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Kurzdarstellung

Ubergangsmetallkomplexe mit metallzentrierter Chiralitit, auch chiral-at-metal Komplexe genannt, bie-
ten einen niitzlichen und erweiterbaren Werkzeugkasten fiir die asymmetrische Katalyse. Die vorliegende
Arbeit konzentriert sich auf die Synthese von chiralen Rutheniumkomplexen mit bisher nicht verwende-
ten Substituenten, um den elektronischen Einfluss auf die Reaktivitit und Enantioselektivitit zu untersu-

chen.

Im ersten Teil der Arbeit (Kapitel 3.1) wird die Synthese von Bis(pyridinyl-NHC)-Rutheniumkomplexen
mit 5-Bromo und 4-Dimethylaminosubstitution am Pyridinrest vorgestellt. Bei der Untersuchung der
Strukturisomere wurde die Bildung eines gemischten normalen/abnormalen NHC-Komplexes beobachtet
und weiter untersucht. Durch Senkung der Temperatur und Verldngerung der Reaktionszeit wurde ein
Verhiltnis von 9,8:1 zugunsten des gemischten nNHC/aNHC-Komplexes erreicht. Die Bildung dieser
gemischten Koordination wurde nur fiir 5-CF3; (62%) und 5-Brom (53%) substituierten Komplexen be-
obachtet, wihrend sowohl die Trimethylsilyl- als auch die 4-Dimethylamino-substitution eine selektive
Bildung des nNHC-Komplexes ergab.

Die Trennung der diastereomeren Komplexe wurde durch den Einsatz von (Tolylsulfonyl)benzamiden als
chirale Hilfsstoffe realisiert. Aufgrund der nicht C,—Symmetrie der gemischten Komplexe konnen vier
Diastereomere gebildet werden. Zwei der resultierenden Komplexe waren stabil auf Kieselgel und zeig-
ten identische metallzentrierten Chiralitdt. Durch Brgnsted-Sdure induzierte Destabilisierung der Hilfs-
liganden wurden die entsprechenden Komplexe unter Retention der Konfiguration mit bis zu > 99% ee
erhalten. Dieses Protokoll wurde erfolgreich auf Di-isopropylphenyl-substituierte Komplexe angewandt,

was den Zugang zu sterisch anspruchsvolleren Komplexen erméglichte.

Der zweite Teil dieser Arbeit (Kapitel 3.2) befasst sich mit der Anwendung der erhaltenen Komple-
xe in der asymmetrischen Katalyse. Im Einzelnen wurde die Ringkontraktion von Isoxazolen zu 2H-
Azirinen untersucht. Dabei ermoglichte der 5-Brom-substituierte Komplex eine schnellere Umwand-
lung bei niedrigeren Temperaturen im Vergleich zu den zuvor berichteten Rhodiumkomplexen. Nach
einem breiten Screening der Reaktionsbedingungen wurde ein Maximum von 67% ee erreicht. Wih-
rend der Untersuchung wurden sowohl nichtlineare Effekte als auch eine Licht induzierte Racemisie-
rung des Produkts beobachtet, die durch die verwendeten Rutheniumkomplexe katalysiert wurde. Fiir
die asymmetrische C(sp?)-H-Aminierungsreaktion wurde festgestellt, dass der neu erhaltene gemischte
nNHC/aNHC-Komplex eine 160-fach erhdhte turnover frequency im Vergleich zum analogen nNHC-
Komplex bietet. Dies ermoglichte eine Verkiirzung der Reaktionszeit auf bis zu 10 Minuten. Bei der
Alkynylierung von Trifluoracetophenon waren die Unterschiede zwischen den nNHC- und den gemisch-
ten nNHC/aNHC-Komplexen vernachlédssigbar. Die Di-isopropylphenyl-substituierten Komplexe zeig-

ten bei einer propargylischen substitution eine hthere Enantioselektivitit (bis zu 55% ee), der gemisch-
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te nNHC/aNHC-Komplex lieferte eine niedrige Enantioselektivitit (11% ee), wihrend der bis-nNHC-
Komplex keine asymmetrische Induktion zeigte. Erste UV-Vis-Studien mit Acylimidazolen zeigten eine
breite Absorption um 550 nm. Unter den getesteten Komplexen zeigte die 4-Dimethylaminosubstitution
ein Maximum bei 640 nm, gefolgt von den gemischten nNHC/aNHC-Komplexen, wihrend die bis-nNHC-
Komplexe Maxima bei 520 nm zeigten. Dies konnte in weiteren Studien iiber die mogliche Anwendung

von Rutheniumkomplexen in der asymmetrischen Photokatalyse genutzt werden.



Abstract

Transition metal complexes with metal centered chirality, also called chiral-at-metal complexes, provide
a useful and expandable toolbox for asymmetric catalysis. This thesis focuses on the synthesis of chiral-
at-metal ruthenium complexes with previously unused substituents to explore the electronic influence

concerning reactivity and enantioselectivity.

Within the first part of the thesis (Chapter 3.1) the synthesis of bis(pyridinyl-NHC) ruthenium complexes
with 5-bromo and 4-dimethyl amino substitution at the pyridine moiety is presented. During the inves-
tigation of structural isomers, the formation of a mixed normal/abnormal NHC complex was observed
and further investigated. By lowering the temperature and extending the reaction time, a ratio of 9.8:1
in favor of the mixed nNHC/aNHC complex was achieved. Formation of this mixed coordination was
only observed for 5-CF3 (62%) and 5-bromo (53%) substituted complexes, while trimethylsilyl as well
as 4-dimethyl amino substitution showed selective formation of the nNHC complex.

The separation of diastereomeric complexes was realized by application of (tolylsulfonyl)benzamides
as chiral auxiliaries. Due to the non—C,—symmetry of the mixed complexes, four diastereomers can
be formed. Two of the resulting complexes were stable against silica gel and were found to consist
of the same metal-centered chirality. Brgnsted acid induced labilization of the auxiliary ligand under
retention of configuration created the corresponding complexes with up to > 99% ee. The same protocol
was applied to di-isopropylphenyl substituted complexes, providing access to sterically more demanding

complexes.

The second part of this thesis (Chapter 3.2) focuses on the application of the obtained complexes in
asymmetric catalysis. In detail, the ring contraction of isoxazoles to 2H-azirines was investigated. Here,
the 5-bromo substituted complex allowed a faster conversion at lower temperatures compared to the pre-
viously reported rhodium complexes. After a broad screening of reaction conditions, a maximum of
67% ee was obtained. During the investigation, non-linear effects were observed as well as a light in-
duced racemisation of the product catalyzed by the applied ruthenium complexes. For the asymmetric
C(sp)-H amination reaction, the newly obtained mixed nNHC/aNHC complex was found to provide an
160-fold increased turnover frequency compared to the analogus nNHC complex. This allowed a reduc-
tion of the reaction time down to 10 min. For the alkynylation of trifluoroacetophenone, the differences
between the nNHC and mixed nNHC/aNHC complexes were negligible. For a propargylic substitu-
tion, the di-isopropylphenyl substituted complexes showed higher enantioselectivity (up to 55% ee), the
mixed nNHC/aNHC complex provided low enantioselectivity (11% ee) while the bis-nNHC complex in-
duced no enantioselectivity. Initial UV-Vis studies with acyl imidazoles indicated a broad absorption
around 550 nm. Among the tested complexes, the 4-dimethyl amino substitution showed a maximum at

640 nm, followed by the mixed nNHC/aNHC complexes, while the bis-nNHC complexes showed max-
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ima at 520nm. This could be used in further studies concerning the potential application of ruthenium
complexes in asymmetric photocatalysis.
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1. Theoretical Background

Chiral molecules gain attention both by industrial and academic research as the demand for enantio-
pure chiral molecules in the chemical and pharmaceutical industry is significant.[!! Such non-racemic
molecules are either accessed from nature, as part of the chiral pool via resolution of racemates, or
synthesized in an asymmetric fashion. The asymmetric synthesis mediated by an chiral catalyst is an

economic approach as substoichiometric amounts are needed.>!

The catalytic approaches are classified in three fields, namely biocatalysis, transition metal catalysis and
organocatalysis.[! Starting in the late 60s, and predominantly during the last decades, transition metal
catalysts have been developed for a variety of asymmetric transformations.!®! The importance of this field
was emphasized by awarding the Nobel Prize to Knowles, Noyori and Sharpless for their pioneering work

on asymmetric hydrogenation and oxidation in 2001.15-]

In the following, the overall topics of N-heterocyclic carbenes as ligands for catalysis (Section 1.1), 2H-
azirines as synthetic targets (Section 1.2) and chiral-at-metal complexes with a focus on ruthenium com-

plexes (Section 1.3) will be discussed.

1.1. N-Heterocyclic Carbenes

Cyclic carbenes which contain at least one x-amino substituent are called N-heterocyclic carbenes (NHCs).
The structural classes of NHC ligands can be distinguished into normal (A, nNHC) and abnormal (B,
aNHC) NHCs. Due to the delocalised charges, aNHC are also called mesoionic carbenes (MIC) being
consistent with the IUPAC definition of mesoionic compounds.“m The term remote (rNHC) is used for
N-heterocyclic carbenes without a direct linked carbene to the heteroatom as in 4-pyrazolyidenes (C) or
4-pyridylidene (D). The classification into (non) and remote is independent to the classification of nNHC
and aNHC, therefore four combinations are possible (Figure 1).[11-13]

rNHC

Z
5
4
[,
\
i@—z o —z@—z

A
M
O
aNHC N~
@
/
B

Figure 1: Examples for the structural classes of NHC ligands.



1. Theoretical Background

1.1.1. Normal NHCs

The first examples for NHCs were reported by Wanzlick!'*! with the mercury complex 1 and Ofeles!!>!
chromium complex 2 in the 1960s. The isolation of a free carbene 3 by the group of Arduengo!!! was
a breakthrough in this field as the divalent carbon atom with six valence electrons was considered to be

unstable and to tend towards dimerisation (Figure 2).[17-201
Wanzlick: Ofele: Arduengo:
_ “1(ClOy)2
Ph Ph ™\ —
J/ Me~N<N*M @»N/_\N—ER
g Y Ve N
Cr(CO
Ph~N*N,Ph (CO)s
1 2 3

Figure 2: First examples for NHC.

Over the time, NHCs gained more and more attention, growing from a laboratory curiosity into promi-
nent spectator ligands, side by side to cyclopentadienyl (CsRs, short Cp) and phosphines.I?!! Cp ligands,
bearing 5 electron ligands (or 6 in case of ionic model) are not as closely related to the NHCs as the
monodentate 2 electron phosphine ligands. Among these three types of ligands, the NHCs show a unique
feature as the substituents of N-1 and N-3 (in case of imidazolidinylidene as an example) point towards
the coordinated metal, while substituents of a Cp are in plane, pointing away from the Cs centroid (Fig-
ure 3). The substituents of a phosphine point away from the coordinated metal. With the substituents
in close proximity to the active side of the catalyst, the steric effects are more prominent. As a result, a

monodentate NHC ligand will tend to rotate to minimize any steric clashes with other ligands.?!]

Imidazoly! Cylopentadienyl Phosphine

N A~y R Rop-R
R~ ~R' “P”
[\Mr] R R M

Figure 3: Overview of nNHC, Cp and phosphine ligands.

A side by side comparison using a Tolman type method' revealed that NHCs are stronger electron donors
compared to phosphines. In detail, the -donor strength is much stronger than the donor capability of
phosphines. The m-acceptor strength on the other hand is less clear as calculations for both cases, stronger

and weaker are reported, so a dependency of substitution, metal and co-ligands can be considered.?3-28]

NHCs are known to show higher field and higher trans effects compared to phosphines, resulting in

changed binding characteristics. In case of the Grubbs catalysts (Scheme 1), the Gen. 2 catalyst 4 showed

IComparison of v(CO) values of metal carbonyl complexes.!22!



1.1. N-Heterocyclic Carbenes

higher binding affinity towards the substrates compared to the Gen. 1 catalyst § bearing a phosphine
ligand. This improved the activity of ring-closing metathesis (RCM) of malonate 6 to cyclopentene 7 and

ring-opening metathesis polymerisation (ROMP) of cyclooctadiene (COD, 8) to polyene 9 by 100 to 1000

times.[29-32]
I\
P(Cy)s Mes~NN-Mes
Rl,.ﬁ' .G
u= u=
c | "¥n | “Ph
P(Cy)s P(Cy)s
5 4
RCM
EtO.C A 50r4 EtO.C
EtO.C \ CD,Cly EtO,C
Ph 25°C
6 7
ROMP
. S 7S NS
CDgClg 2n
20°C
8 9

Scheme 1: Grubbs catalyst Gen. 1 (5) and Gen. 2 (4) for the RCM and ROMP catalysis.

Compared to Cp or phosphine ligands, the chemistry of NHC ligands is more complex as there are no ana-
logues of the so called abnormal NHC (aNHC), which will be discussed later (Chapter 1.1.2), in the field
of Cp or phosphine ligands. The C-5 coordination was calculated to be thermodynamically less favored
by 23.3 kcal/mol than C-2 coordination. Measurements with a Tolman type method as mentioned earlier
suggested a stronger electron donor characteristic of the aNHC bond compared to the nNHC bond.[?7-33
The abnormal binding mode shows different effects considering the C—-M bond. Although they are con-
sidered to be a stronger electron donor compared to nNHCs, the bond strength is decreased and they have

a tendency to cleave from the metal more easily than their nNHC counterparts.34-36]

Synthesis Methods

With the growing interest in NHC complexes, several synthesis methods were developed and led the way
to specialized catalysts with specific, tunable properties such as steric demand, solubility and electronic
effects. For many applications, the NHC ligand is generated by an in situ deprotonation of a precursor,
such as imidazolium salts, leaving the exact nature of the catalyst unclear. This open up the possibility
of aNHCs which will be discussed later (Chapter 1.1.2).3!1 Over the years, several synthesis methods
such as Lappert method,37-38 proton abstraction,?*! oxidative addition,***\) transmetalation,**! direct

metalation*>**) and thermal elimination! were developed (Scheme 2).



1. Theoretical Background

Lappert Method Proton Abstraction

Metal insertion into C,C double bond.[37:38] Generation of a free carbene via a proton abstraction with a strong base

(e.g. NaH, n-BuLi, KOt-Bu and subsequent metalation.[39]

/:\ N N H B .o M
\—/ , i \—/
~N" N~ \N)\N/ either isolated
\—/ or in situ
\—/
Oxidative Addition Transmetallation

Oxidative addition of a low valent or metal hydride pre-
cursor into the C—X bond (X = Me, I, H).40:41]

Transmetalation from a previously prepared silver-NHC complex from the
imidazolium precursor and Ag,0.42

X X<
)\ * —_— )M\ H Ag,0 9
NN ~N N~ 2\**/ —2>2\)\/—>\)\/
\=/ \=/ A h 0 A A
X=Me, |, H
Direct Metalation Thermal Elimination

Direct metalation using a metal precursor with ba-
sic ligands as internal base (e.g. Pd(OAc)2 or
[Ir(COD)(OMe)]).143:44]

Elimination of H-X from the C-2 carbon atom from a protected form such

[
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i as NHC-alcohol or -chloroform adduct of the imidazolium precursor.4%]
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[

[

[

H M CCla A .. M
AN
\N)%’Q/ > \N)\N/ \N)\N/ — N N > \N)\N/
_ _ \__/ —CHCl3 \—/ \__/

Scheme 2: Synthesis pathways for NHC complexes.

A common issue for bis-NHC ligands are low yielding processes (e.g. transmetallation), as in contrast to
phosphines, the NHC ligands binds irreversible and therefore initial kinetic binding modes are maintained.
Phosphines as reversible binding ligands can be corrected afterwards to get access to the thermodynamic
chelate product.?!! The formation of aNHC complexes was not reported for the Lappert method, proton

abstraction or the thermal elimination pathway.!3!!

1.1.2. Abnormal NHCs

Until the discovery of the Crabtree group in 2001, the metal complexes bearing imidazolyl NHC ligands
were expected to coordinate via the C-2 atom. By reacting IrHs(PPhs), with the pyridin substituted imida-
zolium salt 10 in THF under reflux conditions, the expected nNHC complex 11 was not observed. Instead

the aNHC complex 12 was characterized by X-ray structure as well as NMR spectroscopy (Scheme 3).[4¢!

'H-NMR spectroscropy showed a low field signal 8.72 ppm which was assigned to the imidazole C-2 pro-
ton while a similar signal at 5.17 ppm was assigned to the C-5 proton. The M—C bond length determined
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N N |ob o+ N oL
Q 2H O)r—Ir—H O)r—I—H
EN> : EN | 2

R R H H

10 11 12
not observed 68%

R =iPr, L = PPhg

Scheme 3: First reported aNHC complex 12 by the group of Crabtree in 2001.

via X-ray was reported with 2.110(6) A, suggesting no or a weak M—C 7 backdonation. The thermal rear-
rangement into the nNHC complex 11 was tested by heating to 100 °C for 1 h, but no rearrangement was
observed. Further heating to 160 °C showed gradual decomposition of the complex. As DFT calculations
indicated an energetic difference of > 20 kcal/mol between the nNHC and the less stable aNHC binding
mode, the aNHC complex 12 was suggested to be the kinetic product.[*6! Using strong acids like HBFy,
the conversion from aNHC 12 to nNHC 11 was reported in 2011.[47]

A year after the first report, the same group investigated the effect of anions from the imidazolium ligand
precursor (Table 1).[8) With a methyl group at the imidazole N, bromine gave a ratio of 91:9 of nNHC
to aNHC complex (entry 1). The ratio shifted to 45:55 for BF, (entry 2) and 50:50 for PFg (entry 3). A
further increase of aNHC complex 12 with a 11:89 ratio was observed with the SbFg anion (entry 4). A
sterically more demanding group such as i-Pr with bromine anion gives a 84:16 ratio (entry 5). Changing
to BF,, the nNHC complex was not observed and exclusively the aNHC complex 12 was formed (entry
6).

Table 1: Ratio of nNHC 11 to aNHC 12 for different alkyl groups and anions.*®!

entry R anion nNHC 11 aNHC 12

1 Me Br 91 9

2 Me BF; 45 55
3 Me PFq 50 50
4 Me SbFg 11 89
5 i-Pr  Br 84 16
6 i-Pr BF; O 100

The authors proposed an ion pairing effect of the imidazolium salt with the anion as the nature of the
anion affects the ratio of nNHC to aNHC by stabilization of the transition state leading to the aNHC
complex 12.14841 Also for ligands with small bite-angle such as pyridin-2-yl imidazolium salts 13, the
formation of aNHC complex 14 was observed similar to the methylene bridged precursors 10, while the
nNHC complex 15 was not reported (Scheme 4).534]
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T1BF,4 “1BF,4
T1BF,4 ~ ~
1 [irHsL] S Ny
\
G T A,
e F2 Ir—H [
o A2 N
o T H Pr - H
13 14 15
65% not observed
L = PPhg

Scheme 4: Synthesis of the aNHC complex 14 with pyridin-2-yl imidazolium salt 13 which lacks the bridging
methylene group compared to imidazolium salt 10.

A selective formation of the aNHC complex was also promoted by the introduction of a blocking group
such as Me, i-Pr or Ph at the C-2 carbon of the imidazolium.*”! This was mainly used for the trans-
metalation pathway proceeding via a silver carbene intermediate, although some of these blocking groups
are less stable (Me, PhCHy, partially Et) as they can be cleaved via a redox pathway.*!! This was also
reported for Rh(I) and Pd(0).50-31]

Besides iridium, aNHC complex of copper'®?!, iron!>*! or palladium!?®! have been reported shortly after.
In 2004, the group of Nolan reported the first mixed, nNHC/aNHC complex with monodentate ligands.
The reaction of Pd(OAc), with N,N’-bis(mesitylen)imidazolium chloride (16) was expected to form the
bis-nNHC complex 17 but instead, the mixed nNHC/aNHC complex 18 was obtained in 74% yield. The
bis-nNHC complex 17 was not observed. Under basic conditions with Cs;CO3 and Pd(Cl),, the mixed
complex 18 was not obtained and the bis-nNHC complex 17 was isolated in 68% yield (Scheme 5).

Treating the mixed complex 18 with different bases did not yield any interconversion into the bis-nNHC

complex 17.536]
Mes
- ) ®
Cl Mes~NN*Mes Mes~N
=\ —_—
NN ) Cl=Pd-Cl + Cl-Pd-Cl
Mes~NszN~Mes 1,4-dioxane
80 °C Mes~N7N-Mes Mes~N"N-Mes
16 — —
17 18
Pd(OAc). not observed 74 %
Pd(Cl)2, Cs,CO3 68 % not observed

Scheme 5: Synthesis of the bis-nNHC complex 17 as well as the mixed nNHC/aNHC complexes 18.

Both isolated complexes 17 and 18 were compared with in situ generated catalysts from the imidazolium
salt 16 and Pd(OAc); in terms of reactivities in a Suzuki Miyaura coupling and a Heck type reaction

(Table 2). The bis-nNHC complex 17 showed no conversion for both reactions (entry 1), while the mixed
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nNHC/aNHC complex 18 showed 44% yield for the Suzuki coupling and 77% yield for the Heck reaction
(entry 2). The in situ generated catalyst from a 2:1 ratio of ligand 16 to Pd(OAc), (entry 3) surpassed the
mixed nNHC/aNHC complex 18 for the Suzuki-Miyaura with a yield of 76%, while the Heck reaction
showed slight decreased yield of 66%. Using an 1:1 ratio (entry 4), the yield for the coupling decreased
by 48% to 28% yield, while the Heck type reaction was less affected with a decrease of 10% to 56%
yield.

Table 2: Comparison of bis-nNHC complex 17, mixed nNHC/aNHC complex 18 and in situ generated cata-
lysts for the a) Suzuki Miyaura coupling and b) Heck type reaction.[3¢]

Me
/©/B(OH)2 A~ Me Cs5CO; (2.0 eq) O
+ | >
MeO Cl X 1,4-dioxane O
80 °C MeO

19 20 21

a)

b) On-Bu @ Cs2C03 (2.0 eq) Ph.~__On-Bu
4\“, . - \/\n/
o) Br DMA 0]
120 °C

22 23 24

yield /%

entry catalyst 2mol%) 21 24

1 17 <5 <5

2 18 44 77
3 16, Pd(OAc), (2:1) 76 66
4 16, Pd(OAc), (1:1) 28 56

The results of the in situ generated catalysts show a closer resemblance to the mixed nNHC/aNHC com-
plex 18 rather to the normal binding mode 17, indicating previous in sifu generated catalysts might not be

bis-nNHC complexes in nature as it was expected for several years.[3¢!

Although aNHC complexes of other metals such as rhodium, platinum, silver as well as yttrium and
samarium were synthesized since 2001, the majority of reported aNHC complexes are based on iridium,

tracing back to the work of Crabtree et al.3!->4]

The first example of a ruthenium aNHC 25 complex with imidazol ligands was reported in 2012 by the
group of Bera et al. They used these aNHC complexes as a catalyst for an addition of carboxylic acids
26 to terminal alkynes 27 (Scheme 6).1°°! The aNHC catalyst 25 was compared to a nNHC catalyst 28 in
terms of selectivity and activity for the reaction. The aNHC complex 25 showed a selectivity of the Z-
anti-Markovnikov product 29, while the E-anti-Markovnikov product 30 and the Markovnikov product 31
were obtained in small amounts. Complex 28 showed no differentiation between E and Z product, while

the Markovnikov product 31 was not detected. In terms of activity, the authors reported higher activity
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with the aNHC complex 25 for sterically less hindered substrates and generally a higher Z-selectivity
compared to the nNHC complex 28.

Mes 71 (PFeg)2
HC=N
N @)

(/\N //Me Bu,
N N7 o]

20 e )
\ N N Cl
Q/\//L N\\ &/N\n-BuC

N\~ SN-Mes Me
= 28
_______________________________________ 2D e
R, o o — A 5, - SR
+ 2 > (Z0" R t Rz
P “OH R toluene/CH,Cl, (4:1) F';\ 1 N0 R; Ao
110°C, 24 h
26 27 29 30 31
R'=R?=Ph, M=25 84% 6% 10%
28 50% 50% 0%

Scheme 6: Addition of Carboxylic acids to terminal alkynes catalyzed by the ruthenium aNHC complex 25
with a comparison to a ruthenium nNHC complex 28.

1.2. 2H-Azirines

2H-Azirines count to the class of small heterocyclic compounds and are an important area of research
as this structural motif is present in a variety of biologically active molecules.”®8! Among this class of
compounds, 2H-azirines exhibit the smallest ring size which comes along with an increased ring constrain
of 45-48 kcal/mol. This results in an useful and reactive building block as the release of this ring strain is
a driving force for many reactions.’*-93! The synthesis of enantiomerically pure 2H-azirines is desirable
as this structural motive is known in antibiotic natural products such as Azirinomycin (32),/%#! Antazirine
(33),1%%) and Dysidazirine (34) (Scheme 7).66!

N 5 N N
. r- ‘o & 4
Me”  “CO.H W COMe MeWCOZMe
r
32 33 34
(Azirinomycin) (Antazirine) (Dysidazirine)

Scheme 7: Natural products Azirinomycin (32), Antazirine (33) and Dysidazirine (34) containing chiral 2H-
azirines (highlighted in blue).

There are several intramolecular synthetic methods known to access 2H-azirines: The Neber-type reac-
tions via base catalyzed eliminations of leaving groups containing imines such as oxime and hydrazonium
derivatives (Scheme 8, route a).[87:%8] Cyclisation of vinyl azides via thermal or photochemical denitro-

genation reactions (route b).[-7!1 Ring contraction reactions of five- and four-membered heterocycles
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(route ¢ and d).["?-3% Base-mediated elimination reactions from aziridines (route ¢)!8'-8 or oxidation of
enamines (route ).[30-3! Intermolecular reactions like cycloadditions of carbenes and nitriles (route g)[94]
or addition of nitrenes to alkynes (route h)[®*%! are known, although they are reported to have dimin-
ished yields compared to intramolecular versions.!”®! In the following, selected examples of asymmetric

transformations will be discussed.

LG
R' N 2
/ R:N;LG
R'" N R2 RS
= 3
R2 RS ﬂa R'—R
Q y/*'

R..,-O. 2
YN c g R
= orA,, == o+
R RO r= R R :

R e
N R' NH,
R1 RS X R2_ :Ra

(
N
R17QVY

2 RS

Scheme 8: Intra- and intermolecular synthesis paths to 2H-azirines: a) Neber-rearrangement, b) thermal or
photoemical denitrogenation, c) ring contraction of five membered rings, d) ring contraction of four membered
rings, ) base-mediated elimination from aziridines, f) oxidation of enamines, g) cycloaddition of carbenes and
nitriles, h) addition of nitrenes to alkynes.

1.2.1. Enantioselective Synthesis of 2H-Azirines

The first examples of asymmetric 2H-azirines are based on diastereoselective control using chiral auxil-
iaries in stoichiometric amounts. Among the synthetic methods depicted in Scheme 8, the first diastere-
oselective Neber-rearrangement was reported by the group of Vosekalna in 1993 (Scheme 9).[671 The
synthesis started from enantiopure (R)-phenylglycine (35), which was subsequently converted into (R)-
amidoxime 36. Treatment with NaOMe led to the formation of (2R,3’R)-2H-azirine 37 in 82% yield and
96:4 dr. During this step, the O-mesyl group (O—SO;Me) acts as the leaving group and the the stereo-
chemistry is controlled by the chiral auxiliary. Starting from ($)-35, the product (25,3’5)-37 was obtained

analogously.
TOMe Naome (1.0 eq) WP
j\h — Ph O NI’O o EtO.C N e 2
—_— N
Et0,C” “NHj S EtOQC/LH/U\)\NHg 225t8|42h o
35 36 ’ 82% yield
96:4 dr

Scheme 9: First asymmetric Neber-type reaction.[6”]
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In 1995, the Davis group reported the first enantioselective synthesis of (R)-Dysidazirine (34) via a dia-
stereoselective, base-mediated elimination reaction from aziridine 40 (Scheme 10).182! The chiral sulfinyl
group induces stereoinduction during the reaction of sulfimine 38 with the lithium enolate 39. In contrast
to the Neber-type reaction (Scheme 9), the chiral auxiliary is also the leaving group and is therefor not

retained in the product thus eliminating the necessity of a subsequent auxiliary cleavage.

OMe
1) LDA
Bra .z )
\)\ou Oseap-Tol 2) Mel
o 39 $ 3) H0 N
wo~d e > N > M
pTor SN THE  NISr"Ncome ™ R oM
—78°C,2.5h 12 2 —78°C, 20 min
38 40 34
67% yield 42% yield
>20:1 dr >95% ee

Scheme 10: First enantioselective synthesis of (R)-Dysadazirine 34.182]

While the examples shown previously rely on stoichiometric amounts of the chiral source, the group
of Zwanenburg reported an asymmetric Neber-type reaction using chiral bases as source of chirality.
Deprotonation of the ketoxime tosylates 41 and a tightly bound intermediate with the chiral base led to
the 2H-azirine 42 with varying ee. A screening of alkaloid bases showed asymmetric induction by selected
alkaloids (Table 3). In detail, sparteine (43, Table 3, entry 1), brucine (44, entry 2), and strychnine (45,
entry 3) did not provide high ee while three pairs of cinchona alkaloids (entry 4 to 9) showed higher
ee. Dihydroquinidine (51, entry 9) exhibiting the highest enantioselectivity with 47% ee. The solvent
was found to be critical as protic solvents like EtOH (entry 10) provide no asymmetric induction while
CH,Cl; (entry 9) and especially toluene (entry 11) showed higher enantioselectivity of 47% and 70% ee,

respectively.[100]

10
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Table 3: Screening of chiral bases and solvents for the chiral base mediated Neber-type reaction.[10%!

TsO. base* N

NoO _— /L\?o
)\/U\OEt solvent OEt
rt.,6h

brucine strychnine

high ee

ci

nchonine

high ee

47 48 49 50 51
cinchonidine quinine quinidine dihydroquinine dihydroquinidine

entry base solvent yield /% ee /%

1 sparteine (43) CH,Cl, 53 0

2 brucine (44) 38 5(S)

3 strychnine (45) 37 4 (S)

4 cinchonine (46) 52 32 (R)

5 cinchonidine (47) 43 24 (S)

6 quinine (48) 34 24 (S)

7 quinidine (49) 37 45 (R)

8 dihydroquinine (50) 41 22 (S)

9 dihydroquinidine (51) 47 47 (R)

10 EtOH 75 0

11 toluene 74 70 (R)

After optimization of the reaction parameters, the chiral base was regenerated in situ from the proto-

nated species 52 with K,CO3, enabling the application of catalytic amounts of chiral base (10 mol%,

Scheme 11).

With this catalytic approach, the product 42 was obtained with 70% ee, while the stoichiometric methods

provide under optimized conditions up to 82% ee. The authors proposed a tightly bound substrate/base

11
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TsO\N

N
| (0] - /ﬂYo
)\/U\OEt / \ OFEt

4

9
KHCO3 + KOTs \ / KoCOs

Scheme 11: Neber-type reaction using catalytic amounts of 49 as source of chirality. Reprinted with permis-
sion from Ref [100]. Copyright 1996 American Chemical Society.

complex as the cinchona alkaloids with a hydroxy group (46 to 51) exhibit increased enantioselectivity
compared to the bases without hydroxy group (43 to 45). This is further supported by the low ee in polar
solvents such as EtOH, as they can interfere by solvation. This provided a new widely applicable synthetic
method to obtain enantiomerically enriched 2H-azirine carboxylic esters under mild conditions via asym-

metric catalysis conditions without the need of preliminary functionalisation using chiral auxiliaries.

Another catalytic approach by the group of Takemoto was based on chiral thiourea organocatalysts 53
(Scheme 12). These thioureas served as the source of chirality as well as activating the leaving group by
H-bonding (I). After optimization, a maximum of 93% ee was achieved by lowering the temperature down
to —20 °C and a reaction time of 48 h with a 3,5-(CF3), substituted sulfonyl group. Control experiments

showed the crucial role of thiourea in combination with amide and sulfonamide as the absence led to a

decrease of enantioselectivity.[!0!]
S proposed dual activation:
N .
N :
N : |
N E AKNJLN“Q
R0,S0 e, N T A
2 ~ a A H 1 ' :
N e LNACOR2 Q & H.
I _co,Rr? R’ - 35, >"N o
R? 2 toluene, H : R S U\\;k
54 Tt 55 E R & OR?

up to 93% ee I

Scheme 12: Chiral thiourea catalysed asymmetric Neber-type reaction./1%!]

In terms of transition metal catalysis, two examples were shown in 2016: an approach by the Hu group
using a kinetic resolution catalysed by a scandium complex with chiral a ligand,!'°?! and a racemic ring
contraction reaction of isoxazoles by the group of Ohe.[”3! Two years later, the Ohe group reported the
enantioselective transformation of isoxazoles 56 to azirine 57, catalyzed by [RhCI(C,Hy4); ], and a chiral
dien ligand 58 (Scheme 13).I77!

12
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Ligand:
: i
N’O [RhCI(C2Hg4)2]2 (2.5 mol%) Pr, 0 ipr
1 OR3 58 (5.5 mol%) N ;
7 - R2 :
R DCE R' 3 4 0
R? OR3 ! "
40°C,17h o] i Me .
: i-Pr
56 57 58

up to 99% yield
up to 94% ee

Scheme 13: Results by the Okamoto-group using a chiral diene/rhodium catalyst system for the ring contrac-
tion of isoxazoles 56 to chiral 2H-azirines 57.177!

The reported substrate scope contains a variety of aromatic groups at R! and for R? aliphatic, aromatic
or halogen moieties were tolerated. Modifications of R were also reported in form of methyl, ethyl, and

i-Pr substitution, which resulted in the corresponding ester functionality.[”!

The proposed catalytic cycle (Scheme 14) starts with the coordination of the substrate 56 to the pre-
formed chiral diene dirhodium species 59 which forms the isoxazole complex II. After N,O-bond cleav-
age, rhodium imido complex III is formed, which undergoes a ring reconstruction via nitrene insertion
to the azirine complex IV. Subsequent release of the product 57 and coordination of substrate 56 leads
to intermediate II, closing the catalytic cycle. This catalytic cycle is further supported by DFT calcula-
tions. The authors reported that no transition states with sufficient low activation barrier were found for a

concerted [1,3]-sigmatropic rearrangement from II to IV.[77]

CI H * .
(diene*)Rh/\: h(diene*) diene*:
O j-Pr
OR3
l/ *l‘ ’ {3
N
AN 2
k[Rh]\No OR3
[Rh]
N RZ [Rh] N OR3
1
RA>—OR3 b R2
O ~—
v 1

Scheme 14: Catalytic cycle of the ring contraction reported by the Okamoto group.!”’!
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1.3. Chiral-at-Metal Ruthenium Complexes

The first report of octahedral ruthenium (II) complexes with achiral 2,9-dimethyl-1,10-phenanthroline
ligands by the group of Fontecave was published in 2003 (Scheme 15). The isolation of each enantiomer
was achieved by selective crystallization. Treating a S mM solution of racemic complex 60 with 1 eq
A-tris[tetrachlorobenzene-1,2-bis(olato)phosphate(V) (61, TRISPHAT) led to precipitation of complex
[A-60][A-61], which was filtered off. The obtained yield ranged from 45% to 50% with the opposite
enantiomer [A-60][PFs], in solution. The same method could be applied using the opposite enantiomer

A-61 leading to the precipitation of [A-60][A-61],. The shown configurations A and A can be described

as right-handed or left-handed propeller respectively.[!03]
c 1
PF,
“1(PFe)2 o ol
Me cl 1) Cl
cl O, F|r‘“‘o
cl o7 o
Me Cl 0, Cl
o cl
Cl
A-60 A-60 A-61

Scheme 15: Initial work by the group of Fontecave in 2003 with the ruthenium complexes 60 in A and A
configuration and the TRISPHAT anion 61 in A configuration.[!%3

The complex [A-60][A-61], was applied within the same work as catalyst for the asymmetric oxidation
of sulfide 62 with H,O, to sulfoxide 63 (Scheme 16) with up to 18% ee. The same result was obtained
using [A-60][PF¢], which resulted in the product 63 with the opposite configuration. This was the first

example of chiral-at-metal complexes applied as asymmetric catalysts.!1%3
[A-60][A-61], or
[A-60][PFe]
(2 mol%) o
@iS\Me H202 (3 eq.) g
_— Me
Br MeOH @
rt,8h Br
62 63
100% conversion
18% ee.

Scheme 16: Asymmetric oxidation of the sulfide 62 to the sulfoxide 63 using the chiral-at-metal complexes
60.11031
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1.3.1. Contribution of the Meggers group
Initial Ruthenium Catalyst

Based on the octahedral geometry, the Meggers group as well as others developed chiral-at-metal com-

104-

plexes for asymmetric catalysis.!'%113] The Meggers group showed a novel chiral-at-ruthenium complex

based on two pyridinyl-imidazole-NHC ligands, featuring a similar propeller shaped geometry (Scheme 17).

(e}
N R T1(PFe) R\@\ “1(PFe)2
P o
(/\N N Me Me N7 N
Z &

N, | N N, | ‘:r}
Mesg Mes
Mes Ru\ /R“ Mes

N~ | 27

N e
QN lN\ Me Me /NI N
AR RN
A-64a (R = 3,5—Me,Ph) A-64a (R = 3,5—MezPh)
A-64b (R =H) A-64b (R =H)

Scheme 17: Chiral-at-metal ruthenium catalysts 64a and 64b.!1'4

The complex 64a was synthesized by reacting RuClz hydrate with N-(pyridinyl)-imidazolium salt 65
which provided the racemic complex 64a (Scheme 18). The key step for the chiral resolution is based
on the reaction with enantiopure salicyl oxazoline (5)-66 as chiral auxiliary. This reaction converts the
racemic complex into two diastereomeric complexes, namely A-(5)-67a and A-(S)-67a. These were sep-
arated based on their different physicochemical properties for example during purification via column
chromatography, although A-(S)-67a complex was not detected in this example. The unreacted com-
plex was enriched in A-64a and was subsequently reacted with the chiral auxiliary (R)-66, providing the
corresponding complex A-(R)-67a in 32% yield.

This novel chiral-at-ruthenium complex 64a was suitable for the asymmetric alkynylation of trifluo-
romethyl ketones 68 with phenylacetylene (69) providing access to trifluoromethyl propargyl alcohols 70
with high yields and enantioselectivities (Scheme 19).I'4] During the investigation, a variety of alkynes
was converted, including substituted phenyl moieties, heteroaromatic as well as aliphatic substrates. A
noteworthy substrate is ketone 71 which was reacted using this strategy, providing the propargylic alco-
hol 72 with 58% yield and 92% ee. This intermediate could be further converted into the HIV-1 reverse

transcriptase inhibitor Efavirenz (73).
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RUCI3'XH20
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% Y NEls Mggl R N0 P e e
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: NEt, o | s TFA
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Scheme 18: Synthesis of enantio enriched chiral-at-metal ruthenium complexes A- and A-64al!!4]

Ph
=
69
A-64a
(0.2 mol%) Ph
(0] NEt3 (0.2 eq.
3(0.2eq.) L HO =
CFs THF R”CF3
16 h, 60 °C 70
68
up to 99% yield
up to 99% ee.
=—<] (10eq)
A-64a
0 (0.2 mol%)
O NEt; (0.2 eq.) N FeC. A FaG Vi
| CF3 - Cl — | 0
AN NH THF OH X
2 16 h, 60 °C NH, H O
71 72 73
58% yield
92% ee.

Scheme 19: Asymmetric alkynylation of trifluoro methyl ketones 68 with phenylacetylene 69 with chiral-at-
ruthenium catalysts 64a and 64b and an exemplary application for the synthesis of the Efavirenz precursor
7211141
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Density functional theory (DFT) calculations suggested a transfer of the nucleophilic alkynyl via a ruthe-
nium alkynyl intermediate to the electrophilic ketone 68. The trifluoromethyl group was essential for
this transformation, increasing the electrophilicity of the ketone. Later, the Meggers group expanded
the scope by using perfluorinated acetophenone derivatives, while acetophenon remained still unreactive

towards this transformation.[!15-116]

C(sp®)-H Amination of 2-Azido Acetamides

The established catalysis framework was expanded by the Meggers group in 2019 and applied to asym-
metric intramolecular C(sp®)-H amination of 2-azido acetamides 74, which provided imidazolidinones
75 (Scheme 20). The reaction was conducted in presence of di-tert-butyl dicarbonate (Boc,0O) in 1,2-di-
chlorobenzene (1,2-DCB) at 85 °C for 48 h. After various changes on the the catalyst, complex 64h was
found to provide the best result of 83% yield and 91% ee.[1!”]

/@/R “1(PFe)2
I i~ A-64b

(R=H)
(/]\‘ N Me A84c (R - Ph)
y N, | N A-64d (R = 4-tBuCgHs)
es e i
R A-64e (R = 4-CF3CgH4)
MeS\N N A-64f (R = 3,5(Bu)2CeHs)
e A-64g (R = CF3)
&;N Ny A-64h (R = TMS)
|
Z R
64h
0 (1 mol%) O
b ~NANNe _ BocO (12eq) Ph/\NJS
1,2-DCB Ph)‘N\
Ph 85°C, 48 h Boc
74 75
83% yield
91% ee

Scheme 20: Asymmetric intramolecular C(sp®)-H amination of 2-azido acetamides 74 with chiral-at-metal

ruthenium complexes.[!7]

During the investigations, the reaction was found to be selective for benzylic positions as ethylphenyl
substitution was not converted into the corresponding product. Experimental data and DFT calculations
supported the proposed mechanism (Scheme 21), starting from the coordination of substrate 74 to the
ruthenium complex 64h, which forms the azido intermediate IV. Release of N, leads to the chelated
ruthenium-imido intermediate V. Dissociation of the amide under the formation of the nitrene VI followed
by the C-H insertion leads to the ruthenium coordinated imidazolidinone VII. The last step consists of
the release of the product 75 in presence of Boc,O under release of CO,, -BuOH, CH3CN and re-

coordination of 74, forming IV and completing the catalytic cycle.[!!”]
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No o— 1Rl CH4CN
>/ Ph/\N)\/N
Ph)
o 64h 2 CH3CN I/[Fiu] o
VS
Ph/\NJH % Ph/\NJ\/'f"NZ Ph NJH
N3 J N Ph N
Ph Ph™ v vi [Rul
74 0 o) /
P NJ} Pt NJH
N AN
PR Boc BocyO PR H [Ru]
75 Vil

++-BUOH + CO, +CH4CN

Scheme 21: Proposed mechanism of C(sp®)-H amination of 2-azido acetamides.!'!”!

Determination of the kinetic isotope effects (KIEs) indicated a singlet nitrene insertion mechanism with a
concerted N—C and N-H formation in contrast to a step-wise mechanism, which would indicate a triplet
nitrene. The singlet nitrene was further investigated using an asymmetrical substrate bearing an electron
rich and an electron deficient aromatic system. The ratio of the products was determined with 1.4:1 in

favor of the electron rich system, hence the nitrene can be described as electrophilic.!'!”)
Ring Closing Amination of N-Benzoyloxyureas

Based on the activity of the catalyst scaffold for metal-nitrene based conversions, the Meggers group was
able to show the enantioselective intramolecular C(sp?)-H amination of N-benzoyloxyurea derivatives
76. This provides an access to asymmetric cyclic urea derivatives 77 (Scheme 22) which can be converted

into chiral 1,2-diamines 78.[118]

64h
(1 mol%) 0
Q KoCOs (3 &
2COs3 (3 eq.) —>»  HsN HN-Me
Pha~p Aoy -OB2 . HN)I\N—Me > PN A
voH CH,Cly B PR
Me rt, 16 h PR
76 7 78
99% yield
95% ee

Scheme 22: C(sp*)-H amination of N-benzoyloxyureas.[!!8]

Optimization of the catalyst showed the most favorable catalyst for this reaction was the trimethylsi-
lyl functionalized catalyst 64h. The effect of the leaving group showed similar results for phenyl, p-
methoxyphenyl as well as p-trifluoromethylphenyl (95% ee for phenyl, 94 % ee for p-methoxyphenyl and
p-trifluoromethylphenyl). A non—aromatic leaving group such as #-Bu resulted in a diminished yield of
27% and 91% ee.
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Mechanistic investigations showed a KIE of 4.35, suggesting a triplet nitrene intermediate which stands
in contrast to the previous mechanism (Scheme 21) with a KIE of 1.5. Olefin isomerisation (Scheme 23)
further supports a stepwise pathway as isomer (E)-79 reacted under complete retention of alkene config-
uration, while (Z)-79 showed eroded Z/E dr of 4.4:1.

64h o
(1 mol%) )j\
(e} -Me
N
PhW\NJLN,OBz K2COs (3 eq.) > HN)_/
Me CH,Cly j .
via
70 rt,16h Ph ;
(E)- (E)-80 )OL 5
80%yield ! |Me- .
76% ee : N”N—{Ru] Me\NJLN_[RU]
Z/E > 20:1 — 0
64h .
o (1 mol%) JOL % -Ph
I 0Bz K2COs3 (3 eq.) HN” N-Me
‘é\/\'}l Nz —_— )_J
Ph Me M CHCl \
rt,16h Ph
(2)-79 (E/Z)-80
73% yield
91% ee
Z/E = 4.4:1

Scheme 23: Olefin isomerisation control experiment of benzoylurea derivatives.! 18]

Based on these experiments, a catalytic cycle was proposed (Scheme 24). Coordination of the substrate
76 to the metal catalyst and insertion into the N,O-bond leads to release of benzoic acid and the formation
of a ruthenium nitrenoide VIII. As indicated by the experiments, a stepwise pathway with a 1,5-hydrogen
atom transfer (HAT) would provide the intermediate IX. Radical-radical recombination of this intermedi-
ate would lead to the ruthenium bound product X. Release of the product 77 completes the catalytic cycle,

regenerating the ruthenium catalyst.

H, PhCO,
o)
Me‘N)LN=[Ru]
o)
Pha Aoy -0B2 th \
v H
Me Vil
76 o)
Ru .
[Ru] Me\NJLN_[Ru]
N
1 1 f
H
Me\N N’H Me\N N\[Ru] /
Ph Ph
77 X

Scheme 24: Proposed catalytic cycle for the C(sp>)-H amination of benzoylurea through a triplet ruthenium
nitrenoid.[!!8]
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Non-C>-Symmetric Chiral-at-Ruthenium Catalyst

While the ruthenium catalysts presented previously by the Meggers group displayed C,—symmetry, the
Meggers group reported in 2019 a novel type of chiral-at-metal ruthenium complex 82 (Scheme 25).[11°]
Based on two 7-methyl-1,7-phenantroline ligands, which therefor belonging to the rNHC complexes,

displays the same stereogenic metal centered chirality of A and A configuration as the previous complexes

64.
NP1 (PR T1(BF4)2
I 7
7 'N° N Me Rs
s
INJ'”"' | ‘\\N/
Mes
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N\/ | N R
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A-64b (Rq = H) A-82a (R = Ph, R3 = t-Bu) 83
A-64g (Rq = CF3) A-82b (R = Ph, Rs = Me)
A-64h (R4 = TMS) A-82¢ (Ry = H, Rs = Me)

Scheme 25: New non-C,—symmetric chiral-at-ruthenium catalysts 82 in comparison to the bis-pyridin-
imidazolyliden complexes 64 and the C,—symmetric complex 83.

The synthesis proceeded via a racemic chloro-bridged dimer complex 84 and upon reaction with a chi-
ral N-benzoyl-tert-butanesulfinamide 85, the core structure isomerised and the auxiliary complex 86 was
obtained (Scheme 26). After removal of the sulfinamide, the non—C,—symmetric core structure was main-
tained. Its C;—symmetric counterpart 83 was also synthesized from 84 with AgBF, in a racemic fashion

for comparison.

T (PFo) 18

Ph™ “N”"“t-Bu
H

(R)-85
KoCOs

Y

EtOCoH,OH
100 °C, 16 h
46%

rac. 84 A-(S)-86

Scheme 26: Isomerisation from C,—symmetric complex 84 to non—C,—symmetric complex 86.

This new coordination mode affected the catalytic properties of this complex compared to its C,—sym-
metric counterpart 83 and the established pyridinylimidazole based complexes 64 as shown for the in-

tramolecular C(sp3)-H amidation reaction of dioxazolone 88 (Table 4). While the non—C,—symmetric
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1.3. Chiral-at-Metal Ruthenium Complexes

complexes 82a, 82b and 82c¢ show high selectivity for the amidation product 89 of 84% to 93% yield over
the Curtius-type rearrangement product 90 (entry 1-3), the C,—symmetric complex 83 showed a dimin-
ished yield for 89 of 38% and an increased yield of 60% for the isocyanate 90 (entry 4). On the other
hand, the pyridinyl nNHC complexes 64 showed no evidence for the amidation product 89 (entrys 5 to 7),

only the isocyanate 90 was detected.

Table 4: C(sp®)-H amidation reaction of dioxazolone 88 catalyzed by different chiral-at-metal ruthenium
catalysts.

[Ru] o
Ph/\/\(’N‘o 0.5 mol%
o~ > HN + PRTN"NCO
Y 1,2-DCB
rt,8h PH
88 89 90
yield /%

entry catalyst 89 90 er

1 A-82a 93 6 95:5
2 A-82b 92 7 94:6
3 A-82¢ 84 15 92:8
4 rac. 83 38 60

5 A-64b - >99

6 A-64g - >99

7 A-64h - >99

Hirshfeld charge analysis showed a corresponding trend as nitrene complexes derived from the non—-Cp—
symmetric complex 82¢ showed a total Hirshfeld charge of the nitrene of —0.12, hence a more electron-
rich nitrene, C,—symmetric complex 83 showed a total charge of —0.11 and 64b showed a total charge of
—0.06. This corresponds to the reported favored C-H amidation by the Chang group as the electron rich

nitrene decrease the C—H amidation barrier.['20]

This example shows the lower symmetry of complexes change the chemoselectivity of a catalyst by al-
tering the electron density of nitrene intermediates. While higher symmetry is preferred to minimize the
amount of possible competing pathways, it was crucial for the selectivity towards the C—H amidation
pathway. The overall non—C,—symmetric design as well as the abnormal carbene binding mode could
therefore be used for further reaction designs.
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2. Aims and Obijective

In previous studies, the chiral-at-metal ruthenium complexes by the Meggers group, bearing two biden-
tate N-(2-pyridinyl) substituted NHC ligands as well as the non—C,—symmetric INHC, were proven as
efficient catalysts for asymmetric alkynylation of trifluoromethyl ketones,/'!'#! intramolecular C(sp?)-H
amination with azides!'?!, 1,4,2-dioxazol-5-ones!! ], 2-azidoacetamides!!!”!, and N-benzoyloxyureal! !

compounds 76 (Figure 4).
a) 1 ° 1
R R
R2 1 (PFg)2 m2 “1(PFg)2
N z Known: F(1 H;
(\N | v S | N/» A-64b (R2 )
4 Me Me N A-64c (R? = Ph)
N
NJ',, | “\N// \\N,,l @“‘LN. A-64d (R2 -4t BuCgHs)
Med ""Rﬁ"‘ Mes A-64e (R? = 4-CF3CgHy)
Mes RIG - Mes A-64f (R2 = 3,5(t—Bu)2CgHa)
N =N N
Me”” J A-64g (R? = CF3)
4 -
/NI N A-64h (R2 = TMS)
Q\F@ RZJ;g/ Unknown: R H; R2 = H
R! R!
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b) [Ru] = O/TMS “1(PFe)2
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R H 2Ll2, R N N\\
rt., 16 h R & Me
76 77 N | N\
up to 99% yield > ™S

99% ee

Figure 4: a) Overview of the chiral-at-metal ruthenium complexes with N-(2-pyridinyl) substituted NHC
ligands. b) Enantioselective amination of N-benzoyloxyurea 76 with a chiral-at-metal ruthenium catalyst 64h

by Zhou.[118]

The substitution at the C-5 position of the pyridine moiety, marked as R?, with predominantly electron
withdrawing groups (EWG) or steric demanding groups is a common pattern among these catalyticly
active complexes, while substitution of the C-4 or electron donating groups (EDG) and the resulting

effects were not investigated so far (Figure 5).

As the catalytic properties depend on steric and electronic influences of the ligands, the first objective
of this thesis was therefore to modify the chiral-at-metal ruthenium complexes at the pyridine moiety in
order to obtain further insights into the effects towards catalytic activity and selectivity. Especially the
absence of electron donating substituents as well as modifications of Ry, located at the C-4 position of the

pyridin moiety, were chosen as points of interests.
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2. Aims and Objective
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Figure 5: Proposed points of modification with EWG and EDG substituents.

As a secondary objective, by combination of the non—Co—symmetric tNHC!!'®! with the structural stabil-
ity of the N-(2-pyridinyl)-substituted NHC ligand-system, a modification of the scaffolds to expand the

toolbox and provide further insights into the potential of the catalytic system was investigated.

The newly synthesized complexes were to be investigated in regards of changes in the catalytic behavior in

terms of activity and selectivity for amination reactions as well as their potential application for currently

inaccessible reactions.
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3. Results and Discussion

3.1. Synthesis of Modified Chiral-at-Ruthenium Complexes
3.1.1. Synthesis of Ruthenium Complex 64i

The experimental study was initialized with the modification of the chiral-at-metal ruthenium complex 64
by substitution of the pyridinyl moiety with a bromine, which is assumed to provide distinct steric and
electronic properties. The synthesis of such compounds which has first been reported by Griindemann
et al.'"??! and has been modified by the Meggers group over the past years.!!'!4!17:121] The imidazolium
salt was synthesized by reacting 2,5-dibromopyridine (91) with 1-mesitylimidazole (92) at 190 °C for 19h
and the target imidazolium salt 93a was obtained in 92% yield as an off-white solid (Scheme 27).

solvent free,
a1 190 °C, 19 h
92%

fout
F\+ /=
Br N
X N OBr
| S > ol
3a

9

Scheme 27: Synthesis of imidazolium salt 93a starting from 2,5-dibromopyridine (91) and 1-mesitylimidazole
(92).

Following modified literature conditions, imidazolium salt 93a and RuCl; were stirred in ethylene glycol
at 175 °C for 15 h followed by treatment with a saturated aqueous NH4PF¢ solution (Scheme 28).1114.117]
The yellow precipitation was collected by suction, firmly rinsed with water, redissolved in CH3CN and
stirred with AgPFg at 50 °C for 5 h which provided the racemic complex 64i in 90% yield.

B 1(PFe)
I b,
7 "N” N Me
B 1) RuCls_ethylene glycol (N:\| NZ
A 175°C, 15 h Med
- Ra
(/\'N > Mes, ~N
INJ B 2) NH4PFe(aq) N~/ | Nie
Med 3) AgPFg, CHiCN QNN
93a 60°C,5h |
90% Z g
rac. 64i

Scheme 28: Metalation of the ligand 93a with RuCls in ethylene glycol following the published procedure by
the Meggers group.!!!4117]

The obtained yields were with 90% in the upper range compared to the previous ruthenium complexes of
the Meggers group (51% to 92%).1'14117] Crystals suitable for single X-ray diffraction were obtained by
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3. Results and Discussion

slow diffusion of Et;O into a solution of 64i in CH3CN, crystallizing in the monoclinic C2/c¢ spacegroup
(Figure 6). The structural motives of the mesitylene and the pyridine from each ligand are arranged in a
parallel orientation with a distance of 3.511 A which is consistent with the literature for a 7-7 interaction

of such systems.!123]

Figure 6: Crystal structure of complex 64i. ORTEP drawing with 50% probability thermal ellipsoid. The
PF¢~ counteranion and the solvent molecules are omitted for clarity. Selected bond lengths [A] and angles
[°]: Rul-Cl1#1 2.028(5), Rul-C1 2.028(5), Rul-N21#1 2.035(5), Rul-N21 2.035(5), Rul-N7#1 2.087(5),
Rul-N7 2.087(5); C1#1-Rul-C1 97.4(3), C1#1-Rul-N21#1 170.6(2), C1-Rul-N21#1 86.6(2), Cl1#1-Rul-
N21 86.6(2), C1-Rul-N21 170.6(2), N21#1-Rul-N21 90.8(3), C1#1-Rul-N7#1 77.58(19), C1-Rul-N7#1
98.24(19), N21#1-Rul-N7#1 93.47(19), N21-Rul-N7#1 90.90(18), C1#1-Rul-N7 98.24(19), C1-Rul-N7
77.58(19), N21#1-Rul-N7 90.90(18), N21-Rul-N7 93.47(19), N7#1-Rul-N7 173.8(2). The distance of the
centroids is indicated with a dotted green line and given in A.[124]

In order to obtain enantiomerically enriched chiral-at-metal complexes, the previously reported chiral
auxiliary mediated procedure by the Meggers group!!'#! was applied by reacting the complex 64i with a
slight excess of salicyloxazoline (S)-66 under basic conditions in CH,Cl, at 60 °C for 16 h in a pressure
tube (Scheme 29). Due to the different physicochemical properties of the two diastereomers, they can
be separated via column chromatography during which the diastereomer A-(S)-94a decomposes due to

auxiliary cleavage. The complex A-(S)-94a was obtained in 49% yield as an orange to red solid.

With pure A-(S5)-94a in hand, an acid induced protonation of the auxiliary in presence of CH3CN was
conducted as the second step by treating a solution of the complex A-(S)-94a in CH3CN with TFA at
25°C. The desired enantiomerically enriched complex A-64i was obtained in 95% yield as a yellow

solid.
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3.1. Synthesis of Modified Chiral-at-Ruthenium Complexes
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Scheme 29: Chiral-auxiliary-mediated synthesis of enantiomerically enriched A-64i using the chiral salicyl
oxazoline (S)-66.

In order to determine the absolute configuration, HPLC-spectra and enantioselectivity for known catalytic

reactions were compared to complexes with known configuration.

HPLC analysis (Figure 7) of the enantiomerically enriched complex A-64i was compared to reported
complexes of known configuration. The reported order of elution is A as the first eluting complex followed
by the corresponding A complex.[!'#! The major signal with a retention time of 43.5 min corresponds to
the first eluting enantiomer, which further suggests A-configuration. The minor signal which would be
expected at a retention time of 46.0 min was not observed. However, accurate determination of ee is
not possible due to strong tailing of the major signal. A baseline separation for the two signals was not

achieved.
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Figure 7: HPLC traces of the racemic (top) and non-racemic (bottom) complex 64i. Conditions: Chiralpak IB
(250 x 4.6 mm), 0.8 mL min~!, H,O + 0.05% TFA/CH3CN 75:25, gradient to 70:30 in 50 min, 40 °C, 254 nm.
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3. Results and Discussion

The complex A-64i was applied in the previously reported!! ! alkynylation of trifluoromethyl ketones and
selectivity as well as absolute configuration of the product were compared with the previously reported
catalysts. The results, which suggested A-configuration, will be shown later in this work (Chapter 3.2.3).
CD-spectra analysis (Figure 8) showed positive extrema at 252 nm, 293 nm and 352 nm with negative

extrema at 228 nm, 278 nm, 321 nm.
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Figure 8: CD-spectrum of A-64i (MeOH, 0.2 mM).

28



3.1. Synthesis of Modified Chiral-at-Ruthenium Complexes

3.1.2. Synthesis of Electronically Modified Ruthenium Complexes
Catalyst Design

Beside sterics, the electronic properties of the metal center alters the catalytic activity. The Chang group
reported 2018 an iridium catalyzed C(sp®)-H amidation starting from 1,4,2-dioxazol-5-ones 88 for a
selective formation of y-lactams 89.1201 Here, they managed to change the selectivity by altering the
electronic properties of the iridium center via the contact atom of their ligand. Electron donating groups
as well as more electron donating contact atoms facilitate the C(sp>)-H insertion to the y-lactam 89 while
suppressing the formation of isocyanate 90 by Curtius rearrangement (Scheme 30). The catalyst system
is based on a Cp*-Ir(Ill) center with a bidentate ligand which was subsequently modified during their
research. Starting from an oxygen donor which gave a ~ 1:1 ratio of 89 to 90, several modifications
were made ending with a nitrogen donor ligand that was further modified by electron donating groups
(here in form of an OMe and a methoxycarbonyl, short Meoc, group) changing the selectivity of 89 to 90
> 20:1. The change in selectivity is remarkable, especially since DFT calculations indicate a significant
higher energy barrier for the C(sp*)-H insertion (12 kcal/mol) compared to the Curtius-type rearrange-
ment (9.6 kcal/mol).1'20]

Catalyst (10 mol%)

,./(O NaBAr", (10 mol%) 0

o] > ( :NH * ph Kol
Pho~ A" CD.Cl / SN
8

Ph
3 -CO, 89 0
7§<| 7§<| fi’ﬁ =
| | | |
N Nl 7 ‘N/lr\Cl 7 ‘N//r\CI 7 ‘N//r\CI
— MeO
—O N, N N,
s Ts )]/ Meoc

o}
29% (33%) 35% (17%) 70% (14%) 97% (<5%)
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9

Scheme 30: C(sp’)-H Amidation reaction catalyzed by different iridium catalysts by the Chang group. The
electronic nature of the ligand influences the ratio of insertion and the Curtius rearrangement pathway. The
yields are given for 96 and for 90 in parenthesis.! 2%

Based on the previous design with two pyridinyl-NHC ligands and two acetonitrile ligands, it was pro-
posed that modifications of the pyridine moiety should give insights about the electronic effects towards
their catalytic properties (Figure 9). A substitution in the 4-position should modulate the N—M bond of
the pyridine as the M-effect alters the o-donor as well as the 7-acceptor properties. On the other hand, the
modulation of the 5-position should remotely modulate the NHC moiety of the ligand and therefore the
C—M bond. This bond is located trans to the labile acetonitrile ligands, which are subsequently replaced
during the catalytic cycle. Changes in this position would also affect the bond strength of the acetoni-

triles which could either increase or decrease the exchange rate. As reference systems, a substitution
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3. Results and Discussion

with a NO;-group was chosen as the electron withdrawing group as well as a NMe;-group as the electron
donating group.
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Figure 9: Design concept of chiral-at-metal ruthenium complexes 64j—m with different modifications of the
pyridine moiety at the 4-position (left side) and the 5-position (right side) with electron donating (red) and
withdrawing (blue) substituents.

Synthesis of the N,N-Dimethylamino Substituted Derivative in C4 Position

The ligand synthesis was planned based on a reported synthesis procedure which includes the Sy Ar type
reaction of 92 with 2-substituted pyridines (Scheme 31). Starting with the 4-NMe, substitution, N,N-
dimethylaminopyridine (97, DMAP) was used as a commercially available starting material. According
to a published procedure by Cuperley er al.'>], subsequent lithiation and addition of a halide source like
CBry4 or C,Clg gave the corresponding halogenated DMAP derivatives 98a and 98b in 50% respectively
72% yield as beige to brown solids.

For the next step, the Sy Ar type reaction of the pyridines 98a and 98b with imidazole 92, the temperature
was decreased to 160 °C and 170 °C, respectively. Here, it was crucial to immerse the reaction vessel fully
into the oil bath to avoid sublimation of the pyridines. The ligand precursor as bromide salt (99a) was
obtained in 96% yield as a beige to brown solid, while the corresponding chloride salt 99b was obtained

in 44% yield as a brown solid. The PFg-derivative 99¢ was precipitated by treating an aqueous solution
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3.1. Synthesis of Modified Chiral-at-Ruthenium Complexes

of 99b with a saturated aqueous solution of NH4PFg, providing the target product 99¢ with 81% yield as
an off white solid.

. Y
1. n-BulLi Mes’N\l/
SN DMAE SN \N—
2. CBr4 or CQC|6 92 —\ + —
B > A N—
| n-hexane | 160-170°C  Mes” "~ N7
N -78°Cto 0 °C X~ °N 24 h X
97 98a (X = Br, 50%) 99a (X = Br, 96%)

98b (X = CI, 72%) 99b (X = Cl, 44%)

(
NHPFs(aq) Lo g9 (x - PFy. 81%)

Scheme 31: Synthesis of the 4-N,N-dimethylamino substituted ligand precursors 99a—c.

In theory, chlorine as the more electronegative element should show an increased reactivity as the C—Cl-
bond is more polarised compared to the C—Br-bond, but the yield indicated the opposite trend. One ex-
planation could be the mentioned sublimation of the pyridines and the lower molecular weight of pyridine
98b might ease this process and could not be fully compensated with the decreased reaction tempera-

ture.

In order to synthesize the corresponding ruthenium complex, the ligand precursor was reacted with RuCls
under similar reaction conditions as shown before (Chapter 3.1.1). Precursor 99a resulted in the target
product 64j in 43% yield (Table 5, entry 1). Precursor 99b provided under similar conditions an isolated
yield of 50% (entry 2), while imidazolium 99¢ showed 56% yield of complex 64j (entry 3). Furthermore,
a second complex was observed under these conditions in a ratio of 73:27 as determined via 'H-NMR of
the crude mixture (Figure 10). Due to insufficient separation, only complex 64j was isolated. A side by
side comparison of the ligand precursor as bromide (99a) and chloride (99b) salt (entry 4 and 5) with a
prolonged reaction time for the third step increased the yield of the target complex 64j to 58% starting
from precursor 99a. However, the chloride salt 99b provided the same unidentified complex as major
product with impurities. As the reaction time in the third step as well as the nature of the precursor
anion seems to affect the reaction, additional experiments were performed. Maintaining the precursor
as bromide salt (99a), decreasing the temperature of the first step to 120 °C and keeping the time of
the third step short with 1h, the selectivity towards 64j is maintained (entry 6). 'H-NMR-analysis of
the crude product showed only traces of the unknown complex. As the unknown complex was already
observed using precursor 99¢ with PFg-anion, an increase of the reaction time in the third step resulted in

no formation of the target complex 64j.
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3. Results and Discussion

Table 5: Reaction conditions for the synthesis of racemic 64j which also gave an unknown complex, here
called Dia X.

N~ “1(PFe)2

ﬁ 1) I;EUC|3’ ethylene glycol (;:N\ | N//Me
b
N7 NP > Med v

(/\ N > Rd
- 2) NH4PFg(aq) Mes, ~N
N— x 2 N SN
‘ 3) AgPFs, CHsCN
Mes )Gg OC‘B,t 3 «\/\N/ |\ Me
99a (X = Br) |
99b (X = Cl)
99c (X = PF) NG
rac. 64j
Entry Step 1 Step 3 ratio? yield®
99 t/h T/C ¢t/ 64f DiaX 64j DiaX
1 a 19 170 5 100 O 43 0
2 b 18 175 5 100 O 50 0
3 c 21 180 3 73 27 56 0
4 a 18 175 21 100 O 58 0
5 b 18 175 24 0 100 0 87¢
6 a 21 120 1 >95 <5 58 0
7 c 16 175 18 0 100 0 30¢

“ Calculated from "H-NMR of the crude mixture after the third step.
b Isolated yields after column chromatography. ¢ Estimated yield

assuming similar molecular weight as 64j including impurities.

The major contributions to the formation are the reaction time of the third step and the nature of the
counteranion of the ligand precursor. As the 'H-NMR spectrum (Figure 10) shows twice the amount of

signals compared to 64j, a non—-C,—symmetric geometry is assumed so far.

Crystals suitable for single X-ray diffraction were obtained by slow diffusion of Et, O into a solution of 64;
in CH3CN, crystallizing in the monoclinic P2;/c spacegroup. With CH3CN, complex 64j crystallizes as
yellow plates!'?! whereas CH,Cl, led to crystallisation as green needles.['>”! Both crystals were measured
and refined (Figure 11), verifying the expected coordination mode with the pyridine moieties in a trans
fashion as well as the NHC moieties trans to the labile CH3CN ligands. The distance of the mesityl
and pyridine moiety of 3.484 A and 3.562 A is similar to the previous obtained distances of 3.511 A for
complex 64i (Figure 6), thus a -7 interaction of the ligands is assumed.
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Figure 10: Excerpt of the '"H-NMR spectrum of a) clean complex 64j and b) the observed mixture with an
unknown complex as shown in Table 5, entry 3. Spectra were recorded in CD3CN.

Figure 11: Crystal structure of complex 64j. ORTEP drawing with 50% probability thermal ellipsoid. The
PF¢~ counteranion and the solvent molecules are omitted for clarity. Selected bond lengths [A] and angles
[°]: Rul-C1 1.979(2), Rul-N7 2.093(2), Rul-N24 2.112(2), Rul-N27 2.109(2), Rul-C101 1.978(2), Rul-
N107 2.087(2), C1-Rul-N7 77.62(9), C1-Rul-N24 94.03(9), C1-Rul-N27 173.34(9), C1-Rul-C101 88.9(1),
C1-Rul-N107 100.38(9), N7-Rul N24-89.24(8), N7-Rul-N27 95.85(8), N7-Rul-C101 99.20(9), N7-Rul-
N107 176.52(8), N24-Ru1-N27 87.08(9), N24-Rul-C101 171.5(1), N24-Rul-N107 93.75(8), N27-Rul-C101
90.88(9), N27-Rul-N107 86.09(§), C101-Rul-N107 77.85(9). The distance of the centroids is indicated with

a dotted green line and given in A.

With the desired complex 64j in hand, the reported chiral auxiliary mediated procedure by the Meggers
group!!'#! was applied by reacting complex 64j with a slight excess salicyl oxazoline (§)-66 in presence of
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NEt; in CH,Cl, at 60 °C (Scheme 32). '"H-NMR analysis of the crude product indicated the formation of
complexes A-(S)-100 and A-(S5)-100, however a sufficient resolution of the two diastereomers via column
chromatography could not be achieved. At this time, the Meggers group successfully applied a chiral (R)-
sulfinyl benzamide 85 as chiral auxiliary.'!”) With this auxiliary, a resolution of the diastereomers was
feasible obtaining the corresponding complex A-(S)-101' in 19% yield as green solid. Due to insufficient
separation of the two diastereomers A-(S)-101 and A-(S5)-101, no higher yields were accomplished.

After the resolution, complex A-(S)-101 was treated with TFA in CH3CN at 25 °C for 2 h to replace the
coordinated auxiliary with CH3CN ligands (Scheme 32). The enantiomerically enriched complex A-64j
was obtained in 75% yield as a yellow solid which turns green in presence of CH,Cl,. The assignment of
the absolute configuration was according to the results of previously reported results!' ) and by subjecting
complex A-64j for the reported alkynylation of trifluoromethyl ketones.''#1 Comparison of the obtained
results with the reported data suggested A-configuration and will be shown later in this work (Chapter

3.2.3).
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Scheme 32: Top: Attempted chiral resolution of racemic 64j using salicyl oxazoline auxiliary (S)-66. Bottom:
Chiral resolution of racemic 64j using sulfinyl benzamide (R)-101 followed by TFA induced ligand replace-
ment provided complex A-64j.

IThe formal assignment of the absolute stereochemistry at the sulfur according to the Cahn-Ingold-Prelog priority rules
changes from R to S upon coordination.
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Synthesis of the Dimethylamino Substituted Derivative in C-5 Position.

Following a modified reported procedure by Bejoymohandas et al.'?8!, 6-bromo-3-aminopyridine (102a)
was reacted with NaH and methylene iodine in THF at 0 °C, provided the dimethylated product 103a
in 66% yield as a yellow solid. The fluorine derivative 102b was subjected to the same procedure which
provided the corresponding dimethylated pyridine 103b in 83% yield as a colorless liquid. This compound
was later converted into its hydrochloride salt 103b-HCI by precipitation from a CH,Cl, solution and

HClg) in near quantitative yield as a colorless crystalline solid (Scheme 33).

NaH |
NHe el HClg)
o U oy
XN T B FSNP HC
0°C,16h r.t., 30 min
102a (X = Br) 103a (X = Br, 66%) 103b-HCI (99%)
102b (X = F) 103b (X = F, 83%)

Scheme 33: Synthesis of the 3-NMe, substituted pyridines 103a, 103b and 103b - HCL.

Similar to the previous imidazolium salts 93, 99 or 104, the pyridines 103a and 103b were heated to
120 °C with imidazole 92 under solvent free conditions (Scheme 34). Neither for bromine derivative
103a nor the fluorine derivative 103b showed formation of the product 105a or 105b. The tempera-
ture was raised to 170 °C for additional 24 h which did not result in product formation. To decrease the
electron density of the pyridine system and therefore increase the reactivity towards a SyAr reaction,
the pyridine hydrochlroide 103b - HCl was synthesized as shown earlier. The protonation of the pyridine
should therefore counter the +M-effect of the NMe;-group. The hydrochloride salt 103b - HCI was heated
under solvent free conditions with imidazole 92 to 170 °C for 17h which provided a mixture of com-

pounds. Purification neither by fractional precipitation nor by column chromatography provided a clean

product.
Y
| | Mes™ "~ =
92 =\ + /==
N N N /
AN ~ RS ~ 1/ - \
I i /(j/ 77 > Mes 7 N7\
X7 N7 F7 N\ °HCI 120 °C - 170 °C X
16 h
103a (X = Br) 103b - HC 105a (X = Br)
103b (X = F) 105b (X = F)

Scheme 34: Attempted synthesis of the 5-NMe, substituted ligand precursor 105.

The bromine derivative 103a was also subjected to Ullmann conditions with Cul, K,CO3 and L-proline
in DMSO at 90 °C for 18 h (Scheme 35). After TLC indicated incomplete conversion, the reaction was

stirred for additional 48 h at 90 °C, but no product formation was observed.
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Scheme 35: Attempted synthesis of the 5-NMe; substituted ligand precursor 105 with a copper catalyzed
Ullmann coupling reaction.

To circumvent the possible complex formation of the used transition metal, a post-complexation derivati-
sation approach, inspired by the previous work in the Meggers group, was investigated.['>?! As starting
material, the ruthenium complex 64i was chosen as it bears a halogen atom at the desired position of the
ligand. The complex 64i was reacted with acetylacetone (acac, 106) in ethoxyethanol at 60 °C for 3h
which provided the target complex 107a in 74% yield as an orange to red solid (Scheme 36).

ﬁBr T1(PFg)2 o o ﬁBr “1PFe
Z
NN Me veP A e N

7 "N
= 106 @ Me
/N N K-CO /N O
Mes Ru/ V8 Mes R
Mes ~ Mes ~n~ 7/
‘N\/ | Na Ethoxyethanol \ \‘/ | O
\\ o N
Me 60°C,3h Me
QNN 74%, N N
|
Z Br Z Br
rac. 64i rac. 107a

Scheme 36: Synthesis of the ruthenium complex 107a.

The complex 107a has increased solubility in less polar solvents compared to the bis-acetonitrile complex
64i, resulting in a wider applicable range of solvents for the post complexation derivatisation. With the

complex 107a in hand, the late stage Buchwald Hartwig cross coupling was investigated (Scheme 37).

PF _
ﬁBr “1PFe PA(OAT) ﬁg T1PFg R-= :xlon\gsz
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,N’\ | O= Amine N’\ | o N
Mes ~ ) 4 = %!
~

1/ - Mes
77 >

Mes, M Ru /

N 0 1,4-dioxane oS o 107¢

«/ Me T, t N Me

NN Q\,N Ny
|

rac. 107a rac.

A

Scheme 37: Tested Buchwald conditions for the late stage modification of 107a.
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3.1. Synthesis of Modified Chiral-at-Ruthenium Complexes

The complex 107a, 10 mol% Pd(OAc), as catalyst, equal amount of SPhos as ligand, 4 eq of Cs,CO3 and
3 eq of NMe; - HCI (108) were reacted in 1,4-dioxane at 60 °C for 24 h in a pressure tube (Table 6, entry

1), but no product complex 107b was observed. Increasing the catalyst and ligand loading to 40 mol%

(entry 2) showed also no conversion of the complex 107a. The amine was changed to morpholine (109)

as the major amount NMe; might be in the gas phase at 80 °C, but still no conversion was observed (entry

3). The catalyst loading was increased to 30 mol%, the ligand to 40 mol% and the reaction temperature to

100 °C (entry 4) but no conversion was observed within 24 h. The base was changed to NaOz-Bu, which

is a reported alternative used for lower catalyst loadings (entry 5).13% This showed no conversion to the

desired complex 107c. A change of the ligand to RuPhos (entry 6) also showed no conversion.

Table 6: Tested conditions for the Buchwald Hartwig cross coupling of complex 107a.

Entry Pd(OAc), Ligand loading Base Amine T t
/mol% /mol% /eq. leq. /°C /h
1 10 SPhos 10 Cs,CO; 4 108 3 60 24
2 40 SPhos 40 Cs;CO; 4 108 3 60 20
3 10 SPhos 15 Cs,CO; 3 109 3 80 18
4 30 SPhos 40 Cs;CO3 3 109 3 100 24
5 10 SPhos 20 NaOt-Bu 3 109 3 80 18
6 10 RuPhos 10 NaOr-Bu 1.3 109 3 80 16

After evaluation of the topology of a putative oxidative addition product, 2 the palladium is shielded from

either direction by the phosphine ligand, the mesityl moiety of the ruthenium complex or the bromine

(Figure 12). With this, a coordination of the amine to the palladium would be unlikely and therefore

explains the results of the attempted cross coupling as the amine coordination is inhibited.

Mes—N \%

OMe

Figure 12: ChemDraw representation of a putative intermediate after oxidative addition of palladium into the
C-Br bond and coordinated SPhos ligand with the back orientated ligand in grey.

2Based on calculations from ref. [131] and X-ray structure from ref. [132]. For a three dimensional projection with added

Van der Waals spheres, see Figure 40 in Chapter A
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3. Results and Discussion

Synthesis of the NO; Substituted Derivative in C-5 Position

Following modified literature conditions,!'??! commercially available 2-chloro-5-nitropyridine (110) was
heated with imidazole 92 under solvent free conditions to 150 °C for 18 h provided the target imidazolium
salt 104a in near quantitative yield as a beige solid (Scheme 38). The PF¢ salt 104b was precipitated
by treating an aqueous solution of 104a with a saturated aqueous solution of KPFg, providing the target

product in 89% yield as an off white solid.

doN
Mes™ ~7
NO 92 /=
N N
\
I B MeS/N\,/ N / NOZ
CI” N solvent free X
. 150 °C, 18 h KPF 104a (X = Cl, 99%)
6(aa) L~ 104b (X = PFg, 89%)

Scheme 38: Synthesis of the 5-NO; substituted ligand precursors 104a and 104b.

The two imidazolium salts 104a and 104b were reacted with RuCls under conditions shown previously
(Scheme 39), but according to 'H-NMR analysis the target complex 64m was not formed. Neither imida-
zolium salt 104a nor 104b were detected by 'H-NMR or TLC, indicating complete decomposition of the

imidazolium salts, rendering this synthesis approach unsuitable.

In 2011, Bernet et al. reported a synthesis route which included the synthesis of a piano-chair complex
with a bidentate triazole ligand which was converted into a tetra acetonitrile complex. So it was envisioned
that the imidazolium salts 104a and 104¢ might behave similarly.!'33! To circumvent a direct metalation,
the transmetallation procedure reported by Bernet ef al. was applied by reacting [Ru(p—cymene)Cl; ],
(111) with the imidazolium salt 104b and Ag,O as transmetallation reagent in CH3CN at an ambient
temperature for 30 h. The p-cymene NHC complex 112 was obtained in 39% yield as a yellow solid. The
complex 112 was reacted with the imidazolium salt 104b in CH3CN at 90 °C for 17 h using a pressure tube
but the target complex 64m was not obtained. Instead, the tetra acetonitrile complex 113 was obtained in
63% yield as a yellow solid. The complex 113 was reacted in presence of Ag,O and the imidazolium salt
104b in CH;3CN first at room temperature and subsequent heating to 90 °C using a pressure tube, however

the target complex 64m was not obtained under these conditions.
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Scheme 39: Tested conditions for the synthesis of complex racemic 64m.

Parallel to this investigation, a more promising discovery was made, so the investigation of the 5-NMe,

and 4-NO; substitution was discontinued at this point.
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3. Results and Discussion

3.1.3. Synthesis of aNHC Complexes 114a and 114b

During the investigation of the modified catalysts, a new complex was formed by reducing the temper-
ature from 200 °C to 150 °C besides the known complex 64i which was obtained in 39% yield. 'H-
NMR analysis showed two species, which were collected as one fraction during column chromatography,
in a 1:2.1 ratio. The minor compound was identified as unreacted imidazolium salt 93b by the char-
acteristic signals at 7.51, 8.41 and 9.26 ppm for the uncoordinated imidazol moiety (Figure 13). The

major compound showed twice the amount of expected signals for the target ruthenium complex 64i, so a

non—C,-symmetric complex was proposed (Scheme 40).

complex 64i

1.07
0973 %;
0931 ——

_

—

. . b ke T
imidazolium salt 93b o o< N
S [o]=} o
-— o~ -~

new complex

-

|
0964 ———m—

O o e Rt i

19 o o N~ N [e2X ) N ™ wn ~ <M (a2}

w S 9 ¥ n 0 onh @ 0 —NS o o

o ~ o o o [k o O~ o ~N+—O o
T

94 92 90 88 86 84 82 80 78 76 74 72 70 68 66 64 6.2 6.0 58 56 54 52
chemical shift /ppm

Figure 13: Comparison of the 'H-NMR (measured in CD,Cl,, 300 MHz at 300 K) of complex 64i (top) with
a new species (highlighted in green), obtained in a 1:2.1 mixture with imidazolium salt 93b (highlighted in
red,). Indistinct signals resulting from both compounds are highlighted in blue.
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Scheme 40: First occurrence of non—Cr,—symmetric aNHC complex 114a.

Single crystal analysis provided final proof for the non—C,—symmetric complex where one NHC ligand co-
ordinates with the abnormal C4 carbon (Figure 14). This new complex features two coordination modes, a
nNHC and an aNHC ligand, which was expected to have unique catalytic properties. The mesityl moiety
of the nNHC and the pyridin moiety of the aNHC ligand were, in a parallel orientation with a distance of
3.489 A, similar to the bis-nNHC complex 64i. The mesityl moiety of the abnormal bound ligand points
away from the metal center.

9P
5% |

@w/w\g/@

13489 Q N2
# Ne
Br1
Q\ ()/ir c10

W-a»r\v’ﬁ \}
©N1

1]

©

Figure 14: Crystal structure of complex 114a. ORTEP drawing with 50% probability thermal ellipsoid. The
PF¢~ counteranion and the solvent molecules are omitted for clarity. One imidazole part of the ligand co-
ordinates with the abnormal C4 carbon.['3* Selected bond lengths [A] and angles [°]: Rul-C10 2.012(3),
Rul-C29 1.983(2), Rul-N1 2.114(2), Rul-N2 2.104(2), Rul-N3 2.084(2), Rul-N6 2.072(2), N2-Rul-N3
96.11(8), N2-Rul-N6 89.38(8), N2-Rul-C2 992.8(1), N2-Rul-C1 0175.27(9), N2-Rul-N1 88.85(8), N3-
Rul-N6 173.96(8), N3-Rul-C2 999.2(1), N3-Rul-C1 079.21(9), N3-Rul-N1 86.87(8), N6-Rul-C2 978.0(1),
N6-Rul-C1 095.33(9), N6-Rul-N1 95.77(8), C29-Rul-C1 088.7(1), C29-Rul-N1 173.5(1), C10-Rul-NI1
90.19(9). The distance of the centroids is indicated with a dotted green line and given in A.

Besides the shown complex 114a, the corresponding CF3 derivative 114b was obtained as well and used
for further investigation as 'H-NMR analysis of the crude mixture allowed clear identification of individ-

ual signals for each compound (Figure 37, Chapter A).
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3. Results and Discussion

As mentioned earlier (Chapter 1.1.2), a preference of aNHC to nNHC depended on the anion of the used
ligand precursor was reported by Crabtree et al. for their iridium complex.*8! Therefore, the influence
of Br~, PFs~, BF4~ and SbFg~ as anion for this system was investigated. The synthesis of these ligands
followed the previous reported procedure for the CF; ligand and counteranion exchange in similar fashion
to the previous ligands. 2-Bromo-5-(trifluoromethyl)pyridine (115) was reacted with imidazole 92 under
solvent free conditions at 180 °C for 20h. This provided the imidazolium salt 116a in 91% yield as a
off white crystalline solid. Precipitation from an aqueous solution either with aqueous KPFs, NH4BF, or
NaSbFg provided the corresponding imidazolium salt 116b (81%), 116¢ (86%) and 116d (73%) as off

white crystalline solids (Scheme 41).
—
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Scheme 41: Synthesis of the CF3 substituted imidazolium salts 116a, 116b, 116¢ and 116d.

With the imidazolium salts in hand, the synthesis of the aNHC complex was investigated (Table 7). At
200 °C and the bromide salt 116a as ligand precursor, only the formation of the nNHC complex 64g was
observed (entry 1). Lowering the temperature to 120 °C with an increased reaction time of 63 h provided
a NMR yield for 64¢g of 19.4% and for 114b of 48.7% resulting in a ratio of 2.5 : 1 in favor of the aNHC
complex 114b (entry 2). Using the PFg salt 116b under this conditions, a NMR yield of 9.7% for the
nNHC complex 64g and 55.0% for aNHC complex 114b was obtained (entry 3). This resulted in an
improved ratio of 5.7 : 1 in favor of the aNHC complex 114b. Similar results were obtained with the BF,
salt 116c with a NMR yield of 10.2% for 64g, 55.9% for 114b and a resulting ratio of 5.5 : 1 (entry 4).
A further improved ratio of 6.9 : 1 was observed using the SbFg¢ salt 116d with a NMR yield of 6.9% for
nNHC complex 64g and 47.8% for 114b (entry 5). Although using the SbF¢ salt provided the best ratio
in favor of the aNHC complex 114b, the PF¢ salt 116b was used for further optimization as it showed
the most desirable ratio and yield. Decreasing the temperature to 100 °C with a prolonged reaction time
of 89h led to a NMR yield of 6.9% for nNHC 64g and 55.9% for aNHC 114b, resulting in a ratio of
8.2 : 1 (entry 6). The most desirable results were obtained at 90 °C for 89 h with a NHC yield of 6.4% for
nNHC 64g, 62.2% aNHC 114b, resulting in a ratio of 9.8 : 1 (entry 7). Further increase of reaction time
to 135h at 90 °C led to a decreased NMR yield of 5.9% for nNHC complex 64g and 54.8% for aNHC
114b, resulting in a ratio of 9.3 :1 (entry 8).
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Table 7: Synthesis optimization of mixed normal/abnormal NHC complex 114b.

1) RuCl, 7 NN Me Mes—~N7IN" N M
@’CFs ethylgne glycol (N:\| NE *s=NO | NZ ©
NN Tt _ Med ad d
G > Mes, N * Mes, <
ved X 3)2; NPH; Pl(::BH(a%)N «N:/ | e N | N\\Me
es grire, GH3UN, N\_N_ _N N\
116 60°C,2h = Q/N IN\
Z crs Zcr,
rac. 649 rac. 114b
conditions (first step) NMR yields® ratio
entry X T/°C t/h 64g/% 114b/% 114b:64g
1 Br 200 6 66.9 0 only 64g
2 Br 120 63 19.4 48.0 2.5:1
3 PFs 120 63 9.7 55.0 5.7:1
4 BF, 120 63 10.2 559 5.5:1
5 SbFe 120 63 6.9 47.8 6.9:1
6 PFs 100 89 6.9 55.9 8.2:1
7 PFs 90 89 6.4 62.2 9.8:1
8 PF¢ 90 135 5.9 54.8 9.3:1

“See chapter A.2 for details.

The corresponding bromine complex 114a was obtained under these conditions with an isolated yield of
53% as a yellow solid. As sterics were expected to play a crucial role in the formation of the abnormal co-
ordination, the imidazolium salts 117a and 99¢ were tested under the optimized conditions. Surprisingly,

no aNHC derivatives were observed in both cases (Scheme 42).
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64j (R = 4-NMey, 46%) 114d (R = 4-NMey, n.o.)

Scheme 42: Tested conditions for aNHC formation using imidazolium salts 93b, 117a and 99¢. n.i. = not
isolated, n.o. = not observed, calculated NMR yields are given in parenthesis.

Figure 15: Crystal structure of complex 114b. ORTEP drawing with 50% probability thermal ellipsoid.
The PF¢~ counteranion and the solvent molecules are omitted for clarity. One imidazole part of the ligand
coordinates with the abnormal C-4 carbon. Selected bond lengths [A] and angles [°]: Rul-N1 2.091(1),
Rul-N2 2.103(1), Rul-N3 2.069(1), Rul-N6 2.088(1), Rul-C13 1.969(2), Rul-C30 2.005(1), N1-Rul-
N2 84.92(5), N1-Rul-N3 95.02(5), N1-Rul-N6 86.65(5), N1-Rul-C13 173.41(6), N1-Rul-C30 90.46(6),
N2-Rul-N3 88.78(5), N2-Rul-N6 94.96(5), N2-Rul-C13 95.22(6), N2-Rul-C30 172.68(6), N3-Rul-N6
176.03(5), N3-Rul-C13 78.41(5), N3-Ru1-C30 97.30(5), N6-Ru1-C13 99.89(5), N6-Ru1-C30 79.07(5), C13-
Rul-C30 90.02(6). The distance of the centroids is indicated with a dotted green line and given in A

Stability of the Abnormal Complexes 114a and 114b

alNHC complexes are known to be the kinetically favored product of the complexation and are energet-
ically estimated 23 kcal/mol higher in energy compared to their nNHC analogs.[*%! This might lead to a
rearrangement of the aNHC complexes into the favored nNHC at elevated temperatures. The rigid coor-
dination of the ligands and a stable arrangement around the metal center is crucial for the catalyst design
as a rearrangement of the ligands would result in racemic mixtures of the corresponding complex or mix-
tures of 114b and 64g. This could interfere with the catalytic activity and selectivity of these complexes
thus rendering them unsuitable as asymmetric catalysts. In order to gain insight into the thermal stability
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3.1. Synthesis of Modified Chiral-at-Ruthenium Complexes

of these complexes, the aNHC complex 114b was dissolved in CD3CN and heated to 80 °C for 24 h and
48 h under an N, atmosphere. 'H-NMR analysis showed slight decomposition of the complex, but no
detectable rearrangement of the aNHC complex 114b into its nNHC counterpart 64g (Figure 16). This
implies a significant energy barrier for the interconversion into the thermodynamic more stable nNHC
64g.
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Figure 16: Investigation of the thermal stability of the non—C,—symmetric complex 114b which contains a
normal as well as an abnormal NHC. Excerpts of ' H-NMR spectra are shown for the complex 114b in CD3;CN
after heating at 80 °C under N, atmopshere for 24 h (b) and 48 h (c). Reference spectra of a freshly prepared
solution of 114b (a) and 64g (d) are also provided for comparison.

A similar experiment carried out in CD,Cl, showed no decomposition of aNHC 114a after 24 h at 4 °C
while at 20 °C the complex starts to decompose (Figure 17). After 72h at 20 °C, the '"H-NMR spectrum
showed no significant changes compared to the measurement after 24 h. The signal at 9.1 ppm is affected
by this decomposition and shifted downfield to 9.3 ppm. This signal corresponds to the C-2 proton of the
abnormal bound imidazole. Comparison to the nNHC complex 114a showed no detectable rearrangement.
As the decomposition does not progress further, a reaction of the complex with the solvent can be assumed
and for catalytic applications, chlorinated solvents might show side reactions or lead to catalyst inhibition

by poisoning.
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Figure 17: Investigation of solvent stability of the non—C, symmetric complex 114a. Excerpts of 'H-
NMR spectra are shown for the complex 114a in CD,Cl, after 24h at 0°C (b), 24h at 20°C (c), 72h at
20°C (d). Reference spectra of freshly prepared solution of 114a (a) and its C; symmetric counterpart 64i (e)
are also provided for comparison.

Synthesis of Non-racemic Complexes 114a and 114b

For the synthesis of the non-racemic complexes, the same approach as for the normal NHC complexes
was applied by reacting the complex with the chiral salicyl oxazolidin (S)-66. Due to insufficient separa-
tion, the corresponding diastereomeric complexes were not obtained as single diastereomers. The number
of potential diastereomers for a non—C,—symmetric auxiliary is increased from two to four for these com-
plexes, as the ligands coordinate around the metal-center in a non—C,—symmetric fashion. Therefore, a
Cr—symmetric auxiliary was highly favorable. One recent example from the Meggers group employed
bisoxazoline (BOX) ligands as C,—symmetric auxiliaries to achieve the separation of heteroleptic chiral-
at-rhodium complexes.!'*3 Two BOX derivatives bearing a phenyl moiety (118a) at the chiral center were
tested and one was further functionalized with a nitrile group (118b) located at the bridging carbon atom.
Although full conversion was observed, the separation via column chromatography was unsuccessful for
all combinations of ruthenium complexes 114b and 114a and BOX derivatives 118a and 118b. The
screening of suitable auxiliary was continued with the N-(fert-butylsulfinyl)benzamide 85. Although the
auxiliary is not Co,—symmetric, one diastereomer could be isolated and is highly favored over the diastere-

omer with a 180° flipped auxiliary indicated by a yield of 37% for 119 (Figure 18).
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Figure 18: Tested auxiliaries for the resolution of 114a. With 120 as well as the C;—symmetric BOX deriva-
tives 118a and 118b no separation of the diastereomers was achieved, while the resolution with 85 was suc-
cessful.

Although the synthesis provided satisfying results in terms of yield and quality, the separation was not
always successful, resulting in inconsistent ee of the corresponding enantioenriched complex A-114a. In
order to improve the synthesis and isolation, the coordination of auxiliary 85 to the metal complex was
investigated in detail. The fert-butyl group induces steric repulsion, which favors one enantiomer over
the other as well as favoring the one coordination mode. The phenyl moiety does not induce any type of
attractive interaction. As the sulfinyl benzamide 85 was superior compared to the oxazoline 120, this was
maintained as the core functionality and center of chirality.

After re-evaluation of the previously applied auxiliaries in the Meggers group, N-(para-tolylsulfinyl)-
benzamide 121 was selected. This type of auxiliary was applied in the Meggers group to separate bis(2-
phenylpyridin)rhodiumchloride dimer ([RhCl(ppy)2]2). The corresponding auxiliary complexes 122a,
122b and 122¢ were subsequently treated with TFA in presence of 2,2’-bipyridine, which provided the
enantioenriched complex 123 (Scheme 43).[13]

With commercially available starting materials and the possibility for late stage modifications using lit-
erature known synthetic methods, this auxiliary system was well suited for further investigations. The
para-tolyl (p-Tol) group was assumed to differentiate between the two enantiomeric complexes by steric
repulsion in a mismatch pair and attractive 7—7 interactions in a matching pair. Similar to the design of

M. Helms, the phenyl moiety can be electronically fine-tuned if necessary.

With these promising considerations, the synthesis was performed according to literature conditions
(Scheme 44).[137:1381 Commercially available (1R,2S,5R)-(-)-menthyl (S)-p-toluenesulfinate (124) was
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3 80 °C, t RL N
(S)-121a (R=H) 4NF “
(5)-121b (R = 4-NOy) 8 \
(S)-121¢ (R = 3-F)
A-(R)-122a (R = H, 23%) A-123
A-(R)-122b (R = 4-NOp, 29%) 24% to 60% yield
A-(R)-122¢ (R = 3-F, 60%) up to 88% ee

Scheme 43: Separation of chiral-at-metal thodium complex 123 using chiral sulfinyl-benzamides 121a, 121b
and 121c¢ by M. Helms.!13%

treated with lithium bis(trimethylsilyl)amide (LiHMDS) at —78 °C and subsequently treated with aqueous
NH,4Cl at 0 °C which provided sulfinamide (S)-125 with yields up to 71% and >99% ee. Sulfinamide 125
was treated with n-BuLi and benzoic anhydride (126) which provided the final auxiliary 121a with 87%
yield and >99% ee. Using para-fluorobenzoylchloride (127), the fluorine derivative 121d was obtained
in 86% yield and >99% ee.

0 0
Ph)LO)LPh
126
or
o}
NS
ZNE
H 1) LIHMDS 127 o
Q 2) NH,CI 0 n-BuLi 1
S, —_— , > pTol”7"N X
p-Tol”%0 THFC pTol”SNH; THF g Hol R
-78° -78°C
71%
(-)-124 - 99% ee (S)-125 (S)-121a (R = H, 87%, >99% ee)

(S)-121d (R = F, 86%, >99% ee)

Scheme 44: Synthesis of the auxiliary 121a and 121d starting from commercially available menthyl sulfinate
124.

With the auxiliaries 121a and 121d in hands, they were reacted with the racemic complexes 114a and
114b under basic conditions in CH3CN at elevated temperatures of 40 °C over night (Scheme 45). The
resulting complexes 128a and 128b were isolated in 29% and 26% yield respectively. The reaction
of racemic complex 114b with the fluorinated auxiliary 121d provided two inseparable diastereomeric
complexes with a combined yield of 34% and a dr. of 1:3.6, therefore the combination with 121a was
more favorable. For complex 114a, the opposite trend was observed as with auxiliary 121a only mixtures
of inseparable diastereomers were obtained. Further purification was observed to be challenging due to

insufficient stability of this complex on silica, resulting in a partial removal of the auxiliary during column
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3.1. Synthesis of Modified Chiral-at-Ruthenium Complexes

chromatography. This indicates a matching pair with either a fluorine in the ligand or in the auxiliary
results in stable complexes which are easier to separate. This might be a result of a slight reduced electron
density, either pulled away from the metal through the CF3 group or the fluorine of the auxiliary complex
while both being present results in hard to separate diastereomers, leaving only a narrow band for optimal

separation and stability.

For both complexes, a yellow compound was observed during column chromatography, which eluted after
addition of NH4PFg as solid on top of the stationary phase. 'H-NMR analysis showed major amounts of
the corresponding bis-acetonitrile complex 114b respectively 114a. However, low enantiopurity of the
complex was determined by HPLC analysis (Figure 41, Chapter A). The obtained, diastereomerically
pure complexes A-(R)-128b and A-(R)-128a were used for further investigations.

PF

) xR TPFel2 g4 Res 1PFe
c IN/ or \0\ H
Me 121d N“NSS

N-Mes
N KsCOs pTol | \Q/
Rd _— Nl’ ‘o,

Mes ~ RG.
p N CH3CN Mes
N‘/ I e 40 °C o | \—N
‘d
LT

rac. 114a (R = Br) A-(R)-128a (R = Br, X = F, 41%)
rac. 114b (R = CF3) A-(R)-128b (R = CF3, X = H, 34%)

Scheme 45: Synthesis of the auxiliary complexes A-(R)-128a and A-(R)-128b starting from the bis-acetonitrile
complexes 114a and 114b.

A single crystal suitable for single crystal diffraction analysis was obtained by slow diffusion of n-hexane
into a solution of 128a in CD,Cl, (Figure 19). After refinement, the absolute configuration was assigned
as A-(S) with a flak? parameter of —0.003(3). The coordinating oxygen of the auxiliary is in trans position
to the carbon of the aNHC ligand while the sulfur is trans to the nNHC carbon atom. A near parallel
orientation of the p-tolyl group is also observed, which results in a centroid distance of 3.543 A and
3.515 A measuring from the central aromatic system, which is the pyridine of the aNHC ligand. A = — 7
interaction is strongly assumed and could be one of the reasons for the stability of this complex.

Beside the shown complex A-(S)-128b (Scheme 45), another complex was obtained but a clear separation
from A-(S)-128b was not achieved. A '"H-NMR comparison of the isolated complex A-(S)-128b and
a mixed fraction (dr. of 1:1.5) is shown in Figure 20. The combined yields did not exceed 50%, so
a second A-configured diastereomer was hypothesized in which the auxiliary ligand is flipped by 180°
(Scheme 46).

3Factor for estimation of the absolute configuration. Values close to 0 indicate correct configuration while values close to 1
indicate an inverted configuration.!!3%]
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Figure 19: Crystal structure of complex A-(S)-128a. ORTEP drawing with 50% probability thermal ellipsoid.
The PF¢~ counteranion and the solvent molecules are omitted for clarity. Selected bond lengths [A] and
angles [°]: Rul-S1 2-297(1), Rul-O1 2.131(5), Rul-N4 2.083(5), Rul-N1 2.067(5), Rul-C7 2.002(7), Rul-
C23 2.006(6), S1-Rul-N4 95.6(2), S1-Rul-O1 78.8(1), S1-Rul-C2 3165.5(2), S1-Rul-C7 95.9(2), S1-Rul-
N1 89.0(2), N4-Rul-O1 90.6(2), N4-Rul-C2 377.7(2), N4-Ru1-C7 97.2(2), N4-Rul-N1 174.6(2), O1-Rul-C2
388.3(2), O1-Rul-C7 171.0(2), O1-Rul-N1 93.1(2), C23-Rul-C7 97.7(3), C23-Rul-N1 98.4(2), C7-Rul-N1
79.4(2). The distances of the centroids are indicated with a dotted green line and given in A.
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Figure 20: '"H-NMR spectrum of A-(R)-128a 1:1.5 mixture accompanied by another complex, presumably
with a 180° flipped auxiliary.
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Scheme 46: The isolated diastereomers A-(R)-128 and the assumed diastereomer A-(R)-128’ with a 180°
flipped auxiliary, deriving from the same metal centered geometry.
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In order to investigate the metal centered configuration of the obtained complex, the auxiliary was re-
moved by treating with TFA and the resulting complexes were analyzed by HPLC (Figure 21). The
sample deriving from the 1:1.5 mixture of Figure 20 (Figure 21 a) shows a major signal at 55.87 min and
a minor signal at 61.32 min. A sample taken from the decomposition product during the column chro-
matography, which consists of the A-configured metal complex with 90.6 % ee, was subjected to the same
procedure (Figure 21 b) and shows a major signal at 51.28 min and a minor signal at 57.54 min. In order
to verify the opposite configuration of these two samples, a third sample (Figure 21 c) was generated by
mixing samples a) and b) and was analyzed by HPLC. Two major signals were observed at 54.35 min and
57.33 min with a near 1:1 ratio as well as a minor signal at 62.10 min. As the retention times were differ-
ent compared to the measurements a) and b), a freshly prepared sample from racemic 114a (Figure 21 d)

was analyzed and verified the retention times from sample c).

a) diastereomeric mixture (dr. 1:1.5) ¢) combined samples a and b
E 20 5 E°0
[0} k| 8 [0} ]
% 15— © % 2.5] ©
2 104 & g ] S
2 5 z 2 .o &
< 200
45.0 475 50.0 525 55.0 57.5 60.0 62.5 65.0 45.0 475 50.0 525 55.0 57.5 60.0 62.5 65.0
min min
b) complex A-114a with 10 % ee d) racemic complex 114a
=N I =) <+ ©
< ] IN <
E 404 o E 4.0 2 3
® a0 o > 3 5
g 304 © 830
g 20 3 E20
o ] N~ o
8 104 0 &1
<C O: <
45.0 475 50.0 525 55.0 57.5 60.0 62.5 65.0 45.0 475 50.0 525 55.0 57.5 60.0 62.5 65.0
min min

Figure 21: HPLC Traces of the diastereomeric mixtures from the synthesis of 128a. a) Sample resulting
from dr. 1:1.5, b) HPLC Trace of remaining bis-acetonitrile complex A-114a with 90.6% resulting from
decomposition during column chromatography c) 1:1 mixture of samples a and b. d) racemic 114a. Conditions:
Chiralpak IB-N5 (250 x 4.6 mm), 1.0 mL min~!, Hy0+0.1% TFA/CH;CN 70:30 for 15 min, gradient to 63:37
in 55 min, 25 °C, 254 nm.

These experiments verify complexes of opposite configuration in sample a) and b) as well as enantio
enriched samples of the complex 114a show lower retention times compared to (near) racemic samples.
The signal at 61.32 min is assumed to correspond to an unknown impurity, which was not observed in
'H-NMR spectra. This indirect method shows that these two diastereomers A-(R)-128a and A-(R)-128a’
result in the same enantiomeric complex A-114a. As such, these can be combined resulting in a total yield
of 48%.

With the clean auxiliary complexes A-(R)-128b and A-(R)-128a in hand, the auxiliary cleavage was

performed following modified literature conditions (Scheme 47).!''*) The complexes were dissolved in
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3. Results and Discussion

CH3CN, treated with 10eq of TFA and heated to 40 °C over night. Further treatment with NH4PFg and
purification via column chromatography provided the pure, non-racemic complexes A-114b and A-114a
with 95% and 91% yield respectively. Compared to the previously shown nNHC complexes 64i and 64j,
the temperature increase from 20 °C to 40 °C and increase reaction time from 20 min to 16 h were needed
for full conversion. Compared to the #-butyl substituted auxiliary 85, which was removed at 20 °C within
2 h, the changes in stability of the auxiliary complexes is noteworthy. This indicates a positive effect of
the p-tolyl group over the #-butyl, a further indication of the & — 7 interaction.

“1PFs
Rz Rz “1(PFg)2
N7 NN oM Me N™ "NASN-M
0 (ON-Mes 1) TFA ~ QN-Mes
p-Tolajt | & 2) NH,4PFg SN, L/

N/ 'l,,'.

| Rd e —— ‘R,
@/ko/ |
X N

Mes
\’N' CH3CN ///N/ l \’N'MGS
40°C,17h Me
UNJ N N\/)
|
RN X

-~

R
A-(R)-128b (R = CF3, X =H) A-114b (R = CF3, 95%)
A-(R)-128a (R =Br, X =F) A-114a (R = Br, 91%)

Scheme 47: TFA induced protonation of the auxiliary complexes A-(R)-128b and A-(R)-128a yielding the
corresponding non-racemic complexes A-114b and A-114a.

With the increased reaction temperature and time, the enantiopurity of the resulting complexes was ques-
tioned, therefore chiral HPLC analysis were performed (Figure 22). HPLC traces of the corresponding
racemic complexes 114b and 114a are shown for comparison. For both complexes only the signal corre-
sponding to the A complex could be observed. The absolute metal-centered configuration was assigned

according to the configuration of crystal structure 128a (Figure 19).

CD-spectra measured in MeOH (Figure 23a) shows an overall similarity of the new aNHC complexes
A-114b and A-114a. A comparison of aNHC complex A-114a with its nNHC analog A-64i (Figure 23b)
further supports the A-geometry as their spectra are close to mirror images with minor differences as

expected from constitutional isomers.
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Figure 22: HPLC Traces of the racemic (top) and non-racemic (bottom) complexes 114b (left) and 114a
(right). Chiralpak IB-N5 (250 x 4.6 mm), 1.0 mL min~!, H,0+0.1% TFA/CH3CN 70:30 for 15 min, gradient
to 63:37 in 55 min, 25 °C, 254 nm.
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Figure 23: a) CD-spectra of aNHC complexes A-114b (blue) and A-114a (red) 0.2 mM in MeOH. b) CD-
spectra of aNHC complex A-114a (red) and nNHC complex A-64i (black) 0.2 mM in MeOH.
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3. Results and Discussion

Synthesis of Diisopropylphenyl Derivatives 137a and 137b

In the following, the influence of the steric properties of the ligand on the selectivity towards the abnormal

binding mode and on the stereoinduction of the resulting complexes was investigated further.

The mesityl group was replaced by a 2,6-di(iso-propylphen-1-yl) (DIPP) group. The overall synthesis was
planned analogously to the imidazolium salts shown previously (Scheme 48). Starting from 2,6-di-iso-
propylaniline (129), which was reacted with aqueous formaldehyde (130, 37 wt %), aqueous glyoxal (131,
40 wt %) and NH4Cl in MeOH. 1-(2,6-diisopropylphenyl)-1H-imidazole (132) was obtained in 45% yield
as a colorless liquid. Subsequently, imidazole 132 was reacted with either pyridine 133a or 133b under
solvent free reaction conditions at 160 °C and the corresponding imidazolium-salts 134 and 135 were
obtained in 24% and 54% yield, respectively (Scheme 48). The decreased yield of the CF3 derivative
134 was likely caused by the sterically demanding DIPP group. Subsequently, the reaction time of the
bromine derivative 135 was adjusted accordingly and a higher yield was obtained. In both cases, the

obtained quantity was sufficient for the following experiments and the reaction conditions were not further

optimized.
20
130 AR
NP o)
0 Br” N
131
NH4CI == 133a (R = CF3) = =
H3PO,4 '/,\N 133b (R = Br) I/*;\N
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80 °C,16 h (R=CF3 18 h)
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129 132 134 (R = CFg, 24%)

135 (R = Br, 54%)

Scheme 48: Synthesis of the imidazolium-salts 134 and 135.

With the sterically more demanding imidazolium salts 134 and 135 in hand, the synthesis of nNHC and
aNHC complexes was investigated (Table 8). Stirring imidazolium-salt 134 with RuCls at 120 °C showed
to traces of the corresponding nNHC complex 136a even after 46 h. However, the aNHC complex 137a
was obtained in 63% yield (entry 1). Under the same reaction conditions using imidazolium salt 135
(entry 2), nNHC complex 136b was obtained in 26% yield as well as aNHC complex 137b in 68% yield.
Higher reaction temperatures of 180 °C resulted in the nNHC complex 136b in 40% yield while while its
aNHC analogue 137b was only detected in traces.
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Table 8: Conditions for the synthesis of nNHC and aNHC DIPP ruthenium complexes 136 and 137.

R (PR R  1(PFe)

|
Z
1) RuClg, 7 "N” °N Me DIPP~NN" N Me
SN2 ethylene glycol (N:\ | NZ NO NZ
+ | P Tt y /
Z > DIFF R + R
(\J‘ - DIPR ~N DIPR U
LI e TN S I SO
DIPP grre, GH3UN, N e Me
60°C,2h o IN\ N IN\
134 (R = CF3) R A p
135 (R = Br
( ) 136a (R = CF3) 137a (R = CF3)
136b (R = Br) 137b (R = Br)
conditions (first step) Yield

entry R T/°C t/h 136/% 137/ %

1 CF; 120 46 n.o. 63
2 Br 120 46 26 68
3 Br 180 24 40 traces

n.o. = not observed

The obtained yields under these conditions were compared to the previously synthesized complexes 64g,
64i, 114b and 114a (Table 9). In detail, the CF3-derivatives showed a yield increase of the corresponding
aNHC complex from 48% (entry 1) to 63% (entry 2), while the bromine derivative showed a yield increase
from 48% (entry 3) to 68% (entry 4). The same trend was also observed for the nNHC complex 136b
with the higher yield of 26% (entry 4) compared to 21% yield for its mesityl analog 64i (entry 3). As
the aNHC derivatives 137a and 137b were the focus of research and satisfying yields were obtained, no

further optimization was conducted.
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Table 9: Comparison of the obtained yields for the nNHC and aNHC ruthenium complexes.*

R " 1(PFg) ﬁR “1(PFe)2
N/

- 7 N
Ar NO N//Me (N:\| N//

:—ZQ

>
o7
2
Zi:ﬂ
/
(\Z >
ay
Z/
7
5/

~N N N

= I = R
Entry R Ar nNHC? aNHC?
1 CF;3 Mes 64g (19) 114b (48)
2 CF;3 DIPP 136a (n.o.)  137a (63)
3 Br Mes 64i (21) 114a (48)
4 Br DIPP 136b (26) 137b (68)

4Conditions: 120°C for 46h. Yield given in parenthesis. n.o. = not
observed.

A crystal suitable for X-ray analysis was obtained by slow diffusion of Et,O into a saturated solution of
racemic 137b in CH3CN (Figure 24), verifying the mixed nNHC/aNHC binding mode while retaining
the overall geometry. The distance of the 7-7 stacking is increased to 3.687 A, presumably due to the
sterically more demanding DIPP moiety.

Figure 24: Crystal structure of 137b. ORTEP drawing with 50% probability thermal ellipsoid. The PF¢~
counteranion and the solvent molecules are omitted for clarity. The distance of the centroids is indicated with
a dotted green line and given in A.
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In order to obtain non-racemic complexes, the racemic complexes 137a and 137b were reacted with the
chiral auxiliary ($)-121d under basic conditions at 40 °C in CH3CN (Scheme 49). The resulting complex
A-(R)-138 was obtained in 34% yield with traces of a second diastereomer. Application of the reaction
conditions using complex 137b resulted in the corresponding complex 139 as an inseparable mixture of
two diastereomers (dr 1:4) with a combined yield of 41%. Analogous to previous results, the second

diastereomer was assumed to be formed by a rotation of the auxiliary by 180°.
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s PR (8 R “1PFe
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rac. 137a (R = CF3) A-(R)-138 (R = CF3, 34%)
rac. 137b (R = Br) A-(R)-139 (R = Br, 41%)

Scheme 49: Synthesis of the DIPP derivatives 139 and 142 using the optimized conditions for the mesityl
derivatives.

Similar to the previously shown non-racemic complexes, the auxiliary complexes 139 and 142 were dis-
solved in CH3CN and treated with TFA at an elevated temperature of 40 °C for 2 h (Scheme 50). The enan-

tiomerically enriched complexes 137a and 137b were obtained in 70% and 57% yield, respectively.

The, in comparison to the mesityl analogues 114b and 114a, lower yield could indicate a decrease in

stability of the complexes 137a and 137b under the acidic conditions paired with higher temperature.
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Scheme 50: Removal of the auxiliary, which provided the enantiopure A-configurated complexes 137a and
137b.
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3.2. Comparison of the Ruthenium Complexes
3.2.1. Ring Contraction of Isoxazolones to 2H-Azirines
Research Background

As mentioned earlier (Chapter 1.2), in 2018 the Okamoto group showed an asymmetric ring contraction of
isoxazoles 56 using a chiral diene ligand 58/ rhodium system as the catalyst for synthesis of 2H-azirines
57 (Scheme 51).177]

58 : _
(5.5 mol%) i Pr
TL%‘ORS [RhCI(C2Ha)2] 2.5 mol% N : 2
L “\+R2 E *
R L, DCE R™ Yore | - OAr
R 40°C,17 h d : Me
56 57 ' 58

up to 99% yield
up to 94% ee

Scheme 51: Previous results by Okamoto ef al. using a chiral diene/rhodium catalyst system for a ring con-

traction of isoxazoles (56) to chiral 2H-azirines (57).7"1

As Qin and Zhou of the Meggers group have previously shown an enantioselective intramolecular C(sp?)-
H amination reaction catalyzed by a ruthenium complex, a similar application by the previously discussed

ruthenium complexes was proposed.[!17-121]
Substrate Synthesis

As a test system, the isoxazoles 56a and 56b were chosen for simplicity for a proof of concept study
(Scheme 52).

-0 N
Ph M solvent OR
e ‘T (0]
56a (R = Me) ’ 57a (R = Me)
56b (R = i-Pr) 57b (R = i-Pr)

Scheme 52: Initial test system starting from the isoxazoles 56a and 56b.

Isoxazoles 56a and 56b were synthesized according to literature conditions.!””-14%:1411 Acetophenone (143)
was reacted with dimethylcarbonate (144), providing the corresponding [3-ketoester 145 with 96% yield
as a colorless oil. Based on a published procedure by Okamoto ef al., 3-ketoester 145 was treated with
iodomethane in presence of K,COj3 in boiling acetone.””) After full conversion was observed, the reaction

mixture was filtered, the solvent removed under reduced pressure. The methylated 3-ketoester 146 was
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3.2. Comparison of the Ruthenium Complexes

obtained in quantitative yield as a colorless liquid and was used without further purification. Following
a reported procedure by Hellmuth et al., 3-ketoester 146 was reacted with hydroxylamine hydrochloride
(NH,OH - HCI) under basic conditions and the isoxazolone 147 was obtained in 90% yield.[l‘“] Isoxa-
zolone 147 was dissolved with NEt; in POCI; and heated to 105 °C for 21 h, providing the chlorinated
isoxazole 148 in 92% yield as a yellow oil. Depending on the desired substitution, sodium hydride (NaH)
was added at 0 °C to either MeOH or i-PrOH, generating the corresponding alcoholate. Isoxazole 148
was added to this mixture and heated to 65 °C for 90 h. The target products 56a and 56b were obtained as
colorless oils in 69% and 67% yield, respectively (Scheme 53).

X
MeO™ "OMe
144 Vel
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R-OH POCl,
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56b (R = i-Pr, 67%) 148 147

Scheme 53: Synthesis of the isoxazoles 56a and 56b.

Catalyst Screening

With the isoxazoles 56a and 56b in hand, the reaction conditions by Okamoto et al. were applied. The
catalyst screening involved ruthenium complexes 640,''4! 64e,l''”) 64b,[!'4] and the newly synthesized

complex 64i as well as the iridium catalyst A-149!'4?! for comparison (Scheme 54).
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Scheme 54: Ring contraction of 56a to S7a with different chiral-at-metal catalysts.
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With ruthenium catalyst A-640 (2.5 mol%) at 40 °C, full conversion was observed within the first 3 h and
the product 57a was isolated in 94% yield and 32% ee (Figure 25, for an detailed list of all screening
data, see Table 16 in chapter A). Under the same conditions with complex A-64e, the product was
obtained in 92% yield and 41% ee. An increased yield of 96% was observed using complex A-64b, but
the enantioselectivity decreased to 8% ee. With the new complex A-64i, the yield decreased to 76% while
the enantioselectivity increased to 45% ee. Iridium complex A-149 showed also full conversion within 3 h
and the product 57a was obtained in 85% yield and 8% ee. Compared with the rhodium system applied
by Okamoto et al., the activity of the ruthenium as well as the iridium catalyst system was higher and the
reaction time could be lowered to 3h. A control reaction without catalyst showed no conversion of 56a,
indicating no racemic background reaction. The catalyst loading for A-640 and A-64i could be lowered
to 1.0 mol% and full conversion was observed within 3 h. The obtained yield were within the same range
86x7% and 87+9%, respectively, as well as the enantioselectivity with 36+3% ee and 43+3% ee. Overall,
the catalyst 64i showed the best results and was used for further investigations. These conditions were also
applied for isoxazole 56b, which provided the corresponding 2H-azirine 57b in 87% yield and 32% ee
(data not shown). The increased steric demand of the i-Pr group affects the enantioselectivity in a less

favorable fashion and further analysis was performed with the methyl derivative S6a.

100 9 o4 o 96 a6 87
85 N Yield
80 76 = ee
60
=J
S 41 e - 43

A-640 A-64e A-64b A-64i A-149  none A-640 A-64i

2.5 mol% Catalyst 1.0 mol%

Figure 25: Initial catalyst screening for the ring contraction of 56a. Conditions: 40 °C, 0.1 M, 3h in DCE.

Solvent Screening
A wide variety of solvents were screened for their effect on catalytic activity (Figure 26, for a full list

of obtained data, see Table 16 in chapter A). These experiments were performed at room temperature

(25 °C), which allowed a comparison of the conversion rate, even though full conversion was not achieved.

In terms of yield, 1,2-dichlorobenzene (1,2-DCB) showed the least favorable result with 18% yield and

numerous side products which were not identified. CH3CN showed slow conversion of 12% with a yield
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Figure 26: Screening of different solvents for the ring contraction of 56a and their effect on yield and enan-
tioselectivity.

of 12%. The slow conversion is likely due to CH3CN being a competing ligand and thereby reducing the
exchange rate. For both, MeNO, and HFIP, this represents the maximal achievable yield as full conversion
was achieved, however numerous side products were formed. In contrast to this only low amounts of side
products were observed in DCE, MeOH and i-PrOH and full conversion was not achieved within this time

frame. As such, higher yields can be expected at full conversion.

In the following, only the solvents with high yield will be discussed. Acetone, EtOAc and HFIP provided
poor enantioselectivity from 16% ee to 25% ee, i-PrOH and DCE resulted in intermediate enantiose-
lectivity ranging from 41% ee to 45% ee. MeOH and MeNO, showed the highest enantioselectivity in
this screening with 61% ee and 63% ee, respectively. Generally, solvents capable of forming H-bonds
performed better with the exception of acetone. HFIP and i-PrOH showed similar yields, but differ dras-
tically in enantioselectivity. This together with the formation of side products in HFIP indicates either
racemisation of the product after formation or decomposition under acidic conditions. An increased
enantioselectivity was observed which was an unclear result at this time and will be addressed later in this

work.

The best enantioselectivity was observed in MeNQO,, however this came at the cost of side reactions
which were not observed in MeOH, i-PrOH or DCE. With this consideration, MeOH showed the best
performance with 86% yield and 61% ee and will be used together with DCE for further screenings to

cover protic polar as well as aprotic polar solvents.
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3. Results and Discussion

Additive Screening

Okamoto et al. reported DFT calculations, which suggested that one free coordination site is needed at
the catalytic center for this transformation.[””l The used chiral-at-ruthenium complexes, such as A-64i,
contain two labile CH3CN ligands and therefore also two possible reaction sites. As the complexes are
C2-symmetric, both sites are equal for enantioselectivity upon the first coordinate. However, a possible
second coordination, either of the substrate 56a or the finished product 57a could influence the outcome
of the catalysis. Therefore, different additives were added with the intend of reducing the likelihood of a

second coordination.

For testing, trimethylphosphine (PMes), triphenylphosphine (PPh3), imidazole and pyridine-N-oxide were
used as additives. As another method, encapsulation!!*¥) was also tested for this purpose (Figure 27, for
a detailed list see Table 16 in chapter A). However, none of the tested additives showed a positive ef-
fect. In cases of pyrazole and imidazole the yield fell below 20%, while the phosphines PMes and PPh;
decreased the enantioselectivity at similar yields as without additives. Addition of the amine base tri-

ethylamine (NEt3) also gave inferior results, decreasing the yield to 69% and the enantioselectivity to
40% ee.

“1(PFe)2
N Br
& W
74 N N Me
N-O A-64i N /NJ',,, | \\N//
additive (3.5 mol%
Jgowe e e et R
P Ve Solvent (0.1 M) CO:Me | N N
25°C,3h : «\,N N Me
56a 57a | \
& Br
A-64i
100 — PPhs
7 PPhs Nc;?e X MeOH
80 — DCE
i N)E(t;; None Pyn)t(ime-N—oxnde
H§<0
§ 60 — Pl\)ll(ea
o i
&’ 40 — Capsule
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Figure 27: Effect of different additives towards the yield and ee of the asymmetric ring contraction in MeOH
(blue) or DCE (orange). Conditions: 0.1 mmol isoxazole 56a, 0.1 M, 3.5 mol% additive, 1 mol% A-64i, 1 mL
MeOH or DCE.
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3.2. Comparison of the Ruthenium Complexes

Influence of Light

During the investigations shown above, the observed ee were not clearly consistent under the same con-
ditions. Drastic drops in enantioselectivity were observed although the obtained yields were comparable.
After re-evaluation, a correlation of the ee with the time of day during the reaction was discovered. As
such, the influence of light was investigated as a parameter. In order to control the amount of light
during the experiment, the reaction was performed in reaction vessels wrapped with aluminium foil to
shield them from light and yield and ee monitored over time (Figure 28). While the conversion increased
steadily, the ee values rose steeply within the first hour, forming a plateau between two and six hours at
67% ee and subsequently decrease slowly afterwards. After 50 and 70 h the ee values dropped to 52% and
46%, respectively. With these non-linear effects, the system increased in complexity as a re-coordination
of the product cannot be excluded.

100 e X X conversion
. e X ee

80 X
- >(

60 — X

1%
X

40—

20— _x':

04— I ' I ' AT T T
0 2 4 6 50 60 70 80
Time /h

Figure 28: Measured conversion and ee over the time during the ring contraction of 56a. Conditions: 0.1
mmol isoxazole 56a, 0.1 M, 1 mol% A-64i, 1 mL MeOH.

This indicated a slow racemisation even though the reaction was shielded from light. With the steep rise
of ee within the first hour, a product concentration dependent enantioselectivity was proposed. In order
to investigate the influence of the product, 0.1 eq of purified product 57a with 45% ee was added to the
catalyst solution prior the substrate 56a (entry 2). Interestingly, the ee value reached only 51% after 2 h,
which indicates a negative effect of the product 57a upon coordination. Repeating the conditions of en-
try 1 gave similar results in terms of ee (entry 3). This indicates that a high concentration of the major
enantiomer slows down the corresponding pathway, therefore preventing a high ee. Entry 4 to 7 represent
individual values of repeated experiments and the amount of variation occurring even while the reaction
was shielded from light. This indicates additional unknown influences. For a better understanding, the re-
action was irradiated with a 24 W blue LED at a wavelength of 455 nm (entry 8). After 6 h, full conversion

was observed and the enantioselectivity was determined with 0% ee, indicating full racemisation.
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3. Results and Discussion

Table 10: Influence of light on the ring contraction of isoxazole S6a.”

N-C A-64i N ) N7
| )—OMe - > N pe G Mee R
Ph)\ie_ MeOH P™ " coMe | " \/ I SN
25°C, t : Q\’N N Me
56a 57a | \
Z Br
, A-64i
Entry cat. loading t yield ee
/mol% /h 1% 1%
1° 1 6.0 90 67
2¢ 1 2.5 90 51
3 1 6.0 65 67
4 0.5 6.0 81 61
5 0.5 6.0 66 53
6 1 5.0 65 67
7 1 5.0 69 59
84 1 6.0 n.d. 0

“ reactions shielded from light, ? values taken from experiment shown in
Figure 28 for comparison, ¢ added 0.1 eq purified product with 45% ee.
4 jrradiated with 24 W blue LED (455 nm). n.d. = not determined.

As a photoinduced ring opening of 2H-azirine is known to literature,®! isolated product with 45% ee was
dissolved in MeOH, and irradiated with a blue LED, replicating the same conditions as used previously.
(Figure 29). The ee was determined after 3 h and 5 h, indication that no racemisation occurred. Addition
of 1 mol% catalyst and irradiation for 1 h decreased the ee by 5% (from 45% ee down to 40% ee). After
further 2 h of irradiation, the ee fell to 33% providing proof for a photo-racemisation, catalyzed by the

ruthenium complex 64i.
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Figure 29: Irradiation of 57a in MeOH and after 5 h addition of 1 mol% A-64i.
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3.2. Comparison of the Ruthenium Complexes

Conclusion

Summarized, the chiral-at-metal ruthenium complexes 64 are able to catalyze the asymmetric ring con-
traction of 56a, which was reported by Okamoto et al. The complexes bearing steric demanding moieties
like Bromine (64i), 4-CF3-phenyl (64e) and dimethyl-phenyl (640) showed in the initial catalyst screening
enantioselectivities between 32% ee (640) and 45% ee (64i), surpassing the unsubstituted complex 64b,
which provided the product 57a with 8% ee. The catalyst loading was lowered from 2.5 mol% down to
1.0 mol% without significant losses in ee or yield. A broad solvent screening showed MeOH and MeNO,
as the solvents resulting in the highest ee, but side products were observed in MeNO,, leaving MeOH as
the solvent of choice with 86% yield and 61% ee. A screening of different additives showed no positive
effects towards ee. Later on, it was revealed that the ee is not linear over the time of the reaction, and the
combination of ruthenium complex 64 and light leads to a slow but steady racemisation. At this point,
the investigations was discontinued. With a new catalyst design based on a pyridine-2,6-bis(oxazoline)
(150), Li from the Meggers group was able to improve the results with up to 97% ee and very good yields
above 90% (Scheme 55).[144]

Me T1(PFg)2
= !
cat : Ph
' O
N-C. 0.1 mol% N : 7N«
)|\/8—OMe ( ) - ANV ; _§:N\ “\\Nj “Ph TMS
Ph CHCI PA™ tomMe i O iy =
Me C PN \»N P
30°C,1-3h : L
56a 99%, 97% ee 57a ; N
OoN
150

Scheme 55: Ring contraction of 56a to S7a accomplished by Li from the Meggers group with a new catalyst
design.l144]
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3. Results and Discussion

3.2.2. Asymmetric Ring-Closing C(sp>)-H Amination

As mentioned earlier (Chapter 1.3.1), the direct amidation of prochiral C(sp*)-H bonds has gained a lot
of attention and several methods and systems have been developed. Besides cyclic sulfinamidates, sul-
famides, sulfonamides, carbamates, lactams and Boc-protected pyrrolidines, the asymmetric synthesis
of cyclic urea substrates was developed in the Meggers group using the nNHC chiral-at-metal ruthe-
nium catalysts.[117-119121,144-146] gyhsequently, these can be converted to biological active compounds
like Topsentine D (151), Spongitine A (152), Dexamisole (153) and Levamisole (154), providing a new

tool for asymmetric catalysis (Scheme 56).

X

8 N
1IN ~ =
N2

Topsentine D (X = H, 151)
Spongitine A (X = Br, 152)

Scheme 56: Natural products deriving from chiral 1,2-diamines synthesized by asymmetric ring-closing

C(sp*)-H amination.[!!3]

In order to gain further insight into the effects towards catalytic activity and selectivity, the aNHC com-
plexes A-114b and A-114a were applied in this reaction (Table 11).

Table 11: Mixed normal and abnormal NHC Ruthenium complexes for C(sp®)—H amination of N-benzoylurea

o]

N
Sl

Dexamisole (153)

Levamisole (154)

76.¢
o A-114 or A-64 o
Phe Ay -OB K2COs Me~p Ao
Ve C?foltz Ph
76 77
entry catalyst loading yield TON TOF ee”
/mol%  /h 1% ht /%
A-114b 1.1 0.18 98 90 490 71 (R)
2 A-114a 0.9 0.18 99 110 670 86 (R)
3¢ A-114a 0.05 16 97 1940 110 60 (R)
4¢ A-114a 0.01 24 33 3360 140 48 (R)
54 A-64g 1.0 16 quant 100 6 94(9)
6 A-64i 1.0 24 95 95 4 90 (S)
7¢4 A-64h 0.1 24 quant 1000 40 94 (S)
ged A-64h 0.05 24 66 1320 55 93 (S)

¢ Standard conditions: Urea 76 (0.2 mmol), K,COj3 (0.6 mmol), Ru cat-
alyst (0.02 umol — 2.2 umol) in CH,Cl, (2.0 mL) ? Determined by HPLC

on a chiral stationary phase. ‘Temperature increased to 40 °C. “Taken

from ref. [118]
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3.2. Comparison of the Ruthenium Complexes

With 1.1 mol% of A-114b (entry 1), full conversion was observed within 10 min and the target product 77
was obtained in 98% yield and 71 % ee, which results in a turnover number (TON) of 90 and a turnover
frequency (TOF) of 490h~!. Under similar conditions, the catalyst A-114a (entry 2) showed also full
conversion, providing the target product in near quantitative yield and an enantioselectivity of 86% ee
with a TOF of 670h~!. With greatly increased activity, the catalyst loading was lowered to 0.05 mol%
(entry 3), which achieved full conversion after 16 h at 40 °C. The product was isolated in 97% yield and
a TON of 1940 and a TOF of 110h~! was determined. However the ee value dropped from 86% down to
60%. Subsequently, the catalyst loading was further reduced to 0.01 mol% (entry 4) with an elongation
of the reaction time to 24 h. This resulted in a drastic diminished yield of 33%, incomplete conversion,
reduced enantioselectivity of 48% ee, TON of 3360 and TOF of 140 h~!.

Application of the nNHC complexes 64g, 64i and 64h (entry 5 to 7) resulted in near quantitative formation
of the product, but lower TOF values of 6, 4 and 40h™!, respectively. With a low catalyst loading of
0.05 mol%, the product was obtained in 66% yield (entry 8), TON of 1320 and TOF of 55h~!. The ee
values were overall above 90%, outperforming the aNHCs. In terms of TOF, the maximum value for the
nNHC catalysts was determined with 55h™! (entry 8), while the lowest TOF determined for the aNHCs
was 110h™! (entry 3) and up to 670 h! (entry 2).

With these results, the aNHCs A-114b and A-114a showed a two to tenfold increase of TOF with a
trade-off a lower enantioselectivity as it dropped by at least 4% ee. The increased reaction rate could
indicate less steric hindrance of the abnormal binding mode around the catalytic site and/or be a result
of the higher o-donor strength of the aNHC ligand, increasing the electron density at the metal center.
This might further destabilize the CH3CN ligands in the trans position and therefore increase the ligand
exchange rate. The decreased sterics and the resulting decreased steric induction on the other hand might

also be responsible for the loss of ee for this catalysis.
3.2.3. Alkynylation

The alkynylation of trifluoroacetophenone (68) with phenylacetylene (69) can be catalyzed by the chiral-
at-metal ruthenium complexes as shown by Zheng from the Meggers group who achieved outstanding
98% yield and 99% ee with low catalyst loading as low as 0.2 mol%."'!'¥l The reaction features easy
accessible starting materials, low reaction times and only one minor side product. With this, the reaction
was used as internal reference and as a test system for new ruthenium complexes in the Meggers group
(Table 12). As reference, the unsubstituted complex A-64b with the results taken from reference [114]
is shown in entry 1, providing the product 70 in 95% yield, 97% ee, TON of 190 and TOF of 12h7!.

Complex A-64j, with the NMe, substitution (entry 2), showed full conversion within the same time using
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3. Results and Discussion

a catalyst loading of 0.7 mol%. The yield was decreased from 95% to 84%, which also lowered the TON
and TOF to 114 and 7h! respectively, while the enantioselectivity was comparable with 96% ee. The
bromine derivative A-64i (entry 3) showed a higher yield of 99%, TON and TOF of 210 and 14h~! and
also an increased enantioselectivity of 98% ee. The aNHC A-114b showed a lower yield of 82% within
23 h, with a resulting TON and TOF of 152 and 7h™! (entry 4). The enantioselectivity with 96% ee was
similar to the previous results. A replicate of the same conditions indicated full conversion of acetylene
69 within 6 h (entry 5). The product 70 was isolated with 85% yield and 97% ee. Due to the drastically
reduced reaction time, the TOF accelerated to 22 h~!.

The side reaction, a dimerisation of acetylene 69, which forms the head-to-head dimerisation product,
the en-yn system 155, was more prominent compared to the nNHCs. Only complex A-64j showed also
an increased yield of this side product. The aNHC with the bromine derivative A-114a generated both a
lower yield (80%) and enantioselectivity (87% ee, entry 6). Using the unfluorinated acetophenone 143

instead of 68 (entry 7) did not lead to product formation.

Table 12: Overview of catalytic activity of different ruthenium catalysts, both nNHCs and aNHCs for the
asymmetric alkynylation of trifluoromethyl acetophenone 68.“

Ph
=
69
Cat. Ph
0 NEts Ph =
Kor, =™ X2 |
Ph™ "CFs  THF Ph” “CF; |
60 OC Ph
68 70 155

Entry Cat Catloading Time Yield> TON TOF ee

/mol% /h 1% /h7! 1%
1 A-64b 0.5 16 95 190 12 97(S)
2 A-64j 0.7 16 84 114 7 96 (S)
3 A-64i 0.5 16 99 210 14 98(9)
4 A-114b 0.5 23 82 152 7 96 (R)
5  A-114b 0.6 6 85 135 22 97(R)
6 A-114a 0.5 19 80 170 9 87 (R)
7€ A-114a 0.5 19 0 nd. nd. n.d.

“standard conditions: Substrate 68 (0.2 mmol), alkyne 69 (0.6 mmol),
NEt3 (0.04 mmol), Ru catalyst (0.5 mol%-0.7 mol%) in THF (0.5 M)
stirred at 60 °C for the indicated time under N, unless noted otherwise.
bbased on isolated 70. “143 used instead of 68.
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3.2. Comparison of the Ruthenium Complexes

Comparing these results, the nNHCs showed high enantioselectivities similar to the published catalysts,
while the aNHCs and 64j displayed lower yields in the range of 80% to 85%. The aNHCs as well as
the electron donating NMe,-group can be considered more electron rich in comparison to the CF3 and
bromine derivatives, which gives insight into the relative kinetics of the two possible reactions. As the
dimerisation reaction to 155 is favored more by the electron rich complexes, a higher yield might be
achieved by a even higher quantity of acetylene 69. As unfluorinated substrates such as 143 were not
converted and only electron deficient aromatic systems led to product formation, it is clear that electron
deficient catalysts are more suitable for this type of conversion. This might be caused by the carbonyl
carbon atom of the coordinated ketone being more electrophilic with electron deficient catalysts. As such,
these catalysts are more efficient in the transfer of the alkenyl as nucleophile. In contrast to the asym-
metric amination reaction shown earlier (3.2.2), the aNHCs showed no significantly increased Turnover
frequency (TOF) for this type of reaction.

3.2.4. Propargylic Substitution
Research Background

As shown in chapter 3.2.3, the complexes bearing the abnormal type binding mode showed a higher
activity towards the dimerisation of acetylene 69, which formed the en-yn system 155. Based on DFT
calculations Chen et al. proposed a ruthenium acetylide 156 (Scheme 57) as a possible intermediate for
the transformation.!''3] With this in mind, a leaving group at the C-3 atom was hypothesized for a metal
allenyliden complex 157 via a acetylide intermediate XI. This could be used as the reactive intermediate,

for example a enantioselective propargylic substitution.

[Ru]
NEts
Z [Ru]
Z > Y
Ph -HNEt5* Ph/
69 156
[Ru] 5
LG NEts i PG 5+
PR Ph)\ > Csr
S -HNEts* [Ru] LG [Ru]
158 XI 157

Scheme 57: Research background propargylic substitution.

Such reactions of propargylic substrates are known to be catalyzed by ruthenium and copper complexes,
especially a y-selective nucleophilic additions of heteroatom nucleophiles (Scheme 58). Early examples
employing diruthenium catalysts like 159, to convert phenylpropargylic alcohol 160 in presence of EtOH
into the ether 161.1'47-148] NH,BF, was employed for activation of the diruthenium catalyst by removal

of a chlorido ligand to open up a coordination site.
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5mol% 159 OEt Crr 8. CF
Ph)\ 10 mol% NH4BFy Ph)\\ /R SSRA
EtOH, 60 °C N cl Fis A\
O,
16 88% 161 159

Scheme 58: Literature known propargylic substitution

intermediate.[147:149:1501

reactions via a metal

allenyliden

In terms of asymmetric reaction development, significant advances were made using different chiral cop-
per catalysts in 2008 by the groups of Maarseveen and Nishibayashi (Scheme 59).1'49-1521 Both systems
used acylated phenylpropargyl alcohol 162 as the starting material, which was reacted with either aniline
(167) or methylaniline (168). The group of van Maarseveen used Cul with the pybox 163 as the source of
chirality, while Nishibayashi used the chiral bis-phosphine 166. Both groups achieved comparable results
with yields around 95% yield and 86% ee. These conditions were also successfully applied for propar-
gylic carbamates 169 as substrates for such copper catalyzed asymmetric substitution reactions, providing
propargylic amines under extrusion of CO,.[>!]

NHz—Ph
167 . 2
10 mol% Cul ~
OAc 12mol%163  HNT" ph...é, NN —ph
Ph)\\ - /'\ N N
ES DIPEA, MeOH PN 3
A5 Ph Ph
-20°C
162 94%, 87% ee 164 163
MeHN—Ph
168

5 mol% CuOTf ~p-Ph PhoP RPh;
)OA\C 12 mol% 166 /'N\ O O
N DIPEA MeOH T Ny
162 0°C 165 Cl' MeO OMe ClI
96%, 85% ee 166
MeHN-Ph
168
0CO,Me 5 mol% CuOTf \N’Ph

)\ 10 mol% 166 )\
P™ DIPEA MeOH T Xy

169 25°C 165
88%, 54% ee

Scheme 59: Literature
intermediate.[147:149:150]

known propargylic substitution reactions via a metal allenyliden

Based on these results, a proof of concept study was initiated. In order to increase the electrophilic char-
acter of the ruthenium allenyliden intermediate 157 (Scheme 57), a p-CF3 substituted phenyl moiety was
used. As a leaving group, the Boc group was selected for its established synthesis and the irreversible ex-
trusion of CO, during the formation of the intermediate 157. The synthesis!!>3! (Scheme 60) started from
p-CF3 benzaldehyde (170), which was reacted with TMS-acetylene (171) in a two step procedure. The

corresponding propargylic alcohol 172 was obtained in 76% yield over two steps. Subsequent treatment
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3.2. Comparison of the Ruthenium Complexes

with Boc,O produced the Boc-protected propargylic alcohol 173 in 76% yield. In addition, the acetylated
propargyl alcohol 174 was synthesized from the propargylic alcohol 172 in 73% yield.

Boc,O O
1) =—TMS DMAP L J<
171 NEts o0
n-BuLi
0 -78°Ct00°C OH 76% FsC
/©) 2h /©)\\ 173
> X
2)  Ko.CO
DN R
o, Ac,0
170 0°C,2h 172 v 0
76% A OJI\
3
L
o0l Q)\\\
73% FsC
174

Scheme 60: Synthesis of Boc protected propargyl alcohol 173.

With the desired protected propargyl alcohols 173 and 174 in hand, the aNHC complex rac. 114b was
selected to further increase the electrophilicity of the proposed allenyliden intermediate. Starting with
the conditions used for the alkynylation (Chapter 3.2.3), the two substrates were reacted with indole
(175). The acylated substrate 174 (Table 13, entry 1) showed no conversion at 25 °C and 60 °C after
24 h, although the color of the solution changed to a deep red after addition of the base. Under the same
conditions, the Boc-protected substrate 173 (entry 2) showed no conversion at 25 °C. After heating to
60 °C for 24 h, the product 176 was obtained in 16% yield. With the proof of activity, the reaction was
performed using non-racemic catalyst A-114b (entry 3), which provided the product 176 in 14% yield
and 11% ee.

For comparison, the nNHC complex A-64g (entry 4) was applied as catalyst, which resulted in a higher
yield of 40% but no enantioselectivity. In order to exclude a racemic background reaction, the experi-
ment was performed without addition of catalyst (entry 5) and no conversion of the starting material was
observed after 20 h. As the formed chiral center is located at the C-3 atom is rather distant from the metal
center, a low asymmetric induction was assumed, thus leading to the low ee values. To reduce this effect,
the sterically more demanding complexes A-137a and A-137b were synthesized and applied to this reac-
tion. The CF3 complex A-137a (entry 6) showed a NMR yield of 12% with an increased enantioselectivity
of 38% ee after 17 hour. The corresponding bromine complex A-137b (entry 7) was found to be active at

25 °C and the target product was obtained in 8% yield and 55% ee.
In this proof of principe study the Boc protected substrate 173 showed higher activity compared to the

acylated substrate 174. The nNHC complex 64g showed the highest yield of 40% but without any asym-
metric induction, while its aNHC counterpart 114b produced the target product with a diminished yield
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Table 13: Catalyst and LG screening for the propargylic substitution reaction.

NH
VL

175 NH
NEts O YV
LG 1mol% cat.
X THE O N
FsC 60 °C, 16 h FsC
173 (LG = Boc 176
174 (LG = Ac)
Entry cat. LG T t NMRyield ee
/°C /h /% 1%
1 rac. 114b OAc 25t060 24 O -
2 rac. 114b OBoc 25t0 60 24 167 -
3 A-114b OBoc 60 18 14 11
4 A-64g OBoc 60 16 40 0
5 - OBoc 60 20 0° -
6 A-137a OBoc 60 17 12 38
7 A-137b OBoc 25 24 8 55
a

isolated Yield, ? no conversion

of 14% but an increased enantioselectivity of 11% ee. The sterically more demanding DIPP derivatives
137a and 137b were found to provide higher enantioselectivity and showed activity at 25 °C. These results
provide the foundation for further investigations as the newly developed non-C,-symmetric aNHC com-
plexes allow the asymmetric transformation while the C;-symmetric nNHC:s failed to provide asymmetric

induction.

3.3. UV-Vis Absorption
3.3.1. UV-Vis Absorption Measurements

As part of the investigations with the substituted ruthenium complexes, UV-Vis absorption spectra were
measured to explore the possibility of photoredox catalysis. Similar to previous photo redox catalysis
in the Meggers group, the concept is based on absorption of the metal-substrate complex 177 or 178 at a
certain wavelength while the substrate alone does not show any absorption. This minimizes the probability
of an unwanted excitement of the substrate without being bound to the chiral catalyst, therefore preventing
a racemic background reaction. 2-Acylimidazole 179 was chosen as a substrate since it showed activity
for a [2+2] cycloaddition with rhodium complexes.!'>*! This was compared to the saturated acylimidazole
180 and the solvents CH3CN and MeOH were used for this investigation (see Scheme 61). Although
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3.3. UV-Vis Absorption

the spectra were recorded from 200 nm to 800 nm, a detailed investigation was only performed on visible

range from 380 nm to 800 nm.

64 or 114

“1(PFe)2

Me substrate (5 eq.)
solvent

Me

7] (PFg)2 1 substrates:

N Ph
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¢y : Ph Ph
— 179 180
177 or 178

Scheme 61: Formation of the substrate bound complexes 177 or 178 upon coordination of either 179 or 180.

Measured absorption spectra (Figure 30) of the normal (64i) and abnormal (114a) variants of the 5-Br

substituted complex show no changes in MeOH (top left spectrum). In CH3CN (top right spectrum),

the substate complex 177 displays a broad absorption band with a maximum at 546 nm. In contrast to
the nNHC, the aNHC complex 114a showed changes for both solvents: In MeOH (bottom left), the

coordination of 179 results also in a broad band with a maximum at 572 nm and the saturated substrate

178 showed a slight increase in absorption at around 475 nm, which appears more as a broad shoulder.

The same broad absorption band for 179 was observed with the maximum at 586 nm in CH3CN.

64i
solvent = MeOH solvent = MeCN
37 substrate
—— none
24 unsat
o) ( \ / — sat
Cat.
14 J ,\\\/ —— nNHC
[~ \\ ——- none
\
01 Seme
200 300 400 500 600 700 800 200 300 400 500 600 700 800
Wavelength /nm Wavelength /nm
114a
solvent = MeOH solvent = MeCN
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—— none
unsat
2
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14 —— aNHC
L i —=—- none
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Figure 30: UV-Vis absorption spectra of 64i (top row) and 114a (bottom row) in MeOH (left column) and
CH3CN (right column). The metal complex alone is shown as a solid blue line, addition of 179 is displayed in
orange, 180 in green. Both substrates are also shown in the corresponding color without the metal complex as
dashed lines. Points of interests are marked with arrows.
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3. Results and Discussion

In a similar manner, the spectra recorded with the CF; derivatives 64g and 114b are shown in Figure 31.
The spectra overall are similar to the previous spectra with numerical shifts of the maxima. Complex 64g
showed with both substrates no changes in MeOH, while in CH3CN the same broad absorption band for
179 with the maximum at 520 nm was observed. For the abnormal variant 114b, this band is visible in both
solvents with the maximum at 558 nm in MeOH and 570 nm in CH3CN with a slightly more prominent
absorption in the CH3CN. For the saturated substrate 180 the absorption with the aNHC complex 114b
showed two less distinct, broad absorption bands around 490 nm without a clear maximum.
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3 o
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O o
T T T T T T T T T T T T T T
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31 substrate
—— none
5 unsat
8 — sat
Cat.
11 L —— aNHC
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0 -
200 300 400 500 600 700 800 200 300 400 500 600 700 800
Wavelength /nm Wavelength /nm

Figure 31: UV-Vis absorption spectra of 64g (top row) and 114b (bottom row) in MeOH (left column) and
CH3CN (right column). The metal complex alone is shown as a solid blue line, addition of 179 is displayed in
orange, 180 in green. Both substrates are also shown in the corresponding color without the metal complex as
dashed lines. Points of interests are marked with arrows.

The electron rich complex 64j with the dimethyl amino substitution showed the broad absorption band at
632 nm with the unsaturated substrate 179, which was previously only seen for aNHC complexes (Fig-
ure 32). However this broad band is barely visible around 644 nm in CH3CN. With the saturated imida-
zole 180, a similar and barley visible broad band at 510 nm was visible in MeOH, while in CH3CN no
absorption band was observed. The general intensity with this complex is lower compared to the previous

complexes.
The wavelengths for the local maxima are summarized in Table 14 for easier comparison. The aNHC

complexes 114a and 114b generally have a red-shifted absorption maximum of around +45 nm compared

to their nNHC counterparts. This red shift is more pronounced for 64j with +74 and +58 nm. Therefore,
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Figure 32: UV-Vis absorption spectra of 64j in MeOH (left) and CH3CN (right). The metal complex alone is
shown as a solid blue line, addition of 179 is displayed in orange and 180 in green. Both substrates are also
shown in the corresponding color without the metal complex as dashed lines. Points of interests are marked

with arrows.

the maxima can be ordered by the binding mode of the complex and the modification in the following

order:

nNHC-4NMe, > aNHC-5Br > aNHC-5CF3; > nNHC-5Br > nNHC-5CF;3

This corresponds with the estimated ability to act as a electron donor of the ligands. Changing the solvent

from MeOH to CH3CN results in an estimated shift of +10nm. Compared to the known behavior of

the Rh complexes by the Meggers group, which showed an emerging band around 375 nm, the broad

absorption bands between 500 and 650 nm was not expected. Potentially, this could enable new synthetic

applications utilizing the longer wavelengths, which were not accessible with the known Rh complexes so

far. Further studies could include DFT calculations to support the spin densities of the triplet state.[134]

Table 14: Summarized wavelengths of the local maxima as a result of coordination of the substrate 179 and
the metal complexes either in MeOH or CH3CN.

Aomax /MM
Entry Cat MeOH CH3;CN
1 64i - 546
2 114a 572 586
3 64g - 520
4 114b 558 570
5 64) 632 644
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4. Summary and Outlook

Within this thesis, modified chiral-at-metal ruthenium complexes have been developed through a chiral
auxiliary mediated synthesis (Scheme 62). The complexes consist of two chelating NHC ligands, gener-
ating a helical chirality with a formal stereogenic metal center, and two labile acetonitrile ligands. The
main focus was set towards modifications of the pyridine moiety. During the investigation, a synthesis
for the 5-Br derivative 64i as well as the 4-NMe; derivative 64j was successfully developed. The three
modifications 4-NO,, 5-NO, and 5-NMe, on the other hand remained inaccessible.

New complexes:

“1(PFe)

/~N" "N Me (/\N N

@lﬂ% | \\\N// NJ"", | g
Mes gy Mes
Mes RIQ es RIQ

N NS } N

N N N
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&

A-64i A-64 A-114b (Ar = Mes, R = CF3)
A-114a (Ar = Mes, R = Br)
A-137a (Ar = DIPP, R = CF3)
Matching auxiliarys: A-137b (Ar = DIPP, R = Br)
9 g g
\Y
N ""rMe t—Bu'S‘H Ph p—ToI'S‘H)K@
OH Me R
(S)-66 (R)-85a (R)-121a (R = H)
(R)-121d (R=F)

Scheme 62: Overview of the synthesized chiral-at-metal ruthenium complexes within this thesis, the successful
applied auxiliary’s below and the modified moieties highlighted in blue.

As part of the investigation, lowering the reaction temperature from 200 °C to 90 °C resulted in a new type
of complex containing a nNHC as well as an aNHC ligand. This was exclusive for the 5-CF3 and 5-Br
derivatives, resulting in the complexes A-114b and A-114a. Furthermore, the Mes group of the mixed
complexes A-114b and A-114a was successfully replaced by the sterically more demanding DIPP group,
resulting in the complexes A-137a and A-137b.

For each of the newly synthesized complexes, the choice of the auxiliary had to be adjusted to achieve
stable diastereomeric complexes and sufficient resolution during column chromatography. These require-
ments were satisfied for complex 64i with the established salicyl oxazoline auxiliary (S)-66, while the

new sulfinyl benzamide (R)-85 was a match for complex 64j. On the other hand, these auxiliaries did not
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4. Summary and Outlook

fulfill the requirements for any of the new mixed normal/abnormal NHC complexes. In a first approach,
a Cp—symmetric auxiliary, such as the PyBOX systems 118a and 118b, was used to keep the number of
possible diastereomeric complexes low, but resulted in stability issues and/or insufficient separation. The
modified sulfinamides 121a and 121d were designed to increase the differences in energy by enabling
7 — 71 stacking for a matched pair and repulsive interactions for a mismatched pair. This allowed a sim-
plified separation as the two stable diastereomeric complexes contain the same configuration at the metal

center.

The ring contraction reaction of isoxazole 56a to 2H-azirine 57a was investigated (Scheme 63). A initial
catalyst screening revealed the newly synthesized ruthenium complex A-64i to provide a high yield of
76% and moderate enantioselectivity of 45% ee. After a broad screening of solvents, polar solvents such
das MeOH, MeNO., i-PrOH and DCE showed high yields (above 70%) while DMF, CH3CN, ethylene
glycol and i-AmOH led to either low conversion and/or low yields (below 50%). In terms of enantiose-
lectivity, MeOH, MeNO, and DCE showed the best results with up to 63% ee. As only one coordination
site was needed for this transformation and the complexes provide two labile CH3CN ligands, a screening
of coordinating additives such as PPhz and imidazole was performed. However, none of these additives
showed a positive effect. Further investigations revealed a non-linear dependency of ee over time as well

as a light induced racemisation. Overall, a maximum of 90% yield and 67% ee was achieved.
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7 "N” °N
(:’" | ///Me

NG OMe A-B4i N MesN “““‘\\N
)\/2_ _— Ph/uvMe : Mes, RU\
Ph Vo MeOH COxMe ! N \/ | Y
25°C,6h ; &N N Me
56a 90 % yield 57a ; N
67% ee | P

Scheme 63: Ring contraction of isoxazole 56a catalyzed by A-64i.

Besides the ring contraction reaction, the newly synthesized complexes were also investigated for dif-
ferences in the catalytic properties of an alkynylation of trifluoroacetophenone (68) and the C(sp>)-H
amination reaction of benzoyl urea 76 (Figure 33). It was discovered that the TOF for alkynylation of 68
are in a similar range for nNHCs (14 h~! for A-64i) and the aNHCs (9 h~! for A-114a). Interestingly, the
ratio of the target alkynylation compared to the head—to—head dimerisation of the alkyne 69 was shifted
towards the dimerisation in case of the aNHCs complexes. This consumes the alkyne faster, resulting in
lower yields of the target product 70.

For the C(sp®)-H amination reaction of urea 76, the TOF were quite different with 4h™' using nNHC

complex A-64i and 670h~! using aNHC complex A-114a. This denotes a 160-fold increase however the

asymmetric induction is deceased, resulting in a lowered enantioselectivity of 86% ee.
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Figure 33: Comparison of the two investigated reactions, the alkynylation of 68 (left) and the C(sp®)-H

amination reaction of benzoyl urea 76 (right) exemplary shown for nNHC complex A-64i and aNHC A-114a.
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Outlook

In this work aNHC complexes showed significantly faster kinetics for nitrene based conversions, which
is an ideal starting point for further investigations concerning C(sp®)—H amination reactions. The issue of
lower ee likely arises from the less sterically demanding coordination as the aryl moiety of the abnormal
bond ligand points away from the metal-center. A modified ligand 181, which maintains the abnormal
binding mode and provides the same orientation as a nNHC could inherit the positive effects from both, a

high enantioselectivity combined with high activity (Figure 34).
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Figure 34: Synthesis plan for modified complexes for substituted triazole (X=N) or imidazole (X=C) ligands.

Ligand precursor 181, either as triazole (X = N)[13:155,156] o1 imidazole (X = C),57! with synthesis and
complexation protocols is literature known. A complex similar to 183 was already reported by Bernet
et al. in 2011 and was successfully synthesized in this work as complex 113 (Scheme 39), providing
a starting point for further modifications.['33] The resulting system features a modular synthesis, which
allows the introduction of different substitutions thereby providing a wide range of possible modifica-

tions.

80



5. Experimental Part

5.1. General Materials and Methodes

All reactions were carried out under nitrogen atmosphere in oven-dried glassware unless noted otherwise.
All reagents and reaction solvents (HPLC-grade) were purchased from Acros, Merck or Alfa Aesar and
used without further purification unless noted otherwise. Dry solvents were distilled under nitrogen from
calcium hydride (CH3CN, CH,Cl,) or sodium/benzophenone (tetrahydrofurane) prior to use. Solvents
for column chromatography were purified by distillation. Mesitylimidazole (92) was synthesized by Mar-
cel Hemming according to published procedures.[lss] (§)-salicyl oxazoline 6611141, [RuCl(p—cymene)],
(111159 ruthenium complexes A-64b and A-64o were prepared according to published procedures.[!!4]
Complex A-64e was kindly provided by Zijun Zhou.

Thin Layer Chromatography: TLC was performed on Merck KGaA precoated TLC-sheets (Silica gel
60 Fys4, layer thickness 210-270 um). TLC spots were detected by irradiation with UV-light (A =254 nm
and A = 366nm). Non aromatic compunds were stained using a Cer-Dip (0.5 g Ce(NH4)(NO3)g, 24 g
(NH4)6M070,4 -4H50, 28 mL. H,SO4 in 150 mL water) or MnOy4-Dip (3 g KMnOy, 20 g Na;CO3,0.5¢g
NaOH in 240 mL water).

Column Chromatography: Macherey-Nagel (irregularly shaped, 230—400 mesh, pH 6.8, pore volume
0.81 mL g~!, mean pore size 66 A, specific surface 492 m? g~!, particle size distribution 0.5% < 25 um
and 1.7% > 71 um, water content 1.6%) was used as the stationary phase. Compressed air was utilized to

build up the pressure for flash column chromatography.
Analytic Section

Nuclear Magnetic Resonance Spectroscopy:' H-NMR , 3C{'H} NMR and '°F{'H} NMR spectra were
recorded at 300 K on Bruker AV II 300 (300 MHz) and AV III HD 250 (250 MHz) in automation or on
Bruker AV NEO 300 (300 MHz), AV 111 500 (500 MHz) or AV III HD 500 (500 MHz) spectrometer by the
members of the NMR service department of the Philipps-Universitidt Marburg. Chemical shifts values &
are reported in ppm relative to tetramethylsilane (TMS, § = 0 ppm) with the solvent resonance as internal
reference (Table 15). 'H-NMR spectra multiplicities are indicated as singlets (s), broad singlet (s, br),
doublet (d), triplet (t), quartet (q), multiplet (m) and combinations thereof.
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Table 15: Chemical shifts of the residual signals of the used NMR solvents.!1%0!

Solvent 'HNMR ’C NMR
CDCl3 726 ppm 77.16 ppm
CD,Cl, 5.32ppm 53.84 ppm
CD;CN 1.94ppm 1.32ppm

MeOD 3.31ppm 49.00 ppm
DMSO-ds 2.50ppm 39.52 ppm

High-Performance Liquid Chromatography (HPLC): HPLC-measurements were performed on an
Agilent 1200, 1260 or on a Shimadzu LC-2030C. The used chiral stationary phase and detailed proce-

dures are given for each compound individually.

Gas Chromatography (GC and GC/MS): GC analysis were recorded on an Agilent 7890A gas chro-
matograph equipped with an flame ionization detector (FID). Carrier gas: Ny, Inlet temperature: 250 °C,
FID temperatur : 300 °C. Column conditions are given for each compound individually. GC/MS spectra
were recorded on an Agilent 6890 gas chromatograph coupled with a Hewlett Packard 5973 mass selec-
tive detector. Carrier gas: He, total flow 15.1 mL min~!, column : Macherey Nagel Optima 5 HT (30 m x
0.25 mm x 0.25 pm.

Mass Spectrometry: Mass spectra were recorded on a Thermo Fischer Scientific Finnigan LTQ-FT Ultra
mass spectrometer using ESI or APCI as ionization source. The ionic masses are given as m/z and refer
to the isotope with the highest natural occurrence. The measurement was performed by the members of

the mass spectrometry department of the Philipps-Universitit Marburg.

Infrared Spectroscopy: IR-spectra were recorded on a Bruker Alpha FT-IR spectrometer using ATR
(attenuated total reflection) mode. Absorption bands are given as wave numbers V in the unit of cm™!. All

substances were measured as films or solids.

UV-Vis Spectroscopy: UV-Vis absorbance spectra were recorded on a JASCO V-650 spectro photometer
equipped with a JASCO PAC 743 Peltier cell changer at constant temperature of 20 °C in a quartz cuvette

with a path length of 10 mm and a volume of 1 mL.

Circular Dichroism Spectroscopy: CD-spectra were recorded on a JASCO J-810 CD spectropolarime-

ter in a quartz cuvette with a path length of 1 mm, 600-200 nm, 1 nm bandwidth, 1s response time,

1

50nm min~" scanning speed, accumulation of 3 scans.
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Single-Crystal X-ray Diffraction: X-ray data were collected with a Stoe Stadivari diffractometer or
with a Bruker AXS D8 Quest diffractometer. Measurement and evaluation of the data were conducted
by Mr. Riedel, Mr. Marsch, Dr. Harms or Dr. Ivlev of the department for crystal structure analysis
of the Philipps-Universitit Marburg. The obtained data were solved and refined by Dr. Harms or Dr.
Ivlev. The data of all published structured have been deposited in the Cambridge Crystallographic Data
Center(CCDC). The CIF files can be obtained from the CCDC free of charge via http://www.ccdc.

cam.ac.uk/data_request/cif.

Melting Points: Melting points were determined on a Mettler Toledo MP70 using one end closed capillary

tubes.

5.2. General Procedures
Procedure A: Synthesis of Imidazolium Salts

Following a published and modified procedure,!'*?! a flame dried 10 mL PTFE sealed pressure tube was
charged with imidazole derivative (1 eq), 2-halogen pyridine (1 eq) and a magnetic stirring bar under an
atmosphere of N;. The pressure tube was fully immersed in an preheated oil bath. The solvent-free
reaction mixture was stirred for the indicated time and temperature. After cooling to room temperature,
Et;O (5mL) was added and the solid triturated and further treated with an ultrasonic bath for 10 min.
The obtained slurry was filtrated and the resulting solid subsequently redissolved in the least possible
amount of CH,Cl,, precipitated with excess amount of Et,O and filtrated. The desired imidazolium salt

was obtained usually in sufficient purity.
Procedure B: Anion Metathesis of Imidazolium Salts

Following a reported procedure,'!! the obtained imidazolium salt (1 mmol) was dissolved in water
(50 mL) at room temperature. A solution of the desired salt (1-2 eq of either NH4PF¢, NH4BF, or NaSbF)
in water (5 mL) was added. The mixture was stirred for 5 min and the precipitation collected by filtration,

washed with water and dried under reduced pressure.
Procedure C: Direct Metalation

Based on a modified reported procedure,!!'* a oven dried 10 mL PTFE sealed pressure tube was charged
with RuCl; (1 eq), imidazolium salt (2eq) and ethylene glycol (0. mL mg™! of RuCl3). The solution
was degassed by applying high vacuum for 30 min, flushed with N;, and stirred at the indicated temper-
ature and time. The reaction mixture was cooled to room temperature, and a saturated aqueous solution

of NH4PF¢ (10 eq) was added. The precipitation was filtrated and rinsed with water. The solid was re-
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dissolved in a small amount of CH3CN (ca. 10 mL), transferred into a new flask, and the solvent was
removed under reduced pressure to dryness. AgPFg (2eq) and CH3CN (2.5 mL) were added under N»
atmosphere and heated to 60 °C for 2h. The mixture was cooled to room temperature, filtrated through
a pad of Celite, rinsed with CH3CN and the solvent was removed under reduced pressure. Purification
of the obtained brown solid by column chromatography (CH,Cl,/CH3CN 10:1 — 5:1) afforded the com-
plex as a mixture with the free ligand, both as hexafluorophosphate salts. The mixture was dissolved in
CH3CN (ca. 1.5 mL) and precipitated with Et;O (ca. 20mL) at —20 °C overnight. The resulting pale

yellow crystalline solid was collected via filtration and dried under high vacuum.
Procedure D: Enantioselective C-H Amination

Following a published procedure,!''® an oven dried 10 mL PTFE sealed pressure tube was charged with
N-benzoyloxyurea (55.6 mg, 0.2 mmol, 1.0eq), catalyst (0.9 mol%) and K3COs3 (83.5mg, 0.60 mmol,
3.1 eq) under an atmosphere of N;. Freshly distilled CH,Cl, (2 mL) was added under positive N, pressure
and stirred at room temperature and monitored by TLC (elution with pure EtOAc). After full conversion
of the starting material was observed, the reaction mixture was directly purified by flash chromatography
on silica gel (EtOAc to EtOAc/MeOH 20:1).

Procedure E: Enantioselective Ring Contraction of Isoxazoles
Following a published procedure,[77] the catalyst (1.0 mol%) was dissolved in CH,Cl, (1 mL), substrate
(0.10 mmol) was added and stirred at the indicated temperature and time. After full conversion was

observed via TLC, the mixture was filtered through a small silica pad with CH,Cl,. The solvent was
removed under reduced pressure which provided the target product as a yellow oil.
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5.3. Synthesis of Imidazolium Salts
Synthesis of 3-(5-bromopyridin-2-yl)-1-mesityl-1 H-imidazolium bromide (93a)

According to general procedure A, imidazole 92 (1576 mg, 8.46 mmol, 17

1.02 eq) and 2,5-dibromopyridine (91, 1990 mg, 8.40 mmol, 1.00 eq) were N \/g @*Br .
heated to 190 °C for 19 h. After purification, target product 93a (3270 mg, ,[ :I

7.73 mmol, 92 %) was obtained as an off-white solid. 20 Br
'"H-NMR (250 MHz, CDCl3): &6 =9.28 (dd, 1H, J = 1.8, 1.8 Hz, Hy), 8.60 (d, 1H, *J = 2.3 Hz, Hy4),
8.45 (dd, 1H, J = 1.8, 1.8 Hz, Hipigazote), 8.18 (dd, 1H, 3J = 8.7 Hz, *J = 2.3 Hz, Hj¢), 8.02 (d, 1H, 3J
= 8.6 Hz, Hy7), 7.42 (dd, 1H, J = 1.8, 1.8 Hz, Hinidazote) 7.07 (s, 2H, H3), 2.38 (s, 3H, Hj9), 2.12 (s,
6H, Hys0) ppm. *C-NMR (75MHz, CDCl3): 5 = 150.4, 143.7, 142.2, 134.6, 134.2, 130.5, 130.2 (2C),
125.0, 122.6, 120.7, 116.5, 21.3, 17.5 (2C) ppm. "YF-NMR (235MHz, CDCl3): 6 = —72.4 (d, 'JpFr =
712.9 Hz, M—PF¢ ") ppm. HRMS (ESI): m/z calcd. for C7H7BriN3 [M—Br~]*: 342.0600, found:
342.0608. IR (film): v = 1591, 1539, 1465, 1387, 1332, 1237, 1089, 1056, 1014, 822, 745, 666, 554,
516,414 cm™'. M.p.: 210 °C (CH,Cl,).

Synthesis of 3-(5-bromopyridin-2-yl)-1-mesityl-1 H-imidazolium bromide (93b)

According to general procedure B, 93a (426 mg, 1.00 mmol, 1.00 eq) was 18 44 10 17 46
dissolved in water (50 mL) and a solution of NH4PF¢ (300 mg, 1.84 mmol, .8 7 @h?ﬂ@EBr o1
1.8eq) in water (SmL) was added, providing the target product 93b SRR

(618 mg, 1.27 mmol, 69 %) as a colorless solid.

'H-NMR (250MHz, CDCl3): & = 9.28 (dd, 1H, *J = 1.8, 1.8 Hz, Hg), 8.60 (d, 1H, *J = 2.3 Hz, Hy4),
8.45 (dd, 1H, J = 1.8, 1.8 Hz, Hipigazote), 8.18 (dd, 1H, 3J = 8.7 Hz, *J = 2.3 Hz, Hj¢), 8.02 (d, 1H, 3J
= 8.6 Hz, Hy7), 7.42 (dd, 1H, J = 1.8, 1.8 Hz, Hinidazore), 7.07 (s, 2H, H 3), 2.38 (s, 3H, Hyg), 2.12 (s,
6H, Hys0) ppm. *C-NMR (75MHz, CDCl3): 5 = 150.4, 143.7, 142.2, 134.6, 134.2, 130.5, 130.2 (2C),
125.0, 122.6, 120.7, 116.5, 21.3, 17.5 (2C) ppm. 'F-NMR (235MHz, CDCl;): & = —72.4 (d, 'JpF
= 712.9 Hz, PFs~) ppm. HRMS (ESI): m/z caled. for C;7H7BriN3 [M-PFs~]": 342.0600, found:
342.0608. IR (film): v = 1591, 1539, 1465, 1387, 1332, 1237, 1089, 1056, 1014, 822, 745, 666, 554,
516,414 cm™'. M.p.: 210 °C (CH,Cl,).
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Synthesis of 3-(5-trifluoromethylpyridin-2-yl)-1-mesityl-1H-imidazolium bromide
(116a)

According to general procedure A, 92 (844 mg, 4.53 mmol, 1.02eq) and 2- F\N+ =
bromo-5-trifluoromethylpyridine (115, 1003 mg, 5.44 mmol, 1.00eq) were /@;N\’/ @CFs
heated to 180°C for 20h, providing the target product 116a (1671 mg, Br

4.05 mmol, 91 %) as an off-white solid.

'"H-NMR (300 MHz, CDCl3) & = 11.58 (dd, *J = 1.6, 1.6 Hz, 1H, Hg), 9.56 (d, 3J = 8.6 Hz, 1H, H;7),
8.90 (dd, J = 1.9 Hz, 1H, Hipidazote), 8.79 (s, br, 1H, Hi4), 8.30 (dd, 3J = 8.6 Hz, *J = 2.3, 1H, Hs),
7.41 (dd, J = 1.8 Hz, 1H, Hipidazore), 7.04 (s, 2H, H 3), 2.34 (s, 3H, Hyo), 2.19 (s, 6H, Hjg20) ppm. *C-
NMR (126 MHz, CDCl3): & = 148.2, 146.1 (q, 3Jc r = 4.0 Hz), 141.9, 138.6 (q, *Jc r = 3.3 Hz), 137.1,
134.0, 130.5, 130.2, 128.5 (q, 2Jc.r = 34.1 Hz), 124.4, 122.7 (q, "Je r = 272.8 Hz), 120.3, 117.0, 21.3,
18.0 ppm. 9F.-NMR (235MHz, CDCl;): 5 = —62.4 ppm. HRMS (ESI): m/z caled. for CigH;7F3N3
[M+Br~]*: 332.1369, found: 332.1371. IR (film): ¥ = 3196, 3056, 2970, 1603, 1534, 1490, 1406, 1327,
1267, 1243, 1170, 1130, 1069, 1017, 963, 936, 861, 835, 765, 708, 665, 635, 608, 580, 507, 467, 425

CIl'l_1 .

Synthesis of 3-(5-trifluoromethylpyridin-2-yl)-1-mesityl-1 H-imidazolium
tetrafluoroborate (116¢)

According to general procedure B, 116a (204.6 mg, 0.49 mmol, 1.00 eq) 18 43 10 17 46
was dissolved in water and precipitated with NH4BF; (294 mg, , 8 7@l\?+1 2\§ p 1SCF3 ”
2.80mmol, 5.65eq). The target product 116¢ was obtained as a crys- R

. . 19727 20 BF,
talline, colorless solid (179 mg, 0.43 mmol, 86 %).

"H-NMR (300 MHz, CDCl3): & =9.73 (s, br, 1H, Hg), 8.66 (s, br 1H, Hipidgazote), 8.53 (d, 1H,3J = 8.6 Hz,
Hi7), 8.31 (dd, 1H, 3J = 8.7 Hz, *J = 2.3 Hz, Hy¢), 7.44 (dd, 1H, *J = 1.9, 1.9 Hz, Hniqazo1e), 7.06 (s, 2H,
Hi3),2.37 (s, 3H, Hy9), 2.14 (s, 6H, H;g 20) ppm. Note: only one out of three couplings of the imidazole
is clearly visible. 3C-NMR (126 MHz, CDCl;): 6 = 148.2, 146.4 (q, *Jc r = 4.1 Hz, C14), 142.1, 138.8
(q, *Jer = 3.4 Hz, Cg), 135.2, 134.2, 130.5, 130.2 (2C), 128.7 (q, 2Jc r = 34.1 Hz, Cy5), 125.0, 122.7 (q,
Uecr =272.8 Hz, Cy1), 120.8, 115.7, 21.3, 17.5 (2C) ppm. "F-NMR (282 MHz, CDCl3): § = —62.4 (s,
CF3), —151.4 (BF;~) ppm. HRMS (ESI): m/z calcd. for C1gH7F3N; [M—BF;~]*: 332.1369, found:
332.1371. IR (film): ¥ = 3161, 1604, 1539, 1489, 1402, 1327, 1241, 1174, 1138, 1101, 1063, 1011, 844,
754, 666, 636, 618, 580, 519, 465, 433 cm™'. ML.p.: 236 °C (CH,Cly).

86



5.3. Synthesis of Imidazolium Salts

Synthesis of 3-(5-trifluoromethylpyridin-2-yl)-1-mesityl-1 H-imidazolium
hexafluoroantimonate (116d)

According to general procedure B, 116a (2433 mg, 5.92 mmol, 1.00eq) 18 14 10 17 46
—\9 _—
was dissolved in water and precipitated with NaSbFg (2550 mg, , SN \,/N+12\ p 1SCF3 o1
9.86 mmol, 1.66eq). The target product 116d was obtained as a crys- . 308
19 20 ShFg

talline, colorless solid (2452 mg, 4.32 mmol, 73%). 8

'"H-NMR (300 MHz, CDCl3): 6 = 9.38 (dd, 1H, *J = 1.7, 1.7 Hz, Hy), 8.80 (s, br, 1H, H,), 8.55 (dd,
1H, J = 1.9, 1.9 Hz, Hinidazore), 8.33 (dd, 1H, 3J = 8.6 Hz, *J = 2.3 Hz, Hy,), 8.25 (d, 1H, 3J = 8.6 Hz,
Har), 747 (dd, 1H, J = 1.9, 1.9 Hz, Himidazole)> 7.07 (s, 2H, Hy 3), 2.38 (s, 3H, Hio), 2.12 (s, 6H, Hig20)
ppm. HRMS (ESI): m/z calcd. for CigH{7F3N3 [M—SbFs~1%: 332.1369, found: 332.1371. IR (film):
¥ =1603, 1540, 1488, 1328, 1240, 1172, 1137, 1102, 1070, 1018, 945, 863, 843, 759, 658, 633, 578, 428
cm™!. M.p.: 186 °C (CH,Cl,).

Synthesis of 2-bromo-5-(trimethylsilyl)pyridin (184)

Following a published procedure,'®?! a flame-dried 50 mL Nj round-bottom flask 4 8

3 \TMS

was charged with 2,5-dibromopyridine (91, 2105 mg, 8.89 mmol, 1.00 eq) under N»- I

Z
6
7Br2N

atmosphere, dissolved in Et;O (20 mL) and cooled to =78 °C. Over a period of 30 min, )

a solution of n-BuLi (1.6 M in n-hexane) was added and stirred at this temperature for additional 80 min.
After full conversion of the starting material was observed via TLC, a solution of TMS-chloride (1.1 mL,
8.6 mmol, 0.97 eq) in Et,O (3.0 mL) was added slowly over a period of 5 min. The reaction mixture was
allowed to warm up to —20 °C. Full conversion of the intermediate was observed via TLC after 1.5 h. The
reaction was stopped via addition of water (20 mL) and stirred for further 5 min. The bi-phasic solution
was extracted with Et;O (3x30 mL), the combined organic phases were dried over Na,SO,4 and evapo-
rated. The crude product was purified via flash chromatography (n-pentane/ EtOAc 20:1) providing the
target product 184 (1606 mg, 6.98 mmol, 78%) as a yellow oil.

'"H-NMR (300 MHz, CDCls): & =8.40 (dd, 1H, *J =2.1, 0.9 Hz, Hg), 7.61 (dd, 1H, 3/ =7.9,4J =2.1 Hz,
H,), 7.45 (dd, 1H, 3J =7.8,%J = 0.9 Hz, H3), 0.29 (s, 9H, SiMe3) ppm.
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Synthesis of 3-(5-(trimethylsilyl)pyridin-2-yl)-1-mesityl-1 H-imidazolium bromide
(117a)

According to general procedure A, imidazole 92 (804.5mg, 4.32 mmol, F\N" /\
1.0 eq) and pyridine 184 (968.9 mg, 4.21 mmol, 1.0 eq) were heated to 170 °C /@LN\'/ QTMS
for 22 h, providing the target product 117a (909 mg, 2.18 mmol, 51%) as an Br

off-white solid.

'"H-NMR (300 MHz, CDCls) & = 11.30 (dd, *J = 1.6, 1.6 Hz, 1H, Hg), 9.15 (dd, 3J = 8.2 Hz, *J = 0.9,
1H, H,7), 8.92 (dd, J = 1.8, 1.8 Hz, 1H, Hjmidazote), 8.54 (d, *J = 1.8 Hz, 1H, H,4), 8.19 (dd, 3J = 8.1 Hz,
4] = 1.9 Hz, 1H, H,6), 7.35 (dd, J = 1.8, 1.8 Hz, 1H, Hipidazore)> 7.03 (s, 2H, Hj 3), 2.33 (s, 3H, Hyo), 2.17
(s, 6H, H1g20), 0.32 (s, 9H, SiMe3) ppm. 3C-NMR (75 MHz, CDCl3): & = 152.8, 146.4, 146.3, 141.8,
138.5, 136.2, 134.1, 130.7, 130.2 (Cy 3), 123.9, 120.2, 115.6, 21.3(C}9), 18.0 (Ci5.20), —1.3 (SiMe3) ppm.
HRMS (ESI): m/z calcd. for CogHpeN3Si; [M—Br~]*: 336.1891, found: 336.1895. IR (film): ¥ = 3410,
3032, 2954, 1618, 1578, 1534, 1477, 1365, 1327, 1246, 1127, 1102, 1057, 1028, 965, 837, 757, 698, 661,
627, 581, 532, 472, 408 cm™!.

Synthesis of 2-bromo-4-N,N-dimethylamino-pyridin (98a)

Following a modified literature procedure,'>! a flame-dried 100 mL round-bottom flask HoC.,-CHa
was charged with N,N-dimethylaminoethanol (0.8 mL, 7.99 mmol, 2.0eq) and n-hexane P

(10mL) and cooled to =3 °C. Over a period of 3 min, a solution of n-BuLi (6.4 mL, 2.5M, |

15 mmol, 4.0 eq) was added and the solution turned bright yellow. After stirring for 20 min, B N

4-dimethylaminopyridine (97, 484 mg, 3.96 mmol, 1.0 eq) was added in one portion and stirred for addi-
tional 5min. The flask was equipped with a dropping funnel, cooled to —78 °C and a solution of CBry
(3300 mg, 9.95 mmol, 2.5 eq) in n-hexane (30 mL) was added over a period of 80 min. The reaction mix-
ture was allowed to warm up to 0 °C and stirred for 30 min. After full conversion was observed via TLC,
water (20mL) was added, the biphasic mixture extracted with Et;O (20mL) and CH;Cl, (30mL). The
combined organic phases were dried over Na, SOy, adsorbed on silica and purified via flash chromatogra-
phy (n-pentane/EtOAc 1:1). The title compound 98a (398 mg, 1.98 mmol, 50%) was obtained as a brown
solid.

'"H-NMR (300 MHz, CDCl3): & = 7.9 (d, 1H, 3J = 6.0 Hz, Hg), 6.6 (d, 1H, *J = 2.4 Hz, H3), 6.4 (dd,
1H, 3J = 6.0, *J = 2.4 Hz, Hs), 3.0 (s, 6H, 2xCH;) ppm. '*C-NMR (75MHz, CDCl3): & = 155.9,
149.5, 143.3, 109.4, 106.3, 39.4 (2C, 2x CH3) ppm. HRMS (ESI): m/z calcd. for C7H oBriN, [MYH*]*
203.0001, found: 203.0001. Ry = 0.2 (n-pentane/ EtOAc 1:1).
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5.3. Synthesis of Imidazolium Salts

Synthesis of 2-chloro-4-N,N-dimethylamino-pyridin (98b)

Following a modified literature procedure,!>>! a flame-dried 100 mL round-bottom flask HaC.. .CHs
equipped with nitrogen inlet was charged with N,N-dimethylaminoethanol (0.8 mL,

7.99 mmol, 2.00 eq) and n-hexane (10 mL) and cooled to —3 °C. Over a period of 3 min, |

a solution of n-BuLi (6.5 mL, 2.5M, 16 mmol, 4.08 eq) was added and the solution turned

bright yellow. After stirring for 20 min, 4-dimethylaminopyridine (97, 487 mg, 3.98 mmol, 1.00eq) was
added in one portion and stirred for additional 5 min. The flask was equipped with a dropping funnel,
cooled to =78 °C and a solution of C,Clg (2299 mg, 9.71 mmol, 2.4 eq) in n-hexane (20 mL) was added
over a period of 40 min. The reaction mixture was allowed to warm up to room temperature over night.
After full conversion was confirmed by TLC, Water (20mL) was added and the biphasic mixture was
extracted with CH,Cl, (3x60 mL). The combined organic phases were dried over Na; SOy, adsorbed on
silica and purified via flash chromatography (n-pentane/EtOAc 1:3). The title compound 98b (453 mg,
2.89 mmol, 72%) was obtained as a brown solid.

'H-NMR (300 MHz, CDCl3): & = 7.96 (d, 1H, 3J = 6.0 Hz, Hg), 6.46 (d, 1H, *J = 2.4 Hz, H3), 6.40
(dd, 1H, 3J = 6.0, *J = 2.4 Hz, Hs), 2.99 (s, 6H, 2xCH;) ppm. 3C-NMR (75MHz, CDCl;): & = 156.2,
152.4,149.2, 106.0, 105.6, 39.4 (2C, 2xCH3) ppm. HRMS (ESI): m/7 calcd. For C;H{oCliN, [M*H*]*:
157.0527, found: 157.0531. IR (film): ¥ = 2924, 2810, 1589, 1514, 1423, 1379, 1295, 1265, 1219, 1131,
1073, 974, 804, 693, 612, 449, 417 cm™!. R =0.5 (n-pentane/EtOAc 5:1).

Synthesis of 3-(4-(N,N-dimethylamino)pyridin-2-yl)-1-mesityl-1 H-imidazolium
bromide (99a)

According to general procedure A, imidazole 92 (234 mg, 1.25mmol,
1.01 eq) and pyridine 98a (251 mg, 1.25 mmol, 1.00 eq) were heated to 160 °C

\
N—
/4\N+ —
for 20 h, providing the target product 99a (465 mg, 1.20 mmol, 96%) as an Nz ,\\l Y/
Br

off-white solid.

'"H-NMR (500 MHz, MeOD) & = 8.62 (d, *J = 2.1Hz, 1H, Hipigazole) 8-15 (d, 3J = 6.1 Hz, 1H, H4),
791 (d, *J = 2.1 Hz, 1H, Himigazore) 7.18 (s, 2H, Hy3), 7.13 (d, *J = 2.3 Hz, 1H, Hy7), 6.82 (dd, *J =
6.1 Hz, *J = 2.3 Hz, 1H, Hs), 3.16 (s, 6H, Hy 23), 2.39 (s, 3H, H)9), 2.16 (s, 6H, Hjg20) ppm. Note: 1H
signal of Hg is missing due to H/D exchange. I3BC-NMR (126 MHz, MeOD): & = 158.5, 149.8, 149.0,
142.8, 135.8, 132.6, 130.8 (2C, C;3), 126.1, 121.7, 109.1, 97.2, 39.7 (2C, Cx23), 21.1 (Cy9), 17.4 (2C,
Ci3.20)ppm. HRMS (ESI): m/z calcd. For CjgHa3Ny [M-Br~]*: 307.1917, found: 307.1914. IR (film):
v = 3161, 3126, 2910, 2777, 1611, 1523, 1446, 1395, 1323, 1259, 1227, 1172, 1135, 1085, 1058, 978,
943, 908, 866, 821, 759, 729, 700, 669, 578, 528, 464, 413 cm™".

89
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Synthesis of 3-(4-(N,N-dimethylamino)pyridin-2-yl)-1-mesityl-1 H-imidazolium
hexafluorophosphate (99c)

According to the general procedures A and B, pyridine 98b (412 mg, \
2.63 mmol, 1.00eq) and imidazole 92 (489 mg, 2.62 mmol, 1.00eq) were =
stirred at 175 °C for 16 h, precipitated and redissolved in water (20 mL). The /ﬁ:ﬁ\l\? N/
product 99¢ was precipitated with a aqueous solution of NH4PF¢ (755 mg,

4.63 mmol, 1.76 eq). The title compound 99¢ (956 mg, 2.12 mmol, 81% over two steps) was obtained as
an off-white solid.

'"H-NMR (300 MHz, CDCl3) & = 9.29 (dd, *J = 1.9, 1.7 Hz, 1H, Hg), 8.56 (dd, J = 1.9, 1.7 Hz, 1H,
Hipidazole)> 8-08 (d, 3J = 6.1 Hz, 1H, Hy4), 7.37 (dd, J = 1.9, 1.7 Hz, 1H, Hipigazore), 7-15 (d, *J = 2.3 Hz,
1H, Hy7), 7.10 (s, 2H, H, 3), 6.61 (dd, 3J = 6.1 Hz, *J = 2.3 Hz, 1H, His), 3.19 (s, 6H, Hx23), 2.41 (s,
3H, H)9), 2.15 (s, 6H, Hig 20) ppm. "F-NMR (282 MHz, CDCl3): 6 = —72.4 (d, 'Jpr = 712.9 Hz) ppm.
HRMS (ESI): m/z caled. for Ci9Hy3Ny [M—PFg~]": 307.1917, found: 307.1917. IR (film): ¥ = 3189,
3154, 2927, 1611, 1525, 1444, 1385, 1284, 1226, 1165, 1095, 1061, 1008, 979, 948, 822, 733, 665, 584,
551,466, 412 cm™.,

Synthesis of 3-(4-(N,N-dimethylamino)pyridin-2-yl)-1-mesityl-1 H-imidazolium
chloride (99b)

According to general procedure A, imidazole 92 (320mg, 1.72 mmol, \
1.03 eq) and pyridine 98b (261 mg, 1.66 mmol, 1.00 eq) were heated to 170 °C

o a
for 24 h, providing the target product 99b (250 mg, 0.73 mmol, 44%) as an /@;N\// ?\1 Y/
off-white solid.

"H-NMR (300 MHz, MeOD): & = 8.63 (d, 1H, *J = 2.2 Hz, Himidazole), 8.15 (d, 1H, 3J = 6.1 Hz, Hy4),
7.92 (d, 1H, *J = 2.2 Hz, Himidazote), 7-18 (s, 2H, Hy 3), 7.14 (d, 1H, *J = 2.3 Hz, H7), 6.82 (dd, 1H, 3J
= 6.1 Hz, *J = 2.3 Hz, H;5), 3.16 (s, 6H, H>>23), 2.39 (s, 3H, Hy9), 2.16 (s, 6H, Hig20) ppm. Note: 1H
signal of Hg is missing due to H/D exchange.
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Synthesis of 3-(5-nitropyridin-2-yl)-1-mesityl-1H-imidazolium chloride (104a)

According to the general procedure A, imidazole 92 (359 mg, 1.92 mmol, =\ =

N+
1.00eq) and 2-chloro-5-nitropyridine (185, 313 mg, 1.97 mmol, 1.00eq) /ﬁi\'\// @\NO2
were heated to 150 °C for 1h, providing the target product 104a (602 mg, cr

1.75 mmol, 88%) as an brown solid.

'"H-NMR (300 MHz, MeOD): & = 10.38 (dd, 1H, *J = 1.6, 1.6 Hz, Hy), 9.47 (d, 1H, *J = 2.6 Hz, H}4),
8.99 (dd, 1H, 3J =9.0 Hz, *J = 2.7 Hz, H¢), 8.81 (d, 1H, *J = 2.2 Hz, Hjpigazote), 8.32 (d, 1H,3J = 8.9 Hz,
Hy7), 8.07 (d, 1H, *J = 2.2 Hz, Himidazore)> 7-21 (s, 2H, H, 3), 2.41 (s, 3H, Hy9), 2.20 (s, 6H, H19 20) ppm.
3C-NMR (75MHz, MeOD): § = 151.0, 146.4, 143.1, 137.1, 135.7,132.3,130.9 (2 C, C 3, 126.9, 121.8,
116.2, 21.2, 17.4 (2 C, C1320 ppm. HRMS (ESI): m/z calcd. for Cy7Hi7N4 O, [M—CI~]*: 309.1346,
found: 309.1348. IR (film): ¥ = 3185, 3080, 2946, 2798, 1609, 1586, 1529, 1475, 1412, 1351, 1330,
1277, 1244, 1120, 1083, 1052, 1016, 959, 932, 853, 766, 665, 627, 585, 548, 499, 408 cm™.

Synthesis of 3-(5-nitropyridin-2-yl)-1-mesityl-1H-imidazolium hexafluorophosphate
(104b)

Following the general procedures A and B, 92 (352mg, 1.89 mmol, ﬁw =
1.00eq) and 2-chloro-5-nitropyridine 185 (298 mg, 1.88 mmol, 1.00eq) /ﬁi\'\// @\NO2
were heated to 150 °C for 22 h. Treatment with an aqueous solution of PFg’

KPF¢ (360 mg, 1.82 mmol, 1.0eq) provided the title compound 104b (762 mg, 1.68 mmol), 89%) as an

brown solid.

'"H-NMR (300 MHz, MeOD): § = 9.5 (d, 1H, *J = 2.6 Hz, H}4), 9.0 (dd, 1H, 3J =9.0,*J = 2.7 Hz, Hs),
8.8 (d, 1H, 3J = 2.2 Hz, Hinidazole), 8.3 (d, 1H, 3J = 8.9 Hz, H7), 8.0 (d, 1H, 3J = 2.2 Hz, Hinidazoie)s
7.2 (s, 2H, H; 3), 2.4 (s, 3H, Hy9), 2.2 (s, 6H, Hig20) ppm. Note: 1H signal of Hg is missing due to H/D
exchange. 'F-NMR (282 MHz, MeOD): § = —74.6 (d, 'Jpr = 708.1 Hz) ppm. HRMS (ESI): m/z
caled. for C17H7N4O0> [M—PF¢~ " 309.1346, found: 309.1346.

Synthesis of 6-Bromo-N,N-dimethyl-3-pyridinamine (103a)

Following a modified reported procedure by Bejoymohandas et al.l'?8!, NaH (60 wt%,

707 mg, 29.5 mmol, 5.0 eq) was suspended in THF (6 mL), cooled to 0 °C and a solution of |
6-bromo-3-pyridinamine (102a, 1000 mg, 5.85 mmol, 1.00eq) in THF (5 mL) was added Br
dropwise over a period of 10 min. The mixture was stirred for 2 h at 0 °C followed by slow

|
2N
%
N
103a

addition of methylene iodine (0.9 mL, 14.4 mmol, 2.5eq) and stirred at r.t. for 1h. The reaction was
stopped via addition of water (10 mL), extracted with EtOAc (3x 15 mL). The combined organic phases
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were dried over NapSOy, adsorbed on silica and purified via flash chromatography (n-pentane/EtOAc
3:1 — 1:1). The title compound 103a (336 mg, 1.67 mmol, 29%) was obtained as a yellow solid. Un-
reacted starting material ((200 mg, 1.15 mmol, 20%)) as well as mono methylated 6-bromo-N-methyl-3-
pyridinamine (250 mg, 1.34 mmol, 23%) was recovered and the reaction conditions were applied a second
time with and the reaction time after addition of methylene iodine was extended to 16 h, providing addi-

tional target product (438 mg, 2.18 mmol, 37%), increasing the combined yield to 66%.

'"H-NMR (300 MHz, CDCl3): 5 =7.83 (d, *J = 3.3 Hz, 1H, H,), 7.24 (d, 3J = 8.9 Hz, 1H, Hs), 6.86 (dd,
3] =8.8 Hz, *J = 3.3 Hz, 1H, Hy), 2.95 N(CH3),) ppm. *C-NMR (75 MHz, CDCl3): § = 145.6, 134.5,
127.6, 127.3, 121.8, 40.1 (2 C, N(CH3),) ppm. HRMS (ESI): m/z calcd. for C7H oBriN, [MYH*]*:
203.0001, found: 203.0000. Ry = 0.40 (n-pentane/EtOAc 2:1).

Synthesis of 6-Fluoro-N,N-dimethyl-3-pyridinamine (103b)

Following a modified reported procedure by Bejoymohandas et al.'?8), NaH (60 wt%, 7
539 mg, 13.5 mmol, 3.0 eq) was suspended in THF (5 mL), cooled to 0 °C and a solution of s 5 3N\ ,
6-fluoro-3-pyridinamine (102b, 497.5 mg, 4.44 mmol, 1.00eq) in THF (SmL) was added p-~\* 2

1

dropwise over a period of 5 min. The mixture was stirred for 2 h at 0 °C, allowed to warm 1036

to r.t. for 30 min and cooled to 0 °C. Methylene iodine (0.7 mL, 11.24 mmol, 2.5 eq) was

added dropwise over a period of 5 min. The reaction mixture was stirred at O °C for 2 h and at r.t. for 16 h.
After TLC showed full conversion (n-pentane/EtOAc 2:1), NH4Cl(yq) was added, extracted with EtOAc
(3x 20mL), the combined organic phases were dried over Na;SO4 and purified by flash chromatography
(n-pentane/EtOAc 2:1). The title compound 103b (517 mg, 3.69 mmol, 83%) was obtained as a colorless

oil.

'H-NMR (250 MHz, CDCls): & = 7.60 (t, *J = 2.5 Hz, 1H), 7.13 (ddd, 3J =9.0, 6.7, *J = 3.3, 1H), 6.78
(dd,3J=9.0,%J =3.5, 1H, H>), 2.93 (s, 6H, N(CH3),) ppm. 3*C-NMR (75 MHz, CDCl3): = 156.48 (d,
1] =228.7, C), 145.10 (d, *J = 3.6, C3), 130.86 (d, 3J = 14.9), 125.22 (d, *J = 6.8), 108.94 (d, 2J = 39.4,
Cs), 41.00 (NCH3),) ppm. '"F-NMR (235MHz, CDCl3): § = -83.6 ppm. HRMS (ESI): /7 calcd. for
C7HoF N, [MYH*]*: 141.0823, found: 141.0822. Ry = 0.40 (n-pentane/EtOAc 2:1).
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Synthesis of 6-Fluoro-N,N-dimethyl-3-pyridinamine hydrochloride (103b-HCI)

A three neck flask was charged with NaCl (813 mg, 13.9 mmol, 5.0 eq). A second two i
neck flask was charged with 6-Fluoro-N, N-dimethyl-3-pyridinamine (103b, 390 mg, s 4\ 3N\ , ol
2.78 mmol, 1.00 eq), CH,Cl, (28 mL). The two flasks were connected by a gas inlet GI N7 2

1

103b-HCI

build out of a quickfit connector and a Pasteur pipette. A constant slow flow of Nj
from the first to the second flask was applied while conc. H,SO4 (0.4 mL) was added
dropwise to the NaCl flask over a period of 5 min. The flow was maintained for additional 30 min after
full addition of H,SO4. The colorless precipitation was collected via suction, washed with CH,Cl, and
dried under high vacuum. The title compound 103b-HCI (490 mg, 2.77 mmol, 99%) was obtained as a

colorless crystalline solid.

'"H-NMR (250 MHz, DMSO-dc): 5 =7.94 (s, 1H), 7.83-7.63 (m, 1H), 7.11 (dd, 3J =9.0 Hz, *J = 3.3 Hz,
1H), 5.92 (s, br, 5SH), 2.96 (s, 6H) ppm. Note: The broad singlet at 5.92 ppm is expected to derive from
water of the solvent.

Synthesis of 1-(2,6-diisopropylphenyl)-1H-imidazole (132)

A round bottom 50 mL flask was charged with 2,6-diisopropylanilin (3700 mg, 20.9 mmol, =\
1.0eq), MeOH (20 mL) and glyoxal (40 wt% in water, 2.5 mL, 21.8 mmol, 1.05eq). The NN
mixture was heated to 80 °C for 1 h followed by addition of aqueous NH3-solution (25 wt%,

1.6 mL, 20.9 mmol, 1.0 eq) and aqueous formaldehyde (37 wt%, 1.6 mL, 20.9 mmol, 1.0 eq)

and further stirred at 80 °C for 90 min and cooled to room temperature over night. The resulting solid,
identified as N', N2-bis(2,6-diisopropylphenyl)ethane-1,2-diimine, 2556 mg was dissolved in MeOH
(45mL) and added NH4ClI (1400 mg, 26 mmol, 1.2 eq), H3PO4 (1 mL) and heated to 80 °C for 45 min.
After TLC indicated full conversion of the diimine, formaldehyde (37 wt%, 2.0 mL, 26.9 mmol, 1.3 eq)
and glyoxal (40 wt% in water, 1.5mL, 13.1 mmol, 0.63 eq) were added and stirred at 80 °C for 2 h. After
cooling to room temperature, the solvents were removed in vacuo, adsorbed on silica and purified by
flash chromatography (CH,Cl,/MeOH 100:1). The title compound 132 (1390 mg, 6.09 mmol 29%) was

obtained as a brown oil.

'"H-NMR (300 MHz, CDCl3): & = 7.49 (t, 1H, *J = 1.2 Hz, Hp,), 7.47-7.43 (m, 1H, Hy,), 7.30-7.25
(m, 3H, Hyp), 7.0 (t, 1H, *J = 1.3 Hz, Hy,), 2.4 (hept, 2H, 3J = 6.9 Hz, 2xCH(CH3),), 1.2 (d, 12H,
3] = 6.9 Hz, 2xCH(CH3),) ppm. '*C-NMR (63 MHz, CDCl3): & = 146.7, 138.6, 129.9, 129.5, 123.9
(2C), 121.7, 28.2 (2C), 24.6 (2C), 24.5 (2C) ppm. HRMS (ESI): m/z caled. for C;sHa Ny [M+H*]*:
229.1699, found: 229.1704.
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Synthesis of
3-(5-trifluoromethylpyridin-2-yl)-1-(2,6-diisopropylphenyl)-1 H-imidazolium bromide
(134)

Following general procedure A, imidazole 132 (400 mg, 1.75 mmol, 1.0 eq) and A\
pyridine 115 (399 mg, 1.76 mmol, 1.01 eq) were heated to 170 °C for 18 h. The S N\’/N+QCF3
title compound 134 (188 mg, 0.41 mmol, 24%) was obtained as a brown crys- Z Br

talline solid.

'H-NMR (250 MHz, CDCl3) & = 11.37 (dd, *J = 1.6, 1.6 Hz, 1H, Hg), 9.72 (d, 3J = 8.6 Hz, 1H, H,7),
9.29 (dd, *J = 1.9 Hz, 1H, Hipmidazore), 8.80 (d, *J = 2.3 Hz, 1H, H\4), 8.38 (dd, 3J = 8.7 Hz, *J = 2.4,
1H, Hyg), 7.63-7.54 (m, 1H, Hy,), 7.41 (dd, *J = 1.8, 1H, Hg), 7.38 (s, br, 1H, Hipigazore)> 7.35 (s, br, 1H,
Himidazole)s 2-41 (hept, 3J = 6.8 Hz, 2H, Hys 1), 1.30 (d, *J = 6.8 Hz, 6H, Hy93), 1.18 (d, °J = 6.8 Hz,
6H, Ha;20) ppm. "F-NMR (235 MHz, CDCl3): § = —62.5 ppm.

Synthesis of 3-(5-bromopyridin-2-yl)-1-(2,6-diisopropylphenyl)-1H-imidazolium
bromide (135)

Following general procedure A, imidazole 132 (364.5 mg, 1.59 mmol, 1.0 eq) and

Y
pyridine 91 (387 mg, 1.63 mmol, 1.0 eq) were heated to 160 °C for 69 h. The title NN @‘Br
compound 135 (398 mg, 0.86 mmol, 54%) was obtained as a brown crystaline Br
solid.

'H-NMR (300 MHz, CDCl3) & = 11.18 (dd, *J = 1.6, 1.6 Hz, 1H, Hg), 9.39 (d, 3J = 8.7 Hz, 1H, H;7),
9.21 (t, *J = 1.8 Hz, 1H, Hipigazote), 8.57 (d, *J = 2.3 Hz, 1H, Hy4), 8.24 (dd, 3J = 8.7 Hz, *J = 2.4 Hz,
1H, Hye), 7.58 (dd, J = 7.8 Hz, 1H, H,), 7.42-7.32 (m, 3H, Ha,), 2.41 (hept, *J = 6.5 Hz, 2H, Hs21),
1.29 (d, 3J = 6.8 Hz, 6H, Hy923), 1.18 (d, 3J = 6.8 Hz, 6H, Hy22) ppm. *C-NMR (75 MHz, CDCl3) § =
149.9, 145.2, 144.7, 143.7, 136.1, 132.5, 130.0, 125.3, 125.0, 122.4, 120.9, 118.5, 29.1 (C(CH3),), 24.5
(2C, CH3), 24.4 (2C, CH3) ppm. HRMS (ESI): m/z calcd. for CooHp3 Bry N3 [M—Br~]*: 386.1051,
found: 386.1056. IR (film): v = 3181, 3076, 2965, 2929, 2869, 1587, 1529, 1467, 1384, 1320, 1265,
1220, 1186, 1076, 1056, 1009, 956, 827, 805, 757, 735, 664, 624, 568, 509, 438, 411 cm™".
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5.4. Synthesis of Ruthenium Complexes
Synthesis of Racemic Complex 64i

Following the published procedure,!!'*! with slight modifications, a flame- B T 1(PFg)2
dried 10 mL PTFE sealed pressure tube was charged with RuCl; (101 mg, (/\ /(Nj

0.49 mmol, 1.00eq), 93a (409 mg, 0.96 mmol, 2.0eq) and ethylene glycol N’\ | N
(10 mL). The mixture was degassed by applying high vacuum until no bub- Me RU\N -
bles were visible, at least 30 min. Afterwards, the tube was flushed with Q:/’L \\Me
N, and was fully immersed in a preheated oil bath (175 °C). The reaction |
mixture was stirred at this temperature for 15h, cooled to room tempera-

ture, followed by treatment with NH4PFg (855 mg, 5.2 mmol, 11 eq) in wa- rac. 64i

ter (15 mL). The yellow precipitation was collected via filtration, rinsed firmly with water, redissolved in
CH,Cl, and transferred into a round-bottom flask equipped with nitrogen inlet. The solvent was removed
under reduced pressure to dryness. AgPFs (282 mg, 1.1 mmol, 2.3 eq) and CH3CN were added under a
positive N, pressure, placed in a preheated oil bath (60 °C) and stirred for 5h. The reaction time can
also increased up to 16 h with no drawbacks in terms of yield or purity. The reaction mixture was fil-
trated through a pad of celite, rinsed with CH,Cl, and the solvents were removed under reduced pressure.
Purification of the crude product via flash chromatography (CH,Cl,/CH3CN 50:1 — 2:1) provided the
racemic target product 64i (508 mg, 0.44 mmol, 90%) as a yellow solid.

'"H-NMR (500 MHz, CD,Cl,): & =8.22 (d, J =2.0 Hz, 1H, Ha,), 7.98 (d, *J = 2.3 Hz, 1H, Hx,), 7.93
(dd, 3J = 8.8, %7 = 2.2 Hz, 1H, Hpa,), 7.50 (d, 3J = 8.8 Hz, 1H, Ha,), 6.97 (s, 1H, Ha,), 6.93 (d, *J =
2.3 Hz, 1H, Ha;), 6.58 (s, 1H, Ha), 2.32 (s, 3H, CH3), 2.27 (s, 3H, CH3), 2.01 (s, 3H, CH3), 1.44 (s,
3H, CH;3) ppm. 3C-NMR (126 MHz, CD,Cl,): & = 189.0, 152.4, 152.3, 141.7, 140.9, 135.3, 134.1,
133.8, 130.4, 129.7, 126.1, 125.4, 118.2, 117.7, 112.8, 21.3, 17.5, 17.2, 4.2 ppm. HRMS (ESI): m/z
caled. for C3gHagNgRu P FgBry [M*PFs~]": 1013.0259, found: 1013.0245. IR (film): v = 1608, 1485,
1424, 1374, 1324, 1254, 1143, 1090, 1029, 933, 834, 807, 737, 695, 551, 517, 496 cm™'. M.p.: 183 °C
(decomp.). HPLC: CHIRALPAK IB (250 x 4.6 mm), 0.8 mL min~!, H,0+0.05% TFA/CH3CN 75:25,
gradient to 30:70 in 50 min, 40 °C, 254 nm, R, (A) = 43.565 min, R; (A) =46.021 min.

Assignment of the HPLC traces to each enantiomer was done by comparison with enantioenriched com-
plex A-64i (Figure 7, Chapter 3.1.1).
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Synthesis of Auxiliary Complex A-(S)-94a

Following the published procedure,"''* racemic 64i (74.9 mg, 65.0 umol, B T1(PFe)2
1.0eq) and (S)-oxazoline (66, 34.2 mg, 167.0 umol, 2.6 eq) were dissolved (\N’EN)/

in CHCly (ImL). NEt; (90pL, 0.65mmol, 10.0eq) was added to this ~ N=v, | “\\\o@
mixture and stirred at 40 °C for 16 h hours. The mixture was cooled to room MZ; ..RU“\N 0
temperature, filtrated through a pad of celite, rinsed with CH,Cl, and the {::N/ I j\(gl
solvent removed under reduced pressure. The crude product was purified U

via column chromatography (CH,Cl,/CH3CN 100:1 — 20:1) and the title S 94aBr

compound A-(S)-94a (36.0 mg, 0.032 mmol, 49%, dr > 20:1) was obtained

as a red solid.

The configuration was assigned according to previous results where auxiliary (5)-66 was found to form a

stable complex with the A enantiomer.[!!*l

"H-NMR (300 MHz, CD,Cl,): & = 8.49 (d, *J =2.2 Hz, 1H, Ha,), 7.94 (d, *J = 2.3 Hz, 1H, Hy,), 7.81
(d,*J =2.2Hz, 2H, Hy,), 7.76 (dd, J = 8.8, *J = 2.2 Hz, 1H, Hy,), 7.60 (dd, J = 8.8, “*J =2.2 Hz, 1H,
Har), 742 (dd,3J =8.1,*T = 1.9 Hz, 1H, Ha,), 7.37 (d, 3J =8.8 Hz, 1H, Ha,), 7.21 (d, 3J = 8.8 Hz, 1H,
Hayp), 7.01-6.89 (m, 4H, Hy,), 6.84 (d, “J = 2.3 Hz, 1H, Hy,), 6.56 (s, 1H, Hy,), 6.45 (s, 1H, Hy,), 6.36
(d, 37 = 8.6 Hz, 1H, Hp,), 6.21 (t, °J = 7.5 Hz, 1H, Ha,), 4.27 (dd, 3J = 9.4, *J = 3.4 Hz, 1H, Hyiph),
4.16 (t,3J = 9.1 Hz, 1H, Hyjiph), 3.80-3.69 (m, 1H, Hyjiph), 2.28 (s, 3H, CHs), 2.26 (s, 3H, CHs), 2.20 (s,
3H, CH3), 2.12 (s, 3H, CH3), 1.32 (s, 3H, CH3), 0.52 (d, J = 6.5 Hz, CHCH3), 0.07 (d, J = 5.9 Hz, 3H,
CHCH3), 0.04-—0.07 (m, 1H= CHCH3) ppm. '*C-NMR (75 MHz, CD,Cl,): & = 197.2, 195.6, 172.3,
165.7, 153.3, 152.9, 151.8, 151.2, 140.2, 140.1, 139.4, 138.8, 137.5, 135.1, 134.9, 134.7, 134.5, 134.2,
133.9, 130.3, 130.3, 130.0, 129.9, 129.4, 125.9, 125.6, 123.6, 116.9, 116.4, 116.3, 116.0, 113.2, 111.6,
111.1, 110.9, 74.8, 66.8, 30.5, 21.4, 21.2, 19.0, 18.4, 17.9, 17.8, 17.3, 13.6 ppm. HRMS (ESI): m/z
caled. for C4¢HssBroN;ORu; [M*]H: 990.1113, found: 990.1174. IR (film): v = 2922, 2856, 1606,
1536, 1477, 1417, 1377, 1293, 1251, 1226, 1148, 1065, 1032, 952, 925, 835, 731, 689, 630, 583, 553,
528, 501, 459, 431 cm™!. M.p.: 190 °C (decomp.).
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Synthesis of Complex A-64i

Following the published procedure,''* auxiliary complex A-(S)-94a BT T 1(PFe)2
(75mg, 0.066 mmol, 1.0eq) was dissolved in CH3CN (9mL) and TFA (/\N l NG Me
(80uL, 1.04 mmol, 16eq) was added at room temperature and stirred for INJ | N//
30 min. The solvent was removed under reduced pressure, NH4PF¢ (340 mg, Mgg‘ .RU“\N -
2.1 mmol, 32 eq) and CH3CN (9 mL) was added and stirred at room temper- «T:N/’L \\Me
ature for 16 h. Column chromatography (CH,Cl,/ CH3CN 100:1 — 5:1) | ;
provided complex A-64i (73 mg, 0.063 mmol, 95%) as a yellow solid. Br
A-64i

The absolute configuration was assigned based on the configuration of the
auxiliary complex A-(S)-94a and verified by comparison of the observed enantioselectivity for asymmet-

ric alkynylation of trifluoroacetophenone (Table 12, Chapter 3.2.3) with reported data.!!!4!

Synthetic note: If the obtained solid is orange or red of color, the removal of the auxiliary was not
successful and should be repeated. The color should be a bright straw-yellow.

CD (CH30H): A, (Ae, M~' em™): 353 (42), 321 (—5), 293 (+24), 279 (—24), 252 (+44), 229 (—38),

211 (+7) nm. All other spectroscopic data are in agreement with racemic complex 64i.

Synthesis of Racemic Complex 64j

Following the published procedure!!'#! with slight modifications, a flame- SN T1(PFg)2
dried 10 mL. PTFE sealed pressure tube was charged with RuCl; (49.5 mg, S

238 umol, 1.00eq), irnidazoliurn. salt 99a (112.4 mg, 290 pmo.l, 2.0‘eq) and (/\N Nig //Me
ethylenglycole (3.5 mL). The mixture was degassed by applying high vac- Ve S,N’\ I /N

uum until no bubbles were visible, at least 30 min. Afterwards, the tube was MeS\N \‘/ |R|U\N\§\

flushed with N, and was fully immersed in a preheated oil bath (175 °C). The Q\,N Ny Me
reaction mixture was stirred at this temperature for 17 h, cooled to room tem- |

perature, followed by treatment with NH4PF¢ (160 mg, 0.981 mmol, 5eq) in N

water (3mL). The yellow precipitation was collected via filtration, rinsed rac. 64j

firmly with water, redissolved in CH,Cl, and transfered into a round-bottom flask equipped with nitrogen
inlet. The solvent was removed under reduced pressure to dryness. AgPF¢ (71.3 mg, 282 umol, 2.0 eq)
and CH3CN (3.5 mL) were added under a positive Nj pressure, placed in a preheated oil bath (60 °C) and
stirred for 24 h. The reaction mixture was filtrated through a pad of celite, rinsed with CH3CN and the
solvents were removed under reduced pressure. Purification of the crude product via flash chromatog-
raphy (CH,Cl,/CH3CN 50:1 — 10:1) provided the racemic target product 64j (95 mg, 90 umol, 58%)

as a yellow solid. The product shows a solvatochromic effect: it appears yellow in combination with
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CH3CN and turns to green/blue in CH,Cl; solution. This also includes the solid after the evaporation of
the solvent.

'"H-NMR (500 MHz, CD3CN): 6 = 8.00 (d, *J = 2.3 Hz, 2H, Ha,), 7.73 (d, >J = 6.8 Hz, 2H, Hp,), 6.93
(d,*J =2.3Hz, 2H, Hy,), 6.78 (dd, *J =2.2,0.7 Hz, 2H, Ha,), 6.58 (d, *J = 2.5 Hz, 4H, Hy,), 6.15 (dd,
3] =6.8,%J =2.7 Hz, 2H), 3.11 (s, 12H, 2xNCHj)»), 2.17 (s, 6H, 2xCH3), 2.15 (s, 12H, 4xCH3), 1.98 (s,
6H, 2xCH3) ppm. Note: The Signals for the CH3-groups of the mesityl and coordinated CH3CN overlap
partial with the signals for HDO as well as free CH3CN. I3C.NMR (126 MHz, CD;CN): & = 192.3,
156.3, 154.0, 153.4, 150.5, 149.9, 139.4, 136.2, 135.3, 134.8, 130.3, 129.9, 125.6, 124.4, 118.3, 117.7,
106.5, 93.6, 40.0, 20.9, 17.7, 17.5, 1.3 ppm.

Synthesis of Auxiliary Complex A-(S)-101

Following the published procedure,!'”! a 10mL PTFE sealed pressure SNT ~IPFg
tube was charged with racemic complex 64j (53.5 mg, 49.2 pymol, 1.00eq), B

sulfinyl benzamide (R)-85 (9.4 mg, 41.7 umol, 0.85eq) and K,CO3 (12.2 mg, @\J Nig

88.3umol, 1.80eq), was evacuated for Smin and flushed with No. Ve S,N R ""““O]/Ph
Ethoxyethanol (2.3 mL) was added under positive N, pressure, evacuated via MGSN / |U\§:§-Bu
two cycles of freeze, pump, thaw (each cycle 10 min) and placed in a preheated «\’N N ©

oil bath (60 °C) and stirred for 17 h. After TLC indicated full conversion, the \Q

mixture was filtered through a pad of celite, rinsed with CH>Cl, and the sol- N

vents removed under reduced pressure with a water bath (60 °C). Purification A-(R)-101

of the crude product via flash chromatography (CH,Cl,/MeOH 100:0 — 100:1 — 50:1) two times pro-
vided the target product A-(5)-101 (10.2 mg, 9.4 mmol, 19%, dr > 20:1) as a green solid.

The absolute configuration was assigned analogously to previous results where auxiliary (R)-85 forms a

stable complex with the A enantiomer.[!!"]

"H-NMR (500 MHz, CD,Cl,): 6 =9.27 (d, 3J =7.1 Hz, 1H, Hy,), 8.13-8.06 (m, 2H, H ), 7.89 (d, *J =
2.2 Hz, 1H, Ha,), 7.85 (d, *J = 2.4 Hz, 1H, Hy,), 7.43-7.36 (m, 1H, Hy,), 7.36-7.28 (m, 2H, Ha,), 7.12
(d,3J =69 Hz, 1H, Hy,), 6.85 (d, *J =2.3 Hz, 1H, Ha,), 6.79 (d, *J =2.2 Hz, 1H, Hy,), 6.81-6.76 (m,
3H, Hay), 6.56-6.52 (m, 1H, Ha,), 6.50 (d, *J = 2.6 Hz, 1H, Hy,), 6.50-6.45 (m, 1H, Hya,), 6.40 (d, *J =
2.8 Hz, 1H, Ha), 5.92 (dd, 3J =7.1,*J = 2.8 Hz, 1H, Hy,), 5.64 (dd, 3J = 6.9, *J = 2.6 Hz, 1H, Ha,),
3.04 (s, 12H, 2x N(CHs),), 2.31 (s, 3H, CH3), 2.27 (s, 3H, CH3), 2.19 (s, 3H, CHs), 2.14 (s, 3H, CH;),
1.54 (s, 3H, CH3), 1.42 (s, 3H, CH3), 0.74 (s, 9H, C(CH3)3) ppm. '*C-NMR (126 MHz, CD,Cl,): 6 =
194.5, 192.2, 179.2, 155.6, 155.2, 153.9, 153.7, 153.4, 149.8, 138.8, 138.8, 136.8, 136.5, 135.8, 135.2,
135.2, 134.7, 134.4, 133.5, 131.3, 130.1, 130.1, 129.9, 129.7, 129.4, 129.1, 128.3, 126.0, 125.5, 116.8,
115.8, 105.9, 105.4, 92.8, 92.5, 65.1, 40.0, 39.8, 24.0, 23.2,22.4, 21.3,21.0, 18.8, 18.0, 17.6, 17.2, 15.6,
15.4,14.4, 1.3 ppm.
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Synthesis of Complex A-64j

A 10 mL round-bottom flask was charged with complex A-(5)-101 (11.6 mg, SN
9.79 umol, 1.00 eq), CH3CN (1.5mL) and TFA (6.5 uL, 84.3 umol, 8.60 eq) Jl\)j “1(PFo)2
and stirred at room temperature for 2 h. The solvent was removed under re- @ Nig N//Me

duces pressure, NH4PF¢ (43.5 mg, 266.9 umol, 27 eq) and CH3CN (1.5 mL) Med R

were added and stirred for 30 min. Purification of the crude product via MGSN \/ |U\N N
flash chromatography (CH,Cl,/CH;CN/MeOH 50:1:0 — 50:1:1) provided  &{_n Ng Me
the target product A-64j (8.0 mg, 7.4 umol, 75%) as a yellow solid which Q

turned green after exposure to CH,Cl,. N

A-64j

The absolute configuration was assigned based on the configuration of the

auxiliary complex A-(S)-101 and verified by comparison of the observed enantioselectivity for asymmet-

ric alkynylation of trifluoroacetophenone (Table 12, Chapter 3.2.3) with reported data.[!14]
The spectroscopic data are in agreement with racemic complex 64j.
Synthesis of Complex 112

According to a published procedure by Bernet ez al.,['331 a 50 mL round-bottom >_©__] (PFg)2
flask equipped with nitrogen inlet was charged with complex 111 (100 mg,

L . Mes, R‘u\
163 umol, 1.00eq), imidazolium salt 104b (154.8 mg, 407 umol, 2.49eq), N\( | Cl
Agr0 (53.9mg, 232 umol, 1.42eq), evacuated for 20 min and flushed with N». Q\/N\ﬂ’\‘j\
CH3CN (16 mL) was added, the mixture shielded from light with aluminum foil Z N0,

and stirred for 30 h at room temperature. After TLC indicated full conversion, 112

the mixture was filtered through a pad of celite, rinsed with CH3CN and the solvents were removed under
reduced pressure. Purification of the crude product via flash chromatography (CH,Cl,/MeOH 50:1 —
10:1) provided a 1:1 (n/n) mixture of the target product 112 (calculated 92.8 mg, 0.128 mmol, 39%) and

remaining imidazolium salt 104b and was used without further purification.

'H-NMR (300 MHz, CD,Cl,): & = 9.85 (d, *J = 2.4 Hz, 1H), 8.89 (dt, 3J = 9.2 Hz, *J = 1.7 Hz, 1H),
8.17 (d, *J = 2.3 Hz, 1H), 8.05 (d, 3J =9.2 Hz, 1H), 7.52 (d, *J = 2.3 Hz, 1H), 7.29 (d, *J = 1.8 Hz, 1H),
7.24 (s, 1H), 6.01 (d, 3J = 6.6 Hz, 1H), 5.83 (dd, 3J = 6.6 Hz, *J = 1.3 Hz, 1H), 5.45 (s, 2H), 5.38 (dd, 3J
= 6.0 Hz, *J = 1.3 Hz, 1H), 4.42 (d, 3J = 5.9 Hz, 1H), 2.46 (s, 3H, CH3), 2.24 (s, 3H, CH3), 2.15 (s, 3H,
CHs), 1.87 (s, 3H, CH3), 1.00 (d, 3J = 6.9 Hz, 3H, CHCHj), 0.76 (d, J = 6.9 Hz, 3H, CHCH3) ppm.
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Synthesis of Complex 113

According to a published procedure,[133] a flame-dried 10 mL PTFE sealed CHs T1(PFe)2
pressure tube was charged with complex 112 (71 mg, 98.6 umol, 1.00eq), Hsc\\ INI _CHa
AgPFg (36.1 mg, 142 umol, 1.45 eq) and CH3CN (7.5 mL). The mixture was Ves N\RI u/N i’

placed in a preheated oil bath (90 °C) and stirred for 17 h. After the reaction ‘N\( | \N\\\

mixture was cooled to room temperature, it was filtered through a pad of Q\’N | AN CHs
celite, rinsed with CH3CN and the solvents removed under reduces pressure. Z NO,
Purification of the crude product via flash chromatography (CH,Cl,/CH3CN 113

10:1 — 5:1) provided the target product 113 (53.4 mg, 60 umol, 63%) as a orange to yellow solid.

'"H-NMR (300 MHz, CD,Cl»): 6 =9.56 (d, *J = 2.4 Hz, 1H, Hx,), 8.81 (dd, 3J =9.1 Hz, *J = 2.4 Hz,
IH, Ha), 821 (d, *J =2.4 Hz, 1H, Ha,), 8.06 (d, >J =9.1 Hz, 1H, Ha,), 7.22 (d, *J = 2.4 Hz, 1H, Ha,),
7.15 (s, 2H, Hay), 2.64 (s, 3H, CH3), 2.39 (s, 3H, CH3), 2.22 (s, 6H, CHz), 2.12 (s, 6H, CHz), 1.95 (s, 3H,
CH3) ppm.

Synthesis of Racemic Complex 114b

According to general procedure C, RuCls (27 mg, 130 umol, 1.00eq) CFs T1(PFe)s

Q

and imidazolium salt 116b (125 mg, 260 umol, 2.0 eq) were reacted in E‘ .
ethylenglycole (2.5mL) for 98h at 90 °C, followed by treatment with Mes=N \Q\ |

NH4PF¢ (200mg, 1.23mmol, 9.2eq) and AgPFs (65mg, 260 umol, Mes, Ru\
2.0eq). The resulting crude mixture was filtrated through a pad of celite Q:N/IL

and purified via flash chromatography (CH,Cl,/CH3CN 10:1 — 5:1). S

The racemic target complex 114b was obtained as a mixture with un- Z CF;

reacted imidazolium salt 116b. For further purification, the mixture was dissolved in CH3CN (1.5 mL)
and precipitated with Et;O (20mL) at —20 °C. The resulting pale yellow solid was collected via filtration
and dried in vacuo which provided racemic complex 114b (82 mg, 70 umol, 54%) as a yellow crystalline
solid.

"H-NMR (500 MHz, CD3CN): & = 9.27 (d, *J = 1.3 Hz, 1H, Hipigazore), 9.16-9.13 (m, 1H, Hy;), 8.66-
8.62 (m, 1H, Ha,), 8.36 (dd, 3J = 8.8 Hz, *J = 1.9 Hz, 1H, Hpy,), 8.19-8.13 (m, 2H, Hx,), 8.03 (d, 3J =
8.7 Hz, 1H, Hpy,), 7.77 (d, J = 8.7 Hz, 1H, Hp,,), 7.07 (s, br, 1H, Ha,), 7.05 (s, br, 1H, Ha,), 7.04 (d,
4] = 2.4 Hz, 1H, Hpy,), 6.81 (s, br, 1H, Ha,), 6.53 (s, br, 1H, Ha,), 6.18 (d, *J = 1.3 Hz, 1H, Himidazote)s
2.32 (s, 3H, CH3), 2.13 (s, 3H, CH3), 1.97 (s, 3H, CH3), 1.96 (s, 6H, 2xCH3), 1.34 (s, 3H, CH3) ppm.
Note: coordinated CH3CN not visible. >*C-NMR (126 MHz, CD;CN): & = 196.2, 163.5, 157.5, 156.0,
150.2 (q, *Jcr = 4.6 Hz), 150.1 (q, *Jcr = 4.7 Hz), 141.9, 140.5, 136.7 (q, *Jcr = 3.2 Hz), 136.3 (q,
3Jcr = 3.3 Hz), 136.0, 135.6, 135.5, 135.0, 134.9, 134.8, 132.4, 130.4, 130.3, 130.3, 130.1, 126.4 (q,
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2Jcr =36.1 Hz), 126.2, 125.9, 125.1 (q, 2Jc r = 34.3 Hz), 124.5,123.9 (q, 'Jcr = 271.5 Hz), 123.3 (q,
Ucr =270.6 Hz) 113.9, 112.6, 21.1, 20.9, 17.6, 17.5, 17.1, 16.5 ppm. 'YF-NMR (282 MHz, CD;CN):
8 = —62.1 (s, CF3), —62.6 (s, CF3), —72.5 (d, 'Jpr = 706.4 Hz, PFs~) ppm. HRMS (ESI): m/z calcd.
for C3gH33FgN7Ru; [M—(CH3CN),]**: 401.5872, found: 401.5891. IR (film): ¥ = 3155, 2292, 1619,
1519, 1429, 1327, 1257, 1177, 1134, 1078, 929, 824, 706, 665, 628, 584, 553, 508, 462, 433 cm™!. M.p.:
204 °C (decomp.). HPLC: Chiralpak IB-N5 (250 x 4.6 mm), 1.0 mL min~', H,0+0.1% TFA/CH3CN
70:30 for 15 min, gradient to 63:37 in 55 min, 25 °C, 254 nm, R, (A) = 54.77 min, R, (A) = 58.31 min.

The assignments of the individual signals was done after comparison with HPLC traces of complex A-
114a (Figure 22, chapter 3.1.3).

Synthesis of Auxiliary Complex A-(R)-128b

An oven dried 50 mL round-bottom flask equipped with nitrogen inlet was PFg
charged with racemic complex 114b (50 mg, 44 umol, 1.00 eq), sulfinyl ben- H /@/CF3
zamide (S)-121a (13 mg, 51 umol, 1.1eq), KoCO3 (13 mg, 96 pumol. 2.2 eq) MeS-N;Z\‘ N Ph
and CH3CN (4.5mL). The reaction mixture was stirred at 40 °C for 17 h. ., | O N
After cooling to room temperature, the mixture was filtrated through a pad MeSN i /Ru*o=s;

of celite, rinsed with CH3CN and the solvents were removed under reduced \UN Ny

pressure. Column chromatography (CH,Cl,/CH3CN 50:1 to 10:1) provided | CFs

the title compound A-(R)-128b (13 mg, 11 umol, 26%) as bright orange to

red solid.

The absolute configuration was assigned analogously to literature!!'°! data where the (S)-configurated
auxiliary forms a stable complex with the A enantiomer. This is further supported by X-ray diffraction
data of the analogus complex A-(R)-128a (Table 22, Chapter B).

"H-NMR (500 MHz, CD,Cl,): & = 10.94 (s, br, 1H), 9.05 (d, 1H, *J = 1.4 Hz, Himidazole), 8.26-8.19 (m,
2H, Hy,), 8.15 (dd, 1H, 3J = 8.7, *J = 2.1 Hz, Ha,), 8.05 (d, 1H, *J = 2.3 Hz, Hp,), 7.84 (d, 1H, 3J =
8.7 Hz, Hay), 7.62 (s, br, 1H, Hy,), 7.57-7.48 (m, 2H, Hy,), 7.47-7.40 (m, 2H, Ha,), 7.34 (d, 1H, 3J =
8.7 Hz, Hay), 7.09 (s, br, 1H, Ha,), 7.02-6.98 (m, 2H, Ha,), 6.76-6.67 (m, 5H, Ha,), 6.47 (s, 1H, Ha,),
6.05 (d, 1H, *J = 1.3 Hz, Hipigazore) 2.35 (s, 3H, CH3), 2.34 (s, 3H, CH3), 2.28 (s, 3H, CH3), 2.21 (s, 3H,
CH3), 2.06 (s, 3H, CH3), 1.89 (s, 3H, CH3), 1.33 (s, 3H, CH3) ppm. 3C-NMR (126 MHz, CD,Cl,): &
=197.5, 181.8, 164.0, 156.6, 154.6, 153.5 (q, *Jcr = 4.0 Hz), 146.5 (q, *Jcr = 4.5 Hz), 142.2, 141.7,
140.6, 138.6, 135.5 (q, 3Jcr = 3.2 Hz), 135.3, 134.6, 134.5, 134.4, 134.3, 134.3, 133.2, 132.2, 131.8,
130.2, 130.2, 130.1, 130.1, 130.1, 129.6, 128.7, 126.1, 125.8 (q, 2Jcr = 34.0 Hz), 124.9 (q, 2JcF =
33.5 Hz), 124.7, 124.6, 123.1 (q, 'Jcr = 272.4 Hz), 123.3 (q, 'Jor = 273.9 Hz), 117.4, 112.7, 111.1,
21.4,21.3,20.9,17.7,17.7, 17.3, 16.2 ppm. YF-NMR (282 MHz, CD>Cl,): 5 = —62.2 (s, CF3), —63.7

101



5. Experimental Part

(s, CF3), —72.2 (d, 'JpFr = 711.7 Hz, PF¢~) ppm. HRMS (ESI): m/z caled. for CsoHysFsN7ORu; S,
[M]*: 1022.2232, found: 1022.2240. IR (film): ¥ = 3142, 2923, 1618, 1516, 1476, 1434, 1363, 1324,
1258, 1174, 1134, 1079, 1038, 933, 833, 710, 668, 631, 584, 548, 480, 433 cm™!. M.p.: 217 °C (decomp.)
CD (CH30H): A, (Ae, M~' ecm™!): 380 (—5), 341 (3), 283 (—18), 242 (—31), 226 (—26), 216 (—8) nm.

Synthesis of Complex A-114b

Following a modified procedure,!'!7! auxiliary complex 128b (11 mg, 1 (PFe)2
F3C
9.0 umol, 1.00eq) was dissolved in CH3CN (2mL), treated with TFA N 1 H
N -G
(7.4 L, 96 umol, 10eq) and stirred at 40 °C for 16h. After cooling to  Mexg T '\@N—Mes

room temperature, the liquids were removed under reduced pressure,
. . . M
NH4PF¢ (47 mg, 29 umol, 31 eq) added, and the mixture redissolved in N7 | \»N’ e

M
CH3CN (2mL). After stirring for 20 min at room temperature, the sol- © N NJ
vent was removed under reduced pressure. Purification by column chro- FiC7 X !
matography (CH;Cl,/CH3CN 10:1 to 5:1) provided the enantiomerically A-114b

enriched complex A-114b (10 mg, 8.9 umol, 95%) as bright yellow solid.

The absolute configuration was assigned based on the configuration of the auxiliary complex A-(R)-
128b.

Synthetic note: If the obtained solid is of orange to red colour, the removal of the auxiliary was not

successful and should be repeated as this impure complex shows far inferior catalytic activity.

CD (CH30H): A, (Ae, M~! cm™): 375 (=6), 315 (+1), 276 (—26), 258 (—5), 239 (—34) nm. All other

spectroscopic data were in agreement with racemic 114b.

Synthesis of Racemic Complex 114a

According to general procedure C, RuCls (51 mg, 0.24 mmol, 1.00eq) Br T (PFe)
was reacted with imidazolium salt 93b (241 mg, 0.49 mmol, 2.0 eq). The H ,(j
racemic title compound 114a (174 mg, 0.15 mmol, 61%) was obtained as Mes*N'ON T NZ Me
a yellow crystalline solid. Mes. RO
N~ | NS
Q\,N N Me

'"H-NMR (500 MHz, CD,Cly): 5 =9.09 (d, *J = 1.3 Hz, 1H, Hipidazole)s |
8.91 (dd, *J = 2.2, 0.6 Hz, 1H, Hinidazore), 8.19-8.16 (m, 2H, H ), 7.97 Br

(d, *J = 2.3 Hz, 1H, Hpy,), 7.89 (dd, 3J = 8.8, *J = 2.2 Hz, 1H, Hpy,),

7.75 (ddd, 3J = 8.9, 47 = 2.6, 0.6 Hz, 2H, Hp,), 7.03-7.01 (m, 2H, Ha,), 6.99 (s, br, 1H, Ha;), 6.88 (d, *J
=2.3Hz, 1H, Hya,), 6.52 (s, br, 1H, Hy;), 5.94 (d, *J = 1.3 Hz, 1H, Hpigazole), 2.35 (s, 3H, CH3), 2.32 (s,
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3H, CH3), 2.28 (s, 3H, CH3), 2.26 (s, 3H, CH3), 2.14 (s, 3H, CH3), 2.03 (s, 3H, CH3), 1.90 (s, 3H, CHs),
1.32 (s, 3H, CH3) ppm. 3C-NMR (126 MHz, CD,Cl,): & = 193.6, 162.4, 152.7, 152.4, 152.2, 151.0,
141.3, 141.1, 140.6, 140.1, 134.5, 134.4, 134.1, 133.8, 133.6, 132.6, 131.1, 129.7, 129.6, 129.4, 129.0,
124.6, 124.4, 123.3, 122.9, 118.7, 117.2, 116.5, 113.7, 112.1, 20.9, 20.8, 17.1, 16.9, 16.8, 15.8, 3.7, 3.6
ppm. HRMS (ESI): m/z caled. for C3gH3gNgRu P FgBry [M*PFs~]11: 1013.0259, found: 1013.0266.
IR (film): v = 3150, 1602, 1523, 1484, 1423, 1377, 1322, 1246, 1067, 1037, 931, 827, 699, 584, 552,
427 cm™'. MLp.: 167 °C (decomp.). HPLC: Chiralpak IB-N5 (250 x 4.6 mm), 1.0 mL min~", H,0+0.1%
TFA/CH3CN 70:30 for 15 min, gradient to 63:37 in 55 min, 25 °C, 254 nm, R, (A) = 34.95min, R, (A) =
37.56 min.

The assignments of the individual signals was done after comparison with HPLC traces of complex A-
114a (Figure 22, Chapter 3.1.3) and the corresponding auxiliary complex A-(R)-128a.

Synthesis of Auxiliary Complex A-(R)-128a

An oven dried 50 mL round-bottom flask equipped with nitrogen inlet PFs
was charged with racemic 114a (209.3mg, 0.18 mmol, 1.0eq), 121d Ho B F
(53.3mg, 0.19mmol, 1.1eq), K,CO3 (51 mg, 0.37 mmol, 2.2eq) and Mes-N'C‘N Nig

CH3CN (18 mL). The reaction mixture was stirred at 40 °C for 17 h. \;I I\\\,,‘O N

After cooling to room temperature, the mixture was filtrated through a Mes, N /Ru\0=8;

pad of celite, rinsed with CH3CN and the solvents were removed un- Q’(,:‘\j N 7\

der reduced pressure. Column chromatography (CH,Cl,/CH3CN 40:1) \@Br -

provided auxiliary complex A-(R)-128a (64.8 mg, 0.054 mmol, 29%) as
bright orange to red solid.

The assignment of configuration was based on X-ray diffraction data (Table 22, Chapter B).

TH-NMR (500 MHz, CD,Cl,): & = 10.60 (d, 1H, *J = 1.9 Hz, Hipidgazote), 8-89 (d, 1H, *J = 1.4 Hz, H,),
8.30-8.22 (m, 2H, Hy,), 8.05 (dd, 1H, 3J = 8.8, *J = 2.2 Hz, Hy,), 7.94 (d, 1H, *J = 2.3 Hz, Hy,), 7.56
(d, 1H, 3J = 8.8 Hz, Hya,), 7.43 (dd, 1H, 3J = 8.8, 7 = 2.2 Hz, Hy,), 7.23 (d, 1H, *J = 2.0 Hz, Hy,),
7.15-7.08 (m, 2H), 7.09 (s, br 1H, Hya;), 7.03 (d, 1H, 3J = 8.8 Hz), 6.99 (s, br 1H, Ha,), 6.98 (d, 1H, *J =
2.2 Hz), 6.94 (s, br 1H, Hy,), 6.82-6.76 (m, 2H), 6.75-6.68 (m, 2H), 6.42 (s, br 1H, H ;), 6.02 (d, 1H, *J
= 1.3 Hz, Hipidazote), 2-35 (s, 3H, CHz), 2.34 (s, 3H, CH3), 2.27 (s, 3H, CH3), 2.23 (s, 3H, CH3), 2.16 (s,
3H, CHz), 1.85 (s, 3H, CH3), 1.31 (s, 3H, CH3) ppm. *C-NMR (126 MHz, CD>Cl,): & = 196.3, 180.4,
165.5 (d, 'Jc r = 250.9 Hz), 163.5, 156.5, 153.3, 151.0, 150.4, 142.0, 141.6, 140.7, 140.4, 139.6, 138.8,
135.4, 134.6, 134.4,134.4, 134.4, 132.7 (d, *Jc r = 9.1 Hz), 132.1, 131.9, 131.0 (d, *Jc r = 2.9 Hz), 130.3,
130.1, 130.0, 129.5, 129.4, 125.5, 124.7, 124.3, 118.7, 117.0, 117.0, 115.5 (d, 2Jc r = 21.9 Hz), 113.0,
111.6,21.4,21.4,21.3,17.8,17.7,17.2, 16.1 ppm. F-NMR (282 MHz, CD,Clp): 6 = —72.2 (d, 'JpF =
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711.7 Hz, PF¢ ™), —109.3 (s, F) ppm. HRMS (ESI): m/z calcd. for C4gH44BroN7O2Ru; S| [M—PFg~]*:
1044.0677, found: 1044.0709. IR (film): Vv = 3142, 3052, 2922, 2856, 1676, 1599, 1514, 1470, 1362,
1306, 1239, 1150, 1100, 1071, 1037, 956, 838, 697, 629, 586, 548, 471, 422 cm~'. CD (CH30H): A (Ae,
M~ em™): 340 (+7), 291 (—=57), 274 (+11), 246 (—42), 235 (—3), 221 (—35) nm.

Synthesis of Complex A-114a

In analogy to A-114b, auxiliary complex A-(R)-128a (52 mg, 43 umol,
1.0eq) was treated with TFA (33 uL, 43 umol, 10.0eq), resulting in the
enantiomercally enriched complex A-114a (45 mg, 39 umol, 91%) as a
bright yellow solid.

The absolute configuration was assigned based on the configuration of
auxiliary complex A-(R)-128a.

CD (CH30H): A, (Ae, M~'em™): 416 (—7), 326 (+1), 292 (—38), 276
(—2), 252 (—38), 232 (+29), 208 (4+10) nm. All other spectroscopical

data were in agreement with racemic complex 114a.
Synthesis of Racemic Complex 136b

Similar to general procedure C, RuCl; (28.2 mg, 136 umol, 1.00eq)
was reacted with imidazolium salt 135 (134.5 mg, 289 umol, 2.0 eq) at
180 °C for 23 h. The racemic title compound 136b (66.8 mg, 50 umol,

40%) was obtained as a yellow crystalline solid.

'H-NMR (300 MHz, CD;CN): & = 8.19 (d, 2H, *J = 2.2 Hz), 8.09
(d, 2H, *J = 2.3 Hz), 7.95 (dd, 2H, 3J = 8.8, *J = 2.2 Hz), 7.61 (d,
2H, 3J = 8.8 Hz), 7.44 (dd, 2H, 3J = 7.9, *J = 1.4 Hz), 7.31 (d, 2H,
3] =7.8 Hz), 7.27 (d, 2H, *J = 2.2 Hz), 6.85 (dd, 2H, 3/ = 7.8, *J =

Br:

"
Me N™ "N N-Mes
N, | O

—]2" 2PFg

1.4 Hz), 2.48 (hept, 2H, 3J = 6.7 Hz, 2xCH(CH3),), 1.96 (s, 3H, CHz), 1.45 (d, 6H, J = 6.8 Hz, 2xCH3),
1.07 (d, 6H, 3J = 6.7 Hz, 2xCH3), 0.95 (d, 6H, *J = 6.8 Hz), 0.86 (d, 6H, *J = 6.7 Hz, CH3) ppm. Note:

Two CH signals from the i-Pr-group are missing.
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Synthesis of Racemic Complex 137b

According to general procedure C, RuCl; (26.1 mg, 126 pmol, 2 oF.
1.00eq) was reacted with imidazolium salt 135 (119.2mg, A
256 ymol, 2.0eq) at 120 °C for 46 h. The racemic title compound  pjpp—p~"N N /Me
137b (106 mg, 90 umol, 68%) was obtained as a yellow crys-
talline solid. Additional, the racemic nNHC complex 136b (40 mg, DIPR /Rl”\N «

30 umol, 26%) was obtained during this procedure.

"H-NMR (300 MHz, CD3CN): 6 =9.30 (d, 1H,*J = 1.4 Hz, Hp,),

8.91(d, 1H, *J =2.2 Hz, Ha,), 8.22 (dd, 1H, 3J = 8.9, *J =2.2 Hz,

Hap), 8.19 (d, 1H, *J =22 Hz, Ha,), 8.15 (d, 1H, *J =2.2 Hz, Hx,), 8.08 (dd, 1H, 3J = 5.3, 4J = 2.3 Hz,
Har), 7.95 (dd, 1H, 3J =8.8,4J =2.3 Hz, Ha,), 7.81 (d, 1H, 3J = 8.9 Hz, Ha,), 7.62 (d, 1H, 3J = 8.8 Hz,
Har), 7.56 (t, 1H, 3J = 7.8 Hz, Ha,), 7.52-7.45 (m, 1H, Ha;), 7.38 (d, 2H, 3J = 7.7 Hz, Ha,), 7.35-7.26
(m, 1H, Ha,), 7.24 (d, 1H, *J = 2.3 Hz, Ha,), 6.82 (d, 1H, 3J = 8.0 Hz, Ha,), 6.27 (d, 1H, *J = 1.3 Hz,
Ha), 2.78 (p, 1H, 3J = 6.7 Hz, CHCH3), 2.35 (p, 1H, 3J = 6.8 Hz, CHCH3), 2.29-2.20 (m, 1H), 1.83 (q,
1H, 3J = 6.9 Hz, H3), 1.49 (d, 3H, °J = 6.9 Hz, CH3), 1.22 (d, 3H, *J = 6.8 Hz, CH3), 1.16 (d, 3H, *J =
6.8 Hz, CH3), 1.09 (t, 6H, 3J = 6.9 Hz, CH3), 1.02 (d, 3H, 3J = 6.8 Hz, CH3), 0.82 (s, 6H, 2xCH3) ppm.
HRMS (ESI): m /7 calcd. for C4oHy7BryFgN7P Ru; [M—-PFg~1*: 1056.0933, found: 1056.0912.

Synthesis of Auxiliary Complex A-(R)-139

An oven dried 50 mL round-bottom flask equipped with nitrogen in- Br 2 T1PFg
let was charged with racemic complex 137b (60.6 mg, 48.8 umol, NI N,(t,i, DIPP
N—-
1.00eq), sulfinyl benzamide (S)-121d (13.9mg, 50.1 umol, 1.0eq), p:ro|,,,§ | @/
3 R o

K>CO3 (14.1 mg, 102 umol, 2.1 eq) and CH3CN (5 mL). The reaction Nf / v DIPP
o)X
F N

mixture was stirred at 40 °C for 2.5 h. After cooling to room temper-

ature, the mixture was filtrated through a pad of celite, rinsed with [
CH;CN and the solvents were removed under reduced pressure. Col-
umn chromatography (100 mg NH4PFs added as solid on top of col- A-(R)-139

umn. (CH,Cl,/CH3CN 10:1 — 0:1 ) provided the title compound A-(R)-139 (26.0 mg, 20.0 umol, 41%,
dr 4:1) as bright orange to red solid as mixture of diasteromers. Note: The isomer with a 180° rotated
orientation of auxiliary 121d was not isolated, hence both isomers are present which makes the NMR less

clear to identify.

The absolute configuration was assigned analogously to complex A-(R)-128a.
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'"H-NMR (300 MHz, CD;CN) & = 10.48 (d, *J = 2.2 Hz, 1H), 10.44 (d, *J = 2.2 Hz, 1H), 9.40 (d, *J =
1.6 Hz, 1H), 9.31 (d, *J = 2.3 Hz, 1H), 9.07 (d, *J = 1.3 Hz, 1H), 8.30-7.99 (m, 5H), 7.91-7.03 (m, 22H),
7.00-6.74 (m, 5H), 6.67 (td, 3J = 8.1 Hz, *J = 1.5 Hz, 4H), 6.56 (d, *J = 1.3 Hz, 1H), 6.39 (d, *J = 1.4 Hz,
1H), 2.44 (s, 2H), 2.22 (s, 4H), 2.13 (s, 3H), 1.45-1.28 (m, 10H), 1.21-1.12 (m, 7H), 1.08 (d, 3J = 6.9 Hz,
1H), 0.99 (d, 3J = 6.8 Hz, 3H), 0.90 (t, 3J = 7.2 Hz, 2H), 0.79 (d, 3J = 6.7 Hz, 3H), 0.69 (d, *J = 6.8 Hz,
4H) ppm.

Synthesis of Complex A-137b

In analogy to complex A-114b, complex A-(R)-139 (25.8 mg, 20.0 umol, B~ 1 (PFe)2
1.0eq) in CH3CN (5mL) was treated with TFA (15.0pL, 195.0pmol, . S ! N’a
N-DIPP
9.7 eq), resulting in the complex A-137b (14.0 mg, 14.4 umol, 57%) as a \\N,,'l \Q/
yellow solid. /"RU“ DIPP
AN

Me' Ne N J
The absolute configuration was assigned based on the configuration of J/;J/
auxiliary complex A-(R)-139. Br

A-137b

The spectroscopical data were in agreement with racemic 137b.
Synthesis of Racemic Complex 137a
According to general procedure C, RuCl; (36.5 mg, 176 umol, 1.00 eq) N CFs  (PFe)
was reacted with imidazolium salt 134 (157.8 mg, 347 umol, 2.0eq) 0

H |
. pIPP-N"NTNT e
at 120°C for 43h. The flash chromatography was performed with = | ‘\\N/
CH,Cl,/CH3CN (20:1 — 10:1) as eluent. The racemic title compound BIPR Rl‘f\
\N~(‘:/ | N\\\Me
NN

137a (134 mg, 110 umol, 63%) was obtained as a yellow crystalline <
solid. U
ZNCF,

'"H-NMR (300 MHz, CD3CN): & = 9.42 (d, 1H, *J = 1.3 Hz, Ha,),

9.10-9.07 (m, 1H, Hpa,), 8.39-8.33 (m, 2H, H ), 8.20-8.11 (m, 2H, Hy,), 8.06 (d, 1H, 3J = 8.8 Hz, Ha,),
7.91 (d, 1H, 3J = 8.7 Hz, Hy,), 7.57 (dd, 1H, 3J = 7.8, 7.8 Hz, Hy,), 7.42-7.33 (m, 4H, Hy,), 7.30-7.23
(m, 2H, Ha), 6.79 (dd, 1H, 3J =7.7,%J = 1.4 Hz, Ha), 6.27 (d, 1H, *J = 1.3 Hz, Hy;), 2.81-2.70 (m, 1H,
CHCH3), 2.37 (pent, 1H, 3J = 6.8 Hz, CHCH3), 2.27-2.16 (m, 1H, CHCH3), 1.83 (pent, 1H, 3J = 6.8 Hz,
CHCHa), 1.45 (d, 3H, 3J = 7.0 Hz, CHCH3), 1.23 (d, 3H, 3J = 6.9 Hz, CHCHj3, 1.16 (d, 3H, J = 6.8 Hz,
CHCHj3), 1.11-0.99 (m, 10H), 0.82 (d, 6H, 3J = 6.8, 2x CHCH3) ppm.

106



5.4. Synthesis of Ruthenium Complexes

Synthesis of Auxiliary Complex A-(R)-138

An oven dried 50 mL round-bottom flask equipped with nitrogen inlet PFg
was charged with racemic complex 137a (101 mg, 82.8 umol, 1.00 eq), H /@CFS d
sulfinyl benzamide (S)-121d (22.4mg, 80.8 umol, 1.0eq), K>CO3 D|pp—N'(iN N

(22.7mg, 164.2 umol, 2.0 eq) and CH3CN (8 mL). The reaction mix- \/\Ru““yo N

ture was stirred at 40 °C for 2h. After cooling to room temperature, DIPP‘N‘C/ \O,,S'

the mixture was filtrated through a pad of celite, rinsed with CH3;CN &"\1 Ny

and the solvents were removed under reduced pressure. Column chro- MCFS

matography (100 mg NH4PF¢ added as solid on top of column, CH,Cl,/CH3CN 30:1) provided the title
compound A-(R)-138 (35.8 mg, 28.2 umol, 34%) as bright orange to red solid. Note: The isomer with a
180° rotated orientation of auxiliary 121d was not isolated, hence both isomers are present which makes
the NMR less clear to identify.

The absolute configuration was assigned analogously to complex A-(R)-128a.

TH-NMR (300 MHz, CD3CN): § = 10.79 (dt, 1H, *J = 1.9, 0.9 Hz, Hy,), 9.31 (d, 1H, *J = 1.4 Hz, Hp,),
8.30 (dd, 2H, 3J = 6.2 Hz, *J = 2.2 Hz, Ha;), 8.25-8.17 (m, 2H, H,), 8.13-8.06 (m, 2H, H,), 7.87 (ddd,
3H,3J =8.9Hz *J =5.0,2.3 Hz, Ha,), 7.72-7.64 (m, 4H, H ), 7.60 (t, 1H, 3J = 7.9 Hz, Hx,), 7.49-7.36
(m, 8H, Hy;), 7.32-7.08 (m, 8H, Ha,), 6.86-6.77 (m, 2H, Hy,), 6.67-6.59 (m, 3H, Hy,), 6.37 (d, 1H, *J
= 1.3 Hz, Ha,), 3.06 (pent, 1H, 3J = 6.8 Hz, CHCH3), 2.61-2.51 (m, 1H, CHCH3), 1.87-1.76 (m, 1H,
CHCHj3), 1.49-1.11 (m, 9H), 1.00 (d, 3H, 3J = 6.8 Hz, CH3), 0.90 (t, 3H, 3J = 7.2 Hz, CH3), 0.78 (d, 3H,
3] = 6.7 Hz, CH3), 0.70 (d, 4H, 3J = 6.8 Hz, CH3) ppm.

Synthesis of Complex A-137a

In analogy to complex A-114b, complex A-(R)-138 (35.8 mg, 27.7 umol, FsCuz 71 (PFe)2
1.0eq) in CH3CN (7mL) was treated with TFA (20.7 uL, 269.0 umol, Me \(N]\N’E
N-DIPP
9.7 eq), resulting in the complex A-137a (23.6 mg, 19.3 pmol, 91%) as a \\N | \Q/
yellow solid. /ﬂR““ DIPP
AN | N
Me No N J
The absolute configuration was assigned based on the configuration of /\ [
auxiliary complex A-(R)-138. FoC
A-137a

The spectroscopical data were in agreement with racemic 137a.

107
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5.5. Synthesis of Auxiliaries
Synthesis of Racemic Menthyl p-Tolylsulfinate (124)

Following a published procedure,'®3) p-tolyldisulfide 188 (2070 mg, 8.40 mmol, 1.0eq) 0
was dissolved in MeOH (20mL). N-brom succinimide (NBS, 2374 mg, 13.3 mmol, /©/ S‘OMe
1.6 eq) was added in portions over a period of 20 min at room temperature. After full
conversion of the starting material was observed via TLC, the reaction mixture was di- rac. 124

luted with CH,Cl, (50 mL) and washed with a saturated aqueous solution of NaHSO3 (15 mL). The aque-
ous layer was extracted with CH,Cl, (50 mL). The combined organic layer were washed with a saturated
aqueous solution of NaHCO3 (3x10mL), dried over Na;SO4 and the solvents removed under reduces
pressure. The racemic title compound 124 was obtained as an colorless liquid (2906 mg, 17.07 mmol,

99%) in sufficient purity and used without further purification.

'H-NMR (300 MHz, CDCl3): & = 7.64-7.55 (m, 2H, Ha,), 7.38-7.30 (m, 2H, Ha,), 3.46 (s, 3H, OCHj3),
2.43 (s, 3H, CH;) ppm. 3C-NMR (75MHz, CDCl3): & = 143.0, 141.2, 129.9, 125.5, 49.5, 29.7, 21.6
ppm. HRMS (ESI): m/z calcd. for CgH;10,S; [M + H]*: 171.0474, found: 171.0479.

Synthesis of Racemic p-Tolylsulfinamine (125)

Following a published procedure,!'3”! racemic menthyl p-toluenesulfinate (124, 0
1018 mg, 5.98 mmol, 1.00eq) was dissolved in THF (15 mL) and cooled to —78 °C. A S*NH2
solution of LIHMDS (1 M in THF, 9.0 mL, 9.00 mmol, 1.35 eq) was added over a period

of 1 h. The reaction mixture was allowed to warm up to room temperature within 3 h. After full conver-
sion of the starting material was observed via TLC, a saturated aqueous solution of NH4CI (10 mL) was
added and stirred for 30 min at room temperature. The mixture was extracted with EtOAc (3x60mL),
dried over Na;SO4 and the solvent removed under reduces pressure. The crude product was recrystallized
from n-hexane/EtOAc (2:1 v/v, 40 mL). The racemic title compound 125 (489 mg, 3.15 mmol, 53%) was

obtained as a pale yellow crystalline solid.

'"H-NMR (300 MHz, CDCl3): & = 7.66-7.56 (m, 2H, Hyx,), 7.37-7.28 (m, 2H, Hy,), 4.30 (s, 2H, NH,),
2.41 (s, 3H, CH;) ppm. 3C-NMR (75MHz, CDCls): & = 143.5, 141.5, 129.6 (2C), 125.3(2C), 21.3
(CH3) ppm. HRMS (ESI): m/z calcd. for C;HoN;O;S; [M + H]*: 156.0478, found: 156.0482. HPLC:
Daicel Chiralpak OD-H (250 x 4.6 mm), n-Hexane/i-PrOH 90:10, 1 mL min~!, 25°C, 254 nm, z (R) =
14.63 min, g (S) = 17.29 min.
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5.5. Synthesis of Auxiliaries

Synthesis of (S)-p-Tolylsulfinamine (125)

Following a published procedure,[l37] (1R,25,5R)-(—)-Menthyl (S)-p-toluenesulfinate 0
(124, 1963 mg, 6.69 mmol, 1.00 eq) was dissolved in THF (16 mL) and cooled to —78 °C. I A S"NH2
A solution of LIHMDS (1 M in THF, 9.0 mL, 9.00 mmol, 1.35 eq) was added over a pe- Z

riod of 1 h. The reaction mixture was allowed to warm up to room temperature within 3 h. After full
conversion of the starting material was observed via TLC, a saturated aqueous solution of NH4C1 (10 mL)
was added and stirred for 30 min at room temperature. The mixture was extracted with EtOAc (4x50 mL),
dried over NapSO4 and the solvent removed under reduces pressure. The crude product was purified via
column chromatography (CH,Cl,/MeOH 15:1) and the target product 125 was obtained as a colorless,
crystalline solid. To improve the enantiopurity, the product was recrystallized from n-hexane/EtOAc (2:1
v/v, 40 mL) to give enantiopure 125 (735 mg, 4.74 mmol, 71%, >99% ee).

'"H-NMR (250 MHz, CDCl3): 6 =7.62 (d, 2H, 3J = 8.2 Hz, Ha,), 7.31 (d, 2H, 3J = 8.0 Hz, Ha,), 4.3 (s,
br, 2H, NH,), 2.4 (s, 3H, CH3) ppm. *C-NMR (75MHz, CDCl3): & = 143.7, 141.6, 129.7 (2C), 125.5
(2C), 21.5 (CH3) ppm. HRMS (ESI): m/z caled. for CyHgN;O;S{Na; [M + Na]*: 178.0297, found:
178.0301. IR (film): v = 3187, 3091, 2920, 2867, 1589, 1482, 1394, 1085, 1005, 972, 912, 803, 707,
622, 571, 523, 441, 407 cm™!. M.p.: 106 °C (EtOAc). HPLC: Daicel Chiralpak OD-H (250 x 4.6 mm),
n-Hexane/i-PrOH 90:10, 1 mL min~!, 25 °C, 254 nm, g (R) = 14.63 min, 1z (S) = 17.29 min.

Synthesis of (S)-N-(p-Tolylsulfinyl)benzamide (121a)

According to a published procedure,!3! (S)-125 (156.1 mg, 1.00mmol, 1.0eq) o O

was dissolved in THF (4 mL) and cooled to =78 °C. At this temperature, n-BuLi /@/SHJ\Q

(1.6 M in n-hexane, 1.3 mL, 2.1 mmol, 2.1 eq) was added slowly over a period of

5 min, followed by benzoic anhydride (126, 265.9 mg, 1.18 mmol, 1.2 eq) as a solid in one portion. The
reaction was allowed to warm up to room temperature over night. Saturated aqueous solution of NH4Cl
(5mL) was added, the mixture was extracted with EtOAc (3x30 mL), and the combined organic layers
were dried with brine and Na;SO4. The solvent was removed under reduced pressure and the crude
product was purified by column chromatography (CH,Cl,/ MeOH 100:1). The title compound 121a
(226.2 mg, 0.87 mmol, 87%, >99% ee) was obtained as a colorless solid.

"H-NMR (300 MHz, CDCl3): & = 8.23 (s, br, 1H, NH), 7.83 — 7.76 (m, 2H, Ha,), 7.72 — 7.65 (m,
2H, Hp,), 7.61 — 7.53 (m, 1H, Hya,), 7.52 — 7.41 (m, 2H, Hyy), 7.40 — 7.32 (m, 2H, Ha,), 2.45 (s, 3H,
CCH3) ppm. 3C-NMR (75MHz, CDCly): & = 167.5, 142.7, 140.8, 133.2, 131.8, 130.2 (2C), 128.9
(20), 128.1 (2C), 125.0 (2C), 21.6 (CH3) ppm. HRMS (ESI): m/z caled. for C14H 4N O,S [M+H]*:
260.0740, found: 260.0747. IR (film): v = 3364, 3220, 3062, 1647, 1602, 1491, 1451, 1385, 1240, 1178,
1144, 1095, 1064, 1022, 930, 881, 804, 754, 714, 688, 640, 618, 525, 499, 456, 423 cm™!. M.p.:111°C
(MeOH). HPLC: Chiralpak IB-N5 (250 x 4.6 mm), H,O+0.1% TFA/CH3CN 65:35, 1.0 mL. min~!, 20 °C,

254 nm, tg (minor) = 17.7 min, g (major) = 19.9 min.
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Synthesis of (S)-4-Fluoro-N-(p-Tolylsulfinyl)benzamide (121d)

Following the previous described protocol, sulfinamide (S)-125 (257.1 mg, 0 o

1.65mmol, 1.0eq) and 4-fluorobenzoyl chloride (127, 0.24mL, 2.03 mmol, /@/SHJ\©\

1.2 eq) provided sulfinyl benzamide 121d (397.5 mg, 1.43 mmol, 86%) as a slight F
(S)-121d

red crystalline solid.

'"H-NMR (500 MHz, CDCl3): & = 8.44 (s, 1H, NH), 7.86 — 7.81 (m, 2H, Hy,), 7.67-7.62 (m, 2H, Hp,),
7.38-7.33 (m, 2H, H ), 7.15-7.09 (m, 2H, H A,), 2.44 (s, 3H, CH3) ppm. '*C-NMR (126 MHz, CDCl5):
§ = 166.3, 165.8 (d, 'Jc r = 255.1 Hz), 143.0, 140.7, 130.7 (d, *Jc r = 9.4 Hz, 2C), 130.3 (2C), 128.0
(d, ¥Jcr =32 Hz), 124.9 (2C), 116.2 (d, 2Jc r = 22.0 Hz, 2C), 21.7 (CH3) ppm. ’F-NMR (235 MHz,
CDCl3): & = —104.7 ppm. HRMS (ESI): m/z calcd. For C14H,F1N{0,S{Na; [M + Na]*: 300.0465,
found: 300.0473. IR (film): V = 3151, 3064, 2824, 1674, 1597, 1510, 1487, 1424, 1393, 1305, 1234,
1165, 1084, 1051, 1013, 887, 855, 805, 763, 676, 624, 589, 512, 474, 428 cm™'. M.p.: 62 °C (MeOH).
HPLC: Chiralpak IB-N5 (250 x 4.6 mm), 0.6 mL min~!, Hy0+0.1% TFA/CH3CN 70:30, 20 °C, 254 nm,
tg (major) = 62.15 min, fg (minor) = 63.93 min.

5.6. General Procedure for Asymmetric C,H Amination

Following the general procedure D, N-benzoyloxyurea (76, 55.6 mg, 0.2 mmol, 1.0eq), 0
catalyst (0.9 mol%) and K3COj3 (83.5mg, 0.60 mmol, 3.1eq) in freshly distilled CH,Cl, Me~NJ\NH
(2mL) were used, providing the amination product 77 (34.2 mg, 0.194 mmol, 99% yield, \_kPh

86% ee) as a colorless solid.

TH-NMR (300 MHz, CDCl3): & = 7.44-7.28 (m, 5H, Ha,), 4.82-4.62 (m, 2H), 3.78 (t, 1H, 3J = 8.8 Hz),
3.22 (dd, 1H, 3J = 8.8, 7.4 Hz), 2.82 (s, 3H, NCH3) ppm. HPLC: Daicel Chiralpak IA (250 x 4.6
mm), n-hexane/i-PrOH 90:10, 1 mL min~!, 30 °C, 220 nm, #z (R) = 12.6 min, g (S) = 14.8 min. All other

spectroscopic data were in agreement with the literature.!! '8!
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5.7. Azirination
Synthesis of Methyl 3-Oxo-3-phenylpropanoate (145)

Following a modified procedure,!'4°! a flame-dried 25 mL round-bottom flask equipped 0O o
with nitrogen inlet was charged with NaH (60 wt% in oil, 339 mg, 14.1 mmol, 3.33 eq), o
THF (4 mL) and dimethyl carbonate (144, 0.7 mL, 8.31 mmol, 2.0 eq). Over a period

of 5min, a solution of acetophenone (510 mg, 4.24 mmol, 1.0eq) in THF (2 mL) was added and stirred
for 10 min at room temperature, followed by 13 h at 72 °C. After full conversion was observed via TLC
(n-pentane/EtOAc 10:1), saturated NH4Cl solution (5 mL) was added, extracted with CH,Cl, (3x30mL),
dried over NaSO4 and the solvents were removed under reduced pressure. The crude product was pu-
rified by flash chromatography (n-pentane/EtOAc 10:1 — 7:1) and the title compound 145a (727 mg,
4.08 mmol, 96%, Ratio Keto/Enol 80/20) was obtained as a colorless oil.

'H-NMR (250 MHz, CDCl3): & = 12.49 (s, 1H, OHg,,;), 8.02-7.83 (m, 2H, Hy,), 7.84-7.72 (m, 1H,
Har), 7.68-7.53 (m, 1H, Hpy), 7.56-7.36 (m, 3H, Ha), 5.68 (s, 1H, Hyjer. Enot)s 4.01 (8, 2H, CH3 kero)s
3.81 (s, 1H, CH3), 3.76 (s, CH3) ppm. Ry = 0.22 (n-pentane/EtOAc 10:1)

Synthesis of Ethyl 2-Methyl-3-0x0-3-phenylpropanoate (146)

Following a modified literature procedure,””’”! a 100mL round bottom flask was o o
charged with Ethylbenzoylacetate (189, 9070 mg, 47.2mmol, 1.0eq), K;CO; WO/\
(8327 mg, 60.23 mmol, 1.3 eq) methylene iodine (5.0mL, 80.3 mmol, 1.7eq) and

Acetone (50mL), equipped with reflux condenser and heated to 56 °C for 4h. After cooling to room
temperature, the mixture was filtered through a pad of celite and the solvents were removed under re-
duced pressure. The target product 146 (10 g, 47 mmol, 99%) was obtained as an orange oil and used
without further purification. Note: Although reaction monitoring via TLC is possible with long plates (>
7 cm), GC monitoring is highly recommended.

'"H-NMR (250 MHz, CDCl3): & = 8.03-7.92 (m, 2H, Hy,), 7.64-7.53 (m, 1H, Hp,), 7.53-7.40 (m, 2H,
Ha), 437 (q, 1H, 3J = 7.1 Hz, CHCH3), 4.14 (q, 2H, 3J = 7.1 Hz, CH,CH3), 1.49 (d, 3H, 3J = 7.1 Hz,
CHCHs), 1.16 (t, 3H, 3J = 7.1 Hz, CH,CH3) ppm. '3C-NMR (63 MHz, CDCl3): § = 196.0, 171.0,
136.0, 133.6, 128.8, 128.7, 61.5, 48.5, 14.1, 13.9 ppm. HRMS (ESI): m/z caled. for C;,H;403Na,
[M+Na]™ 229.0835, found: 229.084. Ry = 0.47 (n-pentane/EtOAc 5:2). Ry = 0.47 (n-pentane/EtOAc
2.5:1) GC/MS: R, = 5.401 min Temperature profile: Initial temperature 50 °C for 2 min, final tempera-
ture 250 °C, rate 30 °C min~!.
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Synthesis of 4-Methyl-3-phenylisoxazol-5(4H)-one (147)

Following a slight modified literature procedure,!'*!l a 25 mL N,-flask was charged N-O
with 3-ketoester 146 (1003 mg, 4.86 mmol, 1.0eq), NH,OH-HCI (689 mg, 9.78 mmol, ' 0o
2.0eq), pyridine (1.2 mL, 14.9 mmol, 3.1 eq), EtOH (5 mL) and stirred at 60 °C for 17 h.

After cooling to room temperature, the mixture was diluted with water (20 mL), extracted with EtOAc
(3x30mL), the combined organic layers washed with aqueous HCl-solution (20 mL, 1 M) and dried over
NaySO4. The solvents were removed under reduced pressure and the crude product was recrystallized
from EtOH. The title compound 147 (770 mg, 4.40 mmol, 90%) was obtained as a colorless crystalline
solid.

'"H-NMR (250 MHz, CDCl3): & = 8.09 (s, 1H, OHg,;), 7.73-7.63 (m, 2H, H,), 7.63-7.42 (m, SH, Hx,),
3.84 (q, 1H, 3J = 7.9 Hz, CHCH3), 2.04 (s, 1H, CH; g,,01), 1.58 (d, 3H, 3J = 7.9 Hz, CH; ker0) ppm.
BC-NMR (63 MHz, CDCl;): § = 178.8, 167.3, 132.1, 131.4, 129.4, 127.5, 127.1, 39.6, 14.7, 7.9 ppm.
HRMS (ESI): m/z calcd. for C1oH9N;O,Na; [M+Na]*: 198.0525, found: 198.0530.

Synthesis of 5-Chloro-4-methyl-3-phenylisoxazole (148)

Following a modified literature procedure!’”), a two neck flask equipped with a schlenk N-O
extention and reflux condenser was charged with isoxazolone 147 (701 mg, 4.00 mmol, p, e
1.0eq), POCI; (3.6 mL, 39.4 mmol, 10eq), NEt3 (0.4 mL, 2.9 mmol, 0.7 eq) and heated to

reflux temperature for 21 h. After cooling to room temperature, the mixture was poured onto a mixture
of ice and an saturated aqueous solution of NaHCOs3 (ca. 50mL) and extracted with EtOAc (3x70 mL).
The combined organic layers were washed with brine, dried over Nay;SQy, the solvents removed under
reduced pressure and the crude product purified via flash chromatography (n-pentane/EtOAc 20:1). The

product 148 (709 mg, 3.66 mmol, 92%) was obtained as a yellow oil.

'H-NMR (300 MHz, CDCl3): & = 7.73-7.58 (m, 2H, Hy,), 7.56-7.43 (m, 3H, Hy,), 2.13 (s, 3H, CH3)
ppm. BC-NMR (75MHz, CDCl3): § = 164.0, 152.1, 130.1, 129.2, 129.0, 128.0, 108.6, 8.2 (CH3) ppm.
HRMS (ESI): m/7z caled. for C;oHgCl;N;O1Na; [M+Na]*: 216.0187, found: 216.0189. IR (film): v =
1737, 1613, 1577, 1453, 1384, 1243, 1177, 1097, 1042, 1013, 898, 769, 695, 568, 509 cm™!. Ry =041
(n-pentane/EtOAc 20:1).

Synthesis of 5-Methoxy-4-methyl-3-phenylisoxazole (56a)

Following a modified literature procedure,’’”l a 10mL PTFE sealed pressure tube was NQ
charged with NaH (60 wt% in oil, 72mg, 1.8 mmol, 1.5eq) and MeOH (0.4 mL). After Ph)’\/g‘o
the gas formation depleted, a solution of isoxazole 148 (239 mg, 1.22 mmol, 1.0eq) in
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MeOH (1.4 mL) and stirred at 65 °C for 90 h. The mixture was cooled to room temperature, diluted with
n-pentane (10 mL) and purified via flash chromatography (n-pentane/EtOAc 20:1). The title compound
56a (159 mg, 0.84 mmol, 69%) was obtained as a yellow oil.

'"H-NMR (300 MHz, CDCl): & = 7.68-7.58 (m, 2H, H,), 7.49-7.40 (m, 3H, Hx,), 4.12 (s, 3H, OCH3),
1.96 (s, 3H, CH3) ppm. '3C-NMR (75MHz, CDCl3): & = 169.7, 164.9, 130.5, 129.6, 128.8 (2C),
127.9 (2C), 86.7, 58.0, 6.6 ppm. HRMS (ESI): m/z calcd. for C11H2N; O, [M+H]": 190.0863, found:
190.0867. Ry = 0.18 (n-pentane/EtOAc 20:1).

Synthesis of 5-Methoxy-4-methyl-3-phenylisoxazole (56b)

Following a modified literature procedure,!”’! a 10 mL PTFE sealed pressure tube was . >\
charged with NaH (60 wt% in oil, 90 mg, 2.25 mmol, 1.5 eq) and i-PrOH (2 mL). After - )'\/e-o
the gas formation depleted, 148 (300 mg, 1.52 mmol, 1.0eq) was added and stirred at

70 °C for 39 h. The mixture was cooled to room temperature, diluted with n-pentane (10 mL) and purified
via flash chromatography (n-pentane/EtOAc 20:1). The title compound 56b (193 mg, 1.02 mmol, 67%)
was obtained as a colorless oil.

'"H-NMR (300 MHz, CDCl3): 6 = 7.71-7.60 (m, 2H, H ;), 7.52-7.40 (m, 3H, Ha,), 4.93 (hept, 1H, 3J =
6.2 Hz, CH(CH3),), 1.96 (s, 3H, CHs), 1.43 (d, 6H, J = 6.2 Hz, CH(CH3);) ppm. '3C-NMR (75 MHz,
CDCl3): 6 =169.3, 164.5, 130.6, 129.5, 128.8, 127.9, 88.7, 76.0, 22.7, 6.9 ppm.

Synthesis of Methyl 2-Methyl-3-phenyl-2H-azirine-2-carboxylate (190)

According to general procedure E, isoxazole 56a (20 mg, 0.1 mmol, 1.0eq) was used, N O
providing the target product 190 (19 mg. 0.10 mmol, 96%) as a yellow oil. Ph" o—
"H-NMR (250 MHz, CDCl3): & = 7.69-7.59 (m, 2H, H ), 7.49-7.41 (m, 3H, Hy,), 4.12 (s, 3H, OCH3),
1.96 (s, 3H, CH3) ppm. 3C-NMR (75 MHz, CDCl3): § = 173.7, 163.7, 133.8, 130.2, 129.5, 122.7, 52.6,
35.6, 17.9 ppm. HRMS (ESI): m/z calcd. for C1;H;;N;O;Na; [M+Na]™: 212.0682, found: 212.0680.
HPLC: Chiralpak OD-H (250 x 4.6 mm), 1.0 mL. min~!, n-Hexane/i-PrOH 98:02, 20 °C, 254 nm, g (mi-
nor) = 10.125 min, #g (major) = 11.017 min.
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Synthesis of Isopropyl 2-Methyl-3-phenyl-2H-azirine-2-carboxylate (191)

According to general procedure E, isoxazole 56b (20 mg, 0.092 mmol, 1.0 eq) was used, N O
providing the target product 191 (17 mg. 0.08 mmol, 87%) as a yellow oil. P\ '<o _<

'"H-NMR (300 MHz, CDCl3): & = 7.83 (dt, 2H, 3J = 6.7 Hz, *J = 1.6 Hz, Hya,), 7.58

(ddd, 3H,3J =8.6, 6.1 Hz, *J =2.4 Hz, Hy,), 5.01 (hept, 1H, 3J = 6.3 Hz, CH(CH3),), 1.60 (s, 3H, CH3),
1.21 (d, 3H, 3J = 6.3 Hz, CHCH;CH3), 1.15 (d, 3H, *J = 6.2 Hz, CHCH;CH3) ppm. '*C-NMR (75 MHz,
CDCl3): & =172.7,163.9, 133.6, 130.1, 129.4, 122.9, 69.0, 35.9, 21.9, 21.8, 17.9 ppm. HPLC: Chiralpak
IC (250 x 4.6 mm), 1.0 mL min~!, n-Hexane/i-PrOH 90:10, 20 °C, 254 nm, fx (major) = 8.606 min, fg

(minor) = 9.406 min.

5.8. Propagyl Substrates
Synthesis of Propargyl Alcohol 172
Following a modified literature procedure,'>3 a 100 mL N,-flask was charged with OH

TMS-acetylene (171, 1.3 mL, 9.132mmol, 1.03eq) and THF (30mL), cooled to
-78°C. n-BuLi (1.6M in n-hexane, 5.5mL, 8.80 mmol, 1.0eq) was added at this FsC

V4

temperature over a period of 5 min. After stirring for 10 min, the reaction mixture was allowed to warm
up to 0 °C for 20 min and cooled to —78 °C. A solution of p-CF3-benzaldehyde (170, 1550 mg, 8.90 mmol,
1.00eq) in THF (10 mL) was added over a period of 10 min. The reaction mixture was stirring at this tem-
perature for 20 min and allowed to warm up to 0 °C for 30 min. At this temperature, MeOH (20 mL) and
K>COj3 (350 mg, 2.53 mmol, 0.3 eq) were added and stirred for 2h. After TLC showed full conversion,
a saturated aqueous solution of NH4CI (10 mL) was added, extracted with EtOAc (3x40 mL), dried over
brine and Na; SO, and the solvents were removed under reduced pressure. The crude product was purified
by flash chromatography (n-pentane/EtOAc 20:1 — 5:1). The title compound 172 (1348 mg, 6.74 mmol,
76%) was obtained as a yellow oil.

'"H-NMR (250 MHz, CDCl3): § = 7.72-7.60 (m, 4H, Hy;), 5.53 (dd, 1H, 3J = 6.1 Hz, *J = 2.2 Hz), 2.71

(d, 1H, 4J = 2.3 Hz), 2.36 (dd, 1H, 3J = 6.1 Hz, *J = 2.0 Hz) ppm. '"F-NMR (235 MHz, CDCl3): § =
—62.6 ppm.
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Synthesis of Propargyl Carbamate 173

Following a modified literature procedure,!'*! a 25 mL Nj-flask was charged with 0
propargyl alcohol 172 (509 mg, 2.54 mmol, 1.00 eq), 192 (850 mg, 3.89 mmol, 1.53 eq) >LQJ\O
and CH,Cl, (2.5mL). The mixture was cooled to 0°C and 97 (31.1 mg, 254 umol,

0.10eq) was added in one portion, which turned the solution bright yellow. After 1h, FsC

3

the solution turned slowly to a red color. After stirring for 5 h, water (10 mL) was added and extracted with
EtOAc (3x30 mL), dried over brine and Na;SOy4. The solvents were removed under reduced pressure and
the crude product was purified via flash chromatography (n-pentane/EtOAc 20:1). The title compound
173 (582 mg, 1.94 mmol, 76%) was obtained as a colorless liquid.

TH-NMR (500 MHz, CDCl3): & = 7.69-7.61 (m, 4H, Hx,), 6.28 (d, 1H, *J = 2.3 Hz, CHC), 2.72 (d, 1H,
4] = 2.3 Hz, CH), 1.50 (s, 9H, C(CH3)3) ppm. '3C-NMR (126 MHz, CDCl3): & = 152.4, 140.2, 131.4
(q,J =32.6 Hz), 128.1, 125.8 (q, J = 3.8 Hz), 124.0 (q, '/ = 272.3 Hz), 83.8, 79.4, 76.8, 67.4, 27.8 ppm.
9F-NMR (282 MHz, CDCl3): 5 = —62.8 ppm. HRMS (ESI): /7 calc. For C;sH;5F303Na; [M+Na]*:
323.0866, found: 323.0865. IR (film): ¥ = 3302, 2983, 2938, 2128, 1743, 1621, 1469, 1419, 1370, 1322,
1251, 1157, 1122, 1066, 1011, 954, 841, 770, 670, 608, 520, 466, 402 cm™".

Synthesis of Acetate 174

Following a modified literature procedure,['! a 10 mL Nj-flask was charged with
propargyl alcohol 172 (537 mg, 2.69 mmol, 1.00 eq), DMAP (97, 37 mg, 0.303 mmol,
0.11eq) and CH;Cl, (3.8 mL). The mixture was cooled to 0°C, NEt;3 (0.5mL,
3.59 mmol, 1.34eq) and Ac,0O (0.35mL, 3.70 mmol, 1.38 eq) were added and stirred  FsC
at this temperature for 5h. After full conversion was observed via TLC, a saturated aqueous solution of
NH,4Cl-solution (5 mL) was added, extracted with CH,Cl, (3x30 mL), dried over brine and Na;SOy4. The
solvents were removed in vacuo and the obtained crude product was purified via flash chromatography
(n-pentane/EtOAc 15:1 — 10:1 ). The title compound 174 (476 mg, 1.96 mmol, 73%) was obtained as a

colorless oil.

3
4

"H-NMR (500 MHz, CDCl3): & = 7.65 (s, 4H, Hy;), 6.49 (d, 1H, *J = 2.3 Hz, CHOACc), 2.69 (d, 1H,
4J = 2.3 Hz, CH), 2.13 (s, 3H, CH3) ppm. 3C-NMR (126 MHz, CDCl3): & = 169.6, 140.2, 131.2 (q,
3] = 32.6 Hz), 128.0, 125.7 (q, *J = 3.8 Hz), 123.8 (q, J = 272.3 Hz), 79.5, 76.1, 64.5, 20.9 ppm. "°F-
NMR (235MHz, CDCl3): & = —62.8 ppm. HRMS (ESI): m/z calc. For C1, HyF30,Na; [M*Na*]":
265.0447, found: 265.0455. IR (film): ¥ = 3300, 1742, 1621, 1419, 1372, 1322, 1221, 1165, 1118, 1065,
1015, 958, 914, 831, 764, 673, 647, 601, 553, 463 cm™".
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5. Experimental Part

5.9. Propagylic Substitution

Synthesis of Propargyl Indole 176

NH

A representative procedure for the propargylic substitution is given here and is based O
Z

on a published procedure.l'®! An oven dried pressure tube was charged with indole

74

uated and flushed with N, and added 173 (55.1 mg, 0.183 mmol, 1.00eq) in THF
(0.5mL). NEts (5.5uL, 39.7 umol, 0.22 eq) was added, sealed and placed in a pre-
heated oil-bath at 60 °C upon which the solution turned deep red. After 48 h the reaction was stopped

(48 mg, 0.410 mmol, 2.23eq), complex 114b (2.0 mg, 1.80 umol, 1.0mol%), evac- O
F3C

as no full conversion was observed within this time. The mixture was purified via flash chromatography
two times (n-pentane/EtOAc 10:1 and 5:1 the 2nd time of the product containing fractions). The title
compound 176 (8.8 mg, 29 umol, 16%) was obtained as a brown liquid as well as remaining 173 (6.0 mg,
19 umol, 10%).

'"H-NMR (300 MHz, CDCls): & = 8.07 (s, 1H, NH), 7.67-7.54 (m, 4H, H,,), 7.48 (d, 1H, 3J = 7.9 Hz,
Hap), 7.38 (d, 1H, 3J = 8.2 Hz), 7.24-7.17 (m, 1H, Hy,), 7.16 (d, 1H, *J = 2.5 Hz, Hy,), 7.12-7.03 (m,
1H, Hap), 5.32 (d, 1H, *J = 2.5 Hz, CHC), 2.48 (d, 1H, *J = 2.6 Hz, CH) ppm. '*C-NMR (75MHz,
CDCl3): 6 =144.9, 136.9, 128.3, 125.7, 125.6, 122.9, 122.7, 120.0, 119.4, 115.5, 111.5, 84.0, 72.1, 34.7
ppm. HRMS (ESI): m/z calc. For C1gH3F3N; [M+H]": 300.0995, found: 300.1001. HPLC: Chiralpak
OD-H (250 x 4.6 mm), 1.0 mL min~!, n-Hexane/i-PrOH 90:10, 25 °C, 254 nm, 7 (minor) = 11.998 min,
tr (major) = 20.581 min.
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A. Appendix

A.1. List of Synthesized Compounds
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Figure 35: List of synthesized ruthenium complexes.
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Figure 36: List of synthesized ruthenium complexes, imidazolium salts, auxiliarys and propargylic substrates.
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A.2. NMR Yield Calculation

A.2. NMR Yield Calculation

Assignment of key signals as reported in Table 7.
imidazolium

salt 116
nNHC 64g

aNHC 114b l
o n
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Figure 37: 'H-NMR of a crude mixture of unreacted imidazolium salt 116, nNHC 64g and aNHC 114b. Key
signals are assigned to corresponding compound. For a more detailed assignment, see Figure 38.

NMR yield calculations shown in Table 7 in chapter 3.1.3 are based on imidazolium salt equivalents using
the formula 1. The given parameters are Int; as integral from the NMR of substance i, H; as a scaling factor
(H =1 for imidazolium salt 116 and aNHC 114b, H = 2 for nNHC 64g due to its C,—symmetry).

Int;/H;
NMR Yield; = > nti/Hi (1)

(Int,/H,)

An exemplary calculation for Table 7 entry 2, the arithmetic mean of integrals as shown in Figure 37 for

individual compounds was used:

Intonpc /Hanae
(IntaNHC/HaNHC) + (IntnNHC/HnNHC) + (Intimidazoliumsalt/Himidazoliumsalt)
1.47/1

(1.53/1) +(1.19/2) + (1/1)
=0.480 = 48.0%

NMR YieldaNHC =
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Figure 38: a) NMR spectrum of crude reaction mixture used for NMR yield calculation of Table 7, entry
2. NMR spectra of each individual species are given and clear assignment of key signals are indicated by
individual color.

NMR spectrum of the compound obtained during the synthesis of complex 64j as reported in chapter
3.1.2.
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Figure 39: 'H-NMR spectrum of the unknown compound and the impurities recorded in CD,Cl,.
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A.3. Late Stage Transition Metal Catalyzed Cross Coupling

A.3. Late Stage Transition Metal Catalyzed Cross Coupling

Figure 40: Top: Three dimensional representation of putative intermediate after oxidative addition of pal-
ladium into the C-Br bond and coordinated SPhos ligand with added Van der Waals spheres close to the
palladium. Botfom: ChemDraw representation with the back orientated ligand in grey.

A.4. 2H-Azirine Extended Screening Table

Detailed reaction conditions from chapter 3.2.1 for the ring contraction reaction.
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Table 16: Screening Table for Azirination

Entry cat cat. loading R T t solvent Comment yield ee
/mol% /°C /h 1% 1%
1 A-64b 25 Me 40 3 DCE 96 8
2 A-149 25 Me 40 3 DCE 85 8
3 A-64e 2.5 Me 40 3 DCE 92 41
4 A-640 2.0 Me 40 3 DCE 94 32
5 A-64i 2.2 Me 40 3 DCE 76 45
6 none - Me 40 3 DCE 0 n.d.
7 A-640 1.0 Me 40 3 DCE 86 36
8 A-64i 1.0 Me 40 3 DCE 87 43
9 A-64i 0.2 Me 40 3 DCE 77 46
10 A-64i 1 i-Pr 40 3 DCE 87 31
11 A-64i 0.5 i-Pr 40 3 DCE 93 32
12 A-64i 1 Me O 22 DCE 30 2
13 A64i 05 ] Me 25 4 MeOH 86 61
14 A-64i 0.5 Me 25 4 Acetone 64 16
15 A-64i 0.5 Me 25 4 1,2-DCB 18 41
16 A-64i 0.5 Me 25 4 EtOAc 74 25
17 A-64i 0.5 Me 25 4 MeNO, 82 63
18 A-64i 0.5 Me 25 4 HFIP 88 25
19 A-64i 0.5 Me 25 2.5 i-PrOH 87 45
20 A-64i 0.5 Me 25 2.5 DMF 20 35
21 A-64i 0S5 Me 25 2.5 ethandiole 34 54
22 A-64i 0.5 Me 60* 2.5 CH3CN 12 33
23 A-64i 05 Me 25 6.5 t+-AmOH 46 68
24 A6 1 Me 25 3  MeOH  PPh; 95 32

xipuaddy 'y
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Table 16: (continued)

Entry cat cat. loading R T t solvent Comment yield ee
/mol% /°C /h 1% 1%
25 A-64i 0S5 Me 25 3 DCE PPh; 95 30
26 A-64i 1 Me 60* 3 MeOH PMe; 53 30
27 A-64i 1 Me 25 21 DCE Capsule 48 29
28 A-64i 1 Me 25 5 MeOH 5% H,0 61 48
29 A-64i 1 Me 25 4 MeOH 3.5% imidazole 11 36
30 A-64i 1 Me 25 4 MeOH 3,5% pyrazole 13 25
31 A-64i 1 Me 25 4 MeOH 3.5% 3,5Me;,Pyridin-N-Oxide 70 52
2 A64i 1 Me 25 6 MeOH < 90 67
33 A-64i 1 Me 25 2.5 MeOH +10% product added (45% ee) 90 51
34 A-64i 1 Me 25 6 MeOH dark 65 67
35 A-64i 0.5 Me 25 6 MeOH dark 81 61
36 A-64i 0.5 Me 25 6 MeOH dark 66 53
37 A-64i 1 Me 25 5 MeOH dark 65 67
38 A-641 1 Me 25 5 MeOH dark 69 59
39 A-64i 1 Me 25 5 MeOH blue LED nd. O
40 A-64i - Me 25 5 MeOH blue LED nd. -

oIqe[, SuruooI0g popudIXg SULIZY-HZ 'V
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A.5. HPLC Spectra

HPLC spectrum of enantioenriched complex A-114a obtained as the decomposition product during the

column chromatography of auxiliary complex 128a.

<Chromatogram>
mAU
[ Detector A 254nm
Q)
40-
30
207
10 8
: 0
1 5
o
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
45.0 47.5 50.0 52.5 55.0 57.5 60.0 62.5 65.0
min
<Peak Table>
Detector A 254nm
Peak# Ret. Time Area Area% Name
1 51.279 5195852 95.287
2 57.536 257011 4.713
Total 5452863 100.000

Figure 41: HPLC spectrum of remaining 114a during column chromatography with of 90.6% ee.

Ruthenium Complexes

1 RT

Area Total Area %

107 146.021 17.245 53.63
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Figure 42: HPLC spectrum of racemic (top) complex 64i and A-64i (bottom).
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A.5. HPLC Spectra
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Figure 43: HPLC spectrum of racemic (top) complex 114a and A-114a (bottom). Chiralpak IB-N5 (250 x 4.6
mm), 1.0 mL min~!, H,0+0.1% TFA/CH3CN 70:30 for 15 min, gradient to 63:37 in 55 min, 25 °C, 254 nm.
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T

RT Area  Total Area %
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RT Area  Total Area %
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Figure 44: HPLC spectrum of racemic (top) complex 114b and A-114b (bottom). Chiralpak IB-N5 (250 x 4.6
mm), 1.0 mL min~', H,0+0.1% TFA/CH3;CN 70:30 for 15 min, gradient to 63:37 in 55 min, 25 °C, 254 nm.
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Auxiliaries
60 13.076 14.612
1 RT  Area TotalArea %
40-
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Figure 45: HPLC spectrum of racemic (top) sulfinamide 125 and (S)-125 (bottom).
<Chromatogram>
mAU
, 3 © Detector A 254nm
20 s X
4 ~ @
15|
10-]
.
o
U - 1 - T T 1 T T T T _ T T T T1_ T
0.0 25 5.0 7.5 10.0 12.5
min
<Peak Table>
Detector A 254nm
Peak# Ret. Time Area Area%
1 7.904 255354 49.986
2 8.746 255499 50.014
Total 510853 100.000

Figure 46: HPLC spectrum of auxiliary racemic 121a.
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<Chromatogram>
mAU
] Q Detector A 254nm|
500 3
400
300
200
100
0
00 25 50 75 10.0 125
min
<Peak Table>
Detector A 254nm
Peak# Ret. Time Area Area%
1 8.826 7438027 100.000
Total 7438027 100.000
Figure 47: HPLC spectrum of auxiliary (S)-121a.
<Chromatogram>
mAU
¥y Detector A 254nm|
] S %
7.5
5.0
2.5
0.0
0o 10 30 40 50 ‘60 70 8
min
<Peak Table>
Detector A 254nm
Peak# Ret. Time Area Height Conc. Unit Mark Name
1 62.149 626914 8533 0.000
2 63.925 621909 8258 0.000 \
Total 1248823 16791

Figure 48: HPLC spectrum of auxiliary racemic 121d.
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<Chromatogram>
mAU
40 Retector A 254nm
‘ g
30
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] ©
] 3
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0
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min
<Peak Table>
Detector A 254nm
Peak# Ret. Time Area Area%
1 62.124 2867380 99.931
2 63.846 1991 0.069
Total 2869371 100.000
Figure 49: HPLC spectrum of auxiliary (5)-121d.
Catalysis Products
RT Area Total Area %
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504 220.580 20.927 50.06
2 20.580
E /\
0 \J I Y I
L L L L R L L R IR BN L LA N L R L N DL L R L R B L B |
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Retention time (min)
60 RT Area Total Area %
1 1 12.519 9.646 76.92
5 40 2 22.312 2.893 23.08
2
& 20
] 22312
0 Y i

—r - rr-~rr--r -~r-rr-~rr -1 rr-r-r-r1r -rr- 1 -1 1 1 T° 1 1T T
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Retention time (min)

Figure 50: HPLC spectrum of racemic (top) compound 176 and a crude measurement of enantioenriched 176
(bottom).
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A.6. CD-Spectra
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Figure 51: CD-spectrum of complex A-64i (MeOH, 0.2 mMm).
60 -
—A-114a
40
‘E 20 A
_‘U
|
S o0
w
<
720 -
—40 4
200 300 400 500
A (nm)
Figure 52: CD-spectrum of complex A-114a (MeOH, 0.2 mM).
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Figure 53: CD-spectrum of complex A-114b (MeOH, 0.2 mMm).
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A.7. Representative NMR Spectra
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Figure 54: 'H-NMR spectrum (300 MHz, 300 K) of complex 64i in CD,Cl,.
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Figure 55: 3BC.NMR spectrum (75 MHz, 300 K) of complex 64i in CD,Cl,.
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A.7. Representative NMR Spectra

1oy
z10
€104

1570
LE°1

8511
91'C1
ST
1€7¢q
€€°T
X474
(11594
ey
9¢g's
o9
34°]
9
059
099
88’9
88'9
6'9
§6'9
€L
€L
ST'L
SC'L
ov'L
oL
[
(45
S¥'L
S¥'L
Lyl
PAA
v9'L
v9'L
G9°L
99°L
6L°L1
6L
18°L1
18°L1
G8'L1
G8°L
98°L7
98°L
98",
98"
L6°L

9S o;

€0l

wm.—‘;

~29°¢

=6L'¢

F15'0

[T

-CC€

B JE22

L1'e

|

M\Nw.n

391'E

9T'e
143

|

=90°}L

+80°}L
901

L

|

Br

862\

66’8
66’8
658

658

A-(S)-94a

20l
oL
147
co’L
(Al
960

90°L
W——..—.
=00'L
=v0'L
=G0’}

60°'L
G560
€0'L

=001

Il

6.5

55 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 00 -05
chemical shift /ppm

6.0

75 7.0

8.0

'H-NMR spectrum (500 MHz, 300 K) of complex A-(S)-94a in CD,Cl,.

8.5

Figure 56

L — 2-08'C
YE' J .
T -82°€
SL'T~ 3 1oL
we’ q e
) .
e— =009
]
9
w".w —r90'L
99
85'9
859 e
89~ . 60L
- v0'L
= . —
/N 7/ N |/m\| 7\ N\ =3
/ — — \ ©
st 2 N
66'L .
008’ f\N/s s\N/x S0'L

139

L o R B o L e o o e o e T s e o I s e e A B B
.2 807876747270 6.86.6646.26.0 58 56 54 52 50 4.8 4.6 4.4 42 4.0 3.8 3.6 3.4 3.2 3.0 2.8 2.6 2.4 2.2 2.0 1.8 1.6 1.4 1.2
chemical shift /ppm

'H-NMR spectrum (500 MHz, 300 K) of complex 64j in CD3CN.

Figure 57



A. Appendix

Wi~
WL
v6'0z”

86'6€—

29'€6—

8v'90L—

WLLL
€€'8l _‘/

-6E#et
§6'SCl /
06’62}
veoel
8veEL
cm.mm—.W
€2'9¢1 il
€v'eel
26'6vL
mm.oer
8€'eSL—~
hm.mm—.\
0€'951

€eT6l—

T T T T T T T T T T T T T T T
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20

T
190

chemical shift /ppm

I3C-NMR spectrum (126 MHz, 300 K) of complex 64j in CD3CN.

Figure 58

L0,
L
5L
1T
612
12T

S0°e
[4%°1
€9'S
€9'S
¥9'S
9’
16°S
16°S
26'S
€6'S
0’9
54°]
L9
6v9
0S'9
69
8.9
8.9
8.9
691
6.9
6,91
68'91
§891
Ly
(YN
0€°L
1€°Ly
€LY
2€°LA
[A WA
€€ LA
ve'L
8¢,
8¢,
6cL]

68°2]
S8°L
88'L
68

60'8
608
S.A
018
oL's

1ET]
o'

80°8 ﬁ

9Z'6

126’

A-(S)-101

_

196

-~ V€€
Sl 14

K 1ee
- 0€°¢
00°¢
8C'¢

=00}

= vO'L
= €0°L
€0'L
€0'L
€0'L
€0'L

—e—

14

x4 s
0L
o'l
344

80°'L
€0'L
co’L
9l'e

——r

-1.

-0.5

0.0

1.0 05

1.5

85 80 75 70 65 60 55 50 45 40 35 30 25 20

105 100 95 9.0

chemical shift /ppm

"H-NMR spectrum (500 MHz, 300 K) of complex A-(S)-101 in CD,Cl,.

Figure 59

140



A.7. Representative NMR Spectra

bEL
vyl
LE'SL
85’5l
sl
65°LL
8.:\
8.8l
vo'Lz
6z'1Z
ov'ez
vz'ez
26'€Z
L0°6€
§6'6€
005 —

11'59
E.N}
G126
9€'501 1
68501 {
8LGLL
v8'9LL|
25'szl
96'SZ1
87'82L
60'6Z1 1
ov'62 |
v2°621 1
%.QNL
60°0€1 |
1L°0EL |
sziEL|
1S°EEL
SEVEL
LLPEL
61°GELA
zzsel|
08'sgl~

¥5'9€L
LL'9€L &

—

188¢1L
€8'8¢L
mh.ovv\
8€'€S1
vL'€SL
26'€S1
81'6S1
09'SS1

81'6LL—

61261~
6v'v6L—

L

A-(S)-101

|m_|leII Il

I 1

T T T T T T T T T T T T T
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20
chemical shift /ppm

T
180

I3C.NMR spectrum (126 MHz, 300 K) of complex A-(S)-101 in CD,Cl,.

Figure 60

SL'0

wh.oV
66'0—~
10 —.\

181
V6 FM
mv.NV
14
vN.N*
e

W
laasd

Le'S
6€'S
Sr's”
286\
¥8'6~
009
209

ve'lL
6L
16°L
Nm.hV
v0'8
ho.wV
9l'g
L1'8
188
ww.w/
88'8
068
168
168
586
mw.mw.

=660

20l
MNQ.N
FCoL
260

00°L
Mwo.c
7-26°0

2d
"-66'0

Vel

([

“1(PFg)2
Mes F\’|u\
‘N\(| Cl
Q\,N Ny
» NO,
112

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00

9.0

105 100 95

chemical shift /ppm

'H-.NMR spectrum (300 MHz, 300 K) of complex 112 in CD,Cl,.

Figure 61

141



A. Appendix

96°L
NF.N/
[41X4
344
(444
mm.w\

.v@.«\

°e'S—

vl
SL'L
SL°L
SL°L
(445
L

S0°'8
S0'8
108

L0'8
0c's
_‘N.ww.
08’8
rw.wV
Nw.w\
€8'8

956
956
956

95°6

26'C

—=3-61'9

szoo 9

SNl

g
g
3
r e 2
/ N
/N/ 4 ¢
S =z—37—2" \
N\ -
Vi =
7D
= =

16T

.,G0'C
260

— L0

— 1660

—00"]

— 160

T T T
00 -05 -1.

0.5

T T T T T T T T T T T T T T T T T T
1.5 1.0

105 100 95 90 85 80 75 70 65 6.0 55

50 45 40 35 30 25 20

chemical shift /ppm

'H-NMR spectrum (500 MHz, 300 K) of complex 113 in CD,Cl,.

Figure 62

18°e~
Ly

Wl —
se'le—

€2°0e—

69211
56l
vsvzL
wo.mur/
26'5Z1\L
L1921
26621
96VEL—
vZ'9EL
ze9elL
98°0v
88Tyl
arevh’

cLesL—

29'¢61—

“1(PFe)2

T T
100 90 80

T T T T T T T
180 170 160 150 140 130 120

190

'00

70

chemical shift /ppm

110

I3C-NMR spectrum (126 MHz, 300 K) of complex 113 in CD,Cl,.

Figure 63

142



A.7. Representative NMR Spectra

G8'0
180
v6'0

160~
90'L—
g0/
Ld 3N
oL
96'L
£1'T
:.N/
'z
T
8y'z—

€5°C

£8'9
891
98'91
98'91
1T
8z'L1
0€°Ly
0€°Lq
€LY
e ﬁ
£v'L
v
S¥'L7
09
€924t
£6°L\\
v6'L
96'L
1617

608
608
818

61'8

'vC6'G
=18'G
“10'9

F86'G

Uvr—.N €

=Ly
MT%.N

=
©
T
=
(O]
r M/ \W 00T
= \ 4 =
@ 2 7 o0 v 8v'e
/ / a mw.m
4
/7 Nz 3 7N 9 81z

N s
ﬁ/\N, /\ 00T

75

8.0

6.5 6.0 55 5.0 45 4.0 3.5 3.0 25 2.0 15 1.0 0.5 0.0
chemical shift /ppm

7.0

8.5

'H-NMR spectrum (300 MHz, 300 K) of complex 136b in CD3CN.

Figure 64

890
001
18°0
£8°01
S8°0
1804
880
S6°0
86°0-
10'L
£0°L
60°L
oLt
WL
INE
171
oL
8y'L \
ys'L
oz
Zes
0L'9
119
18'9
18'9
289
£8'9
v8'9
v8'9
20L
0L
L
STL
87'L
8z'2q
L
Se'L
WL
WL
oL
6V L1
16711
091
8L°L
6L
787
881
69°L1
1627
26'L
Nm.TW
00’8
g
90'8
108
S1'g
oL'g

=

i

A-(R)-193

A

5.5

L0°¢
H%mw.h
ov'e
Mﬂw.m
619

80y
L'
8L'L
$6'C
WcN.N

160

502
H\ £6'0
g 1)
0eT
oLk
50')
=960
sl
£66')
i1
wTe,.o
00’}

4.5 4.0 35 3.0 25 2.0 1.5 1.0 0.5 0.0

chemical shift /ppm

5.0

8.0 75 7.0 6.5 6.0

8.5

'H-NMR spectrum (300 MHz, 300 K) of complex A-(R)-193 in CD,Cl,.

Figure 65

143



A. Appendix

el
vs'L
oo.r/
86'L
€0'C
14 X4
92e
LeC

Gee
v6'S
v6'S
259
889
889
669
20'L
20°L
20°L
€0°'L
vL'L
vL'L
vL'L
SL'L
9L'L
9L'L
9Ly
9.'L1
88°L1 ﬁ
68°L1 ﬁ

06°L1
16°L7
16°LA
161+
91'8
L1°84
818
818+
m—..w.w
61’8

068
068
168

16’8
60'6
60'6

0L'e

eLe
r9e

v1T

114a

LGS

89°C

—680

=560
260

§6°0
wmmm._‘

/€6')
.-86°0
‘160

L6°)

=L6°0
=00'L

10 05 00 -05

1.5

85 80 75 70 65 60 55 50 45 40 35 30 25 20

9.0

10.0 95

chemical shift /ppm

'H-NMR spectrum (500 MHz, 300 K) of complex 114a in CD,Cl,.

.
.

Figure 66

|

=00ty

S9ZLL
LTIl
20 LLL
69'LLL
1T6LL
ezl
18'€21
£6'7Z1 1
SL'szH]
5624
86'6Z1 1
1L°0S 1
AR
S9'LEL
0L'€€1
ZLYEL
ZEVEL
£OVELY
96'VEL|
S.man
yo'ovL
yLIYL
19'LYL
9g'LyL
65°LG1~.
18251
mm.wm%
82'€S)
862917

vIv6l—

114a

-10

T T T T T T T T T T T T T T T
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

T
190

T
200

chemical shift /ppm

I3C-NMR spectrum (126 MHz, 300 K) of complex 114a in CD,Cl,.

Figure 67

144



A.7. Representative NMR Spectra

1€
£6°1
S8'1
917
€27
Veaa
ve'e]
ez
ze's
209
209
e
19
L9
w9
9
€L'9
8L'9
8L'9
6L'9
08'9
¥6'9
26'9
669
669
0L
V0L
60°Z]
oL

W3
L
[V
€12
€211
€211
NQ.E
V'L
i
Sv'LA r
9°L
AN
6L
yAN
08
50’8 ﬁ
908
908
578
sz'g]
928
9281
128
828
888
68'8°
0901
s

A-(R)-128a

—€€'¢
20°¢

60°€
%mr.m
S XA

00°¢
cL'e

L
9l'L
€€'T
62C
€Tl
60°'L

S0'L
0C'L
€Ll
LeC

L

=)

1427
347
14
€Ll
1z

-’}

82
cL

8L}k

105 10.0 95

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0

9.0

chemical shift /ppm

'H-NMR spectrum (500 MHz, 300 K) of complex A-(R)-128a in CD,Cl,.

Figure 68

(4513
61°LL
L9'LL

8L'LL
ve'Le

mm._‘NN
ev'ie
€9°LLL
c0€Ll
eV'SLL
09°'GLL
86'9L1L
vo'LLL

L

ZEHTL
SLYTL
z6'szl
8c'6Z1
z5'6z1
z0'0€EL
80°0€EL
LT'0EL
96°0€1
66°0E1
06'LEL
oLzEL
z9°zEL
69'ZEL
SEVEL
8evEL
orvEL
19vEL
IselL
LL'SEL
£9'6EL
zrovl
beovh|
S5 IpLY
e0zrl’
oSk
86051~
LzesL”
z596L7
ov'e9l~
059 ﬁ
6v'991

8€'08L —

€€'961 —

A-(R)-128a

T
20 10

T
30

T T T T T T T T T T T T T T T
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40
chemical shift /ppm

T
190

T
200

I3C-NMR spectrum (126 MHz, 300 K) of complex A-(R)-128a in CD,Cl,.

Figure 69

145



A. Appendix

S¥'60L-—

99°€L-~
1437 ae

[%2]
2
=)
Z—, \lN
— “éu
W ..R/ QA 7
4 o= (@) _
fia} . fia}
)
=
<Y

A-(R)-128a

T
-190 -200 -210

-170 -180

T T T T T T T T T T T
60 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160
chemical shift /ppm

T
-50

T
-30 -40

T
-20

-10

Figure 70: 'F-NMR spectrum (282 MHz, 300 K) of complex A-(R)-128a in CD,Cl,.

vel—

91

517
g1z’
€T’

119
8191
£5'91
1891
¥0°Lq
0°L{
S0°L
L0°LY k
ON.E
821
€081
108
S8yl
sief
9181
1187
L1781
L1849
ey
681
G€'8 W
1€°8
hm.wlﬁ
v9'8
19’8
v9'8

€1'6
m—..mW
143
hN.m\
126

=00°€

92's

-

114b

62
ore
982

—L6°0

L0
o'l
160
Mmm.o
L0°L

)Nc._‘
901
02
14
ch.—

=660
r-00'L

1.0

1.5

20

25

3.0

3.5

T T
4.5 4.0

5.0

T T T T T T
8.0 7.5 7.0 6.5 6.0 5.5

8.5

9.0

9.5

chemical shift /ppm

Figure 71: 'H-NMR spectrum (500 MHz, 300 K) of complex 114b in CD3CN.

146



A.7. Representative NMR Spectra

AN PS8R rT e8NS d s RYIereLeReNeYssYSsaYsIsaNgs
NOITONNT OO NOOOMANNCOYIAANTMNMMOIONTOAOAMNONOINONNMAONIOSNA
P R R R R T Dl o B - - R R R N A A NN A o
OO LDLDEDITIOINNONINNOINNINOINOONIOANNNNNNNNNNNNNNN O~ E O
R R R U R U R R R S R R R R AR SR R R AR SR SR SR NSRS S
T e e R e ——— S o0 =
————— ]
xCF3  1(PFe)2
Mosn CIN N7 "
es=NQ) °
~
Ra
Mes, ~
\ NS
N NS
Q\/N N Me
I <
P
CF3
114b J
T T T T T T T T
127 126 125 124 123 122 121 120
chemical shift /ppm i
T T T T T T

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
chemical shift /ppm

Figure 72: '3C-NMR spectrum (126 MHz, 300 K) of complex 114b in CD3CN.

_--62.08
~--62.57
—-71.25

—-73.75

T Me

T T T T T T T T T T T T T T T T T T T T T T T T T T
48 50 -52 -54 -56 -58 -60 -62 64 -66 68 -70 -72 -74 -76 -78 -80 -82 -84 -86 -88 -90 -92 -94 -96 -9¢
chemical shift /ppm

Figure 73: 'F-NMR spectrum (282 MHz, 300 K) of complex 114b in CD3CN.



A. Appendix

(272
6811
9029
122
827
veZ]
%4
509
509
Ly'9
699
7]
€L'9
vL'9
002
002
002

60°L
€e'L
Ge'L
L
€L
L
StL
sv'L
052
1S,
15°L1
6L

5L
£5°L1
£5°L1
'L
S L7
SS°LY
SS°LY
29'L
£8'L
8L
50'8+\
8.»%
718

18/

91'g]

91’8
128
zT8
£2'81
€281
£2'8
S0°61
50’6’

v6'0L—

v6'0

ro'l
L6’V

cR'

G6

o'l

80C

oL'e
86°0
S0'L
860
Wi
20T

=00’k

=00'}L

11.5 11.0 10.5 100 95 9.0 85 80 75 7.0 65 6.0 55 50 45 40 35 30 25 20

1.

1.0 05 0.0 -05

1.5

chemical shift /ppm

'H-NMR spectrum (500 MHz, 300 K) of complex A-(R)-128b in CD,Cl,.

Figure 74

vzol
0g’LL
89°LL
L'l
180
[4 324
e
SLLL
cLeLt
6€°LLL
oc'ielL
sezeL
Le'ect
(44743
€9vZL
69'vZL
vLvelL

———

—oeeT
62521
06'sZ)
90'9z1
ezl
898zl
15621
100¢1
Loel
vLocl
sLocl
L10EL
6L1EL
6Lzel
6L€El
sTeL
LEveL
9e el
0sEL
95 el
lesel
Zr'seL
vrsel
el w
ossel |
l5°8¢L

15071

e ﬁ
veTyl

ot |
ssovl

65°9vL
l5esl
veest
85°€Sh \
85vSL

z9'951
86'c91
62181
6v°L61

A-(R)-128b

T T T T T
180 170 160

190

200

-10

140 130 120 110 100 90 80 70 60 50 40 30 20 10
chemical shift /ppm

150

I3C-NMR spectrum (126 MHz, 300 K) of complex A-(R)-128b in CD,Cl,.

Figure 75

148



A.7. Representative NMR Spectra

< © ~ [~}
8 R s 9
N ™ o [d
e e [

[ i

FaC ~IPFg
QW
N, C.

N™ "N™"\-Mes
p—ToI:,,9 | ‘o\\t/

N* o,
|

Rii
Mes
AN
JS
FoC Y

A-(R)-128b

T T T T T T T T T T T T T L e L
-48 -52 -56 -60 -64 -68 -2 -76 -80 -84 -88 92 -96 -100 -104  -108 -1
chemical shift /ppm

H |l
o Vo
DIPP-N \;\| s
DIPR, Ay
N\/ Y
QNN ©
I\
Z\CF,
137a

T S o

o OMANTMNWO (=] LUONNOO™T™

S @ a¥=qNON © ® NMBBRSNgN

- o ~Nrrrr-MAN o - ©
‘

PR e
T T T T T

T T T T T T T T T T T T T T T T
105 100 95 90 85 80 75 7.0 65 6.0 55 50 45 40 35 30 25 20 1.
chemical shift /ppm

T T
10 05 00 -05 -1.0 -1.5

Figure 77: 'H-NMR spectrum (300 MHz, 300 K) of complex 137a in CD;CN.

149



A. Appendix

69'0
L0
10
6L°0
880~

£6°07
8.&
10'L

711
s

9’1
gt
LV
1N
611
6111
0z’
1zl
1zl
L
€71
71
6zl
oc'l
1L
L
ov'l
L

L€9
€9
€9'9
mw.@/

6.9

SLL

S E/
8L~
81
€21
8¢°L]
6¢L]
oL
oL
Wi
1L
L]
oL
1921
oL
ve'L]
wwi
L8]
88/ |
0'8)
1£8
1€°6
1£'6

0
L
o
_I o
o
a
\
sN
=0
Z
— ‘..‘.U
\ /I =&
Q o=t}
™ [ -
[T 5 =z
=
Q

A-(R)-138

Jun

ve'y
H/wm.m
L0'S
H/.vm.m
R

FLoz

(g 44

=80}
v L2'€
o214

m\ 188
S¥'L
th.v
=EL'e
Mvo.N

Lee
H/mF.N

=860

—==00L

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0
chemical shift /ppm

9.0

11.0 105 100 9.5

'H-NMR spectrum (300 MHz, 300 K) of complex A-(R)-138 in CD3CN as a mixture of diastere-

.
.

Figure 78
omers.

180
8’0
L’L
€0l
101
60'L
oLl
Wi
(493
SL'L
L'}
%47

€Tl %
VA ds

0S°L
96l
€1z
129
129
089
189
€89
€89
€L
vel
ve'L
Le°L
Le°L
6€°L
'L
'L
€5°L
96°L
19°L
'L
6L°L
08°L %
[4: @A

[4: @A
v6'L

v6'L ﬁ
96°L
16°L
108
80'8
vi'e
SL'8
1143
24]
€28
ve'e

16’8
168
26’8

26’8
0€'6
rm.mV

i

Et,O

—li 260

S6°0
86C
160
S0'L
96°0

=z zZ
o'l
74 /N /DUH\ 7\ 860

N
S
b 560
-

Me
Me
(i —

00°L

— wm”o

Y S 00’}
=53 I3

\ Z 4 66°0

00k

137b

0.5

T
1.0

2.0

25

3.0

3.5

T
4.0

4.5

5.0
chemical shift /ppm

T T T
6.5 6.0 5.5

7.0

T T T
7.5

8.5

9.0

1.5

8.0

"H-NMR spectrum (300 MHz, 300 K) of complex 137b in CD3CN.

Figure 79

150



A.7. Representative NMR Spectra

2833 comenn 8833
sess 333535 g3
R o
PF
B “1PFs
| H
SN N’CC)‘N DIPP
PTOI*('S?, | “\\\\\\/
N« ln..,.RU“
| DIPP
W KD
F O
Br X

—
B
=
F —
1100 — 8

(LN T PN e
=2 N NS o= shBenba
o oo o - Nt ™ W0 TMMmMm

110 105 100 95 90 85 80 75 7.0 65 60 55 50 45 40 35 30 25 20 15 10 05 00

chemical shift Ippm

Figure 80: '"H-NMR spectrum (300 MHz, 300 K) of complex A-(R)-139 in CD;CN as a mixture of diastere-
omers.

[ ¥ 0T N NTOON ™ [=2] - - © D ©
CE =Tad wnroRll < 3 o= & =
0 0 0 M~ I~ MNMNNOOWOO n < Ll N N
VN O e | | [ Lol
\
N—
F\ =
N+
N \
N
Br
99a
L] h | J ,
T T P I U
- 0 O o< ] ] (] N ™
S 5 3 ST S < © = o
- o N - o © ™ ©
‘

T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5
chemical shift /[ppm

Figure 81: 'H-NMR spectrum (500 MHz, 300 K) of imidazolium salt 99a in MeOH —d4.

151



A. Appendix

~ T® ® ©0 OO ® ©
< KRS «© MW SQ = b e TN
) o0 o BNS O o N i ~ v "N
7] TY ¥ OOONN =] N~ o =~
- - - R - o ) N -
| N Al N | | | [
N—
F\ —
+
N \! /
Br
99a

I1[1va J

T T T T T T T
160 150 140 130 120 110 100

90 80 70 60 50 40 30 20 10
chemical shift /ppm
Figure 82: '>C-NMR spectrum (126 MHz, 300 K) of imidazolium salt 99a in MeOH —d4.
888  953855%58858 5 9 58
222 & G5 3 O3 05 05 65 65 66 6 6 & I~ 4 P NN
~ N N \ o
= Cl
— —
Nt/ +‘Q~Noz
N
104a
| l ! l ! ! 1 ! L
T T T
n < oN e 0 oN - O
N @ S8 <99 S S 9
=} o - - - - '] ™ ©
1.0 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05

chemical shift ippm

Figure 83: 'H-NMR spectrum (300 MHz, 300 K) of imidazolium salt 104a in MeOH —d4.

152



A.7. Representative NMR Spectra

~NON~ DT OMAN 0
oMo QWMo 0 o 0 o
o w©W™ NONO O« O S - 9
BEY BBY8ERE g 55
AN RS P
ci
F\N =
N\'/+‘<}~No2
N
104a
. |1J|. L]
150 140 130 120 110 100 90 60 50 40 30 20 10 0

80 70
chemical shift /ppm

Figure 84: '3C-NMR spectrum (75 MHz, 300 K) of imidazolium salt 104a in MeOH —d4.

2*eE TONTTONOUOUONTOIDN©OY© 2eUTAYIZION
- TOANNNRIDANNNOQWY OO OQN EIIITOQOONNT
- DD HDHBOBBBONNNNNNNN NNNNNNN™«~ -

B A L

135

1.003———
L
1.03
0.99%
1.03—=
1.07<
1.05-<
3.08=
2-24{5
6.21~
6.25~

T T T T T T T T T T T T T T T T T T
0 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05
chemical shift /ppm

T T T T T
120 11.5 11.0 10.5 10.0 9.5 9.

Figure 85: 'H-NMR spectrum (300 MHz, 300 K) of imidazolium salt 135 in CDCl5.
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Figure 86: '>C-NMR spectrum (75 MHz, 300 K) of imidazolium salt 135 in CDCl;.
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Figure 87: 'H-NMR spectrum (250 MHz, 300 K) of imidazolium salt 134 in CDCl5.
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Figure 88: 'F-NMR spectrum (235 MHz, 300 K) of imidazolium salt 134 in CDCl5.
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Figure 89: 'H-NMR spectrum (300 MHz, 300 K) of pyridine 103b in CDCl;.
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Figure 90: '>C-NMR spectrum (75 MHz, 300 K) of pyridine 103b in CDCl;.
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Figure 91: '°F-NMR spectrum (235 MHz, 300 K) of pyridine 103b in CDCl;.
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Figure 94: 3C-NMR spectrum (75 MHz, 300 K) of compound 176 in CDCls.
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Figure 95: 'F-NMR spectrum (235 MHz, 300 K) of compound 176 in CDCls.
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Complex 64i

Single crystals suitable for analysis were obtained by slow diffusion of Et,O into a solution of 64i in
CH3CN over night. Data was collected'®”! with an STOE STADIVARI diffractometer equipped with
CuKa« radiation, a graded multilayer mirror monochromator (A = 1.541 86 A) and a DECTRIS PILATUS
300K detector using an oil-coated shock-cooled crystal at 100(2) K. Absorption effects were corrected
semi-empirical using multiscanned reflexions (STOE LANA, absorption correction by scaling of reflec-
tion intensities.).['%8] Cell constants were refined using 38803 of observed reflections of the data collec-
tion. The structure was solved by direct methods by using the program XT V2014/1 (Bruker AXS Inc.,
2014)116%) and refined by full matrix least squares procedures on F> using SHELXL-2018/1 (Sheldrick,
2018). The non-hydrogen atoms have been refined anisotropically, carbon bonded hydrogen atoms were
included at calculated positions and refined using the ‘riding model’ with isotropic temperature factors at
1.2 times (for CH3 groups 1.5 times) that of the preceding carbon atom. CHs Groups were allowed to
rotate about the bond to their next atom to fit the electron density. [PFg~] anions happened to be disor-
dered and were refined using restraints. The Crystal structure!'?*), data, and details of 64i are presented
in Table 17 and Figure 96.

Figure 96: Crystal structure of racemic 64i. The [PFg~ ] anions and the hydrogen atoms are omitted for clarity.
Displacement ellipsoids are shown at 50% probability level at 100 K.
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Table 17: Crystal data and structure refinement for 64i.

Crystal data
Identification code
Habitus, colour
Crystal size
Crystal system
Space group

Unit cell dimensions

Volume

Cell determination
Empirical formula
Moiety formula
Formula weight
Density (calculated)
Absorption coefficient
F(000)

Data collection:
Diffractometer type
Wavelength
Temperature

Theta range for data collection

Index ranges

Data collection software
Cell refinement software

Data reduction software

Solution and refinement:
Reflections collected
Independent reflections
Completeness to theta = 67.686°
Observed reflections

Reflections used for refinement

Extinction coefficient

160

EW128

nugget, colourless

0.50x0.19x0.17 mm?

Monoclinic

C2/c Z=4
a=11.3296(5)A o= 90°
b =29.0787(14) A p=103.036(3)°
¢ = 13.5300(6) A v=90°
4342.6(3) A3

38803 peaks with Theta 4.3° to 76.4°
CsgH3g Bro Fi2 Ng P2 Ru

C33 Hsg Bry NgRu, 2 (F¢ P)

1157.59

1.771 Mgm™

6.601 mm™!

2296

STOE STADIVARI
1.54186 A

100(2) K

4.284 t0 75.731°

—14>h>13

—31>k>36

—14>1>16

X-Area Pilatus3 SV 1.31.127.0 (STOE, 2016)[167]
X-Area Recipe 1.33.0.0 (STOE, 2015)[1701
X-Area Integrate 1.71.0.0 (STOE, 2016)[17]]
X-Area LANA 1.68.2.0 (STOE, 2016)!198]

20593

4453 [R(int) = 0.0622]
99.6

4137[1 >20(D)]

4453

X = 0.00049(8)



Absorption correction Semi-empirical from equivalents!!68!
Max. and min. transmission 0.4484 and 0.0610

Largest diff. peak and hole 0.689 and —1.308 ¢ A3

Solution intrinsic phases!!”?!

Refinement Full-matrix least-squares on F>!173]
Treatment of hydrogen atoms Calculated positions, constr. ref.
Programs used XT V2014/1 (Bruker AXS Inc., 2014)[1721

SHELXL-2018/1 (Sheldrick, 2018)!173!
DIAMOND (Crystal Impact)!!74]
ShelXle (Hiibschle, Sheldrick, Dittrich, 2011)1173)

Data / restraints / parameters 4453 /118 /337
Goodness-of-fit on F? 1.087

R index (all data) wR? =0.2019
R index conventional [[>2sigma(I)] R1=0.0707
CCDC No. 2069775
Complex 64j

Single crystals suitable for analysis were obtained by slow diffusion of Et,O into a solution of 64j in
CH;CN over night. Data was collected!!®”! with an STOE STADIVARI diffractometer equipped with
with CuK«x radiation, a graded multilayer mirror monochromator (A = 1.541 78 A) and a DECTRIS PI-
LATUS 300K detector using an oil-coated shock-cooled crystal at 100(2) K. Absorption effects were
corrected semi-empirical using multiscanned reflexions (STOE LANA, absorption correction by scal-
ing of reflection intensities.).['%®] Cell constants were refined using 74742 of observed reflections of the
data collection. The structure was solved by direct methods by using the program XT V2014/1 (Bruker
AXS Inc., 2014)1%1 and refined by full matrix least squares procedures on F? using SHELXL-2018/3
(Sheldrick, 2018). The non-hydrogen atoms have been refined anisotropically, carbon bonded hydrogen
atoms were included at calculated positions and refined using the ‘riding model’ with isotropic tempera-
ture factors at 1.2 times (for CH3 groups 1.5 times) that of the preceding carbon atom. CHj3 groups were
allowed to rotate about the bond to their next atom to fit the electron density. Disorder of solvent (Et,0,
CH;CN) was refined using restraints for both the thermal parameters and geometry. The Crystal structure,

data, and details of 64j are presented in Table 18 and Figure 97.
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Figure 97: Crystal structure of racemic 64j. The [PF¢ ™ ] anions and the hydrogen atoms are omitted for clarity.
Displacement ellipsoids are shown at 50% probability level at 100 K.

Table 18: Crystal data and structure refinement for 64j.

Crystal data
Identification code
Habitus, colour
Crystal size
Crystal system
Space group

Unit cell dimensions

Volume

Cell determination
Empirical formula
Moiety formula
Formula weight
Density (calculated)
Absorption coefficient
F(000)

162

EW167a

needle, pale yellow
0.35%0.09%0.05 mm?>
Monoclinic

P21/c

a=12.49272) A

b =29.4279(5) A

c =14.6484(3) A
5284.78(17) A3

Z=4
o= 90°
B = 101.085(2)°
Y =90°

74742 peaks with Theta 3.0 to 76.2°
C47Hs8.10F12N12.2000.15 P2 Ru
C42HsoNjgRu, 2(FP),0.15(C4 H100),2.2(C2 H3N)

1187.36
1.492Mgm™
3.758 mm™!
2435



Data collection:
Diffractometer type
Wavelength

Temperature

Theta range for data collection

Index ranges

Data collection software
Cell refinement software

Data reduction software

Solution and refinement:
Reflections collected
Independent reflections
Completeness to theta = 67.679°
Observed reflections
Reflections used for refinement
Absorption correction

Max. and min. transmission
Largest diff. peak and hole
Solution

Refinement

Treatment of hydrogen atoms

Programs used

Data / restraints / parameters
Goodness-of-fit on F?
R index (all data)

R index conventional [[>2sigma(I)]

CCDC No.

Complex 649

STOE STADIVARI
1.541 78 A

100(2) K

3.003 to 75.715°

—15>h>15

—21>k>36

—17>1>18

X-Area Pilatus3 SV 1.31.127.0 (STOE, 2016)[1¢7]
X-Area Recipe 1.33.0.0 (STOE, 2015)!!7!
X-Area Integrate 1.71.0.0 (STOE, 2016)[171]
X-Area LANA 1.68.2.0 (STOE, 2016)!198]

69365

10905 [R(int) = 0.0394]

99.9%

9015[I > 20(I)]

10905

Semi-empirical from equivalents!
0.1812 and 0.0415

0.612 and -0.371 e A~

intrinsic phases!!7?!

168]

Full-matrix least-squares on F>[173]
Calculated positions, constr. ref.

XT V2014/1 (Bruker AXS Inc., 2014)[16
SHELXL-2018/3 (Sheldrick, 2018)!!73!
DIAMOND (Crystal Impact)!74!

ShelXle (Hiibschle, Sheldrick, Dittrich, 2011)[173]
10905 /373 /810

1.014

wR? =0.0884

R1=0.0334

2106464

Single crystals suitable for analysis were obtained by slow diffusion of Et,O into a solution of 64g in

CH3CN over night. A suitable crystal of 64g was selected under inert oil and mounted using a MiTe-
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Gen loop. Intensity data of the crystal were recorded with a STADIVARI diffractometer (Stoe & Cie).
The diffractometer was operated with Cu-K« radiation (1.541 86 A, microfocus source) and equipped
with a Dectris PILATUS 300K detector. Evaluation, integration and reduction of the diffraction data
was carried out using the X-Area software suite.!’%! Multi-scan and numerical absorption corrections
were applied with the LANA and X-RED32 modules of the X-Area software suite.[!”7178] The structure
was solved using dual-space methods (SHELXT-2014/5) and refined against F> (SHELXL-2018/3 using
ShelXle interface).[172173:175] A1l non-hydrogen atoms were refined with anisotropic displacement param-
eters. The hydrogen atoms were refined using the “riding model” approach with isotropic displacement
parameters 1.2 times (1.5 times for the methyl groups) of that of the preceding carbon atom. CCDC
2063290 contains the supplementary crystallographic data. The Crystal structure, data, and details of 64g
are presented in Table 19 and Figure 98.

F5

Figure 98: Crystal structure of racemic 64g. The [PF¢ ™ ] anions and the hydrogen atoms are omitted for clarity.
Displacement ellipsoids are shown at 50% probability level at 100 K.

Table 19: Crystal data and structure refinement for 64g.

Crystal data

Identification code EW567
Empirical formula C4oH3gF1sNgP>Ru
Molar mass 1135.79 g mol™!
Space group (No.) P21/m (14)

a 11.306 00(10) A
b 30.2742(3) A

c 13.6068(2) A

B 103.5930(10)°
\% 4526.88(9) A~
Z 4
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Pcalc.

u
Color

Crystal habitus

Crystal size

T

A

® range

Range of Miller indices

Absorption correction

Tnins Tinax

Rints Ro

Completeness of the data set
No. of measured reflections
No. of independent reflections
No. of parameters

No. of restrains

S (all data)

R(F) I > 20(I), all data)
wR(F?) (1 > 20(1), all data)
Extinction coefficient
Apmaxa Apmin

CCDC No.

Complex 114a

1.667 gcm™

4.527 mm™!

yellow

plate
0.473%0.327x0.054 mm?
100K

1.54186 (Cu-Kx)
2.919 to 74.507°
—14>h>12
—37>k>27
—16>1>16
multi-scan and numerical
0.1175, 0.4377

0.0332, 0.0171

0.999

54245

9229

633

0

1.068

0.0455, 0.0475

0.1286, 0.1304

not refined

1.657 and —1.025 ¢ A~
2063290

Single crystals suitable for analysis were obtained by slow diffusion of Et;O into a solution of 114a in
CH,Cl, over night. A suitable crystal was selected under inert oil and mounted using a MiTeGen loop.
Intensity data of the crystal were recorded with a D8 Quest diffractometer (Bruker AXS). The instrument
was operated with Mo-Ko radiation (0.71073 A, microfocus source) and equipped with a PHOTON 100
detector. Evaluation, integration and reduction of the diffraction data was carried out using the Bruker
APEX 3 software suite.[!7’! Multi-scan and numerical absorption corrections were applied using the SAD-
ABS program.!'3%1811 The structure was solved using dual-space methods (SHELXT-2014/5) and refined
against F> (SHELXL-2018/3 using ShelXle interface).!'’>!173:175] All non-hydrogen atoms were refined
with anisotropic displacement parameters. The hydrogen atoms were refined using the “riding model”
approach with isotropic displacement parameters 1.2 times (1.5 times for terminal methyl groups) of that
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of the preceding carbon atom. One DCM molecule exhibit disorder between approximately two positions
and was refined accordingly using the DSR plugin implemented in ShelXle.!'821 CCDC 2088021 contains
the supplementary crystallographic data. The Crystal structure, data, and details of 114a are presented in
Table 20 and Figure 99.

Br2

Figure 99: Crystal structure of racemic 114a. The [PFg~] anions, solvent molecules and the hydrogen atoms
are omitted for clarity. Displacement ellipsoids are shown at 50% probability level at 100 K.

Table 20: Crystal data and structure refinement for 114a.

Crystal data

Identification code EW658
Empirical formula C4oH42Br, Cl4F o NgP,Ru
Molar mass 1327.44 gmol™!
Space group (No.) P1-(2)

a 12.6142(8) A

b 14.2975(9) A

c 14.9453(9) A

o 73.791(2)°

B 86.164(2)°

Y 80.547(2)°

\% 2552.5(3) A3
Z 2

Peale. 1.727gem™

u 2.228 mm™!
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Color

Crystal habitus

Crystal size

T

A

O range

Range of Miller indices

Absorption correction

Tinin, Tinax

Rint, Ro

Completeness of the data set
No. of measured reflections
No. of independent reflections
No. of parameters

No. of restrains

S (all data)

R(F) (I > 20(]), all data)
wR(F?) (I > 20(]), all data)
Extinction coefficient
APmax> APmin

CCDC No.

Complex 114b

yellow

block
0.396x0.241x0.128 mm?
100K

0.71073 (Mo-Ku)
2.143 to 29.682°
—17>h>17
—-19>k>19
—20>1>20
multi-scan and numerical
0.5691, 0.8481

0.0502, 0.0498

0.999

69272

14400

659

47

1.028

0.0403, 0.0653

0.0737, 0.0810
0.00038(11)

0.708 and —0.812¢ A~
2088021

Single crystals suitable for analysis were obtained by slow diffusion of Et;O into a solution of 114b in
CH;3CN over night. A suitable crystal of 114b was selected under inert oil and mounted using a MiTeGen
loop. Intensity data of the crystal were recorded with a D8 Quest diffractometer (Bruker AXS). The instru-
ment was operated with Mo-K« radiation (0.710 73 A, microfocus source) and equipped with a PHOTON
100 detector. Evaluation, integration and reduction of the diffraction data was carried out using the Bruker
APEX 3 software suite.!!””! Multi-scan and numerical absorption corrections were applied using the SAD-
ABS program.!'3%181 The structure was solved using dual-space methods (SHELXT-2014/5) and refined
against F? (SHELXL-2018/3 using ShelXle interface).l!7>173:1731 A1l non-hydrogen atoms were refined
with anisotropic displacement parameters. The hydrogen atoms were refined using the “riding model”
approach with isotropic displacement parameters 1.2 times (1.5 times for terminal methyl groups) of that
of the preceding carbon atom. CCDC 2063289 contains the supplementary crystallographic data for this
paper. The Crystal structure, data, and details of 114b are presented in Table 21 and Figure 100.

167



B. Crystallographic Appendix

Figure 100: Crystal structure of racemic 114b. The [PFg ] anions, solvent molecules and the hydrogen atoms
are omitted for clarity. Displacement ellipsoids are shown at 50% probability level at 100 K.

Table 21: Crystal data and structure refinement for 114b.

Crystal data
Identification code
Empirical formula
Molar mass

Space group (No.)

N<-<T)DQOU'W

Pcalc.

u
Color

Crystal habitus

168

EW431
Cs6H47F 13N 1P2Ru
1258.95 gmol~!
P1-(2)
12.0596(7) A
12.4611(7) A
20.3246(11) A
93.416(2)°
103.585(2)°
110.922(2)°
2738.3(3) A3

2

1.527gem™
0.450 mm™!
yellow

block



Crystal size

0.429%0.120x0.078 mm?

T 100K

A 0.71073 (Mo-K«)

® range 2.031 to 30.584°

Range of Miller indices —17>h>17
—17>k>17
—29>1>28

Absorption correction multi-scan

Tnins Tinax 0.8581, 1.0000

Rint, Ro 0.0302, 0.0176

Completeness of the data set 0.999

No. of measured reflections 156560

No. of independent reflections 16789

No. of parameters 715

No. of restrains 0

S (all data) 1.055

R(F) (I > 20(1), all data) 0.0316, 0.0367

wR(F?) (I > 20(I), all data) 0.0772, 0.0800

Extinction coefficient 0.0055(3)

APmaxs APumin 1.341 and —-0.951 e A3

CCDC No. 2063289

Complex A-(S)-128a

Single crystals suitable for analysis were obtained by slow diffusion of Et,O into a solution of 128a
in CH,Cl, over night. A suitable crystal was selected under inert oil and mounted using a MiTeGen
loop. Intensity data of the crystal were recorded with a D8 Quest diffractometer (Bruker AXS). The
instrument was operated with Mo-Ko radiation ( 0.71073 A, microfocus source) and equipped with a
PHOTON 100 detector. Evaluation, integration and reduction of the diffraction data was carried out us-
ing the Bruker APEX 3 software suite.!!”) Since the crystal was found to be non-merohedrally twinned,
the multi-scan absorption correction was applied using the TWINABS program.!!8%181 The structure
was solved using dual-space methods (SHELXT-2014/5) and refined against F> (SHELXL-2018/3 using
ShelXle interface).[!72173:1751 All non-hydrogen atoms were refined with anisotropic displacement param-
eters. The hydrogen atoms were refined using the “riding model” approach with isotropic displacement
parameters 1.2 times (1.5 times for terminal methyl groups) of that of the preceding carbon atom. One
CH,Cl, solvent molecule exhibit rotational disorder and was refined accordingly using the DSR plugin

implemented in SHELXLE.[!82] Both [PFs~] anions show signs of rotational disorder. An attempt to
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refine it either manually or using the DSR plugin did not improve the model. The Crystal structure, data,

and details of 128a are presented in Table 22 and Figure 101 &2
I,

F1

Figure 101: Crystal structure of A-(S)-128a. The [PFg~] anions, solvent molecules and the hydrogen atoms
are omitted for clarity. Displacement ellipsoids are shown at 50% probability level at 100 K.

Table 22: Crystal data and structure refinement for A-(S)-128a.

Crystal data
Identification code
Empirical formula
Molar mass

Space group (No.)

N <= ¢ o &

Pcalc.

u

Color

Crystal habitus
Crystal size

T

A

170

EW634

C50H47B1‘2C14F7N7 OzPRuS

1376.66 g mol~!
P2 (4)
11.6856(8) A
23.3446(17) A
20.4624(14) A
93.671(2)°
5570.6(7) A3
4

1.641 gcm™
2.044 mm™!
orange

block

0.222%0.198%0.106 mm?>

100K
0.71073 (Mo-Kx)



® range 1.955 to 28.384°

Range of Miller indices —15>h>15
-31>k>31
—27>1>27

Absorption correction multi-scan

Tins Tinax 0.5107, 0.5633

Rints Ro 0.0761, 0.0914

Completeness of the data set 0.999

No. of measured reflections 168342

No. of independent reflections 27949

No. of parameters 1395

No. of restrains 66

S (all data) 1.091

R(F) d > 20(I), all data) 0.0587, 0.0878

wR(F?) (I > 20(]), all data) 0.0735, 0.0799

Extinction coefficient 0.00031(5)

Flack parameter x -0.003(3)

Volume fraction of the 2™ twin component 0.0601(6)

APmaxs APomin 1.180 and -0.633 ¢ A3

CCDC No. 2063291

Complex 137b

Single crystals suitable for analysis were obtained by slow diffusion of Et;O into a solution of 137b in
CH3CN over night. A suitable crystal of 137b was selected under inert oil and mounted using a MiTe-
Gen loop. Intensity data of the crystal were recorded with a D8 Quest diffractometer (Bruker AXS).
The instrument was operated with Mo-Ka radiation (0.710 73 A, microfocus source) and equipped with a
PHOTON 100 detector. Evaluation, integration and reduction of the diffraction data was carried out using
the Bruker APEX 3 software suite.!!”®! Multi-scan and numerical absorption corrections were applied us-
ing the SADABS program.[!8%-131] The structure was solved using dual-space methods (SHELXT-2014/5)
and refined against F> (SHELXL-2018/3 using ShelXle interface).l'’>173:175]' All non-hydrogen atoms
were refined with anisotropic displacement parameters. The hydrogen atoms were refined using the “rid-
ing model” approach with isotropic displacement parameters 1.2 times (1.5 times for terminal methyl
groups) of that of the preceding carbon atom. The two [PF¢ ] anions exhibit complicated disorder, which
could be sufficiently modelled using three disordered species in each case with the help of the DSR plugin
[7] and the SUMP command in SHELXL. Both CH3CN and Et,O solvent molecules are clearly present
in the crystal structure, although they were accompanied with areas of negative density on the difference
Fourier map. To prevent this, they had to be refined underoccupied. CCDC 2088020 contains the supple-
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mentary crystallographic data. The Crystal structure, data, and details of 137b are presented in Table 23

and Figure 102.

Figure 102: Crystal structure of racemic 137b. The [PF¢~] anions, solvent molecules and the hydrogen atoms
are omitted for clarity. Displacement ellipsoids are shown at 50% probability level at 100 K.

Table 23: Crystal data and structure refinement for 137b

Crystal data
Identification code
Empirical formula
Molar mass

Space group (No.)

Crystal habitus
Crystal size

T

A
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EW517
Ca9.33H61.50BroF12N8.900¢ ggP2Ru
1344.14 g mol™!

C2/c(15)

44.590(2) A

13.7841(7) A

19.7462(10) A

110.634(2)°

11358.2(10) A3

8

1.572gcem™

1.823 mm™!

yellow

block

0.686x0.473x0.296mm?

100K

0.71073 (Mo-K«x)



® range
Range of Miller indices

Absorption correction

Tnin, Tinax

Rint, Ro

Completeness of the data set
No. of measured reflections
No. of independent reflections
No. of parameters

No. of restrains

S (all data)

R(F) (I > 20(]), all data)
wR(F?) (I > 20(]), all data)
Extinction coefficient
Apmax, Apmin

CCDC No.

1.952 to 29.682°
—62>h>62
—19>k>19
—27>1>27
multi-scan
0.4522, 1.0000
0.0310, 0.0177
0.999

163619

16062

968

2810

0.988

0.0316, 0.0405
0.0742, 0.0791
0.000151(16)
2.549 and —2.410e A~
2088020
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o

List of Abbreviations

% Wavenumber

o Chemical shift

u Micro

p Density

°C Degree Celsius
m/z Mass per ionization
tr Retention time

Ar Aromatic (NMR)
M Molarity

acac Acetylacetone

aNHC abnormal N-heterocyclic carbene
CaH,;  Calcium hydride
caled.  Calculated

cat. Catalyst

CD Circular Dichroism
CH;3CN Acetonitrile

Cp Cyclopentadienyl

Cv Cyclic Voltammetry

d Doublette (NMR)

1,2-DCB 1,2-Dichlorobenzene

DCE 1,2-Dichloroethane

dd Dublette from Dublette (NMR)
DFT Density functional theory
CDCIl3 Deuterated Chloroform
CD,Cl; Deuterated Dichloroethane
Et,O Diethyl ether

DIPP 2,6-Diisopropylphenyl

DMSO Dimethylsulfoxide

DMAE N,N-Dimethylaminoethanol
DMF N,N-Dimethylformamide
DMSO-dg Deuterated Dimethylsulfoxide
dr Diastereomeric ratio

EDG Electron Donating Group

EI Electron Ionization

ee Enantiomeric excess
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eq Equivalents

er enantiomeric ratio

ESI Electron-spray-ionisation

EtOH Ethanol

EtOAc Ethyl acetate

EWG  Electron Withdrawing Group

h Hour

HAT Hydrogen Atom Transfer

HFIP  Hexafluoro-iso-propanole

HPLC High-performance liquid chromatogra-
phy

HRMS High resolution mass spectroscopy

i-AmOH Isoamyl alcohol

IR Infrared

i-Pr iso-Propyl

IUPAC International Union of Pure and Applied
Chemistry

K Kelvin

KIEs Kinetic Isotope Effects

LG Leaving Group

LiHMDS Lithium bis(trimethylsilyl)amide

m Multiplette (NMR)

m mass

M Molare mass

M.p. Melting point

Meoc  Methoxycarbonyl

MeOH Methanol

Mes Mesityl (2,4,6-trimethylphenyl)

mg Milligram

MHz Megahertz

min Minute

mmol  Millimole

n-BuLi n-Butyl-Lithium

n-Hex n-Hexane

Na Sodium



NaCl Sodium Chloride sol. Solution

NEt;3 triethylamine SPhos  Dicyclohexyl(2’,6’-dimethoxy[1,1’-
NH4Cl Ammonium chloride biphenyl]-2-yl)phosphane
NH4PF¢ Ammonium hexafluorophosphate TFA Trifluoroacetic acid
NHC N-Heterocyclic carbene THF Tetrahydrofurane
N, Nitrogen TLC Thin layer chromatography
nNHC normal N-heterocyclic carbene TOF Turnover frequency
NMR  Nuclear magnetic resonance TON Turnover number
p-tol para-Tolyl Et;N Triethylamine
ppm Parts per million TfOH  Trifluoromethanesulfonic acid
Ry Retention factor Trisphat Tris[tetrachlorobenzene-1,2-bis(olato)]-
rac. Racemic phosphate(V)
rNHC  Remote N-heterocyclic carbene UV-Vis Ultra violet and visible spectra
RuPhos 2-Dicyclohexylphosphino-2’,6’-diiso- A\ Volume
propoxybiphenyl H,O Water
sat. Saturated
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