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Abstract

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

functionalizing the nitrogen atom and often requires assistance from a metal.
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@ Regio- and chemoselective @ Broad substrate scope @ Derivatization of pharmaceuticals

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

pharmaceutically relevant hydantoins. Parts of this chapter is published in Paper 1.
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@ DFT calculations and experiments @ Origin of observed selectivites and product yields

The computational investigation of the reaction in Chapter 2 is described in Chapter 3.
Based on density functional theory (DFT) calculations and experimental observations,
a Cu'/Cu-catalytic cycle is proposed for the N-3-arylation of hydantoins. Our results
suggest that deprotonation of hydantoin proceeds the oxidative addition of
aryl(TMP)iodonium tosylate to a Cu'-imido intermediate. The rate-determining step

of the reaction depends on the properties of the transferred aryl groups. The mechanism
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agrees with species observed by 'H NMR spectroscopy, a kinetic isotope experiment,
and the product yields observed. A completed manuscript for the work presented in

this chapter is appended in this dissertation as Paper II.
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Alkenyl, aryl

@ Mild and practical @ High FG tolerance @ (E)-alkenyl- and arylboronic acids

Chapter 4 covers the development of a general Cu-catalyzed C(sp?)-N bond forming
strategy for N-functionalization of hydantoins and other cyclic imides using boronic
acids as coupling partners. The simple and practical method includes the use of
(E)-alkenylboronic acids for the formation of (E)-enimides, with full retention of the
double-bond configuration. The method is also operable with arylboronic acid, yielding
N-arylimides. A large range of cyclic imides are allowed under the conditions, including
pharmaceutically relevant hydantoins and uracils. Parts of this work is published in
Paper I11.
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Synthetic building block

® One-pot @ Access to new N-substituted maleamates @ Synthon for synthetic transformations

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

work presented in this chapter is unpublished.
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Abbreviations

Abbreviations and acronyms used throughout this dissertation are in agreement with

the standards in the field*. Non-standard abbreviations used in the text are included

herein.

2,4-TZD
3c-4de
APPI
BPin
+~BuOK
+~BuONa
chxn
DBDMH
dd

ddd

DG
DIPA
DIPEA
DMA
DMAc
DMCyDa
DMEDA
dq

dt
DTBP
EDG
EWG
FG

hept

IS

KIE

L

LFA-1
LiHMDS

2,4-Thiazolidinedione

3-center-4-electron (bond)

Atmospheric pressure photoionization
Boronic acid pinacol ester

Potassium tert-butoxide

Sodium tert-butoxide
(£)-trans-1,2-Cyclohexanediamine
1,3-Dibromo-5,5-dimethylhydantoin
Doublet of doublets (spectral)

Doublet of doublet of doublets (spectral)
Directing group

Diisopropylamine

N, N-Diisopropylethylamine
N,N-Dimethylaniline
N,N-Dimethylacetamide
trans-N,N'-dimethylcyclohexane-1,2-diamine
1,2-Dimethylethylenediamine

Doublet of quartets (spectral)

Doublet of triplets (spectral)
2,6-Di-tert-butylpyridine

Electron donating group

Electron withdrawing group

Functional group

Heptet (spectral)

Internal standard

Kinetic isotope effect

Ligand

Lymphocyte function-associated antigen 1

Lithium bis(trimethylsilyl)amide
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MeCN Acetontitrile

met 2-Methylallyl

MIDA N-Methyliminodiacetic acid

MW Microwave

nd Not detected

NMPPR N-Methylpiperidine

OAc Acetate

OEt Ethoxy

OTf Triflate

OTs Tosylate

PEM 2,3-Bis(phenylethynyl)maleimide
PET Positron emission tomography
Phen 1,10-Phenanthroline

PIDA Phenyliodine(III)diacetate

PPR Piperidine

Pro Proline

SARM Selective androgen receptor modulator
td Triplet of doublets (spectral)
TEA/Et:N Triethylamine

TfOH Trifluoromethanesulfonic acid
TMA Trimethylamine

TMHD 2,2,6,6-Tetramethyl-3,5-heptanedione
TMP 1,3,5-Trimethoxyphenyl

TMP-H 1,3,5-Trimethyoxybenzene

TPA Triisopropylamine

TsOH para-Toluenesulfonic acid

tt Triplet of triplets (spectral)

* The ACS Style Guide: Effective Communication of Scientific Information. 3rd ed.;
Coghill, A. M., Garson, L. R., Eds.; American Chemical Society: Washington, DC,
2006.
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Chapter 1: Introduction

1.1 Hydantoins: General introduction and chemistry

Hydantoin (2,4-imidazolidinedione) la (Figure 1.1) is a five-membered heterocyclic
compound first discovered by Adolf von Baeyer in 1861." During his work with uric
acid he isolated hydantoin as a hydrogenation product of allantoin, hence the name.
The conformation of the newly discovered substance was however unclear until 1870
when Adolph Strecker? proposed the now-accepted cyclic structure. Designation of
positions in the hydantoin ring has, however, differed over the years.®? The general

consensus nowadays is as displayed in Figure 1.1.

X
1 3
N"2 NH

=
1a

H

Figure 1.1. Hydantoin core structure with numbering.

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

greatest (Scheme 1.1).

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

can be made.



N-3 deprotonation
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and resonance stabilization L *\ L
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N-1 deprotonation \_4 \ é
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Scheme 1.1. pK,-values of the N-3- and N-1 protons, deprotonation and resonance stabilization of the

negative charge.

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

o) OH OH 0 OH OH OH
HN)J\NH HN*N NQH HN\)_LZ\IH HN)*N N\)_\Z\JH Nézxj
\_Qo \_Qo OH OH OH OH OH
[ I 1l \Y Y, VI il

Figure 1.2. Hydantoin tautomers.

1.1.1 Notable reactions and stability of the hydantoin ring

In the presence of alkali salts in hot, dilute solutions, the hydantoin ring is cleaved and
converted to salts of hydantoic acid (Scheme 1.2a). The reverse reaction, cyclization,
can be realized with hot, dilute hydrochloric acid®*'* (Scheme 1.2a). The reaction is not
reversible in concentrated alkali- or (mineral)acidic solutions.'® Instead, the hydantoin
ring is hydrolyzed to its corresponding o-amino acid (Scheme 1.2b). Amino acid
synthesis by hydantoin hydrolysis is a highly valuable synthetic tool as both natural
and unnatural amino acids can be obtained. However, chemically induced reactions
typically give racemic mixtures. For enantioselective production of D- and L-amino

acids, enzymatic routes involving the use of biocatalysts are used (Scheme 1.2¢).'™"



(a) In dilute solutions

(0]
A KOH NN .o ®
HN° NH =——= 2 \n/ X&O K
R‘]M HCI (@] R1 R2
R, O
Hydantoic acid
(b) In concentrated solutions: chemical hydrolysis to a-amino acids
0 0 o}
J o moon® Ly ROB o HOooO0HT
HN"™ 'NH 2 \n/ 0) — > 2 OoH * NHz + CO,
R1HO 0 RiRy R1R;
R
2 rac-o-amino acid
(c) Enantioselective, enzymatic hydrolysis to a-amino acids
)OL D-Hydantoi Ho$ D-Carbamoyl 2
-Hydantoinase -Carbamoylase
NN HZN\H/NY&OH HzNY&OH
) ( O Me Me
Me (@]
(R)-5-methylhydantoin D-alanine

Scheme 1.2. Reactions involving cleavage of the hydantoin ring.

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

1.2 Applications of the hydantoin scaffold

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

21, 22

adjusting hydrophilicity /lipophilicity.



Energy

storing Anti-
E)llea(t:itrrmg_ Polymers Vil arrhythmic Ani
nti-
relaxant viral
Amino
Reagents acid Anti-
synthesis convulsant
Photo Anti-
switches Dl bacterial
Anti-
Agro- [F=1= L ;
chemicals imaging / \ diabetic
h@gg‘r_ Anti-
Natural : F Anti- cancer
products Cosmetics tensive e
Metal matory
ligands
H-bond acceptors () H-bond donors O Quaternary carbon to modify flexibility and chirality

Figure 1.3. Applications and structural properties of hydantoins. Adapted from reference 21 and 22.

23, 24

The versatile heterocycle can be found in molecular photo switches, energy storing

T agrochemicals (pesticides)® and as preservatives in

materials,” polymers,*
cosmetics.?” Figure 1.4 displays examples where the hydantoin core is embedded in such
structures. Substituted hydantoins can be utilized as reagents in synthesis.**** By
introducing halogens on both nitrogen atoms, they can serve as electrophilic
halogenation agents.*** For example, 1,3-dibromo-5,5-dimethylhydantoin (DBDMH)
(X = Br in Figure 1.4) is a cheap and convenient alternative to the more popular

N-bromosuccinimide (NBS) as they exhibit similar reactivities.

Due to their chelating abilities, hydantoins are used as ligands in transition metal

36-41

complexes.’™* The coordination modes differ with the metal and the overall conditions

with N-3 and/or O-4 coordination being the most dominant (Figure 1.4). Their

complexing aptitude is evident in e.g. electroplating of silver.* 4

Owing to the many advances made in the preparation of hydantoins by cyclization (see

Section 1.3.1.1), a variety of isotope labelled atoms can be directly introduced into the

44

hydantoin ring.** Depending on the isotopic labelling, they can be utilized as

.46 (Figure 1.4). Moreover, hydantoin cyclization

radiotracers in PET-imaging
reactions have been exploited in derivatization of natural plant-extract in the synthesis
of natural product like hydantoins.’” Hydantoin-containing molecules have also been

directly isolated from natural sources®®™ (Figure 1.4).



Various application areas
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Figure 1.4. The hydantoin ring in structures with a wide range of applications.

As seen in Section 1.1.1, hydrolysis of the hydantoin ring can be used in the production
of both natural- and unnatural amino acids.'” ! Despite the many properties and uses
of hydantoins, most notable are the broad biological and pharmacological properties

and hence its appearance in wide range of drugs® (Figure 1.4).

Hydantoin is considered a privileged scaffold in medicinal chemistry being an integral
part of several bioactive compounds.® ® The wide range of biological activities can be
attributed to the ease of modifications on the hydantoin ring, making them highly
attractive candidates for drug discovery. A vast number of hydantoin-containing
compounds have been led through clinical trials and several of them are clinically
approved and commercialized (Figure 1.5). Some representative examples are the
marketed drugs phenytoin (anticonvulsant), dantrolene (muscle relaxant)
nitrofurantoin (antibacterial) and nilutamide (antiandrogen). Clinical candidates
include the selective androgen receptor modulators (SARMs) GLPG-0492%* and
PS178990 (previously known as BMS-564929)% as well as leukocyte function-
associated antigen-1 (LFA-1) antagonists BMS-587101% and BIRT377.%
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Figure 1.5. Hydantoin marketed drugs and clinical candidates.

1.3 Synthetic methods to access hydantoins

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

tetrasubstituted hydantoins.

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

problems and poor yields have been reported.*

To overcome some of the limitations associated with the classical linear methods, direct

functionalization offers an alternative solution to access substituted hydantoins. In a



direct route, the substituents are chemo- or regioselectively put onto the ring itself.
This strategy offers many advantages; it is potentially faster, cheaper, allows for
divergent modification and late-stage functionalization of the hydantoin core. Despite
the diversity the classical methods offer, limitations exist. Unaddressed synthetic
challenges include the direct and selective functionalization where the classical
strategies fall short. The non-classical methods rely on new synthetic methodologies, in

particular on advances made in transition metal catalysis.

1.3.1 Classical methods
1.3.1.1 Cyclization reactions

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

under strong basic conditions to obtain 5,5-disubstituted hydantoins (Scheme 1.3).

Urech/Read : Biicherer-Berg
H 0 j’\
1) KOCN or R,NCO : e}
R <Y : R1\N)kN’R2 | KCN  HNNH
2 HCl = i (NH,)2CO;
(0] 3 (0]
Y = carboxylic acid, ester, :
amide, nitrile
Biltz j Ugi
2 i
N o) ! R—NH, R,-NC
o R4 N N,Rz )L | 1 2 . 2 1) MeOH R1\N)LN’R2
H H . Ri~N" N-R2 § 2) Base >
: -CHO R-COOH
e} KOH - go or O
CO,

Scheme 1.3. Classical approaches to substituted hydantoins, including the Urech/Read, Biicherer-Berg,

Biltz and Ugi-type condensation reactions.



The primary access point for N-substituted hydantoins also include linear synthesis or
multicomponent reactions (MCRs). Improvements and variations of the classical
conditions have been extensively reported over the years.* > % They include substituents
on the amino-nitrogen in the amino acid derivative in a Urech/Read type reaction

58,59, 71 The use of substituted isocyanates

giving rise to N-1-substituted hydantoins.
instead of cyanate salts results in substituents in the N-3 position.™ ™™ Following Biltz
method, substituted ureas have been used to access hydantoins with substituents in
N-1% 8 or N-3%% (or both) positions depending on the conditions. Another well-
established approach used is the Ugi condensation reaction where primary amines,
aldehydes, isocyanides and carboxylic acid (or carbon dioxide) react to give
1,3,5-substituted hydantoins.®* Besides the aforementioned methods, a plethora of

other synthetic routes have been developed to furnish various substituted hydantoins.?
1.3.1.2 Direct functionalization by substitution and addition reactions

Derivatization of the hydantoin scaffold in either nitrogen position is predominantly
accomplished through alkylation and acylation reactions (Scheme 1.4). The most usual
way is by reaction with alkyl- and acyl halides in alkaline solutions, where the more
acidic N-3 position is the preferred site of reaction.?” - Similar conditions have also
been implemented in arylation reactions where aryl halides undergo nucleophilic
aromatic substitution to furnish N-3-arylated hydantoins (Scheme 1.4a). The method

is, however, restricted to electron deficient aryl halides, which limits the general

100, 101 102-104

applicability of the strategy. Phenytoin and nilutamide (Figure 1.4) analogs

have been prepared using such methods.

(a) N-1- and N-3 substitution

0] (0} O

)J\ Ra-X )J\N,R;; ReX R4~NJ\

HN"NH — " o HN N-Rs

R 1@(} Base R /\|—§ Strong base R H

R, O 'R, O
R3 = alkyl, acyl, aryl R4 = alkyl
X=Cl,Br, |

(b) C-5 substitution

= Aryl, alkyl

Scheme 1.4. Classical approaches for direct functionalization of hydantoins.



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

107-113

anhydrides.

While most saturated C-5 substituents are introduced through cyclization reactions,
unsaturated substituents are introduced directly on the ring (Scheme 1.4b). Depending
on the R-group, they are referred to as aryl- or alkylidenehydantoins and are

predominantly accessed through the Knoevenagel condensation reaction with
aldehydes.!+118

1.3.2 Non-classical methods

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

dealt with," most often by the aid of transition metals'®'*' (Scheme 1.5, right).

Challenges : Solutions
C(sp)?-N and C(sp)-N functionalization | (a) Pd-catalyzed C-5 arylation'?°
e.g.: arylation, alkenylation, alkynylation ‘ o
JOL JOL Pd(TFA),, Xantphos PMB\N)LN/t-Bu
HN” “NH i PMB-\\-t-Bu

j—y — ZnF,, NaHMDS HR 5

(o) : R O

C(sp)3-C(sp)? - C(sp)? and C(sp) functionalization | (b) Cu-catalyzed N-3 arylation'?!

e.g.: alkylation, arylation, alkenylation, alkynylation
O o} Me
P} (p-tolyl)Pb(OAc)s I @
HN™ 'NH HN™ 'N

H Cu(OAc), NaH H
PRl o PhL o

Scheme 1.5. Challenges for direct and selective functionalization of hydantoins and two reported

non-classical strategies to handle them.



A direct Pd-catalyzed C-5 arylation was reported for the first time by Clayden and co-
workers in 2015 (Scheme 1.5a). The use of palladium as a transition metal catalyst
allowed for the coupling of a sp*carbon with the C-5 carbon, furnishing
5,5-disubstituted hydantoins. The first example of selective N-3-functionalization of
hydantoins with a metal was reported for the first time in 1992'*' (Scheme 1.5b). In
this reaction, arylation with a slightly electron rich arene was accomplished with the

assistance of a Cu-catalyst.

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

successfully handle them.

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

Copper has emerged as one of the most important transition metals in various
transformations of organic molecules owing to its high abundance, low price, low
toxicity and chemical diversity.'? Its versatility stems from the accessible Cu’, Cul,
Cu", Cu™ oxidations states, allowing it to catalyze both polar- (two-electron) and
radical (one-electron) processes.'”® Additionally, copper coordinates easily to
heteroatoms, m-bonds and terminal alkynes, providing the ability for a wide range of

transformations.

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

reactions

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

(a) Ullmann-type coupling reaction

N2 -H XN
T i I
= [Cu], base/ligand Z

X = halide, Nu =N (can also be O, S, P)

(b) Chan-Lam coupling reaction

- B(OH), -H N
.o s
= [Cu], [O], base/ligand =

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

Several advances have been made over the years towards improving and expanding the
original conditions of these reactions. Recent developments include the use of other
arylating agents, including more reactive ones, and expansion of possible coupling
partners to include alkynyl-, alkenyl- and alkyl halides and boron-based analogs, and
the use of chelating ligands to promote couplings.'?* 3133 Additionally, the scope of
N-nucleophiles has been extended from the original amines to amides, sulfonamides,

carbamates, imides, hydrazines, and azides.'* '

Several possible mechanisms have been proposed for the Ullmann-type reaction, but

the Cu'/Cu' catalytic cycles (Scheme 1.7) are considered the most accepted ones.!? 134

The detailed reaction pathway is, however, highly dependent on the nature of the
ligands. For ionic ligands (pathway I, Scheme 1.7), the active catalytic Cu'-species A

II1

undergoes oxidative addition with an aryl halide to form Cu'™-complex B. Coordination

"_complex C, then

of the nucleophile with B results in the intermediate Cu
deprotonation by a base affords Cu-complex D. Reductive elimination generates the

arylated nucleophile (Ar-Nu) and regenerates A.

11



Pathway | - lonic ligands : Pathway Il - Neutral ligands

/Cu Ar-X Ar= ( L\Cu'—X H
Reductive Oxidative | Reductive E
elimination addition ! elimination .
5 L X
: i L X
X 1 cul N
C IEAr L/Cu"\IAr L1 A ) ( L/CFU\ H
B ? o
1 H X -
i Oxidative | B
BH+ X {  addition )
H § o
( L/cu"\lAr ; (L;Cul' BH + X
Deprotonation B Ar-X G
: Deprotonation
c : p

Scheme 1.7. Suggested general Cu'/Cu'™ catalytic cycles for the Ullmann-reaction. L = ligand, X =
halide, B = base. Adapted from reference 124 and 134.

For neutral ligands (pathway II, Scheme 1.7), coordination of the nucleophile with
active catalytic Cul-species E provides intermediate Cul-complex F. Upon reaction
with a base, Cu-complex G is formed. Complex G could alternatively be generated
directly by substitution with an anionic nucleophile. G undergoes oxidative addition

11T

with an aryl halide to form Cu™-complex H. Reductive elimination generates the

arylated nucleophile (Ar-Nu) and regenerates E.

The detailed mechanistic understanding of the Chan-Lam reaction remains
underdeveloped due to its complicated nature.'® However, recent efforts have been
made to thoroughly investigate the catalytic cycle.!*® A Cu!/Cu/Cu™ cycle has been
suggested based on the standard Chan-Lam conditions where copper(Il)acetate
(Cu(OAc)y and triethylamine (Et;N) are used (Scheme 1.8). The active Cu'-species I
is formed in a reaction with the pre-catalyst and its ligands, the solvent, the and the
nucleophile. Transmetalation by the boronic acid results in the formation of Cu'-
complex J. A second Cu'-source is used in the disproportionation reaction to furnish
Cu™-complex K. Reductive elimination generates the arylated nucleophile (Ar-Nu)
while simultaneously generating Cu'-complex L. I is regenerated using an oxidant (O,

is most commonly used).
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s X Ar-B(OH),
H+X +0, >cul!
Oxidation X | H Transmetallation
L-Cu'-X S>cu[|\’x
Ar
L J
Ar LCu"X,
LCu'X +HX
) o Seglll
Reductive elimination A Cul _ o
r K Disproportionation

Scheme 1.8. Suggested general Cu'/Cu™/Cu™ catalytic cycle for the Chan-Lam reaction. L = ligand,
X/X’ = anionic ligand, s = solvent. Adapted from reference 130 and 135.

1.4.2 Cu-catalysis in N-functionalization of hydantoins

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

partly defeated in the pursuit to access, in particular, N-arylhydantoins.

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

potential coupling partners.'" 13
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Retrosynthesis

(0] (@]
HN»\NQ = HN»\N’H + Base
0 - \/go \/&o
k ) C-N bond formation 541
HN\/"\I‘\‘.Q
06 ® _ CUL" Y+ Cu-source
+ Ligand(s)
S-2 L, = ligand(s) Y = halide, organometal

Coupling partners

. U o
SACANNCACICACIC G CA

«Classic» More reactive
Ligands/amine bases 1 Bases
L K3PO,
CSZCO3/KQCO3
O QO " NaOH/KOH
\/N\/ MeHN  NHMe MeHN'  NHMe |  t-BuONa/t-BuOK
(TEA) (Py) (DBU) (Phen) (DMEDA) (DMCyDa)
= Cu-sources =—
Monodentate N,N-Bidentate 1
i CuX(X=Cl, Brl)
| A : CuCN
O i~ CU2O
M ij/m D\( MG\H/\gH " OH - Cu(OAc)
i Cu(OTf),
Pro Oxine . CuSOy4
(TMHD) (Pro) (Oxine) . Cu(NOa),
0,0-Bidentate N,O-Bidentate :  Cu(acac),

Figure 1.6. Retrosynthesis of 3-phenylhydantoin and some common aryl-, ligand-, base- and copper-

sources used in C-N bond-forming reactions.

Lopéz-Alvarado and co-workers pioneered the Cu-catalyzed N-3-arylation of
hydantoins using p-tolyllead triacetate'?" ¥ (Scheme 1.9a). However, only the arylation
of phenytoin was reported. Later, Hiigel et al. developed a protocol utilizing arylboronic
acids and triarylbismuthanes as arylating agents (Scheme 1.9b) in a Cu-mediated
arylation.’”” Aryl halides were employed in the same Cu-mediated fashion by Nique™
and Wang"® (Scheme 1.9¢ and d) in the search for novel clinical trial candidates. The
latter author (and co-workers) also explored the use of arylboronic acids in order to

obtain all desired analogs.
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(a) Lopéz-Alvarado, 1992/1996

HNﬁ/& CH,Cl,-DMF, 80 °C, 7 h %/g
Ph (0] 1.2 equiv. Ph (6]

75 % Ph

Me
e} Cu(OAc); (15 mol %) 0]
J§ . Pb(OAc); NaH (1.2 equiv.) S
NH T
Me

(b) Hiigel, 2006

0 Cu(OAc), (1.0 equiv.) o
) B(OH), B Pyridine (1.2 equiv.) JQ
AN NH o @ -~ HN N
A/&o , 0,, CH,Cly, ~7 days Me Mo
Me 1.2 equiv. 8-79 % Me

(c) Nique, 2012

3 B Cu,0(0.6-0.8 i Q @
r u .0-U.0 equiv.
NH N 2 ( q ) >LN

DMAc, 130-170 °C, 1-48 h H%
TR, 1.0 - 2.5 equiv. 18-63 % Ri °

(d) Wang, 2016

Br Method 1

0 o}
)X\ , Cuy0 (0.3-0.4 equiv.), DMAc/DMF, 140-160 °C, 12-48 h k
R'r, © ‘/B(OH)z Method 2 Rig, ©
@ , Cu(OAc); (7 mol %), O,, MeOH, 70 °C, overnight

21-90 %

Scheme 1.9. Cu-promoted N-3-arylations of 5,5-disubstituted hydantoins.

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

hydantoins.

* This work was published after our work “Cu-catalyzed N-3-arylation of hydantoins using diaryliodonium salts” (paper I).
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(a) Evano, 2019

X Cul (20 mol %)

0 DMCyDa (40 mol %) o)
HNJ\NH . X Cu,0 (1.0 equiv.) ’ K,CO3 (2.0 equiv.) N)LN

DMF,Ar, 150°C, 140 R Toluene, 110 °C, 48 h
51-98 % 2 4997 %

R R
"Ry O x=py 'R, O

(b) Thakur, 2021

R4, Rycan be H I""OTf

Cul (20 mol %)

O oTf Cul (20 mol %) 0 oo ) 0
: K3PO4 (1.0 equiv.) .0 equiv.
o o (o P o) £ GG

H DCE, Ny, rt, 5-24 h H Dioxane, Ny, rt, 10-22 h H
R1 R, O 2 Ri R, O Ri R, O
2 51-92 % 2 54-90 % 2

Scheme 1.10. N-3- and subsequent N-1-arylation of hydantoins.

1.5 Objectives

New synthetic methods are needed to overcome challenges not met by present methods.
Method development often seeks to solve a specific task, but with the desire for the
method to be simple, more general, less sensitive and greener. Nowadays, the synergy

between experimental and computational chemistry is used to reach these goals.

The main objective of the work presented herein is the development of methods for
direct, regioselective C(sp?)-N-3-functionalization of unsubstituted hydantoins, with a
focus on using lower catalysts loadings. The developed methods should be applicable
to substituted hydantoins and other compounds containing the imide-functionality as

the overall purpose of this work is to help to expand the synthetic toolbox.

Part I: N-3 arylation : Part Il: Mechanistic investigation
. 5 )
NH N
HN\/& ‘/. Base/ligand HN\/g
(0] (0] : )
Aryl source : o)
Part lll: N-3 alkenylation ‘v &le
i LV
0 @ o R —
»\NH O)\( »\N&KR Reaction coordinate
HN HN ‘
N Base/ligand AR ;
(6] 0 :

Alkenyl source

Figure 1.7. Objectives of the work presented.
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The previously reported N-3-arylation reactions rely on 5,5-disubstited hydantoins and
(mostly) high catalyst loadings. The regioselective arylation of unsubstituted
hydantoins still remains elusive. The key challenge of interest, and the first part of this
dissertation aimed to tackle the regioselective N-3-arylation of unsubstituted

hydantoins using lower catalyst loadings (Figure 1.7, part I).

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

far been reported.

Most direct N-functionalization of hydantoins include arylations reactions. The last
part of this work aimed to expand the pool of C(sp?)-coupling partners in the
N-functionalization scope to include alkenyl groups (Figure 1.7, part III). Expect for

141-143

three isolated examples, no such protocol has been reported for hydantoins.
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Chapter 2: Development of a methodology
for the N-3-arylation of hydantoins wusing

unsymmetrical diaryliodonium salts

2.1 Introduction

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

is given, where unsymmetrical salts are in focus.
2.1.1 Diaryliodonium salts

Diaryliodonium salts (diaryl-A*-iodanes) (Figure 2.1) are a class of hypervalent
iodine™-compounds first discovered in 1894.1* They possess a T-shape where the apical
ligands (Ar; and X as drawn in Figure 2.1b) share a 3c-4e (hypervalent) bond.'* Their
exact geometry in solution, however, is still debated and may depend on both on the

identity of the solvent and the counter anion.!#* 6

(a) Salt form : (b) T-shape
e X

X = OTs, OTf, BF,, PFg, CI, Br, |
Figure 2.1. Structure of diaryliodonium salts. Ari = Ar» for symmetrical salts. Ar1 # Ars for unsymmetrical salts.

Diaryliodonium salts have emerged a powerful source of arylating reagents over the
past decades, owing to their high electrophilicity and the excellent leaving group ability
of iodoarenes.'*™ They are applicable in a variety of transformations as they possess

the ability transfer aryl groups to both carbon- and heteroatom nucleophiles, metal-

152-155

free (as aryl cation equivalents, aryl radicals or arynes) and transition

159 156

metal-catalyzed.' ' In particular, the use of copper' or palladium'® as a transition
metal-catalyst has proven to facilitate aryl transfer efficiently. Additional traits to their

reactivity include good selectivity, low toxicity and stability in air and moisture.**
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Diaryliodonium salts are either symmetrical (Ar; = Ar;) or unsymmetrical (Ar; # Ars),
and their use is accompanied by advantages and disadvantages. In reactions with
nucleophiles, both aryl groups can theoretically be transferred. Thus, from a selectivity
point of view, symmetrical salts are superior as selectivity issues in these reactions are
avoided. The use of unsymmetrical salts is thus accompanied with potential
chemoselectivity issues. The observed chemoselectivities are influenced by steric- and
electronic properties of the arenes and the nature of the nucleophile. In transition-metal
catalyzed reactions, the most electron-rich or the least bulky arene is preferentially
transferred to the metal (then to the nucleophile).’” 160 161 Tn fact, sterically
cumbersome arenes are often use as auxiliary groups (often referred to as “dummy
ligands”) to help facilitate transfer of the desired (smaller) aryl group. In metal-free
reactions the most electron-deficient arene is usually transferred. The steric effects,
however, are highly dependent on the nucleophile. ortho-substituted aryl groups are
often preferred transferred, even though being more electron-rich. This is commonly
known as the “ortho-effect”. The ortho-effect is observed for heteroatom-nucleophiles
(including N, O, S and F) where the bulkier aryl moiety is transferred.!*® 15 162 The
opposite is observed for B- and C-nucleophiles where the less bulky arene is

transferred"® ' (Figure 2.2).

[M], B-and C-Nu  N-, O-, S- and F-Nu M] Nu

o~ [~
| |
® 3
poor
Sterics Electronics

Figure 2.2. Stereoelectronic effects and chemoselectivity of unsymmetrical diaryliodonium salts in

metal-catalyzed and metal-free aryl transfer reactions. S = small, B = bulky, [M] = transition metal.

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

be avoided.
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2.1.1.1 Preparation of unsymmetrical diaryliodonium salts

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

an arene to furnish the salts.

M = B(OH),, Li,

(a) Stepwise

I Oxidant @
_—
HX

Isolated SiMe3, SnBug
L = ligand
(b) Direct
S) Anion ©
1
I L, . HX X (? exchange Y @
- — = > !
SC
=
(c) One-pot

I Oxidant
@ orl, + @
HX

Common oxidants: mCPBA, K,S,0g, Oxone. Common Brgnsted acids (HX): TsOH, TfOH, TFA, H,SO4. Common Lewis acids: BF3- OEt,

Scheme 2.1. General synthetic strategies towards unsymmetrical diaryliodonium salts. Sketched in

grey is the anion exchange prosses necessary in some cases.

Recently, convenient and efficient one-pot procedures have been developed (Scheme
2.1c¢) by the groups of Olofsson,''™ Stuart,'™ '™ Zhdankin'™ ' and others.'™ '"" This
strategy involves the formation of diaryliodonium salts by oxidation and ligand
exchange of iodoarenes (or molecular iodine) and arenes. The ligand exchange step of
arenes on the iodine™-intermediates is formally considered an electrophilic aromatic

substitution implying certain limitations of salts possible to produce by these methods.

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

The concept of dummy groups/auxiliaries was briefly introduced in Section 2.1.1. The
chemoselectivity of aryl transfers can be (sterically or electronically) controlled with
careful selection of the non-transferred arene, i.e. the dummy group. Diaryliodonium
salts bearing a 2,4,6-trimethoxyphenyl (TMP) moiety have displayed remarkable

152, 163, 166, 172, 178-

selectivity in reactions with several nucleophiles. 181 Other frequently used
dummy ligands include 2,4,6-trimethylphenyl (Mes), anisyl and phenyl.'” % Recent
efforts in the development of one-pot reactions have made aryl(TMP )iodonium salts

easily accessible. These advantages make them highly attractive candidates in arylation

reactions.
X OMe Me
I L0
R P Aux MeO OMe | Me Me OMe
TMP Mes Anisyl Phenyl

Figure 2.3. Common dummy ligands.

2.1.1.3 Cu-catalyzed N-arylations with unsymmetrical diaryliodonium

salts

Various N-nucleophiles have been successfully arylated with diaryliodonium salts. Both
symmetrical and unsymmetrical salts have been used for that purpose, including metal-
free and metal-catalyzed processes. However, less reactive N-nucleophiles, such as
amides and imides, often require the assistance of a metal-catalyst to overcome
limitations in reactivity.'®*'®" Moreover, a metal-catalyst is often needed to ensure

selectivity in substrates with multiple nucleophilic sites.!®*19

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

delocalization and are thus weaker nucleophiles than e.g. amines.

¢ No Cu-catalyzed N-arylation of imides using unsymmetrical diaryliodonium salts were reported prior to our work.
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(a) Wang, 2014

o X CuCl (20 mol %)
—@S—NH | KsPO, (2.0 equiv.) O
o + \
AUX 01t 16h

1.0 equiv. 1.2 equiv.

X = QOTf, OTs
Aux = Mes, Anisyl

5

2 examples, 60-62 %

(b) Kim, 2015

CuCl (10 mol %)
Et3N (2.0 equiv.)

O Boc Toluene, rt, 6-16 h
1.0 equiv. 1.2 equiv. 3 examples, 61-94 %
Aux = Mes,
2,4,6-triethylphenyl
(c) Kim, 2016
B, O T, CuCl (10 mol %) Br.
Et3N (2.0 equiv.)
7 NH 3 &
- Toluene
Br rtor 50 °C, 1-6 h Br
1.0 equiv. 1.2 equiv. 3 examples, 64-73 %
(d) Postnikov, 2021
)OL X Cul (10 mol %) )OL
O~ °NH . |\ Et3N (2.0 equiv.) O N
N= Aux DCE, 60 °C, N=
5-24 h, Ar
2.0 equiv.
1.0 equiv. X =OTs, OTf, TFA 18 examples, trace-86 %
Aux = TMP, Mes
(e) Thakur, 2023
)OL TFA CuBr (5 mol %) j\
O"°NH | ‘|\ Et3N (1.2 equiv.) 0" "N
o T™P DCE, i, 3-5 h o
1.0 equiv. 1.0 equiv. 29 examples, trace-92 %

Scheme 2.2. Some examples of Cu-catalyzed N-arylations of weak nucleophiles using unsymmetrical

diaryliodonium salts.

In 2014, Wang et al. published an N-arylation of N-arylsulfonamides in water using in
the presence of a simple copper salt and a base (Scheme 2.2a).' Symmetrical
diaryliodonium salts were mostly used in the study, but two examples using
unsymmetrical salts were reported. Selective transfer of the phenyl group was
accomplished using phenyl(Mes)iodonium triflate. Electron-deficient p-nitrophenyl was

selectively transferred using anisyl as auxiliary and tosylate as counter anion.
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A year later, Kim and co-workers also published a study concerning the N-arylation of
N-arylsulfonamides (Scheme 2.2b)."*" CuCl was also used a catalyst in their procedure
but with lower catalyst loading. Triethylamine was used as a base/ligand and toluene
as solvent. Unsymmetrical salts containing either Mes or its ethyl analog
(2,4,6-ethylphenyl) were only used in the transfer of an electron-deficient aryl- and two
heteroaryl groups. The following year, the same group reported an N-arylation of
2-pyridones using the same conditions as in their previous work (Scheme 2.2¢).'®® The
same strategy was also employed concerning the transfer of an electron-deficient and

two heteroarenes.

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

were present in the TMP-salts, only small amounts of product were obtained.

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

efficient system for such transformation.

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

Based on the previously reported N-arylations of hydantoins (Chapter 1, Scheme 1.9
and 1.10), we saw an unexploited potential where the development of a new method
could enable us to reach our goal (Chapter 1, Figure 1.7). We reasoned that our
conditions should include a copper salt, a base and/or ligand and heat. Considering the
weak nucleophilicity of hydantoins N-3 position, we postulated that diaryliodonium
salts would be a suitable coupling partner owing to its high electrophilicity. More
specifically, aryl(TMP)iodonium salts were chosen for reasons already described in

Section 2.1.
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A small selection of the exploratory study is already included in Paper I. The following
sections includes additional unpublished results as some interesting results were
discovered during the study. Reaction parameters evaluated during the optimization
include bases, ligands, catalysts and catalyst loading, solvents, concentration,
temperature, stoichiometry, auxiliaries and counter anions of the diaryliodonium salts.
To simplify the reading experience, the screening of reaction parameters is divided into

subsections. It should be noted that the order presented here is not chronological.
2.2.1 Initial hits and screening of bases and ligands

We decided to start the study using unsubstituted hydantoin 1la, a slight excess of
phenyl(TMP)iodonium tosylate 2a and catalytic amounts of Cul. <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>