction, as it had been a vital 

part of this research, but its purpose never truly understood. Its role was presumed to be 

the reoxidation of copper in the catalytic cycle, from copper (I) to copper (II), thus 

regenerating the catalyst. Up to that point, the oxidant was thought to be necessary due to 

the initial experiments with TBHP, which boosted the yield significantly, but notably 

under a different catalytic system. Following that discovery, every oxidant that failed to 

produce replicable results was believed to lead to increased byproduct formation or 
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decomposition of the starting material, particularly after witnessing the effects of H2O2 

and Ce(SO4)2 respectively, and was regarded as the general cause for yield fluctuation. 

 

Scheme 2.26 – Tetrachloro-1,4-benzoquinone in a control experiment. 

The presence of tetrachloro-1,4-benzoquinone 39 appeared to be ultimately inconsequential to 

the outcome of the reaction. Therefore, the long-standing assumption which wanted the 

oxidizing species as the reason for loss of replicability was refuted. 

3) Lastly, was the lack of reproducibility of the developed method at least partially 

attributed to the higher temperature used?  

The next control opted to confirm that the higher temperature rather than the oxidant was 

indeed the deleterious point of the process (Scheme 2.27). 

 

Scheme 2.27 – A control experiment at 80 oC, without an oxidant. 

 

80 oC did indeed result in a greatly inferior yield compared to that obtained at 40 oC. However 

biphenyl, the literature-suggested byproduct,59 had never been observed in the crude 1H-NMR 



47 

 

spectrum. It was also not isolated by flash chromatography, in spite of repeated efforts to do 

so. 

Nevertheless, these control experiments allowed us to conclude on a finalized method, which 

was modified to a 0.2 M concentration. It was rationalized that it could accelerate product 

formation, especially for N-heterocycles that have only one nitrogen susceptible to arylation 

(Scheme 2.28). 

 

Scheme 2.28 – The finalized method of this study. 

 

Concetration did not appear to be critical for high yields to be realized. The method 

development was finalized, however a core component of the reaction had yet to be 

diversified, and that was the boroxines. 

 

2.11. Synthesis of boroxines 

 

Several methods exist in the literature for the synthesis of boroxine analogues.60-66 Some of 

them are more elaborate and thus less accessible than others. The goal was to adopt and 

possibly modify a procedure that could provide a variety of new boroxine structures rapidly 

and reliably. Those that appeared to be capable of doing that were a simple dehydration in a 

chemical oven (method a) or a Dean-Stark distillation (Scheme 2.29).60-63 
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Scheme 2.29 – Dehydration of boronic acid derivatives towards boroxines.  

In spite of how trivial and straightforward these processes may seem, they have in fact been 

rather problematic. The time required to prepare the corresponding boroxine is quite long, 

especially in the case of oven dehydration, and the conversion from boronic acid not always 

complete. A demonstration of this can be seen on the spectrum of the attempted oven 

dehydration of tri phenyl boroxine over 30h (Figure 2.9). 

 

Figure 2.9 – CDCl3 spectrum of tri phenyl boroxine with phenylboronic acid residue (4.53 

ppm O-H). 

Wishing to circumvent both of those issues at the same time, an unconventional theory was 

formulated: Since the desired products can be acquired through a simple dehydration in an 

oven or with azeotropic distillation, would vacuum assist by accelerating the removal of 

water? It was consequently put into test (Scheme 2.30). Dry toluene and the boronic acid 

were introduced in a round bottom flask, placed on a rotary evaporator at 0 mbar pressure and 

70 oC waterbath, and allowed to rotate for fourty minutes. 



49 

 

 

Scheme 2.30 – Rotary evaporation to boroxines. 

A number of boroxines were successfully characterized through this method (Figure 2.10). 

 

Figure 2.10 – The boroxines prepared for the scoping study. 
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It is worth noting that due to the well established Lewis acid nature of the boron in the 

boroxine ring structure,67,68 it is imperative to avoid the use of solvents with lone electron 

pairs that can add to the former nucleophilically. This can result in either boroxine adducts or 

boroxine ring displacement.63-65,68,69 The presumed adduct formation is illustrated in Figure 

2.11 for tri (2-naphthyl) boroxine in DMSO-d6. 

 

Figure 2.11 – Possible formation of boroxine adducts between tri (2-naphthyl) boroxine and 

DMSO-d6. 

 

To prevent such adducts from forming, as well as the hydrolysis of the boroxine back to its 

respective boronic acid form, it is optimal to use dry aprotic solvents (Figure 2.12). 
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Figure 2.12 – Tri (2-naphthyl) boroxine in CDCl3. 

 

The absence of water is also crucial. Trace amounts of moisture in the deuterated solvent were 

capable of gradually hydrolyzing tri (4-fluorophenyl) boroxine to the boronic acid in less than 

sixteen hours, as it stayed in the same NMR tube overnight (Figure 2.13). 

 

 

Figure 2.13 – Tri (4-fluorophenyl) boroxine (red) and tri (4-fluorophenyl) boroxine with 13% 

boronic acid (8.08 ppm), in CDCl3. 
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Having settled also on this important reaction parameter, the study was ready to expand its 

scope to new hydantoins. 

 

2.12.Preliminary scope of the N-arylation reaction 

 

A selection of available hydantoins (Figure 2.14) involved in this scoping work. 

 

Figure 2.14 – The hydanoints included in this scoping work. 

 

Naturally, the goal was to synthesize as many novel hydantoins as possible. Before 

proceeding to arylations with more complex substitution patterns, the simple phenylation 

variant of the method was employed for all of the substituted hydantoins of Figure 2.14. We 

wished to create a direct comparison between each substituted hydantoin and the plain 

hydantoin scaffold, and deduct the role of stereoelectronic effects of the respective substituent 

to the reaction (Scheme 2.31). 
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Scheme 2.31 – Substituted hydantoins with tri phenyl boroxine. 

  

Table 2.20 – Phenylation of substituted hydantoins. 

# Hydantoin Yield [%] 

Type Isolated 

1 1 80 ± 4 

2 47 84 

3 48 56, 64 

4 21 23 

5 18 21 

6 8 30 

 

Hydantoin 1 and N1-methyl hydantoin 47 both provided excellent and nearly identical yields. 

Conversely to N1-methyl hydantoin, 5-methyl 48, and in particular 5,5-dimethyl 21 and 5,5-

diphenyl hydantoin 18  had a profound negative effect on product formation. The method is 

clearly not as efficient for 5-substituted hydantoins. 

Similarly, nitrofurantoin 8 only provided a very modest yield. It is however a special case of 

hydantoin compound, with electronic effects possibly to be taken into consideration. 
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The focus turned to the two more successful hydantoins, hydantoin and N1-methyl hydantoin, 

wishing to discover if equal success could be met for other boroxine substrates (Scheme 

2.32). 

 

Scheme 2.32 – Hydantoin and N1-methyl hydantoin reacted with tri (4-fluorophenyl) 

boroxine and tri (4-methoxy-3-methyl) boroxine respectively. 

 

Table 2.21 – Hydantoin and 1-methyl hydantoin reacted with tri (4-fluorophenyl) boroxine 

and tri (4-methoxy-3-methyl) boroxine respectively. 

# 

Hydantoin Boroxine Yield of N3-

arylhydantoin [%] 

Yield of N1,N3-

diarylhydantoin  [%] 

Type Type Isolated Isolated 

1 hydantoin 46 48 9 

2 N1-methyl hydantoin 44 53 0 

 

Moderate yields were obtained for both entries, implying that the electronic effects of the aryl 

ring has a substantial negative impact on the efficiency of the procedure, comparing it with 

their respective phenylation counterpart. More interestingly, the first entry also yielded 9 % of 

the diarylated product 1,3-bis (4-fluorophenyl) hydantoin 56. This suggests that the electronic 

effects of the aryl ring are important for the reaction performance. Not only do they affect the 

isolated yield, they can also trigger sequential coupling. 

 

 

 



55 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



56 

 

2.13. Summary 

 

This study starts with a discussion on the chemistry and biological importance of the 

hydantoin scaffold. It proceeds with depicting our choice of key features, and setting the goals 

for the development of a direct funtionalization method to afford N3-substituted hydantoins in 

a single reaction step. A mechanistic sketch has been proposed based on the literature for 

similar transformations. Next, prior art in achieving substituted hydantoins is reported, 

through both cyclization, as well as direct functionalization processes. 

Moving on, the method optimization is analyzed. The majority of the work was focused on 

finding an appropriate oxidizing species, and is thus presented in thematic subchapters 

featuring each one of them. The reason behind this focus is the initial results obtained, which 

strongly suggested that the presence of an oxidant is necessary for high yields to be realized. 

However, yield fluctuation was observed for nearly all replicate experiments. Due to the 

literature claiming phenolic byproduct formation, and important controls showing undesirable 

decomposition processes, this lack of reproducibility was attributed to the oxidant. As a result, 

the research for an optimal oxidant continued, until it reached a standstill, again due to lack of 

replicability. The number of oxidants tested could not logically justify this same trend 

manifesting constantly, but simutaneously no other key parameter screened could be held 

accountable. A serendipitous literature finding revealed a procedure nearly identical with the 

one under development in this work, although not tested on hydantoins. It explained that an 

oxidant is unnecessary and that higher reaction temperatures accelerate the formation of the 

biphenyl byproduct. After adopting and slightly modifying that literature procedure, 

reproducible results were obtained, and we set out to explore more structurally diverse 

hydantoins. 

A novel method of boroxine synthesis is also reported, as an improvement of existing 

dehydration processes from the respective boronic acids. It requires a simple rotary 

evaporation system under reduced pressure and dry toluene as solvent, a modification of the 

well known Dean-Stark distillation apparatus. Lastly, solutions are discussed to avoid 

boroxine hydrolysis and possible formation of adducts. 
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2.14. Conclusions and future prospects 

 

The conclusions that can be drawn from this study organized by the features optimized 

through it are as such: 

1) Boronic acid derivative: Tri phenyl boroxine 27 is a vastly superior phenylating 

substrate compared to phenylboronic acid 2, phenyl trifluoroborate 25 and 

phenylboronic acid pinacol ester 26. For that reason, boroxines in general became the 

method’s arylating agents. Strongly electron withdrawing substituents seem to be 

detrimental, based exclusively on yields provided by 4-nitrophenyl boronic acid. All 

other types of substituents were well tolerated, although their performance was 

inferior compared to the plain phenyl ring’s. Tri (4-fluorophenyl) boroxine 45 gave 9 

% of diarylated hydantoin, while all other substitution patterns were N3 regioselective. 

2) Catalyst: Cu(OTf)2 provided the highest yields among all catalysts tested. It is 

speculated that this is due to its particularly high Lewis acidity, which could facilitate 

the transmetalation step. A similar claim has been formulated in the well established 

literature of Chan-Lam couplings. To the best of the writer’s knowledge, however, 

there does not seem to be precedence studying the Lewis acidity of common copper 

salts, therefore a perfect comparison among the screened catalysts is not possible. A 

5% catalytic loading was found to achieve higher yields than 10% and 20%. It is 

hypothesized that higher catalytic loadings generate colloid particles, therefore 

deactivating the catalyst. 

3) Oxidant and base/ligand: Neither an oxidant nor a base/ligand is necessary. Both were 

seen to be either inconsequential or detrimental. Peroxide oxidants such as TBHP and 

H2O2 are hypothesized to lead to formation of phenolic byproducts, as also supported 

in the literature. H2O2 in particular was additionally witnessed to decompose over 

time, which naturally reduces its efficiency and synthetic usefulness. Conversely, 

Ce(SO4)2 was seen to decompose the starting hydantoin, and its use should therefore 

be avoided. Concerning bases/ligands, almost all nitrogenous bases employed 

completely quashed product formation. It is presumed that is due to coordination 

complexes with the copper catalyst, thus halting the catalytic cycle. 

4) Solvent: Ethanol was the sole solvent to result in synthetically useful yields. 

Interestingly, neither methanol nor isopropanol were nearly as appropriate. Due to the 
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unsatisfactory results provided from all tested solvents, it is not possible to formulate a 

relationship between the nature of the solvent (protic/aprotic, polar/apolar) and its 

suitability. 

5) Temperature: Possibly the most crucial parameter of the procedure. The literature 

states that temperatures above 40 oC greatly accelerate formation of the biphenyl 

byproduct. The majority of this work was carried out with an 80 oC reaction 

temperature, which is suspected to be the primary reason for the witnessed lack of 

replicability. Adopting the reported 40 oC resolved this problem and allowed us to 

proceed with scoping studies. Notably, biphenyl was never observed or isolated in 

spite of efforts to do so. 

6) Reaction time: Extended reaction times over 24h were not seen to alter the outcome. 

The method of this study is a valuable tool for the direct N3-arylation of hydantoins but also 

N-heterocycles in general, possibly only with minor alterations to best fit the needs of the 

respective heterocycle. The boroxines necessary can be accessed rapidly through a simple 

dehydration of their boronic acid counterparts with the method described earlier, while also 

giving rise to substitution patterns that are not easily or at all accessible by other arylating 

agents. The variety of structures that can be achieved is highly promising, and further 

optimization is warranted to that goal. 
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3. Experimental section 

 

3.1. General 

NMR-solvents were used as delivered from Sigma Aldrich and Cambridge Isotope 

Laboratories. Hexane was distilled prior to use.  

Thin layer chromatography was performed on 60 F254 silica coated aluminum plates from 

Merck. Flash chromatography was performed on silica gel from Merck (Silicagel 60, 0.040-

0.063 mm) manually. 

1H and 13C NMR experiments were recorded in CDCl3, CD3CN using Bruker AVII400 or 

AVIIHD400 operating at 400 MHz (1H), 101 MHz (13C), AVI600 operating at 600 MHz (1H) 

and 150 MHz (13C) or AVIII800 operating at 800 MHz (1H) and 200 MHz (13C). All spectra 

were recorded at 25 oC. Chemical shifts (δ) are given in parts per million (ppm) relative to the 

solvent used. 

 

Reference peaks: CDCl3: 7.24 ppm (1H), 77.0 ppm (13C). CD3CN: 1.94 ppm (1H), 118.69 and 

1.39 ppm (13C). 

For some compounds, 1H and 13C shifts were assigned with the help of DEPT135, COSY, 

HSQC and HMBC. 

Spectra are included in the appendix. 

Mass spectra were obtained on a Bruker Daltonik GmbH MAXIS II ETD (ESI) and SCION-

TQ (EI) spectrometer by Osamu Sekiguchi. 

All melting points are uncorrected and were measured by a Büchi B-545 melting point 

apparatus. 

Concentration in vacuo and dehydration to boroxines was carried out in a Buchi R-100 rotary 

evaporation system bundled with a V-100 vacuum pump. 

 

All reactions employing the liquid oxidants TBHP 70% 31 or H2O2 30% 35 follow general 

procedure A: hydantoin (appropriate amount), boronic acid derivative (appropriate amount) 

and catalyst (appropriate amount) were transferred to a small round bottom flask. They were 

dissolved in solvent (appropriate amount) and stirred for ten minutes. Then the oxidant 
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(appropriate amount) was added drop-wise with a glass syringe, and the mixture was allowed 

to stir for the desirable duration. The crude mixture was concentrated in vacuo. 

All other reactions, that do not employ the liquid oxidants TBHP 70 % 31 or H2O2 30 % 35, 

follow general procedure B: hydantoin (appropriate amount), boronic acid derivative 

(appropriate amount), catalyst (appropriate amount) and oxidant (appropriate amount) were 

transferred to a small round bottom flask. They were dissolved in solvent (appropriate 

amount) and the mixture was allowed to stir for the desirable duration. The crude mixture was 

concentrated in vacuo. 

All reactions that have N3-phenyl hydantoin as their product were purified using column 

chromatography (SiO2, 85:15 to 80:20 hexane-acetone). 
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1) K2S2O8 as oxidant, in accordance with Table 2.1. 

 

# 
Z 

Yield [%] 

1 
- 0 

2 13.5 mg, 0.05 

mmol, 0.1 eq 
0 

3 270.3 mg, 1.0 

mmol, 2 eq 
0 

4 675.8 mg, 2.5 

mmol, 5 eq 
0 

 

 

2) TBHP as oxidant and CuI as catalyst, in accordance with Table 2.1. 

 

# 
Y Z 

Yield [%] 

1 3.9 mg, 0.02 

mmol, 0.1 eq 

30.4 μL, 0.22 

mmol, 1.1 eq 
18a 

aInternal standard yield determined using TMB (1,3,5-trimethoxy benzene) as internal 

standard. 
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3) TBHP as oxidant and Cu(OAc)2 as catalyst, in accordance with Table 2.1 – 2.2. 

 

# 
H X Y Z Yield [%] 

Amount Type Amount Amount Amount 
Internal 

Standarda Isolated 

1 50 mg, 0.5 

mmol, 1 eq 
2 

66.5 mg, 0.55 

mmol, 1.1 eq 

9.1 mg, 0.05 

mmol, 0.1 eq 
- 0 - 

2 100 mg, 1 

mmol, 1 eq 
2 

133.0 mg, 1.1 

mmol, 1.1 eq 

  

18.2 mg, 0.1 

mmol, 0.1 eq 

152.3 μL, 1.1 

mmol, 1.1 eq 
- 9 

3 20.0 mg, 0.2 

mmol, 1 eq 
25 

40.5 mg, 0.22 

mmol, 1.1 eq 

3.7 mg, 0.02 

mmol, 0.1 eq 

30.4 μL, 0.22 

mmol, 1.1 eq 
8 - 

4 20.0 mg, 0.2 

mmol, 1 eq 
26 

44.9 mg, 0.22 

mmol, 1.1 eq 

 

3.7 mg, 0.02 

mmol, 0.1 eq 

30.45 μL, 0.22 

mmol, 1.1 eq 
12 - 

5 20.0 mg, 0.2 

mmol, 1 eq 
27 

68.6 mg, 0.22 

mmol, 1.1 eq 

3.7 mg, 0.02 

mmol, 0.1 eq 
- 13 - 

6 20.0 mg, 0.2 

mmol, 1 eq 
27 

68.6 mg, 0.22 

mmol, 1.1 eq 

3.7 mg, 0.02 

mmol, 0.1 eq 

55.4 μL, 0.4 

mmol, 2 eq 
47 - 

7 20.0 mg, 0.2 

mmol, 1 eq 
28 

30 mg, 0.22 

mmol, 1.1 eq 

3.7 mg, 0.02 

mmol, 0.1 eq 
- 5 - 

8 20.0 mg, 0.2 

mmol, 1 eq 
28 

30 mg, 0.22 

mmol, 1.1 eq 

3.7 mg, 0.02 

mmol, 0.1 eq 

2.8 μL, 0.02 

mmol, 0.1 eq 
16 - 

9 20.0 mg, 0.2 

mmol, 1 eq 
28 

30 mg, 0.22 

mmol, 1.1 eq 

3.7 mg, 0.02 

mmol, 0.1 eq 

30.45 μL, 0.22 

mmol, 1.1 eq 
21 - 

10 20.0 mg, 0.2 

mmol, 1 eq 
28 

30 mg, 0.22 

mmol, 1.1 eq 

3.7 mg, 0.02 

mmol, 0.1 eq 

55.4 μL, 0.4 

mmol, 2 eq 
18 - 

11 20.0 mg, 0.2 

mmol, 1 eq 
28 

30 mg, 0.22 

mmol, 1.1 eq 

3.7 mg, 0.02 

mmol, 0.1 eq 

138.4 μL, 1 

mmol, 5 eq 
11, 25 - 
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12 20.0 mg, 0.2 
mmol, 1 eq 

29 
36.7 mg, 0.22 
mmol, 1.1 eq 

3.7 mg, 0.02 
mmol, 0.1 eq 

46.9 μL, 0.22 
mmol, 1.1 eq 

19 - 

aInternal standard yield determined using TMB (1,3,5-trimethoxy benzene) as internal 

standard. 

 

 

4) TBHP as oxidant in a catalyst screening, in accordance with Table 2.3. 

 

# 
X Y Z Yield [%] 

Type Type Amount Amount 
Internal 

Standarda 

1 
27 Cu(NO3)2 

. 2,5H2O 
4.8 mg, 0.02 

mmol, 0,1eq 

55.4 μL, 0.4 

mmol, 2 eq 
37 

2 
27 CuCl2 

. 2H2O 
3.4 mg, 0.02 

mmol, 0,1eq 

55.4 μL, 0.4 

mmol, 2 eq 
64, 44b 

3 
27 CuCO3 

. Cu(OH)2 
4.4 mg, 0.02 

mmol, 0,1eq 

55.4 μL, 0.4 

mmol, 2 eq 
27 

4 
28 Cu2O 

2.9 mg, 0.02 

mmol, 0,1eq 

55.4 μL, 0.4 

mmol, 2 eq 
13 

5 28 CuCl 
2 mg, 0.02 

mmol, 0,1eq 

55.4 μL, 0.4 

mmol, 2 eq 
22 

aInternal standard yield determined using TMB (1,3,5-trimethoxy benzene) as internal 

standard. 

bIsolated yield from separate experiment run under identical conditions, but no crude yield 

was determined. 
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5) TBHP as oxidant and Cu(OTf)2 as catalyst, combined screenings, in accordance with 

Table 2.3 - 2.9. 

 

# 
X Z A T t Yield [%] 

Type Amount Amount Type Amount oC h 
Internal 

Standarda 

Isolat

ed 

1 
28 

30 mg, 0.22 

mmol, 1.1 eq 

55.4 μL, 0.4 

mmol, 2 eq 
- - 80 24 43, 85 - 

2 
2 

26.6 mg, 0.22 

mmol, 1.1 eq 

55,4 μL, 0.4 

mmol, 2 eq 
- - 60 24 35 - 

3 
2 

26.6 mg, 0.22 

mmol, 1.1 eq 

14 μL, 0.1 

mmol, 0.5 eq 
- - 80 24 53 - 

4 
2 

26.6 mg, 0.22 

mmol, 1.1 eq 

30.5 μL, 0.22 

mmol, 1.1 eq 
- - 80 24 60 - 

5 2 
26.6 mg, 0.22 

mmol, 1.1 eq 

55,4 μL, 0.4 

mmol, 2 eq 
- - 80 24 35 - 

6 2 
26.6 mg, 0.22 

mmol, 1.1 eq 

110.7 μL, 0.8 

mmol, 4 eq 
- - 80 24 26 - 

7 2 
31.5 mg, 0.26 

mmol, 1.3 eq 

55,4 μL, 0.4 

mmol, 2 eq 
- - 80 24 21 - 

8 25 
40.5 mg, 0.22 

mmol, 1.1 eq 

14 μL, 0.1 

mmol, 0.5 eq 
- - 80 24 27 - 

9 25 
40.5 mg, 0.22 

mmol, 1.1 eq 

30.5 μL, 0.22 

mmol, 1.1 eq 
- - 80 24 0 - 

10 25 
40.5 mg, 0.22 

mmol, 1.1 eq 

55,4 μL, 0.4 

mmol, 2 eq 
- - 60 24 45 - 

11 25 
40.5 mg, 0.22 

mmol, 1.1 eq 

55,4 μL, 0.4 

mmol, 2 eq 
- - 80 24 46 ± 15b - 

12 25 
48 mg, 0.26 

mmol, 1.3 eq 

55,4 μL, 0.4 

mmol, 2 eq 
- - 80 24 27 - 

13 25 
40.5 mg, 0.22 

mmol, 1.1 eq 

110.7 μL, 0.8 

mmol, 4 eq 
- - 80 24 0 - 

14 26 
45 mg, 0.22 

mmol, 1.1 eq 

55,4 μL, 0.4 

mmol, 2 eq 
- - 60 24 22 - 

15 26 
45 mg, 0.22 

mmol, 1.1 eq 

55,4 μL, 0.4 

mmol, 2 eq 
- - 80 24 60 - 
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16 27 
62.3 mg, 0.2 

mmol, 1 eq 

55,4 μL, 0.4 

mmol, 2 eq 
- - 60 24 - 45 

17 27 
68.6 mg, 0.22 

mmol, 1.1 eq 

55,4 μL, 0.4 

mmol, 2 eq 
- - 60 24 44 - 

18 27 
68.6 mg, 0.22 

mmol, 1.1 eq 

14 μL, 0.1 

mmol, 0.5 eq 
- - 80 24 51 - 

19 27 
68.6 mg, 0.22 

mmol, 1.1 eq 

30.5 μL, 0.22 

mmol, 1.1 eq 
- - 80 24 51, 70 - 

20 27 
68.6 mg, 0.22 

mmol, 1.1 eq 

41.5 μL, 0.3 

mmol, 1.5 eq 
- - 80 24 54 - 

21 27 
68.6 mg, 0.22 

mmol, 1.1 eq 

55.4 μL, 0.4 

mmol, 2 eq 
- - 80 24 52 ± 11c - 

22 27 
62.3 mg, 0.2 

mmol, 1 eq 

55.4 μL, 0.4 

mmol, 2 eq 
- - 100 24 - 16 

23 27 
68.6 mg, 0.22 

mmol, 1.1 eq 

69.5 μL, 0.5 

mmol, 2.5 eq 
- - 80 72 40 - 

24 27 
68.6 mg, 0.22 

mmol, 1.1 eq 

69.5 μL, 0.5 

mmol, 2.5 eq 
- - 80 24 56 ± 24d - 

25 27 
68.6 mg, 0.22 

mmol, 1.1 eq 

83 μL, 0.6 

mmol, 3 eq 
- - 80 24 41 - 

26 27 
68.6 mg, 0.22 

mmol, 1.1 eq 

110.7 μL, 0.8 

mmol, 4 eq 
- - 80 24 55 - 

27 27 
68.6 mg, 0.22 

mmol, 1.1 eq 

69.5 μL, 0.5 

mmol, 2.5 eq 
PPh3  

57.7 mg, 0.22 

mmol, 1.1 eq 
80 24 70 - 

28 27 
68.6 mg, 0.22 

mmol, 1.1 eq 

69.5 μL, 0.5 

mmol, 2.5 eq 
NaOTf  

37.9 mg, 0.22 

mmol, 1.1eq 
80 24 39 - 

29 27 
68.6 mg, 0.22 

mmol, 1.1 eq 

69.5 μL, 0.5 

mmol, 2.5 eq 
Piperidine  

18.7 mg, 0.22 

mmol, 1.1eq 
80 24 17 - 

30 27 
68.6 mg, 0.22 

mmol, 1.1 eq 

69.5 μL, 0.5 

mmol, 2.5 eq 
DBU  

33.5 mg, 0.22 

mmol, 1.1eq 
80 24 0 - 

31 27 
68.6 mg, 0.22 

mmol, 1.1 eq 

69.5 μL, 0.5 

mmol, 2.5 eq 
DIPEA  

38.3 μL, 0.22 

mmol, 1.1eq 
80 24 12 - 

32 27 
68.6 mg, 0.22 

mmol, 1.1 eq 

69.5 μL, 0.5 

mmol, 2.5 eq 
DMEDA  

23.7 μL, 0.22 

mmol, 1.1eq 
80 24 0 - 

33 27 
68.6 mg, 0.22 

mmol, 1.1 eq 

69.5 μL, 0.5 

mmol, 2.5 eq 
TEA  

30.7 μL, 0.22 

mmol, 1.1eq 
80 24 17 - 

34 27 
68.6 mg, 0.22 

mmol, 1.1 eq 

69.5 μL, 0.5 

mmol, 2.5 eq 

trans-1,2-

diamino 

cyclohexane  

26.4 μL, 0.22 

mmol, 1.1eq 
80 24 70 - 

aInternal standard yield determined using TMB (1,3,5-trimethoxy benzene) or mesitylene 

(1,3,5-trimethyl benzene) as internal standard. 

bBased on five replicates. 

cBased on seventeen replicates. 

dBased on four replicates. 
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6) TBHP as oxidant and CuCl2 
. 2H2O as catalyst, in accordance with Table 2.4. 

 

# 
X S Yield 

Type Amount Type 
Internal 

Standarda 
Isolated 

1 
2 

26.6 mg, 0.22 

mmol, 1.1 eq 

EtOH 

 
23 - 

2 
25 

40.5 mg, 0.22 

mmol, 1.1 eq 

EtOH 

 
14 - 

3 27 
68.6 mg, 0.22 

mmol, 1.1 eq 
EtOH - 40 

4 
27 

62.3 mg, 0.2 

mmol, 1 eq 

EtOH 

 
64 44b 

5 
27 

62.3 mg, 0.2 

mmol, 1 eq 
MeOH c - 

6 27 
62.3 mg, 0.2 
mmol, 1 eq 

i-PrOH 8 - 

7 27 
62.3 mg, 0.2 

mmol, 1 eq 
MeCN 0 - 

8 27 
62.3 mg, 0.2 

mmol, 1 eq 
Toluene 0 - 

9 27 
62.3 mg, 0.2 

mmol, 1 eq 
DMF 14 - 

10 27 
62.3 mg, 0.2 

mmol, 1 eq 
THF 0 - 

11 27 
62.3 mg, 0.2 

mmol, 1 eq 
1,4-dioxane 0 - 

12 27 
62.3 mg, 0.2 

mmol, 1 eq 

1,2-

dichloromethane 
0 - 

aInternal standard yield determined using TMB (1,3,5-trimethoxy benzene) or mesitylene 

(1,3,5-trimethyl benzene) as internal standard. 

bIsolated yield from separate experiment run under identical conditions, but no crude yield 

was determined. 
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cThe crude H-NMR shows an inexplicably large number of signals. Product is observable, but 

minor, and impossible to calculate with precision. 

 

7) General oxidant screening with Cu(OTf)2 as catalyst, in accordance with Table 2.10. 

 

# 
Z Yield 

Type Amount Internal Standarda 

1 H2O2 40.84 μL, 0.44 

mmol, 2 eq 

53 

2 Oxone 123 mg, 0.4 

mmol, 2 eq 

10 

3 mCPBA 
89.6 mg, 0.4 

mmol, 2 eq 

0 

aInternal standard yield determined using mesitylene (1,3,5-trimethyl benzene) as internal 

standard. 

8) H2O2 as oxidant and CuCl2 
. 2H2O as catalyst, in accordance with Table 2.11. 
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# 

X Z Yield 

Type Amount Amount Internal Standarda 

1 
2 

26.6 mg, 0.22 

mmol, 1.1 eq 

40.84 μL, 0.44 

mmol, 2 eq 
29 

2 
25 

40.5 mg, 0.22 

mmol, 1.1 eq 

40.84 μL, 0.44 

mmol, 2 eq 
5 

3 
27 

68.6 mg, 0.22 

mmol, 1.1 eq 

40.84 μL, 0.44 

mmol, 2 eq 
45 

aInternal standard yield determined using mesitylene (1,3,5-trimethyl benzene) as internal 

standard. 

 

9) H2O2 as oxidant and Cu(OTf)2 as catalyst, in accordance with Table 2.11 – 2.14. 

 

 

 

# 
X Y Z C Yield [%] 

Type Amount Amount Amount (M) 
Internal 

Standarda 
Isolated 

1 
2 

26.6 mg, 

0.22 mmol, 

1.1 eq 

3.6 mg, 0.01 

mmol, 0.05eq 

22.5 μL, 0.22 

mmol, 1.1 eq 
0.1 45 - 

2 
2 

26.6 mg, 

0.22 mmol, 

1.1 eq 

7.2 mg, 0.02 

mmol, 0.1eq 

11.23 μL, 

0.11 mmol, 

0.5 eq 

0.1 46 - 

3 
2 

26.6 mg, 

0.22 mmol, 

1.1 eq 

7.2 mg, 0.02 

mmol, 0.1eq 

22.5 μL, 0.22 

mmol, 1.1 eq 
0.1 44 - 
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4 
2 

26.6 mg, 

0.22 mmol, 

1.1 eq 

7.2 mg, 0.02 

mmol, 0.1eq 

40.84 μL, 

0.44 mmol, 2 

eq 

0.1 28 - 

5 2 

26.6 mg, 

0.22 mmol, 

1.1 eq 

7.2 mg, 0.02 

mmol, 0.1eq 

81.7 μL, 0.8 

mmol, 4 eq 
0.1 18 - 

6 25 

40.5 mg, 

0.22 mmol, 

1.1 eq 

3.6 mg, 0.01 

mmol, 0.05 eq 

22.5 μL, 0.22 

mmol, 1.1 eq 
0.1 15 - 

7 25 

40.5 mg, 

0.22 mmol, 

1.1 eq 

7.2 mg, 0.02 

mmol, 0.1 eq 

40.84 μL, 

0.44 mmol, 2 

eq 

0.1 0 - 

8 26 

45 mg, 0.22 

mmol, 1.1 

eq 

3.6 mg, 0.01 

mmol, 0.05 eq 

22.5 μL, 0.22 

mmol, 1.1 eq 
0.1 23 - 

9 27 

 

31.2 mg, 

0.1 mmol, 

0.5 eq 

3.6 mg, 0.01 

mmol, 0.05 eq 

22.5 μL, 0.22 

mmol, 1.1 eq 
0.1 31 - 

10 27 

31.2 mg, 

0.1 mmol, 

0.5 eq 

7.2 mg, 0.02 

mmol, 0.1 eq 

22.5 μL, 0.22 

mmol, 1.1 eq 
0.1 39 - 

11 27 

31.2 mg, 

0.1 mmol, 

0.5 eq 

14.5 mg, 0.04 

mmol, 0.2 eq 

22.5 μL, 0.22 

mmol, 1.1 eq 
0.1 26 - 

12 27 

68.6 mg, 

0.22 mmol, 

1.1 eq 

3.6 mg, 0.01 

mmol, 0.05 eq 

22.5 μL, 0.22 

mmol, 1.1 eq 
0.2 91 ± 3b 75 ± 13c,d 

13 27 

68.6 mg, 

0.22 mmol, 

1.1 eq 

3.6 mg, 0.01 

mmol, 0.05 eq 

22.5 μL, 0.22 

mmol, 1.1 eq 
0,1 83, 90 84 

14 27 

68.6 mg, 

0.22 mmol, 

1.1 eq 

3.6 mg, 0.01 

mmol, 0.05 eq 

22.5 μL, 0.22 

mmol, 1.1 eq 
0,067 58, 98 81 

15 27 

68.6 mg, 

0.22 mmol, 

1.1 eq 

3.6 mg, 0.01 

mmol, 0.05 eq 

22.5 μL, 0.22 

mmol, 1.1 eq 
0,05 89, 98 72d 

16 27 

68.6 mg, 

0.22 mmol, 

1.1 eq 

7.2 mg, 0.02 

mmol, 0.1 eq 

11.23 μL, 

0.11 mmol, 

0.5 eq 

0.1 54 - 

17 27 

68.6 mg, 

0.22 mmol, 

1.1 eq 

7.2 mg, 0.02 

mmol, 0.1 eq 

22.5 μL, 0.22 

mmol, 1.1 eq 
0.1 38, 82 85d 

18 27 

68.6 mg, 

0.22 mmol, 

1.1 eq 

7.2 mg, 0.02 

mmol, 0.1 eq 

30.63 μL, 0.3 

mmol, 1.5 eq 
0.1 61 - 

19 27 

68.6 mg, 

0.22 mmol, 

1.1 eq 

7.2 mg, 0.02 

mmol, 0.1 eq 

40.84 μL, 

0.44 mmol, 2 

eq 

0.1 67 ± 5e - 
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20 27 

68.6 mg, 

0.22 mmol, 

1.1 eq 

7.2 mg, 0.02 

mmol, 0.1 eq 

51.5 μL, 0.5 

mmol,  2.5 eq 
0.1 67 - 

21 27 

68.6 mg, 

0.22 mmol, 

1.1 eq 

7.2 mg, 0.02 

mmol, 0.1 eq 

61.3 μL, 0.6 

mmol, 3 eq 
0.1 72 - 

22 27 

68.6 mg, 

0.22 mmol, 

1.1 eq 

7.2 mg, 0.02 

mmol, 0.1 eq 

81.7 μL, 0.8 

mmol, 4 eq 
0.1 - 44 

23 27 

68.6 mg, 

0.22 mmol, 

1.1 eq 

7.2 mg, 0.02 

mmol, 0.1 eq 

22.5 μL, 0.22 

mmol, 1.1 eq 
0.1 23f - 

24 27 

68.6 mg, 

0.22 mmol, 

1.1 eq 

14.5 mg, 0.04 

mmol, 0.2 eq 

22.5 μL, 0.22 

mmol, 1.1 eq 
0,2 74 - 

25 27 

68.6 mg, 

0.22 mmol, 

1.1 eq 

14.5 mg, 0.04 

mmol, 0.2 eq 

22.5 μL, 0.22 

mmol, 1.1 eq 
0,1 33 - 

26 27 

68.6 mg, 

0.22 mmol, 

1.1 eq 

14.5 mg, 0.04 

mmol, 0.2 eq 

22.5 μL, 0.22 

mmol, 1.1 eq 
0,067 55 - 

27 27 

68.6 mg, 

0.22 mmol, 

1.1 eq 

14.5 mg, 0.04 

mmol, 0.2 eq 

22.5 μL, 0.22 

mmol, 1.1 eq 
0,05 54 - 

28 28 

36.7 mg, 

0.22 mmol, 

1.1 eq 

3.6 mg, 0.01 

mmol, 0.05 eq 

22.5 μL, 0.22 

mmol, 1.1 eq 
0.1 12 - 

29 30 

77.84 mg, 

0.22 mmol, 

1.1 eq 

3.6 mg, 0.01 

mmol, 0.05 eq 

22.5 μL, 0.22 

mmol, 1.1 eq 
0.2 66 - 

30 30 

77.84 mg, 

0.22 mmol, 

1.1 eq 

3.6 mg, 0.01 

mmol, 0.05 eq 

22.5 μL, 0.22 

mmol, 1.1 eq 
0.1 63 - 

aInternal standard yield determined using mesitylene (1,3,5-trimethyl benzene) as internal 

standard. 

bBased on three replicates. 

cBased on nine replicates. 

dIsolated yield from separate experiments run under identical conditions, but no crude yield 

was determined. 

eBased on three replicates. 

fExperiment in airtight vial. 
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10)  Ce(SO4)2 as oxidant and Cu(OTf)2 as catalyst, in accordance with Table 2.15. 

 

# X Y Z C Yield [%] 

Amount Amount Amount (M) Isolated 

1 68.6 mg, 0.22 

mmol, 1.1 eq 

3.6 mg, 0.01 

mmol, 0.05 eq 

6.65 mg, 

0.02mmol, 0.1 eq 
0.2 64 

2 68.6 mg, 0.22 

mmol, 1.1 eq 

3.6 mg, 0.01 

mmol, 0.05 eq 

73.1 mg, 0.22 

mmol, 1.1 eq 
0.2 61 

3 68.6 mg, 0.22 

mmol, 1.1 eq 

3.6 mg, 0.01 

mmol, 0.05 eq 

86.4 mg, 0.26 

mmol, 1.3 eq 
0.2 62 

4 68.6 mg, 0.22 

mmol, 1.1 eq 

3.6 mg, 0.01 

mmol, 0.05 eq 

99.7 mg, 0.3 

mmol, 1.5 eq 
0.2 31 

5 68.6 mg, 0.22 

mmol, 1.1 eq 

3.6 mg, 0.01 

mmol, 0.05 eq 

119.6 mg, 0.36 

mmol, 1.8 eq 
0,2 0, 66 

6 68.6 mg, 0.22 

mmol, 1.1 eq 

3.6 mg, 0.01 

mmol, 0.05 eq 

132.9 mg, 0.4 

mmol, 2 eq 
0,2 61 

7 68.6 mg, 0.22 

mmol, 1.1 eq 

3.6 mg, 0.01 

mmol, 0.05 eq 

265.8 mg, 0.8 

mmol, 4 eq 
0,2 64 

8 81.1 mg, 0.26 

mmol, 1.3 eq 

3.6 mg, 0.01 

mmol, 0.05 eq 

86.4 mg, 0.26 

mmol, 1.3 eq 
0,2 7 

9 81.1 mg, 0.26 

mmol, 1.3 eq 

3.6 mg, 0.01 

mmol, 0.05 eq 

99.7 mg, 0.3 

mmol, 1.5 eq 
0,2 9 

10 81.1 mg, 0.26 

mmol, 1.3 eq 

3.6 mg, 0.01 

mmol, 0.05 eq 

119.6 mg, 0.36 

mmol, 1.8 eq 
0,2 31, 68 

11 81.1 mg, 0.26 

mmol, 1.3 eq 

3.6 mg, 0.01 

mmol, 0.05 eq 

86.4 mg, 0.26 

mmol, 1.3 eq 
0.1 44 

12 81.1 mg, 0.26 

mmol, 1.3 eq 

3.6 mg, 0.01 

mmol, 0.05 eq 

99.7 mg, 0.3 

mmol, 1.5 eq 
0.1 63, 79 

13 81.1 mg, 0.26 

mmol, 1.3 eq 

3.6 mg, 0.01 

mmol, 0.05 eq 

119.6 mg, 0.36 

mmol, 1.8 eq 
0.1 64 ± 24a 

14 93.5 mg, 0.3 

mmol, 1.5 eq 

3.6 mg, 0.01 

mmol, 0.05 eq 

119.6 mg, 0.36 

mmol, 1.8 eq 
0.1 51, 69 

15 93.5 mg, 0.3 

mmol, 1.5 eq 

3.6 mg, 0.01 

mmol, 0.05 eq 

132.9 mg, 0.4 

mmol, 2 eq 
0.1 50 

16 68.6 mg, 0.22 

mmol, 1.1 eq 

3.6 mg, 0.01 

mmol, 0.05 eq 

119.6 mg, 0.36 

mmol, 1.8 eq 
0,067 56 ± 28b 
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17 81.1 mg, 0.26 

mmol, 1.3 eq 

3.6 mg, 0.01 

mmol, 0.05 eq 

119.6 mg, 0.36 

mmol, 1.8 eq 
0,067 80 

18 93.5 mg, 0.3 

mmol, 1.5 eq 

3.6 mg, 0.01 

mmol, 0.05 eq 

119.6 mg, 0.36 

mmol, 1.8 eq 
0,067 61 

aBased on eight replicates. 

bBased on eleven replicates. 

 

11) Control experiment, in accordance with Scheme 2.17. 

 

N3-phenyl hydantoin 3 and cerium (IV) sulphate were introduced into a small round bottom 

flask and allowed to stir in EtOH for 24 hours at 80 oC. The mixture was concentrated in 

vacuo and purified by flash chromatography. 

 

2 replicates. >99 % product retrieved for both. 

 

12) Control experiment, in accordance with Scheme 2.18. 

 

Hydantoin 1, phenylboronic acid 2, copper (II) triflate and cerium (IV) sulphate were 

introduced into a small round bottom flask and allowed to stir in EtOH for 24 hours at 80 oC. 

The mixture was concentrated in vacuo and purified by flash chromatography. 
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# Y Z Yield [%] 

Amount Amount Isolated 

1 3.6 mg, 0.01 

mmol, 0.05 eq 

119.6 mg, 0.36 

mmol, 1.8 eq 
33 

2 3.6 mg, 0.01 

mmol, 0.05 eq 

119.6 mg, 0.36 

mmol, 1.8 eq 
35 

 

13) Control experiment, in accordance with Scheme 2.19. 

 

Hydantoin 1 and cerium (IV) sulphate were introduced into a small round bottom flask and 

allowed to stir in EtOH for 24 hours at 80 oC. The mixture was concentrated in vacuo and 

purified by flash chromatography. 

 

# Z Yield [%] 

Amount Isolated 

1 119.6 mg, 0.36 

mmol, 1.8 eq 
68 

2 119.6 mg, 0.36 

mmol, 1.8 eq 
75 

 

14) General oxidant screening with Cu(OTf)2 as catalyst, in accordance with Table 2.16. 
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# Z Conversiona [%] 
Type Amount 

1 1,4-

benzoquinone  

23.8 mg, 0.22 

mmol, 1.1 eq 
71 

2 tert-butyl 

peroxide  

40.62 μL, 0.22 

mmol, 1.1 eq 
67 

3 Desyl chloride  
50.75 mg, 0.22 

mmol, 1.1 eq 
63 

aJudged by crude 1H NMR. 

 

15) Boric acid as oxidant and Cu(OTf)2 as catalyst, in accordance with Table 2.16, 2.17. 

 

 

# 
Z Yield [%] 

Amount Isolated 

1 6.2 mg, 0.1 

mmol, 0.5 eq 
30 

2 13.6 mg, 0.22 

mmol, 1.1 eq 
23, 88 

4 24.7 mg, 0.4 

mmol, 2 eq 
54 
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16) Tetrachloro-1,4-benzoquinone as oxidant, combined studies, in accordance with Table 

2.16, 2.18, 2.19. 

 

# X Y Z Yield [%] 

Type Amount Type Amount Amount Isolated 

1 
27 

68.6 mg, 0.22 

mmol, 1.1 eq 
Cu(OTf)2 

3.6 mg, 0.01 

mmol, 0.05 eq 

24.6 mg, 0.1 

mmol, 0.5 eq 
48 

2 2 
26.6 mg, 0.22 

mmol, 1.1 eq 
Cu(OTf)2 

3.6 mg, 0.01 

mmol, 0.05 eq 

54.1 mg, 0.22 

mmol, 1.1 eq 
37 

3 
27 

68.6 mg, 0.22 

mmol, 1.1 eq 
Cu(OTf)2 

3.6 mg, 0.01 

mmol, 0.05 eq 

54.1 mg, 0.22 

mmol, 1.1 eq 
25, 83 

4 
27 

68.6 mg, 0.22 

mmol, 1.1 eq 
Cu(OTf)2 

3.6 mg, 0.01 

mmol, 0.05 eq 

98.35 mg, 0.4 

mmol, 2 eq 
37 

5 
2 

26.6 mg, 0.22 

mmol, 1.1 eq 

Cu(NO3)2 
. 

2,5H2O 

2.33 mg, 0.01 

mmol, 0.05 eq 

54.1 mg, 0.22 

mmol, 1.1 eq 
38 

6 27 
68.6 mg, 0.22 

mmol, 1.1 eq 

Cu(NO3)2 
. 

2,5H2O 

2.33 mg, 0.01 

mmol, 0.05 eq 

54.1 mg, 0.22 

mmol, 1.1 eq 
61 ± 7a 

7 2 
26.6 mg, 0.22 

mmol, 1.1 eq 
CuCl 

1 mg, 0.01 

mmol, 0.05 eq 

54.1 mg, 0.22 

mmol, 1.1 eq 
38 

8 27 
68.6 mg, 0.22 

mmol, 1.1 eq 
CuCl 

1 mg, 0.01 

mmol, 0.05 eq 

54.1 mg, 0.22 

mmol, 1.1 eq 
42 

aBased on four replicates. 
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17) Method simulated from the literature, in accordance with Scheme 2.25. 

 

 

18) Control experiments, in accordance with Scheme 2.26. 

 

 

 

# Y Z Yield [%] 

Amount Amount Isolated 

1 3.6 mg, 0.01 

mmol, 0.05 eq 

54.1 mg, 0.22 

mmol, 1.1 eq 
86 

2 3.6 mg, 0.01 

mmol, 0.05 eq 

54.1 mg, 0.22 

mmol, 1.1 eq 
88 
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19) Control experiment, in accordance with Scheme 2.27. 

 

 

20) Hydantoin in the finalized method, in accordance with Scheme 2.28. 

 

 

21) Synthesis of boroxines, in accordance with Scheme 2.30. 

The desired boronic acid (appropriate amount) and dry toluene (0.03 M) were 

introduced in a round bottom flask, which was then connected to a rotary evaporator 

and allowed to rotate at maximum speed in a 70 oC waterbath. The conversion is 

quantitative. 

 

The following boroxines were obtained with this method: 
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a)  

Tri phenyl boroxine 27 

 

1H NMR (600 MHz, CDCl3) δ 8.27 – 8.22 (m, 6H, H-3), 7.61 – 7.57 (m, 3H, H-4), 7.54 – 

7.48 (m, Hz, 6H, H-2). 

13C NMR (150 MHz, CDCl3) δ 135.4 (C-3), 132.5 (C-4), 127.8 (C-2). 

MS (EI) m/z [M+]: Found for C18H15B3O3 at 312.1. 

Melting point: 214 – 216 oC. 

Rf = 0.10 in 9:1 chloroform-acetone. 

This compound has been reported in the literature.70  

C-1 does not seem to give a signal in 13C NMR. This is in accordance with the literature.70 
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Figure 3.1 – 1H NMR spectrum of tri phenyl boroxine (600 MHz, CDCl3). 

 

 

 

Figure 3.2 – 13C NMR spectrum of tri phenyl boroxine (150 MHz, CDCl3). 
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b)  

Tri (4-tolyl) boroxine 30 

 

1H NMR (600 MHz, CDCl3) δ 8.10 (d, J = 7.8 Hz, 6H, H-3), 7.29 (d, J = 7.8 Hz, 6H, H-2), 

2.42 (s, 9H, H-5). 

13C NMR (150 MHz, CDCl3) δ 142.7 (C-4), 135.6 (C-3), 128.6 (C-2), 21.8 (C-5). 

MS (EI) m/z [M+]: Found for C21H21B3O3 at 354.2. 

Melting point: 235 – 238 oC. 

Rf = 0.12 in 9:1 chloroform-acetone. 

This compound has been reported in the literature.71  

C-1 does not seem to give a signal in 13C NMR. 13C NMR spectral information has not been 

reported.71 
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Figure 3.3 – 1H NMR spectrum of tri (4-tolyl) boroxine (600 MHz, CDCl3). 

 

 

 

Figure 3.4 – 13C NMR spectrum of tri (4-tolyl) boroxine (150 MHz, CDCl3). 
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c)  

Tri (4-fluorophenyl) boroxine 46 

 

1H NMR (400 MHz, CDCl3) δ 8.23 - 8.17 (m, 6H, H-3), 7.21 - 7.14 (m, 6H, H-2). 

13C NMR (101 MHz, CDCl3) δ 167.4 (C-1/4), 164.9 (C-4/1), 138.0 (d, J = 8.1 Hz, C-2), 115.3 

(d, J = 20.2 Hz, C-3) 

Mass spectrum: not collected. 

Melting point: 261 – 263 oC. 

Rf = 0.09 in 9:1 chloroform-acetone. 

This compound has been reported in the literature.70 

C-1 does not seem to give a signal in 13C NMR. This is in accordance with the literature.70 
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Figure 3.5 – 1H NMR spectrum of tri (4-fluorophenyl) boroxine (400 MHz, CDCl3). 

 

 

 

Figure 3.6 – 13C NMR spectrum of tri (4-fluorophenyl) boroxine (101 MHz, CDCl3). 
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d)  

Tri (4-methoxy-3-methylphenyl) boroxine 44 

 

1H NMR (600 MHz, CDCl3) δ 8.05 (dd, J = 8.0, 1.0 Hz, 3H, H-2), 7.94 (s, 3H, H-6), 6.92 (d, 

J = 8.0 Hz, 3H, H-3), 3.89 (s, 9H, H-7), 2.31 (s, 9H, H-8). 

13C NMR (150 MHz, CDCl3) δ 161.2 (C-4), 137.7 (C-6), 135.2 (C-2), 125.7 (C-5), 109.1 (C-

3), 55.0 (C-7), 16.0 (C-8). 

Mass spectrum: not collected. 

Melting point: 210 – 212 oC. 

Rf = 0.09 in 9:1 chloroform-acetone. 

This compound has not been reported in the literature. 

C-1 does not seem to give a signal in 13C NMR. 
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Figure 3.7 – 1H NMR spectrum of tri (4-methoxy-3-methylphenyl) boroxine (600 MHz, 

CDCl3).  

 

 

 

Figure 3.8 – 13C NMR spectrum of tri (4-methoxy-3-methylphenyl) boroxine (150 MHz, 

CDCl3). 
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e)  

Tri (2-naphthyl) boroxine 45 

 

1H NMR (400 MHz, CDCl3) δ 8.88 (s, 3H), 8.33 (dd, J = 8.1, 0.8 Hz, 3H), 8.11 – 8.07 (m, 

3H), 7.99 (d, J = 8.1 Hz, 3H), 7.95 – 7.90 (m, 3H), 7.63 – 7.54 (m, 6H). 

13C NMR (101 MHz, CDCl3) δ 137.9, 135.9, 132.9, 130.7, 129.1, 127.9, 127.7, 127.4, 126.0. 

Mass spectrum: not collected. 

Melting point: not collected. 

Rf = 0.18 in 9:1 chloroform-acetone. 

This compound has been repor ted in the literature.72 
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Figure 3.9 – 1H NMR spectrum of tri (2-naphthyl) boroxine (400 MHz, CDCl3). 

 

 

 

Figure 3.10 – 13C NMR spectrum of tri (2-naphthyl) boroxine (101 MHz, CDCl3). 
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N3-phenyl hydantoin 3 

 

Hydantoin (20.0 mg, 0.2 mmol, 1.0 eq), tri phenyl boroxine (68.6 mg, 0.22 mmol, 1.1 eq) and 

Cu(OTf)2 (3.6 mg, 0.01 mmol, 0.05 eq) were transferred to a small round bottom flask. They 

were dissolved in EtOH (1 mL) and allowed to stir at 40 oC for 24h. The crude mixture was 

concentrated in vacuo and purified using column chromatography (SiO2, 85:15 to 80:20 

hexane-acetone), to afford a colorless solid, (29.9 mg, 0.17 mmol), 85 % yield. 

1H NMR (600 MHz, CD3CN) δ 7.49 – 7.45 (m, 2H, H-3’), 7.40 – 7.37 (m, 1H, H-4’), 7.37 – 

7.40 (m, 2H, H-2’), 6.25 (br s, 1H, H-1), 3.99 (s, 2H, H-5). 

13C NMR (150 MHz, CD3CN) δ 172.3 (C-2), 158.3 (C-4), 133.8 (C-1’), 130.2 (C-3’), 129.3 

(C-4’), 128.1 (C-2’), 47.5 (C-5). 

HR-MS (ESI) m/z [M+ + Na]: Calculated for C9H8N2NaO2 at 199.048, found 199.0477. 

Melting point: 156 – 158 oC. 

Rf = 0.14 in 9:1 chloroform-acetone. 

This compound has been reported in the literature.5a 
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Figure 3.11 – 1H NMR spectrum of N3-phenyl hydantoin (600 MHz, CD3CN). 

 

 

 

Figure 3.12 – 13C NMR spectrum of N3-phenyl hydantoin (150 MHz, CD3CN). 
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N3-(4-tolyl) hydantoin 33 

 

Hydantoin (20.0 mg, 0.2 mmol, 1.0 eq), 4-tolyl boronic acid (30.0 mg, 0.22 mmol, 1.1 eq) and 

Cu(OTf)2 (7.2 mg, 0.02 mmol, 0.1 eq) were transferred to a small round bottom flask. They 

were dissolved in EtOH (2 mL) and stirred for ten minutes. Then TBHP (55.5 μL, 0.4 mmol, 

2.0 eq) was added drop-wise with a glass syringe, and the mixture was allowed to stir at 80 oC 

for 24h. The crude mixture was concentrated in vacuo and purified using column 

chromatography (SiO2, 3:1 hexane-ethyl acetate), to afford a crystalline colorless solid, (17.6 

mg, 0.09 mmol), 45 % yield. 

1H NMR (600 MHz, CD3CN) δ 7.30 – 7.27 (m, 2H, H-3’), 7.23 – 7.20 (m, 2H, H-4’), 6.23 (br 

s, 1H, H-1), 3.97 (d, J = 1.3 Hz, 2H, H-5), 2.37 (s, H-5’). 

13C NMR (150 MHz, CD3CN) δ 172.0 (C-2), 158.0 (C-4), 139.1 (C-1’), 130.7 (C-3’), 130.3 

(C-2’), 127.6 (C-2’), 47.1 (C-5), 21.1 (C-5’). 

HR-MS (ESI) m/z [M+ + Na]: Calculated for C10H10N2NaO2 at 213.063, found 213.0635. 

Melting point: 174 – 176 oC. 

Rf = 0.15 in 9:1 chloroform-acetone. 

This compound has been reported in the literature.73 
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Figure 3.13 – 1H NMR spectrum of N3-(4-tolyl) hydantoin (600 MHz, CD3CN). 

 

 

 

Figure 3.14 – 13C NMR spectrum of N3-(4-tolyl) hydantoin (150 MHz, CD3CN). 
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N3-(4-nitrophenyl) hydantoin 34 

 

Hydantoin (100.0 mg, 1.0 mmol, 1.0 eq), 4-nitrophenyl boronic acid (183.6 mg, 1.1 mmol, 

1.1 eq) and Cu(OTf)2 (36.2 mg, 0.1 mmol, 0.1 eq) were transferred to a small round bottom 

flask. They were dissolved in EtOH (10 mL) and stirred for ten minutes. Then TBHP (277.0 

μL, 2.0 mmol, 2.0 eq) was added drop-wise with a glass syringe, and the mixture was allowed 

to stir at 80 oC for 24h. The crude mixture was concentrated in vacuo and purified using 

column chromatography (SiO2, 3:1 to 1:1 hexane-ethyl acetate), to afford a crystalline yellow 

solid, (21.6 mg, 0.1 mmol), 10 % yield. 

1H NMR (600 MHz, CD3COCD3) δ 8.38 – 8.33 (m, 2H), 7.87 – 7.82 (m, 2H), 7.46 (br s, 1H, 

H-1), 4.21 (d, J = 1.3 Hz, 2H, H-5). 

13C NMR (150 MHz, CD3COCD3) δ 171.4 (C-2), 156.9 (C-4), 147.4 (C-4’/1’), 139.9 (C-

1’/4’), 127.4, 125.0, 47.2 (C-5). 

HR-MS (ESI) m/z [M+ + Na]: Calculated for C9H7N3NaO4 at 244.033, found 244.0329. 

Melting point: 254 – 256 oC. 

Rf = 0.12 in 9:1 chloroform-acetone. 

This compound has been reported in the literature.74 
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Figure 3.15 – 1H NMR spectrum of N3-(4-nitrophenyl) hydantoin (600 MHz, CD3COCD3). 

 

 

 

Figure 3.16 – 13C NMR spectrum of N3-(4-nitrophenyl) hydantoin (150 MHz, CD3COCD3). 
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N3-phenyl-N1-methyl hydantoin 49 

 

N1-methyl hydantoin (45.6 mg, 0.4 mmol, 1 eq), tri phenyl boroxine (137.2 mg, 0.44 mmol, 

1.1 eq) and Cu(OTf)2 (7.2 mg, 0.1 mmol, 0.05 eq) were transferred to a small round bottom 

flask. They were dissolved in EtOH (2 mL) and allowed to stir at 40 oC for 24h. The crude 

mixture was concentrated in vacuo and purified using column chromatography (SiO2, 7:2:1 

chloroform-hexane-acetone) to afford a colorless solid, (63.9 mg, 0.336 mmol), 84 % yield. 

1H NMR (600 MHz, CD3CN) δ 7.49 – 7.45 (m, 2H, H-3’), 7.40 – 7.37 (m, 1H, H-4’), 7.37 – 

7.40 (m, 2H, H-2’), 3.96 (s, 2H, H-5), 2.95 (s, 3H, H-6) 

13C NMR (150 MHz, CD3CN) δ 170.8 (C-2), 157.4 (C-4), 134.1 (C-1’), 130.1 (C-3’), 129.3 

(C-4’), 128.1 (C-2’), 52.8 (C-5), 30.3 (C-6). 

HR-MS (ESI) m/z [M+ + Na]: Calculated for C10H10N2NaO2 at 213.063, found 213.0634. 

Melting point: 106 – 108 oC. 

Rf = 0.21 in 9:1 chloroform-acetone. 

This compound has been reported in the literature.17 
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Figure 3.17 – 1H NMR spectrum of N3-phenyl-N1-methyl hydantoin (600 MHz, CD3CN).  

 

 

 

Figure 3.18 – 13C NMR spectrum of N3-phenyl-N1-methyl hydantoin (150 MHz, CD3CN). 
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N3-phenyl-5-methyl hydantoin 50 

 

5-methyl hydantoin (45.6 mg, 0.4 mmol, 1.0 eq), tri phenyl boroxine (137.2 mg, 0.44 mmol, 

1.1 eq) and Cu(OTf)2 (7.2 mg, 0.1 mmol, 0.05 eq) were transferred to a small round bottom 

flask. They were dissolved in EtOH (2 mL) and allowed to stir at 40 oC for 24h. The crude 

mixture was concentrated in vacuo and purified using column chromatography (SiO2, 6:3:1 

chloroform-hexane-acetone) to afford a colorless solid. Two replicate experiments gave (42.6 

mg, 0.224 mmol), 56 % yield and (48.7 mg, 0.256 mmol), 64 % yield respectively. 

1H NMR (600 MHz, CD3CN) δ 7.50 – 7.45 (m, 2H, H-2’), 7.41 – 7.34 (m, 3H, H-3’ and 4’), 

6.43 (br s, 1H, H-1), 4.18 (qd, J = 6.9, 1.4 Hz,1H, H-5), 1.42 (d, 3H, H-6). 

13C NMR (150 MHz, CD3CN) δ 175.2 (C-2), 156.9 (C-4), 133.5 (C-1’), 129.9 (C-3’), 129.0 

(C-4’), 127.9 (C-2’), 53.7 (C-5), 17.6 (C-6). 

HR-MS (ESI) m/z [M+ + Na]: Calculated for C10H10N2NaO2 at 213.063, found 213.0634. 

Melting point: 169 – 171 oC. 

Rf = 0.27 in 9:1 chloroform-acetone. 

This compound has been reported in the literature.17 
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Figure 3.19 – 1H NMR spectrum of N3-phenyl-5-methyl hydantoin (600 MHz, CD3CN).  

 

 

 

Figure 3.20 – 13C NMR spectrum of N3-phenyl-5-methyl hydantoin (150 MHz, CD3CN).  
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N3-phenyl-5,5-dimethyl hydantoin 51 

 

5,5-dimethyl hydantoin (51.2 mg, 0.4 mmol, 1.0 eq), tri phenyl boroxine (137.2 mg, 0.44 

mmol, 1.1 eq) and Cu(OTf)2 (7.2 mg, 0.1 mmol, 0.05 eq) were transferred to a small round 

bottom flask. They were dissolved in EtOH (2 mL) and allowed to stir at 40 oC for 24h. The 

crude mixture was concentrated in vacuo and purified using column chromatography (SiO2, 

5:4:1 to 6:3:1 chloroform-hexane-acetone and consequently carefully washed with 3 x 3 mL 

toluene) to afford a colorless solid, (18.8 mg, 0.092 mmol), 23 % yield. 

1H NMR (800 MHz, CD3CN) δ 7.50 – 7.46 (m, 2H, H-2’), 7.414 – 7.388 (m, 1H, H-4’), 7.387 

– 7.363 (m, 2H, H-3’), 6.47 (br s, 1H, H-1), 1.47 (s, 6H, H-6). 

13C NMR (200 MHz, CD3CN) δ 177.7 (C-2), 155.7 (C-4), 133.6 (C-1’), 129.9 (C-2’), 129.0 

(C-4’), 127.9 (C-3’), 59.3 (C-5), 25.2 (C-6).  

HR-MS (ESI) m/z [M+ + Na]: Calculated for C21H16N2NaO2 at 227.079, found 227.0791. 

Melting point: 162 – 164 oC. 

Rf = 0.29 in 9:1 chloroform-acetone. 

This compound has been reported in the literature.17 
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Figure 3.21 – 1H NMR spectrum of N3-phenyl-5,5-dimethyl hydantoin (800 MHz, CD3CN).  

 

 

 

Figure 3.22 – 13C NMR spectrum of N3-phenyl-5,5-dimethyl hydantoin (200 MHz, CD3CN).  
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N3-phenyl-5,5-diphenyl hydantoin 52 

 

5,5-diphenyl hydantoin (100.9 mg, 0.4 mmol, 1 eq), tri phenyl boroxine (137.2 mg, 0.44 

mmol, 1.1 eq) and Cu(OTf)2 (7.2 mg, 0.1 mmol, 0.05 eq) were transferred to a small round 

bottom flask. They were dissolved in EtOH (2 mL) and allowed to stir at 40 oC for 24h. The 

crude mixture was concentrated in vacuo. The product was isolated by washing the residue 

with acetone (approximately 15 mL) and collected as a colorless crystalline solid (27.6 mg, 

0.084 mmol), 21 % yield. 

1H NMR (800 MHz, CD3CN) δ 7.53 (br s, 1H, H-1), 7.51 – 7.48 (m, 2H), 7.466 – 7.425 (m, 

9H), 7.424 – 7.394 (m, 2H), 7.393 – 7.372 (m, 2H). 

13C NMR (200 MHz, CD3CN) δ 173.7 (C-2), 155.5 (C-4), 140.6, 133.1, 130.1, 129.8, 129.6, 

129.5, 128.1, 128.0, 70.9 (C-5). 

HR-MS (ESI) m/z [M+ + Na]: Calculated for C21H16N2NaO2 at 351.110, found 351.1104. 

Melting point: 203 – 206 oC. 

Rf = 0.63 in 9:1 chloroform-acetone. 

This compound has been reported in the literature.17 
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Figure 3.23 – 1H NMR spectrum of N3-phenyl-5,5-diphenyl hydantoin (800 MHz, CD3CN).  

 

 

 

Figure 3.24 – 13C NMR spectrum of N3-phenyl-5,5-diphenyl hydantoin (200 MHz, CD3CN).  
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N3-phenyl nitrofurantoin 53 

 

Nitrofurantoin (95.2 mg, 0.4 mmol, 1 eq), tri phenyl boroxine (137.2 mg, 0.44 mmol, 1.1 eq) 

and Cu(OTf)2 (7.2 mg, 0.1 mmol, 0.05 eq) were transferred to a small round bottom flask. 

They were dissolved in EtOH (2 mL) and allowed to stir at 40 oC for 24h. The crude mixture 

was concentrated in vacuo and purified using column chromatography (SiO2, 45:45:10 

chloroform-hexane-acetone) to afford a yellow solid, 37.7 mg, 0.12 mmol), 30 % yield. 

1H NMR (600 MHz, CD3CN) δ 7.75 (dd, J = 7.8, 1.0 Hz, 2H), 7.73 (s, 1H, H-7), 7.55 – 7.51 

(m, 2H), 7.49 (d, J = 3.8 Hz, 1H, H-10), 7.48 – 7.46 (m, 1H), 7.46 – 7.43 (m, 1H), 7.43 – 7.40 

(m, 2H), 7.39 – 7.35 (m, 2H), 7.01 (d, J = 3.8 Hz, 1H, H-9), 5.98 (s, 2H), 4.36 (s, 2H, H-5). 

13C NMR (150 MHz, CD3CN) δ 166.9 (C-2), 153.2 (C-4), 152.1 (C-8), 134.6, 132.36 (C-11), 

132.31 (C-7), 131.2, 129.9, 129.5, 128.3, 127.7, 115.4 (C-9), 114.4 (C-10), 48.7 (C-5). 

HR-MS (ESI) m/z [M+ + Na]: Calculated for C14H10N4NaO5 at 337.054, found 337.0543. 

Melting point: 171 – 173 oC. 

Rf = 0.30 in 9:1 chloroform-acetone. 

This compound has not been reported in the literature. 

The number of hydrogens and signals is higher than the hydrogens that can be accounted for. 

However, the purity of the isolated compound has been confirmed with both HR-MS and GC-

MS. 
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Figure 3.25 – 1H NMR spectrum of N3-phenyl nitrofurantoin (600 MHz, CD3CN). 

 

 

 

Figure 3.26 – 13C NMR spectrum of N3-phenyl nitrofurantoin (150 MHz, CD3CN). 
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N3-(4-fluorophenyl) hydantoin 55 

      

Hydantoin (40.0 mg, 0.4 mmol, 1.0 eq), tri (4-fluorophenyl) boroxine (160.9 mg, 0.44 mmol, 

1.1 eq) and Cu(OTf)2 (7.2 mg, 0.1 mmol, 0.05 eq) were transferred to a small round bottom 

flask. They were dissolved in EtOH (2 mL) and allowed to stir at 40 oC for 24h. The crude 

mixture was concentrated in vacuo and purified using column chromatography (SiO2, 

45:45:10 to 7:2:1 to 8:1:1 chloroform-hexane-acetone and consequently washed with 3 x 3 

mL toluene) to afford a colorless solid, 37.3 mg, 0.192 mmol), 48 % yield. 

1H NMR (600 MHz, CD3CN) δ 7.41 – 7.35 (m, 2H, H-2’), 7.25 – 7.19 (m, 2H, H-3’), 6.23 (br 

s, 1H, H-1), 3.99 (d, J = 1.3 Hz, 2H, H-5). 

13C NMR (150 MHz, CD3CN) δ 171.9 (C-2), 163.5 (C-), 161.8 (C-), 157.7 (C-4), 129.7 (d, J 

= 36.2 Hz, C-2’), 116.55 (d, J = 91.1 Hz, C-3’), 47.1 (C-5). 

Mass spectrum: not collected. 

Melting point: not collected. 

Rf = 0.08 in 9:1 chloroform-acetone. 

This compound has been reported in the literature.75 
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Figure 3.27 – 1H NMR spectrum of N3-(4-fluorophenyl) hydantoin (600 MHz, CD3CN). 

 

 

 

Figure 3.28 – 13C NMR spectrum of N3-(4-fluorophenyl) hydantoin (150 MHz, CD3CN). 
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1,3-bis (4-fluorophenyl) hydantoin 56 

 

During the purification of N3-(4-fluorophenyl) hydantoin 56 with the eluent system 45:45:10 

chloroform-hexane-acetone mentioned above, the minor product 1,3-bis (4-fluorophenyl) 

hydantoin was also afforded as a colorless solid, 10.4 mg, 0.036 mmol, 9 % yield. 

1H NMR (600 MHz, CD3CN) δ 7.67 – 7.63 (m, 2H), 7.46 – 7.42 (m, 2H), 7.28 – 7.23 (m, 

2H), 7.20 – 7.16 (m, 2H), 4.43 (s, 2H, H-5). 

13C NMR (150 MHz, CD3CN) δ 169.3 (C-2), 164.0, 162.5, 161.3, 159.8, 155.0 (C-4), 130.4, 

122.3, 117.08 (d, J = 82.2 Hz), 116.93 (d, J = 68.9 Hz), 51.6 (C-5). 

Mass spectrum: not collected. 

Melting point: not collected. 

Rf = 0.72 in 9:1 chloroform-acetone. 

This compound has not been reported in the literature. 

HSQC and HMBC were consulted for the accuracy of 13C NMR chemical shifts. They are 

included in the appendix. 
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Figure 3.29 – 1H NMR spectrum of 1,3-bis (4-fluorophenyl) hydantoin (600 MHz, CD3CN). 

 

 

 

Figure 3.30 – 13C NMR spectrum of 1,3-bis (4-fluorophenyl) hydantoin (150 MHz, CD3CN). 
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N3-(4-methoxy-3-methylphenyl)-N1-methyl hydantoin 54 

 

N1-methyl hydantoin (45.64 mg, 0.4 mmol, 1.0 eq), tri (4-methoxy-3-methylphenyl) boroxine 

(195.3 mg, 0.44 mmol, 1.1 eq) and Cu(OTf)2 (7.2 mg, 0.1 mmol, 0.05 eq) were transferred to 

a small round bottom flask. They were dissolved in EtOH (2 mL) and allowed to stir at 40 oC 

for 24h. The crude mixture was concentrated in vacuo and purified using column 

chromatography (SiO2, 7:2:1 chloroform-hexane-acetone) to afford a colorless solid, 49.6 mg, 

0.212 mmol), 53 % yield. 

1H NMR (600 MHz, CD3CN) δ 7.10 (dd, J = 8.6, 2.4 Hz, H-2’), 7.07 (d, J = 2.4 Hz, 1H, H-

6’), 6.96 (d, J = 8.6 Hz, 1H, H-3’), 3.93 (s, 2H, H-5), 3.84 (s, 3H, H-7’), 2.94 (s, 3H, H-6), 

2.20 (s, 3H, H-8’). 

13C NMR (150 MHz, CD3CN) δ 170.9 (C-2), 158.6 (C-4’), 157.6 (C-4), 130.1 (C-6’), 128.1 

(C-5’), 126.8 (C-2’), 126.1 (C-1’), 111.4 (C-3’), 56.5 (C-7’), 52.6 (C-5), 30.2 (C-6), 16.5 (C-

8’). 

Mass spectrum: not collected. 

Melting point: 140 – 142 oC. 

Rf = 0.12 in 9:1 chloroform-acetone. 

This compound has not been reported in the literature. 
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Figure 3.31 – 1H NMR spectrum of N3-(4-methoxy-3-methylphenyl)-N1-methyl hydantoin 

(600 MHz, CD3CN). 

 

 

Figure 3.32 – 13C NMR spectrum of N3-(4-methoxy-3-methylphenyl)-N1-methyl hydantoin 

(150 MHz, CD3CN). 
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4. Appendix 

 

Tri phenyl boroxine 27 

 

 

Figure 4.1 – HSQC of tri phenyl boroxine (600 MHz, CDCl3). 
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Figure 4.2 – HMBC of tri phenyl boroxine (600 MHz, CDCl3). 

 

Figure 4.3 – TOCSY of tri phenyl boroxine (600 MHz, CDCl3). 

 

 

 

Figure 4.4 – DEPT135 of tri phenyl boroxine (150 MHz, CDCl3). 
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Tri (4-tolyl) boroxine 30 

 

 

Figure 4.5 – HSQC of tri (4-tolyl) boroxine (600 MHz, CDCl3). 

 

 

 

Figure 4.6 – HMBC of tri (4-tolyl) boroxine (600 MHz, CDCl3). 
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Figure 4.7 – TOCSY of tri (4-tolyl) boroxine (600 MHz, CDCl3). 

 

 

 

Figure 4.8 – DEPT135 of tri (4-tolyl) boroxine (150 MHz, CDCl3). 
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Tri (4-fluorophenyl) boroxine 46 

 

 

Figure 4.9 – HSQC of tri (4-fluorophenyl) boroxine (400 MHz, CDCl3). 

 

 

 

Figure 4.10 – HMBC of tri (4-fluorophenyl) boroxine (400 MHz, CDCl3). 
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Figure 4.11 – TOCSY of tri (4-fluorophenyl) boroxine (400 MHz, CDCl3). 
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Tri (4-methoxy-3-methylphenyl) boroxine 44 

 

 

Figure 4.12 – HSQC of tri (4-methoxy-3-methylphenyl) boroxine (600 MHz, CDCl3). 

 

 

 

Figure 4.13 – HMBC of tri (4-methoxy-3-methylphenyl) boroxine (600 MHz, CDCl3). 
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Figure 4.14 – TOCSY of tri (4-methoxy-3-methylphenyl) boroxine (600 MHz, CDCl3). 

 

 

 

Figure 4.15 – DEPT135 of tri (4-methoxy-3-methylphenyl) boroxine (150 MHz, CDCl3). 
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Tri (2-naphthyl) boroxine 45 

 

 

Figure 4.16 – HSQC of tri (2-naphthylyl) boroxine (400 MHz, CDCl3). 

 

 

 

Figure 4.17 – HMBC of tri (2-naphthylyl) boroxine (400 MHz, CDCl3). 
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Figure 4.18 – TOCSY of tri (2-naphthylyl) boroxine (400 MHz, CDCl3). 
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N3-phenyl hydantoin 3 

 

 

Figure 4.19 – HSQC of N3-phenyl hydantoin (600 MHz, CD3CN). 

 

 

 

Figure 4.20 – HMBC of N3-phenyl hydantoin (600 MHz, CD3CN).  
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Figure 4.21 – TOCSY of N3-phenyl hydantoin (600 MHz, CD3CN).  

 

 

 

Figure 4.22 – DEPT45 of N3-phenyl hydantoin (150 MHz, CD3CN). 
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Figure 4.23 – DEPT90 of N3-phenyl hydantoin (150 MHz, CD3CN). 

 

 

 

Figure 4.24 – DEPT135 of N3-phenyl hydantoin (150 MHz, CD3CN). 
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N3-(4-tolyl) hydantoin 33 

 

 

Figure 4.25 – HSQC of N3-(4-tolyl) hydantoin (600 MHz, CD3CN). 

 

 

 

Figure 4.26 – HMBC of N3-(4-tolyl) hydantoin (600 MHz, CD3CN). 
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Figure 4.27 – TOCSY of N3-(4-tolyl) hydantoin (600 MHz, CD3CN). 
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N3-(4-nitrophenyl) hydantoin 34 

 

 

Figure 4.28 – HSQC of N3-(4-nitrophenyl) hydantoin (600 MHz, CD3COCD3) 

 

 

 

Figure 4.29 – HMBC of N3-(4-nitrophenyl) hydantoin (600 MHz, CD3COCD3) 

 



128 

 

 

Figure 4.30 – TOCSY of N3-(4-nitrophenyl) hydantoin (600 MHz, CD3COCD3) 
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N3-phenyl-N1-methyl hydantoin 49 

 

 

Figure 4.31 – HSQC of N3-phenyl-N1-methyl hydantoin (600 MHz, CD3CN). 

 

 

 

Figure 4.32 – HMBC of N3-phenyl-N1-methyl hydantoin (600 MHz, CD3CN). 
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Figure 4.33 – TOCSY of N3-phenyl-N1-methyl hydantoin (600 MHz, CD3CN). 

 

 

 

Figure 4.34 - DEPT45 of N3-phenyl-N1-methyl hydantoin (150 MHz, CD3CN). 
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Figure 4.35 – DEPT90 of N3-phenyl N1-methyl hydantoin (150 MHz, CD3CN). 

 

 

 

Figure 4.36 – DEPT135 of N3-phenyl N1-methyl hydantoin (150 MHz, CD3CN). 
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N3-phenyl-5-methyl hydantoin 50 

 

 

Figure 4.37 – HSQC of N3-phenyl-5-methyl hydantoin (600 MHz, CD3CN). 

 

 

 

Figure 4.38 – HMBC of N3-phenyl-5-methyl hydantoin (600 MHz, CD3CN). 
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Figure 4.39 – TOCSY of N3-phenyl-5-methyl hydantoin (600 MHz, CD3CN). 

 

 

 

Figure 4.40 – DEPT45 of N3-phenyl-5-methyl hydantoin (150 MHz, CD3CN). 
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Figure 4.41 – DEPT90 of N3-phenyl-5-methyl hydantoin (150 MHz, CD3CN). 

 

 

 

Figure 4.42 – DEPT135 of N3-phenyl-5-methyl hydantoin (150 MHz, CD3CN). 
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N3-phenyl-5,5-dimethyl hydantoin 51 

 

 

Figure 4.43 – HSQC of N3-phenyl-5,5-dimethyl hydantoin (800 MHz, CD3CN). 

 

 

 

Figure 4.44 – HMBC of N3-phenyl-5,5-dimethyl hydantoin (800 MHz, CD3CN). 
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Figure 4.45 – TOCSY of N3-phenyl-5,5-dimethyl hydantoin (800 MHz, CD3CN). 
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N3-phenyl-5,5-diphenyl hydantoin 52 

 

 

 

Figure 4.46 – HSQC spectrum of N3-phenyl-5,5-diphenyl hydantoin (800 MHz, CD3CN).  

 

 

 

Figure 4.47 – HMBC spectrum of N3-phenyl-5,5-diphenyl hydantoin (800 MHz, CD3CN).  
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Figure 4.48 – TOCSY spectrum of N3-phenyl-5,5-diphenyl hydantoin (800 MHz, CD3CN).  
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N3-phenyl nitrofurantoin 53 

 

 

Figure 4.49 – HSQC spectrum of N3-phenyl nitrofurantoin (600 MHz, CD3CN).  

 

 

 

Figure 4.50 – HMBC spectrum of N3-phenyl nitrofurantoin (600 MHz, CD3CN).  
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Figure 4.51 – TOCSY spectrum of N3-phenyl nitrofurantoin (600 MHz, CD3CN).  

 

 

 

Figure 4.52 – DEPT45 spectrum of N3-phenyl nitrofurantoin (150 MHz, CD3CN).  
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Figure 4.53 – DEPT90 spectrum of N3-phenyl nitrofurantoin (150 MHz, CD3CN).  

 

 

 

Figure 4.54 – DEPT135 spectrum of N3-phenyl nitrofurantoin (150 MHz, CD3CN).  
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N3-(4-fluorophenyl) hydantoin 55 

 

 

Figure 4.55 – HSQC spectrum of N3-(4-fluorophenyl) hydantoin (600 MHz, CD3CN). 

 

 

Figure 4.56 – HMBC spectrum of N3-(4-fluorophenyl) hydantoin (600 MHz, CD3CN). 
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Figure 4.57 – TOCSY spectrum of N3-(4-fluorophenyl) hydantoin (600 MHz, CD3CN). 

 

 

 

Figure 4.58 – DEPT135 spectrum of N3-(4-fluorophenyl) hydantoin (150 MHz, CD3CN). 
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1,3-bis (4-fluorophenyl) hydantoin 56 

 

 

Figure 4.59 – HSQC spectrum of 1,3-bis (4-fluorophenyl) hydantoin (600 MHz, CD3CN). 

 

 

 

Figure 4.60 – HMBC spectrum of 1,3-bis (4-fluorophenyl) hydantoin (600 MHz, CD3CN). 
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Figure 4.61 – TOCSY spectrum of 1,3-bis (4-fluorophenyl) hydantoin (600 MHz, CD3CN). 

 

 

 

Figure 4.62 – DEPT90 spectrum of 1,3-bis (4-fluorophenyl) hydantoin (150 MHz, CD3CN). 
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N3-(4-methoxy-3-methylphenyl)-N1-methyl hydantoin 54 

 

 

 

Figure 4.63 – HSQC spectrum of N3-(4-methoxy-3-methylphenyl)-N1-methyl hydantoin (600 

MHz, CD3CN). 

 

 

 

Figure 4.64 – HMBC spectrum of N3-(4-methoxy-3-methylphenyl)-N1-methyl hydantoin 

(600 MHz, CD3CN).  
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Figure 4.65 – TOCSY spectrum of N3-(4-methoxy-3-methylphenyl)-N1-methyl hydantoin 

(600 MHz, CD3CN). 

 

 

 

Figure 4.66 – DEPT45 spectrum of N3-(4-methoxy-3-methylphenyl)-N1-methyl hydantoin 

(150 MHz, CD3CN). 
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Figure 4.67 – DEPT90 spectrum of N3-(4-methoxy-3-methylphenyl)-N1-methyl hydantoin 

(150 MHz, CD3CN). 

 

 

 

Figure 4.68 – DEPT135 spectrum of N3-(4-methoxy-3-methylphenyl)-N1-methyl hydantoin 

(150 MHz, CD3CN). 
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