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Kurzdarstellung

Ubergangsmetallkomplexe mit metallzentrierter Chiralitat, azhdhal-at-metalkomplexe genannt, bie-

ten einen nitzlichen und erweiterbaren Werkzeugkasten fir die asymmetrische Katalyse. Die vorliegende
Arbeit konzentriert sich auf die Synthese von chiralen Rutheniumkomplexen mit bisher nicht verwende-
ten Substituenten, um den elektronischen Ein uss auf die Reaktivitat und Enantioselektivitat 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
Verhdltnis von 9,8:1 zugunsten des gemischten nNHC/aNHC-Komplexes erreicht. Die Bildung dieser
gemischten Koordination wurde nur fir 5-€862%) und 5-Brom (536) substituierten Komplexen be-
obachtet, wahrend 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 nicB—Symmetrie der gemischten Komplexe kdnnen vier
Diastereomere gebildet werden. Zwei der resultierenden Komplexe waren stabil auf Kieselgel und zeig-
ten identische metallzentrierten Chiralitdt. Durch Brgnsted-S&ure induzierte Destabilisierung der Hilfs-
liganden wurden die entsprechenden Komplexe unter Retention der Kon guration mit bi®9% ee
erhalten. Dieses Protokoll wurde erfolgreich auf Di-isopropylphenyl-substituierte Komplexe angewandt,
was den Zugang zu sterisch anspruchsvolleren Komplexen ermdglichte.

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 Isoxazoléf zu 2
Azirinen untersucht. Dabei ermdglichte 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 96eé&rreicht. Wah-

rend der Untersuchung wurden sowohl nichtlineare Effekte als auch eine Licht induzierte Racemisie-
rung des Produkts beobachtet, die durch die verwendeten Rutheniumkomplexe katalysiert wurde. FUr
die asymmetrische C(8pH-Aminierungsreaktion wurde festgestellt, dass der neu erhaltene gemischte
NNHC/aNHC-Komplex eine 160-fach erhohigrnover frequencym Vergleich zum analogen nNHC-
Komplex bietet. Dies ermdglichte eine Verkiirzung der Reaktionszeit auf bis zu 10 Minuten. Bei der
Alkynylierung von Tri uoracetophenon waren die Unterschiede zwischen den nNHC- und den gemisch-
ten nNHC/aNHC-Komplexen vernachléssigbar. Die Di-isopropylphenyl-substituierten Komplexe zeig-
ten bei einer propargylischen substitution eine hohere Enantioselektivitat (bigzedsder gemisch-



te NNHC/aNHC-Komplex lieferte eine niedrige Enantioselektivitatflde), wahrend 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, wahrend die bis-nNHC-
Komplexe Maxima bei 520 nm zeigten. Dies kénnte in weiteren Studien tUber die mégliche 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 in uence
concerning reactivity and enantioselectivity.

Within the rst 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-C§(62%) and 5-bromo (5%) 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 ndB—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 con guration created the corresponding complexes with &#p36% 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 isoxazolesit@2irines 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% eewas 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 nANHC/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 tri uoroacetophenone, 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 (ugbteaGhe

mixed NNHC/aNHC complex provided low enantioselectivity¥d &6 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-

Vi



ima at 520 nm. This could be used in further studies concerning the potential application of ruthenium
complexes in asymmetric photocatalysis.

Vi



Contents

1. Theoretical Background 1
1.1. N-HeterocyclicCarbenes. . . . . . . . . . . e 1
1.1.2. NormalNHCs . . . . . . . e e 2
1.1.2. AbnormalNHCs . . . . . . . . . . . e 4
1.2. 2H-AZINNES . . . . o e e e e e 8
1.2.1. Enantioselective Synthesis of 2H-Azirines . . . . . . . . . .. ... ... ... 9
1.3. Chiral-at-Metal Ruthenium Complexes . . . . . . . . . . . . . . . 14
1.3.1. Contribution of the Meggersgroup . . . . . . . . . . . v v v 15
2. Aims and Objective 23
3. Results and Discussion 25
3.1. Synthesis of Modi ed Chiral-at-Ruthenium Complexes . . . . . ... ... ... ... 25
3.1.1. Synthesis of Ruthenium Complex64i . . .. ... ... .. ... ....... 25
3.1.2. Synthesis of Electronically Modi ed Ruthenium Complexes . . . . . . ... .. 29
3.1.3. Synthesis of aNHC Complexes 114aand114b . ... ... ... ... .. .. 40
3.2. Comparison of the Ruthenium Complexes . . . . . . . . . . .. ... .. ... .... 58
3.2.1. Ring Contraction of Isoxazolones to 2H-Azirines . . . . . . . . ... ... ... 58
3.2.2. Asymmetric Ring-Closing C(sp®)-H Amination . . . . . . ... ......... 66
3.2.3. Alkynylation . . . . .. e e e e e 67
3.2.4. Propargylic Substitution . . . . . . .. ... .. 69
3.3. UV-Vis Absorption . . . . . . . . . e e e 72
3.3.1. UV-Vis Absorption Measurements . . . . . . . . . . . v i e e e 72
4. Summary and Outlook 77
5. Experimental Part 81
5.1. General Materials and Methodes . . . . . . . . . .. ... .. L L oo 81
5.2. General Procedures . . . . . . . . .. e e 83
5.3. Synthesis of Imidazolium Salts. . . . . . . . . . . . ... . 85
5.4. Synthesis of Ruthenium Complexes . . . . . . . . . . . . . . . .. ... 95
5.5. Synthesis of Auxiliaries . . . . . . . . . . e 108
5.6. General Procedure for Asymmetric C,H Amination . . . . . . .. . ... ... ..... 110
5.7. Azirination . . . . . . . e e e 111
5.8. Propagyl Substrates . . . . . . . . .. e e e 114
5.9. Propagylic Substitution . . . . . . . ... 116
6. References 117
A. Appendix 125
A.l. Listof Synthesized Compounds . . . . . . . . . . . . . e 125
A.2. NMRYield Calculation . . . . . . . . . . . 127
A.3. Late Stage Transition Metal Catalyzed Cross Coupling . . . . . . . . ... ... ... 129

VI



Contents

A.4. 2H-Azirine Extended Screening Table

. Crystallographic Appendix
. List of Abbreviations
. Statement

. Curriculum Vitae

AS5. HPLC Spectra . . . . . . . . . . . . .
A6. CD-Spectra . . . . . . ...
A.7. Representative NMR Spectra . . . . . .. ... ... ...

176

177






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 signi8aBtich non-racemic
molecules are either accessed from nature, as part oftinel 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 né&etied.

The catalytic approaches are classi ed in three elds, namely biocatalysis, transition metal catalysis and
organocatalysi8! Starting in the late 60s, and predominantly during the last decades, transition metal
catalysts have been developed for a variety of asymmetric transformilidine importance of this eld

was emphasized by awarding the Nobel Prize to Knowles, Noyori and Sharpless for their pioneering work
on asymmetric hydrogenation and oxidation in 2¢09.

In the following, the overall topics dfl-heterocyclic carbenes as ligands for catalysis (Section 1HL), 2
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 onamino substituent are call®dheterocyclic carbenes (NHCs).

The structural classes of NHC ligands can be distinguished into nodmalNHC) and abnormalg,

aNHC) NHCs. Due to the delocalised charges, aNHC are also called mesoionic carbenes (MIC) being
consistent with the IUPAC de nition of mesoionic compourif$.The term remote (rNHC) is used for
N-heterocyclic carbenes without a direct linked carbene to the heteroatom as in 4-pyrazoly@Clemes (
4-pyridylidene D). The classi cation into (non) and remote is independent to the classi cation of NNHC
and aNHC, therefore four combinations are possible (FiguFe-1!

rNHC

M M
A2
\N S N/
nNHC o @
N
|
A c
M M
O O
aNHC N— ®
O N=N
/ \

N=
/

B D

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



1. Theoretical Background

1.1.1. Normal NHCs

The rst examples for NHCs were reported by Wanzliékwith the mercury complest and OfeleB5!
chromium complex in the 1960s. The isolation of a free carbeédhby the group of Arduendtf! was

a breakthrough in this eld as the divalent carbon atom with six valence electrons was considered to be
unstable and to tend towards dimerisation (Figur& ¥l

Wanzlick: Ofele: Arduengo:
— “1(CIO4),
Ph’N\rN‘Ph =\ IS
- SR Fo¥e)
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 cyclopentadienyRéCshort Cp) and phosphin&3! 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 fradg testroid (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 li§fahds.

Imidazolyl Cylopentadienyl Phosphine

R R
R'N N\R' R R R\IID’R
] 1
M] Rm R [M]

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

A side by side comparison using a Tolman type methredlealed that NHCs are stronger electron donors
compared to phosphines. In detail, thedonor strength is much stronger than the donor capability of
phosphines. Thp-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 cdfisiiéred.

NHCs are known to show higher eld and hightans effects compared to phosphines, resulting in
changed binding characteristics. In case of the Grubbs catalysts (Scheme 1), the Gen. Acsitalyst

1Comparison ofi(CO) values of metal carbonyl complexéd.



1.1. N-Heterocyclic Carbenes

higher binding af nity towards the substrates compared to the Gen. 1 catalyséring a phosphine
ligand. This improved the activity of ring-closing metathesis (RCM) of malo6atecyclopenten& and
ring-opening metathesis polymerisation (ROMP) of cyclooctadiene (@pio,polyened by 100 to 1000
times[29-32]

P(Cy)3 Mes~ N\ N-Mes
L «Cl
RU=\ Rﬁ:\
CI/ | Ph c” Ph
P(Cy)3 P(Cy)3
5 4
RCM
EtO,C \ 5o0r 4 EtO,C
—>
EtO,C \ cD,Cly EtO,C
Ph 25°C
6 7
ROMP
5or4 M
n _—
O CD2C|2 2n
20 °C
8 9

Scheme 1:Grubbs catalyst Gen. B and Gen. 24) 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 eld

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 nNH&Hbnd.

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 n(NHC countelf{3aits.

Synthesis Methods

With the growing interest in NHC complexes, several synthesis methods were developed and led the way
to specialized catalysts with speci ¢, tunable properties such as steric demand, solubility and electronic
effects. For many applications, the NHC ligand is generated kip aitu 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 1.138)Over the years, several synthesis methods
such ad.appert methogf’:38! proton abstractiorf®® oxidative additior}*?4! transmetalatiori*? direct
metalatior*344 andthermal eliminatioH®! were developed (Scheme 2).



1. Theoretical Background

Lappert Method Proton Abstraction

Metal insertion into C,C double bond.7:38] Generation of a free carbene via a proton abstraction with a strong base

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

[\
~\ NN i B : M
—N N~ - Y b \N)%'\],/ —+> \N/\N/ —_— \N)\N/
—_— = M -BH \—/
\—=/ . ) \—/
~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 Xeps
Lo —o Y i ago :
AN
\N, _ N, - ~N N~ 2 \N)%’.\'l/ W 2 \N)\N/ — \N)\N/
X =Me, I, H - — ’ — =

Direct Metalation Thermal Elimination

Direct metalation using a metal precursor with ba-
sic ligands as internal base (e.g. Pd(OAc), or
[I(COD)(OMe)]).*%44

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

[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
| as NHC-alcohol or -chloroform adduct of the imidazolium precursor.[4!
[

[

[

[

[

M CCly 5 . M
PN
\N*&/ — \N)\N/ ~N N— — N NT  —— \N)\N/
-CHCly \—/
— — \—/ \—/

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 produdg! The formation of aNHC complexes was not reported for the Lappert method, proton
abstraction or the thermal elimination pathv#.

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(RPHh), with the pyridin substituted imida-
zolium saltl0in THF under re ux conditions, the expected nNHC complebwas not observed. Instead

the aNHC compled2was characterized by X-ray structure as well as NMR spectroscopy (Schétfle 3).

IH-NMR spectroscropy showed a low eld 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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_ ITBF4 2 —BF, A~ —IBF,
KENj [IrtHsLo] KENj H:Nj

& T O g
-2H E Ir—H Ir—H
g - R 7
R R H R H
10 11 12
not observed 68%

R =i-Pr, L = PPhs

Scheme 3:First reported aNHC complek? by the group of Crabtree in 2001.

via X-ray was reported with 2.110(6) A, suggesting no or a weak M-#@ckdonation. The thermal rear-
rangement into the nNHC complé4d 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®f20 kcal/mol between the nNHC and the less stable aNHC binding
mode, the aNHC complek2 was suggested to be the kinetic prodd®tUsing strong acids like HBF

the conversion from aNH@2to nNHC 11 was reported in 201171

A year after the rst report, the same group investigated the effect of anions from the imidazolium ligand
precursor (Table 18! With a methyl group at the imidazol¥, bromine gave a ratio of 91:9 of nNHC

to aNHC complex (entry 1). The ratio shifted to 45:55 for,BEntry 2) and 50:50 for RHentry 3). A
further increase of aNHC complé@ with a 11:89 ratio was observed with the Sk#hion (entry 4). A
sterically more demanding group suchi& with bromine anion gives a 84:16 ratio (entry 5). Changing

to BF4, the nNHC complex was not observed and exclusively the aNHC com@eas formed (entry

6).

Table 1: Ratio of nNHC11to aNHC12 for different alkyl groups and aniorf&l

entry R anion nNHC1 aNHC12

1 Me Br 91 9

2 Me BF; 45 55
3 Me PRk 50 50
4 Me Sbk 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
complex12.14849] Also for ligands with small bite-angle such as pyridin-2-yl imidazolium saBsthe
formation of aNHC comple®4 was observed similar to the methylene bridged precurs@ra/hile the

nNHC complexl5was not reported (Scheme 2§
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T1BF, “1BF,
T1BF, 2 = I
2 [iHsLz] S S
@I W 2H r(% j ok TN ek
-< H2 Ir—H [ Iy H
ol i-P ’NJ'?' N
o H i-Pr - H
13 14 15
65% not observed
L =PPhg

Scheme 4:Synthesis of the aNHC compléx with pyridin-2-yl imidazolium saltt3which lacks the bridging
methylene group compared to imidazolium <S4t

A selective formation of the aNHC complex was also promoted by the introduction of a blocking group
such as Mej-Pr or Ph at the C-2 carbon of the imidazolilfifl. 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, PhGHpartially Et) as they can be cleaved via a redox path#&yhis was also
reported for Rh(l) and Pd(@%54

Besides iridium, aNHC complex of copp@t, iron>3! or palladiunt®®! have been reported shortly after.

In 2004, the group of Nolan reported the rst mixed, nNHC/aNHC complex with monodentate ligands.
The reaction of Pd(OAg)with N,N'-bis(mesitylen)imidazolium chloridel6) was expected to form the
bis-nNHC complexl7 but instead, the mixed nNHC/aNHC compl&&was obtained in A yield. The
bis-nNHC complexL7 was not observed. Under basic conditions with@3; and Pd(Cl), the mixed
complex18 was not obtained and the bis-nNHC complEx was isolated in 6% yield (Scheme 5).
Treating the mixed complek8 with different bases did not yield any interconversion into the bis-nNHC
complex17.136]

Mes
: ) ©
Cl Mes~N<N-Mes Mes~N
— -
N ] Cl-Pd-CI + Cl-Pd-ClI
Mes~N~zN-Mes 1,4-dioxane
80 °C MES\N N—Mes Mest N—Mes
16 — —
17 18
Pd(OAc), not observed 74 %
Pd(Cl),, Cs,CO3 68 % not observed

Scheme 5:Synthesis of the bis-nNHC compléx as well as the mixed nNHC/aNHC complexEs

Both isolated complexek7 and18 were compared witin 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 compleX7 showed no conversion for both reactions (entry 1), while the mixed
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NNHC/aNHC complex 8 showed 446 yield for the Suzuki coupling and %@ yield for the Heck reaction
(entry 2). Then situ generated catalyst from a 2:1 ratio of ligabélto Pd(OAc) (entry 3) surpassed the
mixed NNHC/aNHC complei8 for the Suzuki-Miyaura with a yield of 26, while the Heck reaction
showed slight decreased yield of%6 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¥%ftd ®6%
yield.

Table 2: Comparison of bis-nNHC complek7, mixed nNHC/aNHC compleg8 andin situ generated cata-
lysts for the a) Suzuki Miyaura coupling and b) Heck type readfiéin.

Me
B(OH)2 ~Me Cs,CO3 (2.0 eq) O
+ »
oy J .
MeO Cl 1,4-dioxane

80 °C MeO
19 20 21

a)

b) On-Bu Cs2CO3 (2.0 eq) Ph._~__On-Bu
S ¢ - Y
Br (0]

o} DMA
120 °C
22 23 24
yield /%
entry catalyst(2méb) 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 thén situ generated catalysts show a closer resemblance to the mixed nNHC/aNHC com-
plex 18rather to the normal binding modg, indicating previousn situ generated catalysts might not be
bis-nNHC complexes in nature as it was expected for several {#hrs.

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 Crabtres al[31:54

The rst example of a ruthenium aNHE5 complex with imidazol ligands was reported in 2012 by the
group of Beraet al. They used these aNHC complexes as a catalyst for an addition of carboxylic acids
26to terminal alkyne®7 (Scheme 6% The aNHC catalys?5 was compared to a nNHC cataly28 in

terms of selectivity and activity for the reaction. The aNHC comf@Bxshowed a selectivity of th&-
anti-Markovnikov produc®9, while theE-anti-Markovnikov producB0and the Markovnikov produ@&1

were obtained in small amounts. CompR&showed no differentiation betwe&handZ product, while

the Markovnikov producBl was not detected. In terms of activity, the authors reported higher activity
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with the aNHC complexX25 for sterically less hindered substrates and generally a higreslectivity
compared to the nNHC compl&8.

Mes j (PFG)Z

/—NO

Me¢ /\ (g\ _kRQJ

N—Mes
28
_______________________________________ 2 e
M] 0 2
L, o o LS RS
" -
R? - Z O R1 R~
Ph™ "OH toluene/CH,Cl, (4:1) R2 NNoTR, 0" "R!
110°C, 24 h
26 27 29 30 31
R1=R2=Ph, M=25 84% 6% 10%
28 50% 50% 0%

Scheme 6:Addition of Carboxylic acids to terminal alkynes catalyzed by the ruthenium aNHC cor@plex
with a comparison to a ruthenium nNHC compl&&

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 moledafe®¥] Among this class of
compounds, B-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 reactio®®-63 The synthesis of enantiomerically pure-&zirines is desirable

as this structural motive is known in antibiotic natural products such as Azirinon32)ff! Antazirine

(33),[%%] and Dysidazirine34) (Scheme 7466

N A N
LA BNAM "couMe AN
Me CO,H B 9 2 Me 11 CO,Me
r
32 33 34
(Azirinomycin) (Antazirine) (Dysidazirine)

Scheme 7:Natural products Azirinomycin3@), Antazirine 83) and Dysidazirine34) containing chiral #-
azirines (highlighted in blue).

There are several intramolecular synthetic methods known to ackkagiféines: The Neber-type reac-

tions via base catalyzed eliminations of leaving groups containing imines such as oxime and hydrazonium
derivatives (Scheme 8, route [8):58! Cyclisation of vinyl azides via thermal or photochemical denitro-
genation reactions (route 5§71 Ring contraction reactions of ve- and four-membered heterocycles
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(route ¢ and d)’?>-8% Base-mediated elimination reactions from aziridines (rouf& &yl or oxidation of
enamines (route $6-93l Intermolecular reactions like cycloadditions of carbenes and nitriles (rodté g)
or addition of nitrenes to alkynes (routd¥y°8! are known, although they are reported to have dimin-
ished yields compared to intramolecular versiBfisin the following, selected examples of asymmetric
transformations will be discussed.

R Y,O\N c N g R2
: . I
= R, T )¢ |
Rl R rz R R R
Y=C,P y %
R e
N Rl NH,
Rt R® X R2 R3
N
R Y
R? R®

Scheme 8:Intra- and intermolecular synthesis paths td-2zirines: a) Neber-rearrangement, b) thermal or
photoemical denitrogenation, c) ring contraction of ve 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 2 H-Azirines

The rst examples of asymmetrid2azirines are based on diastereoselective control using chiral auxil-
iaries in stoichiometric amounts. Among the synthetic methods depicted in Scheme 8, the rst diastere-
oselective Neber-rearrangement was reported by the group of Vosekalna in 1993 (Sch&Ehe).
synthesis started from enantiopuf®-phenylglycine 85), which was subsequently converted inR)-(
amidoxime36. Treatment with NaOMe led to the formation oR.3'R)-2H-azirine37 in 82% yield and
96:4dr. During this step, th®©-mesyl group (O-SeMe) acts as the leaving group and the the stereo-
chemistry is controlled by the chiral auxiliary. Starting fro8)-85, the product (33'S)-37 was obtained
analogously.

SO,Me Ph O
Ph 0 NaOMe (1.0 eq.) /l\ )I, NH,
= RO S
EtO,C7 "NH, EtOH
Et0,C” "N NH, 22°C,2h 37
35 36 82% yield
96:4 dr

Scheme 9:First asymmetric Neber-type reactial
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In 1995, the Davis group reported the rst enantioselective synthesR)dbysidazirine 84) via a dia-
stereoselective, base-mediated elimination reaction from azirddig®cheme 10§82 The chiral sul nyl

group induces stereoinduction during the reaction of sul n88avith the lithium enolate39. 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 .
o e 2 e
0 39 3 ) Ha N
I Me—> N > M
p-TOl' N/\/\é}lz THE MCO Me THE 12\ COzMe
-78°C,2.5h 12 2 -78°C, 20 min
38 40 34
67% yield 42% yield
>20:1dr >95% ee

Scheme 10First enantioselective synthesis &){Dysadazirined4.182!

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 tosylatés and a tightly bound intermediate with the chiral base led to

the H-azirine42with varyingee A screening of alkaloid bases showed asymmetric induction by selected
alkaloids (Table 3). In detail, sparteind3( Table 3, entry 1), brucinetd, entry 2), and strychninelp,

entry 3) did not provide higlee while three pairs of cinchona alkaloids (entry 4 to 9) showed higher

ee Dihydroquinidine §1, entry 9) exhibiting the highest enantioselectivity with4@e 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 enantioselectivityobad 706 ee
respectively19

10



1.2. H-Azirines

Table 3: Screening of chiral bases and solvents for the chiral base mediated Neber-type f&2#tion.

TsO. base* N

OEt solvent OEt
rt,6h

44 45
brucine strychnine

46
J cinchonine

high ee high ee

47 48 49 50 51
cinchonidine quinine quinidine dihydroquinine dihydroquinidine

entry base solvent yiel®d ee/%

1 sparteine43) CH.CIl, 53 0

2 brucine @4) 38 501

3 strychnine 45) 37 4©

4 cinchonine 46) 52 32[R

5 cinchonidine 47) 43 24 0

6 quinine @8) 34 24 (S

7 quinidine @9) 37 45 R)

8 dihydroquinine $0) 41 22 (9

9 dihydroquinidine 1) 47 47 R

10 EtOH 75 0

11 toluene 74 70R)

After optimization of the reaction parameters, the chiral base was regenaradid from the proto-
nated specie§2 with K,CQOs, enabling the application of catalytic amounts of chiral base (104nol
Scheme 11).

With this catalytic approach, the produt2 was obtained with 7 eg while the stoichiometric methods
provide under optimized conditions up to%2e The authors proposed a tightly bound substrate/base

11



1. Theoretical Background

N
TsO\N A

)\/U\OEI / \ - /u\(;t

4 52

N
9
KHCO;3 + KOTs - \ / K,CO3

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

complex as the cinchona alkaloids with a hydroxy gro@@tp 51) exhibit increased enantioselectivity
compared to the bases without hydroxy grodpto 45). This is further supported by the logein polar
solvents such as EtOH, as they can interfere by solvation. This provided a new widely applicable synthetic
method to obtain enantiomerically enrichad-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 organocaBalysts
(Scheme 12). These thioureas served as the source of chirality as well as activating the leaving group by
H-bonding (). After optimization, a maximum of 98 eewas achieved by lowering the temperature down

to 20°C and a reaction time of 48 h with a 3,5-(@)t 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 enantioselectivitj!]

)SL proposed dual activation:
N :
A A O
53 : 1 I
30,50 (5 mol%) N H H _NJ
290U Na,CO : oo :
N 2 3 - \. 2 H (o) '
U co,R? o RiZWCORT N Foo
RY 2 toluene, H : R Y U\\;k
54 T, t E RY & ORZ

55 :
up to 93% ee |

Scheme 12:Chiral thiourea catalysed asymmetric Neber-type rea¢tfdh.

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 li§2®@nd a racemic ring
contraction reaction of isoxazoles by the group of GReTwo years later, the Ohe group reported the
enantioselective transformation of isoxazdiédo azirine57, catalyzed by [RhCI(gH4)2]2 and a chiral

dien ligands8 (Scheme 137!

12



1.2. H-Azirines

i Ligand:
: iPr
.0 [RhC|(C2H4)2]2 (2.5 mol%) : O i-Pr
N )—OR? 58 (5.5 mol%) N ;
2 DCE OR® |
R 40°C,17h o : Me ,
: i-Pr
56 57 58
up to 99% vyield
up to 94% ee

Scheme 13:Results by the Okamoto-group using a chiral diene/rhodium catalyst system for the ring contrac-
tion of isoxazole$6 to chiral H-azirines57.177]

The reported substrate scope contains a variety of aromatic grougsaaidRor R aliphatic, aromatic
or halogen moieties were tolerated. Modi cations of Rere also reported in form of methyl, ethyl, and
i-Pr substitution, which resulted in the corresponding ester functioflity.

The proposed catalytic cycle (Scheme 14) starts with the coordination of the sula&itateéhe pre-
formed chiral diene dirhodium speciB8 which forms the isoxazole complék. After N,O-bond cleav-

age, rhodium imido complelitl is formed, which undergoes a ring reconstruction via nitrene insertion
to the azirine compleXV . Subsequent release of the prodbétand coordination of substraf® leads

to intermediatdl , closing the catalytic cycle. This catalytic cycle is further supported by DFT calcula-
tions. The authors reported that no transition states with suf cient low activation barrier were found for a
concerted [1,3]-sigmatropic rearrangement fridrto [V .[7]

Cl ) .
(diene*)Rh/\ :Rh(diene*) diene*:
Cl i-Pr
59 o O i-Pr
- ORS
6 AT
1 2 Me
N R R i-Pr
lﬁfz 56
R 3
OR [Rhi~pO\—~OR?
% \
57 Rl R2
1
56
'Eth] o
\LuR2 [Rh]=N>_2—0R3
1 —
R‘%_ORs Rl RZ
(@) ~—
\Y) 1l

Scheme 14Catalytic cycle of the ring contraction reported by the Okamoto gf6iip.
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1.3. Chiral-at-Metal Ruthenium Complexes

The rst 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 avb solution of racemiccomplex60 with 1 eq

L -tris[tetrachlorobenzene-1,2-bis(olato)]phosphate@4) TRISPHAT) led to precipitation of complex
[D-6Q)[L-61], which was Itered off. The obtained yield ranged from%30 50% with the opposite
enantiomer L -60][PFs]» in solution. The same method could be applied using the opposite enantiomer
D-61 leading to the precipitation oL[-60][ D-61],. The shown con guration® andL can be described

as right-handed or left-handed propeller respecti?&f).

-
T PF T (PF cl
(PFe)2 (PFe)2 o o
Me cl o cl
Ve cl O, | <O
e
7N
Me cl o” | Yo
Me cl O Cl
cl cl
cl
L-60 D-60 D61

Scheme 15:Initial work by the group of Fontecave in 2003 with the ruthenium complé@&m L andD
con guration and the TRISPHAT anio®ilin D con guration[1%3

The complex D-60][L-61], was applied within the same work as catalyst for the asymmetric oxidation
of sul de 62 with H,O» to sulfoxide63 (Scheme 16) with up to 28 ee The same result was obtained
using |L-60][PFg]2> which resulted in the produ@3 with the opposite con guration. This was the rst
example of chiral-at-metal complexes applied as asymmetric catéi§Ats.

[D-60][L-61]> or
[L-60][PF¢]2
(2 mol%) o
N H .
Ssve 202 (3 eq.) g
_— Me
Br MeOH
rt,8h Br

62 63

100% conversion
18% ee.

Scheme 16:Asymmetric oxidation of the sul dé2 to the sulfoxide63 using the chiral-at-metal complexes
60.[103]
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1.3. Chiral-at-Metal Ruthenium Complexes

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-
plexes for asymmetric catalydi€*-1131The Meggers group showed a novel chiral-at-ruthenium complex

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

S

R T 1(PFe)2 Rz “1(PFe)2
(\ | |
7 "N° N Me Me N™ N7\
Z Q
N, | ~NZ Ny, | ‘:r\?
Mes - Mes
Mes, Ru\ /Ru Mes
| AN
AN Z
\§
Z
R R X
L-64a (R = 3,5—Me,Ph) D64a (R = 3,5—Me,Ph)
L-64b (R = H) D-64b (R = H)

Scheme 17Chiral-at-metal ruthenium catalysidaand64b.[114]

The complex64a was synthesized by reacting RyQlydrate withN-(pyridinyl)-imidazolium salt65
which provided the racemic compl@da (Scheme 18). The key step for the chiral resolution is based
on the reaction with enantiopure salicyl oxazolifg-66 as chiral auxiliary. This reaction converts the
racemic complex into two diastereomeric complexes, nameg|$)-67aandD-(S)-67a These were sep-
arated based on their different physicochemical properties for example during puri cation via column
chromatography, although-(S)-67a complex was not detected in this example. The unreacted com-
plex was enriched iD-64aand was subsequently reacted with the chiral auxiligyg6, providing the
corresponding comple®-(R)-67ain 32% yield.

This novel chiral-at-ruthenium compledda was suitable for the asymmetric alkynylation of tri uo-
romethyl ketone$8 with phenylacetylened@) providing access to tri uoromethyl propargyl alcohdle

with high yields and enantioselectivities (Scheme %Y. During the investigation, a variety of alkynes

was converted, including substituted phenyl moieties, heteroaromatic as well as aliphatic substrates. A
noteworthy substrate is keto& which was reacted using this strategy, providing the propargylic alco-

hol 72 with 58% yield and 926 ee This intermediate could be further converted into the HIV-1 reverse
transcriptase inhibitor EfavirenZ §).

15
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RUC|3-XH20
Br I\ ®
1) ethylene glycol
+ -~ O
NN 200°C, 8 h a \j PR
N 2) CHACN, =( N 5
Mes’ Agcl,DFG’ 60 °C OH (/\N N/
R = 3,5-Me,Ph 92% (S)-66 \ )
65 \ NEts ved ~0 TFA
Mos, \N/ —————> L64a
CH,Cl, { ‘ CHZCN
R 1(PFe) 60 °C, 16 h 25 °C, 30 min
® P 36% 92%
I Sy
N o
L-(S)-67a
Mes
Mes, RU\N
N~/ ‘ X o)
Me 7\
QNN ) R “1PFe
& “ T
Z OH >
R (R)-66 NS
rac.-64a O, | ~ N
NEts _ ol hes TFA
> P N—Ri Mes ——— D64a
CH,Cl, J | \N' CH3CN
60 °C, 16 h % J) 25 °C, 30 min
95%

R N

D-(R)-67a

Scheme 18:Synthesis of enantio enriched chiral-at-metal ruthenium compBxaadL -64d'14]

Ph
=
69
L-64a
(0.2 mol%) oh
(0] NEt; (0.2 eq.)
3 - HO //
CFs THF R” CFs3
16 h, 60 °C 70
68
up to 99% yield
up to 99% ee.
H (10 eq.)
L-64a
o (0.2 mol%)
al q NEtz (0.2 eq.) . FaC. FAC //
| CF3 > Cl —> CI o
A NH THF OH A
2 16 h, 60 °C NH, H (@]
71 72 73
58% yield
92% ee.

Scheme 19:Asymmetric alkynylation of tri uoro methyl ketone®88 with phenylacetylen&9 with chiral-at-
ruthenium catalyst64a and 64b and an exemplary application for the synthesis of the Efavirenz precursor
72'[114]
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1.3. Chiral-at-Metal Ruthenium Complexes

Density functional theory (DFT) calculations suggested a transfer of the nucleophilic alkynyl via a ruthe-
nium alkynyl intermediate to the electrophilic keto68. The tri uoromethyl group was essential for

this transformation, increasing the electrophilicity of the ketone. Later, the Meggers group expanded
the scope by using per uorinated acetophenone derivatives, while acetophenon remained still unreactive
towards this transformatidi>-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 acetamid@d, which provided imidazolidinones

75 (Scheme 20). The reaction was conducted in presenceteftelutyl dicarbonate (Bo®) in 1,2-di-
chlorobenzene (1,2-DCB) at 85 °C for 48 h. After various changes on the the catalyst, c@dipleas

found to provide the best result of @3yield and 9% eel'17]

/@/R “1(PFg)2
P L-64b (R =H)

(/j\' N e L-64c (R = Ph)
N, | N L-64d (R = 4-tBuCgHa)
Mgg 'le‘\ L-64e (R =4-CF3CgH4)
N \/ | N\\ L-64f (R =3,5(tBu),CgH3)
«’ Me L-64g (R = CF3)
NN N L-64h (R =TMS)
|
Z R
64h
o] (1 mol%) O
Ph/\NJ\/N3 Boc,O (1.2eq.) Ph/\NJg
J 1,2-DCB Ph)‘l\{
Ph 85 °C, 48 h Boc
74 75
83% yield

91% ee

Scheme 20:Asymmetric intramolecular C(Sp-H amination of 2-azido acetamid@d with chiral-at-metal
ruthenium complexeld17]

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 suldstoatiee
ruthenium compleX64h, which forms the azido intermediat¥ . Release of K leads to the chelated
ruthenium-imido intermediafé. Dissociation of the amide under the formation of the nitréhéollowed

by the C—H insertion leads to the ruthenium coordinated imidazolidisheThe last step consists of

the release of the produ@b in presence of Ba®© under release of CQt-BuOH, CH;CN and re-
coordination of74, forming IV and completing the catalytic cyci’]
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—[Ru
N, )OI\/[.,{‘ ] CH3CN
>/ PN
Ph)
o 64h 2 CH3CN _[Ru] o
p
AN
Ph/\N #L» Ph/\NJ\/'}I‘N;N Ph N
Ph N Ph) v Ph Vi \[Ru]
/\NJ} - NJH
P )_N‘ i AN
P Boc BocO Ph H [Ru]
75 Vil

+t-BuOH + CO, +CH3CN

Scheme 21Proposed mechanism of CBpH amination of 2-azido acetamid&s’]

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 de cient 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 electfbphilic.

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 €)dp amination ofN-benzoyloxyurea derivatives

76. This provides an access to asymmetric cyclic urea derivaiivéScheme 22) which can be converted

into chiral 1,2-diamineg8.[118]

64h

(1 mol%) o
Q K»COs (3 &
2CO3 (3 eq.) —>  HyN HN-Me
Pha~y Ao -0B2 > i e > T\
r o H CH,CI ) PR
M 2L <
€ rt, 16 h PR
76 7 78

99% yield
95% ee

Scheme 22:C(sp’)—H amination oiN-benzoyloxyurea&-18!

Optimization of the catalyst showed the most favorable catalyst for this reaction was the trimethylsi-
Iyl functionalized catalys64h. The effect of the leaving group showed similar results for phemyl,
methoxyphenyl as well gstri uoromethylphenyl (9846 eefor phenyl, 946 eefor p-methoxyphenyl and

p-tri uoromethylphenyl). A non—aromatic leaving group suchteBu resulted in a diminished yield of
27% and 926 ee
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1.3. Chiral-at-Metal Ruthenium Complexes

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. Ole n isomerisation (Scheme 23)
further supports a stepwise pathway as isorig+70Q reacted under complete retention of alkene con g-
uration, while g)-79 showed eroded/E drof 4.4:1.

64h

. (1 molo) )OL
-Me
. HN” N ;
PhW\NJLN,OBz KoCOs (3 eq.) - \_J :
e H CH,Cl J| P
rt, 16 h oh 1 via
E)-79 :
(E) (E)-80 E JOL o
80% yield i | Med :
76% ee N™ "N—[Ru] Me“NJLI\'l— R
ZIE>20:11 H _ Y (Rl
64h 5 & H\/
(1 mol%) JOL i Ph
KoCOs (3 eq.) N ON-Me Ph
JL ooBz T2 L :
Ph Me CHCl; 3
rt, 16 h \\I\I\Ph
(2)-79 (E/2)-80
73% yield
91% ee
ZIE=4.4:1

Scheme 23:0le n isomerisation control experiment of benzoylurea derivath&8,

Based on these experiments, a catalytic cycle was proposed (Scheme 24). Coordination of the substrate
76to the metal catalyst and insertion into tRgD-bond leads to release of benzoic acid and the formation

of a ruthenium nitrenoid¥lll . As indicated by the experiments, a stepwise pathway with a 1,5-hydrogen
atom transfer (HAT) would provide the intermedid¥e Radical-radical recombination of this intermedi-

ate would lead to the ruthenium bound prod¥icRelease of the produ@¥ completes the catalytic cycle,
regenerating the ruthenium catalyst.

. .
H, PhCO,

Mes K= Rul
Ph\/\NJL .OBz \
V|||

[Ru] Me. JLN —RU

N
X i g
IX
Ve Me‘N\JL:N{'[Rul ~—

N-H

\_(

Ph Ph
77 X

Scheme 24:Proposed catalytic cycle for the C&pH amination of benzoylurea through a triplet ruthenium
nitrenoid!118!
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1. Theoretical Background

Non—C,—Symmetric Chiral-at-Ruthenium Catalyst

While the ruthenium catalysts presented previously by the Meggers group disgiayggmmetry, the
Meggers group reported in 2019 a novel type of chiral-at-metal ruthenium co®p(Scheme 25119

Based on two 7-methyl-1,7-phenantroline ligands, which therefor belonging to the rNHC complexes,
displays the same stereogenic metal centered chiralDyamidL con guration as the previous complexes

64.

N 1PFo: 1BF): T1(BFa):
I Z
(/\N N Me Rs Me
ps
/NJ""' | \“N/
Mes
Mes, RU\N
N\/ | \\M Rs
&,N N e Me
I ~N
Z
Ry
L-64b (R; = H) L-82a (R = Ph, R3 = t-Bu) 83
L-64g (R; = CFs) L-82b (R, = Ph, R3 = Me)
L-64h (R; = TMS) L-82c (R = H, Rs = Me)

Scheme 25: New non-C,—symmetric chiral-at-ruthenium catalys®2 in comparison to the bis-pyridin-
imidazolyliden complexe§4 and theC,—symmetric compleg3.

The synthesis proceeded via a racemic chloro-bridged dimer cor@glard upon reaction with a chi-
ral N-benzoyltert-butanesul namide35, the core structure isomerised and the auxiliary compi@was
obtained (Scheme 26). After removal of the sul namide, the @rsymmetric core structure was main-
tained. ItsCy,—symmetric counterpat3 was also synthesized fro8# with AgBF, in aracemicfashion
for comparison.

1 (PFe)s )OL 8 ph IPFs
Ph” "N~ "t-Bu M
e.
Me N 0
»t-Bu
(R)-85 | SN
K2CO3 RUL
- Ph / N/ \O)\Ph
EtOC,H,OH )
Me 100 °C, 16 h |
0,
46% N
Me
rac. 84 L-(S)-86

Scheme 26:1somerisation fronC,—symmetric compleg4 to non-C;—symmetric compleBe6.

This new coordination mode affected the catalytic properties of this complex compareciesisn-
metric counterpar83 and the established pyridinylimidazole based compl@&d&as shown for the in-
tramolecular C(sf)-H amidation reaction of dioxazolor8 (Table 4). While the norG,—symmetric
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1.3. Chiral-at-Metal Ruthenium Complexes

complexes2a 82band82cshow high selectivity for the amidation prod@8 of 84% to 93% yield over

the Curtius-type rearrangement prod@6t(entry 1-3), theC,—symmetric compleX83 showed a dimin-
ished yield for89 of 38% and an increased yield of 8dfor the isocyanat®0 (entry 4). On the other
hand, the pyridinyl NNHC complex&g! showed no evidence for the amidation prods@{entrys 5 to 7),

only the isocyanat®0was detected.

Table 4: C(sp’)-H amidation reaction of dioxazolor@8 catalyzed by different chiral-at-metal ruthenium

catalysts.
[Ru] 0
Ph/\/\r’N‘o 0.5 mol%
o~ - Hﬁb +  PHTN"NCo
o 1,2-DCB
rt,8h Ph
88 89 90
yield /%
entry catalyst 89 90 er
1 L-82a 93 6 95:5
2 L-82b 92 7 94:6
3 L-82c 84 15 92:8
4 rac.83 38 60
5 L-64b - >99
6 L-64g - >99
7 L-64h - >99

Hirshfeld charge analysis showed a corresponding trend as nitrene complexes derived from @e non—
symmetric complex82cshowed a total Hirshfeld charge of the nitrene @12, hence a more electron-
rich nitrene Co,—symmetric comple83 showed a total charge of0:11 and64b 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 baf#él.

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 noG,—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 Objective

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 nGg—symmetric rINHC, were proven as

ef cient catalysts for asymmetric alkynylation of tri uoromethyl ketorié¥!! intramolecular C(sp)-H
amination with azidd$?1, 1,4,2-dioxazol-5-oné$°l, 2-azidoacetamid&4’], andN-benzoyloxyure&!él
compound¥6 (Figure 4).

a) L S L
R R
R? 1 (PFe) R2 “1(PFe)2 L
S 2 Known: R* = H;
(\ p o /3 L-64b (R2 = H)
7 "N° N Me Me N™ "NTN L-64c (R? = Ph)
~ =
NJ',,,' | “\N/ \\N", &\\LN L-64d (R? = 4-t-BuCgHa)
Med s “di. Mes L-64e (R? =4-CF3CsHa)
Mes, ~n N Mes L-64f (R? =3,5(t—Bu),CgH3)
N*/ | X FZ | \fN L-64g (R? = CFs)
Me Me 8
&,N Ny N NJ) L-64h (R? =TMS)
|
ZNR2 R Unknown: R'6 H; R? =H
R! R?
L-64 D-64
b) [Ru] = NS “1(PFe)2
oy
[Ru] (0.05-1.0 mol%) o an Me
o K2CO3 (3.0 eq.) L ,N’\ | N7
R\/\NJ\N,OBZ > H~N N*R Mes le"‘
| 1 CH,CI / Mes, ~,
R OH 2Cl, § N ASS
rt,16h R Me

N
76 77 «,N Ny
—

up to 99% vyield
99% ee

64h

Figure 4: a) Overview of the chiral-at-metal ruthenium complexes vH{2-pyridinyl) substituted NHC
ligands. b) Enantioselective aminationdfbenzoyloxyure& 6 with a chiral-at-metal ruthenium cataly&th
by Zhoul18l

The substitution at the C-5 position of the pyridine moiety, marked%svith 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 in uences of the ligands, the rst 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 modi cations, ¢d€ated at the C-4 position of the
pyridin moiety, were chosen as points of interests.
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Figure 5: Proposed points of modi cation with EWG and EDG substituents.

As a secondary objective, by combination of the ros-symmetric rINHE&® with the structural stabil-
ity of the N-(2-pyridinyl)-substituted NHC ligand-system, a modi cation 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 Modi ed Chiral-at-Ruthenium Complexes
3.1.1. Synthesis of Ruthenium Complex 64i

The experimental study was initialized with the modi cation of the chiral-at-metal ruthenium coréglex

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 rst been reported by Griindemann
et all'22l and has been modi ed by the Meggers group over the past V%¢4&fs’121The imidazolium

salt was synthesized by reacting 2,5-dibromopyrid# fith 1-mesitylimidazole$92) at 190 °C for 19 h

and the target imidazolium s&@Bawas obtained in 9% yield as an off-white solid (Scheme 27).

ﬁi o
~
N

solvent free,

91 190°C, 19h
92%

Br

Scheme 27:Synthesis of imidazolium sa®3astarting from 2,5-dibromopyridiné®() and 1-mesitylimidazole
(92).

Following modi ed literature conditions, imidazolium s&l8aand RuC} were stirred in ethylene glycol
at 175 °C for 15 h followed by treatment with a saturated aqueougPRgsolution (Scheme 28§14.117]
The yellow precipitation was collected by suction, rmly rinsed with water, redissolved igGDHand
stirred with AgPF at 50 °C for 5 h which provided thecemiccomplex64iin 90% yield.

/@/Bl’ “1(PFg)2

B 1) RuCls, ethylene glycol ,\ |

(/\Kj » 175°C, 15 h _ Mes /
es
lj

N~ g " 2) NH4PFg(aq) \\/ |

Med 3) AgPFg CH3CN N
93a 60°C,5h U\

90%
rac. 64i

Scheme 28:Metalation of the ligan®@3awith RuCk in ethylene glycol following the published procedure by
the Meggers group14117]

The obtained yields were with 90in the upper range compared to the previous ruthenium complexes of
the Meggers group (84 to 924).[1141171 Crystals suitable for single X-ray diffraction were obtained by
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3. Results and Discussion

slow diffusion of E4O into a solution oB4iin CH3CN, crystallizing in the monoclini€2=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 literaturegfep anteraction

of such systemg23]

Figure 6: Crystal structure of comple@4i. ORTEP drawing with 5% probability thermal ellipsoid. The

PFs~ counteranion and the solvent molecules are omitted for clarity. Selected bond lengths [A] and angles
[°]: Rul-C1#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), C1#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 Al

In order to obtain enantiomerically enriched chiral-at-metal complexes, the previously reported chiral
auxiliary mediated procedure by the Meggers gfbtdpwas applied by reacting the compl6#i with a

slight excess of salicyloxazolin&) 66 under basic conditions in Gi€l, 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 diasterda/(&+94a decomposes due to
auxiliary cleavage. The compléx(S)-94awas obtained in 4% yield as an orange to red solid.

With pureL-(9-94ain hand, an acid induced protonation of the auxiliary in presence afGDHwas
conducted as the second step by treating a solution of the corhp{&-94ain CH3CN with TFA at
25°C. The desired enantiomerically enriched compleg4i was obtained in 9% yield as a yellow
solid.
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O
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Scheme 29:Chiral-auxiliary-mediated synthesis of enantiomerically enriche@4i using the chiral salicyl
oxazoline(S)-66.

In order to determine the absolute con guration, HPLC-spectra and enantioselectivity for known catalytic
reactions were compared to complexes with known con guration.

HPLC analysis (Figure 7) of the enantiomerically enriched compleddi was compared to reported
complexes of known con guration. The reported order of elutidn &s the rst eluting complex followed

by the correspondin® complex14! The major signal with a retention time of 43.5 min corresponds to
the rst eluting enantiomer, which further suggetson guration. The minor signal which would be
expected at a retention time of 46.0 min was not observed. However, accurate determina@ais of

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 n@cemic(bottom) complex64i. Conditions: Chiralpak 1B
(250 x 4.6 mm), 0.8 mL mif, H,O + 0.0%%6 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_-64iwas applied in the previously report&d! alkynylation of tri uoromethyl ketones and
selectivity as well as absolute con guration of the product were compared with the previously reported
catalysts. The results, which suggestedon guration, 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_-64i (MeOH, 0.2 mv).
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3.1. Synthesis of Modi ed Chiral-at-Ruthenium Complexes

3.1.2. Synthesis of Electronically Modi ed 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¥spH amidation starting from 1,4,2-dioxazol-5-on@8 for a
selective formation of -lactams89.[12%1 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’\s¢dpnsertion to the -lactam89while
suppressing the formation of isocyan8teby Curtius rearrangement (Scheme 30). The catalyst system
is based on a Cp*-Ir(lll) center with a bidentate ligand which was subsequently modi ed during their
research. Starting from an oxygen donor which gave &1 ratio of89 to 90, several modi cations

were made ending with a nitrogen donor ligand that was further modi ed by electron donating groups
(here in form of an OMe and a methoxycarbonyl, short Meoc, group) changing the select®ayo®0

> 20:1. The change in selectivity is remarkable, especially since DFT calculations indicate a signi cant
higher energy barrier for the C&pH insertion (12 kcal/mol) compared to the Curtius-type rearrange-
ment (9.6 kcal/mol§2°]

Catalyst (10 mol%)
O NaBArF, (10 mol%)
oK

Ph\/\/'\\N'O CD,Clp

\i
T
+
o
§
Z\
Q

Ir: Ir. Ir.
TSN i INTT el 7SN/l 7SN/l
=0 N, N MeO N,
R Ts )}’ Meoc

0
29% (33%) 35% (17%) 70% (14%) 97% (<5%)

Scheme 30:C(sp’)-H Amidation reaction catalyzed by different iridium catalysts by the Chang group. The
electronic nature of the ligand in uences the ratio of insertion and the Curtius rearrangement pathway. The
yields are given foB6 and for90in parenthesi&:20

Based on the previous design with two pyridinyl-NHC ligands and two acetonitrile ligands, it was pro-
posed that modi cations 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 teedonor as well as the-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 locateadansto 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 algMep as the electron

donating group.
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Figure 9: Design concept of chiral-at-metal ruthenium complegés-m with different modi cations 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 inclugés tyeeS
reaction 0of92 with 2-substituted pyridines (Scheme 31). Starting with the 4-pBlebstitution,N,N-
dimethylaminopyridine 47, DMAP) was used as a commercially available starting material. According
to a published procedure by Cuperkstyal2%], subsequent lithiation and addition of a halide source like
CBry4 or C,Clg gave the corresponding halogenated DMAP derivat®&sand98b in 50% respectively
72% yield as beige to brown solids.

For the next step, thex@r type reaction of the pyridineé88aand98b with imidazole92, 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 bromid®3galtwas
obtained in 966 yield as a beige to brown solid, while the corresponding chloride9®dltvas obtained

in 44% yield as a brown solid. The RFerivative99cwas precipitated by treating an aqueous solution
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3.1. Synthesis of Modi ed Chiral-at-Ruthenium Complexes

of 99b with a saturated aqueous solution of NMrs, providing the target produ@9cwith 81% yield as
an off white solid.

. =\
1. n-BulLi N
N7 DMAE N Mes \N—
2. CBryor C2C|6 92 —\ + —
S - N
N \
| > n-hexane | _ 160 - 170 °C Mes™ 7 N Y,
N -78°Cto0°C X= N 24h X~
97 98a (X = Br, 50%) 99a (X = Br, 96%)

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

NHPFs(aq) L g (X = PFg, 81%)

Scheme 31:Synthesis of the N,N-dimethylamino substituted ligand precurséga—.

In theory, chlorine as the more electronegative element should show an increased reactivity as the C—ClI-
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 RuCl
under similar reaction conditions as shown before (Chapter 3.1.1). Pre@@aogsulted in the target
product64j in 43% yield (Table 5, entry 1). Precurs@Bb provided under similar conditions an isolated
yield of 50% (entry 2), while imidazoliun®9cshowed 566 yield of complex64j (entry 3). Furthermore,

a second complex was observed under these conditions in a ratio of 73:27 as determthedIMR of

the crude mixture (Figure 10). Due to insuf cient separation, only compljxvas isolated. A side by

side comparison of the ligand precursor as brom@figl and chloride 99b) salt (entry 4 and 5) with a
prolonged reaction time for the third step increased the yield of the target coBdilés 58% starting

from precursor99a However, the chloride saf9b provided the same unidenti ed 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 salt99a), decreasing the temperature of the rst step to 120°C and keeping the time of
the third step short with 1 h, the selectivity towaisl§j 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 precursB8cwith PRs-anion, an increase of the reaction time in the third step resulted in
no formation of the target compléd,.
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3. Results and Discussion

Table 5: Reaction conditions for the synthesisratcemic64j which also gave an unknown complex, here
called Dia X.

N T1(PFo):

N
D 1) RuCls, ethylene glycol (/\ //Me
+ I < Tt IN /N
(/\N N > Mes R
A - 2) NH4PFeaq) es, \\/ | ~n

N X N SN
/ 3) AgPFg, CH3CN
Mes 60 °c,6 t ’ Q\/N N Me
99a (X = Br) I Z
99b (X = Cl)
99c (X = PFg) N
rac. 64j
Entry Stepl  Step 3 ratio yield®
99 t/h T/°C t/h 64 Dia X 64 Dia X

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 g7
6 a 21 120 1 >05 <5 58 0
7 c 16 175 18 0 100 0 30

@ Calculated fromtH-NMR of the crude mixture after the third step.
b |solated yields after column chromatograptyEstimated yield
assuming similar molecular weight @4j 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 fit¢-NMR spectrum (Figure 10) shows twice the amount of
signals compared t64], a non-£,—symmetric geometry is assumed so far.

Crystals suitable for single X-ray diffraction were obtained by slow diffusion gDHto a solution 064j

in CH3CN, crystallizing in the monoclini®2;=c spacegroup. With CECN, complex64j crystallizes as
yellow plate§'26l whereas CHCI, led to crystallisation as green needi€g] Both crystals were measured
and re ned (Figure 11), verifying the expected coordination mode with the pyridine moietiesans
fashion as well as the NHC moietiéi®ns to the labile CHCN 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
complex64i (Figure 6), thus @-p interaction of the ligands is assumed.
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Figure 10: Excerpt of the'H-NMR spectrum of a) clean complédj and b) the observed mixture with an
unknown complex as shown in Table 5, entry 3. Spectra were recordeds@NXLD

Figure 11: Crystal structure of compleg4j. ORTEP drawing with 5% probability thermal ellipsoid. The

PFs~ 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-Ru1-N107 93.75(8), N27-Rul-C101
90.88(9), N27-Ru1-N107 86.09(8), 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 compleg4j in hand, the reported chiral auxiliary mediated procedure by the Meggers
groug*4 was applied by reacting compléxj with a slight excess salicyl oxazoling)¢66in presence of
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NEtz in CH,Cl, at 60 °C (Scheme 32fH-NMR analysis of the crude product indicated the formation of
complexeD-(§-100andL -(S-100, however a suf cient resolution of the two diastereomers via column
chromatography could not be achieved. At this time, the Meggers group successfully applied &ghiral (
sul nyl benzamide85 as chiral auxiliary!1®! With this auxiliary, a resolution of the diastereomers was
feasible obtaining the corresponding complexS)-101% in 19% yield as green solid. Due to insuf cient
separation of the two diastereom&4S)-101andL -(S)-101, no higher yields were accomplished.

After the resolution, complek -(S)-101was treated with TFA in CECN at 25 °C for 2 h to replace the
coordinated auxiliary with CECN ligands (Scheme 32). The enantiomerically enriched compléx®j
was obtained in ™ yield as a yellow solid which turns green in presence obCH. The assignment of
the absolute con guration was according to the results of previously reported Fe$litad by subjecting
complexL -64;j for the reported alkynylation of tri uoromethyl keton&€s# Comparison of the obtained
results with the reported data suggesitedon guration and will be shown later in this work (Chapter

3.2.3).
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Scheme 32:Top: Attempted chiral resolution edcemic64j using salicyl oxazoline auxiliary§j-66. Bottom:
Chiral resolution ofracemic64j using sul nyl benzamideR)-101 followed by TFA induced ligand replace-
ment provided complek -64j.

1The formal assignment of the absolute stereochemistry at the sulfur according to the Cahn-Ingold-Prelog priority rules
changes froniR to Supon coordination.
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3.1. Synthesis of Modi ed Chiral-at-Ruthenium Complexes

Synthesis of the Dimethylamino Substituted Derivative in C-5 Position.

Following a modi ed reported procedure by Bejoymohandtal128], 6-bromo-3-aminopyridinel(024)
was reacted with NaH and methylene iodine in THF at 0 °C, provided the dimethylated pddiBect
in 66% yield as a yellow solid. The uorine derivativE02bwas subjected to the same procedure which
provided the corresponding dimethylated pyridif@8bin 83% yield as a colorless liquid. This compound
was later converted into its hydrochloride salt3b HCI by precipitation from a CHCI, solution and
HClg) in near quantitative yield as a colorless crystalline solid (Scheme 33).

NaH

I
JI\/j/NHZ Mel U HCI(g) N
I
X7 N THF CH2C|2 7 N7 eHCI
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-NMgesubstituted pyridine03g 103band103b HCI.

Similar to the previous imidazolium sal@3, 99 or 104, the pyridinesl03aand 103b were heated to
120 °C with imidazole92 under solvent free conditions (Scheme 34). Neither for bromine derivative
103anor the uorine derivativel03b showed formation of the produdi05aor 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 towagds aegction,

the pyridine hydrochlroida03b HCI was synthesized as shown earlier. The protonation of the pyridine
should therefore counter thdvl -effect of the NMe-group. The hydrochloride sel03b HCI was heated
under solvent free conditions with imidazd@ to 170 °C for 17 h which provided a mixture of com-
pounds. Puri cation neither by fractional precipitation nor by column chromatography provided a clean
product.

=\
/

| | Mes’N\/ =

92 =\ + ==
| N o ﬁN\ - > Mes’N\l/N@\N\/
X7 N7 F N7 eHCI 120 °C - 170 °C X
16h

103a (X = Br) 103b HCI 105a (X = Br)
103b (X =F) 105b (X = F)

Scheme 34:Attempted synthesis of the 5-NMsubstituted ligand precursafs.

The bromine derivativd03awas also subjected to Ullmann conditions with CupQGOs andL-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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=\
/)
Mes’N\/
92
Cul
| K2CO3'
|\ N L-pr/o/line I/\ ( y;
P 77 > Mes” AN N / N
N 120 °C to 170 °C Br

16 h
103a 105a

Br

Scheme 35: Attempted synthesis of the 5-NMesubstituted ligand precursd05 with a copper catalyzed
Ulimann 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 investigdtéd. starting
material, the ruthenium complédi was chosen as it bears a halogen atom at the desired position of the
ligand. The complex64i was reacted with acetylacetone (ack@g) in ethoxyethanol at 60 °C for 3h
which provided the target compléX7ain 74% yield as an orange to red solid (Scheme 36).

Br PF _l PFG
i BN “1(PFe)2 o o /(j/
4
(/\N N Me)l\/u\ Me
N/\ | i o ’\ |
Mes R KeCOs Med /
Mes, Y Ethoxyethanol Mes, "~o
N\/ X oxyethano \\/|

& | Me 60°C, 3 h
NN N 74%

rac. 64i rac. 107a

Scheme 36:Synthesis of the ruthenium compléR7a

The complextO7ahas 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
complex107ain hand, the late stage Buchwald Hartwig cross coupling was investigated (Scheme 37).

T1PFg
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+

Q\,N N Tt

rac. 107a

Scheme 37Tested Buchwald conditions for the late stage modi catiod@7a
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3.1. Synthesis of Modi ed Chiral-at-Ruthenium Complexes

The complext07g 10 moP6 Pd(OAC) as catalyst, equal amount of SPhos as ligand, 4 eq#£Gsand

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 complex07bwas observed. Increasing the catalyst and ligand loading to 4&mol
(entry 2) showed also no conversion of the com@déXa The amine was changed to morpholii®9

as the major amount NMenight be in the gas phase at 80 °C, but still no conversion was observed (entry
3). The catalyst loading was increased to 30¥hahe ligand to 40 méhb and the reaction temperature to
100 °C (entry 4) but no conversion was observed within 24 h. The base was changedt{BiNamich

is a reported alternative used for lower catalyst loadings (ent}?%)This showed no conversion to the
desired complet07c A change of the ligand to RuPhos (entry 6) also showed no conversion.

Table 6: Tested conditions for the Buchwald Hartwig cross coupling of comp@3a

Entry Pd(OAc) Ligand loading Base Amine T t
/mol% /mol% leq. leq. /°C /h
1 10 SPhos 10 GEO; 4 108 3 60 24
2 40 SPhos 40 CCO; 4 108 3 60 20
3 10 SPhos 15 GEO; 3 109 3 80 18
4 30 SPhos 40 CCO; 3 109 3 100 24
5 10 SPhos 20 NacBu 3 109 3 80 18
6 10 RuPhos 10 NaQ:-Bu 1.3 109 3 80 16

After evaluation of the topology of a putative oxidative addition prodtitiie 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.

OMe

OMep "

Br\ m
—C—WNR'U— < S

Mes— N\)

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 modi ed literature condition§-22 commercially available 2-chloro-5-nitropyridin2X0) was
heated with imidazol®2 under solvent free conditions to 150 °C for 18 h provided the target imidazolium
salt 104ain near quantitative yield as a beige solid (Scheme 38). ThesBE104b was precipitated

by treating an aqueous solution b®4awith a saturated aqueous solution of KPproviding the target
product in 896 yield as an off white solid.

=\
4
MeS/N\/
N0z 92 A\ /=
N \
I MeS/N\/ / N02

- - N
Cl N solvent free
150 °C, 18 h

X
104a (X = CI, 99%)
KPFeaa) L 10b (x = PFe, 89%)

Scheme 38:Synthesis of the 5-N@substituted ligand precursot®4aand104hb

The two imidazolium saltd04aand104bwere reacted with Ruglunder conditions shown previously
(Scheme 39), but according tb-NMR analysis the target compl@&4mwas not formed. Neither imida-
zolium saltl04anor 104bwere detected byH-NMR or TLC, indicating complete decomposition of the
imidazolium salts, rendering this synthesis approach unsuitable.

In 2011, Bernekt 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 salts04aand104cmight behave similarl{t33] To circumvent a direct metalation,

the transmetallation procedure reported by Bestedl was applied by reacting [Rpfcymene)Cl]»

(111 with the imidazolium saltl04b and AgO as transmetallation reagent in gEN at an ambient
temperature for 30 h. Thecymene NHC compleg12was obtained in 3% yield as a yellow solid. The
complexl12was reacted with the imidazolium sald4bin CH3CN at 90 °C for 17 h using a pressure tube

but the target comple&4mwas not obtained. Instead, the tetra acetonitrile complsdwas obtained in

63% yield as a yellow solid. The compleXL3was reacted in presence of Ag and the imidazolium salt
104bin CH3CN rst at room temperature and subsequent heating to 90 °C using a pressure tube, however
the target compleg4m was not obtained under these conditions.
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Scheme 39:Tested conditions for the synthesis of complagemic64m.

Parallel to this investigation, a more promising discovery was made, so the investigation of the;5-NMe
and 4-NQ 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 modi ed catalysts, a new complex was formed by reducing the temper-
ature from 200 °C to 150 °C besides the known comgidékwhich was obtained in 38 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 identi ed as unreacted imidazoliun®3hlby 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 cédiEexa

non-Cy-symmetric complex was proposed (Scheme 40).

complex 64i

. ) s T T N T

imidazolium salt 93b o o<t o ™~ I~ ™

S 20 S S @

new complex — oS- —i —o o

mixed signals
T T U T RN T = it B T T
n o o N~ N~ [e2X )] N~ [82] wn A Mo ™ ©
n o o < n 1o o @ 0 —Noo @ 0
o — o o o O O o —AN-HO o o

94 92 90 88 86 84 82 80 78 76 74 72 70 68 66 64 62 60 58 56 54 52

chemical shift /ppm

Figure 13: Comparison of théH-NMR (measured in CECl,, 300 MHz at 300 K) of comple®4i (top) with
a new species (highlighted in green), obtained in a 1:2.1 mixture with imidazoliur@3althighlighted in
red,). Indistinct signals resulting from both compounds are highlighted in blue.
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Scheme 40First occurrence of noies—symmetric aNHC complekl4a

Single crystal analysis provided nal proof for the n@y—symmetric complex where one NHC ligand co-
ordinates with the abnormal C4 carbon (Figure 14). This new complex features two coordination modes, a
NnNHC 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 complédi. The mesityl moiety of the abnormal bound ligand points

away from the metal center.

©
Figure 14: Crystal structure of complekl14a ORTEP drawing with 5% probability thermal ellipsoid. The
PR~ counteranion and the solvent molecules are omitted for clarity. One imidazole part of the ligand co-
ordinates with the abnormal C4 carbéft! Selected bond lengths [A] and angles [?]: Ru1l-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-Ru1-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-N1
90.19(9). The distance of the centroids is indicated with a dotted green line and given in A.

Besides the shown compléX4g the corresponding GRlerivativel14bwas obtained as well and used
for further investigation a8H-NMR analysis of the crude mixture allowed clear identi cation of individ-

ual signals for each compound (Figure 37, Chapter A).

41



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 Crabteteal. for their iridium complex*®! Therefore, the in uence

of Br—, PR ~, BF4~ and Sbk~ as anion for this system was investigated. The synthesis of these ligands
followed the previous reported procedure for thesGand and counteranion exchange in similar fashion

to the previous ligands. 2-Bromo-5-(tri uoromethyl)pyridin&l®) was reacted with imidazol@2 under

solvent free conditions at 180 °C for 20h. This provided the imidazoliumls&iain 91% yield as a

off white crystalline solid. Precipitation from an aqueous solution either with aqueoug, KIPzBF, or

NaSbk provided the corresponding imidazolium saft6b (81%), 116c¢(86%) and 116d (73%) as off

white crystalline solids (Scheme 41).

KPFe(aq) =\ /=
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Scheme 41:Synthesis of the Cfsubstituted imidazolium saltkl6a 116b, 116cand116d

With the imidazolium salts in hand, the synthesis of the aNHC complex was investigated (Table 7). At
200 °C and the bromide sdltil6aas ligand precursor, only the formation of the nNHC comiégwas
observed (entry 1). Lowering the temperature to 120 °C with an increased reaction time of 63 h provided
a NMR vyield for64gof 19.486 and for114bof 48.®% resulting in a ratio of 2.5 : 1 in favor of the aNHC
complex114b (entry 2). Using the Pésalt 116b under this conditions, a NMR vyield of 94 for the

NNHC complex64g and 55.06 for aNHC complex114b was obtained (entry 3). This resulted in an
improved ratio of 5.7 : 1 in favor of the aNHC compl&g4h. Similar results were obtained with the BF
salt116cwith a NMR yield of 10.26 for 64g 55.9% for 114band a resulting ratio of 5.5 : 1 (entry 4).

A further improved ratio of 6.9 : 1 was observed using thegaft 116dwith a NMR vyield of 6.9% for

NNHC complex64gand 47.86 for 114b (entry 5). Although using the SFsalt provided the best ratio

in favor of the aNHC compled14b, the Pk salt116bwas 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 vyield of 6.% for nNHC 64g and 55.96 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 yieldofd@.4
NNHC 64g 62.26 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 vyield of%.for nNHC complex64gand 54.86 for aNHC

114b, resulting in a ratio of 9.3 :1 (entry 8).
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3.1. Synthesis of Modi ed Chiral-at-Ruthenium Complexes

Table 7: Synthesis optimization of mixed normal/abnormal NHC comglgshb.

/O/CFS “1(PF¢)2 (H: rj/CFg “1(PFg)2
1) RuCly, 7 N N Me ~N AN N M
| Xy CFs ethylesne glycol (N:\ N/ Mes=NO I N/ ¢
N iz T!t MeS/
(/:,l'\l N > Mes, RuL es Ru\
N X 2) NH4PFg (aq) \/ NR. ‘N \/ |
Me¢ 3) AgPFs, CH5CN, Q\/N N Me Q\/N N
116 60°C,2h [ N
2 CF, %
rac. 64g rac. 114b
conditions ( rst step) NMR yield$ ratio
entry X T/°C t/h 649/ % 114b/% 114b64g
1 Br 200 6 66.9 0 onlp4g
2 Br 120 63 194 48.0 251
3 PR 120 63 9.7 55.0 5.7:1
4 BF, 120 63 10.2 55.9 55:1
5 Sbk 120 63 6.9 47.8 6.9:1
6 PR 100 89 6.9 55.9 8.2:1
7 Pk 90 89 6.4 62.2 9.8:1
8 PR 90 135 5.9 54.8 9.3:1

aSee chapter A.2 for details.

The corresponding bromine compl&t4awas 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 saltsl7aand99cwere tested under the optimized conditions. Surprisingly,
no aNHC derivatives were observed in both cases (Scheme 42).
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Scheme 42:Tested conditions for aNHC formation using imidazolium s8Bg, 117aand99¢. n.i. = not
isolated, n.o. = not observed, calculated NMR yields are given in parenthesis.

Figure 15: Crystal structure of complegt14b ORTEP drawing with 5% probability thermal ellipsoid.

The PR~ 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-Ru1-C13 78.41(5), N3-Ru1-C30 97.30(5), N6-Ru1-C13 99.89(5), N6-Ru1-C30 79.07(5), C13-
Ru1-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

aNHC 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 an#8gEhis 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 resutazemicmixtures of the corresponding complex or mix-

tures ofl14band64g 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 Modi ed Chiral-at-Ruthenium Complexes

of these complexes, the aNHC complEdbwas dissolved in CBCN and heated to 80 °C for 24 h and
48h under an B atmosphere!H-NMR analysis showed slight decomposition of the complex, but no
detectable rearrangement of the aNHC comdlg#binto its nNHC counterparé4g (Figure 16). This
implies a signi cant energy barrier for the interconversion into the thermodynamic more stable nNHC
649

a) 114b

b) 24h

c)48h

d) 649

7.20 7.15 7.10 7.05 7.00 6.95 6.90 6.85 6.80 6.75 6.70 6.65 6.60 6.55 6.50 6.45 6.40 6.35 6.30 6.25 6.20 6.15
chemical shift /ppm

Figure 16: Investigation of the thermal stability of the nd@y—symmetric complex14b which contains a
normal as well as an abnormal NHC. Excerpt$lefNMR spectra are shown for the complek4bin CD3CN

after heating at 80 °C undero,Mitmopshere for 24 h (b) and 48 h (c). Reference spectra of a freshly prepared
solution of114b(a) and64g(d) are also provided for comparison.

A similar experiment carried out in GIZl, showed no decomposition of aNH(14aafter 24 h at 4°C

while at 20 °C the complex starts to decompose (Figure 17). After 72 h at 20 °EHtN&VIR spectrum

showed no signi cant changes compared to the measurement after 24 h. The signal at 9.1 ppm is affected
by this decomposition and shifted down eld to 9.3 ppm. This signal corresponds to the C-2 proton of the
abnormal bound imidazole. Comparison to the nNHC compledashowed 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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a) aNHC 114a

b) After 24h at
4

c) After 24h at
20C

d) After 72h at
20C

e) NNHC 64i

100 98 96 94 92 90 88 86 84 82 80 78 76 74 72 70 68 66 64 6.2 6.0 58
chemical shift /ppm

Figure 17: Investigation of solvent stability of the noB» symmetric complexi14a Excerpts of'H-
NMR spectra are shown for the complég4ain CD,Cl, after 24h at 0°C (b), 24h at 20°C (c), 72h at
20°C (d). Reference spectra of freshly prepared solutidiilda(a) and itSC, symmetric counterpafdi (e)
are also provided for comparison.

Synthesis of Non- racemic Complexes 114a and 114b

For the synthesis of the naacemiccomplexes, the same approach as for the normal NHC complexes
was applied by reacting the complex with the chiral salicyl oxazoli8jr6@. Due to insuf cient separa-

tion, the corresponding diastereomeric complexes were not obtained as single diastereomers. The number
of potential diastereomers for a n@@y—symmetric auxiliary is increased from two to four for these com-
plexes, as the ligands coordinate around the metal-center in £&nesymmetric fashion. Therefore, a
Co—symmetric auxiliary was highly favorable. One recent example from the Meggers group employed
bisoxazoline (BOX) ligands &s,—symmetric auxiliaries to achieve the separation of heteroleptic chiral-
at-rhodium complexe$3°! Two BOX derivatives bearing a phenyl moiety184 at the chiral center were
tested and one was further functionalized with a nitrile grdui80) located at the bridging carbon atom.
Although full conversion was observed, the separation via column chromatography was unsuccessful for
all combinations of ruthenium complexd44b and 114aand BOX derivativesl18aand 118b. The
screening of suitable auxiliary was continued with Mtert-butylsul nyl)benzamide85. Although the
auxiliary is notC,—symmetric, one diastereomer could be isolated and is highly favored over the diastere-
omer with a 180° ipped auxiliary indicated by a yield of 8/for 119 (Figure 18).

46



3.1. Synthesis of Modi ed Chiral-at-Ruthenium Complexes

R
O’> 0o o0
~ ayy O O |1} JL
N < \M)\W Bu">"N” “Ph
CLYt ST ey
OH Ph Ph
(S)-66 118a (R = H) (R)-85
_______________________________________ L
B 1(PFe): Br 2 TIPFg
Hol |
C-~ Z S .C.
Mes—NON N Me (R)-85 o N '\\‘Q/N—Mes
| /N 4 K,COs t-Bu.g | &
> N’ o, o
Mes, RU\N « Ethoxyethanol )I\ /Ru Mes
N\/| Ne 20°C,21h  Ph” O |\—N
37% 4
Y | S
Z NS
Br Br
rac. 114a D-(S)-119

Figure 18: Tested auxiliaries for the resolution bi4a With 120as well as th&€€,—symmetric BOX deriva-
tives 118aand118bno separation of the diastereomers was achieved, while the resolutio8%withs suc-
cessful.

Although the synthesis provided satisfying results in terms of yield and quality, the separation was not
always successful, resulting in inconsistenbf the corresponding enantioenriched complekx14a In

order to improve the synthesis and isolation, the coordination of auxaty the metal complex was
investigated in detail. Th&ert-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 sul nyl benzami@®& was superior compared to the oxazolit9, this was
maintained as the core functionality and center of chirality.

After re-evaluation of the previously applied auxiliaries in the Meggers grblfpara-tolylsul nyl)-
benzamidel21was selected. This type of auxiliary was applied in the Meggers group to separate bis(2-
phenylpyridin)rhodiumchloride dimer ([RhCl(ppy}). The corresponding auxiliary complex&22g
122band122cwere subsequently treated with TFA in presence of 2,2'-bipyridine, which provided the
enantioenriched compled?3 (Scheme 43436

With commercially available starting materials and the possibility for late stage modi cations 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 attractjyep interactions in a matching pair. Similar to the design of

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

With these promising considerations, the synthesis was performed according to literature conditions
(Scheme 44ML37:138] Commercially available ®2S5R)-(-)-menthyl €)-p-toluenesul nate {24 was
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1) 2,2"-bpy

o) [RhCI(ppy)2l2 TFA
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CH3CN
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HJ\Q R DME / ) NHPFe
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(S)-121a (R =H) 4 N
(S)-121b (R = 4-NOy)

(S)-121c (R = 3-F)

Y

D-(R)-122a (R = H, 23%) D-123
D-(R)-122b (R = 4-NOy, 29%) 24% to 60% vyield
D-(R)-122c (R = 3-F, 60%) up to 88% ee

Scheme 43:Separation of chiral-at-metal rhodium complEX3 using chiral sul nyl-benzamide$21g 121b
and121cby M. Helms[138]

treated with lithium bis(trimethylsilyl)amide (LIHMDS) at 78 °C and subsequently treated with aqueous
NH4Cl at 0 °C which provided sul namideS)-125with yields up to 7% and> 9% ee Sul namide125

was treated witm-BuLi and benzoic anhydridel26) which provided the nal auxiliaryl21lawith 87%

yield and>9%% ee Usingpara- uorobenzoylchloride {27), the uorine derivativel21dwas obtained

in 86% yield and>99% ee

i
Ph)l\o Ph
126
or
(0]
Cl | N
PN
1) LIHMDS 127
~ O O
9 2) NH,CI 9 n-BuLi g
Se _— ’ » p-Tol” N =
p-Tol”~Y0 THF p-Tol” >"NH, THF P HoL
-78 °C -78°C R
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 auxiliarg21aand121dstarting from commercially available menthyl sul nate
124

With the auxiliariesl2laand121din hands, they were reacted with thecemiccomplexesl14aand
114bunder basic conditions in GJEN at elevated temperatures of 40 °C over night (Scheme 45). The
resulting complexed428aand 128b were isolated in 28 and 28+ yield respectively. The reaction

of racemiccomplex114b with the uorinated auxiliaryl21d provided two inseparable diastereomeric
complexes with a combined yield of 3#and adr. of 1:3.6, therefore the combination wift?1awas

more favorable. For complel4g the opposite trend was observed as with auxilizgaonly mixtures

of inseparable diastereomers were obtained. Further puri cation was observed to be challenging due to
insuf cient stability of this complex on silica, resulting in a partial removal of the auxiliary during column
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3.1. Synthesis of Modi ed Chiral-at-Ruthenium Complexes

chromatography. This indicates a matching pair with either a uorine 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 Gfeup or the uorine 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 NH;PFg as solid on top of the stationary phadel-NMR analysis showed major amounts of

the corresponding bis-acetonitrile complEk4b respectivelyl14a However, low enantiopurity of the
complex was determined by HPLC analysis (Figure 41, Chapter A). The obtained, diastereomerically
pure complexe®-(R)-128bandD-(R)-128awere used for further investigations.

PF
H I N R _I(PFG)Z 121a R y j 6
Can” NP or | H
Mes—N Me -C.
NO l = 121d N l\lIQ/N_MeS

N K,CO3 p-Tol & | .
S o
RO _—

N’ 2, .. .“y‘
Mes‘N \N\\ CH3CN I /Ru Mes
M 40 °C @) N
Q\,N N € 17 h
Q <
Z |

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

Scheme 45Synthesis of the auxiliary complexBs(R)-128aandD-(R)-128bstarting from the bis-acetonitrile
complexesl14aand114h

A single crystal suitable for single crystal diffraction analysis was obtained by slow diffusivheftane

into a solution ofL28ain CD,Cl, (Figure 19). After re nement, the absolute con guration was assigned
asD-(S) with a ak?® parameter of 0:0033). The coordinating oxygen of the auxiliary istimnsposition

to the carbon of the aNHC ligand while the sulfur is trans to the nNHC carbon atom. A near parallel
orientation of thep-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.pA
interaction is strongly assumed and could be one of the reasons for the stability of this complex.

Beside the shown compldéx(S)-128b(Scheme 45), another complex was obtained but a clear separation
from D-(S)-128b was not achieved. AH-NMR comparison of the isolated compl&x(S)-128b and

a mixed fraction gr. of 1:1.5) is shown in Figure 20. The combined yields did not excedd, %

a second>-con gured diastereomer was hypothesized in which the auxiliary ligand is ipped by 180°
(Scheme 46).

SFactor for estimation of the absolute con guration. Values close to 0 indicate correct con guration while values close to 1
indicate an inverted con guratiof3®]
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3. Results and Discussion

Figure 19: Crystal structure of comple®-(S)-128a ORTEP drawing with 5% probability thermal ellipsoid.

The PR~ counteranion and the solvent molecules are omitted for clarity. Selected bond lengths [A] and

angles [°]: Rul-S1 2-297(1), Rul-0O1 2.131(5), Rul-N4 2.083(5), Rul-N1 2.067(5), Rul1-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-0O1 90.6(2), N4-Rul-C2 377.7(2), N4-Rul-C7 97.2(2), N4-Rul-N1174.6(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.

1:1.5 mixture

1.71
1.08

o o © © 0w
=] < ~ - i ]
— — — — —

11.0 10.8 10.6 10.4 10.2 10.0 9.8 9.6 9.4 9.2 9.0 88 86 84 82 80 78 76 74 72 70 68 6.6 6.4 6.2 6.0 58
chemical shift /ppm

Figure 20: 'H-NMR spectrum ofD-(R)-128a1:1.5 mixture accompanied by another complex, presumably
with a 180° ipped auxiliary.

R “1PFe R “1PFe
z z
QW T »
N NA N NS
N-Mes N-Mes
prad | W9 w0, | o
-Ss, 0, W
i s
Ar O/

R, Mes S/.Rﬁ‘ Mes
| \,N p-ToI"a | \,N
N NJ) N NJ)
ST LT
D-(R)-128 D-(R)-128'

Scheme 46: The isolated diastereomeBs(R)-128 and the assumed diastereoni®(R)-128 with a 180°
ipped auxiliary, deriving from the same metal centered geometry.
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3.1. Synthesis of Modi ed Chiral-at-Ruthenium Complexes

In order to investigate the metal centered con guration 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 thecon gured metal complex with 90.% 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 con guration 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 sampladeomcll14a(Figure 21 d)

was analyzed and veri ed the retention times from sample c).

a) diastereomeric mixture (dr. 1:1.5) ¢) combined samples a and b

5.0
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5
0

45,0 475 50.0 525 55.0 57.5 60.0 625 65.0 45,0 475 50.0 525 55.0 57.5 60.0 62.5 65.0
min min

complex L-114a with 10 % ee d) racemic complex 114a

55.874
54.346
57.334

25

61.326
62.096

0.0

Absorbance (mAU)
Absorbance (mAU)

(=)}
~
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4.0
3.0
2.0
1.0

0 0.0

45.0 475 50.0 525 550 57.5 60.0 62.5 65.0 45.0 475 50.0 525 550 57.5 60.0 62.5 65.0
min min

51.279
53.734
57.148

57.536
Absorbance (mAU)

Absorbance (mAU)

Figure 21: HPLC Traces of the diastereomeric mixtures from the synthesi8& a) Sample resulting
from dr. 1:1.5, b) HPLC Trace of remaining bis-acetonitrile complexi14awith 90.6% resulting from
decomposition during column chromatography c) 1:1 mixture of samples a anthlsed)icl14a Conditions:
Chiralpak IB-N5 (250 x 4.6 mm), 1.0 mL mih, H,0+0.1% TFA/CH3CN 70:30 for 15 min, gradient to 63:37
in 55 min, 25°C, 254 nm.

These experiments verify complexes of opposite con guration in sample a) and b) as well as enantio
enriched samples of the compl&t4ashow lower retention times compared to (hneagemicsamples.

The signal at 61.32 min is assumed to correspond to an unknown impurity, which was not observed in
IH-NMR spectra. This indirect method shows that these two diastered@ps128aandD-(R)-1284

result in the same enantiomeric compl@d14a As such, these can be combined resulting in a total yield

of 48%.

With the clean auxiliary complexeB-(R)-128b and D-(R)-128ain hand, the auxiliary cleavage was
performed following modi ed literature conditions (Scheme 47! The complexes were dissolved in
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3. Results and Discussion

CH3CN, treated with 10 eq of TFA and heated to 40 °C over night. Further treatment wiRfgtdnd

puri cation via column chromatography provided the pure, maoemiccomplexedD-114bandD-114a

with 95% and 924 yield respectively. Compared to the previously shown nNHC compléteand64;,

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 thebutyl substituted auxiliarg5, 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 thp  p interaction.
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Scheme 47:TFA induced protonation of the auxiliary complexBgR)-128b and D-(R)-128ayielding the
corresponding nomacemiccomplexeD-114bandD-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
racemiccomplexesl14band114aare shown for comparison. For both complexes only the signal corre-
sponding to théd complex could be observed. The absolute metal-centered con guration was assigned
according to the con guration of crystal structut28a(Figure 19).

CD-spectra measured in MeOH (Figure 23a) shows an overall similarity of the new aNHC complexes
D-114bandD-114a A comparison of aNHC comple®-114awith its NNHC analod- -64i (Figure 23b)
further supports th®-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@acemic(top) and normacemic(bottom) complexed.14b (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 complex&114b (blue) andD-114a(red) 0.2 mM in MeOH. b) CD-
spectra of aNHC comple®-114a(red) and nNHC complek -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 in uence 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 2,6ist{propylphen-1-yl) (DIPP) group. The overall synthesis was
planned analogously to the imidazolium salts shown previously (Scheme 48). Starting fromisty6-di-
propylaniline 29, which was reacted with aqueous formaldehybt&)( 37 wt%), agueous glyoxatl31,

40 wt%) and NH,Cl in MeOH. 1-(2,6-diisopropylphenyl)H-imidazole (32 was obtained in 4% yield

as a colorless liquid. Subsequently, imidazbB2 was reacted with either pyridine33aor 133bunder
solvent free reaction conditions at 160 °C and the corresponding imidazoliumt84dlend 135 were
obtained in 246 and 54% yield, respectively (Scheme 48). The decreased yield of thedeFvative

134 was likely caused by the sterically demanding DIPP group. Subsequently, the reaction time of the
bromine derivativel 35 was adjusted accordingly and a higher yield was obtained. In both cases, the
obtained quantity was suf cient for the following experiments and the reaction conditions were not further
optimized.

40
130 ae
O <
o Br” N
131
NH,CI _ 133a (R = CFs) _ -
H3PO, '/,\ N 133b (R = Br) ’/»;\ N
- NH2 N _ N ,\\I /R
I —_— y
z MeOH 160 °C B
80°C,16 h (R = CF3 18 h)
45% (R=Br,69h)
129 132 134 (R = CF3, 24%)

135 (R = Br, 54%)

Scheme 48:Synthesis of the imidazolium-salt84and135

With the sterically more demanding imidazolium sdl&tand135in hand, the synthesis of nNHC and
aNHC complexes was investigated (Table 8). Stirring imidazoliumigdivith RuCk at 120 °C showed
to traces of the corresponding nNHC compl86aeven after 46 h. However, the aNHC compl37a
was obtained in 6% yield (entry 1). Under the same reaction conditions using imidazoliumlS8&it
(entry 2), nNHC complex36bwas obtained in 2% yield as well as aNHC complek37bin 68% yield.
Higher reaction temperatures of 180 °C resulted in the nNHC coni#ékin 40% yield while while its
aNHC analogud 37bwas only detected in traces.
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3.1. Synthesis of Modi ed Chiral-at-Ruthenium Complexes

Table 8: Conditions for the synthesis of NNHC and aNHC DIPP ruthenium complE3@and137.

H |l
i~ -z
1) RuCl, /NN Me DIPP=NSNT N Me
/(j/x ethylene glycol (N:\ z N\Q\ | N//
Tt . DIPP . yd
NS

| N
(\Kl Nig R(
| DIPR ~ DIPR ~
N g 2) NH4PFs (ag) N | N\M \N\/ NS
DIPP 3) AgPFg, CH3CN, e Me
60°C, 2h Q\/N I Na Q\/N Ny

134 (R = CF3) U\R . R

135 (R = Br)
136a (R = CF3) 137a (R = CF3)
136b (R = Br) 137b (R = Br)

conditions ( rst step) Yield

entry R T/°C t/h 136/% 137/%

1 CRr 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 cobdgiexes
64i, 114bandl114a(Table 9). In detail, the Ciderivatives showed a yield increase of the corresponding
aNHC complex from 4% (entry 1) to 6346 (entry 2), while the bromine derivative showed a yield increase
from 48% (entry 3) to 686 (entry 4). The same trend was also observed for the nNHC coni3él

with the higher yield of 286 (entry 4) compared to 24 yield for its mesityl analod4i (entry 3). As

the aNHC derivative437aand137bwere the focus of research and satisfying yields were obtained, no
further optimization was conducted.
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3. Results and Discussion

Table 9: Comparison of the obtained yields for the nNHC and aNHC ruthenium complexes.

R " 1(PFe):

/(TR “1(PFg)2
| -

Cs
O e (ﬁ:N\T "
R A Ru/
Ar, ~ Ar, ~
\N | N\\ \N\/| N\\
Q\, Me Q\/ Me
N _N N N\
| |
b L
Entry R Ar nNHC aNHC
1 CR Mes 649(19) 114b(48)
2 CRs DIPP 136a(n.0.) 137a(63)
3 Br Mes 64i (21) 114a(48)
4 Br DIPP 136b(26) 137b(68)
aConditions: 120 °C for 46 h.PYield given in parenthesis. n.o. = not
observed.

A crystal suitable for X-ray analysis was obtained by slow diffusion efCEnto a saturated solution of
racemic137bin CH3CN (Figure 24), verifying the mixed nNHC/aNHC binding mode while retaining
the overall geometry. The distance of thep stacking is increased to 3.687 A, presumably due to the
sterically more demanding DIPP moiety.

Figure 24: Crystal structure ofl37b. ORTEP drawing with 5% probability thermal ellipsoid. The RF
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 nomacemiccomplexes, theacemiccomplexesl37aand137bwere reacted with the
chiral auxiliary §-121dunder basic conditions at 40 °C in GEIN (Scheme 49). The resulting complex
D-(R)-138was obtained in 3% yield with traces of a second diastereomer. Application of the reaction
conditions using complek37bresulted in the corresponding complel9 as an inseparable mixture of
two diastereomersd¢ 1:4) with a combined vyield of £b. Analogous to previous results, the second
diastereomer was assumed to be formed by a rotation of the auxiliary by 180°.
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rac. 137b (R = Br) D-(R)-139 (R = Br, 41%)

Scheme 49:Synthesis of the DIPP derivativd89 and 142 using the optimized conditions for the mesityl
derivatives.

Similar to the previously shown namcemiccomplexes, the auxiliary complex&89and142were dis-
solved in CHCN and treated with TFA at an elevated temperature of 40 °C for 2 h (Scheme 50). The enan-
tiomerically enriched complexes37aand137bwere obtained in 7 and 56 yield, respectively.

The, in comparison to the mesityl analogueisib and 1144 lower yield could indicate a decrease in
stability of the complexe&37aand137bunder the acidic conditions paired with higher temperature.

R “1PFs R “1(PFe)2
2 s
T gW:
SN NCS‘ DIPP TFA Me N NCS‘N—DIPP
0 N- N
pTqu-' | o NH,PFe SN, \\’

_— R

/ DIPP CH4CN N pbippP
40°C, 2h ~Z N
’ Me <
U Qr
R RN

D-(R)-138 (R = CF3) D-137a (R = CF3, 70%)
D-(R)-139 (R = Br) D-137b (R = Br, 57%)

F

Scheme 50:Removal of the auxiliary, which provided the enantioplxeon gurated complexe437aand
137h
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3.2. Comparison of the Ruthenium Complexes
3.2.1. Ring Contraction of Isoxazolonesto 2 H-Azirines
Research Background

As mentioned earlier (Chapter 1.2), in 2018 the Okamoto group showed an asymmetric ring contraction of
isoxazoles6 using a chiral diene ligan88/ rhodium system as the catalyst for synthesistéfézirines
57 (Scheme 517

58 : )
(5.5 mol%) ' 'Pr

TL(%_ORB [RhCI(CHa)2]2 2.5 mol% N ; O
> SN\og?
1 '
RO, DCE R ) or® | g OAr
R 40°C,17 h J P Me
56 57 : 58

up to 99% yield
up to 94% ee

Scheme 51:Previous results by Okamott al. using a chiral diene/rhodium catalyst system for a ring con-
traction of isoxazoles5@) to chiral H-azirines 67).[77]

As Qin and Zhou of the Meggers group have previously shown an enantioselective intramoleculir C(sp
H amination reaction catalyzed by a ruthenium complex, a similar application by the previously discussed
ruthenium complexes was propogét: 121l

Substrate Synthesis

As a test system, the isoxazol&8a and56b were chosen for simplicity for a proof of concept study
(Scheme 52).

-0, Ru A
NI OR [Ru] NeMe
// —» ppj 3
Ph solvent OR
Me LT O
56a (R = Me) ' 57a (R = Me)
56b (R =i-Pr) 57b (R =i-Pr)

Scheme 52initial test system starting from the isoxazoE&aand56b.

Isoxazole$6aand56bwere synthesized according to literature conditiBhs?%-14lAcetophenonel43)
was reacted with dimethylcarbonatiedd), providing the corresponding-ketoesterl45with 96% vyield

as a colorless oil. Based on a published procedure by Okaetatly -ketoesterl45was treated with
iodomethane in presence 0§&Q0; in boiling acetoné’”] After full conversion was observed, the reaction
mixture was Itered, the solvent removed under reduced pressure. The methylketdesterl46 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 puri cation. Following
a reported procedure by Hellmughal., -ketoesterl46was reacted with hydroxylamine hydrochloride
(NH,OH HCI) under basic conditions and the isoxazold#¥ was obtained in 9% yield.*4! |soxa-
zolonel47was dissolved with NEtin POCk and heated to 105 °C for 21 h, providing the chlorinated
isoxazolel48in 92% vyield as a yellow oil. Depending on the desired substitution, sodium hydride (NaH)
was added at 0°C to either MeOH BPrOH, generating the corresponding alcoholate. Isoxak4$e

was added to this mixture and heated to 65 °C for 90 h. The target prdshacand56b were obtained as
colorless oils in 6% and 626 yield, respectively (Scheme 53).

0
MeO)LOMe
144 Mel
(@) NaH 0 0 KoCO3 O O
> —_— —
Ph)LMe THF Ph)l\/U\OMe Acetone Ph)l\(lLOMe
0t072°C, 16 h 56 °C, 4 h Me NH,OH-HCI
EtOH
60 °C,17 h
90%
N-Q NaH N-Q NEts N-O
| )—OR - Mu - | =0 <
Ph R-OH Ph POCI5 Ph
56 (R |\'>|Ae 699%) 010 65°C, 90 h Me 105 °C, 21 h Me
a (R = Me, 69% 92%
56b (R = i-Pr, 67%) 148 147

Scheme 53:Synthesis of the isoxazol&$aand56b.

Catalyst Screening

With the isoxazole®6aand56b in hand, the reaction conditions by Okametioal. were applied. The
catalyst screening involved ruthenium complegds114 641171 64b,114 and the newly synthesized
complex64i as well as the iridium catalyst-149142 for comparison (Scheme 54).
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L-640 (R = 2,6—MezPh)

Scheme 54 Ring contraction ob6ato 57awith different chiral-at-metal catalysts.
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With ruthenium catalyst -640 (2.5 moPo) at 40 °C, full conversion was observed within the rst 3h and
the productc7awas isolated in 9% yield and 326 ee (Figure 25, for an detailed list of all screening
data, see Table 16 in chapter A). Under the same conditions with corhptée the product was
obtained in 9% yield and 426 ee An increased yield of 9% was observed using compléx64b, but

the enantioselectivity decreased & &e With the new complexk -64i, the yield decreased to #&while

the enantioselectivity increased to%4®e Iridium complexL -149showed also full conversion within 3 h

and the producb7awas obtained in 8% yield and 8 ee Compared with the rhodium system applied

by Okamotoeet al., the activity of the ruthenium as well as the iridium catalyst system was higher and the
reaction time could be lowered to 3 h. A control reaction without catalyst showed no conver&6a of
indicating no racemic background reaction. The catalyst loading 640 andL-64i could be lowered

to 1.0 moPs and full conversion was observed within 3 h. The obtained yield were within the same range
86+ ™6 and 87190, respectively, as well as the enantioselectivity with 3deand 43+36 ee Overall,

the catalys64i showed the best results and was used for further investigations. These conditions were also
applied for isoxazol&6b, which provided the correspondinddZazirine57b in 87% yield and 326 ee

(data not shown). The increased steric demand of-fiegroup affects the enantioselectivity in a less
favorable fashion and further analysis was performed with the methyl deriaGave

100 94 9 9 86 87
85 Yield
80 76 ee
60
§
40
20
0
0
L-640 L-64e L-64b L-64i L-149 none L-640 L-64i
2.5 mol% Catalyst 1.0 mol%

Figure 25: Initial catalyst screening for the ring contractiondffa Conditions: 40 °C, 0.1, 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 Wilyig&l and
numerous side products which were not identi ed. 4CH showed slow conversion of ¥2with a yield
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3.2. Comparison of the Ruthenium Complexes

100 —
HFIP i-PrOH MeOH

90 — X X sx MeNO,
80 — EtOAc DCE X
70 — Acetone

X
60 —
50 — i-AmOH
X

Yield /%

40 — ethylene glycol
X

DMF 15 pcB
20 7 CH3CN X

10 IIII|IIII|IXIII|IIII|IIII|IIII|

10 20 30 40 50 60 70
ee /%

Figure 26: Screening of different solvents for the ring contractiorb6fand their effect on yield and enan-
tioselectivity.

of 12%. The slow conversion is likely due to GBN being a competing ligand and thereby reducing the
exchange rate. For both, MeN@nd 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 ariérOH 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 26 eeto 25% ee i-PrOH and DCE resulted in intermediate enantiose-
lectivity ranging from 4% eeto 45% ee MeOH and MeNQ@ showed the highest enantioselectivity in

this screening with &b eeand 636 ee respectively. Generally, solvents capable of forming H-bonds
performed better with the exception of acetone. HFIPiaRdOH showed similar yields, but differ dras-
tically in enantioselectivity. This together with the formation of side products in HFIP indicates either
racemisationof 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 MeNBowever this came at the cost of side reactions
which were not observed in MeOKlPrOH or DCE. With this consideration, MeOH showed the best
performance with 8% yield and 626 eeand 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

Okamotoet al. reported DFT calculations, which suggested that one free coordination site is needed at
the catalytic center for this transformatiBAl The used chiral-at-ruthenium complexes, suchh &4,

contain two labile CHCN ligands and therefore also two possible reaction sites. As the complexes are
C2-symmetric, both sites are equal for enantioselectivity upon the rst coordinate. However, a possible
second coordination, either of the substa@aor the nished product7acould in uence the outcome

of the catalysis. Therefore, different additives were added with the intend of reducing the likelihood of a
second coordination.

For testing, trimethylphosphine (PMetriphenylphosphine (PR imidazole and pyridinéN-oxide were

used as additives. As another method, encapsulitfbmas 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 belowo2@hile the phosphines PMand PPh
decreased the enantioselectivity at similar yields as without additives. Addition of the amine base tri-

ethylamine (NEf) also gave inferior results, decreasing the yield t&668nd the enantioselectivity to
40% ee

T1(PFe)2

\Br
|

(/\N NT Me

| )—OMe additive (3.5 mol%)= ANINR Med "’Rti“\
Ph Ph \ : Mes\ \
M Solvent (0.1 M) CO,Me . N~/| N\\
e o .
25°C,3h ' Q\’N N Me
56a 57a U
=
Br
L-64i
100 — Pg’(hg
- PPh3 N%?e X MeOH
80 — ovridine. N-oxid DCE
] NEt3 None yridine- N-oxide
X Hz0 X
g ©7] Pies
= .
[}
£ 40 - Capsule
20 1 Ppyrazole Imidazole
_ X X
O 1T 7 1 T 1T 7T 1T 17 1 ° T T T 1
20 25 30 35 40 45 50 55 60 65 70

ee /%

Figure 27: Effect of different additives towards the yield aadof the asymmetric ring contraction in MeOH

(blue) or DCE (orange). Conditions: 0.1 mmol isoxazeés, 0.1Mm, 3.5 mobs additive, 1 md¥o L-64i, 1 mL
MeOH or DCE.
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3.2. Comparison of the Ruthenium Complexes

In uence of Light

During the investigations shown above, the obsee®dere 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 treewith the time of day during the reaction was discovered. As
such, the in uence 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 areemonitored over time (Figure 28). While the conversion increased
steadily, theeevalues rose steeply within the rst hour, forming a plateau between two and six hours at
67% eeand subsequently decrease slowly afterwards. After 50 and 7(=etiadues dropped to 32 and

46%, respectively. With these non-linear effects, the system increased in complexity as a re-coordination
of the product cannot be excluded.

Figure 28: Measured conversion arek over the time during the ring contraction 66a Conditions: 0.1
mmol isoxazolé6a 0.1 M, 1 mobb L-64i, 1 mL MeOH.

This indicated a slowacemisatioreven though the reaction was shielded from light. With the steep rise
of eewithin the rst hour, a product concentration dependent enantioselectivity was proposed. In order
to investigate the in uence of the product, 0.1 eq of puri ed prodbdiéawith 45% eewas added to the
catalyst solution prior the substréiéa (entry 2). Interestingly, theevalue reached only 34 after 2 h,

which indicates a negative effect of the prodGZaupon coordination. Repeating the conditions of en-

try 1 gave similar results in terms ek (entry 3). This indicates that a high concentration of the major
enantiomer slows down the corresponding pathway, therefore preventing @ehfgitry 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 in uences. 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 Withdindicating full racemisation.
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3. Results and Discussion

Table 10: In uence of light on the ring contraction of isoxazdi®a?

O/Br “1(PFg)2
|

(/\N N" __Me
N L-64i N M /NJ"%., | N/
I p)~OMe 77 ASY es R,
Ph)\i_ MeOH PR co,Me ! Mes‘,\,\/\\N\\
e A :
25°C, t : Q\’N N Me
56a 57a U
Z Br
: L-64i
Entry cat. loading t yield ee
/mol% /h 1% 1%
1° 1 6.0 90 67
2¢ 1 25 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
gd 1 6.0 n.d. 0

a reactions shielded from light,values taken from experiment shown in
Figure 28 for comparisorf, added 0.1 eq puri ed product with 4bee
dirradiated with 24 W blue LED (455 nm). n.d. = not determined.

As a photoinduced ring opening ofi2azirine is known to literatur®?! isolated product with 4% eewas
dissolved in MeOH, and irradiated with a blue LED, replicating the same conditions as used previously.
(Figure 29). Theeewas determined after 3h and 5 h, indication thatacemisatioroccurred. Addition

of 1 mokb catalyst and irradiation for 1 h decreased dedoy 5% (from 45% eedown to 406 eg. After

further 2 h of irradiation, theefell to 33% providing proof for a photo-racemisation, catalyzed by the
ruthenium complex4i.

50
45 Addition of 1 mol% L -64i

40

ee /%

35

30

time /h

Figure 29: Irradiation of57ain MeOH and after 5 h addition of 1 il L -64i.
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3.2. Comparison of the Ruthenium Complexes

Conclusion

Summarized, the chiral-at-metal ruthenium comples4sare able to catalyze the asymmetric ring con-
traction of56a which was reported by Okamott al. The complexes bearing steric demanding moieties
like Bromine @4i), 4-CFs-phenyl 646 and dimethyl-phenyl@4o) showed in the initial catalyst screening
enantioselectivities between 3e (649 and 436 ee(64i), surpassing the unsubstituted compfbb,
which provided the produdi7awith 8% ee The catalyst loading was lowered from 2.5 #odlown to

1.0 moPkb without signi cant losses ireeor yield. A broad solvent screening showed MeOH and MeNO
as the solvents resulting in the highest but side products were observed in MeN@aving MeOH as
the solvent of choice with 86 yield and 626 ee A screening of different additives showed no positive
effects towardee Later on, it was revealed that tleeis not linear over the time of the reaction, and the
combination of ruthenium comples4 and light leads to a slow but steathcemisation 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 % 8&and very good yields
above 906 (Scheme 55044

Me T1(PFe)2

: U]
cat : N 5__.Ph

-O ' 7 N\
N (0.1 mol%) N ; p—( P
I »)—OMe - : : .
Ph)\e_ Y R :
CHCl3 co,Me

‘Ph TMS

RU
' N
Me 30°C, 1:3h : Ph’k( \’5/:;

56a 99%, 97% ee 57a

O,N

150

Scheme 55:Ring contraction ob6ato 57aaccomplished by Li from the Meggers group with a new catalyst
design(144]
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3. Results and Discussion

3.2.2. Asymmetric Ring-Closing C(sp 3)-H Amination

As mentioned earlier (Chapter 1.3.1), the direct amidation of prochiraP§&dbonds has gained a lot

of attention and several methods and systems have been developed. Besides cyclic sul namidates, 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 catalystdt17-119.121.144-1465)hsequently, these can be converted to biological active compounds
like Topsentine D 151), Spongitine A 152), Dexamisole 153 and LevamisoleX54), providing a new

tool for asymmetric catalysis (Scheme 56).

X

Q N NN,
% _ (S\J\:’\?—Ph (S\)\\N/ Ph

N
/ 1 ITHY ~
N &NH HN

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

Dexamisole (153) Levamisole (154)

Scheme 56: Natural products deriving from chiral 1,2-diamines synthesized by asymmetric ring-closing
C(sp’)-H aminatior{118l

In order to gain further insight into the effects towards catalytic activity and selectivity, the aNHC com-
plexesD-114bandD-114awere applied in this reaction (Table 11).

Table 11: Mixed normal and abnormal NHC Ruthenium complexes for &) amination oiN-benzoylurea
762

o D-114 or L-64 10
Ph\/\NJLN,OBn K2COs Me~NJ\NH
v H CH,CI
Me r.?.,tzy Ph
76 77
entry catalyst loading t yield TON TOF eé&
/mol% /h % ht %

1 D-114b 11 0.18 98 90 490 7R)
2 D-114a 0.9 0.18 99 110 670 86 (R

3¢ D-114a 0.05 16 97 1940 110 6@
4 Dl1l4a 001 24 33 3360 140 48R
5d L-64g 1.0 16 quant 100 6 94
6 L-64i 10 24 95 95 4 90(S
7¢d | 64h 01 24  quant 1000 40 94
ged L-64h 0.05 24 66 1320 55 93 (9

a Standard conditions: Uregbs (0.2 mmol), KCOs3 (0.6 mmol), Ru cat-
alyst (0.02 pmol — 2.2 pmol) in C}€l, (2.0 mL)° Determined by HPLC
on a chiral stationary phasé€Temperature increased to 40 °@Taken
from ref. [118]
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3.2. Comparison of the Ruthenium Complexes

With 1.1 moPb of D-114b(entry 1), full conversion was observed within 10 min and the target pratilict
was obtained in 9B yield and 71% ee which results in a turnover number (TON) of 90 and a turnover
frequency (TOF) of 490 k. Under similar conditions, the catalyBt114a (entry 2) showed also full
conversion, providing the target product in near quantitative yield and an enantioselectivityoee86
with a TOF of 670H . With greatly increased activity, the catalyst loading was lowered to 0.0%mol
(entry 3), which achieved full conversion after 16 h at 40 °C. The product was isolate&dyigll and

a TON of 1940 and a TOF of 110thwas determined. However tleevalue dropped from 8% down to
60%. Subsequently, the catalyst loading was further reduced to 0.0% ifesltry 4) with an elongation

of the reaction time to 24 h. This resulted in a drastic diminished yield #§,38complete conversion,
reduced enantioselectivity of #8eg TON of 3360 and TOF of 140h.

Application of the nNHC complexedig 64i and64h (entry 5 to 7) resulted in near quantitative formation
of the product, but lower TOF values of 6, 4 and 40,lrespectively. With a low catalyst loading of
0.05 mot, the product was obtained in @yield (entry 8), TON of 1320 and TOF of 55h Theee
values were overall above 9 outperforming the aNHCs. In terms of TOF, the maximum value for the
nNHC catalysts was determined with 55 ifentry 8), while the lowest TOF determined for the aNHCs
was 110 (entry 3) and up to 6704 (entry 2).

With these results, the aNH3114b and D-114a showed a two to tenfold increase of TOF with a
trade-off a lower enantioselectivity as it dropped by at le8éte®¢ 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 highers -donor strength of the aNHC ligand, increasing the electron density at the metal center.
This might further destabilize the GEN ligands in thdrans 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 lossexfor this catalysis.

3.2.3. Alkynylation

The alkynylation of tri uoroacetophenon@&8) with phenylacetyleneg@) can be catalyzed by the chiral-
at-metal ruthenium complexes as shown by Zheng from the Meggers group who achieved outstanding
98% yield and 996 ee with low catalyst loading as low as 0.2 6[14! 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 comled4b with the results taken from reference [114]

is shown in entry 1, providing the produ0 in 95% vyield, 976 e TON of 190 and TOF of 12h.
ComplexL -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 m@. The yield was decreased from%30 84%, which also lowered the TON

and TOF to 114 and 7h respectively, while the enantioselectivity was comparable with @& The
bromine derivative. -64i (entry 3) showed a higher yield of 98 TON and TOF of 210 and 14'hand

also an increased enantioselectivity oP®8e The aNHCD-114bshowed a lower yield of 8% within

23 h, with a resulting TON and TOF of 152 and ¥ ffentry 4). The enantioselectivity with 36eewas
similar to the previous results. A replicate of the same conditions indicated full conversion of acetylene
69 within 6 h (entry 5). The productO was isolated with 8% yield and 9%6 ee Due to the drastically
reduced reaction time, the TOF accelerated to 22 h

The side reaction, a dimerisation of acetyld8 which forms the head-to-head dimerisation product,
the en-yn system55 was more prominent compared to the nNHCs. Only complédj showed also
an increased yield of this side product. The aNHC with the bromine derivativbdagenerated both a
lower yield (8®6) and enantioselectivity (8% eg entry 6). Using the un uorinated acetophendtv3
instead 0168 (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 tri uoromethyl acetopheno®&?

Ph
=
69
Cat. Ph
0 NEts Ho ™" Z
— > =z +
Ph™ "CFs THF Ph” “CF3 |
60 °C Ph
68 70 155

Entry Cat Catloading Time Yield TON TOF ee

/mol% /h 1% /h? 1%
1 L-64b 0.5 16 95 190 12 979
2 L -64; 0.7 16 84 114 7 96
3 L-64i 0.5 16 99 210 14 983
4 D114b 0.5 23 82 152 7 96(R)
5 D-114b 0.6 6 85 135 22 97R)
6 D-114a 0.5 19 80 170 9 87 R
7° Dll4a 0.5 19 0 nd. n.d. n.d.

astandard conditions: Substra#® (0.2 mmol), alkyne69 (0.6 mmol),
NEt; (0.04 mmol), Ru catalyst (0.5 nfd-0.7 moPse) in THF (0.5 M)
stirred at 60 °C for the indicated time undep Nnless noted otherwise.
bhased on isolated0. ¢143used instead d38.
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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 an@4j displayed lower yields in the range of B0to 85%. The aNHCs as well as

the electron donating NMegroup can be considered more electron rich in comparison to theafdr
bromine derivatives, which gives insight into the relative kinetics of the two possible reactions. As the
dimerisation reaction td55 is favored more by the electron rich complexes, a higher yield might be
achieved by a even higher quantity of acetyl&® As un uorinated substrates such 243 were not
converted and only electron de cient aromatic systems led to product formation, it is clear that electron
de cient 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 de cient catalysts. As such,
these catalysts are more ef cient 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 signi cantly 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 acetylef8, which formed the en-yn systetrb5 Based on DFT
calculations Cheeet al. proposed a ruthenium acetylid®6 (Scheme 57) as a possible intermediate for

the transformatiof:%! With this in mind, a leaving group at the C-3 atom was hypothesized for a metal
allenyliden complexX 57via a acetylide intermediadél . This could be used as the reactive intermediate,

for example a enantioselective propargylic substitution.

[Ru]
NEt; RU
Ph/// — /[ ]
-HNEtg* Ph
69 156
[RU] d+
LG NEts T oS
—_— I c
PN PI" " S[Ru]
A -HNEts* Ru] LG
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 ag-selective nucleophilic additions of heteroatom nucleophiles (Scheme 58). Early examples
employing diruthenium catalysts liKiE59, to convert phenylpropargylic alcohb60in presence of EtOH

into the etherl61147:1481NH,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 OFEt Cpr s, P
Ph)\ 10 mol% NH,BFy_ Ph)\\ /Ru\—\>Ru\
EtOH, 60 °C N o Fypd
0, R
160 88% 161 159

Scheme 58: Literature known propargylic substitution reactions via a metal allenyliden
intermediatdl47:149.150]

In terms of asymmetric reaction development, signi cant advances were made using different chiral cop-
per catalysts in 2008 by the groups of Maarseveen and Nishibayashi (ScheRf€38Both systems

used acylated phenylpropargyl alcolé2 as the starting material, which was reacted with either aniline
(167) or methylaniline 168). The group of van Maarseveen used Cul with the pybe3as the source of
chirality, while Nishibayashi used the chiral bis-phospHisé. Both groups achieved comparable results
with yields around 9% yield and 866 ee These conditions were also successfully applied for propar-
gylic carbamate$69as substrates for such copper catalyzed asymmetric substitution reactions, providing
propargylic amines under extrusion of g.&°!]

NH,—Ph
167 2
10 mol% Cul
OAc 12 mol% 163 Hy ! ph...<i, SN 1 O Ph
Ph)\\ > /'\ N N
A DIPEA, MeOH PN o -
- 20°C
162 94%, 87% ee 164 163
MeHN-Ph
168
5 mol% CuOTf ~.,-Ph PhoP RPhy
JOA\C 12 mol% 166 )N\ O O
Ph > Ph
A5 DIPEA, MeOH S
162 0°C 165 ClI' MeO OMe CI
96%, 85% ee 166
MeHN-Ph
168
5 mol% CuOTf ~, -Ph
QCOMe 14 110i% 166 N
Ph)\ > Ph/\
A DIPEA, MeOH A
169 25°C 165

88%, 54% ee

Scheme 59: Literature known propargylic substitution reactions via a metal allenyliden
intermediatdl47:149.150]

Based on these results, a proof of concept study was initiated. In order to increase the electrophilic char-
acter of the ruthenium allenyliden intermediat7 (Scheme 57), p-CF; substituted phenyl moiety was

used. As a leaving group, the Boc group was selected for its established synthesis and the irreversible ex-
trusion of CQ during the formation of the intermediat&7. The synthesl$>®! (Scheme 60) started from

p-CFs benzaldehydel(70), which was reacted with TMS-acetylent7() in a two step procedure. The
corresponding propargylic alcohb¥2was obtained in 7 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 alcahitBin 76% yield. In addition, the acetylated
propargyl alcoholl74was synthesized from the propargylic alcoh@Rin 73% yield.

Boc,O (0]
1) =—TMS DMAP U J<
171 NEt oo
. EEEEEE—
n-BuLi
s OO
o -78°Cto0°C OH 76% F3C
I 2h /©)\\ 173
E )/ > X A
2 K,CO
F3C ) NfeOI—3|' FsC
o Ac,0 (o)
170 0°C,2h 172 2
o DMAP
76% N OJI\

L
CH,Cls /@)\\\
0°C5h o

73%
174

Scheme 60:Synthesis of Boc protected propargy! alcoha@B.

With the desired protected propargyl alcohti&3 and174in hand, the aNHC complesac. 114bwas
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’4 (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 substrafé3 (entry 2) showed no conversion at 25°C. After heating to

60 °C for 24 h, the product76 was obtained in 1% yield. With the proof of activity, the reaction was
performed using nomacemiccatalystD-114b (entry 3), which provided the produd76in 14% yield

and 1Pbee

For comparison, the nNHC compléx64g (entry 4) was applied as catalyst, which resulted in a higher
yield of 40% but no enantioselectivity. In order to excludesemicbackground 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 treelealues. To reduce this effect,

the sterically more demanding complex2@437aandD-137bwere synthesized and applied to this reac-
tion. The Ck complexD-137a(entry 6) showed a NMR yield of 22 with an increased enantioselectivity

of 38% eeafter 17 hour. The corresponding bromine com@ek37b (entry 7) was found to be active at

25 °C and the target product was obtained% Yeld and 536 ee

In this proof of principe study the Boc protected substfit8 showed higher activity compared to the

acylated substrate74 The nNHC complex64gshowed the highest yield of #9but without any asym-
metric induction, while its aNHC counterpdri4b produced the target product with a diminished yield
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3. Results and Discussion

Table 13: Catalyst and LG screening for the propargylic substitution reaction.

NH
VL

175
NEts O L\IH
LG 1mol% cat.
S THF B AN
FiC 60 °C, 16 h FaC O
173 (LG = Boc 176
174 (LG = Ac)
Entry cat. LG T t NMRyield ee
/°C h P 1%
1 rac.114b OAc 25t060 24 O -
2 rac. 114b OBoc 25to 60 24 162 —
3 D-114b OBoc 60 18 14 11
4 L-649g OBoc 60 16 40 0
5 - OBoc 60 20 b -
6 D-137a OBoc 60 17 12 38
7 D-137b OBoc 25 24 8 55

ajsolated Yield P no conversion

of 14% but an increased enantioselectivity oAEte The sterically more demanding DIPP derivatives
137aand137bwere found to provide higher enantioselectivity and showed activity at 25 °C. These results
provide the foundation for further investigations as the newly developeCg@ymmetric aNHC com-
plexes allow the asymmetric transformation while @esymmetric nNHCs 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 cbfifget78at 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
aracemicbackground reaction. 2-Acylimidazole’9was chosen as a substrate since it showed activity

for a [2+2] cycloaddition with rhodium complex&84 This was compared to the saturated acylimidazole
180 and the solvents C4#CN 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.
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Scheme 61Formation of the substrate bound complek&g or 178 upon coordination of eithek79or 180

Measured absorption spectra (Figure 30) of the nor®i) @nd abnormall14g variants of the 5-Br
substituted complex show no changes in MeOH (top left spectrum). I§C8Htop right spectrum),

the substate complek77 displays a broad absorption band with a maximum at 546 nm. In contrast to
the nNHC, the aNHC completl14ashowed changes for both solvents: In MeOH (bottom left), the
coordination ofLl79results also in a broad band with a maximum at 572 nm and the saturated substrate
178showed a slight increase in absorption at around 475 nm, which appears more as a broad shoulder.

The same broad absorption band 1G9 was observed with the maximum at 586 nm in {THN.
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Figure 30: UV-Vis absorption spectra dd4i (top row) andl14a(bottom row) in MeOH (left column) and
CH3CN (right column). The metal complex alone is shown as a solid blue line, additibf9a$ displayed in

orange180in 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 thg Gé&rivativest4gandll14bare shown in Figure 31.
The spectra overall are similar to the previous spectra with numerical shifts of the maxima. Cédgplex
showed with both substrates no changes in MeOH, while ip@\Hthe same broad absorption band for
179with the maximum at 520 nm was observed. For the abnormal vdriai this band is visible in both
solvents with the maximum at 558 nm in MeOH and 570 nm ingCN with a slightly more prominent
absorption in the CECN. For the saturated substrdt80the absorption with the aNHC compléd4b
showed two less distinct, broad absorption bands around 490 nm without a clear maximum.
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Figure 31: UV-Vis absorption spectra dd4g (top row) and114b (bottom row) in MeOH (left column) and
CH3CN (right column). The metal complex alone is shown as a solid blue line, additibrca$ displayed in
orange180in 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 comple&4j with the dimethyl amino substitution showed the broad absorption band at
632 nm with the unsaturated substra#9, which was previously only seen for aNHC complexes (Fig-

ure 32). However this broad band is barely visible around 644 nm igGBH With the saturated imida-

zole 180, a similar and barley visible broad band at 510 nm was visible in MeOH, while igQBHh0
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

complexesl14aandll14bgenerally have a red-shifted absorption maximum of around +45 nm compared
to their NNHC counterparts. This red shift is more pronounced@4pmwith +74 and +58 nm. Therefore,
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3.3. UV-Vis Absorption

64j
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Figure 32: UV-Vis absorption spectra @4j in MeOH (left) and CHCN (right). The metal complex alone is
shown as a solid blue line, addition 79is displayed in orange antB0in 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 maodi cation in the following
order:

NNHC-4NMe, > aNHC-5Br> aNHC-5CRkR > nNHC-5Br> nNHC-5CFR;

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

Table 14: Summarized wavelengths of the local maxima as a result of coordination of the suthZ8ated
the metal complexes either in MeOH or gEN.

| max/nMm
Entry Cat MeOH CHCN
1 64i - 546
2 114a 572 586

5 64] 632 644
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4. Summary and Outlook

Within this thesis, modi ed 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 modi cations of the pyridine moiety. During the investigation, a synthesis
for the 5-Br derivativet4i as well as the 4-NMgederivative64j was successfully developed. The three
modi cations 4-NQ, 5-NO, and 5-NMe on the other hand remained inaccessible.
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Scheme 620verview of the synthesized chiral-at-metal ruthenium complexes within this thesis, the successful
applied auxiliary's below and the modi ed 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 a@Hs-Br
derivatives, resulting in the complex8s114b andD-114a Furthermore, the Mes group of the mixed
complexedD-114bandD-114awas successfully replaced by the sterically more demanding DIPP group,
resulting in the complexds-137aandD-137h.

For each of the newly synthesized complexes, the choice of the auxiliary had to be adjusted to achieve
stable diastereomeric complexes and suf cient resolution during column chromatography. These require-
ments were satis ed for comple&4i with the established salicyl oxazoline auxiliar§)+66, while the

new sul nyl benzamide R)-85was a match for comple&4j. On the other hand, these auxiliaries did not
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4. Summary and Outlook

ful Il the requirements for any of the new mixed normal/abnormal NHC complexes. In a rst approach,

a Cy,—symmetric auxiliary, such as the PyBOX systehi8aand118b, was used to keep the number of
possible diastereomeric complexes low, but resulted in stability issues and/or insuf cient separation. The
modi ed sul namides12laand121dwere designed to increase the differences in energy by enabling

p p stacking for a matched pair and repulsive interactions for a mismatched pair. This allowed a sim-
pli ed separation as the two stable diastereomeric complexes contain the same con guration at the metal
center.

The ring contraction reaction of isoxazdéato 2H-azirine57awas investigated (Scheme 63). A initial
catalyst screening revealed the newly synthesized ruthenium cormpbex to provide a high yield of
76% and moderate enantioselectivity of%%e After a broad screening of solvents, polar solvents such
das MeOH, MeN@, i-PrOH and DCE showed high yields (above2@)Owhile DMF, CH;CN, ethylene
glycol andi-AmOH led to either low conversion and/or low yields (below?®0 In terms of enantiose-
lectivity, MeOH, MeNGQ and DCE showed the best results with up t8®%8e As only one coordination
site was needed for this transformation and the complexes provide two labilelXChtjands, a screening

of coordinating additives such as PRind imidazole was performed. However, none of these additives
showed a positive effect. Further investigations revealed a non-linear dependesgyvef time as well

as a light inducedacemisation Overall, a maximum of 9% yield and 6P6 eewas achieved.
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Scheme 63Ring contraction of isoxazol&6acatalyzed by -64i.

Besides the ring contraction reaction, the newly synthesized complexes were also investigated for dif-
ferences in the catalytic properties of an alkynylation of tri uoroacetophen68eand the C(sp)—H
amination reaction of benzoyl ur@ (Figure 33). It was discovered that the TOF for alkynylatior68f

are in a similar range for NANHCs (14'hfor L-64i) and the aNHCs (9 h for D-1144). Interestingly, the

ratio of the target alkynylation compared to the head—to—head dimerisation of the &kyees shifted
towards the dimerisation in case of the aNHCs complexes. This consumes the alkyne faster, resulting in
lower yields of the target produ@o.

For the C(sp)-H amination reaction of ure@6, the TOF were quite different with 4*h using nNHC

complexL-64i and 670 H using aNHC comple>-114a This denotes a 160-fold increase however the
asymmetric induction is deceased, resulting in a lowered enantioselectivityoé86
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Figure 33: Comparison of the two investigated reactions, the alkynylatiob&fleft) and the C(sp-H

amination reaction of benzoyl ur@é (right) exemplary shown for nNHC compléx64i and aNHCD-114a
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4. Summary and Outlook

Outlook

In this work aNHC complexes showed signi cantly faster kinetics for nitrene based conversions, which
is an ideal starting point for further investigations concerning €gp amination reactions. The issue of

lower eelikely arises from the less sterically demanding coordination as the aryl moiety of the abnormal
bond ligand points away from the metal-center. A modi ed ligdt&1, 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 modi ed complexes for substituted triazole (X=N) or imidazole (X=C) ligands.

Ligand precursofl81, either as triazole (X = N33155.156]gr imidazole (X = C)57] with synthesis and
complexation protocols is literature known. A complex similall88 was already reported by Bernet

et al in 2011 and was successfully synthesized in this work as comid8XScheme 39), providing

a starting point for further modi cation833! The resulting system features a modular synthesis, which
allows the introduction of different substitutions thereby providing a wide range of possible modi ca-
tions.
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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 purchasedXmas Merck or Alfa Aesarand

used without further puri cation unless noted otherwise. Dry solvents were distilled under nitrogen from
calcium hydride (CHCN, CH,CI,) or sodium/benzophenone (tetrahydrofurane) prior to use. Solvents
for column chromatography were puri ed by distillation. Mesitylimidazd@)(was synthesized by Mar-

cel Hemming according to published proceduted. (9-salicyl oxazoline66114!, [RuCl(p—cymene)}
(1111159 ruthenium complexels-64b andL -64owere prepared according to published procedi?ék.
ComplexL -64ewas kindly provided by Zijun Zhou.

Thin Layer Chromatography: TLC was performed oMerck KGaAprecoated TLC-sheets (Silica gel
60 Fys4, layer thickness 210-270 um). TLC spots were detected by irradiation with UV-ligh264 nm
and = 366nm). Non aromatic compunds were stained using a Cer-Dip (0.5g GHNBE)s, 249
(NH4)gM07024 4H,0, 28 mL H,SOy in 150 mL water) or MnQ@-Dip (3g KMnQOq4, 20g NaC03, 0.59
NaOH in 240 mL water).

Column Chromatography: Macherey-Nage(irregularly shaped, 230—-400 mesh, pH 6.8, pore volume
0.81mLg!, mean pore size 66 A, speci ¢ surface 492t , particle size distribution 0% < 25 pm

and 1.P0 > 71 pum, water content 196) was used as the stationary phase. Compressed air was utilized to
build up the pressure for ash column chromatography.

Analytic Section

Nuclear Magnetic Resonance SpectroscopyH-NMR , 13C{*H} NMR and *°F{'H} NMR spectra were
recorded at 300 K oBruker AV Il 300 (300 MHz) and AV IIl HD 250 (250 MHz) in automation or on
BrukerAV NEO 300 (300 MHz), AV 111 500 (500 MHz) or AV Il HD 500 (500 MHz) spectrometer by the
members of the NMR service department of the Philipps-Universitat 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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5. Experimental Part

Table 15: Chemical shifts of the residual signals of the used NMR solvéffts.

Solvent  HNMR 'CNMR

CDCl3 7.26 ppm 77.16 ppm
CD.Cl» 5.32ppm 53.84 ppm
CD3CN 1.94ppm 1.32ppm
MeOD 3.31ppm 49.00 ppm
DMSO-d; 2.50ppm 39.52ppm

High-Performance Liquid Chromatography (HPLC): HPLC-measurements were performed on an
Agilent 1200, 1260 or on &himadzu.C-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 Agilent 7890A gas chro-
matograph equipped with an ame ionization detector (FID). Carrier gasimiet temperature: 250 °C,

FID temperatur : 300 °C. Column conditions are given for each compound individually. GC/MS spectra
were recorded on afAgilent6890 gas chromatograph coupled withlawlett Packardb973 mass selec-

tive detector. Carrier gas: He, total ow 15.1 mL nfin column :Macherey NageOptima 5 HT (30 m x
0.25mm x 0.25 um.

Mass Spectrometry:Mass spectra were recorded omteermo Fischer Scienti &innigan LTQ-FT Ultra

mass spectrometer using ESI or APCI as ionization source. The ionic masses are giveraad refer

to the isotope with the highest natural occurrence. The measurement was performed by the members of
the mass spectrometry department of the Philipps-Universitat Marburg.

Infrared Spectroscopy: IR-spectra were recorded onBauker Alpha FT-IR spectrometer using ATR
(attenuated total re ection) mode. Absorption bands are given as wave nufivetise unit of cmt . All
substances were measured as Ims or solids.

UV-Vis Spectroscopy:UV-Vis absorbance spectra were recorded JA8COV-650 spectro photometer
equipped with IASCOPAC 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 onJASCQJ-810 CD spectropolarime-

ter in a quartz cuvette with a path length of 1 mm, 600-200 nm, 1 nm bandwidth, 1s response time,
50 nmmint scanning speed, accumulation of 3 scans.

82



5.2. General Procedures

Single-Crystal X-ray Diffraction: X-ray data were collected with toeStadivari 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-Universitat Marburg. The obtained data were solved and re ned by Dr. Harms or Dr.
Ivlev. The data of all published structured have been deposited in the Cambridge Crystallographic Data
Center(CCDC). The CIF les can be obtained from the CCDC free of chargétypa//www.ccdc.
cam.ac.uk/data_request/cif

Melting Points: Melting points were determined oriettler ToleddMP70 using one end closed capillary
tubes.

5.2. General Procedures
Procedure A: Synthesis of Imidazolium Salts

Following a published and modi ed proceduté? a ame 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 Nl 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 (5 mL) was added and the solid triturated and further treated with an ultrasonic bath for 10 min.
The obtained slurry was Itrated and the resulting solid subsequently redissolved in the least possible
amount of CHCI,, precipitated with excess amount obBtand ltrated. The desired imidazolium salt

was obtained usually in suf cient purity.

Procedure B: Anion Metathesis of Imidazolium Salts

Following a reported proceduF¥! 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 eithgPR$INH4BF4 or NaSbk)

in water (5 mL) was added. The mixture was stirred for 5 min and the precipitation collected by Itration,
washed with water and dried under reduced pressure.

Procedure C: Direct Metalation

Based on a modi ed reported procedlt¥] a oven dried 10 mL PTFE sealed pressure tube was charged
with RuCk (1 eq), imidazolium salt (2 eq) and ethylene glycol (0.1 mL'mgf RuCk). The solution

was degassed by applying high vacuum for 30 min, ushed withad stirred at the indicated temper-

ature and time. The reaction mixture was cooled to room temperature, and a saturated aqueous solution
of NH4PFs (10 eq) was added. The precipitation was ltrated and rinsed with water. The solid was re-
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dissolved in a small amount of GEN (ca. 10 mL), transferred into a new ask, and the solvent was
removed under reduced pressure to dryness. AGRPEQ) and CHCN (2.5 mL) were added underaN
atmosphere and heated to 60 °C for 2h. The mixture was cooled to room temperature, Itrated through
a pad of Celite, rinsed with C¥CN and the solvent was removed under reduced pressure. Puri cation
of the obtained brown solid by column chromatography §CH/CH3CN 10:1! 5:1) afforded the com-

plex as a mixture with the free ligand, both as hexa uorophosphate salts. The mixture was dissolved in
CH3CN (ca. 1.5 mL) and precipitated with F2 (ca. 20mL) at 20 °C overnight. The resulting pale
yellow crystalline solid was collected via Itration and dried under high vacuum.

Procedure D: Enantioselective C-H Amination

Following a published proceduf&8! an oven dried 10 mL PTFE sealed pressure tube was charged with
N-benzoyloxyurea (55.6 mg, 0.2 mmol, 1.0eq), catalyst (0.9M@nd KzCOs (83.5mg, 0.60 mmol,

3.1 eq) under an atmosphere of.Nrreshly distilled CHCI, (2 mL) was added under positive ldressure

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 puri ed by ash chromatography
on silica gel (EtOAc to EtOAc/MeOH 20:1).

Procedure E: Enantioselective Ring Contraction of Isoxazoles
Following a published proceduf€] the catalyst (1.0 méb) was dissolved in CbLCl, (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 Itered through a small silica pad withClkl 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

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, imidazd@ (1576 mg, 8.46 mmol, 18 5 10 17 g6
=\ 9 —
1.02 eq) and 2,5-dibromopyridin@Y, 1990 mg, 8.40 mmol, 1.00eq) were | ¢ 7N\//N+l'2<>53r 01
S8 T
2
3

1
20 Br

heated to 190 °C for 19 h. After puri cation, target prod9&a (3270 mg,
7.73 mmol, 9246) was obtained as an off-white solid. 19

'H-NMR (250 MHz, CDCk): =9.28 (dd, 1H,J = 1.8, 1.8 HzHg), 8.60 (d, 1H,*J = 2.3 Hz,H14),

8.45 (dd, 1H,J = 1.8, 1.8 Hz Himidazold, 8.18 (dd, 1H2J = 8.7 Hz,%J = 2.3 Hz,H1¢), 8.02 (d, 1H23J

= 8.6 Hz,H17), 7.42 (dd, 1H,J = 1.8, 1.8 HzHimidazold, 7.07 (S, 2HH1:3), 2.38 (s, 3HH19), 2.12 (s,

6H, Hig20) ppm.3C-NMR (75MHz, CDCB): = 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) ppfiE-NMR (235MHz, CDCh): = 724 (d,'Jpr =

712.9 Hz, M—PE~) ppm. HRMS (ESI): m=z calcd. for G7H17BriN3 [M—Br~]*: 342.0600, found:
342.0608.IR (Im): fi = 1591, 1539, 1465, 1387, 1332, 1237, 1089, 1056, 1014, 822, 745, 666, 554,
516, 414 cnt . M.p.: 210 °C (CHCIy).

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

According to general procedure B3a (426 mg, 1.00 mmol, 1.00 eq) was 18 3, 10 17 g6

dissolved in water (50 mL) and a solution of \PFs (300mg, 1.84mmol, | ¢ 7,\@942\“/ 150

1.8eq) in water (5mL) was added, providing the target prod8t 58 T
197273 20 PFg

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

'H-NMR (250 MHz, CDC}): =9.28 (dd, 1HJ = 1.8, 1.8 Hz Hg), 8.60 (d, 1H*J = 2.3 Hz,H14),

8.45 (dd, 1H,J = 1.8, 1.8 Hz Himidazold, 8.18 (dd, 1H2J = 8.7 Hz,%J = 2.3 Hz,H1¢), 8.02 (d, 1H23J

= 8.6 Hz,Hy7), 7.42 (dd, 1H,J = 1.8, 1.8 HzHimidazold, 7.07 (S, 2HH1:3), 2.38 (s, 3HH19), 2.12 (s,

6H, Hig20) ppm.3C-NMR (75MHz, CDCB): = 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) pp¥F-NMR (235MHz, CDCh): = 724 (d, 1Jpr
=712.9 Hz, PE~) ppm. HRMS (ESI): m=z calcd. for G7H17BriN3 [M—PFs~]": 342.0600, found:
342.0608.IR (Im): @i = 1591, 1539, 1465, 1387, 1332, 1237, 1089, 1056, 1014, 822, 745, 666, 554,
516, 414 cnt . M.p.: 210 °C (CHCI,).
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Synthesis of 3-(5-tri uoromethylpyridin-2-yl)-1-mesityl-1 H-imidazolium bromide
(116a)

N
bromo-5-tri uoromethylpyridine {15 1003 mg, 5.44 mmol, 1.00eq) were N
heated to 180°C for 20h, providing the target prodtid6a (1671 mg, Br-
4.05 mmol, 9P%) as an off-white solid.

According to general procedure A2 (844 mg, 4.53 mmol, 1.02 eq) and 2- =\ +@
:E: \ //—CF3

H-NMR (300 MHz, CDCk) =11.58 (dd*J = 1.6, 1.6 Hz, 1HHg), 9.56 (d,3J = 8.6 Hz, 1H,H;7),

8.90 (dd,J = 1.9 Hz, 1H,Himidazold, 8.79 (s, br, 1HH14), 8.30 (dd,3J = 8.6 Hz,%J = 2.3, 1H,Hg),

7.41 (dd,J = 1.8 Hz, 1H,Himidazold, 7.04 (S, 2HH1:3), 2.34 (s, 3HH10), 2.19 (s, 6HH1g820) ppm. 13C-

NMR (126 MHz, CDC}): = 148.2, 146.1 (q°Jcr = 4.0 Hz), 141.9, 138.6 (dJc.r = 3.3 Hz), 137.1,

134.0, 130.5, 130.2, 128.5 (flcF = 34.1 Hz), 124.4, 122.7 (dJc.r = 272.8 Hz), 120.3, 117.0, 21.3,

18.0 ppm.1°F-NMR (235MHz, CDCh): = 624 ppm. HRMS (ESI): m=z calcd. for GgH17F3N3

[M+Br ]*:332.1369, found: 332.1371R (Im): fi = 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
cml.

Synthesis of 3-(5-tri uoromethylpyridin-2-yl)-1-mesityl-1 H-imidazolium
tetra uoroborate (116c)

According to general procedure B16a(204.6 mg, 0.49 mmol, 1.00 eq) 8 5 10 17 g
was dissolved in water and precipitated with M4 (294 mg, L8 7@§+@CF3 .
N

5 8

2.80mmol, 5.65eq). The target produc6cwas obtained as a crys- 3 13 14
2 -
talline, colorless solid (179 mg, 0.43 mmol, &§. © %s % BR

H-NMR (300 MHz, CDCk): =9.73 (s, br, 1HHg), 8.66 (s, br 1HHimigazold, 8.53 (d, 1H3J = 8.6 Hz,

Hi7), 8.31 (dd, 1H3J = 8.7 Hz,%J = 2.3 Hz,H1¢), 7.44 (dd, 1H2J = 1.9, 1.9 HzHimidazold, 7-06 (S, 2H,

Hi:3), 2.37 (S, 3HH19), 2.14 (s, 6HH1s20) ppm. Note: only one out of three couplings of the imidazole

is clearly visible.®>C-NMR (126 MHz, CDC}): = 148.2, 146.4 (¢3JcF = 4.1 Hz,Cy14), 142.1, 138.8
(q,%Jc:r = 3.4 Hz,Cy6), 135.2, 134.2, 130.5, 130.2 (2C), 128.73d:F = 34.1 Hz,Cy5), 125.0, 122.7 (q,

cr = 272.8 HzCy1), 120.8, 115.7, 21.3, 17.5 (2C) ppATF-NMR (282 MHz, CDCh): = 624 (s,

CRs), 1514 (BF;~) ppm. HRMS (ESI): m=z calcd. for GgH17FsN3 [M—BF,;~]*: 332.1369, found:
332.1371IR (Im): n=3161, 1604, 1539, 1489, 1402, 1327, 1241, 1174, 1138, 1101, 1063, 1011, 844,
754, 666, 636, 618, 580, 519, 465, 433 tnM.p.: 236 °C (CHCl,).
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Synthesis of 3-(5-tri uoromethylpyridin-2-yl)-1-mesityl-1 H-imidazolium
hexa uoroantimonate (116d)

According to general procedure B16a(2433 mg, 5.92mmol, 1.00 eq) 18 4 10 17

9
was dissolved in water and precipitated with Na&b@2550 mg, L8 7,\':,/\N* WP
9.86 mmol, 1.66eq). The target product6d was obtained as a crys- ) i 08 15 1
19 3 20 ShFg

talline, colorless solid (2452 mg, 4.32 mmol %38

'H-NMR (300 MHz, CDC}): =9.38 (dd, 1H*J = 1.7, 1.7 HzHg), 8.80 (s, br, 1HHx), 8.55 (dd,

1H,J = 1.9, 1.9 HZ Himidazold, 8.33 (dd, 1H3J = 8.6 Hz,*J = 2.3 Hz,Hp,), 8.25 (d, 1H.2J = 8.6 Hz,

Har), 7.47 (dd, 1HJ = 1.9, 1.9 HZHimidazold, 7-07 (s, 2HH1:3), 2.38 (S, 3HH19), 2.12 (S, 6HH1820)

ppm. HRMS (ESI): m=z calcd. for GgH17F3N3 [M—SbRs~]": 332.1369, found: 332.1371R (Im):

fi = 1603, 1540, 1488, 1328, 1240, 1172, 1137, 1102, 1070, 1018, 945, 863, 843, 759, 658, 633, 578, 428
cm!. M.p.: 186 °C (CHCl,).

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

Following a published proceduf¥? a ame-dried 50mL N round-bottom ask 4 8
was charged with 2,5-dibromopyridin@1, 2105 mg, 8.89 mmol, 1.00 eq) undes-N ? | j STMS
atmosphere, dissolved inf8 (20 mL) and cooled to 78 °C. Over a period of 30 min,7 5" 2 'I' °

a solution ofn-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 RO (3.0 mL) was added slowly over a period of 5min. The reaction mixture was
allowed to warm up to 20 °C. Full conversion of the intermediate was observed via TLC after 1.5h. The
reaction was stopped via addition of water (20 mL) and stirred for further 5 min. The bi-phasic solution
was extracted with EO (3x30 mL), the combined organic phases were dried oveSRaand evapo-
rated. The crude product was puri ed via ash chromatograpipéntane/ EtOAc 20:1) providing the

target producii84 (1606 mg, 6.98 mmol, @) as a yellow oil.

H-NMR (300 MHz, CDC}): =8.40(dd, 1H*J=2.1, 0.9 HzHg), 7.61 (dd, 1H3J =7.9,43 = 2.1 Hz,
Hy), 7.45 (dd, 1H3J = 7.8,4] = 0.9 Hz,H5), 0.29 (s, 9H, SVes3) ppm.
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Synthesis of 3-(5-(trimethylsilyl)pyridin-2-yl)-1-mesityl-1 H-imidazolium bromide
(117a)

/N+
1.0 eq) and pyridin@84(968.9 mg, 4.21 mmol, 1.0 eq) were heated to 170 °C N
Br

According to general procedure A, imidazd® (804.5mg, 4.32 mmol, | I QTMS

for 22 h, providing the target produtfi7a(909 mg, 2.18 mmol, 3%b) as an
off-white solid.

'H-NMR (300 MHz, CDCh) =11.30 (dd*J =1.6, 1.6 Hz, 1HHg), 9.15 (dd,2J = 8.2 Hz,*1 = 0.9,

1H, H17), 8.92 (dd, = 1.8, 1.8 Hz, 1HHimidazold, 8.54 (d,*J = 1.8 Hz, 1H,H14), 8.19 (dd3J = 8.1 Hz,

43 =1.9 Hz, 1HH;6), 7.35 (dd,J = 1.8, 1.8 Hz, 1HHimigazold, 7-03 (s, 2HH1.3), 2.33 (s, 3HH19), 2.17

(s, 6H,H1g20), 0.32 (s, 9H, SMes) ppm. 3C-NMR (75MHz, CDCh): = 152.8, 146.4, 146.3, 141.8,
138.5, 136.2, 134.1, 130.7, 130@:4), 123.9, 120.2, 115.6, 213(g), 18.0 C1g20), 1:3 (SiMes3) ppm.

HRMS (ESI): m=zcalcd. for GoH26N3Si; [M—Br~]*: 336.1891, found: 336.189%R (Im): A =3410,

3032, 2954, 1618, 1578, 1534, 1477, 1365, 1327, 1246, 1127, 1102, 1057, 1028, 965, 837, 757, 698, 661,
627, 581, 532, 472, 408 ch

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

Following a modi ed literature proceduf&?! a ame-dried 100 mL round-bottom ask HiC.,\-CHy

was charged wittN,N-dimethylaminoethanol (0.8 mL, 7.99 mmol, 2.0 eq) antexane /

(10mL) and cooled to 3°C. Over a period of 3min, a solutionmeBuLi (6.4 mL, 2.5Mm, |

15 mmol, 4.0 eq) was added and the solution turned bright yellow. After stirring for 20 mffﬁ, N
4-dimethylaminopyridineq7, 484 mg, 3.96 mmol, 1.0 eq) was added in one portion and stirred for addi-
tional 5min. The ask was equipped with a dropping funnel, cooled to 78 °C and a solution of CBr
(3300 mg, 9.95 mmol, 2.5 eq) mhexane (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 (20 mL) was added, the biphasic mixture extracted wit®ERO mL) and CHCI, (30mL). The
combined organic phases were dried oves 8@y, adsorbed on silica and puri ed via ash chromatogra-
phy (n-pentane/EtOAc 1:1). The title compoufifla(398 mg, 1.98 mmol, 5%) was obtained as a brown
solid.

1H-NMR (300MHz, CDC): = 7.9 (d, 1H,3J = 6.0 Hz,Hg), 6.6 (d, 1H,4] = 2.4 Hz,H3), 6.4 (dd,
1H, 3J = 6.0,3J = 2.4 Hz, Hg), 3.0 (s, 6H, 2xEl3) ppm. 3C-NMR  (75MHz, CDCE): = 155.9,
149.5, 143.3, 109.4, 106.3, 39.4 (2C,@3) ppm.HRMS (ESI): m=zcalcd. for GH10BriN, [M*H*]*
203.0001, found: 203.000R¢ = 0.2 (h-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 modi ed literature proceduf&?®! a ame-dried 100 mL round-bottom ask HsC. .CHs
equipped with nitrogen inlet was charged withN-dimethylaminoethanol (0.8 mL, P
7.99 mmol, 2.00 eq) and-hexane (10 mL) and cooled to 3°C. Over a period of 3 min, /@

a solution ofn-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-dimethylaminopyridin87, 487 mg, 3.98 mmol, 1.00 eq) was
added in one portion and stirred for additional 5min. The ask was equipped with a dropping funnel,
cooled to 78°C and a solution of £Clg (2299 mg, 9.71 mmol, 2.4 eq) imhexane (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 con rmed by TLC, Water (20 mL) was added and the biphasic mixture was
extracted with CHCI, (3x60 mL). The combined organic phases were dried oveS8g adsorbed on

silica and puri ed via ash chromatography{pentane/EtOAc 1:3). The title compouf8b (453 mg,

2.89 mmol, 726) was obtained as a brown solid.

N

'H-NMR (300MHz, CDCh): = 7.96 (d, 1H,3J = 6.0 Hz,Hg), 6.46 (d, 1H,%J = 2.4 Hz,Hj3), 6.40

(dd, 1H,33 =6.0,4J = 2.4 Hz,Hs), 2.99 (s, 6H, 2xEl3) ppm. *C-NMR (75MHz, CDCk): = 156.2,
152.4,149.2, 106.0, 105.6, 39.4 (2CC2%s) ppm. HRMS (ESI): m=zcalcd. For GH1oCliNa [M*H*]*:
157.0527, found: 157.0531R (Im): fi = 2924, 2810, 1589, 1514, 1423, 1379, 1295, 1265, 1219, 1131,
1073, 974, 804, 693, 612, 449, 417 &mR; = 0.5 (1-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, imidazo8 (234 mg, 1.25mmol, \

1.01 eq) and pyridin88a(251 mg, 1.25 mmol, 1.00 eq) were heated to 160 ° =\, = N~

for 20 h, providing the target produé®a (465 mg, 1.20 mmol, 9%) as an /ﬁ:ﬂ‘\’/’\l @
Br

off-white solid.

H-NMR (500 MHz, MeOD) = 8.62 (d,*J = 2.1 Hz, 1H,Himigazold, 8.15 (d,3J = 6.1 Hz, 1H,H14),

7.91 (d,%J = 2.1 Hz, 1H,Himidazold, 7.18 (s, 2HH1:3), 7.13 (d,*J = 2.3 Hz, 1H,H17), 6.82 (dd,3J =

6.1 Hz,*J = 2.3 Hz, 1H,His), 3.16 (S, 6HH2223), 2.39 (s, 3HH19), 2.16 (S, 6HH1g20) ppm. Note: 1H

signal ofHg is missing due to H/D exchangé3C-NMR (126 MHz, MeOD): = 158.5, 149.8, 149.0,

142.8, 135.8, 132.6, 130.8 (2Cy.3), 126.1, 121.7, 109.1, 97.2, 39.7 (2Cp23), 21.1 C1), 17.4 (2C,
Cis20)ppm.HRMS (ESI): m=z calcd. For GgH23N4 [M—Br~]*: 307.1917, found: 307.1914R (Im):

fi = 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, 418.cm
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Synthesis of 3-(4-( N,N-dimethylamino)pyridin-2-yl)-1-mesityl-1  H-imidazolium
hexa uorophosphate (99c)

According to the general procedures A and B, pyridig@b (412 mg, \
2.63mmol, 1.00eq) and imidazo®? (489 mg, 2.62 mmol, 1.00 eq) were A=
stirred at 175 °C for 16 h, precipitated and redissolved in water (20 mL). Th/ef:i\‘\¢ \
product99c was precipitated with a agueous solution of N (755 mg,

4.63mmol, 1.76 eq). The title compou@8c (956 mg, 2.12 mmol, 8b over two steps) was obtained as
an off-white solid.

IH-NMR (300 MHz, CDCk) =9.29 (dd,*J = 1.9, 1.7 Hz, 1HHs), 8.56 (dd,J = 1.9, 1.7 Hz, 1H,
Himidazold, 8.08 (d,3J = 6.1 Hz, 1H,H14), 7.37 (dd,J = 1.9, 1.7 Hz, 1HHimidazold, 7-15 (d,*J = 2.3 Hz,

1H, H17), 7.10 (s, 2HH1:3), 6.61 (dd,3] = 6.1 Hz,%J = 2.3 Hz, 1H,H15), 3.19 (s, 6HH2223), 2.41 (s,

3H, Hyg), 2.15 (s, 6HH1g820) ppm.°F-NMR (282 MHz, CDCk): = 724 (d,'Jpr = 712.9 Hz) ppm.

HRMS (ESI): m=z calcd. for GgH3N4 [M—PFs~]": 307.1917, found: 307.191TR (Im): n = 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, imidazo82 (320mg, 1.72mmol, \

1.03 eq) and pyridin88b (261 mg, 1.66 mmol, 1.00 eq) were heated to 170 ° A\, = NT

for 24 h, providing the target produ®b (250 mg, 0.73 mmol, 44) as an /@i\‘\//l\l Q
cr

off-white solid.

'H-NMR (300 MHz, MeOD): =8.63 (d, 1H,%J = 2.2 Hz,Himigazold, 8.15 (d, 1H3J = 6.1 Hz,H14),
7.92 (d, 1H,%J = 2.2 Hz,Himidazold, 7-18 (S, 2HH1:3), 7.14 (d, 1H,*J = 2.3 Hz,H;7), 6.82 (dd, 1H3J
= 6.1 Hz,*J = 2.3 Hz,H1s), 3.16 (s, 6HH2223), 2.39 (S, 3HH19), 2.16 (s, 6HH1820) ppm. Note: 1H
signal ofHg is missing due to H/D exchange.
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Synthesis of 3-(5-nitropyridin-2-yl)-1-mesityl-1 ~ H-imidazolium chloride (104a)

According to the general procedure A, imidazé(359 mg, 1.92 mmol, lﬁw =
1.00eq) and 2-chloro-5-nitropyridind &5 313 mg, 1.97 mmol, 1.00 eq) /ﬁi\'\// Q\Noz
were heated to 150 °C for 1 h, providing the target prodifeta (602 mg, cr

1.75 mmol, 886) as an brown solid.

IH-NMR (300 MHz, MeOD): =10.38 (dd, 1H*J = 1.6, 1.6 HzHg), 9.47 (d, 1H*J = 2.6 Hz,H14),

8.99 (dd, 1H3J = 9.0 Hz,%J = 2.7 Hz,H1¢), 8.81 (d, 1HAJ = 2.2 HZ,Himidazold, 8-32 (d, 1H3J = 8.9 Hz,

H17), 8.07 (d, 1H,4J =2.2 HZ,HimidazoIQa 7.21 (S, 2HH1;3), 2.41 (S, 3HH19), 2.20 (S, 6H,H19;20) ppm.
13C-NMR (75MHz, MeOD): =151.0, 146.4, 143.1,137.1, 135.7, 132.3, 130.9 ,G, 126.9, 121.8,
116.2, 21.2, 17.4 (2 G31g20 ppm. HRMS (ESI): n¥z calcd. for G7H17N4O, [M—CI~]*: 309.1346,
found: 309.1348.R (Im): fi = 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-1 ~ H-imidazolium hexa uorophosphate
(104b)

Following the general procedures A and B2 (352mg, 1.89 mmol, =\ =
N+
1.00eq) and 2-chloro-5-nitropyridin&85 (298 mg, 1.88 mmol, 1.00 eq) ﬁ\'\// Q\NOZ
were heated to 150°C for 22h. Treatment with an aqueous solution PFe

KPF; (360 mg, 1.82mmol, 1.0 eq) provided the title compodfdb (762 mg, 1.68 mmol), 8%) as an
brown solid.

'H-NMR (300 MHz, MeOD): =9.5(d, 1H,%J = 2.6 Hz,H14), 9.0 (dd, 1H3J = 9.0,%J = 2.7 Hz,Hs),
8.8 (d, 1H,3J = 2.2 Hz,Himidazold, 8.3 (d, 1H,3J = 8.9 Hz,H;7), 8.0 (d, 1H,3J = 2.2 Hz, Himidazold.
7.2 (s, 2HH1:3), 2.4 (s, 3HH19), 2.2 (S, 6HH1820) ppm. Note: 1H signal oHg is missing due to H/D
exchange.'F-NMR (282 MHz, MeOD): = 746 (d, 1Jpr = 708.1 Hz) ppm.HRMS (ESI): m~z
calcd. for G7H17N40, [M—PFs~]* 309.1346, found: 309.1346.

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

Following a modi ed reported procedure by Bejoymohaneasal!1?8l, NaH (60 w®s, !

707 mg, 29.5 mmol, 5.0 eq) was suspended in THF (6 mL), cooled to 0 °C and a solution df j >
6-bromo-3-pyridinaminel(023 1000 mg, 5.85 mmol, 1.00 eq) in THF (5 mL) was adde® 1(’)\'33

dropwise over a period of 10 min. The mixture was stirred for 2 h at 0 °C followed by slow

addition of methylene iodine (0.9 mL, 14.4mmol, 2.5eq) and stirred at r.t. for 1h. The reaction was
stopped via addition of water (10 mL), extracted with EtOAc (3x 15mL). The combined organic phases

91



5. Experimental Part

were dried over Ng50Oy, adsorbed on silica and puri ed via ash chromatographypéntane/EtOAc

3:1! 1:1). The title compound03a(336 mg, 1.67 mmol, Z&%) was obtained as a yellow solid. Un-
reacted starting material (200 mg, 1.15 mmol¥@pas well as mono methylated 6-brombmethyl-3-
pyridinamine (250 mg, 1.34 mmol, 28 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,%8Y, increasing the combined yield to %6

1H-NMR (300 MHz, CDC}): =7.83 (d,*J = 3.3 Hz, 1HH,), 7.24 (d,3J = 8.9 Hz, 1H,Hs), 6.86 (dd,
3) =8.8 Hz,4J = 3.3 Hz, 1H,Ha), 2.95 N(GH3)2) ppm. 13C-NMR (75 MHz, CDCE): = 145.6, 134.5,
127.6, 127.3, 121.8, 40.1 (2 C, Gii3),) ppm. HRMS (ESI): m=z calcd. for GH1oBr{N, [M*H*]*:
203.0001, found: 203.0000.;R 0.40 (-pentane/EtOAC 2:1).

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

Following a modi ed reported procedure by Bejoymohaneasal'28], NaH (60 wes, ) I
539 mg, 13.5mmol, 3.0 eq) was suspended in THF (5mL), cooledto 0°C and a solut%N\ ,
6- uoro-3-pyridinamine (02hb, 497.5mg, 4.44 mmol, 1.00 eq) in THF (5mL) was addegg~\* 2
dropwise over a period of 5 min. The mixture was stirred for 2h at 0 °C, allowed to warm 1103b

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 0 °C for 2 h and at r.t. for 16 h.
After TLC showed full conversionntpentane/EtOAc 2:1), NkCl(aq) was added, extracted with EtOAc

(3x 20 mL), the combined organic phases were dried oveSRaand puri ed by ash chromatography
(n-pentane/EtOAc 2:1). The title compouh@3b (517 mg, 3.69 mmol, 83) was obtained as a colorless

oil.

IH-NMR (250 MHz, CDC}): =7.60 (t,J = 2.5 Hz, 1H), 7.13 (ddfJ = 9.0, 6.7,2) = 3.3, 1H), 6.78
(dd,33=9.0,41=13.5, 1H,H,), 2.93 (s, 6H, N(El3),) ppm.13C-NMR (75MHz, CDCh): =156.48 (d,
13=228.7,Cs), 145.10 (d*J = 3.6,C3), 130.86 (d3J = 14.9), 125.22 (d*J = 6.8), 108.94 (d2J = 39.4,
Cs), 41.00 (NCHs)2) ppm. *°F-NMR  (235MHz, CDC}): = -83.6 ppm.HRMS (ESI): m=z calcd. for
C7H10F1N2 [M*H*]*: 141.0823, found: 141.0822.¢R= 0.40 (-pentane/EtOAc 2:1).
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Synthesis of 6-Fluoro- N,N-dimethyl-3-pyridinamine hydrochloride (103b HCI)

A three neck ask was charged with NaCl (813 mg, 13.9 mmol, 5.0 eq). A second two 7

neck ask was charged with 6-Fluomd;N-dimethyl-3-pyridinamine X03b, 390 mg, SJI\/%/;L\ el
2.78 mmol, 1.00eq), C4Cl> (28 mL). The two asks were connected by a gas inlgt-~* 2

build out of a quick t connector and a Pasteur pipette. A constant slow ow of N
from the rst to the second ask was applied while conc,$0, (0.4 mL) was added
dropwise to the NaCl ask over a period of 5min. The ow was maintained for additional 30 min after
full addition of H,SOy. The colorless precipitation was collected via suction, washed withGGHand
dried under high vacuum. The title compoub@d3bHCI (490 mg, 2.77 mmol, 9%) was obtained as a
colorless crystalline solid.

1

103b HCI

IH-NMR (250 MHz, DMSO¢dg): =7.94 (s, 1H), 7.83-7.63 (m, 1H), 7.11 (dd,= 9.0 Hz,*J = 3.3 Hz,
1H), 5.92 (s, br, 5H), 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)-1  H-imidazole (132)

A round bottom 50 mL ask was charged with 2,6-diisopropylanilin (3700 mg, 20.9 mm _
1.0eq), MeOH (20 mL) and glyoxal (40 % in water, 2.5mL, 21.8 mmol, 1.05eq). The N
mixture was heated to 80 °C for 1 h followed by addition of aqueous-sidution (25 wb,

1.6 mL, 20.9 mmol, 1.0 eq) and aqueous formaldehyde (34, 1t6 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,
identi ed as N*;N2-bis(2,6-diisopropylphenyl)ethane-1,2-diimine, 2556 mg was dissolved in MeOH
(45mL) and added NECI (1400 mg, 26 mmol, 1.2 eq),3POs (1 mL) and heated to 80 °C for 45 min.
After TLC indicated full conversion of the diimine, formaldehyde (3%4y2.0 mL, 26.9 mmol, 1.3 eq)

and glyoxal (40 Wi 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 remakedacuq adsorbed on silica and puri ed by

ash chromatography (ChClo,/MeOH 100:1). The title compounti32 (1390 mg, 6.09 mmol Z%) was
obtained as a brown oil.

N

'H-NMR (300 MHz, CDC}): = 7.49 (t, 1H,*J = 1.2 Hz,Hp), 7.47-7.43 (m, 1HH4A,), 7.30-7.25
(m, 3H,Har), 7.0 (t, 1H,%J = 1.3 Hz,Ha), 2.4 (hept, 2H3J = 6.9 Hz, 2xCG4(CHa),), 1.2 (d, 12H,
3] = 6.9 Hz, 2xCHCHs),) ppm. 3C-NMR (63 MHz, CDCk): = 146.7, 138.6, 129.9, 129.5, 123.9
(2C), 121.7, 28.2 (2C), 24.6 (2C), 24.5 (2C) pphRMS (ESI): m=z calcd. for GsH21N, [M+H*]*:
229.1699, found: 229.1704.
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Synthesis of
3-(5-tri uoromethylpyridin-2-yl)-1-(2,6-diisopropylphenyl)-1 H-imidazolium bromide
(134)

Following general procedure A, imidazdl&2 (400 mg, 1.75 mmol, 1.0 eq) and =
pyridine115(399 mg, 1.76 mmol, 1.01 eq) were heated to 170°C for 18h. T N\'/N+‘<}CF3
title compoundl34 (188 mg, 0.41 mmol, Z%) was obtained as a brown crys-~= Br

talline solid.

IH-NMR (250 MHz, CDCk) = 11.37 (dd,*J = 1.6, 1.6 Hz, 1HHg), 9.72 (d,3J = 8.6 Hz, 1H,H;7),

9.29 (dd,*J = 1.9 Hz, 1H,Himidazold, 8.80 (d,*J = 2.3 Hz, 1H,H14), 8.38 (dd,3J = 8.7 Hz,%J = 2.4,
1H, Hg), 7.63-7.54 (M, 1HHA), 7.41 (dd,*J = 1.8, 1H,Hs), 7.38 (s, br, 1HHimigazold, 7-35 (s, br, 1H,
Himidazold, 2.41 (hept3J = 6.8 Hz, 2H,H1g21), 1.30 (d,3J = 6.8 Hz, 6H,H1g23), 1.18 (d,3J = 6.8 Hz,
6H, Ha220) ppm.2°F-NMR (235 MHz, CDCh): = 625 ppm.

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

Following general procedure A, imidazd8&2(364.5 mg, 1.59 mmol, 1.0 eq) and P\
pyridine91 (387 mg, 1.63 mmol, 1.0 eq) were heated to 160 °C for 69 h. The ti NN @‘Br
compoundl135 (398 mg, 0.86 mmol, 5%) was obtained as a brown crystalin Br

solid.

'H-NMR (300 MHz, CDCE) =11.18 (dd*J = 1.6, 1.6 Hz, 1HHg), 9.39 (d,3J = 8.7 Hz, 1H,H,7),

9.21 (t,%) = 1.8 Hz, 1H,Himidazold, 8.57 (d,*J = 2.3 Hz, 1H,H14), 8.24 (dd,2J = 8.7 Hz,*J = 2.4 Hz,

1H, Hyg), 7.58 (dd,J = 7.8 Hz, 1H,Hy), 7.42-7.32 (m, 3HH ), 2.41 (hept3J = 6.5 Hz, 2H,H1g21),

1.29 (d,3) = 6.8 Hz, 6HH1g23), 1.18 (d,3J = 6.8 Hz, 6H H20.22) ppm.3C-NMR (75MHz, CDCh) =
149.9, 145.2, 144.7, 143.7, 136.1, 132.5, 130.0, 125.3, 125.0, 122.4, 120.9, 118.5,(2%43)4), 24.5
(2C,CHg), 24.4 (2C,CH3) ppm. HRMS (ESI): m~z calcd. for GoH»3Bri N3 [M—Br~]*: 386.1051,
found: 386.1056.IR (Im): A = 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

5.4. Synthesis of Ruthenium Complexes
Synthesis of Racemic Complex 64i

Following the published procedufg with slight modi cations, a ame- -Br T1(PFe)
dried 10 mL PTFE sealed pressure tube was charged withsRaG1 mg, y N/(Nj Ve
0.49 mmol, 1.00eq)93a (409 mg, 0.96 mmol, 2.0eq) and ethylene glycol lN’\ |/N//

. . . . es
(10 mL). The mixture was degassed by applying high vacuum until no buas R“\N\
bles were visible, at least 30 min. Afterwards, the tube was ushed WithQ:N/ | e
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 N#PF; (855 mg, 5.2 mmol, 11 eq) in wa- rac. 64i
ter (15 mL). The yellow precipitation was collected via Itration, rinsed rmly with water, redissolved in
CH,ClI; and transferred into a round-bottom ask equipped with nitrogen inlet. The solvent was removed
under reduced pressure to dryness. AgEr82mg, 1.1 mmol, 2.3 eq) and GEN were added under a
positive Nb 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 |-
trated through a pad of celite, rinsed with &E, and the solvents were removed under reduced pressure.
Puri cation of the crude product via ash chromatography (83H,/CH3CN 50:1! 2:1) provided the
racemictarget produc64i (508 mg, 0.44 mmol, 9%) as a yellow solid.

Br

'H-NMR (500 MHz, CDxClo): =8.22 (d,J = 2.0 Hz, 1H,Hp), 7.98 (d,*] = 2.3 Hz, 1H,Hp;), 7.93
(dd,3J = 8.8,%3 = 2.2 Hz, 1H,Hx,), 7.50 (d,%J = 8.8 Hz, 1H,Hx), 6.97 (s, 1HHaA/), 6.93 (d,4] =

2.3 Hz, 1H,Ha), 6.58 (s, 1HHA), 2.32 (s, 3H, El3), 2.27 (s, 3H, ©3), 2.01 (s, 3H, El3), 1.44 (s,
3H, CH3) ppm. 3C-NMR (126 MHz, CDxCl,): = 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, 4.2HipktS (ESI): m=z
calcd. for GgHsgNgRw P1FBra [M*PRs~]": 1013.0259, found: 1013.0248R (Im): A = 1608, 1485,
1424, 1374, 1324, 1254, 1143, 1090, 1029, 933, 834, 807, 737, 695, 551, 517, 49étm: 183°C
(decomp.).HPLC: CHIRALPAK IB (250 x 4.6 mm), 0.8 mL mirt , HoO+0.0% TFA/CH3CN 75:25,
gradient to 30:70 in 50 min, 40 °C, 254 nm, R ) = 43.565 min, R(D) = 46.021 min.

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

Following the published procedulé?! racemic64i (74.9 mg, 65.0 umol, B (PR
1.0 eq) andS)oxazoline 66, 34.2 mg, 167.0 umol, 2.6 eq) were dissolved /ENJ/
in CH,Cl, (1 mL). NEg& (90 pL, 0.65mmol, 10.0eq) was added to this NJ l \o/@

Med

mixture and stirred at 40 °C for 16 h hours. The mixture was cooled to rowa \N/
temperature, Itrated through a pad of celite, rinsed with 4 and the ‘/ I (s)
solvent removed under reduced pressure. The crude product was puri ed \O\

via column chromatography (Gi€l,/CH3CN 100:1! 20:1) and the title
compound--(9-94a(36.0 mg, 0.032 mmol, 48, dr > 20:1) was obtained

as a red solid.

L-(S)-94a

The con guration was assigned according to previous results where auxiBaB6(vas found to form a
stable complex with the enantiomef14!

'H-NMR (300MHz, CDxCly): =8.49 (d,*)=2.2 Hz, 1HHa;), 7.94 (d,*) = 2.3 Hz, 1HHp(), 7.81

(d,%3 =2.2 Hz, 2HHa), 7.76 (dd2J = 8.8,4] = 2.2 Hz, 1H,Hp), 7.60 (dd,2J = 8.8, = 2.2 Hz, 1H,

Har), 7.42 (dd2J =8.1,43 = 1.9 Hz, 1HHa), 7.37 (d,3J = 8.8 Hz, 1HHa(), 7.21 (d,3J = 8.8 Hz, 1H,

Har), 7.01-6.89 (m, 4HH ), 6.84 (d,*J = 2.3 Hz, 1H,Hx,), 6.56 (S, IHHAr), 6.45 (s, 1HHA(), 6.36

(d, 33 =8.6 Hz, 1H,Hp), 6.21 (1,33 = 7.5 Hz, 1H,Har), 4.27 (dd,2J = 9.4,4) = 3.4 Hz, 1H,Haipn),

4.16 (t,33 = 9.1 Hz, 1H,Hajipn), 3.80-3.69 (M, 1HHaiiph), 2.28 (s, 3H, El3), 2.26 (s, 3H, Els), 2.20 (s,

3H, CHy), 2.12 (s, 3H, E3), 1.32 (s, 3H, El3), 0.52 (d,J = 6.5 Hz, CH®3), 0.07 (d,J = 5.9 Hz, 3H,
CHCHa), 0.04- 0:07 (m, 1H= G4CHs) ppm. 13C-NMR (75MHz, 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, 13.6HRMS (ESI): m~z

calcd. for GeHaeBraN;O2Ru [M*]*: 990.1113, found: 990.1174R (Im): fi = 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 ch. M.p.: 190 °C (decomp.).
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Synthesis of Complex L-64i

Following the published procedufé? auxiliary complex L-(S)-94a = 1A%
(75mg, 0.066 mmol, 1.0eq) was dissolved in 48 (9mL) and TFA y N/(Nj/ Ve
(80 uL, 1.04 mmol, 16 eq) was added at room temperature and stirred fONJ | \\N//

30 min. The solvent was removed under reduced pressurg? R340 mg, MS? \/ |

2.1 mmol, 32 eq) and C4¥CN (9 mL) was added and stirred at room temper—
ature for 16 h. Column chromatography (&H,/ CH3CN 100:1! 5:1) U\
provided complex -64i (73 mg, 0.063 mmol, 9%) as a yellow solid. Br

The absolute con guration was assigned based on the con guration of the
auxiliary complext. -(S)-94aand veri ed by comparison of the observed enantioselectivity for asymmet-

ric alkynylation of tri uoroacetophenone (Table 12, Chapter 3.2.3) with reportedtéta.

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 (CHgOH): , (D ,m* cm?): 353 +2), 321 ( 5), 293 ¢ 24), 279 ( 24), 252 ¢ 44), 229 ( 38),
211 & 7) nm. All other spectroscopic data are in agreement weitemiccomplex64i.

Synthesis of Racemic Complex 64j

Following the published proceddt&! with slight modi cations, a ame- SNT 1 (PFe)2
dried 10 mL PTFE sealed pressure tube was charged withs;R4€l5 mg, S

238 umol, 1.00 eq), imidazolium s&@®a(112.4 mg, 290 umol, 2.0 eq) and (/\N N //Me
ethylenglycole (3.5mL). The mixture was degassed by applying high vac-N

uum until no bubbles were visible, at least 30 min. Afterwards, the tube W&& Rlu\

ushed with N, and was fully immersed in a preheated oil bath (175 °C). The&

reaction mixture was stirred at this temperature for 17 h, cooled to room tem- |

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

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

rmly with water, redissolved in CHCI, and transfered into a round-bottom ask equipped with nitrogen
inlet. The solvent was removed under reduced pressure to drynessg AGREMg, 282 umol, 2.0 eq)

and CHCN (3.5 mL) were added under a positive pressure, placed in a preheated oil bath (60 °C) and
stirred for 24 h. The reaction mixture was Itrated through a pad of celite, rinsed witsOBHand the
solvents were removed under reduced pressure. Puri cation of the crude product via ash chromatog-
raphy (CHCI,/CH3CN 50:1! 10:1) provided theacemictarget product4j (95 mg, 90 umol, 5%)

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

H-NMR (500 MHz, CDyCN): =8.00 (d,*J = 2.3 Hz, 2HHa,), 7.73 (d,3] = 6.8 Hz, 2H,H,), 6.93
(d,%=2.3 Hz, 2H,Hp), 6.78 (dd*J = 2.2, 0.7 Hz, 2HH ), 6.58 (d,*J = 2.5 Hz, 4H,Hp), 6.15 (dd,
31=6.8,41=2.7 Hz, 2H), 3.11 (s, 12H, 2xNd3),), 2.17 (s, 6H, 2xEl3), 2.15 (s, 12H, 4xEl3), 1.98 (s,

6H, 2xCH3) ppm. Note: The Signals for the GHyroups of the mesityl and coordinated &EN overlap

partial with the signals for HDO as well as free @EN. 13C-NMR (126 MHz, CxCN): = 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  L-(S)-101

Following the published procedufgé? a 10mL PTFE sealed pressure SNT TIPFg
tube was charged withracemiccomplex64j (53.5mg, 49.2 umol, 1.00eq), 5

sul nyl benzamide R)-85 (9.4 mg, 41.7 umol, 0.85eq) and&O3 (12.2 mg, (\N N

88.3umol, 1.80eq), was evacuated for 5min and ushed with. N ,N | “OY Ph

Ethoxyethanol (2.3 mL) was added under positivepxessure, evacuated wd‘"es

two cycles of freeze, pump, thaw (each cycle 10 min) and placed in a preheatég,

oil bath (60 °C) and stirred for 17 h. After TLC indicated full conversion, the P
mixture was Itered through a pad of celite, rinsed with &F, and the sol- _No
vents removed under reduced pressure with a water bath (60 °C). Puri cation L-(r)-101
of the crude product via ash chromatography (8H,/MeOH 100:0! 100:1! 50:1) two times pro-
vided the target produdi-(S-101(10.2 mg, 9.4 mmol, 1%, dr > 20:1) as a green solid.

tBu

The absolute con guration was assigned analogously to previous results where auR)i@yforms a
stable complex with the enantiomeF1°]

IH-NMR (500 MHz, CDxCl,): =9.27 (d,3J=7.1 Hz, 1HHa/), 8.13-8.06 (m, 2HH ), 7.89 (d,*J =

2.2 Hz, 1H,Hp), 7.85 (d,*) = 2.4 Hz, 1H,Hp/), 7.43-7.36 (M, 1HH,), 7.36-7.28 (M, 2HH,,), 7.12

(d,33 =6.9 Hz, 1H,Hx), 6.85 (d,*) = 2.3 Hz, 1H,Ha,), 6.79 (d,*J = 2.2 Hz, 1H,HA(), 6.81-6.76 (m,

3H, Har), 6.56-6.52 (m, 1HH ), 6.50 (d,*J = 2.6 Hz, 1H,Ha,), 6.50-6.45 (m, 1HHA,), 6.40 (d,J =

2.8 Hz, 1H,Hpa;), 5.92 (dd,2J = 7.1,43 = 2.8 Hz, 1H,Hx,), 5.64 (dd,2J = 6.9,%] = 2.6 Hz, 1H,Ha,),

3.04 (s, 12H, 2x NCHs)»), 2.31 (s, 3H, El3), 2.27 (s, 3H, El3), 2.19 (s, 3H, El3), 2.14 (s, 3H, El3),

1.54 (s, 3H, ®l3), 1.42 (s, 3H, E©3), 0.74 (s, 9H, QCHz)3) ppm. 13C-NMR (126 MHz, CD,Cly): =

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 L -64]

A 10 mL round-bottom ask was charged with complex(S-101(11.6 mg, SN

9.79 umol, 1.00 eq), CKCN (1.5 mL) and TFA (6.5 L, 84.3 umol, 8.60 eq) Jl\)j (PR,
and stirred at room temperature for 2 h. The solvent was removed under r?,‘:l’\l N -

duces pressure, NiRFs (43.5mg, 266.9 umol, 27 eq) and @EN (1.5 mL) Mes,'\' | NT
were added and stirred for 30 min. Puri cation of the crude product \M&S‘N
ash chromatography (CkCIl2/CH3CN/MeOH 50:1:0!  50:1:1) provided Q\,N
the target produck -64j (8.0 mg, 7.4 umol, 7%) as a yellow solid which Q
turned green after exposure to ¢E».

.R .‘.*“
R
Me
N
| ~

/N\

L-64j

The absolute con guration was assigned based on the con guration of the

auxiliary complext. -(§-101and veri ed by comparison of the observed enantioselectivity for asymmet-
ric alkynylation of tri uoroacetophenone (Table 12, Chapter 3.2.3) with reporteditéta.

The spectroscopic data are in agreement watlemiccomplex64;.
Synthesis of Complex 112

According to a published procedure by Beraeal., 133! a 50 mL round-bottom >_©_—1 (PFe)>
ask equipped with nitrogen inlet was charged with comptekl (100 mg, " [
163 umol, 1.00eq), imidazolium salt04b (154.8 mg, 407 umol, 2.49eq), ‘N\(
Ag,0 (53.9 mg, 232 pmol, 1.42 eq), evacuated for 20 min and ushed with N X N\Cj\
CH3CN (16 mL) was added, the mixture shielded from light with aluminum foil Z>No
and stirred for 30 h at room temperature. After TLC indicated full conversion, 112

the mixture was Itered through a pad of celite, rinsed with4CH and the solvents were removed under
reduced pressure. Puri cation of the crude product via ash chromatographyGGMeOH 50:1!
10:1) provided a 1:1 (n/n) mixture of the target produt® (calculated 92.8 mg, 0.128 mmol, @9 and
remaining imidazolium salt04band was used without further puri cation.

u
el

2

'H-NMR (300 MHz, CDxClp): =9.85 (d,*J = 2.4 Hz, 1H), 8.89 (dt3J = 9.2 Hz,%J = 1.7 Hz, 1H),
8.17 (d,*J = 2.3 Hz, 1H), 8.05 (d3J = 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 (¥ = 6.6 Hz, 1H), 5.83 (dd®J = 6.6 Hz,*J = 1.3 Hz, 1H), 5.45 (s, 2H), 5.38 (d&)

=6.0 Hz,*J = 1.3 Hz, 1H), 4.42 (d3J = 5.9 Hz, 1H), 2.46 (s, 3H, By), 2.24 (s, 3H, El3), 2.15 (s, 3H,
CHs), 1.87 (s, 3H, El3), 1.00 (d,2J = 6.9 Hz, 3H, CH®13), 0.76 (d,J = 6.9 Hz, 3H, CHGl3) ppm.
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Synthesis of Complex 113

According to a published procedufé3! a ame-dried 10 mL PTFE sealed CHs T1(PFe)2
pressure tube was charged with complé? (71 mg, 98.6 umol, 1.00 eq), ch\\ N
AgPFs (36.1 mg, 142 umol, 1.45 eq) and @EN (7.5 mL). The mixture was Mes NS
placed in a preheated oil bath (90 °C) and stirred for 17 h. After the reaction‘N\( Na
mixture was cooled to room temperature, it was ltered through a pad of X NU
celite, rinsed with CHCN and the solvents removed under reduces pressure. Z>No
Puri cation of the crude product via ash chromatography (£&,/CH3CN 113
10:1! 5:1) provided the target produtfi3(53.4 mg, 60 umol, 6%) as a orange to yellow solid.

H-NMR (300 MHz, CDxClp): =9.56 (d,*J = 2.4 Hz, 1H,Hp,), 8.81 (dd,3J = 9.1 Hz,%J = 2.4 Hz,
1H, Har), 8.21 (d,*J = 2.4 Hz, 1HHx), 8.06 (d,3J = 9.1 Hz, 1HHa,), 7.22 (d,*3 = 2.4 Hz, 1H,Ha,),

7.15 (s, 2HHxr), 2.64 (s, 3H, El3), 2.39 (s, 3H, El3), 2.22 (s, 6H, El3), 2.12 (s, 6H, El3), 1.95 (s, 3H,
CHs) ppm.

Synthesis of Racemic Complex 114b

According to general procedure C, RgGR7 mg, 130 umol, 1.00 eq) ~CFs T1(PFo)2
and imidazolium salt16b (125 mg, 260 umol, 2.0 eq) were reacted in " ﬁ
ethylenglycole (2.5mL) for 98 h at 90 °C, followed by treatment withMesﬂ\"ON T NZ Me
NH4PFR (200mg, 1.23mmol, 9.2eq) and AgPK65mg, 260 umol, Mes, Rl<
2.0eq). The resulting crude mixture was lItrated through a pad of celite Q:N/'L N\\\Me
and puri ed via ash chromatography (Gi€l,/CH3CN 10:1! 5:1). U\

The racemictarget complexlt14b was obtained as a mixture with un- CF
reacted imidazolium salt16b. For further puri cation, the mixture was dissolved in @EN (1.5mL)
and precipitated with O (20 mL) at 20 °C. The resulting pale yellow solid was collected via ltration
and driedn vacuowhich providedracemiccomplex114b(82 mg, 70 umol, 5%) as a yellow crystalline

solid.

3

IH-NMR (500 MHz, CxCN): =9.27 (d,*J = 1.3 Hz, 1H,Himidazold, 9.16-9.13 (m, 1HHx,), 8.66-

8.62 (M, 1H,Har), 8.36 (dd,2J = 8.8 Hz,%J = 1.9 Hz, 1H,Hpy,), 8.19-8.13 (M, 2HH4,), 8.03 (d,*J =

8.7 Hz, 1H,Hpy), 7.77 (d,33 = 8.7 Hz, 1H,Hpy), 7.07 (s, br, 1HHA), 7.05 (s, br, 1HHA), 7.04 (d,
4)=2.4 Hz, 1HHpy), 6.81 (s, br, 1HH,(), 6.53 (s, br, 1HHA), 6.18 (d,*J = 1.3 Hz, 1H,Himidazold,

2.32 (s, 3H, Ei3), 2.13 (s, 3H, El3), 1.97 (s, 3H, El3), 1.96 (s, 6H, 2xEi3), 1.34 (s, 3H, El3) ppm.

Note: coordinated CECN not visible.13C-NMR (126 MHz, COyCN): = 196.2, 163.5, 157.5, 156.0,
150.2 (q,3Jc:F = 4.6 Hz), 150.1 (93JcF = 4.7 Hz), 141.9, 140.5, 136.7 (8)c.F = 3.2 Hz), 136.3 (q,

3JcF = 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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5.4. Synthesis of Ruthenium Complexes

2Jc.r = 36.1 Hz), 126.2, 125.9, 125.1 (§lc.r = 34.3 Hz), 124.5, 123.9 (dJcr = 271.5 Hz), 123.3 (q,
YJer =270.6 Hz) 113.9, 112.6, 21.1, 20.9, 17.6, 17.5, 17.1, 16.5 gpmNMR (282 MHz, CD3CN):
= 621(s,CR), 626 (s, CR), 725 (d,*Jpr =706.4 Hz, PE~) ppm. HRMS (ESI): m~z calcd.
for CagHasFeN7RUy [M—(CH3CN),]?*: 401.5872, found: 401.5891R (Im): fi = 3155, 2292, 1619,
1519, 1429, 1327, 1257, 1177, 1134, 1078, 929, 824, 706, 665, 628, 584, 553, 508, 462,1433.pm
204 °C (decomp.)HPLC: Chiralpak IB-N5 (250 x 4.6 mm), 1.0 mL mih, H,0+0.1% TFA/CH3;CN
70:30 for 15 min, gradient to 63:37 in 55 min, 25 °C, 254 nm(IR = 54.77 min, R (D) = 58.31 min.

The assignments of the individual signals was done after comparison with HPLC traces of c@mplex
114a(Figure 22, chapter 3.1.3).

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

An oven dried 50 mL round-bottom ask equipped with nitrogen inlet was Py
charged withracemiccomplex114b(50 mg, 44 umol, 1.00 eq), sul nyl ben- " /@/CFS
zamide §-121a(13mg, 51 umol, 1.1 eq), ¥CO3 (13mg, 96 umol. 2.2eq) pyes—y’ C*N N
and CHCN (4.5mL). The reaction mixture was stirred at 40 °C for 17 h. 0‘(

Mes R \
After cooling to room temperature, the mixture was lItrated through a pad / 0= S
of celite, rinsed with CHCN and the solvents were removed under reduced &NU Q

pressure. Column chromatography (§(tH,/CH3CN 50:1 to 10:1) provided
the title compound-(R)-128b (13 mg, 11 umol, 2%) as bright orange to
red solid.

The absolute con guration was assigned analogously to litefatdrelata where theS)-con gurated
auxiliary forms a stable complex with ti@enantiomer. This is further supported by X-ray diffraction
data of the analogus complé&x(R)-128a(Table 22, Chapter B).

'H-NMR (500 MHz, CDxCly): =10.94 (s, br, 1H), 9.05 (d, 1H) = 1.4 Hz,Himidazold, 8.26-8.19 (m,
2H, Har), 8.15 (dd, 1H3J = 8.7,4) = 2.1 Hz,Hx(), 8.05 (d, 1H,%J = 2.3 Hz,Hp,), 7.84 (d, 1H3J =
8.7 Hz,Ha), 7.62 (s, br, 1HHA,), 7.57-7.48 (m, 2HHA,), 7.47-7.40 (m, 2HHxA(), 7.34 (d, 1H3J =
8.7 Hz,Hp), 7.09 (s, br, 1THHA,), 7.02-6.98 (m, 2HH ), 6.76-6.67 (M, 5HHA(), 6.47 (s, THHA,),
6.05 (d, 1H*J = 1.3 Hz,Himidazold, 2.35 (s, 3H, E3), 2.34 (s, 3H, El3), 2.28 (s, 3H, El3), 2.21 (s, 3H,
CHs), 2.06 (s, 3H, El3), 1.89 (s, 3H, El3), 1.33 (s, 3H, E3) ppm. 13C-NMR (126 MHz, CD:Cly):
=197.5, 181.8, 164.0, 156.6, 154.6, 153.5%@&;r = 4.0 Hz), 146.5 (% = 4.5 Hz), 142.2, 141.7,
140.6, 138.6, 135.5 (GJc.r = 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){¢, = 34.0 Hz), 124.9 (q%)F =
33.5 Hz), 124.7, 124.6, 123.1 () = 272.4 Hz), 123.3 (qtdcr = 273.9 Hz), 117.4, 112.7, 111.1,
21.4,21.3,20.9,17.7,17.7,17.3, 16.2 pgfE-NMR (282 MHz, CD.Cl): = 622(s, CR), 637
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(s, CR), 722 (d,%Jpr =711.7 Hz, PE~) ppm. HRMS (ESI): nm=z calcd. for GoHa4FeN7O2Ru Sy
[M]*: 1022.2232, found: 1022.2240R (Im): n = 3142, 2923, 1618, 1516, 1476, 1434, 1363, 1324,
1258, 1174, 1134, 1079, 1038, 933, 833, 710, 668, 631, 584, 548, 480, 433\¢p.: 217 °C (decomp.)
CD (CH3OH): , (D ,m?! cm?1): 380 ( 5), 341 (3), 283 (18), 242 ( 31), 226 ( 26), 216 ( 8) nm.

Synthesis of Complex D-114b

Following a modi ed procedur&’l auxiliary complex128b (11 mg, 1 (PFe),
9.0 umol, 1.00eq) was dissolved in @EN (2mL), treated with TFA FONF l H

(7.4 L, 96 umol, 10eq) and stirred at 40 °C for 16 h. After cooling me\\\N X '\\l‘@N—Mes
room temperature, the liquids were removed under reduced pressure, /Ru

|
NH4PFs (47 mg, 29 umol, 31 eq) added, and the mixture redissolved in///N |
CH3CN (2mL). After stirring for 20 min at room temperature, the sol“-/Ie NN
vent was removed under reduced pressure. Puri cation by column chro—FsCJ;)/
matography (CHCI,/CH3CN 10:1 to 5:1) provided the enantiomerically D-114b
enriched compleX-114b (10 mg, 8.9 umol, 9%) as bright yellow solid.

N
/

B

The absolute con guration was assigned based on the con guration of the auxiliary colyjiRXx
128h.

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): , (D ,m!cm?t): 375( 6),315(+ 1), 276( 26), 258( 5), 239( 34) nm. All other
spectroscopic data were in agreement wattemicl14hb.

Synthesis of Racemic Complex 114a

According to general procedure C, Rg@51 mg, 0.24 mmol, 1.00 eq) Br 1(PFe)
was reacted with imidazolium s&8b (241 mg, 0.49 mmol, 2.0 eq). The H ,(j/
racemictitle compoundl14a(174 mg, 0.15 mmol, 8%) was obtained as ~N\QN\T N//Me

a yellow crystalline solid. 7

Mes ~
K Na
e
IH-NMR (500 MHz, CDxClo): =9.09 (d,*J = 1.3 Hz, 1H,Himidazold s
8.91 (dd,*J = 2.2, 0.6 Hz, 1HHimidazold, 8.19-8.16 (M, 2HHx,), 7.97 e

(d, 43 = 2.3 Hz, 1H,Hpy,), 7.89 (dd,3J = 8.8,4] = 2.2 Hz, 1H,Hpy,),
7.75 (ddd3J = 8.9,41 = 2.6, 0.6 Hz, 2HH /), 7.03-7.01 (M, 2HH ), 6.99 (s, br, 1HHA/), 6.88 (d,4J
= 2.3 Hz, 1HHa), 6.52 (s, br, 1HHar), 5.94 (d,4J = 1.3 Hz, 1H,Himigazold, 2.35 (S, 3H, El3), 2.32 (s,
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5.4. Synthesis of Ruthenium Complexes

3H, CHa), 2.28 (s, 3H, Ei3), 2.26 (s, 3H, Eli3), 2.14 (s, 3H, Ei3), 2.03 (s, 3H, Ei3), 1.90 (s, 3H, El3),

1.32 (s, 3H, Ei3) ppm. $3C-NMR (126 MHz, CDxCl,): = 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 calcd. for GgH3gNgRuP1FsBro [M*PRs~]": 1013.0259, found: 1013.0266.

IR (Im): n =3150, 1602, 1523, 1484, 1423, 1377, 1322, 1246, 1067, 1037, 931, 827, 699, 584, 552,
427 cm* . M.p.: 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(IR = 34.95min, R(D) =

37.56 min.

The assignments of the individual signals was done after comparison with HPLC traces of c@mplex
114a(Figure 22, Chapter 3.1.3) and the corresponding auxiliary conipig®-128a

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

An oven dried 50 mL round-bottom ask equipped with nitrogen inlet

was charged witlracemic 114a(209.3mg, 0.18 mmol, 1.0 eq}21d /O/
(53.3mg, 0.19mmol, 1.1eq), KOs (51 mg, 0.37 mmol, 2.2eq) and Mes_N N

CH3CN (18 mL). The reaction mixture was stirred at 40°C for 17 h. p
After cooling to room temperature, the mixture was Itrated through a 'V'eS

pad of celite, rinsed with C¥CN and the solvents were removed un- Q,N Q
der reduced pressure. Column chromatography,(@CH3CN 40:1) U

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

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

'H-NMR (500 MHz, CD:Cl,):  =10.60 (d, 1H2J = 1.9 Hz,Himidazold, 8.89 (d, 1HAJ = 1.4 Hz,Hx/),
8.30-8.22 (m, 2HHa), 8.05 (dd, 1H3J = 8.8,4) = 2.2 Hz,Ha,), 7.94 (d, 1H*J = 2.3 Hz,HpA,), 7.56
(d, 1H,3) = 8.8 Hz,Hpa), 7.43 (dd, 1H23J = 8.8,%3 = 2.2 Hz,Hp,), 7.23 (d, 1H,*J = 2.0 Hz,Hx,),
7.15-7.08 (m, 2H), 7.09 (s, br 1#i4,), 7.03 (d, 1H3J = 8.8 Hz), 6.99 (s, br 1H{ ), 6.98 (d, 1H*J =
2.2 Hz), 6.94 (s, br 1H{ ), 6.82-6.76 (m, 2H), 6.75-6.68 (M, 2H), 6.42 (s, br H},), 6.02 (d, 1HAJ
= 1.3 Hz,Himidazold: 2.35 (S, 3H, El3), 2.34 (s, 3H, €l3), 2.27 (s, 3H, El3), 2.23 (s, 3H, E3), 2.16 (s,
3H, CHs), 1.85 (s, 3H, El3), 1.31 (s, 3H, El3) ppm. 13C-NMR (126 MHz, CDxCl,): = 196.3, 180.4,
165.5 (d,*Jc.F = 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@,r = 9.1 Hz), 132.1, 131.9, 131.0 (tilc.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, 11838405 21.9 Hz), 113.0,
111.6,21.4,21.4,21.3,17.8,17.7,17.2, 16.1 ppiA-NMR (282 MHz, CD,Clp): = 722(d, JpFr =
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711.7 Hz, PE7), 1093 (s, F) ppmHRMS (ESI): m=z calcd. for GgH4BroN7O.Rw\S; [M—PRs~]*:
1044.0677, found: 1044.0709R (Im): n = 3142, 3052, 2922, 2856, 1676, 1599, 1514, 1470, 1362,
1306, 1239, 1150, 1100, 1071, 1037, 956, 838, 697, 629, 586, 548, 471, 422Qn(CH;0H): (D ,

M1 cemt): 340 @ 7), 291 ( 57), 274 ¢ 11), 246 ( 42), 235 ( 3), 221 ( 35) nm.

Synthesis of Complex D-114a

In analogy toD-114h, auxiliary complexD-(R)-128a (52 mg, 43 pumol, T1(PFe)2
1.0 eq) was treated with TFA (33 uL, 43 umol, 10.0 eq), resulting in the PNF l =
enantiomercally enriched compl&x114a(45mg, 39 umol, 9%) as a Mes, NC%N—Mes

| . S, | W9
bright yellow solid. Ru

- Mes
. . . Me///N | \’N
The absolute con guration was assigned based on the con guration of _N NJ
auxiliary complexd-(R)-128a Br@/
D-114a

CD (CH3zOH): , (D ,mt cm?): 416 ( 7), 326 & 1), 292 ( 38), 276
( 2), 252 ( 38), 232 ¢ 29), 208 ¢ 10) nm. All other spectroscopical
data were in agreement with racemic compléxda

Synthesis of Racemic Complex 136b

Similar to general procedure C, RuGR8.2 mg, 136 umol, 1.00 eq)

was reacted with imidazolium sdl85(134.5 mg, 289 umol, 2.0 eq) at ﬁBr
180 °C for 23 h. Theacemictitle compoundlL36b(66.8 mg, 50 umol, (/\ll\l N //Me
40%) was obtained as a yellow crystalline solid.

12" 2pPFg

N-C., oN
DIPP "

.R).*‘
DlPP\N~C P |”\N\\
IH-NMR (300 MHz, CD;CN): =8.19 (d, 2H,*J = 2.2 Hz), 8.09 SRR Me
(d, 2H,4J = 2.3 Hz), 7.95 (dd, 2H3J = 8.8,%J = 2.2 Hz), 7.61 (d, U\Br

2H,3) = 8.8 Hz), 7.44 (dd, 2H3) = 7.9,4) = 1.4 Hz), 7.31 (d, 2H,

3 =7.8 Hz), 7.27 (d, 2H¥J = 2.2 Hz), 6.85 (dd, 2H3J = 7.8,4J =

1.4 Hz), 2.48 (hept, 2HJ = 6.7 Hz, 2xCGH(CHs)>), 1.96 (s, 3H, El3), 1.45 (d, 6H,J = 6.8 Hz, 2xCH3),
1.07 (d, 6H.3J = 6.7 Hz, 2xQH3), 0.95 (d, 6H3J = 6.8 Hz), 0.86 (d, 6H3J = 6.7 Hz, GH3) ppm. Note:
Two CH signals from théPr-group are missing.
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5.4. Synthesis of Ruthenium Complexes

Synthesis of Racemic Complex 137b

According to general procedure C, RgGQR6.1 mg, 126 pmol, 2 aer
1.00eq) was reacted with imidazolium sal85 (119.2mg, " /@/Br
256 umol, 2.0 eq) at 120 °C for 46 h. Tiecemictitle compound D|pp_N\/l N //Me

137b (106 mg, 90 umol, 6%) was obtained as a yellow crys-
talline solid. Additional, theacemicnNHC complex136b(40 mg, D'PP / ' N\
30 umol, 26%4) was obtained during this procedure. N N R

Q,
1H-NMR (300MHz, CDsCN): =9.30(d, 1H2J = 1.4 Hz,Hp,), r
8.91 (d, 1H4) = 2.2 Hz,Hpa/), 8.22 (dd, 1H3J =8.9,41 = 2.2 Hz,
Har), 8.19 (d, 1HAJ = 2.2 Hz,Ha(), 8.15 (d, 1HAJ = 2.2 Hz,H4), 8.08 (dd, 1H3J = 5.3,4) = 2.3 Hz,
Har), 7.95 (dd, 1H3J = 8.8,4) = 2.3 Hz,Ha,), 7.81 (d, 1H3J = 8.9 Hz,HaA,), 7.62 (d, 1H3J = 8.8 Hz,
Har), 7.56 (t, 1H,33 = 7.8 Hz,Hpa,), 7.52-7.45 (m, 1HHA,), 7.38 (d, 2H23J = 7.7 Hz,Hp,), 7.35-7.26
(m, 1H,Har), 7.24 (d, 1H2) = 2.3 Hz,Ha(), 6.82 (d, 1H3J = 8.0 Hz,Ha,), 6.27 (d, 1H,*J = 1.3 Hz,
Har), 2.78 (p, 1H23J = 6.7 Hz, GHCHs), 2.35 (p, 1H2J = 6.8 Hz, GHCHa), 2.29-2.20 (m, 1H), 1.83 (q,
1H,3J = 6.9 Hz,H3), 1.49 (d, 3H3J = 6.9 Hz, (H3), 1.22 (d, 3H23J = 6.8 Hz, GH3), 1.16 (d, 3H2J =
6.8 Hz, (H3), 1.09 (t, 6H,2J = 6.9 Hz, (Hs), 1.02 (d, 3H23J = 6.8 Hz, GH3), 0.82 (s, 6H, 2xEl3) ppm.
HRMS (ESI): mrz calcd. for GoH47BroFgN7P1Ru [M—PRs~]* : 1056.0933, found: 1056.0912.

Synthesis of Auxiliary Complex  D-(R)-139

An oven dried 50 mL round-bottom ask equipped with nitrogen in- Bz IPFsg
let was charged witlracemic complex 137b (60.6 mg, 48.8 umol, \NI NG HN_DIPP
1.00eq), sul nyl benzamide§)-121d (13.9 mg, 50.1 pmol, 1.0 eq), pTo|,‘.S? | O

K2COs (14.1 mg, 102 pmol, 2.1 eq) and GEN (5 mL). The reaction | / | \’ DIPP

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

ature, the mixture was ltrated through a pad of celite, rinsed with J;J/
CH3CN and the solvents were removed under reduced pressure. Col- Br
umn chromatography (100 mg NAR; added as solid on top of col- D-(R)-139

umn. (CHCI,/CH3CN 10:1! 0:1) provided the title compound-(R)-139 (26.0 mg, 20.0 umol, 4%,

dr 4:1) as bright orange to red solid as mixture of diasteromers. Note: The isomer with a 180° rotated
orientation of auxiliaryl21dwas not isolated, hence both isomers are present which makes the NMR less
clear to identify.

The absolute con guration was assigned analogously to conipig®-128a
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'H-NMR (300 MHz, CDxCN) =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 (tdJ = 8.1 Hz,*J = 1.5 Hz, 4H), 6.56 (}J = 1.3 Hz, 1H), 6.39 (d}) = 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), 1.88%&.9 Hz,
1H), 0.99 (d 2J = 6.8 Hz, 3H), 0.90 (t3J = 7.2 Hz, 2H), 0.79 (d3J = 6.7 Hz, 3H), 0.69 (d%J = 6.8 Hz,
4H) ppm.

Synthesis of Complex D-137b

In analogy to complel-114h complexD-(R)-139(25.8 mg, 20.0 umol, NG 1 (PFe),
1.0eq) in CHCN (5mL) was treated with TFA (15.0 pL, 195.0 ymol,,,, \(Nl H

9.7 eq), resulting in the complé*x137b(14.0 mg, 14.4 umol, %) as a \ | ‘\/N pIPP
yellow solid.

/N | \’ DIPP

The absolute con guration was assigned based on the con guration of J;J/
auxiliary complexD-(R)-139 Br
D137b

The spectroscopical data were in agreement veitlemic137h.
Synthesis of Racemic Complex 137a

According to general procedure C, Rg@86.5mg, 176 umol, 1.00 eq) NCF:  (PRe):
was reacted with imidazolium salt34 (157.8 mg, 347 umol, 2.0eq) C"N/Ej/

at 120°C for 43h. The ash chromatography was performed wiR' N\/\| N 7V
CHCI>/CH3CN (20:1! 10:1) as eluent. Theacemictitle compound DIPP / N\

137a (134 mg, 110 umol, 6%) was obtained as a yellow crystalline «’ |

solid. | NS
ZNCF,

IH-NMR (300MHz, COxCN): =9.42 (d, 1H,%J = 1.3 Hz,Ha),

9.10-9.07 (M, 1HHx,), 8.39-8.33 (M, 2HH A,), 8.20-8.11 (m, 2HH (), 8.06 (d, 1H3J = 8.8 Hz,Hx(),
7.91 (d, 1H3J = 8.7 Hz,Ha,), 7.57 (dd, 1H2J = 7.8, 7.8 HzHp), 7.42-7.33 (m, 4HHp), 7.30-7.23
(m, 2H,Hx), 6.79 (dd, 1H3J =7.7,3= 1.4 Hz,HpA(), 6.27 (d, 1H2J = 1.3 Hz,Ha;), 2.81-2.70 (M, 1H,
CHCHa), 2.37 (pent, 1H3J = 6.8 Hz, GHCHz), 2.27-2.16 (m, 1H, EICHa), 1.83 (pent, 1H3J = 6.8 Hz,
CHCHa), 1.45 (d, 3H2J = 7.0 Hz, CHH5), 1.23 (d, 3H23J = 6.9 Hz, CHQH3, 1.16 (d, 3H3J = 6.8 Hz,
CHCHs), 1.11-0.99 (m, 10H), 0.82 (d, 6H) = 6.8, 2x CHG®53) ppm.
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Synthesis of Auxiliary Complex  D-(R)-138

An oven dried 50 mL round-bottom ask equipped with nitrogen inlet

was charged withacemiccomplex137a(101 mg, 82.8 umol, 1.00 eq), /fj’
sul nyl benzamide §-121d (22.4mg, 80.8 umol, 1.0eq), KO3 D|pp—N
(22.7 mg, 164.2 umol, 2.0 eq) and @EN (8 mL). The reaction mix-

ture was stirred at 40 °C for 2 h. After cooling to room temperature, D'PP‘ / | Q

the mixture was ltrated through a pad of celite, rinsed with {CH

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

matography (100 mg NHPF; added as solid on top of column, GEl,/CH3CN 30.1) prowded the title
compoundD-(R)-138(35.8 mg, 28.2 umol, 3) as bright orange to red solid. Note: The isomer with a
180° rotated orientation of auxilia21dwas not isolated, hence both isomers are present which makes
the NMR less clear to identify.

The absolute con guration was assigned analogously to conipig®-128a

1H-NMR (300 MHz, CBxCN): =10.79 (dt, 1H#J = 1.9, 0.9 HzHa,), 9.31 (d, 1H*J = 1.4 Hz,Ha,),
8.30 (dd, 2H3J = 6.2 Hz,*J = 2.2 Hz,Hp,), 8.25-8.17 (m, 2HH ), 8.13-8.06 (m, 2HH ), 7.87 (ddd,
3H,3J=8.9Hz,*)=5.0, 2.3 HzHa/), 7.72-7.64 (M, 4HHA,), 7.60 (t, 1H3J = 7.9 Hz,Hp,), 7.49-7.36
(m, 8H,Ha), 7.32-7.08 (m, 8HH ), 6.86-6.77 (M, 2HH,A(), 6.67-6.59 (M, 3HH ), 6.37 (d, 1H4J
= 1.3 Hz,Ha,), 3.06 (pent, 1H3J = 6.8 Hz, GHCHa), 2.61-2.51 (m, 1H, 6CHz), 1.87-1.76 (m, 1H,
CHCHz), 1.49-1.11 (m, 9H), 1.00 (d, 3K, = 6.8 Hz, GH3), 0.90 (t, 3H,3J = 7.2 Hz, (H3), 0.78 (d, 3H,
3)=6.7 Hz, GH3), 0.70 (d, 4H23J = 6.8 Hz, GH3) ppm.

Synthesis of Complex D-137a

In analogy to comple®-114b, complexD-(R)-138(35.8 mg, 27.7 umol, FsCuz T (PFe),
1.0eq) in CHCN (7 mL) was treated with TFA (20.7 pL, 269.0 umol,,,, \(N]\ s
9.7 eq), resulting in the compldx137a(23.6 mg, 19.3 umol, %) as a \\N,"' | \\/N pIPP

yellow solid. | \’ DIPP

The absolute con guration was assigned based on the con guration of J;J/
FsC

auxiliary complexd-(R)-138
D-137a

The spectroscopical data were in agreement veitemic137a
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5.5. Synthesis of Auxiliaries
Synthesis of Racemic Menthyl p-Tolylsul nate (124)

Following a published proceduf¥3! p-tolyldisul de 188(2070 mg, 8.40 mmol, 1.0 eq) 0
was dissolved in MeOH (20 mL).N-brom succinimide (NBS, 2374 mg, 13.3 mmol,{©/s‘owle
1.6 eq) was added in portions over a period of 20 min at room temperature. Afterfu
conversion of the starting material was observed via TLC, the reaction mixture was di®c 124
luted with CHCI, (50 mL) and washed with a saturated aqueous solution of NaHE8InL). The aque-
ous layer was extracted with GBI, (50 mL). The combined organic layer were washed with a saturated
agueous solution of NaHCGQ(3x10 mL), dried over Ng5O, and the solvents removed under reduces
pressure. Theacemictitle compoundl24 was obtained as an colorless liquid (2906 mg, 17.07 mmol,

99%%) in suf cient purity and used without further puri cation.

'H-NMR (300 MHz, CDCh): =7.64-7.55 (m, 2HH ), 7.38-7.30 (m, 2HH ), 3.46 (s, 3H, OEl3),
2.43 (s, 3H, El3) ppm. 13C-NMR (75MHz, CDCh): = 143.0, 141.2, 129.9, 125.5, 49.5, 29.7, 21.6
ppm.HRMS (ESI): m=z calcd. for GH110,S; [M + H] *: 171.0474, found: 171.0479.

Synthesis of Racemic p -Tolylsul namine (125)

Following a published proceduf®’! racemic menthyl p-toluenesul nate {24 o

1018 mg, 5.98 mmol, 1.00 eq) was dissolved in THF (15mL) and cooled to 78 °C. g~NH2

solution of LIHMDS (1m in THF, 9.0 mL, 9.00 mmol, 1.35 eq) was added over a perio?ij/

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©f (1B mL) was

added and stirred for 30 min at room temperature. The mixture was extracted with EtOAc (3x60 mL),
dried over NaSQy and the solvent removed under reduces pressure. The crude product was recrystallized
from n-hexane/EtOAc (2:1 viv, 40 mL). Thacemictitle compoundL25 (489 mg, 3.15 mmol, 53) was

obtained as a pale yellow crystalline solid.

H-NMR (300 MHz, CDC}): = 7.66-7.56 (M, 2HHa), 7.37—7.28 (M, 2HH ), 4.30 (s, 2H, M),
2.41 (s, 3H, El3) ppm. 13C-NMR (75MHz, CDCk): = 143.5, 141.5, 129.6 (2C), 125.3(2C), 21.3
(CH3) ppm.HRMS (ESI): mFz calcd. for GH10N10:1S; [M + H]*: 156.0478, found: 156.048RPLC:
Daicel Chiralpak OD-H (250 x 4.6 mmj-Hexanei-PrOH 90:10, 1 mL mirt, 25°C, 254 nmir (R) =
14.63 mintgr (S)= 17.29 min.
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5.5. Synthesis of Auxiliaries

Synthesis of (S)-p-Tolylsul namine (125)

Following a published proceduf®’ (1R,2S5R)-( )-Menthyl (S)p-toluenesul nate o

(124, 1963 mg, 6.69 mmol, 1.00 eq) was dissolved in THF (16 mL) and cooledto 78 °ec/©/g"NH2

A solution of LIHMDS (1M in THF, 9.0mL, 9.00 mmol, 1.35 eq) was added over a pes ~*

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 solutiofGh{ NHNL)

was added and stirred for 30 min at room temperature. The mixture was extracted with EtOAc (4x50 mL),
dried over NaSOy and the solvent removed under reduces pressure. The crude product was puri ed via
column chromatography (CGi€l,/MeOH 15:1) and the target produt®5was obtained as a colorless,
crystalline solid. To improve the enantiopurity, the product was recrystallizedrirbexane/EtOAc (2:1

viv, 40 mL) to give enantiopur&25 (735 mg, 4.74 mmol, ®b, >9% 6.

H-NMR (250 MHz, CDCh): =7.62(d, 2H3J=8.2 Hz,Ha,), 7.31 (d, 2H3J = 8.0 Hz,Ha;), 4.3 (s,

br, 2H, NHp), 2.4 (s, 3H, @l3) ppm. 13C-NMR (75MHz, CDCB): = 143.7, 141.6, 129.7 (2C), 125.5
(2C), 21.5 CH3) ppm. HRMS (ESI): mFz calcd. for GHgN;0:S;Nay [M + Na]*: 178.0297, found:
178.0301.IR (Im): @i = 3187, 3091, 2920, 2867, 1589, 1482, 1394, 1085, 1005, 972, 912, 803, 707,
622, 571, 523, 441, 407 ci M.p.: 106 °C (EtOAc).HPLC: Daicel Chiralpak OD-H (250 x 4.6 mm),
n-Hexanei-PrOH 90:10, 1 mL mirt , 25 °C, 254 nmig (R) = 14.63 minjg (S)= 17.29 min.

Synthesis of (S)-N-(p-Tolylsul nyl)benzamide (121a)

According to a published procedufé®! (9-125 (156.1 mg, 1.00mmol, 1.0 eq) o o
was dissolved in THF (4 mL) and cooled to 78°C. At this temperatur&uLi S
(1.6m in n-hexane, 1.3 mL, 2.1 mmol, 2.1 eq) was added slowly over a period

5 min, followed by benzoic anhydridd26, 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 solutigqCbf NH
(5mL) was added, the mixture was extracted with EtOAc (3x30 mL), and the combined organic layers
were dried with brine and N&O,. The solvent was removed under reduced pressure and the crude
product was puri ed by column chromatography (&F,/ MeOH 100:1). The title compounti21a
(226.2 mg, 0.87 mmol, 85, >9%% e was obtained as a colorless solid.

'H-NMR (300MHz, CDCk): = 8.23 (s, br, 1H, M), 7.83 — 7.76 (m, 2HH4a,), 7.72 — 7.65 (m,

2H, Har), 7.61 — 7.53 (m, 1HHA), 7.52 — 7.41 (m, 2HHp;), 7.40 — 7.32 (M, 2HHA;), 2.45 (s, 3H,
CCHz) ppm. ¥*C-NMR (75MHz, CDCk): = 167.5, 142.7, 140.8, 133.2, 131.8, 130.2 (2C), 128.9
(2C), 128.1 (2C), 125.0 (2C), 21.€Hz) ppm. HRMS (ESI): m=zcalcd. for G4H14N102S; [M+H*]*:
260.0740, found: 260.0747R (Im): n =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:111°C
(MeOH).HPLC: Chiralpak IB-N5 (250 x 4.6 mm), pD+0.1% TFA/CH3CN 65:35, 1.0 mL mirt , 20 °C,

254 nmtg (minor) = 17.7 mintg (major) = 19.9 min.
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5. Experimental Part

Synthesis of (S)-4-Fluoro- N-(p-Tolylsul nyl)benzamide (121d)

Following the previous described protocol, sul namidg)-125 (257.1 mg, 0 o

1.65mmol, 1.0eq) and 4- uorobenzoyl chloridd27, 0.24mL, 2.03mmol, /@SHJ\©\

1.2 eq) provided sul nyl benzamide21d(397.5 mg, 1.43 mmol, 86) as a slight F
(S)-121d

red crystalline solid.

H-NMR (500 MHz, CDC}): =8.44 (s, 1H, M), 7.86 — 7.81 (m, 2HH /), 7.67-7.62 (M, 2HH ),
7.38-7.33 (M, 2HHar), 7.15-7.09 (M, 2HH ar), 2.44 (s, 3H, €13) ppm.13C-NMR (126 MHz, CDC}):

= 166.3, 165.8 (diJe.r = 255.1 Hz), 143.0, 140.7, 130.7 @ilcr = 9.4 Hz, 2C), 130.3 (2C), 128.0
(d, *Jor = 3.2 Hz), 124.9 (2C), 116.2 (dJcr = 22.0 Hz, 2C), 21.7¢H3) ppm. 1°F-NMR (235 MHz,
CDCl): = 1047 ppm. HRMS (ESI): m=z calcd. For G4H12F1N102,SNay [M + Na]*: 300.0465,
found: 300.0473.IR (Im): n = 3151, 3064, 2824, 1674, 1597, 1510, 1487, 1424, 1393, 1305, 1234,
1165, 1084, 1051, 1013, 887, 855, 805, 763, 676, 624, 589, 512, 474, 428Nm.: 62 °C (MeOH).
HPLC: Chiralpak IB-N5 (250 x 4.6 mm), 0.6 mL m#n, H,O+0.1% TFA/CHsCN 70:30, 20°C, 254 nm,
tr (major) = 62.15 mintg (minor) = 63.93 min.

5.6. General Procedure for Asymmetric C,H Amination

Following the general procedure DI-benzoyloxyuread6, 55.6 mg, 0.2 mmol, 1.0 eq), o
catalyst (0.9 maék) and KzCO3 (83.5mg, 0.60mmol, 3.1eq) in freshly distilled @El, Me~NJ\NH
(2 mL) were used, providing the amination produ@t(34.2 mg, 0.194 mmol, 99 yield,
86% e@ as a colorless solid.

Ph

IH-NMR (300 MHz, CDCh): = 7.44-7.28 (m, SHHa,), 4.82-4.62 (m, 2H), 3.78 (t, 1H,) = 8.8 Hz),

3.22 (dd, 1H,3J = 8.8, 7.4 Hz), 2.82 (s, 3H, GH3) ppm. HPLC: Daicel Chiralpak IA (250 x 4.6
mm), n-hexane/PrOH 90:10, 1 mL mirt, 30 °C, 220 nmig (R) = 12.6 min,tg (S) = 14.8 min. All other
spectroscopic data were in agreement with the literatt#e.
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5.7. Azirination

5.7. Azirination
Synthesis of Methyl 3-Oxo0-3-phenylpropanoate (145)

Following a modi ed procedur&*% a ame-dried 25 mL round-bottom ask equipped o o

with nitrogen inlet was charged with NaH (60%tn oil, 339 mg, 14.1 mmol, 3.33 eq), o~

THF (4 mL) and dimethyl carbonaté44, 0.7 mL, 8.31 mmol, 2.0eq). 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 NE solution (5 mL) was added, extracted with &, (3x30 mL),

dried over NaSQ@ and the solvents were removed under reduced pressure. The crude product was pu-
ried by ash chromatography if-pentane/EtOAc 10:1 7:1) and the title compouni45a (727 mg,

4.08 mmol, 966, Ratio Keto/Enol 80/20) was obtained as a colorless oil.

IH-NMR (250 MHz, CDC}): = 12.49 (s, 1H, ®lgno), 8.02-7.83 (m, 2HHA), 7.84-7.72 (m, 1H,
HAr), 768'753 (m, 1HHAr), 756‘736 (m, 3HHAr), 568 (S, 1H,H0|ef:;En0|), 401 (S, 2H, G{z;Keto),
3.81 (s, 1H, Ei3), 3.76 (s, ®3) ppm.R¢ = 0.22 f-pentane/EtOAc 10:1)

Synthesis of Ethyl 2-Methyl-3-ox0-3-phenylpropanoate (146)

Following a modi ed literature procedufé’! a 100mL round bottom ask was o o

charged with Ethylbenzoylacetatd89 9070mg, 47.2mmol, 1.0eq), .KO3 o™

(8327 mg, 60.23 mmol, 1.3eq) methylene iodine (5.0mL, 80.3mmol, 1.7eq) a

Acetone (50 mL), equipped with re ux condenser and heated to 56 °C for 4 h. After cooling to room
temperature, the mixture was ltered through a pad of celite and the solvents were removed under re-
duced pressure. The target prodaid6 (10 g, 47 mmol, 9%) was obtained as an orange oil and used
without further puri cation. Note: Although reaction monitoring via TLC is possible with long plates (

7 cm), GC monitoring is highly recommended.

'H-NMR (250 MHz, CDCh): = 8.03-7.92 (m, 2HH (), 7.64-7.53 (m, 1HH,), 7.53-7.40 (m, 2H,
Har), 4.37 (q, 1H23J = 7.1 Hz, GHCHgy), 4.14 (g, 2H22J = 7.1 Hz, (H,CHa), 1.49 (d, 3H2J = 7.1 Hz,
CHCHs), 1.16 (t, 3H,%J = 7.1 Hz, CHCHs) ppm. 3*C-NMR (63 MHz, CDCk): = 196.0, 171.0,
136.0, 133.6, 128.8, 128.7, 61.5, 48.5, 14.1, 13.9 ppiRMS (ESI): m=z calcd. for GoH1403Na
[M+Na]* 229.0835, found: 229.084. {R= 0.47 f-pentane/EtOAc 5:2)R¢ = 0.47 (-pentane/EtOAC
2.5:1)GC/MS: R; = 5.401 minTemperature pro le : Initial temperature 50 °C for 2 min, nal tempera-
ture 250 °C, rate 30 °C mih.
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5. Experimental Part

Synthesis of 4-Methyl-3-phenylisoxazol-5(4 H)-one (147)

Following a slight modi ed literature proceduf¥ll a 25mL No- ask was charged N-O

with -ketoesterl46 (1003 mg, 4.86 mmol, 1.0 eq), N@H HCI (689 mg, 9.78 mmol, ' o

2.0eq), pyridine (1.2mL, 14.9 mmol, 3.1 eq), EtOH (5 mL) and stirred at 60 °C for 1

After cooling to room temperature, the mixture was diluted with water (20 mL), extracted with EtOAc
(3x30 mL), the combined organic layers washed with aqueous HCI-solution (20 mnLaid dried over
NapSOy. The solvents were removed under reduced pressure and the crude product was recrystallized
from EtOH. The title compound47 (770 mg, 4.40 mmol, 9%) was obtained as a colorless crystalline
solid.

H-NMR (250 MHz, CDCk): =8.09 (s, 1H, ®lgnol), 7.73-7.63 (M, 2HH ), 7.63-7.42 (M, SHH /),

3.84 (g, 1H,3J = 7.9 Hz, GHCHj), 2.04 (s, 1H, Glsenol), 1.58 (d, 3H,2J = 7.9 Hz, (Hzketo) PPM.
13C.NMR (63MHz, CDCk): =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 GoHgN;O2Nag [M+Na]*: 198.0525, found: 198.0530.

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

Following a modi ed literature procedul@!, a two neck ask equipped with a schlenk N-O

extention and re ux condenser was charged with isoxazolb#ig(701 mg, 4.00 mmol, Ly ¢
1.0eq), POQ (3.6 mL, 39.4mmol, 10eq), NE(0.4 mL, 2.9 mmol, 0.7 eq) and heated to

re ux temperature for 21 h. After cooling to room temperature, the mixture was poured onto a mixture
of ice and an saturated aqueous solution of Nak@a. 50 mL) and extracted with EtOAc (3x70 mL).
The combined organic layers were washed with brine, dried oveBQa the solvents removed under
reduced pressure and the crude product puri ed via ash chromatograppgritane/EtOAc 20:1). The
product148(709 mg, 3.66 mmol, 9%) was obtained as a yellow oil.

H-NMR (300 MHz, CDCk): = 7.73-7.58 (m, 2HHa,), 7.56-7.43 (m, 3HHa,), 2.13 (s, 3H, El)
ppm.18C-NMR (75MHz, CDCEk): =164.0, 152.1, 130.1, 129.2, 129.0, 128.0, 108.6, 8.25J@Hm.
HRMS (ESI): m=z calcd. for GoHgCliN;O;Na; [M+Na]* : 216.0187, found: 216.018%R (Im): A =
1737, 1613, 1577, 1453, 1384, 1243, 1177, 1097, 1042, 1013, 898, 769, 695, 568, 50®em 0.41
(n-pentane/EtOAc 20:1).

Synthesis of 5-Methoxy-4-methyl-3-phenylisoxazole (56a)
Following a modi ed literature procedufé’] a 10mL PTFE sealed pressure tube was .o

charged with NaH (60 Wb in oil, 72mg, 1.8 mmol, 1.5eq) and MeOH (0.4 mL). Afterp, Ly °
the gas formation depleted, a solution of isoxazbd& (239 mg, 1.22 mmol, 1.0eq) in

112



5.7. Azirination

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 puri ed via ash chromatographygentane/EtOAc 20:1). The title compound
56a(159 mg, 0.84 mmol, %) was obtained as a yellow oil.

'H-NMR (300 MHz, CDC}): =7.68-7.58 (m, 2HH ), 7.49-7.40 (m, 3HHa;), 4.12 (S, 3H, OEl3),
1.96 (s, 3H, El3) ppm. °C-NMR (75MHz, CDCk): = 169.7, 164.9, 130.5, 129.6, 128.8 (2C),
127.9 (2C), 86.7, 58.0, 6.6 pprilRMS (ESI): m=z calcd. for G1H12N10, [M+H] *: 190.0863, found:
190.0867. R = 0.18 f-pentane/EtOAc 20:1).

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

-

charged with NaH (60 Wb in oil, 90 mg, 2.25mmol, 1.5 eq) anePrOH (2 mL). After Php-o
the gas formation depleted48 (300 mg, 1.52 mmol, 1.0 eq) was added and stirred at

70 °C for 39 h. The mixture was cooled to room temperature, dilutedwtntane (10 mL) and puri ed
via ash chromatographyntpentane/EtOAc 20:1). The title compouBifélb (193 mg, 1.02 mmol, 6%)
was obtained as a colorless oil.

Following a modi ed literature proceduté’! a 10 mL PTFE sealed pressure tube was o >\

1H-NMR (300 MHz, CDCh): = 7.71-7.60 (M, 2HHa), 7.52-7.40 (M, 3HH /), 4.93 (hept, 1H3J =
6.2 Hz,CH(CHs)y), 1.96 (s, 3HCHs), 1.43 (d, 6H,J = 6.2 Hz, CHCHs),) ppm. 13C-NMR (75 MHz,
CDCl): =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, isoxazéa (20 mg, 0.1 mmol, 1.0eq) was used, y o
providing the target produd90(19 mg. 0.10 mmol, 9%) as a yellow oil. PH" —
'H-NMR (250 MHz, CDC}): = 7.69-7.59 (m, 2HH ), 7.49-7.41 (m, 3HH ), 4.12 (s, 3H, OEl3),
1.96 (s, 3H, El3) ppm.1°C-NMR (75MHz, CDCk): =173.7,163.7,133.8,130.2, 129.5, 122.7, 52.6,
35.6, 17.9 ppmHRMS (ESI): m=z calcd. for GiH11N1O,Nay [M+Na]*: 212.0682, found: 212.0680.
HPLC: Chiralpak OD-H (250 x 4.6 mm), 1.0 mL min, n-Hexanei-PrOH 98:02, 20 °C, 254 nnty (mi-
nor) = 10.125 mintg (major) = 11.017 min.
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5. Experimental Part

Synthesis of Isopropyl 2-Methyl-3-phenyl-  2H-azirine-2-carboxylate (191)

According to general procedure E, isoxazbtb (20 mg, 0.092mmol, 1.0eq) wasused, yn o
providing the target produdi91 (17 mg. 0.08 mmol, 8%) as a yellow oil. P\ ,<o—<

'H-NMR (300MHz, CDCh): = 7.83 (dt, 2H,2J = 6.7 Hz,%J = 1.6 Hz,Hp,), 7.58

(ddd, 3H,3J=8.6, 6.1 Hz*J = 2.4 Hz,Hp,), 5.01 (hept, 1H3J = 6.3 Hz, G4(CH3)>), 1.60 (s, 3H, Ei3),
1.21 (d, 3H23J = 6.3 Hz, CHCH3CHj3), 1.15 (d, 3H3J = 6.2 Hz, CHCH3CHs) ppm. 3C-NMR (75 MHz,
CDCl): =172.7,163.9,133.6,130.1, 129.4, 122.9, 69.0, 35.9, 21.9, 21.8, 17.HRI0C : Chiralpak
IC (250 x 4.6 mm), 1.0mL mifh , n-Hexanei-PrOH 90:10, 20 °C, 254 nnig (major) = 8.606 mintr
(minor) = 9.406 min.

5.8. Propagyl Substrates
Synthesis of Propargyl Alcohol 172

Following a modi ed literature proceduf&>?! a 100 mL N- ask was charged with OH
TMS-acetylene 171, 1.3mL, 9.132mmol, 1.03eq) and THF (30mL), cooled to X

78°C. n-BuLi (1.6M in n-hexane, 5.5mL, 8.80 mmol, 1.0eq) was added at thisc

temperature over a period of 5min. 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 pfCFs-benzaldehydel(70, 1550 mg, 8.90 mmol,

1.00 eq) 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>2CO;3 (350 mg, 2.53 mmol, 0.3 eq) were added and stirred for 2h. After TLC showed full conversion,
a saturated aqueous solution of MH (10 mL) was added, extracted with EtOAc (3x40 mL), dried over
brine and NaSO, and the solvents were removed under reduced pressure. The crude product was puri ed
by ash chromatographyrtpentane/EtOAc 20:1 5:1). The title compound72(1348 mg, 6.74 mmaol,

76%) was obtained as a yellow oil.

IH-NMR (250 MHz, CDCh): = 7.72-7.60 (m, 4HHa,), 5.53 (dd, 1H3J = 6.1 Hz,*J = 2.2 Hz), 2.71

(d, 1H,%J = 2.3 Hz), 2.36 (dd, 1H3J = 6.1 Hz,%J = 2.0 Hz) ppm.’®F-NMR (235MHz, CDC}): =
626 ppm.
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5.8. Propagyl Substrates

Synthesis of Propargyl Carbamate 173

Following a modi ed literature proceduf&®*! a 25 mL No- ask was charged with o
propargyl alcohol72(509 mg, 2.54 mmol, 1.00 eq)92(850 mg, 3.89 mmol, 1.53 eq) >L0)LO
and CHCI, (2.5mL). The mixture was cooled to 0°C a@d (31.1 mg, 254 umol,

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

the solution turned slowly to ared color. After stirring for 5 h, water (10 mL) was added and extracted with
EtOAc (3x30 mL), dried over brine and ba0,. The solvents were removed under reduced pressure and
the crude product was puri ed via ash chromatograpmypentane/EtOAc 20:1). The title compound
173(582 mg, 1.94 mmol, &) was obtained as a colorless liquid.

4

'H-NMR (500 MHz, CDC}): = 7.69-7.61 (m, 4HHar), 6.28 (d, 1H,*J = 2.3 Hz, GHC), 2.72 (d, 1H,

43 = 2.3 Hz, H), 1.50 (s, 9H, QCHs)3) ppm. 13C-NMR (126 MHz, CDC}): = 152.4, 140.2, 131.4
(q,J =32.6 Hz), 128.1, 125.8 (d,= 3.8 Hz), 124.0 (q}J = 272.3 Hz), 83.8, 79.4, 76.8, 67.4, 27.8 ppm.
9F-NMR (282MHz, CDCh): = 628 ppm.HRMS (ESI): mFzcalc. For GsH1sF303Na [M+Na]* :
323.0866, found: 323.0868R (Im): fi = 3302, 2983, 2938, 2128, 1743, 1621, 1469, 1419, 1370, 1322,
1251, 1157, 1122, 1066, 1011, 954, 841, 770, 670, 608, 520, 466, 452 cm

Synthesis of Acetate 174

Following a modi ed literature procedufé®® a 10 mL N- ask was charged with
propargyl alcoholLl72 (537 mg, 2.69 mmol, 1.00 eq), DMART, 37 mg, 0.303 mmol,
0.11eq) and CbCl, (3.8 mL). The mixture was cooled to 0°C, NE.5mL,
3.59mmol, 1.34eq) and A® (0.35mL, 3.70mmol, 1.38 eq) were added and stirregic
at this temperature for 5h. After full conversion was observed via TLC, a saturated aqueous solution of
NH4Cl-solution (5 mL) was added, extracted with &E, (3x30 mL), dried over brine and N&0;,. The
solvents were removeid vacuoand the obtained crude product was puri ed via ash chromatography
(n-pentane/EtOAc 15:1 10:1). The title compound74 (476 mg, 1.96 mmol, ) was obtained as a
colorless oil.

3
4

'H-NMR (500 MHz, CDCh): = 7.65 (s, 4HHa), 6.49 (d, 1HAJ = 2.3 Hz, GHOAC), 2.69 (d, 1H,

4) = 2.3 Hz, H), 2.13 (s, 3H, E3) ppm. 13C-NMR (126 MHz, CDCk): = 169.6, 140.2, 131.2 (q,

3J = 32.6 Hz), 128.0, 125.7 (4] = 3.8 Hz), 123.8 (qJ = 272.3 Hz), 79.5, 76.1, 64.5, 20.9 ppA?F-
NMR (235MHz, CDCh): = 628 ppm. HRMS (ESI): m=z calc. For GoHgF3O2Nag [M*Na']*:
265.0447, found: 265.0458R (Im): fi = 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

A representative procedure for the propargylic substitution is given here and is based
on a published proceduf¥®! An oven dried pressure tube was charged with indole O /NH
(48 mg, 0.410mmol, 2.23eq), compléi4b (2.0 mg, 1.80 umol, 1.0 m#t), evac-

uated and ushed with N and addedl73 (55.1 mg, 0.183 mmol, 1.00eq) in THF FiC O
(0.5mL). NEg (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
as no full conversion was observed within this time. The mixture was puri ed via ash chromatography
two times @-pentane/EtOAc 10:1 and 5:1 the 2nd time of the product containing fractions). The title
compoundl76(8.8 mg, 29 umol, 1%) was obtained as a brown liquid as well as remairiig (6.0 mg,

19 umol, 16%).

74

IH-NMR (300 MHz, CDCk): =8.07 (s, 1H, M), 7.67-7.54 (m, 4HHp), 7.48 (d, 1H3J = 7.9 Hz,

Har), 7.38 (d, 1H2J = 8.2 Hz), 7.24-7.17 (m, 1H{a;), 7.16 (d, 1H%J = 2.5 Hz,Hp,), 7.12-7.03 (m,

1H, Har), 5.32 (d, 1HA) = 2.5 Hz, GHC), 2.48 (d, 1H2J = 2.6 Hz, H) ppm. 13C-NMR (75 MHz,
CDCls): =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): mezcalc. For GgH13F3N1 [M+H]*: 300.0995, found: 300.100HPLC: Chiralpak

OD-H (250 x 4.6 mm), 1.0 mL mifh, n-Hexanel-PrOH 90:10, 25 °C, 254 nntg (minor) = 11.998 min,

tr (major) = 20.581 min.
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A.l. List of Synthesized Compounds
N7 “1(PFe)2

N Br _I(PFe)z AN Br _]PF6 O Br _l PFG
I I P | _ I N
e e ;

7 "N” N
7 N° 'N Me N Me
(\ = NJ"", Xe) N Me (/\J //
N N MeSI ‘. o M / /O— N /2, Ry
RUi es RU / Med "'R
A u

N
64i L-(S)-94a 107a /641\
N7 “1PFs
N T1(PFe) Br\o\ ~1PFs
H
(/\N | Nig “1PFg " S\ |
B >—©— l\/N— es o @/ -Mes
N7, | O_Ph [ p-Tolw.g,
Mes NI

Mes R \ Ru o
Mes, RIS N N\/ | e | /R“ Mes
v~ | % < I\r | N\
8 t-Bu N\ _N N\
QNN | N NNZ
» 2 |

114a D-(S)-128a

BrZ PR Fgc\fjL T1(PFo): Fsc\o\ “1PFs Br\fl T1(PFo):
| © 0 H ]l H
N

X N'C‘N—Mes Me N N'C‘N—Mes NASN-Mes N—DIPP
0 Q) N O O \\ O
t-Bu.gl -~ N,," ’&\\\ p-Tol.! S, ,\~ ... . “\\
Nz n,, B / ey, | o v |
P A Mes Mes - Mes A DIPP
P o” | A |\’ |\’ A | N\
4 4
St U U "y ~
NS NS NS
Br F3C F3C Br
D-(S)-119 114b D-(S)-128b 137b
Bz PFe Fic “1(PFe) FiCur “1PFe
< | H < | H < | H
N7 ONAY Me N7 N N7 N
N-DIPP S N-DIPP N-DIPP
g o N g 10
*, O, >

R DIPP DIPP LA I
NSNS AN
F S £y 2y
NS NS
FaC” Y FsC

D-(S)-139 137a D-(S)-142

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

r-—'sr ~r1n 1 1 71 "1 "1 1 "1 7 1 "~ T 17 " T 1 T " 1T 1T " 1
100 9.8 9.6 9.4 9.2 9.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6 7.4 7.2 7.0 6.8 6.6 6.4
chemical shift /ppm

Figure 37: TH-NMR of a crude mixture of unreacted imidazolium skli5, NNHC 64gand aNHC114h. Key
signals are assigned to corresponding compound. For a more detailed assignment, see Figure 38.

NMR vyield calculations shown in Table 7 in chapter 3.1.3 are based on imidazolium salt equivalents using

the formula 1. The given parameters &rg as integral from the NMR of substanicéd; as a scaling factor
(H = 1 for imidazolium saltt16and aNHC114b H = 2 for nNHC 64gdue to itsCo,—symmetry).
Intj=H;

NMR Y|e|d= m (1)

An exemplary calculation for Table 7 entry 2, the arithmetic mean of integrals as shown in Figure 37 for

individual compounds was used:

INtanHc=HanHC
(Intannc=HanHc) + ( IntanHc=HnnHC) + ( INtimidazoliumsaEHimidazoliumsan
1:47=1
(1:53=1) +( 1:119=2) +( 1-1)
0:480 = 480%

NMR YiquNHC =
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a) crude

b) imidazolium
salt 116

[ N JL

|
I AT
YN VN

1 — T T T 1
10.0 9.8 9.6 9.4 9.2 9.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6 7.4 7.2 7.0 6.8 6.6 6.4
chemical shift /ppm

Figure 38: a) NMR spectrum of crude reaction mixture used for NMR vyield 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 contdleas reported in chapter
3.1.2.

Figure 39: *H-NMR spectrum of the unknown compound and the impurities recorded yCGD
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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.Bottom 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 L-64b 2.5 Me 40 3 DCE 96 8
2 L-149 25 Me 40 3 DCE 85 8
3 L-64e 2.5 Me 40 3 DCE 92 41
4 L-640 2.0 Me 40 3 DCE 94 32
5 L-64i 2.2 Me 40 3 DCE 76 45
6 none - Me 40 3 DCE 0 n.d.
7 L-640 1.0 Me 40 3 DCE 86 36
8 L-64i 1.0 Me 40 3 DCE 87 43
9 L-64i 0.2 Me 40 3 DCE 77 46
10 L-64i 1 i-Pr 40 3 DCE 87 31
11 L-64i 0.5 i-Pr 40 3 DCE 93 32
12 L-64i 1 Me O 22 DCE 30 2
13 L-64i 05 | Me 25 4  MeOH 86 61
14 L-64i 0.5 Me 25 4 Acetone 64 16
15 L-64i 0.5 Me 25 4 1,2-DCB 18 41
16 L-64i 0.5 Me 25 4 EtOAc 74 25
17 L-64i 0.5 Me 25 4 MeNO, 82 63
18 L-64i 0.5 Me 25 4 HFIP 88 25
19 L-64i 0.5 Me 25 25 i-PrOH 87 45
20 L-64i 0.5 Me 25 25 DMF 20 35
21 L-64i 0.5 Me 25 2.5 ethandiole 34 54
22 L-64i 0.5 Me 60* 25 CHsCN 12 33
23 L-64i 0.5 Me 25 6.5 t-AmOH 46 68

Xipuaddy ‘v
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Table 16: (continued)

Entry cat cat. loading R T t solvent Comment yield ee
/mol% /°C /h 1% 1%
25 L-64i 0.5 Me 25 3 DCE PPh 95 30
26 L-64i 1 Me 60* 3 MeOH PMe; 53 30
27 L-64i 1 Me 25 21 DCE Capsule 48 29
28 L-64i 1 Me 25 5 MeOH 5% H,0 61 48
29 L-64i 1 Me 25 4 MeOH 3.5% imidazole 11 36
30 L-64i 1 Me 25 4 MeOH 3,5% pyrazole 13 25
31 L-64i 1 Me 25 4 MeOH 3.5% 3,5MePyridin-N-Oxide 70 52
32 L-64i 1| Me 25 6 MeOH 9 67
33 L-64i 1 Me 25 25 MeOH +10% product added (%5 ee 90 51
34 L-64i 1 Me 25 6 MeOH dark 65 67
35 L-64i 0.5 Me 25 6 MeOH dark 81 61
36 L-64i 0.5 Me 25 6 MeOH dark 66 53
37 L-64i 1 Me 25 5 MeOH dark 65 67
38 L-64i 1 Me 25 5 MeOH dark 69 59
39 L-64i 1 Me 25 5 MeOH blue LED nd. O
40 L-64i - Me 25 5 MeOH blue LED nd. -

a|qeL Bulusalds papualxy sulizy-HZ v’V



A. Appendix

A.5. HPLC Spectra

HPLC spectrum of enantioenriched complgx 14aobtained as the decomposition product during the
column chromatography of auxiliary compl&g8a

Figure 41: HPLC spectrum of remainingjl4aduring column chromatography with of 90tee

Ruthenium Complexes

Figure 42: HPLC spectrum ofacemic(top) complex64i andL -64i (bottom).

132



A.5. HPLC Spectra

Figure 43: HPLC spectrum ofacemic(top) complext14aandD-114a(bottom). Chiralpak IB-N5 (250 x 4.6
mm), 1.0 mL mint , H,0+0.1% TFA/CH3CN 70:30 for 15 min, gradient to 63:37 in 55 min, 25 °C, 254 nm.

Figure 44: HPLC spectrum ofacemic(top) complext14bandD-114b(bottom). Chiralpak IB-N5 (250 x 4.6
mm), 1.0 mL mint , 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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Auxiliaries

Figure 45: HPLC spectrum ofacemic(top) sul namidel25and §)-125 (bottom).

Figure 46: HPLC spectrum of auxiliaryacemicl2la
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A.5. HPLC Spectra

Figure 47: HPLC spectrum of auxiliaryg)-121a

Figure 48: HPLC spectrum of auxiliaryacemicl21d
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Figure 49: HPLC spectrum of auxiliary§)-121d

Catalysis Products

Figure 50: HPLC spectrum ofacemic(top) compound.76and a crude measurement of enantioenrictiédl
(bottom).
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A.6. CD-Spectra

A.6. CD-Spectra
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Figure 51: CD-spectrum of complek -64i (MeOH, 0.2 ).
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Figure 52: CD-spectrum of complek-114a(MeOH, 0.2 ).
60

40

20

DeM lem 1
o

20

40

200 300
I (nm)

Figure 53: CD-spectrum of comple®-114b(MeOH, 0.2 nm).
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A.7. Representative NMR Spectra
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Figure 54: *H-NMR spectrum (300 MHz, 300 K) of complesdiin CD,Cl,.
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Figure 55: 13C-NMR spectrum (75 MHz, 300 K) of complediin CD,Cls.
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A.7. Representative NMR Spectra
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Figure 56: *H-NMR spectrum (500 MHz, 300 K) of compléx-(S)-94ain CD,Cl,.
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Figure 57: *H-NMR spectrum (500 MHz, 300 K) of compledj in CD3zCN.
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Figure 59: *H-NMR spectrum (500 MHz, 300 K) of compléx-(S)-101in CD,Cls.
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A.7. Representative NMR Spectra
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Figure 60: 13C-NMR spectrum (126 MHz, 300 K) of compléx-(S)-101in CD,Cl,.
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Figure 61: *H-NMR spectrum (300 MHz, 300 K) of comple12in CD,Cl,.
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Figure 62: *H-NMR spectrum (500 MHz, 300 K) of complexi3in CD,Cl,.
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Figure 63: 13C-NMR spectrum (126 MHz, 300 K) of compléx.3in CD,Cl».
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A.7. Representative NMR Spectra
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Figure 64: *H-NMR spectrum (300 MHz, 300 K) of complek36bin CDsCN.
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Figure 65: *H-NMR spectrum (300 MHz, 300 K) of complé(R)-193in CD,Cl,.
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Figure 66: *H-NMR spectrum (500 MHz, 300 K) of complexi4ain CD,Cls.
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Figure 67: 13C-NMR spectrum (126 MHz, 300 K) of complé{4ain CD,Cl,.
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Figure 68: TH-NMR spectrum (500 MHz, 300 K) of complé(R)-128ain CD,Cl.
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Figure 69: 13C-NMR spectrum (126 MHz, 300 K) of compléx(R)-128ain CD,Cl,.
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Figure 70: °F-NMR spectrum (282 MHz, 300 K) of compléx(R)-128ain CD,Cls.
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Figure 71: *H-NMR spectrum (500 MHz, 300 K) of complexl4bin CDsCN.
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Figure 72: 13C-NMR spectrum (126 MHz, 300 K) of complexX4bin CDsCN.
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Figure 73: 19F-NMR spectrum (282 MHz, 300 K) of compléx4bin CDsCN.
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Figure 75: 13C-NMR spectrum (126 MHz, 300 K) of compléx(R)-128bin CD,Cl,.
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A.7. Representative NMR Spectra
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Figure 76: 19F-NMR spectrum (282 MHz, 300 K) of compléx(R)-128bin CD,Cl».
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Figure 77: *H-NMR spectrum (300 MHz, 300 K) of compleb37ain CD3CN.
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Figure 78: 'H-NMR spectrum (300 MHz, 300 K) of comple3(R)-138in CDsCN as a mixture of diastere-
omers.
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Figure 79: *H-NMR spectrum (300 MHz, 300 K) of compleé37bin CDsCN.
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Figure 80: *H-NMR spectrum (300 MHz, 300 K) of comple3(R)-139in CDsCN as a mixture of diastere-

omers.
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Figure 81: IH-NMR spectrum (500 MHz, 300 K) of imidazolium s&®ain MeOH —d4.
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Figure 82: 13C-NMR spectrum (126 MHz, 300 K) of imidazolium s@®ain MeOH — .
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Figure 83: *H-NMR spectrum (300 MHz, 300 K) of imidazolium sdlo4ain MeOH — 4.
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Figure 84: 13C-NMR spectrum (75 MHz, 300 K) of imidazolium sdl®04ain MeOH —d4.
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Figure 85: *H-NMR spectrum (300 MHz, 300 K) of imidazolium sdl85in CDCls.
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Figure 86: 13C-NMR spectrum (75 MHz, 300 K) of imidazolium sdl85in CDCls.
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Figure 87: *H-NMR spectrum (250 MHz, 300 K) of imidazolium sdl84in CDCls.
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A.7. Representative NMR Spectra
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Figure 88: 19F-NMR spectrum (235 MHz, 300 K) of imidazolium sal84in CDCls.
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Figure 89: *H-NMR spectrum (300 MHz, 300 K) of pyridin€03bin CDCls.
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Figure 90: 23C-NMR spectrum (75 MHz, 300 K) of pyriding03bin CDCls.
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Figure 91: 1°F-NMR spectrum (235 MHz, 300 K) of pyridink03bin CDCls.
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Figure 92: 1H-NMR spectrum (300 MHz, 300 K) of pyridinium sal03b HClin CDCls.
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Figure 93: *H-NMR spectrum (300 MHz, 300 K) of compourd6in CDCls.
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Figure 94: 23C-NMR spectrum (75 MHz, 300 K) of compourd6in CDCls.
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Figure 95: 1%F-NMR spectrum (235 MHz, 300 K) of compouid@6in CDCls.
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B. Crystallographic Appendix

Complex 64i

Single crystals suitable for analysis were obtained by slow diffusion gD Btto a solution of64i in

CHsCN over night. Data was collectéf”! with an STOE STADIVARI diffractometer equipped with

CuK radiation, a graded multilayer mirror monochromator(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 re exions (STOE LANA, absorption correction by scaling of re ec-
tion intensities. 18] Cell constants were re ned using 38803 of observed re ections of the data collec-
tion. The structure was solved by direct methods by using the program XT V2014/1 (Bruker AXS Inc.,
2014§19 and re ned by full matrix least squares procedures 8rufing SHELXL-2018/1 (Sheldrick,
2018). The non-hydrogen atoms have been re ned anisotropically, carbon bonded hydrogen atoms were
included at calculated positions and re ned using the “riding model' with isotropic temperature factors at
1.2 times (for CH groups 1.5 times) that of the preceding carbon atomgs Gkbups were allowed to
rotate about the bond to their next atom to t the electron densitys [PRnions happened to be disor-
dered and were re ned using restraints. The Crystal struéfdtedata, and details @4i are presented

in Table 17 and Figure 96.

Figure 96: Crystal structure of racem@di. The [PFs~] anions and the hydrogen atoms are omitted for clarity.
Displacement ellipsoids are shown a@bprobability level at 100 K.
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Table 17: Crystal data and structure re nement f4i.

Crystal data

Identi cation code
Habitus, colour
Crystal size

Crystal system
Space group

Unit cell dimensions

Volume

Cell determination
Empirical formula
Moiety formula
Formula weight
Density (calculated)
Absorption coef cient
F(000)

Data collection:
Diffractometer type
Wavelength
Temperature

Theta range for data collection
Index ranges

Data collection software
Cell re nement software
Data reduction software

Solution and re nement:

Re ections collected
Independent re ections
Completeness to theta = 67.686°
Observed re ections

Re ections used for re nement
Extinction coef cient

160

EW128

nugget, colourless

0.50%0.19%0.17 nim

Monoclinic

C2/c Z=4

a=11.3296(5)A =90°
b =29.0787(14) A =103.036(3)°
¢ =13.5300(6) A =90°
4342.6(3) A

38803 peaks with Theta 4.3° to 76.4°
GsHsgBraF12NgP2 Ru
GsHagBr2NgRu, 2 (s P)

1157.59

1.771 Mg fn

6.601 mm

2296

STOE STADIVARI

1.54186 A

100(2) K
4.284 to 75.731°

14 h 13

31 k 36

14 | 16

X-Area Pilatus3 SV 1.31.127.0 (STOE, 2t76)

X-Area Recipe 1.33.0.0 (STOE, 26118)
X-Area Integrate 1.71.0.0 (STOE, 26'1b)

X-Area LANA 1.68.2.0 (STOE, 2016

20593
4453 [R(int) = 0.0622]
99.6
413782 ()]
4453
X = 0.00049(8)



Absorption correction Semi-empirical from equivaléHi8

Max. and min. transmission 0.4484 and 0.0610

Largest diff. peak and hole 0.689 and 1.308€A

Solution intrinsic phasé&s?

Re nement Full-matrix least-squares oA
Treatment of hydrogen atoms Calculated positions, constr. ref.
Programs used XT V2014/1 (Bruker AXS Inc., 20423

SHELXL-2018/1 (Sheldrick, 2018y
DIAMOND (Crystal Impactyt74!
ShelXle (Hiibschle, Sheldrick, Dittrich, 201!

Data / restraints / parameters 44537118/ 337
Goodness-of- t on P 1.087

R index (all data) wR=0.2019

R index conventional [I>2sigma(l)] R1=0.0707
CCDC No. 2069775
Complex 64j

Single crystals suitable for analysis were obtained by slow diffusion gD Htto a solution of64j in

CHsCN over night. Data was collectéf”! with an STOE STADIVARI diffractometer equipped with

with CuK radiation, a graded multilayer mirror monochromator=(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 re exions (STOE LANA, absorption correction by scal-
ing of re ection intensities.}'%8! Cell constants were re ned using 74742 of observed re ections of the
data collection. The structure was solved by direct methods by using the program XT V2014/1 (Bruker
AXS Inc., 2014169 and re ned by full matrix least squares procedures rufing SHELXL-2018/3
(Sheldrick, 2018). The non-hydrogen atoms have been re ned anisotropically, carbon bonded hydrogen
atoms were included at calculated positions and re ned using the ‘riding model' with isotropic tempera-
ture factors at 1.2 times (for GHyroups 1.5 times) that of the preceding carbon atomz @idups were
allowed to rotate about the bond to their next atom to t the electron density. Disorder of solvgdt (Et
CH3CN) was re ned using restraints for both the thermal parameters and geometry. The Crystal structure,
data, and details d§4j are presented in Table 18 and Figure 97.
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Figure 97: Crystal structure of racemi&4j. The [P ~] anions and the hydrogen atoms are omitted for clarity.
Displacement ellipsoids are shown a®b@robability level at 100 K.

Table 18: Crystal data and structure re nement 4.

Crystal data

Identi cation code EW167a

Habitus, colour needle, pale yellow

Crystal size 0.35%0.09%0.05 nim

Crystal system Monoclinic

Space group P21/c Z=4

Unit cell dimensions a=12.4927(2) A =90°
b =29.4279(5) A =101.085(2)°
c=14.6484(3) A =90°

Volume 5284.78(17) A

Cell determination 74742 peaks with Theta 3.0 to 76.2°

Empirical formula Q7H58_10F12 N12_2000_15P2 Ru

Moiety formula G2HsoNioRuU, 2(FsP), 0.15(GH100), 2.2(GH3N)

Formula weight 1187.36

Density (calculated) 1.492 Mg fn

Absorption coef cient 3.758 mr

F(000) 2435
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Data collection:

Diffractometer type
Wavelength

Temperature

Theta range for data collection
Index ranges

Data collection software
Cell re nement software
Data reduction software

Solution and re nement:

Re ections collected
Independent re ections
Completeness to theta = 67.679°
Observed re ections

Re ections used for re nement
Absorption correction

Max. and min. transmission
Largest diff. peak and hole
Solution

Re nement

Treatment of hydrogen atoms
Programs used

Data / restraints / parameters
Goodness-of-ton F

R index (all data)

R index conventional [I>2sigma(l)]
CCDC No.

Complex 64g

STOE STADIVARI
1.54178A
100(2) K
3.003 to 75.715°
15 h 15
21 k 36
17 | 18
X-Area Pilatus3 SV 1.31.127.0 (STOE, 4t6)
X-Area Recipe 1.33.0.0 (STOE, 26118)
X-Area Integrate 1.71.0.0 (STOE, 29/1b)
X-Area LANA 1.68.2.0 (STOE, 2016¥8!

69365
10905 [R(int) = 0.0394]
9%.9
9015[1 > )]
10905
Semi-empirical from equivalétfi§
0.1812 and 0.0415
0.612 and 0.371€A
intrinsic phasé&<?
Full-matrix least-squares oA
Calculated positions, constr. ref.
XT V2014/1 (Bruker AXS Inc., 204%Y
SHELXL-2018/3 (Sheldrick, 2018y
DIAMOND (Crystal Impactt74!
ShelXle (Hiibschle, Sheldrick, Dittrich, 204!
10905/373/810
1.014
wR = 0.0884
R1=0.0334
2106464

Single crystals suitable for analysis were obtained by slow diffusion gD Htto a solution of64gin
CH3CN over night. A suitable crystal @d4g 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-Kadiation (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 slifé Multi-scan and numerical absorption corrections
were applied with the LANA and X-RED32 modules of the X-Area software $thté-’8 The structure

was solved using dual-space methods (SHELXT-2014/5) and re ned ag&ifStHfELXL-2018/3 using
ShelXle interfacelt”2173.175Ia|| non-hydrogen atoms were re ned with anisotropic displacement param-
eters. The hydrogen atoms were re ned 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 @dguils of
are presented in Table 19 and Figure 98.

Figure 98: Crystal structure of racem@4g The [PF~] anions and the hydrogen atoms are omitted for clarity.
Displacement ellipsoids are shown aeb@robability level at 100 K.

Table 19: Crystal data and structure re nement &4g

Crystal data

Identi cation code EW567

Empirical formula GoHssF1sNgP>Ru

Molar mass 1135.79 g mél

Space group (No.) P21/n (14)

a 11.306 00(10) A

b 30.2742(3)A

c 13.6068(2) A
103.5930(10)°

\Y 4526.88(9) A3

Z 4
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I calc
m

Color

Crystal habitus
Crystal size

T

Qrange
Range of Miller indices

Absorption correction

Trnin; Tmax

Rint, R

Completeness of the data set
No. of measured re ections
No. of independent re ections
No. of parameters

No. of restrains

S (all data)

R(F) (I 2 (I), all data)
wR(P) (I 2 (I), all data)
Extinction coef cient

DY max Dr min

CCDC No.

Complex 114a

1.667 gcn?
4.527 mm
yellow

plate
0.473%0.327%0.054 rAm
100K
1.54186 (Cu-K)

2.919to 74.507°

14 h 12
37 k 27
16 | 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 re ned
1.657 and 1.025e &
2063290

Single crystals suitable for analysis were obtained by slow diffusion £#0 Eito a solution ofL14ain

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-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 suit€-”®! Multi-scan and numerical absorption corrections were applied using the SAD-
ABS program182.181The structure was solved using dual-space methods (SHELXT-2014/5) and re ned
against B (SHELXL-2018/3 using ShelXle interfacEy2173.175A|| non-hydrogen atoms were re ned

with anisotropic displacement parameters. The hydrogen atoms were re ned 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 re ned accordingly using the DSR plugin implemented in Shétf{§eCCDC 2088021 contains

the supplementary crystallographic data. The Crystal structure, data, and detdisaafe presented in
Table 20 and Figure 99.

Figure 99: Crystal structure of racemitl4a The [Pk ~] anions, solvent molecules and the hydrogen atoms
are omitted for clarity. Displacement ellipsoids are shown &b pBobability level at 100 K.

Table 20: Crystal data and structure re nement fbt4a

Crystal data

Identi cation code EW658

Empirical formula GoH42Br2ClsF1oNgPoRuU

Molar mass 1327.44gmél

Space group (No.) P1 (2

a 12.6142(8) A

b 14.2975(9) A

C 14.9453(9) A
73.791(2)°
86.164(2)°
80.547(2)°

V 2552.5(3) A3

z 2

r cale 1.727gcn?

m 2.228 mm'
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Color

Crystal habitus
Crystal size

T

Qrange
Range of Miller indices

Absorption correction

Tmin; Tmax

Rint, R

Completeness of the data set
No. of measured re ections
No. of independent re ections
No. of parameters

No. of restrains

S (all data)

R(F) (I 2 (I), all data)
wR(F) (I 2 (1), all data)
Extinction coef cient

Dr max DI min

CCDC No.

Complex 114b

yellow

block
0.396x0.241x0.128 Am
100K
0.71073 (Mo-K )

2.143 t0 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 0.812e &
2088021

Single crystals suitable for analysis were obtained by slow diffusion £0 Etto a solution ofL14bin

CH3CN over night. A suitable crystal dfl4bwas 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-Kradiation (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 suit€-’% Multi-scan and numerical absorption corrections were applied using the SAD-
ABS program182.181The structure was solved using dual-space methods (SHELXT-2014/5) and re ned
against B (SHELXL-2018/3 using ShelXle interfac8y2173.175A|| non-hydrogen atoms were re ned

with anisotropic displacement parameters. The hydrogen atoms were re ned 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 detailklagfoare presented in Table 21 and Figure 100.
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Figure 100: Crystal structure of racemitl4h The [Pk ~] anions, solvent molecules and the hydrogen atoms
are omitted for clarity. Displacement ellipsoids are shown &b pobability level at 100 K.

Table 21: Crystal data and structure re nement fbt4h.

Crystal data

Identi cation code
Empirical formula
Molar mass
Space group (No.)
a

b

c

\%

Z

I calc;

m

Color

Crystal habitus

168

Ew431

GsHa7F18N11P2Ru

1258.95 g mél
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
1.527 gcn?
0.450 mmt
yellow

block



Crystal size
T

Qrange
Range of Miller indices

Absorption correction

Tmins Tmax

Rint, R

Completeness of the data set
No. of measured re ections
No. of independent re ections
No. of parameters

No. of restrains

S (all data)

R(F) (I 2 (), all data)
wR(F) (I 2 (1), all data)
Extinction coef cient

Dr max Dr min

CCDC No.

Complex D-(S)-128a

0.429%0.120%0.078 rdm
100K
0.71073 (Mo-K ')
2.031to 30.584°

17 h 17
17 k 17
29 | 28
multi-scan

0.8581, 1.0000
0.0302, 0.0176
0.999
156560
16789
715
0
1.055
0.0316, 0.0367
0.0772, 0.0800
0.0055(3)
1.341and 0.951e &
2063289

Single crystals suitable for analysis were obtained by slow diffusion gD Etto a solution ofl28a

in CH,CI, 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-Kradiation ( 0.710 73 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 suit&?] Since the crystal was found to be non-merohedrally twinned,
the multi-scan absorption correction was applied using the TWINABS pro§farit!l The structure

was solved using dual-space methods (SHELXT-2014/5) and re ned ag&ifSHELXL-2018/3 using
ShelXle interface}t”%173175IAll non-hydrogen atoms were re ned with anisotropic displacement param-
eters. The hydrogen atoms were re ned 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
CHyCl, solvent molecule exhibit rotational disorder and was re ned accordingly using the DSR plugin
implemented in SHELXLE!®?l Both [PRs~] anions show signs of rotational disorder. An attempt to
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re ne it either manually or using the DSR plugin did not improve the model. The Crystal structure, data,
and details ofl28aare presented in Table 22 and Figure 101.

Figure 101: Crystal structure oD-(S)-128a The [Pk ~] anions, solvent molecules and the hydrogen atoms
are omitted for clarity. Displacement ellipsoids are shown &b pBobability level at 100 K.

Table 22: Crystal data and structure re nement fo(9-128a

Crystal data

Identi cation code EW634

Empirical formula GoH47Br2Cl4sFN7;O,PRUS

Molar mass 1376.66 g mol

Space group (No.) P2:(4)

a 11.6856(8) A

b 23.3446(17) A

C 20.4624(14) A
93.671(2)°

Y 5570.6(7) A3

z 4

r calc 1.641gcn?

m 2.044mm'

Color orange

Crystal habitus block

Crystal size 0.222x0.198%0.106 rAm

T
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100K
0.71073 (Mo-K )



Qrange
Range of Miller indices

Absorption correction

Tmin; Tmax

Rint, R

Completeness of the data set
No. of measured re ections
No. of independent re ections
No. of parameters

No. of restrains

S (all data)

R(F) (I 2 (I), all data)
wR(F) (I 2 (1), all data)
Extinction coef cient

Flack parameter x

Volume fraction of the 2 twin component

Dr max Dr min
CCDC No.

Complex 137b

1.955 to 28.384°

15 h 15
31 k 31
27 | 27
multi-scan

0.5107, 0.5633
0.0761, 0.0914
0.999
168342
27949
1395
66
1.091
0.0587, 0.0878
0.0735, 0.0799
0.00031(5)
-0.003(3)
0.0601(6)
1.180 and 0.633e /8
2063291

Single crystals suitable for analysis were obtained by slow diffusion gD Eito a solution ofLt37bin

CH3CN over night. A suitable crystal df37bwas 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-Kadiation (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 suit&’®] Multi-scan and numerical absorption corrections were applied us-
ing the SADABS progranit89-1811The structure was solved using dual-space methods (SHELXT-2014/5)
and re ned against ¥ (SHELXL-2018/3 using ShelXle interfac8y21731751All non-hydrogen atoms

were re ned with anisotropic displacement parameters. The hydrogen atoms were re ned 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 twg[PBnions exhibit complicated disorder, which
could be suf ciently modelled using three disordered species in each case with the help of the DSR plugin
[7] and the SUMP command in SHELXL. Both GBN and E3O 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 re ned underoccupied. CCDC 2088020 contains the supple-
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mentary crystallographic data. The Crystal structure, data, and detdiB¥bfare presented in Table 23
and Figure 102.

Figure 102: Crystal structure of racemit37h The [Pk ~] anions, solvent molecules and the hydrogen atoms
are omitted for clarity. Displacement ellipsoids are shown &b pBobability level at 100 K.

Table 23: Crystal data and structure re nement ft37b

Crystal data

Identi cation code EW517

Empirical formula Go.3He1.5Br2F1oN8.90Q) ggP>Ru

Molar mass 1344.14 g mél

Space group (No.) C2=¢(15)

a 44.590(2) A

b 13.7841(7) A

c 19.7462(10) A
110.634(2)°

\% 11358.2(10) A

z 8

r calc. 1.572gcm

m 1.823 mmt

Color yellow

Crystal habitus block

Crystal size 0.686x0.473%0.296mMm

T 100K

0.71073 (Mo-K )
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Qrange
Range of Miller indices

Absorption correction

Tmin; Tmax

Rint; Rs

Completeness of the data set
No. of measured re ections
No. of independent re ections
No. of parameters

No. of restrains

S (all data)

R(F) (I 2 (I), all data)
wR(F) (I 2 (1), all data)
Extinction coef cient

Dr max,Dr min

CCDC No.

1.952 to 29.682°
62 h 62
19 k 19
27 | 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 8

2088020
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C. List of Abbreviations

acac
aNHC
CaH»
calcd.
cat.
CD
CH3CN
Cp

Ccv

d

Wavenumber
Chemical shift
Micro

Density

Degree Celsius
Mass per ionization
Retention time
Aromatic (NMR)
Molarity
Acetylacetone
abnormaN-heterocyclic carbene
Calcium hydride
Calculated
Catalyst

Circular Dichroism
Acetonitrile
Cyclopentadienyl
Cyclic Voltammetry
Doublette (NMR)

1,2-DCB 1,2-Dichlorobenzene

DCE
dd

DFT
CDCl3
CD.Cl;
Et,0
DIPP
DMSO
DMAE
DMF

1,2-Dichloroethane

Dublette from Dublette (NMR)
Density functional theory
Deuterated Chloroform
Deuterated Dichloroethane
Diethyl ether
2,6-Diisopropylphenyl
Dimethylsulfoxide
N,N-Dimethylaminoethanol
N,N-Dimethylformamide

DMSO-dg Deuterated Dimethylsulfoxide

dr
EDG
El
ee

174

Diastereomeric ratio
Electron Donating Group
Electron lonization
Enantiomeric excess

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 Hexa uoro-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; triethylamine SPhos Dicyclohexyl(2',6'-dimethoxy[1,1'-
NH4ClI  Ammonium chloride biphenyl]-2-yl)phosphane
NH4PFs Ammonium hexa uorophosphate TFA Tri uoroacetic acid
NHC N-Heterocyclic carbene THF Tetrahydrofurane
N> Nitrogen TLC Thin layer chromatography
NnNHC  normalN-heterocyclic carbene TOF Turnover frequency
NMR Nuclear magnetic resonance TON Turnover number
p-tol para-Tolyl EtsN Triethylamine
ppm Parts per million TfOH  Tri uoromethanesulfonic acid
R+ Retention factor Trisphat Tris[tetrachlorobenzene-1,2-bis(olato)]-
rac. Racemic phosphate(V)
rNHC  RemoteN-heterocyclic carbene UV-Vis Ultra violet and visible spectra
RuPhos 2-Dicyclohexylphosphino-2',6'-diiso- V Volume

propoxybiphenyl H,0 Water
sat. Saturated
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