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Abstract

In the field of organic chemistry, the development of new catalytic methods for the synthesis of complex molecules from
simple precursors is a top priority. The main focus of this thesis concerns the diastereoselective synthesis of heterocyclic
compounds using main group elements as Lewis acid catalysts.

The first part of this thesis deals with an annulation reaction of nitrones with oxiranes, aziridines, and thiiranes using
Al(II) or In(IIT) catalysts. From this protocol, 1,4,2-dioxazinanes, 1,2,4-oxadiazinanes, and 1,4,2-oxathiazinanes were
obtained in moderate to high yields with excellent diastereoselectivity. The transformation was found to be stereospecific
and proceed via an Sy2-mechanism.

The second and third parts concern the development of In(III)-catalyzed annulation of carbonyl compounds, amines,
and alkynyl enones. InBr; was found to be an efficient catalyst for the activation of alkynyl enones in a multicomponent
reaction with aldehydes and amines. The method affords cyclopenta[c]furans in high yields and in good to excellent
diastereomeric ratios. Bicyclo[3.n.1]alkenone derivatives were formed via a double Michael addition reaction of cyclic
ketones, amines, and alkynyl enones, in the presence of InCl;. The utility of these protocols was also demonstrated by
sequential transformations.

In the fourth part, AgOTf and Cul were found to be efficient catalysts for the activation of pyridine-substituted enynes
towards enamines, providing indolizine derivatives in high yield and good diastereomeric ratios.

In the last part of the thesis, 1,2-aminoarylation of y,0-unsaturated oxime esters with arylboronic acids using Ni catalysis
is discussed. The protocol demonstrates the potential of Ni-catalysts for the generation of iminyl radicals to furnish
functionalized pyrroline derivatives. The utility of this protocol was exemplified by transforming the pyrroline products
to the corresponding pyrrole and pyrrolidine derivatives.
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Abstract

In the field of organic chemistry, the development of new catalytic methods
for the synthesis of complex molecules from simple precursors is a top
priority. The main focus of this thesis concerns the diastereoselective
synthesis of heterocyclic compounds using main group elements as Lewis
acid catalysts.

The first part of this thesis deals with an annulation reaction of nitrones
with oxiranes, aziridines, and thiiranes using AI(III) or In(IIl) catalysts.
From this protocol, 1,4,2-dioxazinanes, 1,2,4-oxadiazinanes, and 1,4,2-
oxathiazinanes were obtained in moderate to high yields with excellent
diastereoselectivity. The transformation was found to be stereospecific and
proceed via an Sy2-mechanism.

The second and third parts concern the development of In(Ill)-catalyzed
annulation of carbonyl compounds, amines, and alkynyl enones. InBr; was
found to be an efficient catalyst for the activation of alkynyl enones in a
multicomponent reaction with aldehydes and amines. The method affords
cyclopenta[c]furans in high yields and in good to excellent diastereomeric
ratios. Bicyclo[3.n.1]alkenone derivatives were formed via a double Michael
addition reaction of cyclic ketones, amines, and alkynyl enones, in the
presence of InCl;. The utility of these protocols was also demonstrated by
sequential transformations.

In the fourth part, AgOTf and Cul were found to be efficient catalysts for
the activation of pyridine-substituted enynes towards enamines, providing
indolizine derivatives in high yield and good diastereomeric ratios.

In the last part of the thesis, 1,2-aminoarylation of y,J-unsaturated oxime
esters with arylboronic acids using Ni catalysis is discussed. The protocol
demonstrates the potential of Ni-catalysts for the generation of iminyl
radicals to furnish functionalized pyrroline derivatives. The utility of this
protocol was exemplified by transforming the pyrroline products to the
corresponding pyrrole and pyrrolidine derivatives.
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Populirvetenskaplig sammanfattning pa svenska

Den hér avhandlingen handlar om utveckling av nya och effektiva
syntesmetoder for heterocykliska foreningar. Namnet heterocykel betyder att
fler &n ett atomslag (en heteroatom) &r inkorporerade i en cyklisk struktur.
Heterocyklisk kemi utgér en betydande del av organisk kemi dé flertalet nya
lakemedel innehaller minst en heterocyklisk enhet. Orsaken till detta &r att, i
synnerhet kvdve- och syreinnehallande foreningar kan interagera specifikt
med biologiska system sdsom receptorer. Trots att det finns manga
etablerade syntesmetoder for heterocykler sa finns det ett behov att utveckla
nya metoder som erbjuder mildare reaktionsbetingelser samt ger tillgéng till
nya produktmotiv. I den hér avhandlingen anvéndes katalys som ett viktigt
verktyg for syntes av heterocykliska produkter. En katalysator &r en
reaktionskomponent som paskyndar en kemisk transformation utan att sjalv
forbrukas under processen. Vi har fokuserat pa anvidndandet av
metallkatalysatorer  baserade pa  huvudgruppsdmnen och  vissa
overgdngsmetaller for att utveckla reaktioner med hog selektivitet. Vissa
huvudgruppsdmnen har en relativt hog naturlig forekomst och &r relativt
outforskade i jamforelse med tyngre dvergédngselement.

Den forsta delen av avhandlingen beskriver en selektiv syntesmetod for
kvdve- och syreinnehdllande miéttade heterocykler. Aluminium- och
indiumsalter var effektiva katalysatorer och tillater anvdndandet av enkla
startmaterial. 1 kapitel 3-5 beskrivs diastereoselektiva syntesmetoder for
bade heterocykler och karbocykler via ringslutning. For dessa reaktioner ar
aktiveringen av kol-kol ométtnader (trippelbindningar) en viktig komponent.
I det sista kapitlet beskrivs en ny Ni-katalyserad aryleringsreaktion via
radikalintermediérer. Metoden ger tillgang till nya heterocykliska foreningar
och exemplifierar hur nickel kan vara ett anvindbart alternativ till dyrare
(ddel) metallkatalysatorer.
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Abbreviations

The abbreviations are used in agreement with the standard of the subject.”
Only non-standard and unconventional abbreviations that appear in the thesis

are listed here.

DCE
DCM
DIPA

DMAP
d.r.

LA
m-CPBA
MCR
MS

n.d.
p-TsOH
TEMPO

1,2-dichloroethane
dichloromethane
diisopropylamine
4-(dimethylamino)pyridine
diastereomeric ratio

Lewis acid
meta-chloroperbenzoic acid
multicomponent reaction
molecular sieves

not determined
para-toluenesulfonic acid
2,2,6,6-tetramethylpiperidin-1-oxyl

“The ACS Style Guide, 3 ed.; American Chemical Society: Washington, DC, 2006
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1. Introduction

The design of highly selective and efficient transformations is one of the
most important challenges for organic chemists.' Catalysis is a major tool to
enable various functional group transformations (often with high selectivity)
in chemical industries, academia, and research. About 90% of all
commercially produced chemical products are obtained, to some extent,
from catalytic processes.” There are a number of potential advantages of
catalysis over stoichiometric reactions: for example, fewer steps, reduced
waste generation, shorter reaction times and milder reaction conditions can
be achieved.'™*? In addition, catalysis is often the key to the discovery of
new transformations in organic synthesis. The ultimate goal for an organic
chemist is to develop chemical processes which practice the maximum
number of green chemistry principles'® where catalysis is one of them. The
main objective of this thesis is to develop new efficient catalytic
transformations for the synthesis of highly valuable heterocycles with high
atom efficiency and selectivity.

1.1 Synthesis of heterocyclic compounds by catalytic
approaches

Heterocycles are present in many naturally occurring and biologically active
molecules (Figure 1.1).* Heterocyclic compounds are associated with
important physical and chemical properties (such as the ability to interact
with biological systems) that are often different from their carbocyclic
analogues. Because of their bioactivity and medicinal value, the synthesis of
oxygen and/or nitrogen-containing heterocyclic compounds has received
increased attention from organic chemists in the past few decades.” Most of
the classical methods for the synthesis of heterocyclic compounds require
specific functional groups, elevated temperatures or have low functional
group tolerance. Catalysis is an efficient alternative to classical
stoichiometric methods for the synthesis of heterocyclic compounds.
Although a wide variety of catalytic methodologies have been developed to
overcome the drawbacks of classical methods,”™® the discovery of new,
efficient and atom economical catalytic transformations employing benign
chemicals is of high demand.
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Figure 1.1. Selected natural products and bioactive heterocycles.

1.2 Lewis acid catalysis

Lewis acid catalysts have become increasingly important for the synthesis of
heterocyclic compounds because of their unique reactivity, the mild reaction
conditions, and relatively low cost.” A Lewis acid is defined as an electron-
pair acceptor with a localized empty atomic or molecular orbital of low
energy. It can accommodate a pair of electrons by reacting with a Lewis base
to form a Lewis adduct. The classification of various Lewis acids by their
relative strength and coordination ability is a useful tool to choose a Lewis
acid for a specific transformation.”® There are a number of ways to quantify
Lewis acidity, for example by measuring the stretching frequencies of a
carbonyl group coordinating to different Lewis acids, either by IR
spectroscopy.,® or with the help of NMR spectroscopy.’

Furthermore, their strength can be rationalized by the hardness and
softness of the Lewis acids and bases (HSAB theory)." According to this
theory, a small, highly charged ion or atom of low polarizability is
considered to be a “hard” Lewis acid, whereas a “soft” Lewis acid is a large
ion or atom with a low charge and high polarizability. The theory states that
hard acids make stronger bonds with hard bases, whereas soft acids make
stronger bonds with soft bases. This concept is a way of describing the
molecular orbital interactions between a Lewis acid and a Lewis base.

Both d-block and main-group elements are commonly employed as Lewis
acids in organic chemistry. Within these examples, classic Lewis acids, such
as B(IID), AI{I), Ti(IV), Sn(IV) species can form o-complexes with
carbonyl compounds, imines, and oxiranes (Scheme 1.1)"*™ Some of the
classical Lewis acid-mediated reactions include Friedel-Crafts
alkylation/acylation,'" Diels-Alder,'” Alder-ene,"” and aldol condensation



reactions.'* However, due to the strong coordination ability of many classical
Lewis acids, their use in catalytic amounts is sometimes problematic.

z LA .-LA LA

z z .
Lo YA L or Z LA =B, Al In, Tietc.

R "R? R! R? R OR? R R

Z=0,N
Scheme 1.1. Lewis acid activation of oxygen- and nitrogen-containing
molecules.

Kobayashi and co-workers investigated the Lewis acidity of different metal
chlorides in terms of oxophilicity and azaphilicity by comparing their
chemoselectivity in an addition reaction of aldehydes and aldimines with a
silyl enol ether (Scheme 1.2)."° It was found that salts of early main group
elements and early transition metals, such as BCl;, AICl;, and TiCly,
displayed high aldehyde selectivity, whereas ScCl;, FeCls, and InCl; were
more efficient in activating aldimines. Interestingly, late transition metal
chlorides were found to be weak activators or inactive.

Ph OSiMe;  MCl, (1.0 equiv)

0 N OH O PNk o
+ + - +
|

Ph)J\H Ph)\H /\""/\Ph DCM, -23 °C or it F’h)ﬁ/LL Ph Ph)ﬁ/u\ Ph
12 h

1.0 equiv 1.0 equiv 1.0 equiv
aldehyde selective: BClz, AICI3, TiCly, ZrCly, SnCly
aldimine selective: ScCls, FeCls, InCls, BiCls, CuCl,

inactive: NiCl,, RhCl3, PdCl,, AgCI, AuCl

Scheme 1.2. Investigation of oxophilicity versus azaphilicity of different
metal chlorides.

Another type of activation mode using Lewis acidic metals is depicted in
Scheme 1.3. Many transition metals salts and some of the main group
elements are able to activate carbon—carbon multiple bonds via n-bonding or
alkyne-metal bonding which is useful for a number of organic
transformations. '’

LA
RI-=—R? R'=——R® (LA=Au,In, Pt Cuefc |

LA
Scheme 1.3. Lewis acid activation of alkynes.

Among them, indium(Ill) species have emerged as useful Lewis acid
catalysts capable of activating substrates both via o- and m-coordination.
Because of their large ionic radius, multiple coordination sites, fast “on/off”
rates, low toxicity, low cost and high stability toward moisture and air,
indium(III) salts have been employed in various new organic
transformations.”'**!7



1.3 Lewis acid-catalyzed synthesis of heterocycles using
three-membered rings

The annulation of three-membered cyclic compounds with dipolarophiles is
an example of an area in which Lewis acid catalysis is widely used.
Although oxiranes, for example, are typically used in simple nucleophilic
ring-opening reactions,”™'® they may also undergo highly atom-efficient and
selective annulation reactions for the synthesis of heterocycles.”"

1.3.1 Cyclopropanes

The Lewis acid-catalyzed annulation of 1,1-cyclopropanediesters with
different dipolarophiles has become a useful strategy for the construction of
heterocyclic compounds.’****® For example, Kerr and co-workers developed
a Lewis acid-catalyzed cycloaddition reaction of 1,1-cyclopropanediesters
and nitrones (Scheme 1.4).*' The coordination of Yb(OTf); to one or both
ester groups of the 1,I-cyclopropane diester moieties leads to the
polarization and cleavage of the C1-C2 bond. The corresponding six-
membered heterocycles were obtained in high yields and with high
diastereoselectivity, demonstrating the power of three-membered cyclic
compounds for the synthesis of saturated heterocycles.

© RY O _R?
R2 E . oﬁ,R4 Yb(OTf)3 (5 mol%) )'\;J
\/E R3J'\H CHoCly, 1t R3
52-90% EE

E = CO,R'

Scheme 1.4. Lewis acid-catalyzed cycloaddition of cyclopropane diesters
and nitrones.

1.3.2 Oxiranes and aziridines

As opposed to cyclopropanes, the heteroatoms in oxiranes and aziridines
offer a useful handle for the activation by Lewis acids. These three-
membered heterocycles can undergo ring-opening by carbon—heteroatom
bond cleavage in the presence of a Bronsted or Lewis acid catalyst.”>'®'%2
For oxiranes, the coordination of a Lewis acid to the oxygen lone-pair
enhances the reactivity towards nucleophiles. Thus, because of this
competing pathway, the activation of the oxiranes must be carefully
controlled in order to achieve a selective annulation reaction. In addition to
the above-mentioned nucleophilic ring-opening, a 1,2-hydride shift
(Meinwald rearrangement),” dimerization, polymerization or elimination are



other possible pathways to side-products. Thus, a careful choice of the
reaction conditions is required.

An application of oxiranes for the synthesis of heterocycles was recently
reported by Liu and coworkers. An efficient intermolecular, formal [4+3]
cycloaddition reaction with arenynamides led to seven-membered oxacycles
(Scheme 1.5).** In this reaction, the well-defined gold-catalyst was proposed
to activate the arenynamide via m-coordination while at the same time
activating the oxiranes.

" Ms
NS [IPrAUNTE,/AgNTF, N-gf
- 0 (5 mol%) =
= R
= +
©/ RzAR3 DCM, 28 °C @Czo
42-85% T

IPr = 1,3-bis(2,6-diisopropylphenyl-
imidazol-2-ylidene)

Scheme 1.5. Intermolecular [4+3] cycloaddition reaction of arenynamides
with oxiranes.

Along with oxiranes, aziridines can also undergo regioselective ring-opening
and annulation reactions in the presence of Lewis acids.””** As exemplified
in Scheme 1.6, a Lewis acid (BF5;-OEt,) can activate N-tosyl aziridines for
the annulation with alkenes. However, in addition to the annulated product,
the ring-opening processes was found to be a competing pathway.*®

Ph Ph
@ BF3-OEt, (1.0 equiv) @
.
/u DCM, -78 °C N _NH
51% Ts Ts

(exo) ratio 1:1
Scheme 1.6. N-Tosylaziridine as a masked 1,3-dipole in a reaction with
cyclohexene.

Whilst the nucleophilic ring-opening of oxiranes and aziridines is a well-
established reaction, far fewer examples of annulation reactions have been
reported for these substrates.

1.4 Synthesis of heterocycles via catalytic activation of
alkynes

The catalytic functionalization of alkynes remains a highly attractive and
widely applied method in organic chemistry, especially in heterocyclic
synthesis.”™’ The general reactivity of alkynes is illustrated in Scheme 1.7.
Unactivated terminal alkynes can act as nucleophiles via the formation of



metal acetylides (Scheme 1.7a).'®*® On the other hand, alkynes can be
activated towards nucleophiles through metal coordination with the =n-
system,”'011¢29 Other transformations, such as metal-catalyzed di-
functionalization, carbo- and heterocyclization, and cycloaddition reactions,
are commonly used to construct more sophisticated targeted molecules
(Scheme 1.7b—d).>"602%

Rl [M] cat, R2 = H [M] cat ’ ?‘”

NS @) ) Wi=re

E )

®
® R'——R? E/M
EM M] cat RI-=——R?
R1_(: R2 [M] cat (b) (d) [ ] e ((a_\ @

) N F

Nu N )

Scheme 1.7. General transformations of alkynes.

Despite the success of using transition metals, some of the main-group
elements have been employed in useful transformations of unactivated
alkynes.””’ As mentioned in Chapter 1.2, indium-based Lewis acids have
been used in a number of transformations as m-Lewis acids to activate
terminal or internal alkynes towards different nucleophiles.”'¢%!7¢%7

For example, a Conia-ene cyclization reaction of terminal alkynes bearing
1,3-dicarbonyl group, catalyzed by indium(IIl) reagents, was developed by
Nakamura.”” The transformation demonstrates the unusual multi-site
activation capability of indium(III) triflate and indium(III) triflamide for the
synthesis of five- to fifteen-membered carbo- and heterocyclic compounds
(Scheme 1.8).

MeOC
MeOC.___CO,Me COyMe
\L/\ IN(NTE,)3 (0.1 mol%)
'}l/\\\ 0.1 M in toluene N g3
Ns | o
150°C, 48 h Ns
CO,Me
1 0
COo,Me
(éj/y\z IN(NTE,)3 (2 mol%)
\\ 0.1 M in toluene
h=9 150°C, 18 h

27%
Scheme 1.8. Conia-ene cyclization of alkynyl ketoesters.

Takemoto and co-workers developed a catalytic protocol for the activation
of a C—C triple bond towards heterocyclization (Scheme 1.9).*' In this
transformation, 2-(1-alkynyl)arylaldimines and 2-(1-alkynyl)arylaldehydes
undergo a tandem nucleophilic addition/cyclization reaction with various
nucleophiles.’'® Interestingly, similar yields were obtained for In- and Au-



based catalysts. However, Au(l) catalysts were proposed to activate the
alkyne, while In(III) salts were proposed to activate both the electrophile and
the alkyne.

R'  In(OTf); or AUCKPPh;)/AgNTF,

R1
=7 Nu-M or Nu-H A
X
_X additive (AcOH/CF3CH,OH/H,0)
DCM, rt-70°C, 24 h Nu
X=NR? 0 35-91%

Scheme 1.9. Nucleophilic addition followed by cyclization of 2-(I-
alkynyl)arylaldimines and 2-(1-alkynyl)arylaldehydes.

As demonstrated in the examples above, indium salts can be useful
alternatives to Au catalysts for alkyne activation. Moreover, the high
functional group tolerance makes In catalysts suitable for dual catalysis. A
good example, demonstrating the utility of In(IIl) salts in a dual catalytic
system was developed by Vidal and co-workers.”> The formation of an
enamine, using a catalytic amount of amine, and the activation of terminal
alkynes by InCl; led to functionalized cyclopentanes (Scheme 1.10).

InCl3 (20 mol%)

0 o]
R | | (Cy)(#-Pr)NH (20 mol%) R
H J H
DCE, 100 °C z

4
61-89%
R = Me, Ph, n-Bu, Bn

Z = C(CO,Me),, C(SO,Ph),

Scheme 1.10. /nCly/amine co-catalyzed intramolecular carbocyclization of
o-substituted aldehydes and unactivated alkynes.

1.5 Synthetic applications of alkynyl enones

2-(1-Alkynyl)-2-alken-1-ones are useful starting materials which can
undergo a variety of cyclization and addition reactions, leading to a range of
heterocyclic compounds.” In 2004, Larock reported the first protocol for the
synthesis of highly functionalized furans from alkynyl enones using Au-
catalysis (Scheme 1.11).%"

___________________________

' 2 2~ NuH
R2 AuCl (1mol%)  R'_O_ s ! [AU]R RL ¥~ NuH
| NuH \ LA | Y R3 | R3 |
R® { X P R (on) = :
= DCM, it, 1 h R RA O “F !
R’ o) AN R © .
52-90% Nu ! A B TAU .

NuH = ROH, indole, aniline
Scheme 1.11. AuCl;-catalyzed synthesis of substituted furan derivatives.



A range of 2-(1-alkynyl)-2-alken-1-ones can easily be prepared from
a,f-unsaturated ketones via iodination®* followed by a Sonogashira coupling
reaction (Scheme 1.12).%*"

PACl,(PPhs), (5 mol%)

R2 I, (1.5 equiv) R2 Cul (10 mol%) R2
DMAP (0.2 equiv) | H————R' (2.0 equiv) |
| R3 —_— R3 R3
K,CO3 (1.2 equiv) ! DIPA (3.0 equiv) //
o H,O/THF (1:1), rt 0 THF, 0 °C, 45 min R (e}

Scheme 1.12. The synthesis of 2-(1-alkynyl)-2-alken-1-ones.

Two mechanistic pathways were postulated for the AuCls-catalyzed
cyclization reaction based on the activation mode (Scheme 1.11). It was
envisioned that if the applied catalyst displays an efficient alkyne =n-
activation, the formation of the furan ring takes place first (Scheme 1.11, A),
followed by a nucleophilic attack on the resulting carbocation. However, if
AuCl; acts as a o-Lewis acid, the nucleophilic attack (Michael addition) was
postulated to be the initial step (Scheme 1.11, B).

Since the first reports by Larock, a number of groups have utilized
2-(1-alkynyl)-2-alken-1-ones in both catalytic and non-catalytic
transformations (Scheme 1. 13) 33e.33

f* &

R2 4 5 -addition

O-N
[Au], [Cu] [Pd] R4
PR3 Nu E/H
NuH
1 J4- add[t[on
Base 0® [3+3] CyCIoadd[t[on
NuH @
R5

R0,c_CORY e

455
H;j/\%o Foo oo )\Hg LU] o
R*0,C.__CO,R* —
/
T Z NRRS )\
R

1 3
R R NH, o "R
double Michael

addition iisj [Au] [3+2] cycloaddition
R2
[Au‘ / \ [Rh °
R1
EWG EWG g\

R*

4 5 -addition
mR3 ﬁ [4+3] cycloaddition

[4+2] cycloadd[t[on
[3+2] cycloadd[t[on

Scheme 1.13. Functionalization of 2-(1-alkynyl)-2-alken-1-ones.



In particular, metal-catalyzed cyclization reactions employing Au and Rh
have emerged as a powerful tool for the synthesis of fused heterobicyclic
compounds.’”***3¢ For example, the gold(I)-catalyzed diastereoselective
synthesis of fused furan derivatives from alkynyl enones was greatly
explored by Zhang and co-workers (Scheme 1.13, right part).*™*

Despite these significant advances, multicomponent reactions of the
alkynyl enones with readily available starting materials remain largely
unexplored.

1.6 Aim of the thesis

The main objective of this thesis is the development of efficient and
selective catalytic protocols to access novel heterocyclic compounds from
simple starting materials. In particular, atom-efficient routes using more
benign and abundant metals (e.g., Al, In, Cu, Zn, Ni) have been targeted.
With the aid of mild and selective Lewis acid catalysts, the activation of
strained three-membered rings, alkynes, and alkenes has been explored.
Indium-based catalysts have played a central role because of their ability to
activate substrates containing both heteroatoms and alkynes. An important
aim has been to investigate the stercoselectivity of intermolecular annulation
and multicomponent reactions. Finally, Ni-catalysis has been explored for
the generation of iminyl radicals and the synthesis of pyrroline derivatives.
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2. Lewis Acid—Catalyzed Annulation of Nitrones
with Oxiranes, Aziridines, and Thiiranes (Paper I)

2.1 Six-membered heterocycles with N—O bond linkage

Nitrogen- and oxygen-containing heterocycles are present in more than 70%
of all active pharmaceutical ingredients and agrochemical products.’’ In
particular, the importance of saturated heterocycles has recently been
highlighted in drug discovery.*>**® A high sp’-content is important to access
a greater chemical space, which can be useful to bind to drug targets such as
jon channels and enzymes.” As mentioned in Chapter 1.3, one important
strategy for the construction of saturated carbo- and heterocycles would be to
use three-membered rings in annulation reactions.™

We envisaged that the formation of 1,4,2-dioxazinane and 1,2,4-
oxadiazinane derivatives would be possible through an annulation reaction
of nitrones with oxiranes and aziridines, respectively (Scheme 2.1).
However, several side-products can be envisioned from oxiranes 1 in the
presence of a Lewis acid, in particular through the Meinwald
rearrangement™ and nucleophilic ring-opening (Scheme 2.1).

8 ® g3
N’
U\ P (Meinwald
2
2 R® "H2 R! H rearangement)
G N .
J: N 1A
R0 ‘RS R Nu OH HO Nu
3 1 ?—( (or) H
1,4,2-dioxazinane NuH R H R H

derviatives

Scheme 2.1. Proposed reaction for the selective synthesis of the 1,4,2-
dioxazinane motifs from oxiranes and possible side-products.

The 1,4,2-dioxazinane motif can be found in the skeletons of the Sarcoviolin
family of natural products,40 and fused 1,2,4-oxadiazinane derivatives can be
used for the treatment of Alzheimer’s disease (y-secretase modulator).”’
However, these compounds are largely unexplored and only a few multistep
preparative methods have been reported (Scheme 2.2). +*
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Me
R Me,CO © Me
EtO aet R T N.,
steps H R'" "O" 'R

B — . oN. )\/OH
Q R0 - CH,0 o

JU on 2 Ji WN

R 0" "R2

EtO

Iz

1,4 2-dioxazinane
derviatives

Scheme 2.2. Synthesis of the 1,4,2-dioxazinane motif via a multistep
procedure.

2.2 Method development for selective annulation of oxiranes
with nitrones

At the outset of our study, phenyloxirane (1a) and nitrone 2a were used as
model substrates to investigate the catalytic performance of different Lewis
acids (Table 2.1). The choice of the catalyst for this transformation played an
important role in the prevention of side-product formation (c.f. Scheme 2.1).

Table 2.1. Optimization of reaction conditions, selected examples."!

©

o 0.9 Me Lewis acid (x mol%) O Ph
A Oyl et
Ph M W N
Ph H solvent, T, t. Ph O Me
1a 2a 3a

Entry Catalyst (mol%)  Solvent T [°C] ¢[h] Yield [%]™

1 InCl; (10) CH,Cl, 40 4 69
2 InBr; (10) CH,Cl, 40 4 80
3 In(OTA); (10) CH,Cl, 0 4 70
4 AICl; (10) CH,Cl, 40 4 93
5 AICL (5) CH;CN 40 7 98/92!¢!
6 FeCl; (10) CH,Cl, 40 4 88
7 TsOH'H,0 (30) CH,Cl, 40 4 43
8 None CH,CN 80 24 ol

[a] Oxirane 1a (0.30 mmol), nitrone 2a (0.20 mmol), and catalyst (0-30 mol%), in the
indicated solvent (dry, 0.5 mL). [b] Isolated yield. [c] 5.0 mmol scale. [d] 1a and 2a were
recovered.

When oxirane 1a and nitrone 2a were reacted in the presence of InCl; (10

mol%) at 40 °C desired product 3a was isolated in 69% yield after
4 hours (entry 1). Interestingly, the product was obtained as a single
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diastereomer, and only a trace amount of the Meinwald rearrangement
product was observed. A significant improvement in yield was observed
(80%, entry 2) when InBr; (10 mol%) was employed as the catalyst. The use
of In(OTf); resulted in rapid decomposition of la. However, when the
reaction was performed at 0 °C, product 3a could be isolated in 70% yield
(entry 3). Furthermore, when AICl; (10 mol%) was used at 40 °C, a higher
yield was observed and product 3a was isolated in 93% yield (entry 4).
Gratifyingly, a nearly quantitative yield of 3a (98%) was obtained when 5
mol% of AICl; was applied in CH3CN (entry 5, 92% on 5.0 mmol scale).
FeCl; was also found to efficiently catalyze the annulation reaction and
furnished product 3a in 88% yield in CH,Cl, (entry 6). Other Lewis acids
such as Sc(OTf);, ZnCl,, and Y(OTf); were less reactive, providing 3a in
39%, 62%, and 41% yield, respectively. To probe the possibility of Brensted
acid catalysis, 30 mol% of TsOH-H,O was used as a catalyst. A rapid
decomposition of the starting materials was observed and only 43% of 3a
was isolated (entry 7). In the absence of a catalyst, no reaction was observed,
even at a higher temperature or prolonged reaction time; only the starting
materials were recovered (entry 8).

2.2.1 Synthesis of 1,4,2-dioxazinane derivatives

With the optimized reaction conditions for the synthesis of 1,4,2-
dioxazinanes in hand, the scope and generality of this transformation were
studied (Table 2.2). A wide range of aromatic N-methyl/N-benzyl-
substituted nitrones provided the expected dioxazinane products 3a-3m in
good to excellent yields (60-98%). Nitrones substituted with electron-
donating groups (2b and 2¢) were efficient reaction partners, giving the
corresponding 1,4,2-dioxazinanes 3b and 3¢ in excellent yields (97% and
92%, respectively). However, electron-poor nitrones 2d and 2e afforded 3d
and 3e in slightly lower yields (82% and 81%, respectively). Halogen-
substituted nitrones were also suitable substrates for this reaction, giving the
corresponding dioxazinane products 3f-3h in good to excellent yields (60—
92%). The use of N-benzyl-substituted nitrones in the annulation with 1a led
to slightly lower, or comparable yields for products 3i-3k (62-83%).
Moreover, the annulation of furan- or indole-substituted nitrones 21 and 2m
with 1a proceeded smoothly to furnish the corresponding 1,4,2-dioxazinanes
products 31 and 3m in 79% and 69% yields, respectively.
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Table 2.2. AICI;-catalyzed annulation of oxiranes with various nitrones.

[a]

5@ AICl5 (5 mol%) O JAr
6] O.%.R 3 (5 mol%
A ‘ N [ g
Ph A H CH3CN, 40°C, 7 h P Yo MR
1a 2 3
Entry Nitrone, 2 Product, 3 Yield [%]
1 © 2a R'=H ., 3a 98
0.9 Me R
2 IN 2b R =Me 3b 97
3 4 2 R=0OMe © 3¢ 92
4 2d R =NO, Ph\\\[o,N_M 3d 82
5 R 2% R'=CF, © 3e 81
6 2f R=Cl F 92
7 % 29 R =Br 3g 77
Om
(@] IN e o
Br H Br
8 2h LN 3h 60
° Ph*" TO" "Me
O‘ﬁ,Bn
| (o]
9 H 2i [ N 3i 83
Ph O Bn
S
0.9 Bn OMe
N
| 0
10 H 2j [ ! 3 92
MeO ° PR 0" "B
O‘ﬁ Bn CF3
! o\(©/
11 Ho ok [ N 3k 62
FsC o P O Bn
®
0.\ Ve 0\
| o x
12 O’ Hooo2 [ 3 79
\ ° P N0 N e
®m Ts
O‘N e N
| o [
13 ] H 2m [ 3m 69
LN,
N PR 07 Me
Ts

[a] Oxirane 1a (0.45 mmol), nitrone 2 (0.30 mmol), AICl; (5§ mol%), CH;CN
(0.8 mL). Isolated yields.

To further evaluate the generality of this transformation, the substrate scope
with respect to substituted oxiranes was explored (Table 2.3). A wide range
of aliphatic and aromatic oxiranes was suitable for the annulation with
various nitrones. However, when the standard conditions (c.f. Table 2.2)
were applied, low yields were observed for oxiranes with p-substituted
aromatic substituents (1b—1d), due to rapid decomposition of the oxiranes.
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Upon modifying the reaction conditions (using DCM instead of MeCN, and
InCl; instead of AICI; for 1b), products 3n—3p were obtained in moderate
yields (entries 1-3).

Table 2.3. Substrate scope with various oxiranes."

® p2 o (@] Ar/Alk
o SR AICl3 (5 mol%) Ng
R N 40°C, 7h oS
ArAKk” H CHsCN, 40 °C, R 0" "R
1 3
Entry Oxirane, 1 Nitrone, 2 Product, 3 Yield [%]
o 0__Ph

2 0.0 Me [ hg

W . N. b.c.d

1 /©/1ub PhJ\H /© o e ¥ “

Me 2a
o Me [o\rph
W _N. b]
2 /@/1@0 2a /@ oNyedo 25
MeO o MeO O\rPh
3 2a [ -N. 3 gslt!
fop o
cl ol
O.__Ph
4 O:o 2a \Nr 3q 89

1e O "Me

S)
0.9 Me
N o
6 1e | y 3s g1ledl
N
2n o
ut (@] Me
0._Ph
° [ Y
7 2a 3t 97
\/A A N.M
1f (o] e
0._Ph
. - Y
8 2i 3u 91ld
oA Cl NN
19 (e] Bn

[a] Oxirane 1 (0.45 mmol), nitrone 2 (0.30 mmol), AICl; (5 mol%), CH;CN
(0.8 mL). Isolated yields. [b] CH,Cl, was used. [c] 24 h reaction time.
[d] InCl; was used as the catalyst.

Cyclohexene oxide (1e) reacted smoothly with nitrones 2a and 2i under the
standard reaction conditions, giving the corresponding 1,4,2-dioxazinane
products in high yields (entries 4-5) as single diastereomers. The annulation
of 1e with cyclohexyl nitrone 2n required a longer reaction time (24 hours)
and InCl; instead of AICl; to reach full conversion (entry 6). Vinyloxirane 1f
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was also suitable for this transformation forming product 3t in high yield
(97%, entry 7). Interestingly, the reaction proceeded with high
chemoselectivity and without affecting the olefin moiety. Furthermore, when
chloro-substituted oxirane 1g was used, product 3u was isolated in 91%
yield after 24 h (entry 8). Thus, the electronic characteristics of the oxirane
had a significant impact on the isolated yields. Only moderate yields could
be obtained for the electron-rich aryl-substituted oxiranes, even after
modifications of the reaction conditions. The rapid decomposition of these
oxiranes can be explained by the formation of a stabilized benzylic
carbocation.

2.2.2 Investigation of the diastereoselectivity

For all entries in Tables 2.1-2.3, a single diastereomer of the 1,4,2-
dioxazinane products was observed. The assignment of the relative
configuration was based on NOE studies of products 3a and 3q, and an X-
ray analysis of 3g.

To further understand the selectivity of this transformation, the trans-1,2-
disubstituted oxirane 1h was subjected to the standard reaction conditions
(Scheme 2.3). The tetrasubstituted 1,4,2-dioxazinane 3v was obtained in a
3:1 diastereomeric ratio as determined by '"H NMR. The ratio changed to 2:1
upon isolation by silica gel chromatography. Interestingly, with InBr;, a 2:1
diastereomeric ratio of 3v was observed by crude '"H NMR analysis. These
results suggest the possibility of epimerization of the product and an
influence of the applied catalyst in this process. The relative configuration of
product 3v was established by NOE experiments.

©
o] Oﬁ-Me AIC[3 (5 mol%) Ph
/A,, + | \| \r
Ph Me LS o
" Ph™JH  CHiCN,40°C,7h N-ve
a

3v 80% (d.r. from 3:1 to 2:1 upon isolation)
(InBrg; d.r. 2:1 "H NMR)

Scheme 2.3. Exploring the diastereoselectivity of 1,2-disubstituted oxiranes.

2.2.3 Chirality transfer reaction

In order to gain mechanistic insights, enantiopure oxirane (2R)-la was
reacted with nitrone 2g under the standard conditions. The enantiomerically
pure dioxazinane product (3R,6S5)-3g was obtained in high enantiomeric
excess and yield (Scheme 2.4). The outcome of this experiment (determined
by X-ray diffraction, CCDC 1051506) confirmed that the absolute
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configuration of the oxirane stereocenter in (2R)-1a inverted from R to S
during the reaction with nitrone 2g. This result indicates that the reaction is
stereospecific, and is likely to proceed via an SN2 pathway, followed by a
selective cyclization.

eoﬂ;l),Me Br
& . | AICl5 (5 mol%) o R‘\\©/
R “Ph /©)\H CH5CN, 40°C, 7 h §[ WN
Br PR 0" “Me
(2R)-1a 2g
(ee = 97%) (3R, 65)-3g

(71%, ee = 92%)
Scheme 2.4. Annulation of an enantioenriched oxirane with nitrone 2g.

2.2.4 Annulation of aziridines with nitrones

After having established the reaction conditions for the annulation of
oxiranes with nitrones, we focused on aziridines as starting materials. In
comparison to the oxiranes, the annulation with aziridines required modified
reaction conditions with respect to the catalyst and reaction temperature
(Table 2.4). When N-benzyl-substituted aziridine 4a was used in the
annulation reaction with 2a, employing InCl; (5 mol%) as the catalyst,
product Sa was isolated in 87% yield as a single diastereomer (80 °C for 24
h). Surprisingly, product Sa was also obtained, in 40% yield, in the absence
of a catalyst (Table 2.4, entry 1). N-benzyl aziridine 4b reacted with nitrone
2a to form product 5b in 90% yield (Table 2.4, entry 2). Furthermore, the
reaction of aziridine 4b and nitrone 2j furnished product 5¢ in 85% yield
when InCl; was used. Product S¢ was also obtained in 35% yield when AICl;
was applied as a catalyst. In the absence of a catalyst, product 5S¢ was
isolated in 16% yield (Table 2.4, entry 3). N-Ethyl-substituted aziridine 4¢
reacted with nitrone 2a to furnish the corresponding 1,2,4-oxadiazinane
product 5d in 51% vyield. In this case, no product was observed in the
absence of a catalyst (Table 2.4, entry 4).

Upon changing the N-substitution from an alkyl to a tosyl group, even in
the presence of a catalyst, no reaction was observed and the starting
materials were fully recovered. This result can either be explained by the
lower nucleophilicity of the nitrogen atom caused by the tosyl group, or a
less efficient Lewis acid activation. As with oxiranes, the annulation reaction
of aziridines and nitrones delivered the analogous saturated heterocyclic
products with high selectivity. However, the two reactions displayed some
differences with respect to the Lewis acid catalyst. For aziridines, InCl; was
found to be a better catalyst than AICl;, and this is in agreement with the
Kobayashi study on oxo- and azaphilicity of metal chlorides
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(c.f. Scheme 1.2).15 In some cases, the 1,2,4-oxadiazinane products could be
obtained under thermal conditions.

Table 2.4. Annulation of aziridines with nitrones."!

R2
R2 o |
; . o‘ﬁ_ RS InClg (5 mol%) N YAr
VAN | . [
R Ar” O H CH4CN, 80 °C, 24 h R o N R
4 2 5
Entry  Aziridine, 4 Nitrone, 2 Product, 5 Yield [%]
Bn
o © N__Ph
N 0.9 Me he
1 )IN\ LN 5 87% (InCly)
YN0 Me 9
4a o i © 40% (no cat.)
2a
Bn
H
" N__Ph
2 N-Bn 2a q he 5b 90
_N.
4b M
. H (0] e
OMe
®
O.-Me H E” 85% (InCly)
3 ab | 7 5¢ 35% (AICI3)
H N 16% (no cat.)
0" Me
MeO 2j H
Et £t
N__Ph
N he 51% (InCl3)
4 2a K _N. 5d 0% (no cat.)
4c © 0" Me
'!'s TS
N N v Ph
5 2a [ N 5e 0
4d © 0" Me

[a] Aziridine 4 (0.45 mmol), nitrone 2 (0.30 mmol), InCl; (5 mol %), CH;CN
(0.8 mL). Isolated yields.

2.2.5 Synthesis of 1,4,2-oxathiazinane via annulation of thiiranes
with nitrones

Next to oxiranes and aziridines, thiiranes could also be employed in the
annulation reaction with nitrones. Under the standard reaction conditions,
rapid decomposition of the thiiranes to the corresponding alkenes was
observed. Therefore, milder reaction conditions had to be employed. Both
phenyl thiirane 6a and cyclohexene sulfide 6b reacted with nitrone 2a in the
presence of InCl; as a catalyst in toluene at 50 °C to furnish the 1,4,2-
oxathiazinane products 7a and 7b in moderate yields (Scheme 2.5).
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S ﬁ-Me InCls (5 mol%) S._Ph
/Q + | R —— \r
Ph M LN
Ph” "H PhMe, 50°C,24h  pp ' Yo" "Me
6a 2a
7a42%
H s __pn
InCls (5 mol%)
Cp oo e oy
6b PhMe, 50 °C, 24 h -"0" Me
7b 55%

Scheme 2.5. Annulation of thiiranes with nitrones.

2.3 Conclusions

A Lewis acid-catalyzed annulation reaction of nitrones with strained three-
membered heterocyclic compounds (oxiranes, aziridines, and thiiranes) was
developed to obtain highly substituted 1,4,2-dioxazinane, 1,2,4-
oxadiazinane, and 1,4,2-oxathiazinane derivatives. Generally, AlCl; was
found to be a better catalyst for the annulation of oxiranes, whereas InCl;
improved the yields for aziridines and thiiranes. The transformation has a
broad substrate scope and proceeds with high diastereoselectivity; and in
most cases, a single diastereomer was formed. Based on the reaction with an
enantioenriched oxirane (Scheme 2.4), we concluded that the transformation
most likely proceeds via a Sy2 pathway without the involvement of
carbocation intermediates. Various functional groups were tolerated under
the optimized mild conditions to provide access to new structural motifs in
high yields.
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3. Synthesis of Cyclopenta|c]furans by a Catalytic
Multicomponent Reaction (Paper II)

3.1 Multicomponent reactions for the synthesis of furan
derivatives

The formation of new carbon—carbon and carbon-heteroatom bonds with
adjacent stereocenters is an area of high interest.’®*’***** One important
strategy is the use of multicomponent reactions (MCRs) involving sequential
cyclization steps.”®** With MCRs, complex final products can be obtained in
a more atom-efficient way and with less waste generated while keeping the
number of steps low. Furans and their derivatives play an important role in
organic chemistry since they are important building blocks for
pharmaceuticals and natural products.” Consequently, the synthesis of
functionalized furan derivatives using transition metals has been extensively
studied.****

As demonstrated in Chapter 1.5, alkynyl enones can be used as excellent
starting materials for the synthesis of functionalized furan derivatives. The
first application of alkynyl enones for the synthesis of furans was developed
by Larock and co-workers in 2004 (see Scheme 1.10).**' Later, the group of
Zhang has contributed substantially to the field by demonstrating the
applicability of alkynyl enones in the synthesis of functionalized furans.***
For example, the syntheses of fused furan rings via intermolecular gold(I)-
catalyzed annulation reactions of alkynyl enones with 3-styrylindoles*’ and
N-alleneamines®® were developed by Zhang and co-workers (Scheme 3.1).

)\r( CysPAUOTY (5 mol%)
DCE, 1t, 2 h
[L*Au] (5 mol%)

RZ
4 5
| , RIWR AgX (5 mol%)
R® + - - -
FZ /./ DCM, -15 to 25 °C
R’ o

77-99% ee, d.r. >20:1
Scheme 3.1. Applications of alkynyl enones for furan synthesis.
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Despite these significant advances, modular multicomponent annulations of
alkynyl enones with readily available starting materials remain largely
unexplored. The aim of this study was to develop a protocol that would
allow for in situ-generation of enamines from aldehydes and amines. The
choice of catalyst for this transformation is important in order to suppress
possible side-reactions and to increase functional group tolerance. Two of
these side-products with amines are presented in Scheme 3.2. Alkynyl
enones in combination with an amine and a Lewis acid can undergo
hydroamination on the alkyne'®*** or an aza-Michael reaction on the a.f-
unsaturated ketone.*** We speculated that an indium-based catalyst would
be a suitable choice for a MCR involving furan- and enamine formation by
circumventing these side-products.

4 .R® 4 RS

R.H R.H i

R2 R

Alkyne- R2 Aza-Michael RN
1N | Rr3 _hydroamination )\H/R3 reaction "R4
R Jydroarmination _ feacton s
R

N O = /\[W

R’ e} Z2

RY RS o
Scheme 3.2. Alkyne-hydroamination and aza-Michael reaction of alkynyl
enones and amines.

3.2 Development of a catalytic MCR of alkynyl enones,
aldehydes, and amines

3.2.1 Optimization of reaction conditions for the synthesis of
cyclopenta|c]furans

To investigate the catalytic performance of different metal salts, alkynyl
enone 8a, aldehyde 9a, and DIPA (10a) were used as model substrates. The
reaction was initially performed in the presence of 4A molecular sieves (MS,
4A) in DCE (Table 3.1). Interestingly, the use of CIAuPPh;, which is a
commonly used catalyst to activate alkynyl enones, resulted in no formation
of the desired product 11a and only starting materials were observed (entry
1). However, when AgOTf or AgNTf, was employed along with CIAuPPh;
(20 mol% each), product 11a was obtained in 39—-49% yield (d.r. ~3:1). The
use of AgOTT alone resulted in the formation of 11a in 44% yield (entry 4).
Higher yields of 11a were observed when indium(III) salts were evaluated:
Employing 20 mol% of InCl;, InBr; or In(NTf}); resulted in an improved
yield of product 11a (entries 5-7, 66%—76%). Decreasing the loading of
InBr; from 20 mol% to 10 mol% resulted in incomplete conversion of
starting materials and the product was obtained in a lower yield, 64%
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(entry 8). Upon increasing the loading of MS from 150 mg to 450 mg/per
mmol 8a, product 11a was obtained in 92% yield with a d.r. of 4:1 (entry 9).
Attempts to lower the amount of amine and aldehyde, afforded product 11a
in only 65% yield because of formation of the corresponding aldol product
(~15%). Notably, the observed d.r. of 11a was about consistent throughout
all the screened reaction conditions.

Table 3.1. Selected optimization data of reaction conditions.”!

o}

Bn Bn
Ph catalyst = -
| Ph/\)L y

H (20 mol%) Ph N¢Pr), Ph WN(Pr),
Me + 9a - 0 . +
= ) DCE, 4A MsS I\ N\
Ph o] i
HN(Pr), Me Ph Me Ph

80°C, 48 h o) (o}
8a 10a major 11a minor 11a

Entry Catalyst Yield[%]™ d.r.
1 ClAuPPh; - -
2 CIAuPPh; + AgOTf 39 77:23

(20 mol% each)
3 ClAuPPh; + AgNTf, 49 76:24

(20 mol% each)
4 AgOTf 44 82:18
5 In(NT£,); 75 77:23
6 InCl; 66 79:21
7 InBr; 76 83:17
8 InBr; (10 mol%) 64 80:20
gld InBr; 92 80:20
10' InBr; 65 85:15

[a] Alkynyl enone 8a (0.10 mmol), 9a (0.15 mmol), 10a (0.20 mmol), catalyst (20
mol%), DCE (2.0 mL), activated 4A MS (15 mg). [b] Yields determined by 'H
NMR analysis using 1,3,5-trimethoxybenzene as an internal standard.
[c] d.r. determined by 'H NMR analysis of the crude reaction mixture. [d] With
45 mg of 4A MS. [e] 1:1:1 ratio of 8a:9a:10a.

3.2.2 Substrate scope and selectivity of the reaction

With the optimized reaction conditions in hand, we started to evaluate the
substrate scope with various 2-(1-alkynyl)-2-alken-1-ones and different
aliphatic aldehydes (Table 3.2). A series of aryl-substituted (R') alkynyl
enones were well tolerated under the optimized reaction conditions (Table
3.2, products 11a—11d). Electron-donating groups, such as Me and OMe,
gave lower yields of the corresponding products 11b and 11¢, 85% and 67%,
respectively, compared to fluoro-substituent (11d, 93%). Variation of the R?
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and R® groups resulted in lower conversion to 11e and 11f, and in the case of
11f, a poor diastereoselectivity was observed.

Table 3.2. Scope with respect to various 2-(1-alkynyl)-2-alken-1-ones and
aldehydes."!

RG
R2 -
)\ﬂ/ 0 InBr3 (20 mol%) R2 N(ipr)2
R® + ge + HN(Pr)
R 2
R1// i Ay DCE, 4A MS 7\
8 9a 10a 80°C, 18 h R Ng i R
Bn Bn Bn Bn
Ph N(Pr),  Ph N(Pr),  Ph N(Pr), Ph N(Pr),
I\ 7\ 7\ I\
Me f6) Ph Me f6) p-MePh  Me (o) p-OMePh Me ) p-FPh
11a86% (80:20d.r.)  11b 85% (72:28 d.r.) 11c 67% (78:22d.r.)  11d 93% (82:18 d.r.)
Bn Bn Ph p-OMePh
Ph N(Pr), Me N(Pr), Ph N(Pr),  Ph N(Pr),
I\ I\ I\ I\
Ph~>g” ~Ph Me™ g~ ~Ph Me™ g~ ~Ph Me™ g~ ~Ph
11e 36% (78:22d.r.)  11f34% (60:40 d.r.)?) 119 63% (86:14 d.r.)  11h 64% (91:9 d.r.)[!
;_)-OMePh B-OMePh n-CsHqq
Phae” e N(PT), Ph e\ N(Pr) Phag” = N(Pr);
I\ 7\ I\
Me™ > g~ ~p-MePh Me™ g~ ~p-FPh Me™ g~ ~Ph
11i 67% (88:12 d.r.) 11j 57% (89:11 d.r.)lcl 11k 80% (77:23 d.r.)

[a] Alkynyl enone 8 (0.30 mmol), 9a (0.45 mmol), 10a (0.60 mmol), InBr; (20 mol%),
DCE (6.0 mL), activated 4A MS (135 mg). d.r. determined by "H NMR analysis of the
crude reaction mixture. The major diastereomers (11) are shown.
[b] 4 h reaction time. [c] 24 h reaction time

An improved diastereoselectivity was observed when hydrocinnamaldehyde
was replaced with phenylacetaldehyde or a substituted phenylacetaldehyde,
providing 11g, and 11h with 86:14 and 91:9 d.r., respectively. In the case of
electron-rich aldehydes, the reactions required a prolonged reaction time (24
h) in order to obtain high conversions of the starting materials (Table 3.2,
11h-11j). However, because of the formation of a less reactive, conjugated
enamine formed from phenylacetaldehydes, the yields were lower than for
hydrocinnamaldehyde (Table 3.2, 11g—11j). Furthermore, the aliphatic
aldehyde, heptanal, provided cyclopenta[c]furan 11k in 80% yield under the
standard conditions.
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The scope of this transformation was further examined with respect to
secondary amines (Table 3.3). When less sterically hindered secondary
amines were used, the yields of the corresponding products 111-110 were
lower but the diastereoselectivity was improved significantly (up to 97:3
d.r.). For products 111, 11m and 110, the reaction times were decreased. The
alkyne hydroamination product was observed in ~10% when morpholine
was used, reducing the isolated yield of product 11n. The use of
dicyclohexylamine resulted in products 11p and 11q with yields and
diastereoselectivities similar to the ones obtained with DIPA.

Table 3.3. Scope with respect to various amines.'
B
Ph InBrs (20 mol%) . R
| > RS R4 3 ° Ph N,
Me + + Ry —_— R
R14)\Vof Ph/\)LH H DCE, 4A MS A\
o Me R!
8 9a 10 80°C, 18 h 041
Bn BnMe’ Bn
z z z o
Ph NEt, Ph N Ph N_J
I\ ]\ Me 7\
Me 0 Ph Me 0 Ph Me o Ph
111 40% (96:4 d.r )l 11m 45% (97:3 d.r)l 11n 49% (96:4 d.r)
B me Bn Bn
Phae” N Phae s N(c-hex), Ph e N(c-hex),
\/\
I\ I\ I\
Me 0 Ph Me 0 Ph Me () p-FPh
110 34% (94:6 d.r.)P! 11p 86% (84:16 d.r)) 11q 80% (83:17 d.r))

[a] Alkynyl enone 8 (0.30 mmol), 9a (0.45 mmol), 10 (0.60 mmol), InBr; (20 mol%),
DCE (6.0 mL), activated 4A MS (135 mg). d.r. determined by 'H NMR analysis of
the crude reaction mixture. The major diastereomers (11) are shown.
[b] 6 h reaction time. [c] 8 h reaction time.

3.2.3 Further transformations of product 11a

A large-scale synthesis of compound 1l1a was performed under the
optimized reaction conditions to examine the applicability of the developed
method. Gratifyingly, product 11a was isolated in 87% yield, in 82:18 d.r. on
a 3.0 mmol scale (Scheme 3.3). The relative stereochemistry of both
diastereomers of compound 11a was established by 1D differential NOE
experiments and the other compounds were assigned in analogy. The two
diastereomers were separable by silica gel column chromatography and the
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major diastereomer of 11a was subjected to further transformations (Scheme
3.3). Upon subjecting major 11a to an oxidative ring-opening reaction using
m-CPBA, functionalized cyclopentene derivative 12a was obtained in 61%
yield. Furthermore, the cycloaddition reaction with an in situ-generated
benzyne was shown to give the corresponding cyclic adduct 13a in 96%
yield as a single diastereomer. The relative configuration of compound 13a
was assigned by X-ray diffraction (CCDC 1476592). In addition, the X-ray
analysis confirmed the relative stereochemistry as assigned by NOE of
product 11a.

Ph e}

N Me + 0o+ HN(Pr)
e 1o
X S | Ph/\)J\H
I | Ph™ ga 9%a 10a
) InBr3 (20 mol%)
) DCE, 4A MS
< 80°C, 18 h

. 0 o O
(PN Ph oTf P~ Me m-CPBA Me
.mO CsF (3.0 equiv) (1.7equivy Ph
Bn' — _
CHCN, it (Pr),N Ph DCM. 1t gy Ph

Ph Me 20h Bn 10 min Bn
13a 96% 112 87% (d.r. 82:18) 12a61%
(from purified major 11a) (1.208 g) (from purified major 11a)

Scheme 3.3. Synthetic applications of the major diastereomer of product
11a.

3.2.4 Proposed catalytic cycle

A plausible mechanism of the three-component cyclization reaction
comprising alkynyl enones, aldehydes, and amines is shown in Scheme 3.4.
According to the two possible pathways proposed by Larock®" (see Scheme
1.11) for the gold-catalyzed cyclization reaction of alkynyl enones, the
formation of the furan ring can either be initiated by alkyne m-activation or a
nucleophilic attack on the enone moiety. Since ClAuPPh; (a good =-
activator) did not give any conversion in this transformation, we propose that
the catalytic cycle is initiated by a nucleophilic attack by the in situ-
generated enamine on the enone moiety of 8 (Scheme 3.4, A). Interestingly,
this step proceeds with high syn-selectivity (R* and R®). The resulting
intermediate B collapses into product 11 either via intermediate C in a
stepwise mechanism, or by a domino-cyclization process. Based on the
results shown in Table 3.3 the sterics of the amine substituents influence the
diastereoselectivity of the reaction. This can indeed be explained by the
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proposed mechanism as the selective bond formation between the iminium
ion and the putative furan-metal complex (Scheme 3.4, C) in the final

cyclization step will influence the diastereoselectivity.

_6 R4 R2
HN 2 |
minor 11 major 11 )/ \
R6 R4|-
R2 -
/NR |
R3
R AN -ML, TS,
o O--mi, R
R1
c 4 5
RS R_H_R
s =
) i
R® \
~ ™)
O~‘ /
©7 "ML H,0
B

Scheme 3.4. Proposed catalytic cycle for the synthesis of product 11.

3.3 Conclusions

A three-component reaction comprising 2-(1-alkynyl)-2-alken-1-ones,
aliphatic aldehydes, and secondary amines was developed using a benign
indium catalyst to obtain highly substituted cyclopenta[c]furan derivatives.
The transformation proceeds with moderate to excellent diastereoselectivity
and generates three adjacent stereocenters. The protocol tolerates a wide
substrate scope and results in good to excellent yields of substituted
cyclopenta[c]furan derivatives. High diastereoselectivities can be obtained
using sterically less-demanding amines. This study demonstrates the

potential of indium catalysis in multicomponent reactions.
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4. Diastereoselective Synthesis of Bicyclo[3.n.1]-
alkenone Frameworks (Paper III)

4.1 Importance of bicyclo[3.n.1]alkenone derivatives

Bicyclo[3.n.1]alkenone derivatives are present in nature as a core structure
of several biologically active products, such as ialibinone A, clusianone,”
and enaimeone A" (Figure 4.1). Moreover, they are used as precursors in the
synthesis of important complex compounds.® Because of the significance of
this scaffold, considerable efforts have been devoted to the development of
efficient methods for the construction of these carbon-bridged molecules.”
Most synthetic strategies for the construction of bicyclo[3.n.1]alkenone
derivatives involve an a,o'-annulation of cyclic ketones (via enamine
formation) with the appropriate C3-synthons, such as (E)-2-nitroallylic
acetates,54 oc-nitrocycloalkanones,55 Fischer carbene complexesf(’ allenyl
esters,”**" propargyl esters,”® or activated enones.”’

Q 0

° 0 o ° OH
| CH HO ]
lalibinone A Clusianone Enaimeone A
antibacterial anticancer/ anti HIV antibacterial

Figure 4.1. Bioactive natural products containing the bicyclo[3.n.1]-
alkenone scaffold.

4.2 Method development for accessing bicyclo[3.n.1]alkenone
derivatives

As mentioned in Section 1.5, alkynyl enones have proven to be useful
starting materials for the creation of various acyclic and cyclic targets. These
reactions can proceed either via furan ring formation or by the generation of
1,2-allenes. As exemplified in Scheme 4.1, substituted pyrroline derivatives
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were obtained from alkynyl enones with 2-aminomalonates. The
transformation was postulated to proceed via a 1,2-allene intermediate.*™"

1

R? R2 R3 1via: R4 CO,R® 5:

| CO,R®  DBU (20 mol%) ! N2L-COR®!

R3+ - RS0,/ \ . w2

Z RPHN™ "COR®  DMF,40°C  Rso,c N . |
R o 0548 h RO RO RS |
49.93% yield 1 N g !

Scheme 4.1. Synthesis of substituted 2-pyrroline derivatives from alkynyl
enones via a 1,2-allene intermediate.

Furthermore, enamines derived from cyclic ketones and amines can react
with 1,2-allenyl ketones and esters to provide bicyclic targets via the
Michael-Stork addition (Scheme 4.2).57

OH

M +
\/\/\CO € benzene rt, 1h \

H
31% yield

OBn

Scheme 4.2. Michael-Stork addition of cyclic enamines to an allenyl ketone.

In our previous study (Chapter 3), enamines generated from aldehydes and
amines acted as formal dienophiles with alkynyl enones (8), providing
heterobicyclic compounds 11 bearing an amine moiety (Scheme 4.3, A).
Therefore, we envisioned that enamines formed from cyclic ketones could
provide two a-carbon nucleophiles that can react with alkynyl enones in a
double Michael addition of a 1,2-allene intermediate to generate bicyclic
compound 15 (Scheme 4.3, B)

Scheme 4.3. Annulation reactions of alkynyl enones with amines and
aliphatic aldehydes or cyclic ketones.
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4.2.1 Optimization of reaction conditions

Initially, the reaction using 2-(1-alkynyl)-2-alken-1-one 8a and
cyclopentanone 14a as model substrates was investigated (Table 4.1). When
the reaction mixture of 8a, cyclopentanone 14a (0.15 mmol), morpholine
(0.20 mmol), and InBr; (20 mol%) in DCE was allowed to react in presence
of molecular sieves, the desired bicyclo[3.2.1]alkenone product 15a was
obtained in 89% yield. The product was obtained as a single diastereomer
along with the alkyne hydroamination side-product 16a in 6% yield (entry

).

Table 4.1. Optimization of reaction conditions, selected examples.'”

o] (6]
cat. (20 mol%) Ph [ j
)\’( amine (2 0 equiv) O N (@]
* Ph
é DCE, 4A MS Me ﬂ_/j/u\Me

80°C,18h |

Ph 152 Ph’16a
Entry Catalyst Yield 15a Yield 16a
(mol%) [%o]™ [%]™
1 InBr; (20) 89 6
2lel InBr; (20) 61 17
3 None 39 16
4 AgOTf (20) 76 9
5 In(OTf); (20) 35 9
6 InCl; (20) 91 3
7 InCl; (10) 90 (86)'"! 4
8 InCl; (5) 74 4
9lel InCl; (10) 34 1
1017 InCl;(10) 48 3

[a] Alkynyl enone 8a (0.10 mmol), 14a (0.15 mmol), morpholine (0.20 mmol),
catalyst (0-20 mol%), DCE (1.0 mL) and activated 4A MS (45 mg). [b] The yields
were determined by "H NMR analysis using 1,3,5-trimethoxy benzene as an internal
standard. [c] Without molecular sieves. DCE (2.0 mL). [d] Isolated yield. [e] 30
mol% of morpholine was used. [f] 30 mol% of pyrrolidine was used instead of
morpholine.

In the absence of molecular sieves the yield of 15a was reduced to 61% and
the amount of the side product increased (17%, entry 2). The formation of
product 15a was also observed in the absence of a catalyst, albeit in lower
yields and along with increased amount of side products (entry 3). Other
triflate-based metal salts, such as AgOTf and In(OTf);, furnished the desired
bicyclo[3.2.1]alkenone 15a in 76% and 35% yield, respectively (entries 4
and 5). Gratifyingly, a higher yield of 91% was observed when InCl; was
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used as a catalyst (entry 6). Decreasing the catalyst loading from 20 mol% to
10 mol% did not influence the outcome of the reaction and provided product
15a in 90% vyield (entry 7). However, a lower yield (74%) was obtained
when the amount of catalyst was decreased further (entry 8). Since the amine
moiety is not incorporated in the final product, we assumed that a catalytic
amount of amine might be sufficient. Based on this assumption, a number of
secondary amines were screened in sub-stoichiometric amounts. Upon using
30 mol% of morpholine, product 15a was obtained in 34% yield (entry 9).
With pyrrolidine (30 mol%), the desired product was obtained in 48% yield
(entry 10). Furthermore, DIPA and piperidine were less effective in this
process, providing the products in 0% and 29% yield, respectively.

4.2.2 Substrate scope

Under the optimized conditions, various cyclic ketones 14 and alkynyl
enones 8 were screened. As shown in Table 4.2, electron-donating and
electron-withdrawing substituents at the R' position had negligible effect on
the outcome of the reaction, providing 15b and 15¢ in 81% and 75% yield,
respectively. Notably, alkyl substituents at the R' position, such as
cyclohexyl and r-butyl, had a small negative effect on the outcome of the
reaction and 15d and 15e were both obtained in 66% yield. Interestingly,
with a TMS-capped alkyne, an intramolecular Brook rearrangement of the
TMS-group from carbon to oxygen was observed to produce 15f. A methyl
group at the R? position was found to have a large impact on the reaction
outcome and provided product 15g in only 29% yield. With a phenyl-
substituted alkynyl enone (at R® position), bicyclo[3,2,1]alkenone 15h was
obtained in 63% yield. In addition, methyl-ester substituted alkynyl enones
also underwent the annulation and furnished 15i and 15k in high yields (78
and 82%, respectively).
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Table 4.2. Scope with respect to various 2-(1-alkynyl)-2-alken-1-ones."!

R? 0 InCl3 (10 mol%)
| g3 morpholine (2.0 equiv)
4 DCE, 80°C, 18 h
R! 0 MS (4A) R3
8
(0]
Ph
e}
Me
Ph c-hex

p-OCH4Ph p-CF3Ph
15a 86% 15b 81% 15¢ 75% 15d 66%
o 0 o}
Ph Ph Me Ph
0 o 0
Me
y e \OTMS Me Ph
HoC 4 Ph Ph
15e 66% 15f 42% 159 29% 15h 63%
o] o} 0 0
Ph Ph Ph Ph
0 0 0 0
0
OMe Me OMe Me
Ph Ph Ph Ph
15i 78% 15] 33%/58%!®! 15k 82%°] 151 32%!®!
o] 0
Ph Ph
0 o]
Ph t-Bu
Me Me
Ph Ph
15m 51%!°] 15n 41%!

[a] Alkynyl enone 8 (0.30 mmol), 14 (0.45 mmol), morpholine (0.60 mmol), InCl;
(10 mol%), DCE (3.0 mL), activated 4A MS (135 mg). Isolated yields. [b] Pyrrolidine
was used in place of morpholine.

During further assessment of the substrate scope, the use of pyrrolidine
(instead of morpholine) was found to be a more suitable amine for
cyclohexanone derivatives, providing products 15j—15n in higher yields. For
example, in the presence of morpholine, cyclohexanone gave the
corresponding product 15j in only 33% vyield. However, switching to
pyrrolidine increased the yield of 15j to 58%. Interestingly, also substituted
cyclohexanones (4-fert-butyl and 4-phenylcyclohexanone) were efficient,
affording the desired bicyclo[3.3.1] molecular skeletons 15l-n in moderate
yields. The relative stereochemistry of product 15m was determined by
single-crystal X-ray analysis (CCDC 1569101) and other derivatives were
assigned by analogy.
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4.2.3 Substrate scope with respect to cyclic alkynyl enones

The scope of the InCls-catalyzed a,a'-annulation of cyclic ketones was
further extended to include examples with cyclic 2-(1-alkynyl)-2-alken-1-
ones (Table 4.3). The reaction of five- and six-membered alkynyl enones
with cyclopentanone and cyclohexanone was performed under the standard
reaction conditions and the corresponding bicyclo-alkenone derivatives
150-15r were obtained in 52-73% yields as single diastereomers. The
relative configuration of compound 15p was established by 1D differential
NOE experiments.

Table 4.3. Substrate scope with respect to cyclic alkynyl enones.

InCl3 (10 mol%)
ij morphollne (2.0 equiv)
DCE 80°C,18h

8 (m andn=0or1)14 MS (4A) 15~ 1
p-CH3Ph
150 73% 15p 52% 159 56% 15r 1%

[a] Alkynyl enone 8 (0.30 mmol), 14 (0.45 mmol), morpholine (0.60 mmol), InCly
(10 mol%), DCE (3.0 mL), activated 4A MS (135 mg). Isolated yield.

4.2.3 Investigation of chiral amines for the asymmetric synthesis
of bicyclo[3.2.1]alkenones

To evaluate the methodology for the construction of enantioenriched
bicyclo[3.2.1]alkenone analogues, a-substituted chiral amines were screened
under the optimized reaction conditions (Scheme 4.4). In the presence of L-
proline (A), product 15a was observed only in trace amounts. When chiral
amine B was used, product 15a was obtained in 24% yield with 33% ee.
However, when TMS-protected diphenyl prolinol C was used, a better
enantioselectivity (70% ee) was observed. Unfortunately, a low yield of 12%
of the enantioenriched product was obtained, and no conversion was
observed with a catalytic amount of the added amine.

34



Ph | 0 ~ InCls (10mol%) Ph
Me + é amine A or B or C (2.0 equiv) fe)
o Z I DCE, 80 °C, 18 h
MS (4A) Me
8a 14a pr’ 15a*
O\(o { door U\ﬁph
N N N Ph
H H :
H A OH B cOS[Me3
15a* 4% yield 15a* 24% yield ~ 15a* 12% yield
eend. 33% ee 70% ee

Scheme 4.4. Investigation of the a,a'-annulation reaction with chiral
amines.

4.2.4 Further transformation of product 15a

To demonstrate the synthetic utility of this annulation reaction, a gram scale
synthesis of bicyclo[3.2.1]alkenone 15a was carried out (Scheme 4.5). In the
presence of 20 mol% InCl; and 2.0 equivalents of morpholine, the reaction
delivered 15a in 82% isolated yield. Additionally, product 15a was further
transformed into the corresponding lactone derivative 17a by a selective
Baeyer-Villiger oxidation with m-CPBA.

0
Ph 14a Ph m-CPBA o o
morpholine (1.5 equiv)
| Me —>p ° — O
= DCE, 80 °C, 18 h DCM, 1, 2 h =
Ph 0 Me Me
Ph -
8a (4.0 mmol) 152 82% (1.085 g) 17a 92%

Scheme 4.5. Gram scale synthesis of 15a and subsequent oxidation with
m-CPBA.

4.2.5 Proposed catalytic cycle for the a,a’-annulation reaction of

enynones

On the basis of the results described above and related work,”>™ a
mechanistic pathway for the o,a’-annulation of alkynyl enones with cyclic
ketones is proposed in Scheme 4.6. Initially, the Lewis acid activates the
enyne (A) towards a presumed stereoselective nucleophilic addition of the in
situ-generated enamine and produces intermediate B. The 1,2-allenyl ketone
intermediate (C) was observed by '"H NMR during the reaction. These results
indicate that intermediate C is formed by a rearrangement of intermediate B
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through alkyne activation. Subsequently, intermediate C can undergo a
second Michael addition at the allene moiety, furnishing the desired product
15 after isomerization of the double bond and hydrolysis.

° D ém

e ww?if} w
[]%

Scheme 4.6. Proposed mechanism for the o,o'-annulation of alkynyl enones
with cyclic ketones.

4.3 Conclusions

We have developed a catalytic diastereoselective method for the synthesis of
bicyclo[3.n.1]alkenone frameworks from alkynyl enones and cyclic ketones,
with secondary amines and InCl;. The reaction is applicable to a broad
substrate scope with excellent diastereoselectivity. The practicality of this
transformation was illustrated by a gram scale synthesis and a functional
group transformation of the bicyclo[3.x.1]alkenone product. A stereodefined
bicyclo[3.n.1]alkenone could also be obtained when a chiral amine was
employed. However, the low yield, moderate enantioselectivity and the need
of stoichiometric amounts of amine currently limit the applicability of this
method. Interestingly, In(IIl) catalysts are suitable for the activation of 8,
providing different carbocyclic frameworks with enamines derived from
aldehydes and ketones.
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5. Catalytic Diastereoselective Synthesis of Polycyclic
Indolizine Derivatives

5.1 Importance of indolizine derivatives

Indolizine derivatives are associated with a wide range of photophysical and
medicinal properties including antibacterial, antifungal and anticancer
activity (Figure 5.1).% In addition, polycyclic indolizine derivatives have
been found to have a long wavelength absorption and fluorescence in the
visible region.®®*' Because of their importance, a number of new methods
have been developed to synthesize indolizine derivatives, including the
Scholtz reaction, Chichibabin reaction,® cycloadditions,60°’64
cycloisomerizations of alkynenpyridine derivatives®® and MCRs.®'*%

HO N o f R Ar
HO NH =
N NN\, —coph NC. -~ 2 NS
)—Ph _
~_N s~ N/ N,
EtO,C R
Ph Ph (6]

antibacterial and

. . antibacterial agent anticancer activity fluorescent probe
antifungal activity

Figure 5.1. Selected examples of important indolizine structures.

5.2 Synthesis of indolizine derivatives using pyridine-
substituted enynes

As mentioned in Chapter 1.5, the cyclization of alkynyl enones 8 is a fast,
effective and atom-economic approach for the synthesis of carbo- and
heterocyclic compounds. Recently, the synthesis of indolizines derivatives
using pyridine-substituted enynes as starting materials has been disclosed by
several groups.”” Notably, Cu- or Pd-catalyzed cyclization of pyridine-
substituted enynes with various nucleophiles was developed by Jia and co-
workers (Scheme 5.1).9°%°¢ The pyridine-substituted enynes can easily be
prepared from pyridinecarboxylic acids via the addition of acetylides to the
corresponding Weinreb amides, followed by a Wittig reaction.
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NuH
PdCI,(CH3CN),

R? Nu (5 mol%) R? NuH r2
_ CI/\%F@ | cul (5 mol%) _
— -— // —_— — Nu
N7 K,CO3 (4.0 equiv) R! NS ENMS@A) NN
. ks CHCN rt CH4CN, 80°C
NuH = O-, N-, C-based R

Scheme 5.1. Synthesis of indolizine derivatives from pyridine-substituted
enynes.

Having previously used alkynyl enones 8 for the preparation of highly
valuable carbo- and heterobicyclic compounds through enamine chemistry
(Chapters 3 and 4), we envisioned that the reaction of pyridine-substituted
enynes (18) with enamines (19), in the presence of a suitable Lewis acid
would lead to indolizine derivative 20 (Scheme 5.2b). If the enamine acts as
a formal dienophile, formation of product 20 can be envisioned via a
nucleophilic attack and indolizine formation, followed by a second
cyclization with the iminium ion (Route 1). On the other hand, if
nucleophilic attack and indolizine formation would be followed by
hydrolysis of the iminium ion, product 21 would be obtained (Route 2,
c¢.f- Scheme 5.1).

a

R6 R aldehyde, cyclic ketone, o)
. A N 2"-amine R2 2"-amine R2?
R ‘RS InBrs (20 mol%) | s InCl3 (20 mol%}) O
R (
3 I\ y Chapter 3 4 Chapter 4 n R3
RN 07 R R' 0 .
11 8 R 15
b 0
R2 cyclopentanone cyclopentanone ,
2 -amine R? 2 -amine R
A LA-cat | LA-cat p
/ | X -
s N7 ";LRB Route 1 R ~ N_ Route 2 N/
R' R
20 18 R' 24
This work

Scheme 5.2. Annulation reactions of enynones 8 and pyridine substituted
enynes 18 with enamines.
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5.2.1 Optimization of reaction conditions

To evaluate our hypothesis, pyridine-substituted enyne (2-(2-
enynyl)pyridine) 18a and enamine 19a (generated ex situ from
cyclopentanone and morpholine in the presence of molecular sieves), were
selected as model substrates (Table 5.1).

Table 5.1. Optimization of reaction conditions.!”!

(@)
[ j cat Ph
(20 mol%) 2 Za—
X / +

\ o x_N x_N =

| N Bh 80°C, 18 h < N
Ph

21a

18a 19a major 20a minor 20a

Entry Cat. Yield 20a[%](d.r.)"™  Yield 21a [%](d.r.)"”!
1 InBr; traces 4

2 In(NTf); - 30 (58:42)

4 CuBr 90 (72:28) 5

3 AgOTf 92 (86:14) (81)!¢ 7

5 AuCl - 3

6 AuCl; traces 8

[a] 2-(2-Enynyl)pyridine 18a (0.10 mmol), 19a (0.15 mmol in 1.0 mL DCE), and catalyst
(20 mol%). [b] Yields determined by "H NMR analysis using 1,3,5-trimethoxybenzene as
an internal standard. d.r. determined by 'H NMR analysis of the crude reaction mixture.
[c] Isolated yield.

Surprisingly, InBr; and In(NTf;);, which were efficient catalysts for the
annulation of alkynyl enones (Chapter 3) were not effective catalysts for the
formation of 20a (entries 1 and 2). However, indolizine product 21a was
observed in 30% yield and 58:42 d.r. with In(NTf,); as the catalyst (entry 2).
Polycyclic indolizine product 20a was observed in 90% and 72:28 d.r. when
CuBr was used (entry 3). The yield of 20a increased to 92% (86:14 d.r.)
when AgOTf was employed as the catalyst (entry 4). Interestingly, the
commonly used n-Lewis acids AuCl and AuCl; did not show any activity for
this reaction (entries 5 and 6). Furthermore, other metal catalysts such as
AgNTf), Zn(OTf),, CuCl and Cul, were found to be less effective in this
process.
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5.2.2 Substrate scope with respect to pyridine-substituted enynes

With an optimized protocol for the synthesis of polycyclic indolizidine
derivatives in hand, we decided to further investigate the scope of the
reaction by evaluating various pyridine-substituted enynes (18) (Table 5.2).

Table 5.2. Scope with respect to various pyridine-substituted enynes.!”!
R? R?
[ j AgOTI (20 mol%) = N
DCE (2.0 mL) SN Ns TN N
80°C, 18h Fv&j R1(\j
1 o minor 20 ©
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18 19a

20j 72% (70:30 d.r.)

N
p-OCH4Ph [ ]
0

20c¢ 74% (86:14 d.r)

N
p-CHsPh [ ]
O

20b 81% (85:15d.r.)

3
20e 56% (88:12 d.r))

n-C3H7 c-hex
H

@

20h 69% (93:7 d.r))

20k 84% (85:15d.r.) 201 31% (87:13 d.r)

[a] Pyridine-substituted enyne 18 (0.20 mmol), 19a (0.3 mmol in 2.0 mL DCE),
AgOTf (20 mol%). d.r. determined by 'H NMR analysis of the crude reaction mixture,
isolated yield. The major diastereomers (20) are shown.




Both electron-rich and electron-poor arenes, as well as a linear alkyl
substituent at the R' position, provided the corresponding polycyclic
indolizine derivatives in moderate to high yields with high
diastercoselectivities (20b—20e, 56-87% yield). Upon changing the
substituent at the R” position to a bromo-substituted aryl, a 72% yield of
product 20f was obtained. On the other hand, an electron-poor arene at the
R” position led to a significantly lower yield (20g, 47% yield). Surprisingly,
high diastereoselectivities of the annulated products were observed when the
R’ position was substituted with a propyl (20h, 69% yield, 93:7 d.r.) or a
cyclohexyl group (20i, 86% yield, 99:1 d.r.). Moreover, a quinoline-
substituted enyne was also a suitable substrate for the annulation reaction
and delivering product 20j in 72% yield. Pyridine-substituted enynes
containing chlorine and nitrile substituents on the pyridine ring were also
compatible with the applied reaction conditions. However, in the case of a
nitrile substituent on the arene moiety, the corresponding polycyclic
indolizine derivative 201 was obtained in only 31% yield. The relative
stereochemistry of both diastereomers of compound 20f, which were
separable by column chromatography, was established by 1D differential
NOE experiments and other derivatives were assigned by analogy.

5.2.3 Diastereoselectivity of the annulation reaction

High diastereoselectivities of the polycyclic indolizine products (20) were
obtained when the E-isomers of the pyridine-substituted enynes were used
(Table 5.2). To further understand the diastercoselectivity of this
transformation, the Z-isomer of a pyridine-substituted enyne (Z-18a) was
subjected to identical reaction conditions (Scheme 5.3). Polycyclic
indolizine product 20a was obtained in 86:14 d.r. from the enyne E-18a.
However, the Z-isomer of the same enyne (Z-18a) provided product 20a in a
much lower d.r. (48:52). These results indicate that the alkene
stereochemistry is determining the overall diastereoselectivity of the
reaction. However, the involvement of epimerization processes cannot be
ruled out.
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Ph ©
AgOTH
S ¢ )

(20 mol%)

X
Ph DCE (2.0 mL)
80°C,18h
E-18a 19a
(0.20 mmol) (1.5 equiv)
Ph ©
Iz AgOTf
N (20 mol%)
X + R St A,
| N
_N Ph DCE (2.0 mL)
80°C,18h
Z-18a 19a

(0.20 mmol) (1.5 equiv)

Scheme 5.3. Observed diastereoselectivities with E- and Z-pyridine-
substituted enynes.

5.2.4 Temperature effect and elimination

In all of the examples above, the morpholine moiety was incorporated into
the indolizine product. However, upon performing the reaction at an elevated
temperature (100 °C), we observed elimination product 22 in 27% yield
along with 57% of 20a (Scheme 5.4). Interestingly, product 22 was obtained
as a single diastereomer, possibly indicating a preference for the elimination

of the amine moiety for only one of the diastereoisomers.
Ph o

[ j AgOTf (20 mol%) Z N
DCE@OmL) NN / N
100 C 18 h
18a 19a 20a 57% 22a27%
(0.20 mmol) (1.5 equiv) (72:28 d.r.) single diastereomer

Scheme 5.4. Formation of elimination product 22a at higher reaction
temperature.

5.2.5 Synthesis of indolizine derivatives using in situ-generated
enamines

With a successful protocol for the polycyclic indolizine derivatives with
preformed enamine in hand, we decided to investigate the possibility of
using in situ-generated enamines for the synthesis of indolizine derivatives.
However, the in situ-generation of the enamine results in the release of one
equivalent of water, which could potentially hydrolyze the iminium ion
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intermediate. Indeed, the keto-substituted indolizine products 21 were
obtained under these reaction conditions (Table 5.3).

Table 5.3. Catalyst screening for the synthesis of product 21./

(@)
Ph o) morpholine (0.11 mmol}) Ph
@)T\ cat (20 mol%)
| A " DCE (1.0 mL), ZNF
N Ph 80°C, 8 h N/
18a 14a 21a Ph
Entry Cat. (20 mol%) Yield 21a [%](d.r.)™
1 Cul 93 (56:44) (90)"!
2 AgOTf 99 (59:41) (82)"!
3 AgOTf 71 (58:42)
4 CuBr 64 (58:42)
5 In(NTH,); 46 (57:43)
6 Zn(OTY), 21 (62:38)
7t AgOTf 46 (59:41)

[a] 2-(2-Enynyl)pyridine 18a (0.10 mmol), 14a (0.11 mmol), morpholine
(0.11 mmol), catalyst (20 mol%) in DCE (1.0 mL). [b] Yields determined by
'H NMR analysis using 1,3,5-trimethoxybenzene as an internal standard. d.r.
determined by "H NMR analysis of the crude reaction mixture. [c] Isolated
yield. [d] With 4A MS (450 mg) [e] 50 mol% of morpholine was used.

A quick catalyst screening revealed that Cul and AgOTf both were equally
efficient for this transformation and gave product 21a in 90% and 82%
isolated yields, respectively (entries 1 and 2). Even in the presence of
molecular sieves, product 21a was observed in 71% yield (entry 3). CuBr,
In(NTf;); and Zn(OTf), were less efficient in this transformation
(entries 4—6). Notably, the diastereomeric ratio of 21a (d.r. ~1:1) was almost
consistent throughout all the reaction conditions screened. As the amine
moiety is not incorporated in product 21a, we envisaged the use of a
catalytic amount of morpholine. However, this led to an incomplete
conversion of pyridine-substituted enyne 18a (entry 7).

We then subjected different pyridine-substituted enynes 18 to the reaction
conditions (Table 5.4) Both phenyl- and p-tolyl derivatives of the pyridine
enyne were converted to the corresponding products 21a and 21b in high
isolated yields (91% and 93%, respectively), albeit in a near 1:1 ratio of
diastereomers. Interestingly, a higher d.r. (72:28) was observed in case of a
propyl-substituted pyridine enyne (R* position, 21¢). Interestingly, this result
is in line with the outcome of the annulation reaction presented in Table 5.2.
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Table 5.4. Scope with respect to various pyridine-substituted enynes using in
situ-generated enamines.!

2
| R 0 morpholine (0.33 mmol)
N % . é Cul (20 mol%)
l _N R’ DCE (3.0 mL),
18 14a

80°C,6h

Ph o) — Ph O
=~ \
— —
Ph p-CH3Ph
212 91% (58:42 d.r.) 21b 93% (58:42 d.r) 21¢ 84% (72:28 d.r)

[a] Pyridine-substituted enyne 18 (0.30 mmol), 14a (0.33 mmol), morpholine (0.33
mmol), Cul (20 mol%), DCE (3.0 mL). d.r. determined by '"H NMR analysis of the
crude reaction mixture, isolated yields.

5.2.6 Proposed mechanism for the synthesis of indolizine

derivatives

Based on our observations, and previous reports, " a plausible
mechanism for the annulation reaction of pyridine-substituted enynes (18)
with cyclic enamines is proposed in Scheme 5.5. Initially, substrate 18 is
activated by the n-Lewis acid through alkyne coordination. Direct
cyclization of the activated substrate would lead to intermediate A, which
could undergo a nucleophilic attack by enamine 19a (either preformed, or
generated in situ). However, at this point, we cannot rule out enamine
addition to the C=C bond as the initial step (e.g., via intermediate B).
Intermediate C could proceed to form the polycyclic indolizine product 20 in
the absence of water. On the other hand, when the enamine was generated in
situ, intermediate C could instead proceed to product 21 upon hydrolysis.
Although the origin of the diastereoselectivity for the formation of 20 and 21
is not fully understood, we speculate that selective nucleophilic attack by the
enamine on the double bond of intermediate A could occur. The low
diastereoselectivity observed for 21 could be explained by a nonselective
hydrolysis of intermediate C.
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Scheme 5.5. Proposed mechanism for the synthesis of indolizine derivatives
20 and 21.

5.3 Conclusions

In summary, we have developed an efficient and atom-economical route to
polycyclic indolizine derivatives by a Ag-catalyzed annulation of pyridine-
substituted enynes with preformed cyclic enamines. The transformation
proceeds with moderate to excellent diastereoselectivity and results in the
construction of three contiguous stereocenters. Upon performing the reaction
with in situ-generated enamines, keto-substituted indolizine derivatives were
obtained in high yields. Interestingly, In(III) catalysts which are active
catalysts for the activation of alkynyl enones did not perform well for this
transformation. We reasoned that a stronger m-activation of the alkyne
moiety by Cu and Ag salts is more important for the activation of the
pyridine-substituted enynes.
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6. 1,2-Aminoarylation of Oxime Ester-Tethered
Alkenes with Boronic Acids (Paper V)

6.1 Introduction

As mentioned in Chapter 2.1, there has been increasing attention from the
medicinal chemistry community for synthesis of sp*-rich heterocycles.*****
Also, five-membered N-heterocycles are important structural units, which
are prevalent in natural products.’” Consequently, considerable efforts have
been devoted towards the development of new approaches for the synthesis
of five-membered heterocycles (e.g., pyrrolidines and pyrroles) via metal-
catalyzed alkene hydroamination® or aminoarylation.”” Among these, one
important strategy involves the use of y,d-unsaturated oxime derivatives as
starting  materials  for  the  synthesis of  pyrrolines.””  The
1-pyrrolines (dihydropyrroles) obtained from this strategy are useful as
precursors for further transformations.”’

6.1.1 Functionalization of oxime ester-tethered alkenes

The generation of iminyl radicals from y,J-unsaturated oxime derivatives
followed by intramolecular aminative alkene functionalization has been
explored by a number of groups.”” Although iminyl radicals can be generated
by heat,” either harsh conditions or the addition of toxic reagents are often
required.” Photo-induced generation of iminyl radicals has also been applied
for the radical cyclization of oximes, but typically more complex oxime ester
derivatives are required.”* Transition metal catalysis is an important
alternative to heat or photo-induced methods to generate iminyl radicals,
offering a potential to improve the yields by stabilizing reactive radical
intermediates.

In general, iminyl radicals are reactive electrophilic species that can add
to tethered alkenes’*”**7*7 or alkynes™® to provide carbon-centered
radical intermediates. The highly reactive alkyl radical intermediates can
undergo various transformations, for example by abstracting a hydrogen
atom from the reaction media, or by reacting with another reaction
component.””” Recently, an intermolecular coupling of alkene-tethered
oxime derivatives and silyl enol ethers was developed in our group
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(Scheme 6.1)."% In this iron-catalyzed transformation, the carbon-centered
radical reacts with a silyl enol ether to yield a functionalized pyrroline
derivative. After realizing the potential and challenges of radical coupling
reactions, we were interested in developing a metal-catalyzed aminoarylation
of oxime ester-tethered alkenes.

____________

OTMS FeCl, (5 mol%)

i I

N . '
! I

RIS RN N, :
MeCN, 80 °C R® . R !

! I

[ Il

2
R 24 h

____________

Scheme 6.1. [,2-Aminofunctionalization of y,d-unsaturated O-acyloximes
with silyl enol ethers.

In addition to the previously reported reactions of iminyl radicals, we were
inspired by the pioneering work of Narasaka’® and Bower’™”” on the Pd-
catalyzed Heck-type cyclization of pJ-unsaturated oxime derivatives
(Scheme 6.2). In these reactions, the alkyl-Pd intermediate (Scheme 6.2 B),
resulting from the polar Heck-cyclization, can undergo a f-hydride
elimination to obtain pyrrole or pyrroline products.

R2
R? R?
OBZ" Hp

oBz" Lyl Pd”
N I L0 R
| | R1 \

R R ]
R pyrrolme pyrrole
BHP elimination  AH? elimination

A
Scheme 6.2. Pd-catalyzed Narasaka—Heck cyclization of y,d-unsaturated
oximes esters.

Oc

Recently, Bower’™ and Tong™ independently reported on a Pd-catalyzed
1,2-aminofunctionalization of oxime ester-tethered alkenes via a similar
alkyl-Pd intermediate (Scheme 6.2 B). Bower and coworkers found that an
intermolecular arylation of the alkyl-palladium intermediate could be
achieved using 1,1-disubstituted olefins (to avoid f-H elimination) and Ph-
BPin or electron-rich heteroaromatic pinacolboronates (Scheme 6.3).”"

Pd(dba)s (5 mol%)
\#OCCR P(3,5-(CF3)2CeH3)3 (20 mol%)

JI\/\/ ArBPin (2.0 equiv) R1T;N)£2\ R2 nof H
1
R Et3N (2.0 equiv) " Ar = Ph or het-Ar

R2 - r
DMF, 75-80 °C, 14 h

Scheme 6.3. Pd-catalyzed 1,2-aminoarylation of vy,d-unsaturated oximes
esters.
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Despite the success of Pd-catalysis in cross-coupling reactions, the use of Ni
catalysts can offer new synthetic possibilities, for example by overcoming
the long-standing challenge of f-H elimination. Recently, the Baran and
Weix groups have demonstrated the efficiency of Ni-complexes in cross-
coupling reactions by generating carbon-centered radical intermediates from
N-hydroxyphthalimide (NHPI) esters.” In addition, several other Ni-
catalyzed cross-couplings have been developed recently.*® However, these
protocols are mainly focused on the formation of C—C bonds.

Having realized the potential of Ni catalysis in cross-coupling reactions
involving radical intermediates, we envisioned a 1,2-aminoarylation of
oxime ester-tethered alkenes with boronic acids to be possible (Scheme 6.4).
In particular, we were aiming for a protocol that would overcome the
limitations of the two-electron mechanism of palladium catalysis (S-H
elimination) permitting the introduction of a wide variety of aryl groups.

N\ﬁOR3

.
| . Ni-cat RN R?
RS e A
R2 R¢
R? = H, alk

Scheme 6.4. [,2-aminoarylation of yJd-unsaturated oxime esters with
boronic acids.

6.2 Development of a 1,2-aminoarylation reaction of
y,0-unsaturated oxime esters

6.2.1 Optimization of reaction conditions

To evaluate the viability of our hypothesis, we used y,0-unsaturated oxime
ester 23a and phenylboronic acid 24a as the model substrates (Table 6.1).
When the reaction was performed in the presence of NiCl, glyme, Et;N, and
ligand L1 in 1,4-dioxane at 80 °C for 24 h, pyrroline 25a was obtained in
25% yield. In addition to the desired arylated product, side-products 26 and
27 (derived from hydrolysis and H-atom abstraction) were observed in 10%
and 5% yield, respectively (entry 1). After further screening, it became
evident that the nature of the ester substituent (R') had a significant impact
on the outcome of the reaction. When the R' group was changed to the
perfluorinated analogue Bz" in 23b, product 25a was obtained in a higher
yield (45%, entry 2). It was found that when NiBr, was employed, the yield
of 25a increased to 67% (entry 3). However, the desired product was not
observed using Ni(COD), as the catalyst (entry 4). Among the ligands
screened (L1-L3), ligand L1 proved to give the highest yield of 25a

49



(entries 3, 5 and 6). However, L2 provided 25a in only a slightly lower yield
(entry 5, 65% yield). Furthermore, we found that the yield of 25a could be
increased to 70% when the reaction temperature was increased to 90 °C and
to 80% upon dilution (entries 7 and 8).

Table 6.1. Optimization of reaction conditions, selected examples.

N/OR1 Ni-cat (20 mol%)
L (20 mol%)
' PhB(OH), ———————  » U\
Phw * O 1.4-dioxane (2.0 mL) t)*
23 24a EtzN (10.0 equiv)
(0.10 mmol) (0.30 mmol) T°C,24h
R R . Ph Ph
— — L1, R="Bu
‘ 4 \
L2 R =CO;Me
NSV 2 —N =
L3

Entry 23, R’ Catalyst Ligand T[°C] 252/26/27 [%]"™
1 23a, Bz NiCl,glyme L1 80 25/10/5
2 23b, Bz  NiClyglyme L1 80 45/34/5
3 23b, BZ" NiBr, L1 80 67/18/12
4 23b, BZ" Ni(COD), L1 80 0/0/0

5 23b, BZ" NiBr, L2 80 65/15/10
6 23b, BZ" NiBr, L3 80 44/14/22
7 23b, BZ" NiBr, L1 90 70/12/10
g 23b, BZ" NiBr, L1 90 80/11/7

[a] Yields determined by "H NMR analysis using 1,3,5-trimethoxybenzene as an internal
standard. Bz" = 2,3,4,5,6-pentafluoro-benzoyl. [b] 3.0 mL of 1,4-dioxane was used.

6.2.2 Substrate scope

Under the optimized reaction conditions, the substrate scope with respect to
various oxime esters was examined. As shown in Table 6.2, a wide range of
oxime esters with different substitution patterns underwent the cross-
coupling reaction smoothly with arylboronic acids 24. The desired pyrroline
derivatives 25a—25n were obtained in moderate to good yields. The cross-
coupling reaction appeared to be insensitive to the electronic character of the
aryl group (R') of the oxime esters, providing the desired products 25a—25¢
in 60—67% yield. For heteroaryl-substituted oxime esters, the reaction
proceeded well to provide 25d and 25e in 60% and 67% yield, respectively.
Furthermore, a cyclic oxime ester gave the desired product 25¢g in 82% yield
(1.4:1 d.r.). Ligand L2 was found to be superior over L1 in the case of
substrates containing an aliphatic group (R' = Bn) and furnished product 25h
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in a higher yield (Table 6.1, 55% yield compared to 32% yield). Under the
optimized reaction conditions, the use of 1,1-disubstituted olefinic substrates
resulted in low yields of products 25i and 25j. Product 25i was obtained in
45% yield with L2 as a ligand. For the arylation of 1,1-disubstituted olefinic
substrates with phenylboronic acid, our protocol was less efficient compared
to the protocol reported by Bower’* (25i, 45% vs 53%). However, with an
electron-poor boronic acid, our conditions were more efficient (25j, 30% vs
0%).

Table 6.2. Scope with respect to various y,5-unsaturated oxime esters."

N,OBZF NiBr, (20 mol%) ,
| s L1 (20 mol%) . NR
1W + R3-B(OH), R~ s
R EtsN, 1,4-dioxane R
R? 90 °C, 24 h
23 24 25
R S )
Ph Ph Ph
25a, R = Cl, 60% 25¢, 62% 25d, 60%

25b, R = OMe, 67%

o N N
PW ¢ Ph ¢ “ph
Ph Ve
Me

25e, 67% 25f, 64% 25g, 82% (1.4:1d.r)P!
N Me Me
¢ N Ph N
25h, 32% (L1) 26i, 25% (L1 )
25h, 55% (L2) o (L1) 25§, 30% Ac

25i, 45% (L2)
25i, 53% (Pd)l%

[a] Oxime ester 23 (0.20 mmol), 24 (0.60 mmol), NiBr, (20 mol%), L1 (20 mol%),
Lt;N (10.0 equiv), 1,4-dioxane (6.0 mL). Isolated yields. [b] d.r. determined by 'H
NMR analysis of the crude reaction mixture. [¢] Pd,(dba); (5 mol%), P(3,5-
(CF3),C¢Hz)3 (20 mol%), ArBPin (2.0 equiv), Et3N (2.0 equiv), DMF, 80 °C, 14 h.

25, 0% (Pd)l®!

The scope of the Ni-catalyzed cross-coupling reaction was further extended
to include various boronic acids (Table 6.3). The method was found to be
compatible with a variety of substituted arylboronic acids (-OMe, -F, -Br,
-Ac, -Me) to furnish the corresponding pyrroline derivatives 25k—25q in
moderate to good yields. Surprisingly, ligand L2 proved to be superior than
L1 in the case of bromine-substituted arylboronic acids (25m and 25n).
Moreover, heteroaromatic and vinylic boronic acids were also able to
partake in the cross-coupling reaction with oxime ester 23b to give the
corresponding pyrroline derivatives 25r—25t in moderate yields (31%—62%).
Again, L2 was found to be a better choice for the vinylated product 25t.
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Table 6.3. Scope with respect to various boronic acids.!”!

oBZF NiBr; (20 mol%)

NI“ L1 (20 mol%)

Phw + R—B(OH), . \Q/\
EtsN, 1,4-dioxane

23b 24 90°C, 24 h 25

Ph \@/\@ Ph \G/\@ Ph— </N
OMe F Br
25k, 51% 251, 52% 25m, 40% (L1)

25m, 55% (L2)

Ph\@/\@ Ph%/
R

Ph

\
P4
w
55

Ac
25n, 38% (L1) 250, 61% 25p, R= OMe, 57%
25n, 68% (L2) 25q, R= Me, 62%
Cl
Ph N Ph N
-
I
) U/\/\O
. . Me 25t, 63%°! (L1)
25r, 31% (36 h) 25s, 62% 25t 75%B156% (L2)

[a] Oxime ester 23b (0.20 mmol), 24 (0.60 mmol), NiBr, (20 mol%), L1 (20 mol%),
Et;N (10.0 equiv), 1,4-dioxane (6.0 mL). Isolated yields unless otherwise stated.
[b] NMR yield.

6.2.3 Redox-transformations of product 25a

A large scale synthesis of compound 25a was performed under the optimized
reaction conditions. Gratifyingly, 25a was isolated in 72% yield on a 2.8
mmol scale (Scheme 6.5). With a larger quantity of 25a in hand, we
demonstrated the possibility of converting the pyrroline ring to the
corresponding pyrrole 28, and pyrrolidine 29 through a Pd/C-catalyzed
aromatization®' and a DIBAL-mediated reduction,””™ respectively (Scheme
6.5).

23b + 24a
2.80 mmcl

NiBr; (20 mol%), L1 (20 mol%)
EtsN (10.0 equiv),
1,4-dioxane, 90 °C, 36 h

Ph . ) . H
N Pd/C (12.5 mol%) Ph\@/\ DIBALH @0equv)  — ff
Ph
Bn diglyme, 160 °C, 2 h DCM, -78°C, 4 h U
28, 47% 25a72% 29,91%

Scheme 6.5. Synthesis of 25a on a larger scale and further transformations.
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6.3 Mechanistic aspects of the cross-coupling of oxime esters
and boronic acids

To gain further insight into the mechanism of this transformation, a few
control experiments were carried out (Scheme 6.6).

a) Trapping of the radical intermediate with TEMPO
PhB(OH),
NiBr, (20 mol%})
.0Bz" TEMPO (1.0 equiv) R
L1 (20 mol%) \Q/\ N + 26,23% N
' o-
=
Ph)\/\/ Et;N, 1,4-dioxane, 90 °C (252, 0%) ph)l\/\/
23b 42% A

b) Coupling of PhB(OH), with saturated oxime acetate

Ph N~
N O
0BF NiBr, (20 mol%) e " U/

N L1 (20 mol?
et PPBOH (20 mol%) JL . JJ\ B
Ph EtsN, 1,4-dioxane, 90°C  Ph” “rgy Ph” “rgy

23¢ 24a 31,68%  32,6%
Scheme 6.6. Control experiments with TEMPO and a saturated oxime ester.

Addition of a stoichiometric amount of TEMPO to the 1,2-aminoarylation
reaction resulted in the formation of TEMPO derivative 30 in 42% yield
while no formation of product 25a was observed (Scheme 6.6a). This
suggests the formation of carbon-centered radical B which subsequently
reacts with a stable radical trap TEMPO. Moreover, in comparison with
oxime ester 23b, the saturated analogue 23c¢ mainly led to the formation
imines 31 and 32 in 68%, and 6% yields, presumably from the
corresponding iminyl radical intermediate A (Scheme 6.6b). Based on these
findings, we propose a Ni'/Ni"" catalytic cycle via the formation of radical
intermediates A and B (Scheme 6.7). Initially, an Ar-Ni' species, formed
from a Ni’ and an arylated Ni" species, could reduce oxime ester 23 via a
single-electron transfer mechanism to form iminyl radical intermediate A.

J‘X 1
N Ni-cat RU_N, R?
R1W +  A—B(OH), —0—0nn—» \E)L\
23 R 25 Ar
il
ANIL~| g7 NiLx
ArNI'LX
.
”\/\/ RN R?, _RONILX
R 5-exo-trig \O/ \(\]I/\}W'”LX
A R? cyclization B

Scheme 6.7. Proposed mechanism for the 1,2-aminoarylation of 7y,0-
unsaturated oxime esters with boronic acids.
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A 5-exo-trig cyclization of intermediate A would then generate the carbon-
centered radical B which after recombination with a Ni'" species forms
intermediate C. A subsequent reductive elimination yields product 25 and a
Ni' species. At this point, we cannot exclude the involvement of other
mechanisms.*

6.4 Conclusions

We have reported a straight-forward and efficient Ni-catalyzed 1,2-
aminoarylation of alkene-tethered oxime esters with boronic acids. The
reaction provides access to a series of arylated pyrroline derivatives.
Furthermore, the synthetic utility of this reaction was demonstrated by
further redox transformations of the pyrroline ring. A preliminary
mechanistic study is consistent with a radical pathway involving the
formation of iminyl radical intermediate A and carbon-centered radical B.
Our results demonstrate that Ni catalysis can be a useful alternative to Pd in
cross-coupling reactions involving iminyl radicals. Although we obtained
reasonably high yields for this radical reaction, our results show that
carefully optimized reaction condition (e.g., choice of ligand) is crucial.
However, a deeper understanding of the mechanistic aspects of this reaction
would be essential for further method development.
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Concluding Remarks

In this thesis, novel catalytic methods have been developed and applied for
the synthesis of heterocyclic compounds. The activation of heteroatoms and
unsaturated C-C bonds by Lewis acid catalysts has played an important role
for the reaction development.

AICl; was found to be an efficient catalyst for the activation of oxiranes
in annulation reactions with nitrones, while InCl; was found to be a better
catalyst for aziridines and thiiranes in the same transformation. This
highlights the importance of catalyst screening and demonstrates the
difference in oxo- and azaphilicity between different Lewis acids. The
methodology provided easy access to single diastereomers of biologically
interesting saturated heterocycles.

Indium(II) catalysts were also found to be effective for the activation of
enynones in multicomponent reactions with carbonyl compounds and
amines. The protocols demonstrate the potential of indium(III) salts as a c-
and n-Lewis acid for the activation of both heteroatoms and alkyne moieties.
These transformations allowed for the selective synthesis of substituted
cyclopenta[c]furan and bicyclo[3.n.1]alkenone derivatives using enamines
from aldehydes and cyclic ketones, respectively.

In chapter 5, Cu and Ag salts were found to be excellent n-Lewis acids to
activate pyridine-substituted enynes in cyclization reactions with cyclic
ketones and amines. This study demonstrates the importance of strong m-
coordination with metal salts to activate the alkyne moiety for a cyclization
reaction. The polycyclic indolizine derivatives could be obtained in high
yields and with good diastereoselectivities.

In the final chapter, Ni(Il) species were found to be effective as catalysts
for the generation of iminyl- and carbon-centered radicals from y,0-
unsaturated oxime esters in a coupling reaction with arylboronic acids. This
catalytic methodology shows the potential of Ni-catalysis to overcome f-H
elimination.
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