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Abstract

Nitrogencontaining molecules, particularly amines, play crucial roles withinntleéecular sciences.
Despite their significance throughout the scientific community, the synthesis of these target molecules is
often hampered by the challenging installation of the amino group. The majosinthetic strategies
consistedf the use of g-functionalised building blocks and tedious protecgngup manipulations. To
increase synthetic simplicity and versatility, the use of abundant feedstock chemicals such as unsaturated
hydrocarbons and sulfur compounds, and the installation of unm@tactino grouparehighly desired.
Moreover, the developmeiaff difunctionalisation reactions that install a useful functional group in the
proximity of the amine would accelerate the transformation of simple building blocks into densely
functioralised mdecules, thus reducing synthetic steps and resow¢éiglsin this thesisthese concepts

were followed and resulted in the discovery of novel amination reactions using benigatatysts.

Fe(OTf), (5 mol%),
NaN3 (1.05 equiv),

N PivVONH,OTf (2.5 equiv), N3
R)\/R“ > R NH2
MeOH, rt, 16 h R’
R“
21-72%

R = alkyl, aryl (37 examples)

Figure I: Anaminoazidation reaction of alkenes as an unsymmetrical diamination strategy
First, an aminoazidation reaction was established which functioned as an unsymmetrical diamination
strategy to access unprotectedZ2doamines from alkenes in a single step.
Applying this methodology, a broad range of aliphatic alkenes and vinyl arenes were successfully converted
with excellent regieand chemoselectivity. Moreover, this reaction displayed immense functional group
tolerance allowing for the specific transformatiof highly complex alkenyl substrates, including a
tripeptide. Simultaneous|yt demonstrated high tolerance towards air and moisture and good scalability,
making it a practical synthetic tool. Owing to the unprotected nature of the primary aminothesep,
synthesised azidoamines are ideally masked, unsymmetrical vicinal diamines which allowed for sequential
functionalisation of both amino groups. This behaviour could be harnessed in the (formal) synthesis of three
different bioactive compounds. Meclistically, the stereoconvergent transformation of internal alkenes,

as well as radical clock experiments and the results of a Hasploesupport a radical pathway.



[Fe'] (10 mol%),

PivONH,OTf (2.5 equiv), O
_SH - S~
R R™7 NH,
MeOH/CH,Cl, rt, 16 h
i 37-92%
R = alkyl, aryl (42 examples)

Figure Il: An amineoxygenation reaction of thiols ta@eess unprotected, primary sulfinamides
Furthermore, thesame hydroxylaminederived reagent was employed in an iron catalysed amino
oxygenation reaction of thiols to afford unprotected, primary sulfinamilésial rolewas played by the
reagent as iaced both as aminating reagent and oxidarthis transformationThis enabled the facile
conversiorof several aliphatic and aromatic thiols, resulting in a broad substratesswbgeod functional
group tolerance. Further investigations led to a propasedhanism which featured an uncommon
sulfinimidateester. This intermediate would result from a reaction with methanol, thus identifying the

solvent aghesource for the incorporated oxygen.
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Zusammenfassung

Stickstoffhaltige Molekiile, insbesondere Amine, spielen in den Molekularwissenschaften eine
entscheidende Rolle. Trotz ihrer Bedeutung in der wissenschaftlichen Gemeinschaft wird die Synthese
dieser Zielmolekile haufig durch die schwierige Installation der Aminogruppe erschwerhei¥ign
Synthesestrategien bestanden in der Verwendung von prafunktionalisierten Bausteinen und der von
umstandlichen Schutzgruppenmanipulationen. Um die Einfachheit und Vielseitigkeit der Synthese zu
erhdhen, ist die Verwendung reichlich vorhandener cheimir Ausgangsstoffe wie ungesattigte
Kohlenwasserstoffe und Schwefelverbindungen, sowie der Einbau ungeschitzter Aminogruppen sehr
wunschenswert. Dartiber hinaus wirde die Entwicklung von Difunktionalisierungsreaktionen, bei denen
eine nitzliche funktiontd Gruppe in der Umgebung des Amins installiert wird, die Umwandlung von
einfachen Bausteinen in dicht funktionalisierte Molekile beschleunigen und so Syntheseschritte reduzieren
und Ressourcen schonen. Im Rahmen dieser Arbeit wurden diese Konzeptegbeiner4iihrten zur
Entdeckung neuartiger Aminierungsreaktionen unter Verwendung von umweltfreundlichen

Eisenkatalysatoren.

Fe(OTf), (5 mol%),
NaN; (1.05 Aquiv.),

j’\/ PivVONH;OTf (2.5 Aquiv.), N3
R NH
RN R :
MeOH, RT, 16 h R’
Rll
i 21-72%
R = Alkyl, Aryl (37 Beispiele)

Abbildungl: Eine Aminoazidierungsreaktion von Alkenen als eine Simig unsymmetrischen
Diaminierung.

Zunachst wurde eine Aminoazidierungsreaktion etabliert, die als unsymmetrische Diaminationsstrategie
fungierte um in einem einzigen Schritt ungeschiitzégiZloamine aus Alkenen zu gewinnen.
Mit dieser Methode konnte ein breites Spektrum aliphatischeen®lkind Vinylarene mit hervorragender
Regic und Chemoselektivitat erfolgreich umgesetzt werden. Dariiber hinaus zeigte diese Reaktion eine
enorme Toleranz gegeniiber funktionellen Gruppen und ermoglichte die spezifische Umwandlung
hochkomplexer Alkenylsubsite, einschligdich eines Tripeptids. Gleichzeitig zeigte sie eine hohe
Toleranz gegenuber Luftsauerstoff und Feuchtigkeit und eine gute Skalierbarkeit, was sie zu einem
praktischen Synthesewerkzeug macht. Aufgrund des ungeschitzten Charakters den pamidogruppe
sind diese synthetisierten Azidoamine ideal maskierte, unsymmetrische benachbarte Diamine, die eine

sequentielle Funktionalisierung beider Aminogruppen erlauben. Dieses Verhalten konnte fiir die (formale)

Xii



Synthese von drei verschiedenen btoan Verbindungen genutzt werden. Mechanistisch gesehen
sprechen die stereokonvergente Umwandlung interner Alkene sowie RadiEgpdnmente und die
Ergebnisse eines Hammeétiots fur einen radikalischen Reaktionsablaufs.

[Fe'] (10 mol%),
PivONH;OTf (2.5 Aquiv.), 0o
~SH - PN

R R
MeOH/CH,Cl, RT, 16 h

NH,

37-92%

R = Alkyl, Aryl (42 Beispiele)

Abbildungll: Eine AmineOxygenierungsreaktion von Thiolen fiir den Zugang zu ungeschuitzen, primaren Sulfinamiden.

Dartiber hinaus wurde dasselbe HydroxylaiR@éagenz in einer eisenkatalysierten Amino
Oxygenierungsreaktion varhiolen eingesetzt, um ungeschuitzte, primare Sulfinamide zu erhalten. Dieses
vielseitige Reagenz spielte bei der Umwandlung eine doppelte Rolle und fungierte sowohl als
Aminierungsreagenz als auch als Oxidationsmittel. Dies ermdglichte die einfache Unmgandl
verschiedener aliphatischer und aromatischer Thiole, was zu einer breiten Substratpalette und einer guten
Toleranz gegenuber funktionellen Gruppen fiihrte. Weitere Untersuchungen ergaben einen
vorgeschlagenen Mechanismus, der einen ungewoOhnlichen iSud#tEster enthielt. Dieses
Zwischenprodukt kdnnte aus einer Reaktion mit Methanol resultieren, wodurch das L6sungsmittel als

Quelle fur den eingebauten Sauerstoff identifiziert wurde.
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Chapterl - An Introduction to the Synthesis of Unprotected Primary Amines

1.1 Importance ofAminesi The Basisof OrganicNitrogen

Aminesareubiquitousstructuralentitiesencountered across thelecular sciences and used as versatile
building blocks by naturand man aliké Either on their own or embedded in prominent connectivities like
amides or Nheterocycles, these privileged nitrogaantaining molecules play pivotal roles in multiple
disciplines such as agrochemistryedicinal chemistry material sciencesgatalysis’ biochemistry?, and

many moré (Figurel-1). Especially among pharmaceuticals, more than 90% of common small molecules
contain at least one nitroggnoup®

H Pr
=N
\\S//
H H/ “NEt,
OH
O Nirmatrelvir Quinagolide Quinine
3C-like protease inhibitor, D, receptor agonist, used isolated from cinchona tree,
treatment against COVID-19 treatment against treatment against malaria,
hyperprolactinemia organocatalyst and ligand scaffold
Cl (I)Me i N\Me OQN\N/\N,Noz 0
N N
m/C( v o
|
cl Cl Me O CHF, NO, H,N NH,
Pydiflumetofen Hexogen (RDX) Lysine (Lys)
broad-spectrum nitroamine, canonical amino acid,
carboxamide fungicide secondary explosive essential for humans

Figure 1-1: Various nitrogercontaining molecules with applications in different fields.
With a nitrogercontaining target molecule outlined, the planning of its synthetic route often focuses on
strategies to disconnect 8 bonds’ Several tools have been established in the previous centuries to be at
the disposal of a synthetic chemist to unite a nitrogen unit with a carbon fra§identever, this important
class of transformations still faces many limitations today and its impevesnd further development is
a continuous effort in both academia and induStry.



1.2 Primary Amination of Aliphatic$ Looking at the First Steps

One way to differentiate i bond formations is by looking at the hybridisation of thegetedcarbon
atom. Whereas nitration/reductiesequence¥, nucleophilic aromatic substitutihand crossoupling
reactions using transitiemetald* (BuchwaldHartwig’® ChanEvansLam!® UllmannGoldberg’) are
frequently encountered for the constructioranflines with C(spi N bonds!® traditional approaches for

the synthesis of substituted aliphatic amines with §i{spbonds diffef® The latter ones mainly comprise
carbonyl reductive aminatiofi, N-alkylation reactiong! nucleophilic alkylation of imined or a
combination between amide couphfgnd subsequent reduction. To evolve into higher substituted amino
motifs, primary* and secondar$? amines are generally employed as starting points, emphasising the

significance of initial CN bond formation.

1.2.1 Historic overview of nucleophilic amination
Conceptually the most apparent route to form a primary amine is by reacting eleamemtahia or a
nucleophilic amino surrogate with a suitably prefunctionalised carbon electrophile.

Py
\

° \
_NO _N _NZ \N _N _CN
R™ 2 R R™ NN\ R™ 3 R

0]
Geisse (1859) Gabriel (1887) Delépine (1895) Forster (1905) Mendius (1862)
via via via via via
nitro succinimide urotroponium azide nitrile

reduction cleavage cleavage reduction reduction
L J PO

_NH R NH

R 2| 2

Figure 1-2: Historic overview of early amino surrogates farcleophilic amination.
Early examples of surrogates to be initially implemented for primary aliphatnines include

nitroalkaneg/ succinimides (Gabriel synthesi)yrotroponium salts (Delépine synthegisazided® and
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cyanide$' (Figure1-2). However, before the desired primary amino group could be further processed, an
additional step was necessary to unmask it by means of either re#fuffiorazides, cyanides, and
nitroalkanesfalkenes) or cleavage of its pending protecting group (acidic hydrolysis of urotroponium salt
or treatment of succinimide with base or hydrazine). If no strategic benefit is gained from isolating
installation and un@sking events, the utilisation of a surrogate lacksastgmomy, as an extra detachment
operation is requirett.This does not only create unnecessary waste as only a small portion of the surrogate
is incorporated into the target molecule and thus decreases atom edobamynight also impose
limitations on functional group tolerance for the overall transformatiiom to harsh conditions in the
unmasking step. Therefore, it is highly desirable to explore transformations which obviate the use of
protecting groups and introduce the amino group directly in its unprotected form, ultimately allowing
immediate derivatisatn.*®

Indeed, many industrial processes have achieved this by usingfficisnt ammonia for the atom
economic synthesis of low molecular amines from alcolidter the preparation of amines on a smaller
scale, especially in a laboratory environment, the application of either ammonia or ammonium salts is
underdeveloped. Common drawbacks of these approaches originally consisted of the necessity of high
pressureequipment, highly Lewis basic character of ammonia, premature reduction of a coupling partner
in the process or owgeaction of the more reactive primary amine, thus complicating downstream
purification. However, many of those could be overcome by impnews in the field, such as the use of
selective imine reducing agents or hydrogen borrowing strat&gied,the methodology could be extended

by the development of enantioselective nf&taind enzymeatalysetf versions.

1.2.2 The beginning of electroplgl amination
Instead of using an electrophilic carbon in a traditional disconnection as discussed above, a contrasting
umpolungapproach describes the coupling between a carbon nucleophile with an electrophilic amino
reagent. These reagents tend to htheenitrogen bound to heteroatomic moieties that are (formally) able
to act as nucleofuges, preferably as halides, sulfonates, acetates or alkoxides. A list of severdlliof these
LG reagentdLG = leaving group) mostly derived from hydroxylamirf,are pesented belowTable
1.2-1).



N-hetero based

o®

R1-R4

O-sulfonyl based
O 0O
\ 7/
S<
Qo e
R5
O-acyl based

1]
@ 0

R6-R8

O-alkyl based

oo

R9

O-aryl based

oo

Tablel.2-1: Selected electrophilic aminating reagents.

_NY,

X =CI, R1; X=Br, Y=R, R2

Y, = Hy: R1a, Y, = Ry: R1b, Y, = RCI: R1c,

SO,Ph

/N\
F~ >SO,Ph

NFSI, R3

Y, = CICO,Et: R1d, Y, = HCO,Et: Rie,

Y, = NaTs: R1f, Y, = NaBoc: R1g

N\

§ _NH
_O/ \O/ 3

HOSA, R5a

0O

L NHx,

tBu (0]
“OTf

PivONH3;OTf, PONT for
X2 = H2: R6a; X2 = R2: R6c,
X, = RH: R6b, X, = H{Bu: R6d

R.~-N<

o R

R =Me, R'=H, R9a,
R =R'=TMS, R9b

$ NH
\O/ 2
Me R'
R' = Me: MSH, R5b
R'=H: TsONH,, R5¢

0]

~NX
0 2

Y

0]
I

BUN—NBu

X =C: Rd4a, X = SO: R4b,
Mespyr*-NHBoc BF,: R4c

\\S/’O NH
Me”~~0
“OTf
MsONH5OTf, MsONT
R5d

Q
Ph” Fu’\o”
Ph

NH>

Xz = HCO,CH(CF3)y, Y = H: R7a,

X2 = an, Y = N02: R7b,
X2 = Hgon, Y = NOZZ R7c

o GO2H
Me>l\0/ NHTroc

R9c

|
_N
0]

Benzisoxazole, R10b

DPPH, R8

_NH
(0]
tBu
tBu

R9d

Ph 9
Q!
_N

O

BiPhONSO, R10c

In the following, early examples of the combination of such electrophilicG\type reagents with

organometallic species for the coupling of CJN bond4? to afford unprotected, primafyamines are

examined®
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Tcherniak (1876)

Et Cl
Zn + Et—N
/ \
Et Cl
1.2 equiv R1c

Coleman (1928)

MgX
RO tcl”

excess R1a

NH,

R = alkyl, aryl, benzyl
X=Cl, Br, |

Et,0, 0 °C Et,
> N—Et
Et
41% yield
Et;0,0°C NH,
> R

up to 85% yield

Schemd..2-1: Electrophilic amination of alkyl zinc by Tcherniak and of Grignard reagents by Coleman.

Inspired by initial reports from Tcherniak on reactihgN-dichloroethylamine with diethyl zint,
Colemar’ investigated the reactions of monochloramine with Grignard reagents and obtained primary

amines in very good yieldS¢hemel.2-1). Especially magnesium chloride species afforded the product

efficiently, whereas magnesium bromide dmnodide reagents mainly producachmonia. He discovered

that aliphatic and particularly benzyl Grignards gave superior yields to aryl species (27% withyR.= Ph

85% yield with R = Bn). However, the use of unstditlehloramines was a significant drawback.

Sheverdina & Kocheskov (1938)

|M|
R *  MeO”

2 equiv R9a

R = alkyl, phenyl
'M'= MgBr, MgCl, Li

NH,

Et,0, NH,

R/
-15t0-10°C

up to 80% yield

Schemd..2-2: Electrophilic amination using @nethyl hydroxylamine by Sheverdina & Kocheskov.

In the search for more stable sources of electrophilic amino surrogates, hydroxylamines were discovered as
suitable candidate®. Seminal work by Sheverdina and Kocheskov demonstrated @hatethyl

hydroxylamineR9awas capabl e

ofNH.¢ r ansf eyritmg aamn ofi ganomet e

equivalents of the latter were usedtfiemel.2-2).*° Later mechanistic investigations supported a rather
counterintuitive mechanism where a lithiated amisizecies (LINHOMe) operates #se electrophilic

species which is activated by a bridging interaction betweenit@elddnd and lithium ion¥.
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Brown (1964)

+
_ _NH THF,
rBRz  + 0807 7 r-H2
R5a reflux, 3 h
R = alkyl (2.2 equiv) up to 64% yield

Schemd..2-3: Amination of organoborane species®Brown.
A hydroxylaminederived reagent that does not require deprotonativagireation was reported by Brown
and ceworkers Schemel.2-3).>* Using stable hydroxylamin®-sulfonic acid (HOSA,R5a) they
demonstrated the amination of trialkyl boranes. This methodology was especially attractive since alkenes,
both unactivated and vinyl arenes could initially be transformi@tiydroboration to alkylborses using
borane and could subsequently be aminated in the same reaction vessel. Though the authors showed equal
performance with the use of monochloramine, they preferred the stable and commercially available
hydroxylammonium salt HOSARGa). A reason fothe low yield was the reluctance of the aminating agent
to convert the last remaining carbon fragment on the borane. An improved protocol to circumvent this issue
was reported later which used LibBH; as the borylating reagent of the starting alk&fe.

Ricci & Seconi (1993)

R TI\I/IS
CuCNLi HN - THF, =50 °C, 1 h _NH
R/ 2+ OTMS " R
then H™ workup
1.0 equiv R9b
(1.0 equiv)
R = (het)aryl, alkyl up to 90% yield

Schemd..2-4: Electrophilic amination of cyano cuprates by Ricci & Seconi.
A different hydroxylaminederived reagentvas investigated by Ricci and SecoBclhemel.2-4).5* They
discovered thalN,O-bis(trimethylsilyl)hydroxylamine was able to couple with cyano cuprates to afford
intermediary N-trimethylsilylated aliphatic and aromatic amines. During a workup with aqueous

hydrochloric acid, the unprotected amino functionality was revealed.

Srebnik (1995)

THF/Et,0,
R/ZGCzol + MeSSO3/ 2 . R/NHZ
0 °C, 10 min
R5b
R = alkyl, allyl (1.2 equiv) up to 88% yield

Schemd..2-5: Electrophilic amination of organo zirconocene reagents by Srebnik.
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Another class of organometallic nucleophiles was investigated by Srebnik-amitie Schemel.2-5).%

Aliphatic zirconocene reagents were aminated v@timesitylsulfonyl)hydroxylamineR5b to afford

linear, primary amines. These nucleophiles could be conveniently accessed from aligvatis and vinyl

arenes by hydrozirconyl at i £h witiw iexcetlent Quctiarkavnikoz 6 reac
selectivity.®® The following amination step could then be performed in the same pot, in analogy to the
intermediary hydroboration protocol dissed aboveSchemel.2-3). A limitation of the protocol,

however, was the use of a less stable aminating reagent. This limitation would later benevieyche

Hartwig group by replacing it with stable HO$¥%a.%’

Kiirti (2018)

HN
~ Et,0,
MX 4 )(0 2 _NH,
R tBu R
tBu rt, 6 h
R = alkyl Rod
M = Mg, Zn (1.2 equiv) up to 93% yield

X =Cl, Br

Schemd..2-6: Electrophilic amination of Grignard and Barbier reagents by Kurti.
A recent example of aglectrophilic amination reaction using organometallic Grignard and Barbier reagents
was disclosed by Kirti and emorkers Gchemel.2-6).8 In their wak, they focused on benedtable
oxaziridines R9d) which were suitable for the formation of primary amines. DFT calculations confirmed

that amination was more feasible than protodemetalation or oxygenation pathways.



1.3 An Alternative Approaclhi Alkenes asAmination Feedstock

Despite these advances in the field of classical nucleophilic and electrophilic amination reactions, a
remaining downside is the required prefunctionalisation of the carbon fragment which hampers step
efficiency and generatesmdesired byproducts®® As a result, multiple synthetic methods are aimed at the
immediate use of readily available and abundant feedstock chemicals such as °alcambls
hydrocarbon$! Several examples of these transformations are discussed indwérfglsections, focusing

on the intermolecular synthesis of primary alkylamines and highlighting different approaches and

underlying mechanistic working hypotheses to access them.

1.3.1 Allylic aminationi Swapping €O or Q H bond for a primary amine
Several mtal catalysts can activatethe@ bond of an al | -gllylcomplexivhiicbhdam | t o
be then trapped by an amino nucleopfile.
Whereas previous reports installed the amine in a protected¥@anreira and cevorkers used sulfamic
acid in an iridiumcatalysed allylic substitution reaction to afford unprotected, primary allyl amines in
excellent selectivity§chemel.3-1).54
Mechanistically, the authors proposed that sulfamic acid reactsN@iHalimethylformamide to release
ammonia and give a Vilsmeigype reagent which transforms the allylic alcohol. The sufficiently activated
Ci O bond tlen undergoes an oxidative addition reaction with the iridium(l) catalyst to furnish an
iridium(IIl) -allyl species. This complex is eventually attacked by ammonia and yields the product in very
good yields. Later investigations by the Carreira group impgttve aminative allylic substitution to obtain
enantiomerically enriched amin®s.

Apart from iridium catalyst8? palladiunt’ and platinurff catalysts could transform allylic

alcohols/carbonates into unprotected, primary allyl amines.
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Carreira (2007)

[Ir(cod)Cl]5 (1.5 mol%), .
OH ligand (3.0 mol%), NH, X

R)\/ HoNSO3H (1.0 equiv), R)\/

l DMF, 50 °C, 3 h

R = alkyl, aryl up to 82% yield
. .
NM82 |
U Hso, [ir]
@]

R

N
hiMe: HSO,”
'033\0 TR
O%/ N M62 \l/
RN

NH, H3|J\rl/so3-

phosphoramidite ligand O
g
\

P-N |
/

e

Schemd..3-1: Allylic substitution of unfunctionalised alcohols to afford unprotected primary amines by Carreira.
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Arnold (2020)
E. coli harboring

H +NH . NH»>
. PivO"® P411 variants B
RMMe “OTf RN e
M9-N (pH 7.4),
10 °C, 12 h up to 93% yield,
R = alkyl, aryl R6a up to 3930 TTN,
(2.0 equiv) up to 94% ee
Arnold (2020)
E. coli harboring
H i NH
)\ . inO/NH3 P411gpa variants /-\ 2
Ar Me “OTf > Ar Me
R6a MO-N (PH 7.4). 10 85% yield,
(2.0 equiv) 10°C, 12h up to 750 TTN,

up to 96% ee

Arnold (2022)

H + E. coli harboring NH
/ + PO P411 variants T
= Me “OTf /Me
A MO-N (pH84),  p "
10°C,12h
R6a 0°C. up to 79% yield,
(2.0 equiv) up to 2610 TTN,

up to 96% ee

Schemd..3-2: Ci H amination of allylic, benzylic and propargylic positions by Arnold.
Recently, the group of Arnold achieved the diretHGmination of hydrocarbons to install unprotected,
primary amines at allylic, benzylic and progglic positions Schemel.3-2).%° They optimised an iron
based cytochrome P411 enzymie directed evolution to obtain the most suitable catalyst. Together with
a stable hydroxylammonium reagent, they achieved high total turnover numbers of the enzyme and

excellent enantioselectivity.

1.3.2 Hydroaminomethylatioii Constructing a €N bond
An elegam and highly atorreconomical way to transform alkenes into primary amines is through the
addition of ammonia. While the addition in Markovnikfashion is applicable for some bulk amirigs,
anti-Markovnikov hydroamination to arrive directly at linear, hhgic amines presents a major challefige.
As a workaround strategy to the direct addition of ammonia, a formal hydroaminomethylation was
envisioned which consists of a domino reactommbininga hydroformylation step and a subsequent
reductive amination. An example of simple alkenes using scab@ytic system was reported by
Zimmermann, Herwig and Beller in 1999dhemel.3-3).2

11



Chapterl - An Introduction to the Synthesis of Unprotected Primary Amines

Herwig & Beller (1999)
[Rh(cod)Cl], (0.026 mol%),
(

[Ir(cod)CI], (0.21 mol%), H NH
TPPTS (11 mol%) or BINAS (4 mol%), 2
- H
R . R y
NH; (aq, 8.0 equiv), MTBE, A
120 bar CO/H5 5:1, 130 °C, 10 h up to 95% yield in amines
R = alkyl up to 99:1 linear:branch
up to 9:1 ratio 1°:2° amine
[Rh], CO/H, [Ir], H
Y
H O NHs _ H NH
major
TPPTS BINAS SO3Na

/©\ NaO,S : : PAr2
NaO,S PAr, avs
— NaO3S
DO R
= Ar

SO3Na

Schemd..3-3: Hydroaminomethylation of unactivated alkenes with ammonia by Herwig and Beller.
In the first step, rhodiumsatalysed hydroformylation with pressurised syngas (mixture of CO and H
occurs giving rise to a mixture of lineand branched aldehydes. Depending on the veaieble phosphine
ligands used, a ratio between 76:24 and 99:11 was obtained, favouring the linear intermediate. Subsequent
condensation with ammonia forms an imine which is eventually hydrogenated witthiam ico-catalyst.
Since the formed primary amine is more nucleophilic than ammonia, deleteriouseastion to the
secondary amine occurs.
Although extensive work was performed to optimise this reaction tertiary amines’®

hydroaminomethylation retions yielding predominantly primary amines remain underdeveltped.

1.3.3 Hydroaminoalkylatioi Funct i on aCarbeni ng t he U
Besides the concept of the abawentioned hydroaminoalkylation to form &K bond by reductive
amination, an alternative hydroamitiodation approach focuses on theékCbond activation of the carbon
adjacent to the amino nitrogen with subsequent addition to an dkeérsing formally the same

disconnection, the latter strategy is experiencing a renais&ance.

12



Generally, the activatio of the targeted B4 b o nd -sarbontoh a prirdlary amine required a
protecting/directing group which had to be installed beforehand and removed |&tér workaround is

the use of silyprotected amines which are hydrolysed during an aqueous w@ikalbowing this strategy,
Schaferandcwor ker s demonst r albranchedf phireary bgnzylarhines vitls an @drly U
transition metal preatalyst Schemel.3-4).”

The authors proposed a mechanistic cycle which is initiated by displacement of two dimethylamino ligands

on a zirconium preatalyst, with starting silylamide to form a zirconaaziridine. Alkene insertion can give
different zirconapyrrolidines with a stromgeference for 2/Ansertion in case of bulky reaction partners.
Protonolyis with a new silylamide breaks up the-aizeonacycle to form an acyclic zirconium complex.

Upon abstraction of a proton, the zirconaziridine is regenerated with concomitastextrsn o f - desi r e

functionalised silylamide. During aqueous workup, the free amine is liberated.

Schafer (2019)
1) Zr(NMe5), (up to 20 mol%),
TMS. alkene (1.8 equiv),
)NH CeDg, 145 °C, 24 h /’]‘\HZ/\
Ar Ar TMS
2) aqueous workup ~
/ up to 67% yield
Ar
TMS
/H\’}l/
(Zr]
T™MS | +

No, [H*]

protonolysis Arr S C-H activation

Ar
N/TMS N/TMS
|
Ar—<_I
[Zr] 2] ‘\
TMS |
J Zr(NM92)4
TMS +

alkene insertion ArCHZNHTMS

Schemd..3-4: Hydroaminoalkylation using a Ztatalyst by Schafer.
Thoughthe primary amine is efficiently unmasked in the reaction protocol, harsh reaction conditions and
the strong limitation on vinyl silanes for desired regioselectivity strongly reduce the practicability of the
reaction.
An alternative approach @ c t i v a t-Gi i lgondtuhder milbler reaction conditions is offered by the

use of photochemist.Shortly after a publication of Schoenebeck, Rovis andakers®! who used an

13
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in situ protection strategy of primary amines with carbon dioxide, the Cre&$grelip published a series
of three protectinggr oup f r e e 4fuecpooalisat®on of pimarytamieeSdiemel.3-5).

Cresswell (2020, 2021)

PC (1 mol%),

NH, BusNN3 (10 — 20 mol%), NH;
/\ ' > ]
R a0e Z R 425 nm LED, MeCN R R
0 —o.Uequiv or DMF, rt, 20 h .
R=alkyl R'=Ar, EWG up to 97%|y/eld
NH2 NH2 +H+
N NG NH2
/ L}
HAT —~ o \ R
\/ SET \/
SET
HNg / PC
-H* hv

photoredox catalyst (PC) for:

R'= Ar R'= EWG HNAF, =
NAr2
PhZN:@NPhZ ArZN:@NArZ “
NPh, NAF,

Schemd..3-5: Hydroaminoalkylation of unprotected primary amines by Cresswell.
Their main concept was based on the usa wofsible light photoredox cycle to initiate an azide anion
mediated hydrogen atom transfer (HAT) process. An excited photocatalyst oxidises the azide anion to an
azidyl radicalvia a single electron transfer. The latter, in turn, then abstracts a hpdktaga in the alpha
position of the pr i aaimoyadieahsidds ¢o.the Acheptor mlkeseud dgerieratg a U
stabilisedC-centered radical which is eventually reduced to the corresponding carbanion. Protonation of
the anion yielded the desire-flihctionalised primary amine. Depending on the nature of the starting amine,
monaoalkylation could be reached with an equimolar concentration of amine and vinyl arene, but in several

cases, a thremld excess of amine with respect to alkene was Wederally, a wide range of amines were

viable substrates t o buesatoratad pstees dnd phospHorfdtes. n y | arenes
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1.3.4 Hydroamination
In contrast to the abowdiscussed disconnections which rely on an additional carbon linchpidirédog

addition of an amino functionality onto an alkene is known as a hydroamination ré&&tion.

Shu (2021)

Mes-Acr-Ph (5 mol%),
2-NH2C6H4SH (30 mOl%), H

NH4)2CO3 (15 equiv),
N (NH,)2CO3 (15 equiv) X&EHZ
R

R 30 W blue LED, CH,Cl,/PhCI (10:1),
/ rt, 12 h \

X = Ar, OR*, NR*y; R = alkyl, H up to quant. yield

+ +
R ~__NH /'H
X/\\( NH; X 3

R

/
\

SET < S .— HAT
PC
NH»
\ o
CX
NH,
s +H*
hv PC @
NH»
Mes-Acr-Ph photoredox catalyst (PC): Mes
R" Rll
R'=H; R"= Me or | N BE~
R'=tBu; R"=H ‘ 4
R' l}l R’
Ph

Schemd..3-6: Photochemical hydroamination by Shu.
A recent example it installs the amino group in an unprotected fashion on substituted alkenes was
disclosed by Shu and aworkers Gchemel.3-6).8¢ In their work, they used simple ammonium carbonate
as a cosefficient and direct ammonia souf¢& a metalfree, photochemical reactidf® Regarding the
substrate scope, mainly vinyl arenes, vinyl ethers and vinyl amides were transformed to pniimay
with the nitrogen ending up in the bgdasition. However, trisubstituted alkenes were also shown to be
viable substrates which, in contrast, resulted in Markovnikov products. Mechanistically, they postulate that

a photocatalyst (PC, of the acridim family?) is initially excited by blue light and then oxidises the alkene
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to a radical cation intermediate. This species is trapped by ammonia originating from ammonium carbonate
and forms the ON bond and &-centered radical. The latter radical unaergia HATprocess and abstracts

a hydrogen atom which is provided by a parallel cycle involving an aromatic thiol anddkielagon of

the photocatalyst. The final primary amine is eventually obtained after deprotonation. Albeit the reaction
used conveient amino and hydrido sources and furnished the amine in its unprotected form, only vinyl
arenes could be used to obtain -déirkovnikov products. A complementary transformation which would

result in antiMarkovnikov products of unactivated, aliphatikehes was thus sought after.

A different approach using a copper catalysed system with hydroxylateied electrophilic amino
surrogates eventually allowed for the use of unactivated alkenes and installation of the amino group in an
anti-Markovnikov fashior?*®2 The group of Miura and Hirano and the group of Buchwald reported
independently a hydroamination reaction using alkoxysilanes as the hydrido ¥dtvea.though when
starting from vinyl arenes thei ® bond was formed at th®nzylic position, unactivated, terminal alkenes
showed excellent anllarkovnikov selectivity. As aminating reagents, electrophilic benzoyl estéNof
dialkylated hydroxylamines were used which led to the installatiteriddryamines. Further devgiment

in this field resulted not only in extending the scope of the carbon bakinelso of the introduced
amino moiety?® including an imineprotected amineSchemel.3-7).%

Mechanistically?’ the reaction is proposed to start with the formation of the active catalytic species by
reduction of a copper(ll) preatalyst by the silane, reaction with a bulky bisphosphine ligand and
subsequent dissociation into a monomeric copyeride species. Ehfollowing hydrecupration step was
observed to be rat@etermining when unactivated terminal alkenes were investigated. Interception of this
intermediate with an electrophilici® reagent forms the desiredICbond. The presumed copper alkoxide
which isstill attached to the product molecule is then reduwéac 1hbnd metathesis, regenerating the
active copper hydride catalyst and liberating the imine product in the process. The imine could be
hydrolysed in a subsequent step by adding methanolic hyldroryonium chloride to the reaction mixture.

If vinyl arenes are utilised in the reaction, the hydupration step installs the metal at the benzylic position,
enabling an enantioselective Markovnikov hydroaminatfon.

Although the resulting imines reqatt an additional step to be unmasked, this step proceeded smoothly
and in the same reaction vessel. Due to their facile hydrolysis, free and substituted imines are a recurring

motif in Ci N bondforming reactions to afford primary amin¥s.
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Buchwald (2018)
1) Cu(OAc), (5 mol%),

(S)-DTBM-SEGPHOS (5.5 mol%),
benzisoxazole R10b (1.5 equiv)
Me(OMe),SiH (3.2 equiv),

PN THF. 45 °C. 20 h . R)\/NHZ
2) NH,OH + HCI, MeOH, rt, 30 min J

R = alkyl up to 86% yield

LCuO

)\/CuL* )\/N < 2)

Ar
H

/ HSiMe(OMe), R

HCuL*

cu©Acy, Nt
HyCuyL*,

>—

(S)-DTBM-SEGPHOS

PAr', 0OSiMe(OMe),
PAr' 2 gj/

Schemd..3-7: Coppercatalysed hydroamination by Buchwald.
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1.4 Aminative Difunctionalisationi Taking two Steps at once

Hydroamination reactions of alkenes were discussed above é¢omkext of forming a C(Shi N bond, but

they are simultaneously part of the broader class of vicinal aminofunctionalisation reactions of'&lkenes.
Instead of installing a hydride alpha to the amine, a different, ideally useful functional handle could be
introduced to streamline the synthesis of densely functionalised amines. In the following section, several
aminative (pseudo)halodifunctionalisation reactionsamely aminochlorination, aminofluorination and
aminoazidation will be presented together witminohydroxylation reactions. A focus will be laid on the
terminal installation of primary amino groups on an alkene by an electrophilic, intermolecular three
component strategy and their development into protegiiogpfree transformations. Other

difunctionalisation reactions, like aminothiolati8hwill not be discussed in greater detail.

1.4.1 Aminochlorination of alkenes
A target for aminofunctionalisation of alkenes has been the aminohalogéttatiespecially the
aminochlorination of alkenes tob t achleroarfine products with interesting propeffiésr as precursor
for aziridinest®410°
The addition ofN-chloroamines across a double bond was pioneered by the two groups éf’Neale
Minisci'®” (Schemel.4-1).

Neale (1963)

4M H,SO4/AcOH,  Cl R’
NR'
A + ¢ V\/N\R.
-510 15°C, 0.5 h
R1b
1.0 equiv (1.0 equiv, in situ)
R'= alkyl up to 60% yield

Minisci (1964)

FeCls + 6 H,0 (0.2 eq)
O FeSO,e 7 H,0 (1 eq),
_ - Cl
~  *
R MeOH, 0 °C R)\/N
2.0 equiv R1b

R = butyl 62% yield

Schemd..4-1: Historic aminochlorination using Mhloroamines by Neale and by Minisci.
Both groups agreed in general that a radical mechanism was operative, whereas Neale transformed reactive

alkenes (dienes, diphenylethylene, norbornadiene) under acidic conditions and Minisci and Galli reported
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the use of an iron(lll) catalyst with a stoicmetric amount of iron(ll) salt. The latter group further
mentioned that a copper(l)/copper(ll) pair was also competent.

Minisci and Galli identified similarities betwedd-chloroaminesR1b and the aminating agent HOSA
R5a'%® which led to a publication in965 about the aminochlorination of alkenes affording unprotected
primary amines $chemel.4-2).1%° Though limited in scope (hekene, cyclohexene, styrene) and in
modest yield, it laid the foundation for several other discovéties.

Simultaneously, Schradié and the group of Swettt reported a transformation which used either
chlorourea oN,N-dichlorourea as aminating age®chemel.4-2). A variety of alkenes could be used as
limiting reagent to obtaifl-c ar bamat e pr o-thieroameed uppnrraduntave workup fvith an
aqueous bisulfite solution. Though a protected amino group was installed, carbamates are conveniently

deprotected under mild conditioHs.

Minisci (1965/1966) FeCly - 6 H,0 (0.2 eq)

_ FeCl, » 3 Hy0 (1 eq), Cl
03S0.+
Ry + 0 NHg oo R)\/NHz
| |
R' R5a eun. R
2.0 equiv
R = phenyl, butyl, -cyclohexyl up to 45% yield
Swern (1966); Schrage (1966)
(0] PhH, rt, Cl H
B > N OEt
RO XCINJ\OEt for X = H: hv; R)\/ hil
R1d,e for X = CI: then o)
1.0 equiv (1.0 equiv)  NaHSOj; (aq)
R =alkyl, aryl X=CI, H up to 80% yield

Schemd..4-2: Unprotected and carbamate protected primary aminochlorination by Minisci and by Swern.
Over several decades, further work in the field of protected primary aminochlorination of alkenes resulted
in the use of several protéwy groups, such as amid&s azide$™, imides?®, nitro''’, sulfonamides®

(including the use of NF8F and chloramin€?9 and sulfoximine¥t

Morandi (2018
( ) Fe(acac), (5 mol%),

N NaCl (1.05 equiv), Cl
_NH -
RTX: * PvO” > R)\/NH2
-OTf MeOH/CH,CI, (3:1),
R6a rt, 16 h
R = alkyl, aryl (2.5 equiv) up to 84% yield

Schemd..4-3: Unprotected primey aminochlorination by Morandi.
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It was not until 2018 that the group of Morandi reported an unprotected aminochlorination using alkenes

as the limiting reagensgchemel.4-3).22l nspi red by Mini sci 6s -Gewiethl. on HOS
used a modified ammonium triflate  reagent, namelY-pivaloylhydroxylammonium
trifluoromethanesulfonate, PivONBTf or PONTR6a.223 The authors demonstrated that several aliphatic

al kenes and vinyl arenes could be us e-dhlomaninksi mi t i n
in excell ent mar kovni kov sel ecti vi t-ghlorcamimamotife r , mu

were studied to show its synthetic utility, such as the synthesis of aziridines, and regioselective reduction

to branched and linear amines.

Guan, Bi & Fu (2019)

j\ Cul (30 mol%), k
NR'R" o
+ oy NR'R
gaQ” N T X PhMe o MeCN, 8AQ” 0
R1b, R2 70°C, 1h
R = alkyl, H: (2.5 equiv) up to 93% yield
R’ R" = alkyl X =Cl, Br

Leonori (2020
( ) Ru(bpy)3(PFg)2 (1 mol%),

. TFA(1.05 equiv), ¢l R
R + C|/NRR R)\/N\R"
blue LED, CH,Cl,
R1b 0°C,16h
(1.2 equiv, in situ)
R = alkyl, aryl R', R" = alkyl, H up to quant. yield

Schemd..4-4: Recent unprotected secondary dadiary aminochlorination reactions by Guan, Bu & Fu

and Leonori.
Inspired by these results, recently other research groups explored this field further and reported the synthesis
of unproteted secondary artdrtiary b-chloroamines has emergesichemel.4-4).
A collaborative work by the groups of Guan, Bi and Fu used a directing graipgst (8AQ = &
aminoquinoline) with copper catalysis to instittiary N-chloro- and N-bromoamines onto alken&s.

Tertiary and some secondawychloroamines were utilised later by Leonori in a photoinduced reaction with

alkeneg?s
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Extending the concept of iron catalysed aminochlorination reactions, the Morandi group avoided the use
or in situsynthesis of unstabM-haloalkyl reagent¥® Falk et al.investigated the use of stalle
substitutedD-pivaloyl hydroxyl ammonium reagentacdiscovered the beneficial effect of Lewis acids

for these transformations.

Morandi (2020)

Fe(acac), (5 mol%),
Sc(OTf)3 (7.5 mol%)
R17 >y orAlICl3 (10 mol%), 17~
H. ! NaClorLiCl(1.05equiv), ¢ R
RFXy * PO+ R? g R)v “R2
“OTf CH,CIo/HFIP (9:1) or
Réb,c CH,Cly/nBuOH (1:1),

(2.5 equiv) rt, 16 h
R=alkyl R'=alkyl if R? = H, up to 64% yield
R? = H or cycloalkyl if R? = cycloalkyl, up to 87% yield

Schemd..4-5: Recent unprotected secondary dadiary aminochlorination by Morandi.

1.4.2 Aminofluorination
Similar to the described aminochlorination of alkenes, aminobromid&tiand aminoidodinatior®
reactions were implemented in related processes. In contrast, however, aminofluorination reactions remain
a challenge and no reports are knote® date which transforms unactivated alkenes into unprotected,
p r i mdluopamines.
After initial nitrofluorination'®® of alkenes and multiple intramolecular methésa report about an
intermolecular aminofluorination of unfunctionalised alkenesguaiimydroxylamine derived reagent was
disclosed by the group of X$¢hemel.4-6).1%! For their iron catalysed reaction, aliphatic alkenes, vinyl
arenes and conjugated dienes were suitable substrates. When using a chiral pybox ligand, enantioselectivity
could be induced in the aminofluorination of indene. Further, it was demonstrated that the d¥tained
carbamate protected amino functionality could beveaiently deprotected under basic conditions.
Mechanistically, the authors proposed an initial reductive cleavage ofi thebbhd with an iron catalyst
to form an ironnitrenoid. Next, this species could add to the alkene to foGycantered radical. Single
electron transfer from the radical species to the high valent iron catalyst would result in oxidation to a
carbocation intermediate with concomitant cleavage of the benzoate. Subsequent trapping with nucleophilic
fluoride wouldaf or d t h dluobeahanrate. dn aternative rowti@ intermediary formation of an

oxazoline which opens up under Lewisidic conditions was not ruled out.

21



Chapterl - An Introduction to the Synthesis of Ugpected Primary Amines

Xu (2016)
iron cat (10 mol%),
F3C.__CF3Et;N+HF (1.5 equiv), e FsC

H XtalFluor-E (2.5 eqLiiv), )\/H
R © Bzo’N\ﬂ/O R N\n/o

DCM, —30 to
O ~15°C, 16 h N 0O
_ R7a
R=alkyl, (4 1 equiv) up to 91% yield
aryl, vinyl
R
BzO~
Z
N
E-
_FeL
BzO yo "
Fe'L,
iron cat.: e XtalFluor-E:
N 2 BF,
| OH, .
O~ A0 NS
N < BF,4
N_Fle_N F/ \F
N
H,O I‘I
L Ve i

Schemd..4-6: Protected, primary aminofluorination by Xu.

Over the years, many other protected, primary aminofluorination reactions have been reported, many of
which utilizing azides$® (bis)sulfonamides® sulfoximines!* and amide's® as very robust protecting
groups. A comparabl e carbamate protecting group

co-worker in a photochemical transformatidchemel.4-7).1%6
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Studer (2018) Mes-Acr-Me (5 mol%),
Selectfluor (2 equiv),

COxH Na,HPO, (3 equiv),
R/\ +Me%\O,NHTroc )\/NHTroc
Me MeCN/H,0 (2:1),
R9c blue LED, rt, 16 h
R = alkyl, aryl (1.5 equiv) up to 93% yield
Mes-Acr-Me photocatalyst: Troc =
Mes

R N R* Ox_O-_CCls
L i
R' N R' AYAVAVal
Ph

Schemd..4-7: Protected primary aminofluorination by Studer.
Among the synthesis ¢értiary b-fluoroamines, the selectfluor based, protected methodology by E&€ctka
and the unprotected version by Fu andwvaokers Schemel.4-8) deserve special mentid#. The latter
approach used a silver fluoride mediated reactiomahrbmodialkylamines.

Fu (2022) .
ligand (20 mol%),
DMAP (1.0 equiv), . R
oe AgF (3.0 equiv) |
N+ g \RR - R)\/N\R“
CH,CI,/HFIP (7.5:1),
R2 40°C,8h
R = alkyl, aryl (2.0 equiv) up to 84% yield
terpyridine ligands used:
tBu 4-BrCgH,4
NS
| NTONTYTS | X N N
N N
Bu” 7 Z By N N~

Schemd..4-8: Unprotectedertiary aminofluorination by Fu

1.4.3 Aminoazidation of alkenes
A common use for the aboyer e s e-hatoaminesf® and also aziridine¥?is as precursors for value
added vicinal diamine$! However, considering both the pseudohalétfeproperties and the use as

masked amine, azides emerged as a prominent target for several diamination reactions. Especially the
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installation of exactly one azido group next to a different nitrogen functionality is desired to allow for
subsequent transforii@n of both (masked) amino groups.

Minisci (1966)
Fez(SO4)3 (25 m0|%)
FeSO, * 7 H,O (1 equiv),

- NaN; (1 equiv),
0380+
P + ° NHj o~ NHz
MeOH, rt
2.1 equiv R5a 15% yield

Schemd..4-9: Unprotected primary aminoazidation by Minisci.
At the same time as their aminochlorination, Minisci and Ggiorted a primary, aminoazidation reaction
with HOSA (Schemel.4-9).14 Unfortunately, again a stoichiometric metal reductant was used and styrene

as he sole investigated alkene was employed infold excess to be transformed in very low yield.

More than half a centutf passed until a new report about an intermolecular aminoazidation reaction
emerged $chemel.4-10).24°

Studer (2014)
CuCl (5 mol%),

phenanthroline (5 mol%),
RNt p-N(SOPh) TMSNS (1.5 equiv), )\/N (SOzPh),

( R3 1,2-DCE, 70 °C, 1 h \
R = aryl 1.5 equiv) L up to 78% yield
I
[Cu']
F~ Cl

T,
F—[C?J"]—N(SO3Ph)2
Cl

R)\/
L
| TMSNmMSF
F—[Cll.llll]—N(SO3Ph)2 , |

LCuClI

Schemd..4-10: Bissulfonamide protected primary amination by Studer.
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Studer and Zhang described a coppaalysed aminoazidation on vinyl arenes to install bissulfonamide
protected primary amines. As the nitrogen source, they used Btdllerobenzenesulfonimide (NFSI).
Mechanistically, they proposed that th& fNbond isinitially reduced by copper(l) chloride to give an
equilibrium between a copper(lll) species and a copper(ll) stabilldemkntered radical. The
bissulfonylamidyl radical could then add to the alkene, followed by a recombination Gfdéetered
radicalwith the copper catalyst. Direct aminocupration was ruled out siacgstereochemistry could be
observed with a geometrically locked substrate. Substitution of the fluoride ligand of the copper(lll)
complex with an azide from trimethylsilyl azide, st#ie stage for a reductive elimination to reveal the
product and the copper(l) catalyst. A radical clock probe opened up under standard reaction conditions
which hints towards a radical pathway. However, a carbocationic mechanism could not be rule@émut. Lat
the group of Li showed that an iron catalyst could be used as a catalyst instead, enabling the aminoazidation

of vinyl arenes and unactivated, aliphatic alkefies.
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Bao (2021)
Fe(OTf), (1 mol%), N3
dbfox ligand (1.2 mol%),
RN+ p-N(SOPH) gand ( ) A N(SOPh),
TMSN; (2.5 equiv),
R3 CHCI3 rt, 48 h  yp to quant. yield,
R =aryl (2.5 equiv) up to 90% ee
TMSN4 TMSX
X
| N
/Fe\
N | ~o
~~—1 _~—
N5 [
X
Ar N(SO,Ph),
N(SO,Ph), J/ ﬁ N(SO,Ph),
Ar
Ar
X. |-
N[
¥|/
X
dbfox ligand O O
Ar = p-tert-butylphenyl,
@) p-tert-heptylphenyl
O™ N 7 0
\\<N N\/l
Ar AP

Schemd.4-11: Asymmetric irorcatalysed sulfonamidoazidation by Bao.
Following up on these results, the group of Bao demonstrated an asymmetgatalysed aminoazidation
reaction 8chemel.4-11).24” Transferring their experience from an asymmetric trifluoromethylazidation
reactiont*® they used a chiral dbfox ligand to achieve enantiocontrol over the installed azide group.
Mechanistially, the authors proposed a catalytic cycle reminiscent of the one from Zhang and Studer, using
an iron(Il)/iron(lll) cycle instead. The enantioselectivity determining step is claimed to be the transfer of
an azidyl group from a chiral iron(lll) speciesa benzylic radical.
Other aminoazidation reactions that introduceNa-bissulfonamide protected amino group made use of
rhodium catalysis or other aminating reagéfitélsing photochemistry further enables the installation of

hydrazine or diazo groums masked amines along with the azide nieftif.
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Zhu (2021)

R CuCl (5 mol%), R
BFE, T [ fac-Ir(ppy)s (1 mol%),
X + N TMSNj3 (2.0 equiv), N
BocHN™ +
e NHBoc
blue LED, CHCI3 rt, 3h N3
1.2 equiv R4c
R = aryl, alkyl up to 91% yield
Winstein [3,3]-rearrangement
N
N -
2 PPh3
)\/\/NHBOC /\/\/NHBoc /\)\/NHBOC
up to 10:1 rr up to 20:1 rr

Schemd..4-12: Boc-protected primary aminoazidation by Zhu.
Using atert-butyloxycarbonyl (Boc) containing reagent, a more @miently cleavable protecting group
was introduced by Zhu and -wmrkers Schemel.4-12)."*! In a recent lightdriven reaction, arlN-
amidopyridinium salt was used as amino source and limiting reagent. Transforming aryl substituted dienes
resulted in excellerdhemoselectivity, giving 1;addition products of the terminal double bond. In contrast,
alkyl substituted dienes afforded a mixture between 1,2 andmi3oazides, but the ratio could be
increased towards the terminal isomer by exploiting a WinStemearrangement with concurrent

Staudinger reduction.

Guan, Bi & Fu (2019)
Cul (20 mol%),

Lil (0.5 equiv), '
0 . O N3 R
v NaNj (1.5 equiv), 3
_NRR 3 )
8AQ)K\;\ * Br 8AQ)K/\)R\/N\R“
R2a MeCN,
(2.5 equiv) 50°C,1h up to 92% yield

R =alkyl, H R, R" = alkyl

Schemd..4-13: Unprotectedertiary aminoazidation by Guan, Bi and Fu.

In their work on the directed aminofunctionalisatio accestertiary b-chloro- and-bromoamines
(Schemel .4-4), the groups of Guan, Bi & Fu further described the catalytic, protegtmgpfree
aminoazidation reaction to affotertiaryb-azidoamines§chemel.4-13).2%3 SinceN-azidoamines are
inaccessible, they usétibromoamines and added exogenous sodium or silver azide to enable this

transformation.
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1.4.4 Aminohydroxylation of alkenes
Similar to vicinal dinitrogen motives, vicinal amino alcohols are an impoatashtfrequently encountered
structural elemerit* Synthetically they can be accessed for examipleng opening of a three membered
aza or oxaheterocycle with a suitable nucleophitereduction after a nitroaldol coupling reactiefror
by oxidation ofa 2borylalkylamine. The latter could be accessed from an alkersn aminoborylation
reactiont>” However, the direct installation of an amiramd hydroxy group simultaneously on an alkene
is a crucial reaction which attracted the attention of sevesabrch groups.
Pioneers in the field of synthesisi@gunsubstituted ani-protected 1,2aminoalcohols include Sharpless
and ceworkers who developed their eponymous osmaatalysed aminohydroxylation reactiddcheme
1.4-14).158

Sharpless (1976) 0s0y (1 mol%)
4 o/

; OH
AgNO3; (up to 1.25 equiv),
TsN CINa NHT:
R)\/ S

/\ +
RTS *3H;0 tBUOH,
R = alkyl, aryl R1f 25-60°C,2-72h  yp to 76% yield,
(1.25 equiv) up to 3.8:1 rr
Sharpless (1978) 0s0y4 (1 mol%),
AgNO3 (3.0 equiv), OH
H,0 (4.5 equiv),
R ° BocNCINa > R)\/NHBOC
MeCN/tBuOH (20:1),
R = alkyl, aryl R1g rt,2—-6nh up to 69% yield,
(1.5 equiv) up to 6.8:1 rr

Schemd..4-14: N-Protected aminohydroxylation byh&pless.
Using Chloramin€l R1f as an amino source allowed for the installation of a sulphonamide protected amino

group, mainly at the terminal position of an alkélié\s substrates, alkyl and aryl substituted alkenes were
transformed with excellent sewselectivity. However, regioselectivity of the reaction was often low
(between 3.8:1 to 1:2.8). A strongly substratdependant effect of silver nitrate addition was observed,
ranging from critical improvement (up to nearly double the yield) to an aloongplete shutdown of the
reaction.

This silver effect was taken into account when in following studies the Sharpless group developed a protocol
to install a more easily removal¥eBoc protecting group®

Among many advances in this fiéft,hydroxylamine derived reagents were added to the list of vidble
protected amino sourcé¥.However, the main reason this transformation was successfully established as
a widely used, powerful, synthetic tool is most likely owing to its excebgnistaeoselectivity and

asymmetric versions to achieve excellent enantioselecti¥ity.
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R o‘%s~‘o NHP

Figure 1-3: Mechanistic proposal for the osmium catalysed aminohydroxylation by Sharpless.

The mechanism of this intriguing reaction was carefully studigute 1-3).1%4 It is assumed that an
imidotrioxoosmium species adds to an alkengymfashion to form an osmium azaglycolate intermediate.
Though a stepwise pathway including a formal [2+2] cycloaddition to an osmaazetidine with a subsequent
1,2-migration of the COs bond coul be in operation, a concerted-23 cycloaddition is preferred on basis

of studies on the closely related bishydroxylation reacfioin. the next step, a reoxidation by the nitrogen
source occurs to afford an oxidised azaglycolate species. This species is then hydrolysed to afford the
aminoalcohol product and the regenerated osmium(VIIl) catalyst. Under some conditions, a secondary,
deleterious catalytic cycle could be feasible which entails the addition of a second alkene and the formation
of a bis(azaglycolate)osmium species before hydisl

Though the reactivity of the osmiupatalysed aminohydroxylation reaction remains unparalleled, the high
toxicity of the metal catalyst is considered a severe drawback. In the search for alternatives, many research
groups investigated different appahes, with a focus on the use of less harmful-mabie metal
catalystg'%¢ Especially the studies of the groups of Y¥8(copper& iron-catalysis), Xt (iron catalysis)

and Wanéf® (coppercatalysis) extended the scope of intermolecular aminooxygenaitiogit yielding

both amino and hydroxfunctionality in a protected forii®°
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Morandi (2016)
R + Fe(Pc), (5 mol%),

“NH
R/K * PVOT 3

OTf MeCN/H20 (2:1),
R6a rt, 16 h

R =aryl, R'"=H; (2.5 equiv) up to 96% yield
R, R' = alkyl

. OH
RR>I\/NH2

Schemd..4-15: Unprotected, primary aminohydroxylation by Legnani et al.
Reactions which transfim an alkene into completely unprotected vicinal amino alcohols have been studied
in greater detail only in recent years. The group of Morandi got inspired by initial results of Minisci about
an aminomethoxylation reactithand developed an irecatalysecaminohydroxylation reactiorcheme
1.4-15).12 By combining hydroxylammonium reagent POR®a as an amino source with an aqueous or
alcoholic solvent system as hydroxy/alkoxy donor Legeaiail. transformed styrene derivatives and-1,1
disubstituted alkenes to the corresponding aminoalcohol or, respectively, aminoether. Its synthetic
significancewas later demonstrated in the synthesis of natural products using renewable plant fé&dstock.

OMe
NH
MeOH NH
AT Ar/<’ —_— Ar)\/ 2
riJH
Fel'X, Fe'X,
+
_NH
by-products 2 PivO 3
“OTf

Figure 1-4: Simplified mechanistic proposal for the aminoalkoxylation reacttodied by Chatterjee et al.

Recently, a collaborative, mechanistic study orchestrated by Dr. Chattgkabout the irorcatalysed
aminoetherification was publishét. With the help of DFT calculations and an arsenal of several
spectroscopic methods, a mechanism was propdésgdré 1-4). Starting from an iron(ll) atalyst, the
hydroxylammonium reagent acts as both oxidant and amino donor to afford an Hiomiii)
intermediate. This species then is able to aminate vinyl arenes to form aziridines which are prone to
nucleophilic opening under reaction conditionsweéver, several aspects of the reaction are still not fully

understoodi.e. the particular role of the triflate counterion or nucleophilic ring opening.
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Arnold (2019)
Rma cyt ¢ TQO variant,

"NH whole cells, R' OH
Ry * PvO" 7 R>l\/ NH,
“OTf M9-N medium,
R6a rt, 24 h up to 90% yield,
R = aryl (3.0 equiv) up to 2500 TTN,

up to 90% ee

Schemd..4-16: Unprotected, enzymatic primary aminohydroxylation by Arnold.
The iron catalysed aminohydroxylation reaction was further extended by an asymmetric variant using an
enzymatic approach by Arnold andheorkers Schemel.4-16).1”> Through directed evolution they arrived
at a suitable hemoprotein derived fr&macytochrome c which efficiently transformed styrene derivatives
in excellent enantioselectivity and remarkable 2500 TTN.
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1.5 Aminationof Nucleophilic Heteroatoms
Having thus far discussed several aminative mand difunctionalisation reactions of carbon nucleophiles

with electrophilic N LG reagents, it should be notédt these reagents further are an important tool in the

uncatalysed functionalisation of nucleophilic heteroatoms.

1.5.1 N-Amination of Amines
Indeed, the Raschig synthesis of hydrazine relies on the reaction of ammonia with electrophilic
monochloraminé’® An extension of this transformation to readily available amines would enable an

alternative route to substituted hydrazines, insteadalkylation!’’

Sommer (1925) +

KOH (2 eq), [}1H3
H,0, -
NH  + 0480.% : rNH X
R 3 0°-100°C,
1.0 eq R5a then acidic workup
_ (1.0 eq) o vi
R = Me, Ph up to 48% yield
Sisler (1956)
H neat, NH _
s ~ + CI\ o ,N\ CI
R™ Ry NH, _45t00°C,1h R Ry
solvent R1a
R = alkyl up to 71% yield

Schemd..5-1: N-Amination with HOSA and monochloramine.

Early reports on this type of transformation by the group of Sommer in 1925 described the use of
hydroxylaminederived HOSA for the amination of primary as well as secondary anSohsifiel .5-1).178
Later, the substrate class was further extendeertiary amines and heterocycles as Wéllln a similar
fashion, monochloramine showed good reactivity with primary am#ibst also secondary amirt&sand

tertiaryamines®2were viable substrates.
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Tamura (1973)

B CH2C|2, ’TIHZ
N + Me3803\NH "N._ MesO"
R™ R 2 rt R é R
1.0 equiv R5b
R = alkyl, aryl (1.0 equiv) up to quant. yield
Oae (1975) N02 ’T‘HZ
o]
mR . dioxane, @-R
N~ >~ N~
7 O,N rt HaN"+ " ar0-
1.0 equiv R10a up to 95% yield
(1.0 equiv)
Bull & Luisi (2021) . TsOH (1.0 equiv),
R O NH, PhIO (2.5 equiv), +’}le ]
Neow I N TsO
R™ R HoN™ O MeCN. rt R |'q R
1.0 equiv 2.0 equiv 05-3h
R = alkyl, aryl up to quant. yield

Schemd..5-2: N-Amination oftertiary amines with MSH, DPN and iodine reagents.

Moreover,O-sulfonyl andO-aryl substituted reagents, like MSH and DPH, were suitable amino surrogates
to derivatise amin€e'$? especiallytertiaryamines$® and heterocycléd® (Schemel.5-2). Instead of using a
hydroxylaminederived reagent, Bull, Luisi and weorkers recently reported tid-amination oftertiary
amines by using a hypervalent iodine reagent as oxidant and aommoaibamate as nitrogen soutte.
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1.5.2 P-Amination of Phosphines

Within the group of pnictogens, the heavier analogue phosphorous was aminated under similar conditions
astertiaryamines. Though early pivotal reports by Staudinger on reactions betweenipbsspid azides
directly gave iminophosphoran¥$,chloraminé®® and other, hydroxylamine derived reagents could be
used as alternativeS¢hemel.5-3). Showcasing on the example of triphenylphosphine, a broad spectrum

of hydroxylaminederived reagents gave iminophosphoranes in excellent yields. Differsmibstitution

on hydroxylamines, such &sulfonate O-acyl, O-aryl, O-arylsulfonyl orO-phosphinyl groups, resulted
in potent reagents?

Appel (1958)

Ph "0,80.* MeOH, rt NH:
P # OTNHy T = B HSOy
Ph Ph Ph” 1 "Ph
R5a Ph
1.0 equiv (1.0 equiv) 69% isolated yield
Marmer (1972) N
Fh cr  MeOH, rt NHz
prPen  TOPNOGL T T g ©
NHs Ph
1.0 equiv R6a’ 48% yield
(1.0 equiv)
Tamura (1973) +
Ph Ard_10. CH,Cl, 0 °C, NH;
. N Jr//s\gLn NH, 272" " B X
Ph™ “Ph 10mn T pph
1.0 equiv n=01 up to 92% yield
1.0 equiv
Harger (1981) +
O - NH
Ph Ph_i_O. CH,CI, 5 min 2
b s CPTUNHy e ~ _P__ PPhO,
Ph”™ “Ph Ph Ph™ 1, Ph
1.1 equiv R8 quant. yield
(1.0 equiv)

Schemd..5-3: Primary P-Amination of triphenylphosphine.
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1.5.3 S-Amination of Thioethers
Another example ofdteroatom amination is the formation of sulfilimines from sulfides.
Similar in reactivity to amines and phosphines, thioether could be aminated-gitfonyl hydroxylamine
reagents HOSR'and MSH® (Schemel.54). Though in the initial report by Appel, monochloramine was
listed as viable amino transfer reagent, later contradicting studies by Braude and Cogliano described a
double amination at the $ut.!®® The scarcity of unprotected amination of sulfides might originate from

the low stability of alkyl sulfilimines and the consequent usk-pfotected alternative'$?

Appel (1958) NaOMe (2.0 equiv),

MeOH, NH
~S< * "0s80.+ ~Ss
R™R ""NH;  0-100°C, R™R
2.0 equiv R5a 2 min
R = alkyl
Tamura (1973, 1975) .
CH20|2’ rt, l|\|“_|2 -
s. + MesSOs. _S._ MesSO;3
1.0 equiv R5b
R = alkyl, aryl (1.0 equiv) up to quant. yield

Schemd..5-4: S-Amination of sulfides with HOSA and MSH.

35



Chapterl - An Introduction to the Synthesis of Unprotected Primary Amines

1.6 Project Aim

As demonstrated above, the electrophilic amination strategy is a powerful blueprint to constYtNC(sp
bonds. A series dD-functionalised hydroxylaminderived reagents are part ofalbox which enables

the installation of unprotected amino groups on a variety of functionalities. Especially the class of 1,2
aminaX-difunctionalisation reactions of alkenes represents a promising field to access densely
functionalised primary amines.

Several reports prior to this thesis showed precedents ofcittatysed reactions for aromatid K&
amination and the synthesis of unprotected aminoalcohols as weltlder@amines. However, many
promising functionalisation reactions remained understiidiespite their potential to unlock further

synthetically useful transformations.

_NH
RO™ ° =N
-OTf [::T/')
NN
chapter 2
X
> NH
R)V ’
chapter 2, 3
?
RN S

R™™"NH,

R R@ chapter 4

Figure 1-5: Aim towards the exploration of novel amination reactions.

One example woulde further aminative difunctionalisation of alkenes to introduce a second functionality
vicinal to a primary amineSjgure1-5). These functionalitiesould contain versatile (pseudo)halides, such
as fluoride, azide, cyanide, nitro or thiocyanate. Another promising endeavour could involve amination

reactions of heteroatoms to afford more complex structures or heterocycles.
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2 Characteristics of ©
substiuted Hydroxw

ammonium Reagents

Parts of the following chapter are based on works published as

S. Makai, E. Falk, B. MorandQrg. Synth202Q 97, 2071 216:
Preparation of GPivaloyl Hydroxylamine Triflic Acid

S. Makai, B. MorandiEncycl. Reagents Org. Synt#021, DOI 10.1002/047084289X.rn02415:
O-Pivaloyl Hydroxylamine Triflic Acid

S. Makai, E. Falk, B. Morandd. Am. Chem. So202Q 142 21548i 21555:
Direct Synthesis of UnprotectedAzidoamins from Alkenesia an Iron-Catalyzed

Difunctionalisation Reaction

This content includes results from a collaboration \Etit Falk, who supported the scalg of PONT
experimentally and analytically.

Further, this content includes results from thessuigion of student researchefsl e x  V ugssisted v i |
in the screening towards aminothiocyanation ighgbrination reactionsSuh Hyun Kangfocused on the

amination reaction of-phenyl pyridine with MSONEDTT.

37



Chapter2 - Characteristics of @Gubstituted Hydroxyammonum Reagents

2.1 Background and Motivation

A particularly interesting hydroxylaminderived electrophilic aminating reagent for the installation of

primary amines i©-pivaloylhydroxylammonium triflateR6a (for details, see chaptes3.1, 1.4.1and

144 . This novel compoundNHE®@ mbumesg astee ewlal claspreet a
synthetic chemist, such as commercial availability and-teng bexch stability!®> PONT is an easily

weighable colourless solid which exhibits good thermal stat$flifpSCGonset temperature at 166)

Further, its protonated form prevents a rearrangement fro®-teyl hydroxylamine to the more stable

N-acyl congenet®’ As stated by Marmer, unprotonated, n€apivaloyl hydroxylammine rearranges

within mere hours at room temperature, whereas it is stable as a solution in chloroform or as ammonium

chloride salt®®

Guimond/Fagnou (2011)

o) *NH Na,CO; (2.0 equiv), O
o+ PvOT A M opiv
Ar” Cl -OTf EtOAC/H,0 (2:1), ~ N
, 0°C,2h _
1.0 equiv R6a up to 80% yield

(1.0 equiv)
Scheme.1-1: First reported use of PONT as building block.
Historically, PONT was first reported by the group of Guimond/Fagnou as a convenient building block
towardsO-acyl hydroxamatesScheme2.1-1).1%° Theirgroup and the group of Glorit¥pioneered the use
of this functional group in rhodium catalysed annulation reactions to afford (dihydro)isoquinolones from
alkenes/alkynes Scheme2.1-2). Using N-pivaloxybenzamides, the hydroxamate functioned as both
directing group and internal oxidant to regenerate the catalyst LpOnbhind cleavage. Based on their

report, the scope of thieansformation was expandéd.
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Glorius (2011)

O [Cp*RhCl5], (2.5 mol%), O
N N/opiv _ CsOPiv (0.3 equiv), _ N NH
R H + R' . . R4
= PivOH (0.2 equiv), = R
EtOH, 80 °C, 16 h
1.5 equiv
R =EWG, H;
R' = (het)aryl, ester, H up to 88% yield

Guimond/Fagnou (2011)

O g [Cp*RAhClyl
0,
iy N OP|v / (0.5 mol%),
L~ CsOAc (2.0 equiv),
MeOH, rt, 16 h
1.1 equiv

R = EDG, EWG, H;
R' = alkyl, aryl up to quant. yield

Scheme.1-2: Rhodium catalysed annulation reaction by Glorius and Guimond/Fagnou.
Regarding the mechanism, Guimond andnvmokers proposed plausible catalytic cycle based on DFT
calculations of a simplified reactio®8¢heme2.1-3).
Starting from a rhodium(lll) species, a ligand exchangh an incoming hydroxamate takes place which
is deprotonated in the process. Teoordinated rhodium then inserts into a proximal areind Bond.
Subsequent dissociation of an acetic acid molecule gave space for the coordination of an acetylene
molecule Insertion of the latter into the carlionetal bond is followed by a reductive elimination and
ultimate G N bond formation. Rapid oxidative addition into the neighbouring hydroxamiage dond
reoxidises the rhodium catalyst. Deprotonation eventuallygesethe product isoquinolone, providing the
rhodium(lIl) species for the next cycle.
Apart from the synthesis of isoquinolon€spivaloyl hydroxamates found further applications as directing
group®or internal oxidarf?®in other reactions.
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Chapter2 - Characteristics of @Gubstituted Hydroxyammonium Reagents

(0]
(0]
NH
_OA
_ Ph)J\H ¢
HOAc
HOAc [Rh”']
o (0]
_OA
N/[Rhm] N C
P [Rhlll]
Me o
/O \O _OAc
[Rh]
Z 7\
H OAc
(o) OAc (o) HOAc
N _OAc
[R\hlll] N
° o) [Rhlll]
_OA
\ N ° C/
[Rh' CyH,

Scheme.1-3: Proposed mechanism for the rhodiaatalysed annulation reaction by Guimond/Fagnou.

Glorius (2013)
[Cp*RhCl5], (2.5 mol%),

e “NH A}ggE\Fef 1o0 o 2-pyr
c (1.0 equiv),
H + pivo" ° (1.0 equiv), NH,
OTf  MeCN, 100 °C, 16 h
2.1a Réa 2.1b, 40% yield
(1.0 equiv)

Scheme.1-4: First reported use of PONT as aminating reagent by Glorius.
The first use of PONT as aminating agent was reported by Glorius andrkers Gcheme2.1-4).204
During their investigation of a rhodium catalysegyzidyl directed CH carbamation reaction, they found
thatN-Boc protectedd-2,4,6trichlorobenzoyl hydroxylamine was the most suited reagent to introduce a

Boc-protected carbamate. However, they demonstrated that PONT could be used to afford an unprotected
anilineorthoto the directing group.
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Morandi (2016)
FeSO4 7 H2O

H + (5 mol%) NH
_NH , 2
+ PivO™  ° -
‘OTf MeCN/H,0 (2:1),

2.1¢ R6a r, 16 h 2.1d, 42% yield
(1.2 equiv)

(76% yield with MsONH3;OTf, R5d )

Scheme.1-5: Unprotected €CH amination by Morandi.
An iron-catalysed directingroupfree Q H amination was reported by the Morandi group using a similar
reagent $cheme2.1-5).2% Legnaniet al. discovered a novel reagent which had the pivaloyl group
substituted by a methyl sulfonyl. However, in their screening they disclosed that PONT was also a suitable
aminating reagent, albeit affording aniline in diminished vyield. Later fudlieother research groups
showed the beneficial effect of fluorinated solvent for this transformation and the uséeifzQyl
reagentg%
Altogether, these precedents show that PONT is a privileged reagent which would benefit further from a
costefficient largescale synthetic route and a more detailed structctigity-relationship study among its

O-congeners.
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Chapter2 - Characteristics of @Gubstituted Hydroxyammonium Reagents

2.2 Scaleup of PONT

Conceptubly the synthesis of PONT was planned in two steps usibgc as protecting groufy’ Starting
from commercially readily available and caficient N-boc hydroxylaminé® the first step installs a
pivaloyl group at the-position. A following deprotection step with triflic acid would cleave fiboc
group and simultaneously afford directly the desired ammonium salt.

2.2.1 O-Pivaloylation step of PONT synthesis

Piv,O
| yieldup to 86 % yield ¥
_NHBoc )O]\
HO B o NHBoc
2.2 2.3
PivCl, NEts A

yield up to 84 %

Scheme.2-1: Reported pivaloylating strategies forddc hydroxylamine.
For the first step, literature precedent listed two pivaloylating reaggcheine.2-1).2°° The use of pivalic
anhydride in refluxing acetonitrile or chlorinated solvent gave high yields (up ta B&%o yield)?*° but
we found the removal of excess pivalic anhydfitieather tedious. We therefore opted for theosec
pivaloylating agent pivaloyl chloride which reportedly gave similar yields (84%).
We could indeed efficiently scale up a protocol to 4Z.3jusing equimolar amount of pivaloyl chloride,
triethylamine andN-boc hydroxylamine in methylene chloridSocheme?2.2-2). After filtration and
subsequet washing of the organic phase with water, aquétaldCQ; solutionand brine, concentration
of the organic phase yielded pteet-butyl pivaloyloxy carbamate in 96% yield. Drying under high vacuum

resulted in the desired product, analytically pure bgnelgal analysis.

PivCl (1.0 equiv),

NEt; (1.0 equiv), (0]
Ho™ 1508 T0ee M _NHBoc +  HNEtgl
solvent, 0 °C to rt Bu” O
2.2 2.3
solvent
CHyCl, Et,0 MTBE
96% yield (47 g) 95% yield (46 g) 94% yield (46 g)

Scheme.2-2: Scaleup of Opivaloylation step.
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However, we later envisioned an improved procedure with a different solvent. As the density of methylene
chloride is higher than water, washing steps during the swprgrocedure required the collection of the
organic phase for separation from the aquémyes. To avoid these additional manual operations, we tested
lower density and simultaneously more benign andefiisient Et,O as solvent. Fortunately, this ethereal
solvent resulted in similar yield. Woukp was further facilitated by the fact that -jpsoduct
triethylammonium chloride has a very low solubilitygiO. Its major part could be removed by filtration,
cutting down aqueous washes. RepladitgD by less hazardod’s methyl tert-butyl ether resulted in

comparable yield.

2.2.2 N-Boc deprotection step of PONT synthesis
The second step of the synthesis consisted of an acid mediated cleavagh-bbthprotecting group.
Following literature, we opted fd£t,O as reaction solvent withdditional pentane to precipitate out more
ammonium salt product at the end of the reaction. Filtration and drying of the resulting precipitate yielded
PONT on a 45 g scale in 80%, which was shown to be pure by elemental aisadiisis€.2-3).

TfOH (1.0 equiv),

Et,0, 0 °C to rt o O 0 H’STf
_NHBoc g NH + -
)J\ then pentane, )J\ 3 )J\O + > tBu
2.3 0°C

\& )kNHz *J

Scheme.2-3: Deprotection step with sideroduct formation.

To our surprise, we observed two minor impas in *H-NMR. One of those unidentified speciés
increased upon standing in deuterated dimethyl sulfoxide which could be avoided by switching to
deuterated acetonitrile. The other species could be later identifiedray &tystallography atert-butyl

adduct of the free basR§d), arising from nucleophilic attack on the intermedi@ny-butyl cation Figure

2-1).2'5 This adduct could not be removed by recrystallisation wiblutyl acetate, nor by changing the
reaction solvent!® Fortunately, solubility of PONR6ain chlorinated solvents is rather low which allowed

to remove theert-butyl adduct from the filter cakby washing with methylene chloride.

The thus obtainedll-tert-butylated reagernR6d was tested in several catalytic reactions but the desired

product could never be observed. Mostly unreacted reagent was observed, which is surprising given that,
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Chapter2 - Characteristics of Gubstituted Hydroxyammonium Reagents

based orX-ray structures, the iND bond of thetert-butyl reagent (1.4371(14) Ay is conceived to be
slightly weaker than the same bond in PONT (1.4234(16%.A)

Figure 2-1: Crystal structure oR6d Disorder from rotation ofert-butyl group around €C bond omitted for clarity.
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2.3 Targeting SCN and F for an Amino(pseudo)halogenation

Having established reliable access to aminating reagent ARG Twe applied it in the search for further
protectinggroup free aminofunctionalisation reactions of alkenes. Based on a preliminary report by
Minisci,?*® especially (pseudo)halide salts wergramising class of compounds for the introduction of

versatile functionalities.

Table2.3-1: Selected screening conditions for an aminothiocyanation reaction.

* metal cat. (5 mol%), SCN
Ry + pivo 3 NH
"OTf MSCN (1.1 equiv), R 2
R6a solvent, rt, 16 h 2.4
R =Ph, dec (2.5 equiv)

# Cat. SCNsource Solvent

1 Fe(acac), Fe(acac), NaSCN, KSCN, LiSC!

2 FeCk/bpy, Cul Methanol
FePc, FeCp CeCt, 0.471 1 M)
Mn(OTfg, Cu(OTf) NH:SCN

MeCN, MeOH/HFIP,

4 Fe(acac)

TFE

As a first pseudohalide, we probed the reactivitthiwicyanates{able2.3-1). This ambidentate salt could
be incorporated in two different directionalities, either forming & Gond or a second, masked amine in
the vicinal positiorf?° Unfortunately, no aminated prodts were obtained through a screening of various

reaction conditions.

In another approach, we turned towards fluoride and attempted an aminofluorination réadtie?.8-2).
Seminal irorcatalysed work from the group of Xu demonstrated the use of XtalFluor reagents as suitable
fluoride surrogate&! However, testing various reaction parameters, neither inorganic nor organic fluoride
sources afford® -flnoroamines. The low solubility of anionic fluoride as a reason for this inactivity could
be ruled out, as strategies to increase the solubility by the addition of-etbens or diaryl urea did not

improve the reactioff?
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Chapter2 - Characteristics of @Gubstituted Hydroxyammonium Reagents

+ Hs metal cat. (5 mol%),

Table2.3-2: Selected screening conditions for an aminofluorination reaction.
. N
R"X + PivO
OTf F source (1.1 equiv),

F
R )\/NHZ
solvent, rt, 16 h

R6a 25
R = Ph, dec (up to 2.5 equiv)

# Cat. F source Solvent
XtalFluor E/M,
Fe(acac), CsF + urea,
Fe(acac), CsF + crown ether,
FeCk/bpy, Cul NFSI Methanol
2 (0.47 1 M)
FePc, FeCp
CeCk, Mn(OTf},
Cul+phen, CsF
Cu(OTf)
MeCN, MeOH/HFIP,
4 Fe(acac)
TFE
R'_+_R' CF3 CF3
h 0
SF, ) )J\
BF4 FsC N~ N CF,
H H

R'= Et: XtalFluro-E
HNR'; = diarylurea
morpholine: XtalFluor-M

Fortunately, during the investigation of other (pseudo)halide groups, we found that azide salts were suitable
reaction partners in an aminofunctionalisation reaction to aff@didbamines. The development of this

transformation will be presented in détaia later chapter.
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2.4 StructureActivity Relationship of PONTO-Analogues

To study the characteristics @-substituted hydroxylammonium reagents, several analogues were
synthesised and tested in an heatalysed aminoazidation reactiorable2.4-1, see chapte8 for more
details). The stamig point for the study was PONRa) which afforded the product in 68% NMR yield.
Aminating reagents which were not based o@atyl group R5a, R7c, R10aperformed poorly, despite
their use in several aminofunctionalisation reactiéhdhe nature of the counter anion had a similar
important influence. Whereas chloride s&l6g) gave almost no product, fluorinated counter anions like
tetrafluoroborate 4.6b) and trifluoroacetate2(6q resulted in moderate product formation (around 40%
yield), albeit lower than their triflate counterpart. Turning towards differéacylated
hydroxylammonium triflate salts, we observed that reduction of the sterichatkf] or tethering 2.6g

i) on the pivaloyl end lowered the reactivity, but kepvduct formation relatively high (480%).

To further i nv e-substitgientorethetredagent eriefmetlyk groapfof tHe pivaloyl reagent
was replaced by an este?.§k) or a phenyl Z.6l) functionality. Both reagents underperformed in
compaison to the parentert-butyl reagent. To countercheck the changed electronic properties of the
homobenzoyl reagent, a probe without the geminal dimethyl group was used as a comparison. Lower
substitution resulted in this case in a slight increase inugtddrmation.

In conclusion, various alterations were tested yacyl reagents with triflate as counterion remained the
most privileged candidates for this type of aminofunctionalisation. From this, PR&) émerged as the

superior aminating reagefar the studied aminoazidation reaction.
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Chapter2 - Chasacteristics of @ubstituted Hydroxyammonium Reagents

Table2.4-1: Influence of Gsubstitution of hydroxylamirgerived reagents in an aminoazidation reaction.

. Fe(OTf), (5 mol%), N
_NH NaN3 (1.05 equiv),
Me\gg/\ + RO 3 3 ( quiv) . Me\gg)\/NHZ
X MeOH (0.4 M), rt, 16 h

0.2 mmol (2.5 equiv) crude "H-NMR yield

+

(e}
O,N NO
Q0 O/NH3 2 2
_8____NH, NH
(6] O o 2

R5a (<5%)

cr
2.6a (6%)*P

O +
Me)J\O/NH?’

2.6d (43%)

O
+
_NH
v o
2.69 (55%)

0]

Me Me
2.6k (ca. 14%)

0
.
MeOMO/Nm

O,N
R7c (ca. 12%)

O +
M N

BF,

tBu

2.6b (35%)?

O
Me\)J\O/ltng,

2.6e (55%)

0]
+
_NH
[:7/ﬂ\o :

2.6h (50%)

¥
Ph ~NH
0 3

Me Me
2.6l (ca. 30%)

R6a (68%)

10a (6%)

0 +
M s

F2CCO,”

tBu
2.6¢ (45%)3P

0]
+
M _NH
e\Hj\o 3

Me
2.6f (52%)

+

_NH
o 3

2.6i (42%)

o)
Ph\)l\o,ltng

2.6m (37%)

1 Unless stated otherwise;dbdecene was used as substrate and triflate as counter ion; (a) Ref@Ace)sed as
catalyst, PONT results in 65% vyield; (bpttene was used as substrate, PONT with Fe(£Ashlts in 60% yield.
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2.5 MsONT as arN-Aminating reagent

Intrigued by the report of PONT in directed KL amination 8cheme2.1-4)??* and having an improved
reagent for innate, aromatid B amination in hand?® the group of Morandi was interested to study the
effect ofO-mesylated reagent MsONBTf (MsONT, R5d) with a drecting group.

_ [RhCp*Cly], (5 mol%),
o TfO AgSbFg (20 mol%),
K2C03 (2 eqUiV),

" Me” H el NHs Ci3H11N3

MeCN, 90°C, 16 h

40% yield
(1. 2 equw)

E;: N Me jm"

N N\N kg"
- w
S

/>—Me '%,B-

proposed revised
benzimidazole triazolopyridine X-ray structure
Structure Structure
2.7 2.7

Scheme.5-1: Revisited reaction of MSONT withgheny! pyridine.
Under rhodium catalysis;@henyl pyridine was reacted by Legnani to a product witimiblecular formula

CisH1uN3z in 40% yield Scheme2.5-1).2%6 Initially, a directed €H aminationortho to the 2pyridyl

directing group was assumed withbsequent cyclisation with acetonitrile to form a benzimidazole product
2..70

Reuvisiting the reaction and screening several reaction parameters gave several, puzzling observations. On
one hand, a pyridyl directing group and potassium carbonate as a basedispensable for the reaction
outcome. Even related conditions, like related amido and imino directing group, and inorganic bases like
lithium carbonate or potassium acetate failed in forming the product. On the other hand, the reaction also
proceededn absence of a rhodincatalyst. Single crystal-say structure analysis eventually revealed a
triazolopyridine structur@.7.2?’

This motif likely arises from an initidll-amination of pyridine by MsONT, followed by deprotonation to

an ylide and final giolar (2+3)Huisgen cycloaddition with acetonitrile as dipolaropAtfelhough similar
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Chapter2 - Characteristics of @Gubstituted Hydroxyammonium Reagents

reactivity was already reported in the literattffdt highlights the difference in reactivity betwe@racyl
andO-sulfonyl substituted hydroxylamirreagents.

2.6 Conclusion and Outlook

We could show that the reactivity betwe@rsulfonyl andO-acyl hydroxylammonium reagents differ
significantly and could even result in completely different reactiltgininationvsCi H amination). From

a structureactivity relationship study, we concluded that the electronic properti@saof/| congeners seem

to have a more pronounced influence than steric demands.

Finetuning by using more or less electraithdrawing groups on the parent compounds would therefore
alter the reactivities ofD-acyl andO-sulfonyl reagentsHigure 2-2). EspeciallyO-acyl reagents with
electronwithdrawing Osubstituents and electrodleasing substitution o®-sulfonyl reagents might
exhibit new applications. Having a broader palette of aminating reagents could perhaps enable further

transformations, such as iron catalysed unprotected, primary amination of benzylic or allylic positions.

(0]
\\ 7/ + st . +
S. __NH 1 generation _NH
<o tBu)J\O 3
suitable for suitable for
-<—— aromatic C-H olefinic —>
amination amination
i
29 generation? NH
\\S// + H H o 3
F,c” 0" ?
0 O
¥ NH NH
Bu""Y0" ° | cle” ~o” ?
(0]
+
JNH,
FsC (0]

Figure 2-2: Ideas for the next generation ofsDbstituted hydroxylammonium reagents.
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3 Protectinggroup-free
Aminoazidatioras a

Diamination Strategy

Parts of the following chapter are based on works published as

S. Makai, E. Falk, B. Morandi. Am. Chem. So202Q 142 21548i 21555:
Direct Synthesis of Unprotected®Zidoamines from Alkengf an Iron-Catalyzed
Difunctionalisation Reaction

E. Falk, S. Makai, T. Delcaillau, L. Girtler, B. Morandi,

Angew.Chem. Int. Ed202Q 59, 21064i 21071:
Design and Scalable Synthesis eARyl-Hydroxylamine Reagents for the Direct, lfon

Catalyzed Installation of MedicinglRelevant Amines

This content includes results from a collaboration viatic Falk, who supported the aminoazidation

project with the synthesis of starting materials, scope entries and assistance of mechanistic experiments.
Further, this chapter includes results from the supervision of several student reseArthers: Vuj i no v i
assistd in the synthetic application of quinagolid@minique Luder investigated the asymmetric version

of the reaction using chiral ligandSian-Luca Lotscher was involved in the aminocyanation part.
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Chapter3 - Protectinggroupfree Aminoazidation as a Diamination Strategy

3.1 Background and motivation

Vicinal diamines are an importaclass of ubiquitous compounds whose synthesis from alkenes attracted
great attention over the past decatigarly examples of diamination reactions include the use of nitrous
oxide€® or tetrafluorohydraziré to achieve dinitration or diaminofluoritian of alkenes, respectively.

To explore alternatives to these hazardous gases or corrosive materials, several organometallic research
groups studied metahediated diamination reactions, using stoichiometric complexes of various metals,

such as thalliun3 osmium?3 palladium?*® mercury?% zinc>*” and cobalff®,

3.1.1 Diaminative Cyclisation

Chemler (2005)

, 00 0 0
R\//\ Y Cu(OAc), (3.0 equiv), , ¥
> N7 NHBN K,COj (2.0 equiv), R@’_/NBH
| DMF/DMSO,
90 °C, 48 h
R = alkyl, aryl up to 83% yield

Mufiz (2005)

0 Pd(OAc); (5.0 mol%), o)
R PS NMe,Cl/NaOAc (1.0 equiv), )L
R N™ "NHSO.Ar  PhI(OAc), (2.2 equiv), N” NSO2Ar
s -l
| CH2C|2’ R 1-3
rt, 12 h
R = alkyl, aryl up to 95% yield

Scheme.1-1: Tethered intramolecular diamination by Chemler and Mufiiz.

In 2005, theresearch groups of Chemi&rand MuiiiZ*’ independently reported ways to access diamines
from tethered substrateSgheme3.1-1). While the work of Chiler relied on supestoichiometric amount

of a copper(ll) promoter, cyclic heterocycles were obtained in high yields from alkenyl sulfinamides. Mufiiz
and ceworkers disclosed the use of a palladium catalyst with only 5 mol% loading to cyclise alkeryl urea
However, they were required to use a hypervalent iodine reagent as oxidant to drive the reaction and
regenerate the catalyst. Further studies on this class of tethered, intramolecular diamination reactions

showed the feasibility of other catalytic systeand oxidant¥'
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Lloyd-Jones & Booker-Milburn (2005)

PdCly(MeCN),
(5 mol%), O
“ )O]\ p-benzoquinone (1.0 equiv) R'N"(
RTYX"* RHN" “NHR 1oDME. R/\/K/NR'
. 60 °C, 18 -48 h
1.2 equiv
R = alkyl, aryl R'= alkyl up to quant. yield

Schemé.1-2: Intermolecular diaminative cyclisation reactions using urea by Lyodes & BookeMilburn.

In the same year, Lloydones, BookeMilburn ard coworkers demonstrated a catalytic intermolecular
diamination reaction to afford cyclic ure&8cheme3.1-2).24> While they could use simpld,Nédialkyl

ureas as nitrogen sourcésthey had to opt for dienes as a suitable reaction partner in the paHadium
catalysed process. The authors explained the advantage of dienes as they would form electadighilic
palladium intermediates in the process which are less likely to undehyalride elimination, thus
increasing the selectivity of the reaction. Later work by the group of Han and Gong rendered the reaction

enantioselective by adding a chiral pyrox ligaffd.

Du Bois (2014
( ) Rhy(esp), (2.0 mol%),

PhI(OAc), (1.1 equiv),

O 0 MgO (2.3 equiv), (I?//O
Xy + 4 iPrOAc, tt, 4 — 15 h, BocN—S
BocHN” > >NH, - L _NH

34a thenNal (1.1 equiv), DMF, R

R = alkyl, aryl (1.1 equiv) rM,3-24h up to 84% yield

Scheme.1-3: Rhodiumcatalysed diamination to a cyclic sulfamide by Du Bois.

A different approach to obtain a cyclic diamine from alkenes was presented by Du Bois\aoidkens
(Schemed.1-3).2* In their rhodiumcatalysed process, they initially formed aziridines from alkenes with
the aid of a hypervalent iodine reagentasoxidant. In a subsequent step in the same reaction vessel, an
iodide-mediated rearrangement to the cyclic sulfamide occurred. An advantage of their methodology is that
the formed monaarbamate protected cyclic sulfamides are labile enough to be @leader relatively

mild conditions (8C°C in aqueous pyridine). The thus formed mawboc protected vicinal diamines are

ideal substrates to be sequentially functionalised.

Apart from these strategies, other diazaheterocycles could be accessed from adkemeery electron

deficient alkene€s® or very oxidising condition&'’
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Shi (2007)
0]
R/\/\ +
tBuN—N{Bu
1.2 equiv R4a
R = alkyl, aryl
Shi (2007)
0]
R/\/\ +
tBuN—N{Bu
R4a
R = alkyl, aryl (1.5 equiv)
Shi (2007)
\//
R/\ + ™
tBuN—N{Bu
R4b
R = aryl (1.5 equiv)

Pd(PPhs), o)
(10 mol%),
» (BuN NtBu
CeDe, 2
65°C,<5h R =

up to quant. yield

CuCl (10 mol%),

P(OPh)3 (10 mOl%),‘ tBuN N#Bu

CeDs,

rt, 6 h R

up to 89% yield
CuCl (20 mol%), Q\S//O

P(nBu)3 (20 mOl%)‘ tBUN/ \NtBU

CDClj, R

50°C, 24 h

up to 91% yield

Scheme.1-4: Formation of diaza heterocycles using diaziridinone derivatives by Shi.

Instead ofusing an external oxidant, Shi andworkers pioneered the use oftdrt-butyl diaziridinone

R4aand its congeners for the construction of diaza heterocy®td®nes.1-4).248

Using a palladium catalyst on dienes, they demonstrated the highly apgistereoselective reaction of

the internal double bond to give imidazolidinones in a-t@mponent reactiott® This regioselectivity

could be inverted ifi coppercatalysed system was appli@dFor both transformations, a chiral ligand

could induce enantioselectivity: Keeping the diazirine motif, the same group developed analogues

reagents which enabled access to cyclic sulfarfitiesd cyclic guanidins®.
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0]
N 0
tBuN NtBu

R>_&: tBUN—NBu

PdL,
L

o O
>\"NtBu
tBuN Pd—L tBuN_  NitBu
Pd
R N\ L

O /\J
R
\ tBuN\)L,NtBu
Pd L

N
R\

Figure 3-1: Proposed mechanism for the diamination with diaziridinone by Shi.

The authors propose a catalytic cycle which starts with the oxidative additiopatibdium(0) catalyst

into the N'N bond of the diaziridinoneF{gure 3-1).2%* The resulting fosimembered palladacycle then
undergoes aligand exchangg t h t he diene substrate, foldiywwed by
palladium species. Eventual reductive elimination regenerates the catalyst and concomitantly releases the

desired imidazolidinone.

3.1.2 Acyclic, symmetrical Diamination
Instead ofinstalling a cyclic diamine entity on an alkene, two Htethered amindunctionalities could be
introduced in vicinal positions. Although the use of three unlinked components complicates the controlled
assembly of the diamine, these acyclic structuresvalbr a broader and more versatile range of amino
motifs to be accessed. This class of dinitrogenation reactions could be further categorised into symmetrical
or unsymmetrical diamination reactions, respective the nature of both formed (masked) athmeasito
groups are obtained with different protecting groups, their synthesis would be referred to as an
unsymmetrical diamination reaction.
A popular reaction class among symmetrical diamination reactions is the direct diazidation reaction of
alkenes Early reports of this type of reaction required the use of stoichiometric amounts of #&n(ll),
manganese(l1ff®or lead(IVy* salts to afford the desired product in good yields. However, they were soon

replaced by more benign reagents, like hypervatmtine oxidant$®® Although several reports operated
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well under transitiormetatfree conditiong>the addition of iron(ll), copper(l) or palladium@?catalysts

allowed for generally improved reactivity.

Xu (2016, 2018) FeX,/L (5 to 10 mol%),
oxidant (1.2 — 1.4 equiv),
TMSNs; (2.4 — 4.0 equiv), N
R/\ N
iPrOH (0 — 1.2 equiv), R)\/ 3
CH,Cl,/MeCN,

R = alkyl, aryl rt,1-3h up to 92% yield
oxrdants
3.1b OH

R' R Me 'V'e j\
O.
tBu” O Ph
R'=Ph, Me 3.1c

Scheme.1-5: Iron-catalysed diazidation by Xu.
An early ironcatalysed example was disclosed by the group ofStinéme3.1-5).25* Using a pyrox or
pybox ligand enabled the vicinal installation of two azido groups on unactivated and sigriveel
alkenes. Very good dstereoselectivity was achieved on internal alkenes (up to >20:1). As oxidant, initially
benziodoxole3.1bwas used but it could be later replaced by a baitahle peroxy est&.1c Xu and ce
workers further assessed the safety parameters of workingliaides and concluded that organic azides
with a carbon to nitrogen ratio > 1.5 are generally thermally stable, but might be-sepaittve’®? Their

work was recently complemented by other iron catalysed reactions and an enantioselective version

thered.?53
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Greaney (2015)
Cu(dap),Cl (1 mol%),
ABX (1.0 equiv), Nj

Ar/\ N
MeOH, dark, rt, 18 h Ar)V ’
5.0 equiv up to quant. yield
dap: ABX:
(0]
O
/
I
\
N3
R'=4-MeOCgH,4 Zhdankin's reagent

Scheme.1-6: Copper catalysed diazidation by Greaney.
At the same time, the group of Greaney published their work about a exgiplsed diazidation reaction
(Schemes.1-6).2%4 During their study of a photoredox azidation reaction, they discovered that a diazidation
reaction of styren¢ype alkenes occurs ithe absence of irradiation. As azide source and concurrent

oxidant, they used azidobenziodoxolone (ABX), a cyclic hypervalent iodine reagent initially reported by
Zhdankin and cavorkers?®®

Waser (2021) CuTc (2 mol%)
Selectfluor (1.1 equiv)
) or PIDA (1.3 equiv),
HN%] n TMSN; (2.2 equiv), Nuc
Pé - PG\ )\WNE;
n-onz MeCN, rt, 10 min N° o
PG = carbamate, then nucleophile
(sulfon)amide Nuc = carbanion up to 99% yield

via

N3
PG. )\HN3
H n+1
Scheme.1-7: Copper catalysed synthesis of diamines via diazidation by Waser.

Among the works which expanded the scope of copptalysed diazidation reactioff§ particularly the
report from the Waser group merits special recognit®chéme3.1-7).25” They expanded the scope of
functionalisable bonds beyond fQsingld bprmud®tvhdreas@adC dou
vinyl amide and carbamate afforded vicinal diazides, cyclopr@pg cyclobutylamides were transformed
into 1,3 and 1,4diazides, respectively. An elegant feature of their work was the increased leaving group

character of the azide moiety which ended up at the aminal position. This enabled facile differentiation
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between both azido groups and allowed for its replacement byagnadrcarbanion based nucleophiles to
formerly result in an overall modular synthesis\eprotected azidoamines.

Lin (2017)
MnBr; « 4 H,0 (5 mol%),
NaN3 (5.0 equiv), N3
RN ~ )\/N3
LiClO4 (1.8 equiv), HOAc/MeCN, R
RVC(+)/Pt(-), E=2.3V, )
R = alkyl, aryl rn,2—6h up to quant. yield

Schem@.1-8: Electrochemical diazidation by Lin.
After early reports in 1978 electrochemistry was recently rediscovered and optimised for diazidation
reactions, thus avoiding the use of external oxidising reagents. Lin amarkers combined the technology
with a manganese catalyst and transformlebad scope of aliphatic and styreserived alkenes into their
respective diazido productS¢hemes.1-8).2° Later work demonstrated that under simééectrochemical

conditions the catalyst could be replaced by an organocatalyst or a copper catalyst with only 200 ppm
loading?™

Mudiz (2011)
oxidant 3.1d (1.2 equiv),
HNMs, (2.4 equiv), NMs,

AT A~ NMs;

CH,Cl, 0 °C

up to 73% yield,
up to 95% ee

oxidant 3.1d
I(OAc),
MeO,C.__O OYCOZMe
I\:/Ie Me

Scheme.1-9: Chiral dibissulfonamidation of styrenes by Mufiiz.
A seminal work in the introduction of two identical bissulfonarpdetected amino groups on an alkene
was reported by the group of MufiBSdheme3.1-9).2’2 During their studies, they discovered that
hypervalent iodine reagents are potent oxidants in Areldiamination reactions. By using a chiral
oxidant3.1d, they could demonstrate the enantioselectivialiasion of these amino motifs. Later work by
the same group showed alternative protocols to reduce the loading of the chiral reagent to a catalytic

amount?”® Further development of the racemic version also included the iigtadylimideas an amino

58



surogate?’* The work of others groups disclosed different metahlysed strategies to afford fulby

benzenesulfonamiegrotected amines using NFBB.2"®

Mufiz (2011)
1) Red-Al (5 equiv), THF

NMs, 2) BzCl, NaH, THF NH;
NM32 > NH3
3) BuzSnH, AIBN,
PhMe, 110 °C 2CrI
3.1e 4) 6M HCl, 3.4f
dioxane, 100 °C 77% yield

Minakata (2021)

PhSH (3.3 equiv), +
NHNs K,CO3 (8.0 equiv), NH3
> +
|||NHNS MeCN,50 OC, 14h |||NH3
3.1g then isolation as 3.1h 2 TsO~
ammonium salt 73% yield

Scheme.1-10: Deprotection conditions of different sulfonamides.

However, a major drawback of the installation of the tetrasulfonasnitity is their tedious deprotection
sequence to reveal unprotected diamirgshéme3.1-10). As described by Mufiiz and -@eorkers, the
methanesulfonamide compouBdLe can be deprotected following a protocol which includes reductive
cleavage of two msyl groups, activation by benzoylation, reductive cleavage of the remaining two mesyl
protecting groups and eventual hydrolysis of the benzamide esters. The resulting diammordurhisalt
obtained in a very high overall yield, albeit the harsh conditicould arguably limit functional group
tolerance.

Therefore several groups focused on the introductions of more easily cleavable sulfoA%idakiable
extension to this reaction class was recently reported by the Minakata?grdtpy introduced under
iodine catalysis mono-nosyl protected amino motifs which could be removed subsequently in a thiol

mediated step.

3.1.3 Unsymmetrical Diamination
Although easily transformable amino moieties could be introduieesiymmetrical diaminatio strategies,
a major challenge is the subsequent, independent manipulation of both groups. Sometimes internal and
terminal masked amino functions may be differentiated by careful selection of deprotection coffditions,
however, this obstacle could be obviadggriori by following an unsymmetrical diamination strategy. This
would allow for the introduction of two neidentical amino groups with ideally orthogonal unmasking or

processing protocols. One method to accé&seal diamines iviaintermolecular amination reactions of a
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tethered substrate, resulting in one amino group contained as a cyclic&iimebtain two differently
protected, acyclic primary amino groups, several approaches have been proposedi€gyyecsinsists of
the amino azidation reaction manifold discussed earlier in this tloésibgpterl.4.3.

Muiiiz (201
uiiz (2010) o Pd(NCPh),Cl, (5 mol%),
PhI(OPiv); (1.1 equiv), NSacc
AL+ HNTs, (1.3 equiv),
PN pE 203, - AN,
0, CH,Cly 1t, 3 - 16 h

R = alkyl 3.1i up to 94% yield
(1.1 equiv)

Muiiz (2012)
0 Pd(NCPh),Cl, (10 mol%),

PhI (OPiv), (2.0 equiv), NTs,

HNTs, (1.2 equiv), z
tert-butylcatechol (cat), NPhth
1,2-DCE, 70 °C, 20 h

R = alkyl 3.1k up to 91% yield
1.0 equiv (1.0 equiv)

Steme3.1-11: Palladiumcatalysed unsymmetrical diamination reaction by Mufiiz.

Another class of methodologies were based on the seminal work of the Mufiz §chamé3.1-11).28°

They described a palladium catalysed reaction which installs a bissulfonamide protected amino group at
the terminal position of an aliphatic alkene together with a saccharin maditwl to it. Besides the
exploration of this combination for masked diamifféthe same group displayed the introduction of a
bissulfonamide/phthalimide pair ont@){alkenes with excellenanti-selectivity?®? In both methods,
selective cleavage of theaccharide/phthalimide protecting group could be achieved, leaving the
bissulfonamido group intact.

Other unsymmetrical diamines could be accessed from alkenes in one operation by opéenisitu of
generated aziridines with a suitable amino nucleofffide trapping of an intermediary carbocation with a
nitrile which eventually hydrolyses to an amido protected segfffent.

However, the concept of an intermolecular unsymmetrical diamination reaction which installs one amino
group in its unprotected form toder with a masked amino motif is underdeveloped, though highly
desirable. After initial, reliable derivatisation of the unprotected amine, the second amino group could be
unmasked ideally under mild conditions and engage subsequently in a second toamsition step. A

reaction manifold of this type would allow for a streamlined synthesis of unsymmetrical diamines.
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3.2 Design and Optimisation of an Aminoazidation reaction

Encouraged by precedents in protectijngupfree iron catalysed amination reactionur group’®® we

targeted an aminoazidation reaction as an ideal version of an unsymmetrical diamination reaction. To ensure
broad applicability from the start, we selected an aliphatic alkene as the model substrate inatalysed

system. Adaptinghe conditions of the aminochlorination reaction, we were pleased to observe the
formation of an azidoamine product in 36% NMR vyield which posed a great starting point for further
optimisation Table3.2-1). The remaining mass balance was mostly accounted for by unreacted starting

material.

Table3.2-1: Screening of various iron sources for ti@inoazidation reactiof.

"NH5 iron cat. (5 mol%), N3

N
Me + PivO~
N i Me\g)\/NHz
\%/\ OTf  NaNj (1.05 equiv), 9

MeOH (0.4 M), rt, 16 h

3.2a Ré6a 3.3a

(0.2 mmol) (2.5 equiv) ("H-NMR yield)
# Catalyst Yield # Catalyst (mol%b) Yield
1 Fe(acac)? 36 11 FeCp 64
2 Fe(OTf)? 56 12 [FeCp(CO})]2 64
3 Fe(OAc)? 57 13 FeCpPFs -
4 Fe(OMe)? 56 14  FeCh+2 AgNT$" 54
5 FeCh® 48 15 Fe(OTf). 68
6 FeCk? 38 16 Fe(OTf) (2) 53
7 FeBr,? 51 17 Fe(OAc) (5)° 64
8 Fe(BF:).A6ag? 37 18 Fe(OAc) (10)° 60
9 Fe(NH)A(SQ).A6a& 40 19 Fe(OAc) (20)° 55
10 FePc® - 20  Fe(OAc), purest® 66

Screening different iron(ll) salts, a wide range of suitable catalysts was discovered. Iron acetate, iron
methoxide and iron triflate quickly emerged as the most promising candidates, improving the yield to 57%
(entries 24). Particularly interesting waké fact, that iron(lll) salts in general,g. FeCk, also catalysed

the reaction, albeit with lower efficiency than their iron(ll) counterparts (entries 5, 6).

2 Reactions setup under air; @pct-1-ene was used in a MeOBH,Cl; (3:1) solvent mixture; (bj-dec1-ene was

used; (c) iro(ll) acetate, trace metal basis with a purity greater than 99.99% was used.
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On the contrary, iron(ll) phthalocyanine (entry 10) and other nitrbgeed ligandsyhich performed well

in the ironcatalysed aminomethoxylation reactiéti,were detrimental to the current transformation. As
the only exception, a class of scorpiorgfee ligands was found to maintain the reactivity of the reaction
when added®” These indings may anticipate that the aminoazidation reaction proogads different
mechanism than the aminomethoxylation reaction.

Surprisingly, ferrocene performed well as a catalyst (entry 11), despite strongly bound cyclopentadienyl
ligands. A hypothesiwhich included substitution of labile ligands by azido liganfisljapter3.4) seemed

not compatible with this catalyst. However, a differeréchanism might be in place for this specific
catalyst, similar to an aromatici 8 imidation reaction reported by Barah al?® They proposed that
ferrocene could act as a singllectron oxidant forming imidoyl radicals which then recombined with
arenes.Testing ferrocene for an aminoazidation reaction of styrene resulted in a complex mixture of
products, showing its incompatibility with aromatic substrates and agreeing with a possielelsictgon
pathway.

A second remarkable discovery among the smdeatalysts was the high performance of iron carbonyl,
an iron compound in the formal oxidation state of +I (entry 12). Together with the good reactivity of
iron(lll) salts, the question arises again if they follow the same mechanistic pathway a} cata(jsts.
However, iron(ll) salts were selected as preferred candidates regarding their better performance and more
convenient handling. Ultimately, iron(ll) triflate was chosen over iron(ll) acetate as it showed good stability
under air®®

A loading 0f5% iron catalyst proved to be ideal as@n decrease of the amount resulted in lower yield
(entries 1719). To validate that iron, and not a trace impurity of another metal is responsible for the
reactior?® an iron source with a trace metal basis pulitvel was tested which retained reactivity.
Screening of other metal saitsuch as copper, cobalt, nickel, manganese, and ruthérgomfirmed the
crucial role of iron as no other metal was able to catalyse the re#eétion.

After the selection of a caliytic system, we examined the effect of different aminating reage#nthépter

2.4). O-Pivaloyl analogue PONR6aremained the most efficient reagent, but a-smothalf-fold excess

turned out to be pivotal as the use of fewer equivalents reduced th&%ield
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Table3.2-2: Screening of azide sources for the aminoazitateaction?

*NH, Fe(OTf), (5 mol%), N

M . -
SN+ PVOT - Me%NHz
OTf MN3 (1.05 equiv), 9

MeOH (0.4 M), rt, 16 h

3.2a R6a 3.3a

(0.2 mmol) (2.5 equiv) ("H-NMR yield)
# Azide (equiv) Yield # Azide (equiv) Yield
1 NaNs 68 6  [(Me:N):,C(NH,)]N3® 54
2 NaN; (1.5) 60 7 NBWN;" 46
3 KNs" 61 8 P(O)(OPh}Ns -
4 LiN3 72 9 TMSN -
5 LiN3 (2.5) 75 10 TsNs -

Since theamino source could not be improved further, we turned towards the azide Sabe3(2-2).
Whereas all ionic azide sources resulted in product fimmacovalently bound, organic azides failed to

do so (entries-80). This was surprising, considering the common use of trimethylsilyl azide in related
azidation reactiong{.chapterl.4.3. Among azide salts, an inorganic cation was preferred. If sodium azide
was replaced by anhydrous lithium azide, especially when used in a higher excess, the highest yield
obtainable was 75% (entries 4, Bhis improvement could be due to the significant higher solubility of
lithium azide in alcoholic solvents. Whereas 0.81 g sodium azide dissolves in 100 g &&2hak g of

lithium azidé®* can be taken up by the same amount of solvent. However, owitsghigherexplosion

risk?®> and lack of commercial sources for anhydrous lithium azide compared to sodium azide, we opted to

continue the use of the latter as a practical and available azido donor.
Table3.2-3: Screening of different solvents for the aminoazidation reaétion.

+ Fe(OTf), (5 mol%), Nj

_NH
Me\é%g/\ + PivO 3

M NH
-OTf  NaNj (1.05 equiv), e\QQ)V 2

solvent (0.4 M), rt, 16 h
3.2a R6a 3.3a
(0.2 mmol) (2.5 equiv) (1H—NMR yield)

# Solvent (Molarity) Yield #  Solvent (Molarity) = Yield
1 MeOH (0.4) 68 6 tech. MeOH 66
2 MeCN 64 7 H20 /hexaness:1 -

3 Reactions setup under air; {iplec1-ene was used with iron(ll) acetate.

4 Reactions setup under air.
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Micellar H20
3 EtOH 19 8 27
/hexanes:1
4 HFIP <5 9 MeOH (1) 50
5 MeOH/HFIP 9:1 53 10 MeOH (0.2) 44

Intrigued by the improvement with better soluble lithium azide, we assessed different solvent systems
(Table3.2-3). Apart from methanol, acetonitrile was a suitable solvent with similar performance (entry 2).
Ethanol, by contrast, delivered only low am¢s of azidoamine product (entry 3). Fluorinated alcoholic
solvents, like HFIP, are frequently used in hydroxylarmretiated amination reactioff§ Unfortunately,

as a solvent for the synthesis of primary azidoamines, HFIP is less suited and a sigmificant of

product is only obtained as a mixture with methanol (entries 4, 5).

An aspect that further increased the practicality of this methodology is the fact that no anhydrous solvents
are required. Technical grade methanol performed equally wellyasyethanol stored over molecular
sieves (entry 6). Motivated by the tolerance of moisture, we tested aqueous solvent systems (entries 7, 8).
Whereas a mixture between water and hexanes delivered no product, a mixture between micellar water
containing 5 wo TPGS750-M?°” and hexanes in the same ratio resulted in product formation, even if in
only 27% vyield.

As the last solvent parameter, we checked the molarity of the reaction but realised that the existing 0.4 M

concentration was already ideal for onodel reaction (entries 9, 10).

Table3.2-4: Screening of various additives for the aminoazidation reaction.

Fe(OTf), (5 mol%),
N Hs additive (x mol%), Ns

M . -
SN+ PVOT : Me\g)\/NHz
OTf NaN3 (1.05 equiv), 9

MeOH (0.4 M), rt, 16 h

3.2a R6a 3.3a
(0.2 mmol) (2.5 equiv) ("H-NMR yield)
# Additive (mol%) Yield # Additive (mol%) @ Yield
1 none 68 11 NE#& (50) 60
2 Crown ethers (105) <57 12 NaCQO;s (25)® 44
3 LiPFs (110) 59 13 NaHCG (25)® 53
4 LiBF4 (110) 30 14 NaOAc (25) 60

® Reactions setup under air; @pct-1-ene was used in a MeOEH,Cl, (3:1) solvent mixture with
iron(ll) acetate as catalyst.
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5 LIOTf (110) 69 15 Sc(OTf}(7.5) 54
6 NH,OTf (110) 41 16 CeCkA7aq(7.5) 35
7 NH.OAc (25) 46 17  Ca(NT£)(7.5) 45
8 TsOHA1laq (50) 25 18 InCl3(7.5) 40
9 Mel dr umbé s 65 19 Inert Atmosphere 65
10 2,4dinitrophenol (100) 50 20 Blue LED 40

Continuing our optimisation, we investigated the influence of various additives on our redetime (

3.2-4).

Knowing about the beneficial effect of lithium azide, we added various crown ethers and additional lithium
salts to the reaction mixture, although no improvement could be observed @&igsdditional triflate

(entries 5,6), or acidic (entriesl®) and basic additives (entries-14) had a similar effect. Several Lewis

acids in cecatalytic amounts were tested as they reportedly stabilise nitrogen radicals, but they seemed to
have a egative influence on the performance of this reacfion.

Considering the reaction environment, we probed several parameters. Temperatuleénease reduced
spectroscopic yield. To exclude any aerial influence, the reaction was tested under amasptere with

an identical outcome.
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3.3 Synthetic Application

3.3.1 Scope Exploration
With optimised conditions in hand, we first examined if in addition to aliphatic alkenes vinyl arenes were
also a suitable substrate class under these condifiabie@.3-1).
Styrene was aminated in good yield3.4g up to about 70% isolated vyield), albeit completely
spectroscopical pure compounds could only be isolatkxhvier yields. Electrotwithdrawing substituents
in para position, such as bromid8.4b), nitrile (3.49, trifluoromethyl @.4d) or triflate 3.46, as well as
in metaposition, like nitre (3.4f) and methoxy groups(4g), and fullyfluorinated aromatic rings3(4h)
were transformed in moderate to good yields{2%) to their respective azidoamines. Electreleasing
groups like formamide3(4k) and methoxy 3.4i) in para-position also afforded the desired products,
however when emnpying very electrofrich paramethoxy styrene, ail-pivaloyl amino alcohol was
isolated as an undesired sigi®duct €f. chapter3.5.3. Internalvinyl arenes like indene3(4l) andtrans
bi methyl styrene3.4m) gave rise to aynaddition product with excellent stereoselectivaly ¥ 19:1).
Surprisingly, the (Zisomer ofbi methyl styrene resulted in the same prodBdirf), even though in lower
stereoselectivity dr > 5:1). Gratifyingly, not only styrene derivatives but alsoNaBoc protected vinyl
indole @.4n) could be aminated under the same reaction conditions. Lower yields were observed for a
pinacol borane ester substituted styreéhéd) and for vinyl ferrocene3.4p). Hydrolysis during purification
via column chromatography could be accounted for the low yield of the former substrate. The low
performance of organometallic vinyl ferrocene on the other hand is less surprising since aotikdlyre
was observed with a high loading of iron catalyst and unsubstituted ferrocene was a potent cfatalyst (
Table3.2-1).
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Table3.3-1: Vinyl arenes as substrates for the aminoazidation reaétion.

Fe(OTf), (5 mol%),
+ ;
~ 'NH NaN3 (1.05 equiv), 3
A+ PVOT P - A _NH,
OoTf MeOH (0.4 M), Ar
3.4 R6a rt, 16 h 3.5
(0.5 mmol) (2.5 equiv)

N3
NC
3.5a (56 %) 3.5b (72%) 3.5¢c (49%)
N3
3.5d (67%) 3.5e (53%) 3.5f (71%)
N3
\©/\/ O/\/ NFz
MeO
3.5g (65%) 3.5h (57%) 3.5i (49%)2
N3
/©/\/ Me
NH,
3 5k (62%) 3.51 (61%) 3.5m (57%)F 3.5m (47%)?
dr>19:1 dr > 19:1 dr > 5:1
N3 NH,
3.5n (52%) 3.50 (28%)° 3.5p (12%)

6 Reaction setup under air, yields of isolated produbtdy GGFID; (a) Isolated as a 13:1 mixture withpivaloyl
alcohol side product; (b) partial hydrolysis under purification conditions(EEalkene used; (Z2)4)-alkene used.
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Table3.3-2: Under standard conditions unsuccessful vinyl arenes.

- (0]
N XX XX
@ | | X OMe
N N~ N

A\
N
H H
3.6a 3.6b 3.6¢ 3.6d 3.6e
NMe, o o —
|
0.0 H,N (HO),B HO
3.6f 3.69 3.6h 3.6i

Unsuccessful substrates included basic functionalities, like unprotected amino groups or unprotected
heterocycles 3.6ad,f,g). paraAminostyrene 8.69 displayed some promising reactivitya crude *H-

NMR analysis, but clean isolation of the highly polar species was not feasible using standard column
chromatography. For substrates which could result in a zwitterionic structure due to acidiastesnols

(3.6i) and boronic acids3(6h), no desied product could be isolated following the standard workup
protocol. After submitting methyl cinnamat& §é to the reaction conditions, only starting material could

be isolated.

Apart from terminal aliphatic alkenes and vinyl arenes, we were curious Himsguitability of other
aliphatic carbon backbones for our aminoazidation reacfiablé 3.3-3). Especially the use of 1,1
substituted alkenes winlioffer direct access to monoprotected alpdrdiary diamines. Alpharertiary
amines are a prominent, but challenging synthetic motif encountered in elaborated natural $foducts.
Fortunately, methylene cyclohexerdend andi cyclododecene3(7b) were tansformed regiospecificly to
afford the primary amino group at the terminal position.

Cyclic internal alkenes underwent aminoazidation with an intriguing stereoselectivity. Whereas
cyclopentene 3.7¢9 predominantly resulted isynaddition of both aminaroups, slightly larger rings
(3.7d,9 showed a less pronounced and even inverted stereoselectivity. Surprisinglcl@octened. 71)
afforded again ais-azidoamine.

As a representative substrate of an acyclic, unactivatedidyBstituted alkene,ct4-ene B8.7¢9 was
selected. Regarding its stereoselectivity, it followed the same trefidreethyl styrene3.7h). For both

(2)- and E)-octene, a mixture afyn andanti-azidoamines was obtained, favouringsiaproduct in both
cases. Though the selectivity is less distinct compardil neethyl styrene, a stereoconvergence can be

confirmed.
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Further extension of the alkene carbon skeleton demonstrated the possibility to convert a trisubstituted
alkene with excellet regioselectivity 3.7h). However, no significant amount of aminated species could be
detected when a tetsubstituted alkene3(7i) was employed under the reaction conditions.

Table3.3-3: Differently sulstituted alkenes as substrates for the aminoazidation reattion.

Fe(OTf), (5 mol%),

] n N NH
ANE A “NH,  NaNs (1.05 equiv), 3 :
PivO > R R"
R R OTf  MeOH (0.4 M), R R™
3.7 R6a rt, 16 h 3.8
(0.5 mmol) (2.5 equiv)
1,1-disubstituted
N;  NH, N;  NH,
3.8a (47%) 3.8b (41%)
1.2-disubstituted NH
N3 NH2 N/3 NH2 3 NH2 3 2
3.8¢ (43%) 3.8d (40%)  3.8e (47%) 3. 8f (46%)*
dr19:1 dr2.3:1 dr5.3:1 dr 2.3:1
nPr - dr3.8:1F nPr dr2.6:17 —
/S ) ( - nPr nPr
Pr NH2
3.89 (39%)?
lysubstituted
polysubstitute Me 5
Me N3
Me O\@)\/NH2
Me nB ﬁ—ﬁ =
Me Me
3.8h (44%) 3.8i (- %) 3.8k (37%)

To probe the preference of the catalytic system for a certain type of substitution pattern, we submitted an
Uionol-derived polyene substratg.7k) to thestandard conditions. The monosubstituted, terminal alkene
was selectively functionalised over the -1g? 1,1,2substituted site. Even though only 37% azidoamine

could be isolated, the crudel-NMR analysis revealed around 60% unreacted starting maf€hiate

"Reaction setup under air, yields of isolated produittey GGFID; (E) (E)-alkene used; (Z2)4)-alkene
used.
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results are in accordance with the generally lower yield of multisubstituted alkenes (up to 47% vyield) in
comparison to monosubstituted alkenes (up to 72% vyield).

After these geometrpased investigations, we eventually set out to exploretdleeance of various
functional groups in our aminoazidation reactidalfle3.3-4).

Our model substrate for the optimisation could be isolated%ny6@ld. By replacing the aminating reagent

with an isotopically enriched congener, we were able to syntHéNidabelled azidoaming.3a*° Further,
reactive structures like a benzylic positi@i2b) or an alkyne3.2¢ were left untouched under thexotion
conditions. Whereas phthalimido protected amines were not tolerateeptodted primary amin@2d)

and nitrile 3.29 represented suitable protecting strategies for an amino group. A free carboxylic acid
performed well under the conditiondbeit isolation was not realised of the resulting amino agidfy,

Primary free or silyl protected alcohols were equally well converted to the desired azido@an2iods 4s

an unprotected, secondary vinyl alcohdl2f). The scope could be further expled to phosphonates
(3.2k,). Whereas oxiranes were not tolerated under the reaction conditions, an dpezteing substrate
(3.2m) could be transformed, albeit in low yield. Wheialkyl esters were employed with a suitably long

al kenyl-aa dlactams3.3nmwere isolated from the reaction mixture. This outcome could be
rationalised by activation of the carbonyl group under slightly acidic conditions and the subsequent
cyclisation to a favourable ring size. If a distal and more sterically congested ester was sk@uteti¢
tolerance of the ester moiety without scrambling to a methanol ester could be verified. Apart from esters,
both a pivaloylamide and acetamide sudistrdelivered azidoamine product3.2q,r) with three

differentiable amino groups
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Table3.3-4: Differently functionalised alkenes as substrates for the aminoazidation re&ction.

Fe(OTf), (5 mol%), N
+ .
NH NaN3 (1.05 equiv),
R + PvO™ ° > R)\/NHZ
OTf MeOH (0.4 M),
3.2 R6a rt, 16 h 3.3
(0.5 mmol) (2.5 equiv)
OH
N Me
*%*\/ N NH,
3.3a (62%) 3.3b (51%) 3.3c (66%)

['°N]-3.3a (53%)?

N3
TsHN WNH
3

3.3d (68%)

N3
oWNH
4

3.3g (53%)

EtO ”\Q)\/

n=1:3.3k (58%)
n=2:3.31(51%)

N3

PivO\Q)\/NHz
4

3.3p (60%)

N3
NGy NH
4

3.3e (56%)

N3
TBDPSOWNH
2

3.3h (50%)

0]

3.3m (40%)

N3
PivHN. A _NH,

3.3q (65%)

N3
O/O\/\/NHZ

N3
HOOC%**\/NH
3

3.3f (71%)°

S

3.3i (53%)

Lo
n
o] N

H

n=0:3.3n (43%)°
n=1:3.30 (72%)°

N3
AcHN._AN__NH,

3.3r (42%)

8 Reaction setup under air, yields of isolated products; (a) use of an isotopically enriched reagentl8cale; (b)

'H-NMR vyield of anin situreaction; (c) starting from an alkyl alkenyl ester.
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Motivated by the wide functionaroup tolerance of the aminoazidation reaction, we turned towards
complex and more challenging targekalfle3.3-5). Natural product sclareol, which is a crucial compound

in the fragrance industry, was converted to a mixture of presumably two diastereomeric azid@Bgnes (

An alkenyl chairbearing artemether derivative.2t) could be transformed into the desired product, leaving

the highly oxidised trioxane cage structure intact. To our delight, even a tripeptilg (hich
encompassed an unnatural allyl glycine amino acid could be aminoazidated under slightly dilutad reacti
conditions. Even though only 21% of the product could be obtained, 78% of unreacted starting material
could be rdsolated, showcasing the excellent chemoselectivity of our reaction. Significantly more complex

cyclic peptide cyclosporin was not converte any new detectable product.

Table3.3-5: Complex substrates for the aminoazidation reactfons.

Fe(OTf), (5 mol%), N3
"NH;  NaNj (1.05 equiv), )\/NHZ
> R

‘OTf MeOH (0.4 M),

3.2 R6a rt, 16 h 3.3
(0.5 mmol) (2.5 equiv)
N3
HB/VNHZ
Me!

Me: Me
.|IOH
Mé Me!
3.3s (40%), dr 7:1 3.3t (55%)3, dr 1:1
from Sclareol from an Artemether
N3
o NH,
H H
N N CO,tB
Fmoc” %H 2
z O <
iPr/ \@

3.3u (21%)2, dr 1:1
(78% SM recovered)
from a tripeptide

9 Reaction setup under air, yields of isolated products; (a) slightly modified conditions (smaller scale
and/or lower concentration), see experimental. part
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Noteworthy limitations of the functional group tolerance contained digaic heterocycleg able3.3-6).
Neither natur al product qui ni neds 3.6kwmor ahtetrazele ocy c |
containing JuligKocienski coupling reagens (6l) afforded the desired product in more than trace amounts.

A dithiolane sulfurheterocycle 3.6m) showed only unreacted starting material. Boronarbiekring

alkenyl substrate3(6n) did also not yield theaskired aminated product. Similar to cyclohexylallene, glucal

resulted in a complex mixture of unidentified products. However, the use of another vinyl ether, namely
benzyl vinyl ether, gave two interesting products: an azidoarBi6e)(in very low yield ad an amino

ether 8 . © asdhe major isolated product. The methoxy substituent would result from oxidation of the
alphaposition of the ethereal oxygen to form a carbocation which subsequently could be trapped by the
solvent. Diallyl ether on the contsagave only azidoamine(6r) in very low yield, without observation

of diaminated or cyclised sigwoducts.

Table3.3-6: Selected limitation in functionaroup-tolerance of the aminoazidation reaction.

R = Ng: 3.6q (11%)
R = OMe, 3.6q" (36%)

3.60 3.6p

3.6r (18%)

Especially the aminoetherification of vinyl ethers, however, could open up a new avenue of research. Since

a second ether group is installed on the same carbon as-#wdgineg oxygen moiety, an acetal protecting

group emgges. This formal amiroarbonylation reaction would offer an alternative strategy to a reported
azaRubottom reaction which used electoi ch si | y | e n o | -amimdkétomed’s t o a
Unfortunately, neither a preliminary screening of reaction comditionspired by the general
aminoetherification reactié®? nor the standard aminoazidation conditions did afford any

ami nomet hoxyl at-sulstityged vird/letharsablg3.39.m U
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Table3.3-7: Attempted aminomethoxylation of substituted vinyl ethers.

Fe(OTf), (5 mol%),
OMe “NH; ligand (10 mol%), MeO OMe

Ph/\/& + PivO - Ph/\)K/NHz

‘OTf MeOH, rt, Ar, 16 h

3.9 R6a 3.10
(0.2 mmol) (2.5 equiv)

# Ligand # Ligand
1 Phthalocyanine 6 Neocuproine
2 bpy 7 Bathocuproine
3 4-tBu-bpy 8 Phen
4 4-Me-bpy 9 4,7-Ph-Phen
5 4-MeO-bpy 10 Terpyridine

3.3.2 Various Derivatisation of a Primary Azidoamine

Fe(OTf), (5 mol%),

:rNH3 NaN3 (1.05 equiv), NE
plols_ -y + PVO" = ptol _A_NH;,
OTf  MeOH, rt, 16 h
3.2b R6a 3.3b
(15mmol) (2.5 equiv) (59%)? (57%)°
Bu tBu

04\ oko

ptolWN — ptol\)\/NHz

3.3b" (< 5%)

Schemd.3-1: Aminoazidation scalep experiment?®
Adding to the practicability of the methodology, we performed sgplexperiments to Isimol which
resulted in 1.7 of produc3.3b (59%) after column chromatograpiycghemes.3-1). This yield was even
higher than the isolated yield on a ol scale (51%) which illustrated the scalable character of this
transformation.
To improve the synthetic value of the reéac we anticipated using the installed amine as a handle for its
purification via a salt formation step. This protocol involved treatment of the crude mixture with
hydrochloric acid irEt,O, filtration of the resulting ammonium salt precipitatebesifying with aqueous
sodium bicarbonate and final extraction. This sequence resulted in unreacted starting material being
separated from the desired amine product in the precipitation steplagetjgent removal of inorganic
salts during the second aqueous extraction. The resulting product was of equal purity as the product obtained

through column chromatography.
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Moreover, column chromatography on this larger scale revealed a new oxazolipeosidet3 . 3Thié .
product results likely from intramolecular condensation oDgpivaloyl aminooxygenated sig@oduct
which in turn could be formed upon transfer of a pivalate entity instead of an azido group. Its formation in

trace amounts cannot bectuded using other aliphatic substrates.

+ -
NHs 2°0Ts
+
R NH4
Ph 3.11d (75%)¢
NH NHBoc
N 2 H
1 | -
)\/ NH, reduction o) Pr
R AN , 7 3.41c (79%)°
3.11e (62%)° cyclo- i) acylation
addition ji) reduction
Ny f
R NH, reduction
3.3b
carbonylative ™ amide |
cyclisation coupling
N
o ~ reductive
HN//< amination N3, NHBoc

NH
o~ | AN
3.1 (67%) o iPr
3.11b (70%)°

N3 |,
RN Ph
3.11a (31%)?
Schem@.3-2: Various derivatisation reactions of an azidoamifte.
Having generated a substantial amount of azidoaBBi® we demonstrated its synthetic utility in various
derivatisation reactionsS€heme3.3-2). Transformation of the unprotected amifi@ reductive amination
affordedN-benzylated.11a Alternatively, the amine could engage in a peptide coupling reaction to form
an amide bond3(11b). The resultingN-acylated azidoamine can then be reduced to unmask the second
amino functionality, setting the stage for a controlled functionalisation of the unsymmetric diamino motif
(3.119. A completely unprotected diamiBel1ldwas obtained afterdansformation of the azido growa
a Staudinger reduction. Alternatively, the azido group could construct a tridaAdlevia a copper
catalysed azidalkyne cycloaddition reaction (CUAAC, Click reacticfp.
An elegant, synergistic example which engad®th nitrogen functionalities simultaneously is the
carbonylative cyclisation to uréal1f Reported by the group of Audisio as a strategy for carbon isotopic

labelling, azidoamines with a terminal azido group were shown to undergo a Staudiny®ittAg6SAW)
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reaction®°® During the reaction, aim situ formed iminophosphorane is trapped by carbon dioxide to form
an intermediary isocyanate which is rapidly quenched by the vicinal amino group. Having a sterically
slightly less accessible secondary azgdoup was the reason for us to use smaller trimethyl phosphine.

3.3.3 Targeted Syntheses of Bioactive Compounds

0]
MeO i MeO
pr7ev1tously HN“(

steps NH

HO R R = CHO nBuO
3.12e 3.12a (63%)
2 steps PMes; (1.1 equiv),
R =Br CO, (1 atm),

MeCN, rt, 30 min
Fe(OTf), (5 mol%),

MeO NaN; (1.05 equiv), MeO N
D\/\ PONT (2.5 equiv), m
NH
nBuO X nBuO 2

MeOH, rt, 16 h
3.12¢ 3.12b (30%, 1.5 g)

Scheme.3-3: Synthetic strategies for the synthesis of RE1724.
Excited by the possibility of rapidly constructing cyclic ureas from azidoamines and the potential of
introducing an isotopically labelled carbon atom, we looked for bioactive targets which we could target
synthetically. With RO 24724 @.129, we found an appropriate compound with interesting
pharmacological properties. Investigated as a highly specific inhibitor of espéBific phosphodiesterase
type IV, it is frequently used in pharmaceutical reseétchhe patented route for its synthesisliles a
very scalable, but lengthystep synthesi¥® That route included a Knoevenagel condensation, reduction
of the double bond, a twstep installation of an acyl azide, a Curtius rearrangement, nitrile reduction and
final condensation to afford thiesired product.
Our approach consisted of a tstep preparation of allyl benzergel2c which set the stage for an
aminoazidation reaction followed by a carbonylative Staudingeriiithg sequence cheme3.3-3).
Under standard reaction conditions, the desired azidoamine was obtained onszaegralbeit in only
30% vyield. The low yield arose likely due to poor solubility of the unpolar starting material in the
methanolic solvent system. Fortunately, condeeuUAW-cyclisation afforded targete®l12aefficiently

in a few minutesd reaction ti me.
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Br Br

HN NH
3 steps
(x)-hamacanthin B 3.13a

_— Fe(OTf); (6 mol%),
NaNj; (1.05 equiv), NH,

AN PONT (2.5 equiv), AN
Br N MeOH, rt, 16 h Br N
3.13c 3.13b (32%, 83% brsm)
harpl
Ai;r:g,li?; c reported asymmetric route
Dihydroxylation Deprotection
Tosylation Reduction Mitsunobu
Azidation Protection

Scheme.3-4: Synthetic strategies towards hamacanthin B.

During literature researctegarding the construction of other diazaheterocycles from azidoamines, we
encountered the maritime natural product hamacanthth1B4 with a central dihydropyrazinone cote.

This compound with antibacterial properties was synthesised by the Jiamm®§rohey described the
synthesis of a chiral azidoamine key intermediate in several steps. Initial osatalysed,
enantioselective dihydroxylation reaction was followed by tosylation and azidation to connect ttié\first C
bond. After a tinmediated eduction of the azide and-peotection, the secondi® bond was formedia

a Mitsunobu reactioN-Boc deprotection eventually afforded enantiomerically pure azidoa@nli3é*.

To intercept the total synthesis, the same key azidoaminetargested $cheme3.3-4). Fortunately,
standard conditions were able to transform the starting vinyl arene into the corresponding product, albeit as
aracemic mixture and in low yield. Substituting tihhelole protecting group with a carbamate increased

solubility in methanol and thus the yield of the reaction to a moderate 43% vyield.
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OMe
O °

OMe OH
reported reported
route by | 5 steps route by | 16 steps
Bénziger Chavan
H Pr H Pr
=N 3 steps =N
\\S// -
N” " "NEt, N;
H H H
(x)-quinagolide
3.14a ' 2 steps
~OMs _ OMs
, amino- YNy
g NH
X azidation ANNH,
OMe OMe
3.14d (81%) 3.14c (39%)
mesylation
~OH stereoselective Y
" RN reduction X
OMe OMe
3.14e (94%) 3.14f
dr>20:1 available in 3 steps

Scheme.3-5: Synthetic strategies for quinagolide.
Apart from diazaheterocycles;a&ninopiperidines are a reoccurring structural element among bioactive
molecules’!! A representative drug molecule of this substance class is the specific D2 receptor agonist
quinagolide 8.149 which is prescribed against hyperprolactinefiiailthough a brilliant process route
was disclosed by Banziger and-workers®® this molecule @mains an active playground for various
methodologies and enjoys continued interest as a synthetic t8ohen(ed.3-5).31* The group of Chavan
recenty disclosed a synthetic route with a regioselective azidoalkoxylation reaction as a key step which
delivers an azidoamine intermedi&td4h3°
As an ideal point to cut this synthesis short, we outlined a synthetic route to arrive at this intermedliate fro
literature known tetralon®.14f For that, we relied on a stereoselective reduction of an alpha substituted
cyclohexenone to the correspondirig-alcohol3.14e Following a study on a related model substrate by

Shibasak?® we could observe excellertieseochemistry when a bordrased reductant was usédhble
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3.3-8). However, on the other hand, aluminimased reductants favoured thens-product. Conclusively,
we used NSelectride® (entry 2) which resulted in the desired alcohol with a diastereomeric ratio greater
than 20:1 and an isolated yield of 94%.

Table3.3-8: Screening of reductantsif stereoselective ketone reduction.

O reductant (1.2 equiv), ~OH
A THF, T, o/n N

OMe OMe
3.14f 3.14e
(0.2 mmol)
# Reductant T dr cigtrans 3.14e 'H-NMR yield
1 L-Selectride ® 0°C 2.8:1 90
2 N-Selectride ® 0°C >20:1 94
3 K-Selectride ® 0°C 16:1 90
4 K-Selectride ® -78°C >20:1 60
5 NaBH 0°C 1111 88
6 LiAIH4 -78°C 1:3.1 83
7 DIBAL-H -78°C 1:34 94
8 BINAP & LiAlH4 -78°C 1:2.9 55
9 RedAl ® 0°C 1:55 90

In order to cyclise to a piperidine, the hydroxyl group needed thaergednto a leaving group. Three

main nucleofuges were examined for the aminoazidation readtidie@3.3-9). Using standard conditions,

a brominated starting material afforded only traces of product. Trifluoroacetate and mesylate precursors
gave higher yield. With 39% vyield andinof 1:1, the bst results were obtained, when mesyfateldwas
subjected to the reaction conditions in an acetontniéthanol solvent mixture. To enhance the solubility

of the inorganic azide, lithium azide was employed. For this specific substrate class, twoideajor s
products could be detected which were tentatively assigned as anilines originating from competing aromatic
Ci' H amination of the electrerich arene.

With the acyclic azidoamine in hand, a basic cyclisation and repbHgapylation of the resulting
piperidine was achieved. Following literature conditions, the desired cyclic stereocisomer of azidoamine

3.14bcould be separated and thus the formal total synthesis was completed.
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Table3.3-9: Screening for theminoazidation of 3.14%.

Fe(OTf), (5 mol%)
MN3 (1.05 equiv), LG

LG .

* PONT (2.5 equiv), * N3

>~ NH
X solvent, rt, 16 h /\/ 2

OMe OMe
3.14d 3.14¢c (%)
# LG Conditions 'H-NMR vyield
1 4:1 MeCN:MeOH, LiN 39%*
2 OMs 3:1 MeCN:MeOH, LiN 30%*
3 MeOH, NaN <15%
4 MeOH, NaN <21%
OTFA
5 4:1 MeCN:MeOH, LiN <28%
6 Br MeOH, NaN <6%

10 Setup under aitH-NMR yield, an asterisk (*) indicates isolated yield.
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3.4 Mechanistic Investigation
3.4.1 Radical Probes

Intrigued by the broad synthetic applicability and the robustness of the aminoazidation reaction, we set out
to gather more mechanistic information about it. Subjecting radical clock probes to the staadéod

conditions could give a hint if an intermediary radical species was invdBaines.4-1).

Fe(OTf), (5 mol%),

,+NH3 NaNj3 (1.05 equiv), Ph X
OTf MeOH, rt, 16 h

3.15a R6a X = OMe: 3.15b (45%)
(2.5 equiv) X =Nj3: 3.15¢ (14%)
Ph likely via Ph
%\/NHZ > %\/N'ﬁ
3.15d 3.15e

Fe(OTf), (5 mol%),

o OjNH?’ NaN3 (1.05 equiv), Ph._ _N,
/ \ \% >
Ph oot “OTf MeOH, rt, 16 h \L/%L/NHZ

3.15¢ R6a 3.159
(2.5 equiv) (51%), 71 E/IZ
A likely via )
PRI N, = PN N,
3.15h 3.15i

Scheme.4-1: Radical clock probes.
Vinylarene probe3.15a afforded not only zZazidoamine3.15¢ but predominantly aminoethé&.15h
Although a significant part of the mass balance is missing, napeged product was detected. Formation
of the aminoether could be explaingd oxidation of a putativeertiary, benzylic radical to a stabilised
carbocation and subsequent trappingthey solvent methanol. Since the postula@dentered radical
would be located at a stabilised position, the rate ofopening of a comparable radical is rather slkw (
= 4x1@ s?) and an upper limit for the lifetime of the radical can be gstsnated’
In contrast, aliphatic alkene proBel5fwas converted to acyclic ami®el5gwith the cyclopropyl core
being cleaved. This occurs most likely through the formation Gftc@ntered radicaB.15h therefore
supporting the involvement of a tiadl species in the mechanism. Having a radical in proximity, the
cyclopropylring would open up to translocate the radical from a secondary to a more stabilised benzylic

position. Recombination of the benzylic radical with an azide would result-ezigdamine3.15g Kinetic
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studies of a comparable radical determined theopening rate to be considerably fast, thus giving a lower
limit for the lifetime of the putative radicak(= 7x10° s?).318

Fe(OTf), (5 mol%), N
+ Hs NaN; (1.05 equiv), 3

N
Xy NPT + PivO > )\l/nPr
nPr -OTf  MeOH, rt, 16 h ner
NH,

319 (2 5R:anV) from (E)-3.79g: dr 4:1
e from (Z)-3.7g: dr 3:1
Fe(OTf), (5 mol%), N
+NH3 NaN; (1.05 equiv), 3
P X Me  + pivo’ Ph)\rMe
"‘OTf  MeOH, rt, 16 h
NH,
>4m @ 5R:§uiv) from (E)-3.4m: dr 19:1

from (Z)-3.4m: dr 5:1

Fe(OTf), (5 mol%),

NaN; (1.05 equiv), N3
nPr/\ PONT (2.5 equiv), NPT nPr
nPr > nPr nPr
MeOH, rt, 16 h NH,
(2)-3.79 (E)-3.79, observed 3.8g

Scheme.4-2: Stereoconvergence at internal alkenes.
Interesting observations regarding a radical species were made during the stereoconvergent aminoazidation
of internal alkenes Scheme3.4-2). Aliphatic 3.79 and styrenalerived alkenes 3(4m) showed
predominant conversion 8ynazidoamines. This result could be explainedhgypostulated formation of
a C-centered radical species at the former double bond, rotation aroundG@h&r@le bond to minimize
repulsion effects and final recombination with an azido radical to yield the respective azidoamine. This
hypothesis would & in accordance with the second experiment using sty€m The thus resulting
benzylic radical would be more stabilised and would have more time to reorientate and minimise steric
hindrance. Ultimately, this would lead to a more pronounced steredggfect the product distribution

compared to dialkyl alkenes.
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Table3.4-1: Alkene ratios of an isomerisation experiment after 2h.

# 3.79g [N3] [Fe] PONT final (E)/(Z2) ratio anti/synratio

of 3.79 of 3.8¢
1 @ X X X 1:11.3 1:2.6
2 (@ X X 1:164
3 (2 X X 1:162
4 (2 X X 1:161
5 (2 X 1:150
6 (B) X X X 47:1 1:3.8

Moreover, careful analysis of the first experiment revealed an intriguing observation. Startin@)rom
alkene (2)3.7g rapid isomerisation of the double bond to the-glkene could be detected. This
phenomenon happened only if all reaction partners were present, namely alkene, azide source, iron catalyst
and aminating reagenfgble 3.4-1). To our surprise, the isomerisation would not occur if one of the
components was missing. This isomerisation could be explained by the reversible additi@uiofla

species to the alkene. Recently, the group of Lu and Gong reported an aminoazidation reaction where the
authors proposed that an azidyl radical could engage in such isomerisation ré#ctions.

Apart from the isomerisation effect, this could offer @ternative explanation for the stereconvergent
transformation of internal alkenes: Initial isomerisatitman azidyl pathway would predominantly form

an E)-alkene, which could be followed bysgnaminoazidation step. However, this working hypothesis
seems to be less likely considering the diastereomeric mixture resulting from cyclohexene and
cycloheptene.
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Fe(OTf), (5 mol%),

. . X
. __NH; NaN3 (1.05 equiv),
R\/\ + PivO ) R\)\/NH2
N oTf MeOH, rt, 16 h
3.2 Ré6a X = N3: 3.3 (up to 72%)
(2.5 equiv) X = OMe: 3.2-OMe (never observed)
Fe(OTf), (5 mol%),
. NaN3 (1.05 equiv), N
_NH TEMPO (Y equiv), 3
L+ PO 3 (Y equiv) NG
nHex
nHex oTf MeOH, rt, 16 h
3.2v Ré6a if Y = 0: 3.3v (63%)
(2.5 equiv) if Y =1:3.3v (16%)
IEMPO Me Me .
.0
N
Me
Me

Scheme.4-3: Mechanistic trapping experiments.

Further supportdr a radical mechanism is the complete absence of any an@timxylated product for
unactivated, aliphatic alkeneSdheme3.4-3). If the mechanism would predominantly opergia the
formation of a carbocation or an aziridine intermediate, solvolysis with methanol should result in
nucleophilic trapping, respective opening, with the alcohol to an observable extent. Indeed, anmsinoeth
could only be detected with certain, electrah vinyl arenes, hinting towards a deleterious oxidative side
reaction pathway for these substrates.

The addition of TEMPO to the reaction mixture interfered with the reaction and resulted in siggificantl
diminished yield. Unfortunately, no TEMPR&dduct could be detected or isolated which would have been

a stronger evidence towards a radical mechanism.

Fe(acac),
. (5 mol%),
~__NH, NaCl (1.05 equiv), Cl O
nDec” s + PVO™_ ° A onm, = L
OTf  MeOH/CH,CI, nDec fBu” "OH
3.2a R6a (3:1). 1t 16 h 3.3aCl 3.15k
(2 mmol) (2.5 equiv) (72%) (71%)

Scheme.4-4: Extradion of PONT degradation product.
Interested in the fate of the aminating reagent after an aminofunctionalisation reaction, we examined the

remaining aqueous phase after wagk To avoid the formation of hazardous and toxic hydrazoic acid, we

opted forthe closely related aminochlorination reaction as the basis for this en&aingrGe3.4-4).
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Reacidification of the aqueous sodium hydroxide layeh witbsequent extraction afforded pivalic acid
3.15kin a very high yield. In independent reactions, methyl pivalate was often observed-psodumt
which could form upon actdatalysed esterification of pivalate or PONT with the solvent methanol. These
two by-products together likely account for thas balancef the appliedONT. Decarboxylation of the
aminating reagent or its kyroducts could be ruled out, as generally no significant pressureupuics

witnessed during the aminochlorination dardidation reaction.

3.4.2 Hammettplot

Fe(OTf), (5 mol%),
LiN3 (1.05 equiv),

/@/\ P PONT (0.75 equiv), Nj
PR NH
R MeOH, rt, 16 h Ar)\/ 2
3.4 3.4a 3.5
(0.5 equiv) (0.5 equiv) (< 16% yield)

R = Me, F, Br, CF4

0,2 -

= T T T T T 1
i-o 2 0,1 0,2 0,3 0,4 0,5 0,6
W
2 -0,1 - y = -0,5098x - 0,0083
R?=0,9339
-0,2 -
*
-0,3 - o

Scheme.4-5: Competitive Hammetixperiment.

To gain an insight into the electronic dependence of this reaction, we were interested in creating a Hammett
plot. Since the general reaction &iit was too fast to reliably determine initial ratefs riext chapter), we

opted for a competitive Hammedtudy Schemes.4-5). For that, we meased at low conversion the ratio
between styrene derived azidoamtB&aand products formed from variopara-substituted styrenexs5

in one flask. To derive more significant information, we selected substrates over a wider electronic range
which included methy]| fluoro-, brome and trifluoromethyl substituted styrenes.

The resulting Hammettlot exhibited a small negative slope, irating the builéup of a minor positive

charge in the product determining step. The value of the slope corresponds to a mechanistic study that the
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Knowles group performed of atcentred radical addition reactiéfi.For the formation of a carbocation,

a mud more negative value would be expectéd.

3.4.3 NMR analysis

Fe(OTf), (5 mol%),
Me,SO, (/g equiv),
LiN3 (1.05 equiv), N3 NH;
>~ NH, * N
XN nHex)\/ 2 nHex)\/ 3
PONT (2.5 equiv),

3.2v ds-MeOD, rt, 16 h 3.3v 3.3v
(up to 76%) (up to 4%)

nHex

Scheme.4-6: Model reaction for NMR studies.
In addition to information about the radical character of the reagtmwere interested in its kinetic profile.
To our surprise, we were able to monitor the reactiotleMMR without interference from a paramagnetic
species, which a radical pathway could imply.
For the measurements, we ensured homogeneity by seleaticigrie as a shorter alkene substrate and
using anhydrous lithium azide as azido source in deuterated metBaheh{e3.4-6). The reaction was
started by the rapid addition of the aminating agent dissolved in deuterated methanol. Dimethyl sulfone was
chosen as an internal standard because of its inertness umdeadtion conditions and suitable chemical
shifts.

.00 . o 09 00
.o o, .w.v’o.». ”.0’0""". L o"".. Co
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gt 8 0
®,
N Op S @
06 o 0000,
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e

100 200 300 400 500 600

SdeProduct e Desired Product  @Starting Material

Figure 3-2: Kinetic profile for the aminoazidation reaction, time in min.
From the collected NMR data, a very rapid initial kinetic behaviour was revd@dledirst measurable data

point after about 8 minutes already showed >30% yield of azidoaBrve Over time, the amount of
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product slowly increased but plateaued at around 70%. Interestingly, at the same time, minor amounts of
the other regioisomeriapduct3 . 3Iauld be detected. Throughout the experiment the ratio of bottfeami
remained constant at about19No formation of other identifiable products was observed.

3.4.4 Conclusion of mechanistic experiments
Looking at all the combined mechanisticaeace, the involvement of radicals in the reaction mechanism
can be generally postulated.
Radical clock experiments are supporting the presence of aliskdrC-centred radical. A radical of this
kind could further explain the general stereoconvergadction of acyclic, internal alkenes.
Stereoselectivity of cyclic alkenes does not follow an obvious pattern and thus hints more towards a radical
pathway than a concertegyrraddition mechanism.
However, clean analysida 'H-NMR indicates that no pestent paramagnetic species is formed.
The absence of any methoxylated product with aliphatic alkenes speaks against the involvement of a
carbocationic intermediate. The low raalue derived from a Hammaegtot matches this observation.
Considering that even pivalate is more preferentially installed than the reaction solvent methanol, hints
towards the installation of an irdsound Xtype ligand in the process. This hypothesis is further
corroborated by the limited scope of introducihladtionalities. Both chloride and azide are good ligands
for iron and both can participate in aminofunctionalisation reactions in high yields. Other similar groups
which are less suitable ligands, like fluoride and cyaniiie(infrg), failed toafford primary amines. In
absence of a nucleophilic reaction partner, an aziridination of the double bond could be expected. However,

no amination occurs, suggesting a crucial interaction of the nucleophile during the amination step.
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3.5 Extension of the Dmination Strategy

3.5.1 Methylaminoazidation of Alkenes
Motivated by the synthetic utility of the aminoazidation reaction to yield primary amines, we became
interested in building a platform to access unprotected secondargriary azidoamines.
After the swecessful synthesis of unprotected secondarytarighry chloroamines from alkenes, novel
monc and dialkylated hydroxylaminderived reagents established by Fetkal3?? were considered to

facilitate the analogous azidation reaction.

Table3.5-1: Screening of methylaminoazidation reacttén.

Fe(acac),; (5 mol%),

%E Lewis acid (7.5 mol%) Ns I\I/Ie
N Vo~ 2 g NH
/@/\ + PivO ot LiN; (1.3 equiv), Ar)\/
Br solvent, rt, 16 h
3.4b R6b 3.16
(0.2 mmol) (2.5 equiv) "H-NMR yield
# Solvent (Molarity) Lewis acid Yield
1 MeOH (1) - 33
2 - 25
3 MeOH (0.5) Sc(OTH) 30
4 InCl3 32
5 - 45
6 Ca(NT%)2 42
7 Sc(0OTh) 30
NBUOHLCH.CI; 1:1 (1)
8 InCls 33
9 CeCk 42
10 -a 28
11 - 54
nBuOHCH2CI2 1:1 (2)
12 CeCk 49

To screen different conditions for the methylaminoazidation reagiama;bromostyrene was selected for

its superior performance in the synthesis of primary azidoamlizdse3.5-1).

11 Reactions setup under Argon; (a) Natbs used instead of LN
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Methanol as reaction solvent with a 1 M concentration in starting material afforded the desired product in
33% yield. Lowering the concentration, slightly reduced the yield, but the performance of the reaction could
be restored upon the addition of Lewds. Swapping the solvent system to a mixtura-bfitanol and
methylene chloride resulted in an increase in azidoamine product. However, neither additional Lewis acids,
nor changing the azide source to a sodium salt, ameliorated the reaction outconmeredse in
concentration was eventually found to be beneficial, yielding 54% of the product and formulating the final

reaction conditions.

Fe(acac),
+'Y|e (5 mol%),
_NH LiN3 (1.3 equiv), N Me OPiv Me
R/\ + PivO 2 3 { d )= 3 I{IH + I{IH
OTf  pBUOH/CH,CI, R
3.4b R6b (1:1), rt, 16 h 3.16 3.16'
(0.5 mmol) (2.5 equiv) (51%) (ca. 7%)
R = pBr-CgH, "H-NMR yields

Schem&.5-1: Methylaminoazidatin of bromostyrene.
Applying these optimised conditions on a slightly larger scale for product isolation, gavHsNIMR
yield of the crude reaction mixture. However, clean isolation of the desired product was not successful and
a tainted mixture of theasired azidoamine was obtained along withCapivaloyl aminoalcohol side
product. This type of side reaction was not unknogfnchapter3.3.2, but the high amount compared to

the desired product was a significant increase from the previous case.

Table3.5-2: Screening for a morpholinoazidation reaction.

Fe(acac), (5 mol%),
*NH lewis acid (10mol%), Ny [ O
RX + PivO~ > )\/N\)
OTf LiN5 (1.1 equiv), R

solvent, rt, 16 h
3.17 R6c 3.18

(0.2 mmol) (2.5 equiv)
R = Ph, dec; pBr-CgH,

Conditions
NBUOHCH.CI> (1:1)
CH.Clo/HFIP (9:1)
MeOH inCH.Cl, (1:1)
MeOH inCH.Cl, (1:1), AICk
MeCN

g A W N P H®
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Attempts to expand the scope to instategiary amine together with an azide were not fruitflialble

3.52). A morpholino group could ndie introduced, neither on vinyl arenes nor etiotiecene. At this
point, it is noteworthy to point out the inability of the above presented methylaminoazidation protocol to
transform aliphatic alkenes. This unveils an intriguing dichotomy between thelamethgchlorination

reaction which in turn was only able to transform aliphatic alkenes but failed to do so with vinyl arenes.

3.5.2 Attempts for an Asymmetric Aminoazidation
The aminoazidation reaction of alkenes produced efficiently a broad ranggeskéd diamines, albeit in a
racemic form. At the same time, a vast proportion of interesting diamines appear in an enantiomerically
enriched forn?? Motivated by seminal reports of the Bao groop¢hapterl.4.3,***we set out to attempt
an enantioselective version of the aminoazidation reaction, based on the use of chiral ligands.
We selected styrene as the model substrate and designed -apnvpdtocol which would afford the
azidoamine as aN-benzamide derivatised product, suitable for assessment of an enantiomeriviexcess
chiral RRHPLC analysisTable3.5-3).
Inspired by the dibenzofuran scaffold that Bao andvodkers successfully applied for their protected
aminoazidation reaction, we started our investigation with dbfox ligaié® Testing different conditions,
like equivalents of aminating agelR6a, azice/solvent pairs and reaction times up to 5 days, the aminated
product was always formed, but only as a racemic mixture.
Consequently, we expanded our endeavour to other chiral ligand classes which showed privileged
properties in asymmetric neroble metakatalysed amination reactions. Other oxazeliased ligands,
like Pybox (2-4),%25box (L5-L8)**" or PyrOx ligandsl(10)322did not affect the reaction outcome. Neither
scorpionatetype trisox ligand1(9)%?° nor salen ligandl11 could establish reliably anysmetric reaction.
Faced with these setbacks, we eventually ceased further explorations towards -intigaed chiral
amination reaction, but we would like to highlight at this point the significance of protecting-fgeeup

chiral amination reactionsd encourage interested readers to putisese transformations further.
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Table3.5-3: Ligand screening for an asymmetric aminoazidation reaction.

Fe(OTf), (5 mol%),
+NH3 ligand (7.5 mol%) N

X + PivO” > NH
©/\ "OTf  NaN, (1.1 equiv), MeOH Ph)\/ :
or TMSN3; (1.5 equiv), Et,0

3.4a R6a

) rt, 16 — 120 h
(0.1 mmol) (up to 2.5 equiv)
DBFOX PyBox

CIriy -~

0._X_0O

0 o A AN O 7Y

0N 7~ X I D N N—/
L )N N, 5 R =

Ph PR
L1 R={Bu: L2,
R=Ph:2 L3,
R='indene' L4
Me N
o/ | P o
AT
o N7 0 N
2\—/ tBu
Ph
L9 L10

3.4a*
(< 5% ee)

BOX

R=tBu, X=CH,: L5,
X=CMe,: L6,
X=CHCN: L7,

R=Bn, X="" L8

)

—N N—\
Ar/_ Ar

Ar = 3,5-ditertbutyl-
2-hydroxyphenyl
L11

2 Ligand and iron salt prestirred @H.Cl,; enantiomeric ratio ofi-benzamide protected product analysedhiyal

RP-HPLC; (a) §-enantiomer was used.
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3.5.3 Towards arAminocyanation of Alkenes
With a diaminative strategy established to access maskedialyines from alkenes, we continued our
search for aminofunctionalisation reactions targeting different masked diamines. One approach comprised
the synthesis of unprotiex] aminonitriles, which simultaneously represent a class of maskeddhibes
and pr ec wamigooacids. Ehcouraged by the psehdtbgenic character of cyanides and copper

catalysed cyanation reactiotiéye embarked on a screening campaitgble 4.2-3).

We initially tested both styrene and aliphatic dodecene as alkene scaffolds in acetonitrien€sbabout
the strong coordination of cyanide to iron, we mostlyestigatedstable iron complexes, like iron
phthalocyanine, biscyclopentadienyl ligated ferrocene, -tetianic TAML-complex®! 3.21 and using
scorpionate ligantd13. Unfortunately, no dé®d nitrile product could be observed. Additional Lewis acid

or switching to acetone cyanohydrine as cyanide source did not improve the reaction outcome.

Screening several solvents for the reaction with TAML compleg, an aminated sidproduct coulcbe
observed when styrene was applied in acetonitrile. Changing the ligand to bpy, the spectroscopic yield of
this product increased to 30%. Further, based on preliminary r&8tlis, product was tentatively assigned

as an imidazoline which likely arises from a combination of a tandem amiRitien reaction with
subsequent cyclisaticr®
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Table3.5-4: Selected screening conditiofts an aminocyanation reactiot.

iron cat. (5 mol%),
NH3 ligand (7.5 mol%),

“OTf

+

R X + PivO~

CN
)\/NHZ
NaCN (1.1 equiv), R

3.19 R6a solvent, rt, 16 h 3.20
R = Ph, dec (up to 2.5 equiv)

# R Cat. Solvent Comment
AICI3 (up to
1 Fe(OTf} or FePc _
1.2equiv)
Ph  Fe(OTf), scorp
2 MeCN AICI; (up to 1.2 eq
or L13,
dec NaCN or
3 FeCp )
cyanohydrine
4 TAML3.21 e.g. MeCN -2
Fe(OTf),
5 _ MeCN up to 30% of3.222
N-ligand ¢
. Fe(OTf), b
N-ligand® CH,Cl,/ HFIP
. FePc 9:1 NaCN (up to
Ph  (up to 20 mol%) 2.5equiv)
nortnucleophilic
8 FePc b
solv.'/ HFIP 9:1
CH:Cl, / HFIP
9 FePc NELCN, TMSCN
9:1
10 CuCN, phen MeCN TMSCN
. o}
Me N Me N%@Ozc N\ /N§<
R = Fe
N-BH [ I 2N
Br//\;( K* m © N N
Me M M 0
3 e o)
L12 L13 3.21

13 (@) Styrene imidazoline produgt22up to 30% was observed; (W)pivalamide protected aminoalcohol
3.23 observed (cMeOH, HFIP, TBME,CHCI, (d) nitrogen based ligands likgoy, phen; (e) nitrogen
based ligands, like CySalelnl1l, KMe,BrTp* L12; (f) nonnucleophilic, aprotiv solvents such as
methylene chloride, chloroform, 1,1,2@trachloroethane, tetrachloromethaNg\-dimethylformamide,
N,N-dimethylacetamide\-methylpyriolidone.
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iron cat. (5 mol%), MCN (1.1 equiv), HO © Bu
Ph X g NH
: PivONH;OTf (2.5 equiv), Ph)\/
: non-nucleophilic solvent, rt, 16 h 3.22
E amination ? pivaloyl
E O % transfer
’ | A
tBu (@)
.\ pivalate )\/
NH,  ---------------om-o-- > NH
Ph” 2 Ph 2

Scheme.5-2: Postulated formation of aminated sigeoduct.
Trying to avoid thissideproduct, nomucleophilic, polar solvents were screened in combination with
fluorinated HFIP. Using these conditions, we hoped to harness the beneficial effects of HFIP in amination
reactions** In addition, we continued exclusively with styrene asriodel substrate, hoping for a more
facile introduction of the nucleophilic cyano group on activated alkenes, reminiscent of the
aminohydroxylation reaction of alken#s.
To our surprise, traces of another aminated species could be detected in tba readtire which was
eventually identified abl-pivalated aminoalcohd@.22 (Scheme3.5-2). This sideproduct is postulated to
form in absence of other nucleophiles from recombination of an intermediary benzylic carbocation with
pivalate. The resulting aminoester could transferpgivaloyl group to the free amine, affording a more
stable amide3.22 Considering the anhydrous reaction conditions, this presents a highheatoomic
approach to obtaining astpivalate protected aminoalcohol from an alkene.
However, despite our effts, aminonitrile produc®.20could never be observed under the screened reaction
conditions which leaves the elusive iroatalysed cyanoamination outside the scope of implemented
aminofunctionaliastion reactions. A reason for this inability could bantbgering p<, profile of cyanide,
which is more basic than ammonium and could therefore deprotonate aminating reagent PONT during the

course of the reaction.
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3.6 Conclusion and Outlook

In conclusion, we have developed a practical-tatalysed methodolggwhich transforms a broad range

of alkenes into unprotected, primary azidoamines. The thus obtained compounds represent a class of ideally
masked unsymmetrical tdlamines suitable for facile derivatisation towards unsymmetrical diamines.
Several synthét applications of the aminoazidation manifold impressively demonstrated its versatility.
Mechanistic investigations of this intriguing reaction hint towards a radical mechanism, bletated

mode of action of how the iron catalyst is involved in tlieking modelremains hidden

The aminoazidation reaction could be extended to the synthesis of secNrndatiiylazidoamines from
styrenes but failed to transform aliphatic alkenes and to teelidiry azidoamines. Attempts to afford an
asymmetric aminoadation reaction by employing chiral ligands were unsuccessful. Moreover, the reaction
class remains limited to the installation of a-di@mino motif as efforts to develop a cyanoamination

reaction to access masked-tljamines were not fruitful.

N Ns N CN
AN AN KO, Ak,

chapter chapter chapter chapter
3.2-3.4 3.5.1 3.5.2 3.5.3
\ 4
accomplished unsu'cce’ssful

iron catalysis
PONT
_— >
R R

prospective
N3 ' NO,
R)\/NH2 R )\/NH2
enzymatic amino-
approach nitration

Figure 3-3 Conclusion and outlook of the diamination strategy.

Future endeavours could be directed at two main targets.
On one hand, the scope of unprotected unsymmetriaadidation reactions could be extended to other

masked 1,2liamines. As masked amino moiety, the nitro group would be a promising candidate. It fulfils
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the criteria of having pseudohalogenic properties and binding effectively to iron. If a high enoughyeact

was achieved, synthetic studies could focus on the use of the nitro group as masked carbonyl, accessible
via a Nef reaction.

On the other hand, enzymatic platforms could be used to enable an asymmetric version of the
aminoazidation reaction. Espedyathe studies by Arnold and amorkers showing the applicability of

PONT as an aminating reagent in engineered heme protein catalysed prorfedsed, (1.4.4,>¢is a
promising starting point. This basis could be evolved further using artificial metalloenzymes which may

rely on the use afioncanonical amino acid residé€®r a streptavidirtbased technologi?®
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4 Protectinggroup-free
Transformation of Thiols

Into Sulfinamides

Parts of the following chapter are based on a work published as

S. Chatterjee, S. Makai, B. Morandingew. Chem. Int. E@021, 60, 7587 765;
Hydroxylaminederived Reagent as a Dual Oxidant and Amino Group Donor for the Iron

Catalyzed Preparation of Unprotected Sulfinamides from Thiols

This content includes resulfsom a collaboration wittDr. Sayanti Chatterjee who discovered and
optimised the aminoxygenation reaction. She performed several scope entries and conducted the

mechanistic experiments.
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4.1 Background and motivation

Besides carbehased amines,i8l bondcontaining compounds are experiencing a rising interest in the
chemical community®® Among them, especially sulfoximing$ and sulfinamide¥! are valuable
compoundsKigure4-1).

Sulfoximines

methionine sulfoximine Sulfoxaflor Ceralasertib
glutamine synthetase insecticide anticancer agent in
inhibitor clinical trials

Sulfinamides

o g iPr (IS? 9 o)
g\ \NH2 \NHZ R/S\N&NHZ
tBU' N H2 H , "
Me iPr iPr R R
Chiral auxiliary Chiral auxiliary  Chiral auxiliary antibacterial
by Ellman by Davis by Han&Senanayake  drug candidate

Figure 4-1: Selected examples of sulfoximines and sulfinamides.

With the discovery of methionine sulfoximitféas the main toxic component in bleached flour, the class

of sulfoximines got defined and their implementation in designed bioactive molecules started in the
1970s3*3 Since then, this functional group was tested regularly as agrochemical and pharmaazivtecal
ingredients and resulted in candidates such as SulfoXafod Ceralasertiy.

A lower oxidationstate analogue of sulfoximines are sulfinamides which are prevalent as chiral auxiliary
in organic synthesis. Their ability to easily condense onareils and retain their configurational stability

made them an indispensable tool in the synthesis of chiral amines. Several primary sulfinamides have
emerged from pioneering work by the groups of Elliffamavis®*’ and Han&Senanayak& In addition

to ther importance in synthetic chemistry, they are gaining value in the development of new

pharmaceuticals as they populate not just new chemical, but also intellectuat$pace.

98



O NH iR
/S\ PN
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S-N S-0 S-C S-N S-0 S-C
S G A : !
RS RPR RZR RY R™7°NR, R NG
sulfoxide  sulfimide  sulfinyl- = sulfinate, sulfen- sulfinyl-
amine sulfinyl amide amine
halide

Figure 4-2: Viable disconnections for sulfoximines and sulfinamides.

Being aware of their importance, the exploration of different synthetic strategies for the construction of
both functional groups is becoming more importdfigre 4-2). The retrosyntheses of sulfoximines and
sulfinamides can be both categorised into three types according to the nature of their Fstrbiogd

event. This last connectivity can be arNSSi O or S C bond. Depending on the nature of the last step,
different starting materials are required. Precursors for sulfoxififre@e sulfoxides (8N), sulfimides ($

0) or sulfides (BN & Si O) and sulfinylamines (). Sulfinamide®* could be made fromudfinic acids

or sulfinate analoguese.g. sulfinate esters and sulfinyl halides, (8§ sulfenamides (80) and

sulfinylamines ($C).

4.1.1 Strategies for the synthesis of sulfoximines
Early reports on the aminative synthesis of free sulfoximines from sulfoxidelved the reaction with
hydrazoic acid under strongly acidic conditid?fsA milder method using a hydroxylamiukerived reagent
was discovered by Tamura andworkers Gchemet.1-1).352 Building upon their work orN-amination
and amination of sulfides (see chaptérs.1and1.5.3, they described the use of MSRHb) for the

amination of sulfoxides to sulfoximinium salts. These salts afforded free sulfoximines after basic treatment

in high yields.
Tamura (1972)
e O\\/p ., OSO,Mes
S . SL_NH, CHzCl Q NH;
RR rt, 30 min R™R
Me Me
R = alkyl, aryl R5b up to quant yield
(1.0 equiv)

Schemd.1-1: Amination of thioetherand sulfoxides with MSH by Tamura.
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In contrast to several emerging methodologies to synthBisgsetected sulfoximines using hypervalent
iodine specie$*the group of Richards and Ge disclosed a rhoetatalysed amination of sulfoxides using
hydroxylaminederived DPH R10a Schemet.1-2).3%

Richards & Ge (2014)

(I) O,N NO, Rhyesp, (2.5 mol%), O NH
+ - \\ 7/
SR \@o’NHZ TFE, 1, 22 h RSR

R = alkyl, aryl R10a up to 94% yield
(3.0 equiv)

Schemd.1-2: Rhodium catalysed amination of sulfoxides by Ge.
In the search for a more cesificient and safer alternative, Bolm andworkers screened for an iron
catalysed, unpretted amination of sulfoxideS¢hemet.1-3).3¢ Among the tested hydroxylammonium
salts, an electrewithdrawing O-benzoyl reagenR7b was found to give the best yields together with
nitrogenrtbased ligands (phenanthroline or FePc). &dgably, not only alkyl and aryl groups but also

heteroaryl groups were well tolerated.

Bolm (2018) FeSO, (20 mol%),
0 phen (40 mol%)
+ or
0 . o Vs FePc (20 mol%), _ O NH
/S\ N " /S/\

RR - o,N OTf  MeCN,30°C,48h R R
R = alkyl, R7b up to 98% yield
(het)aryl (2.5 equiv)

Schemd.1-3: Iron catalysed amination of sulfoxides by Bolm.
Instead ofstarting from the sulfoxide, the groups of Luisi&Bull, Reboul and Li described independently a
hypervalent iodinanediated approach to instal the exand amino group simultaneously on sulfides
(Scheme4.1-4).3%" This convenient strategy is based on an infiamination of the sulfide followed by
rapid oxidation under the same reaction conditions. Several ammonia sources gave the corresponding

product ad extensions of this methodology allowed for the recycling of the iodine redgent.
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Luisi&Bull, Reboul, Li (all 2017)
PhI(OAc), (up to 2.5 equiv),

NH,4CO,NH, (up to 2.0 equiv) O\\//NH
R/S\R or (NH,4),CO3 (1.5 equiv), R/S\R
R = alkyl, aryl MeOH, 1t, upto 3 h up to quant yield
via NH

suffimide  g-S~g

Schemd.1-4: Synthesis of sulfoximines from sulfides via artirggenation by Luisi&BullReboul and Li.

Willis (2020) e e g
y ’ min,

(0]
R1,MgX + Ph\@\ # then R®MgX (1.2 equiv), O\\S,/NH
_N RT 'R2
(6]

—78°C tort, 15 min
R = alkyl, R10c up to 83% yield
(het)aryl (1.0 equiv)

via 9

. . /S\_
sulfinyl nitrene ROISN

Schemd.1-5: Sulfoximine synthesis with a sulfinyl hydroxylamine reagent by Willis.
A different approach to sulfoximines was considered by Willisargiorkers Gchemet.1-5).%%° Instead
of constructing aniS\ bond, they combined an electrophilic sulfinylhydroxylarfiheeagenfR10cwith
organometdic nucleophiles to form thei bond of the target molecule. The reagent was quantitatively
obtained in one step from the correspondirgryl hydroxylamine and showed favourable electronics for
this transformatiori®* The authors propose that upon attatthe first Grignard reagent on the electrophilic
sulfinyl sulfur, a phenolate is released and a sulfinyl nitrene is obtained as an intermediate. This species is
again electrophilic enough to be attacked by a second organometallic reagent to yielchsudiyxor

sulfonimidamide¥®?if amines are employed as secondary nucleophiles.

4.1.2 Strategies for the synthesis of sulfinamides
Though the group of Willis reported a related strategy to form primary sulfinamides with a
silylsulfinylamine reagent®* methodologies to form sulfinamides by constructii@®onds are scaré#.
The majority of sulfinamide syntheses finish @NCbond connecting evenS¢heme4.1-6). Sulfinyl
halides, sulfinate esters or thiosulfinates are among the most common sulfur electrophiles for coupling with
amines®®® Especially latter two are attractive intermediates since they can be prepared optically pure with

the aid of a cinal auxiliary?®® or by enantioselective oxidatithh However, all these sulfur electrophiles
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have to be derived from thiol/disulfide feedstock beforehand and often required metal amides as coupling
partners. Alternative approaches starting from commonlgilabhle sulfonyl chlorides suffer from
insufficient reduction and thus contamination through sulfur(V1) impuriffes.

9 HNR, 9
/S\ /S\
R X R NR,
sulfinyl halide
(.S? MNR, ‘.SJ.
R”OR R™7°NR,
sulfinate ester
(IDI MNR, (?I
_S...R N
R S R NR,

thiosulfinate

Schemé.1-6: Selected sulfur electrophiles for the gyesis of sulfinamides.
These drawbacks got addressed by Taniguchi who developed an oxidative coupling between aryl thiols or
aryl disulfides with primary or secondary amin&slfeme4.1-7).3%° In a coppeicatalysed system, he
proposed a working hypothesis which included initdll ®ond formation. The thus produced sulfenamide
is then oxidised in a haloggmmomoted step to theedired sulfinamide. Only traces of sulfenamide and

sulfonamide were detected, but the scope was limited to thiophenols and their respective disulfides.

Taniguchi (2016)
Cul (5 mol%),

Y NHbg;é(s mol%), C,S?
A-SH RN RH 4PFe (0.5 0qu) A SR,
DMSO, H,O
or (ArS), 1.1 equiv air 80°(,3 128h up to 80% yield
R = alkyl ’ ’

via
sulfenamide Ar/S\NRz

Schemé.1-7: Coppercatalysed coupling of thiols and amines by Taniguchi.
Other examples to oxidise pfermed sulfenamides to sulfinamides mainly include the use of mMGCPBA.
When combined with the use of a chiral Brgnsieitl it was possible to induce enantioselecti¥ity.
Despite the importance of unprotected, primary sulfinami&éegu(e 4-1), practical protocols for their
synthesis from thiols are rat®.
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Sudarikov (2018)
CI-NH, (R1a, 1.1 — 1.5 equiv,

in situ from NH3 and NCS), 9
_SH DCM, =70 °C, 1 h, _S.
R R™ " 'NH,
R = alkyl then mCPBA (1.0 — 1.1 equiv), up to 65% yield

-70°Ctort,12 h

Scheméd.1-8: One-pot amineoxygenation of thiols to afford unprotected, primary sulfinamides.
Sudarikov and cavorkers recently disclosed a epet protocol to transform-caranethiol and a myrtenal
derived thiol into their respective primary sulfinamid8si{emet.1-8).2”>N-Chlorosuccinimide was added
first to condensed ammonia to form monochloramiRig] in situ. Then, aliphatic thiol was added to form
the primary sulfenamide at cryogenic temperaturé®rA h, mMCPBA was eventually added to afford the
desired sulfinamide in good yield. This protocol showcased an elegapbbpeocedure to obtain primary
sulfinamides from thiols. However, using liquid ammonia and operating at cryogenic temperatures are
operational inconvenient and discourage the application of the methodology and the exploration of its
synthetic utility.
In conclusion, considering the growing importance of sulfinamides, a faster and more practical method
could spearhead their developmeven further. Especially the reduction to a-step transformation

would be highly desireable as it would obviate the necessity fdupamionalisation of the thiol compound.
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4.2 Development of an Amin@xygenation Reaction of Thiols

Encouraged by thigndings of Bolm and cavorkers Schemet.1-3) that hydroxylammonium reagents are
able to aminate sulfoxides, our group became interested in the REENGT (R6a) for furtherS-amination
reactions. Fortunately, a serendipitous discovery revealed that abased catalytic system could
efficiently transform a wide range of aliphatic and aromatic thiols into unprotected sulfina®athesne
4.2-1).

FeCl, (10 mol%),

N bpy (10 mol%) (I)I
_NH or FePc (10 mol%),
R,SH + PO 3 ( 0) . R/S\NHZ
OTf MeOH/CH,CI, (3:1), t, 16 h
R = alkyl, aryl R6a up to 91% yield

(2.5 equiv)

Schemd.2-1. Aminc-oxygenation of thiols to afforchprotected, primary sulfinamides by Dr.
Chatterjee.

The optimal reaction conditions for this transformation were examingoamathiocresol as a model
substrate Table 4.2-1). Surprisingly, in all cases, high conversion of starting thiol was observed. The
missing mass balance between starting material and sulfinamide product was mostly due to the formation
of thedisulfide product. Screening of different reaction parameters revealed that the selection of the iron
catalyst is crucial for the reaction. For aromatic and benzylic substrates, generally, bipyridine as ligand
afforded great results (entry 1), while irphthalocyanine (entry 2) was preferentially used with aliphatic
thiols. Without any chelatingj-heterocyclic ligand, reactivity dropped to 45% (entry 3). Using an iron
source with trace metal basis purity (99.99 %) resulted in a similar yield, whereaffimangde was
observed without any catalyst (entries 4, 5). This supports the hypothesis that an actethlyzed
process is in operation. Of other metal catalysts screened, most systems gave no sulfinamide (ruthenium,
copper, nickel, manganese, gn@), but quantitative conversion to the disulfide product. Only cobalt(ll)
nitrate gave small amounts of amiorygenated produet.2a(entry 7).
A second important factor of this reaction was the selection of solvent. Alcoholic solvents, like a mixture
between methanol and methylene chloride, as well as ethanol (entry 8), were ideal solvents, whereas other
alcohols gave lower yield (entry 9). On the contrary, aaooholic acetonitrile/water mixture which was
efficient in the amindydroxylation of styenes (se&chemel.4-15), failed to afford sulfinamide product
(entry 10). The reaction operated equally well even in absence of aerial oxygen Igryt teducing the

amount of PONTR6a) diminished yield significantly.
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Table4.2-1: Selected entries for the optimisation of the arorggenation of parthiocresol**

FeCl, (10 mol%), o g A
Aol s PivOjNH?’ ey (10 mel) - Ar/ISl\NHZ + Ar/é
"OTf  MeOH/CH,Cl, (3:1),
4.1a Réa air, rt, 16 h 4.2a 4.3a
(0.2 mmol) (2.5 equiv) Ar = ptol crude "H-NMR yield
# Deviation 4.2a 4.3a
1 No deviation 95% <5%
2 FePc as ligand 60% 40%
3 No bpy 45% 40%
4 FeCk (trace metal basis), no bpy 46% 38%
5 No catalyst <5% 50%
6 RuCk, CuCh, NiCl,, Mn(Pc)CI < 5% up to 99%
7 Co(NGy): 15% 47%
8 EtOH 95% < 5%
9 HFIP 30% 55%
10 MeCN:HO (2:1) < 5% 94%
11 Under Argon 92% <5%
12 1.5 equivof PONT 65% 33%

Having optimised conditions at hand, the performance of different thiols was stlidiBel4.2-2). Various
substitution patterns, including sterically demanding mesitylene #hibt)( were well tolerated4(1ac)
Thiophenols with electrewithdrawing groups4.1d,9 or with electron releasing group4.1f,g) were
transformed equally well. Even heterocycles like quinolih&h) and pyridine 4.1i) could be tolerated if
the nitrogen was sterically shielded or digtathe thiol group. Gratifyingly, a broad structural range of
aliphatic thiols, including benzylicA(1K), secondary4.1l) andtertiary (4.1m) thiols, as well as natural
product derived thiols4(1n,9 performed very well in the aminaxygenation reactim In particular, this
transformation enables a direct, albeit racemic, transformati@ntdfutanethiol tdert-butanesulfinamide
(4.2m), an auxiliary which was extensively studied by the Ellman gf&ugurthermore, the tolerance for

benzylic G H bondsis surprising as oxidation reactions under similar reaction conditions are Rffown.

14 Reactions performed on Oi@mol scale. Yield oflisulfide 4.3areported with respects to the equivalents
of required thiols.
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Table4.2-2: Selected structural scope examples for the aroi@enation of thiols?

15 Setup under air, 0mmol scale, isolated yield. Fefipy system was used, unless stated else; (a) FePc

system was usl.
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