Freie Universitat (S
AN

Q¥ynthesis, Comparison and Application of Oxazoline
Ligands for Homogeneous Catalysis

DISSERTATION

vorgelegt von
M.Sc. Chemie

Swantje Wiebalck

aus Stade

zur Erlangung des akademischen Grades

Doktor der Naturwissenschaften
-Dr. rer. nat.-

Mirz 2015

eingereicht im Fachbereich Biologie, Chemie und Pharmazie
der Freien Universitit Berlin






Die vorliegende Arbeit wurde im Zeitraum vom Oktober 2010 bis September 2014 unter Anleitung von
Prof. Dr. C. C. Tzschucke am Institut fiir Chemie und Biochemie der Freien Universitit Berlin

angefertigt.

Erstgutachter: Prof. Dr. C. Christoph Tzschucke
Zweitgutachter: Prof. Dr. Ulrich Abram

Disputation am 10. Juni 2015






For mien Ollern

Meinen Eltern Uta und Jiirgen






Abstract

For the first time, a collection of different oxazoline ligands with the core structures 2,2”-bioxazoline
(box), 2-(pyridine-2-yl)-oxazoline (pyrox), 2-(2-methylpyridine-2-yl)-oxazoline (mepyrox) and 2-
(quinolin-2-yl)-oxazoline (quinox) was prepared and studied regarding their sterical and electronical
properties as well as the catalytic activity of their Ir(I) complexes. For the investigation of electronical
and sterical properties with IR spectroscopy, Ir(I) carbonyl complexes of the oxazoline ligands were
prepared. The application of the same Ir(I) metal center guaranteed a high comparability of the
carbonyl complexes and the pre-catalysts for C-H activation and hydrogentation. Furthermore, the

oxazolines were applied as ligands in heteroleptic Ru(Il) complexes for surface immobilisation.

For the synthesis of box structures, a three-step procedure and for pyrox, mepyrox and quinox a
two-step procedure was developed. Both procedures were optimized to obtain high conversions and to
allow easy workup of the single steps. In the first step, commercially available chiral aminols were
coupled with carboxylic acids. Since a large variety of substituted starting materials is commercially
available, a comprehensive variation of the target structures is possible. Good to excellent total yields

were achieved for 20 structurally related compounds which were prepared in half-gram-scale.

For the evaluation of the electronic properties of the oxazoline ligands, square planar Ir(I) dicarbonyl
complexes were prepared and their corresponding vco absorption frequencies were measured by IR
spectroscopy. To prepare the complexes, [Ir(cis,cis-1,5-cyclooctadiene)Cl], was initially treated with
different silver salts (AgPFs, AgBF,, Ag[tetrakis(3,5-bis(trifluoromethyl)phenyl)borate)], to exchange
the chloride for a non-coordinating counterion. Subsequently, the ligand was added to give complexes
of the general composition [Ir(ligand)(cod)]X. These complexes were converted into dicarbonyl
complexes by addition of stoichiometric amounts of CO gas at atmospheric pressure. The CO
complexes were studied by ATR-IR measurements of the solid compound or as solution in
tetrahydrofurane. The interpretation of the IR measurements was supported by DFT calculations. The
carbonyl stretching frequencies of the square planar dicarbonyl complexes[Ir(ligand)(CO),]PF¢ turned
out to be mainly influenced by the steric properties of the oxazoline ligands, while trigonal bipyramidal
monocarbonyl complexes [Ir(ligand)(cis,cis-1,5-cyclooctadiene)(CO)]PFs reflected more the

electronical properties of the ligands.

The formation of heteroleptic Ru(ll) complexes of the general composition
[Ru(oxazoline)(bipyridine)X,] was investigated. The complexes were designed to contain an oxazoline
ligand carrying the chiral information and a substituted bipyridine ligand, suitable for further
functionalisation and immobilisation on an electrode surface. The complex synthesis started with
[Ru(p-cymene)Cl,], or [Ru(S(CH;),0)4(Cl),] and the oxazoline ligand was introduced as first or
second ligand. If the oxazoline was introduced as first ligand, the addition of a bipyridine led to
bisheteroleptic bipyridine complexes. If the oxazoline was introduced as second ligand, an inseperable

mixture, probably isomers, was obtained.
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The prepared oxazolines were tested as ligands in direct aromatic and aliphatic borylation. As
catalytic system [Ir(cis,cis-1,5-cyclooctadiene)(OCHj3)], was used in combination with the respective
ligand and bis(picanolato)diboron served as boron source. Aromatic borylations were carried out in the
neat monosubstituted arenes such as toluene, tert-butylbenzene, anisole, cyclohexylbenzene,
trifluorotoluene and ethyl benzoate. The meta:para ratios of the products were investigated by
'H-NMR spectroscopy, showing a purely substrate induced effect on the regioselectivity. Aliphatic

borylations of n-octane and n-hexane were unsuccessful under the applied conditions.

Hydridosilylether directed y-C-H activation was carried out with a catalytic system of [Ir(cis,cis-1,5-
cyclooctadiene)(OCH3)], and an oxazoline ligand instead of the wusually applied
3,4,7,8-tetramethylphenanthroline ligand. Initially ketones or alcohols were transformed into their
(hydrido)silyl ether derivatives, followed by a y-C-H activation which led to the formation of an
oxasilolane. Norbornene was added stochiometrically as hydrogen acceptor. The (hydrido)silyl ether
formation was optimized and the stereochemical influence of the chiral ligands in the C-H activation
step was investigated. A racemic mixture of ((3,7-dimethyloctan-3-yl)oxy)diethylsilane served for this
purpose as substrate regarding its kinetic resolution. The products were obtained in enantiomeric

excess up to 44% ee.

Precatalysts for homogeneous hydrogenation had the general composition [Ir(ligand)(cod)]
[tetrakis(3,5-bis(trifluoromethyl)phenyl)borate)] and were prepared by initial mixing of [Ir(cis,cis-1,5-
cyclooctadiene)(Cl)], with Ag[tetrakis(3,5-bis(trifluoromethyl)phenyl)borate)] and subsequent addition
of the oxazoline ligand. The hydrogenations were carried out in neat substrate or in dichloromethane at
40 bar hydrogen pressure. The products were analyzed by '"H-NMR spectroscopy and/or GC-FID
measurements. The oxazoline containing complexes led to yields up to 99% and showed a high
chemoselectivity for C-C double bonds when they were applied for the hydrogenation of

o,f-unsaturated ketones, but no stereoselectivity was observed.
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Zusammenfassung

Erstmalig wurde eine Sammlung verschiedener Oxazolinliganden mit den Strukturtypen 2,2°-
Bioxazolin (box), 2-(Pyridine-2-yl)-oxazolin (pyrox), 2-(2-Methylpyridine-2-yl)-oxazolin (mepyrox)
und 2-(,Chinolin-2-yl)-oxazolin (quinox), angelegt und deren sterische sowie elektronische
Eigenschaften, sowie die katalytische Aktivitdt ihrer Ir(I) Komplexe, untersucht. Zur Analyse der
elektronischen und sterischen Eigenschaften mit Hilfe der IR Spektroskopie wurden Ir(I)
Carbonylkomplexe der Oxazoline synthetisiert. Die konsistente Verwendung des Ir(1) Metallzentrums
gewihrleistet eine gute Vergleichbarkeit zwischen den Carbonylkomplexen und den Prikatalysatoren
fir C-H Aktivierung und Hydrierung. Des Weiteren wurden die dargestellten Oxazolinstrukturen als
Liganden in heteroleptischen Ru(ll) Komplexen zur zukiinftigen Oberflachenimmobilisierung

verwendet.

Fiir die Darstellung der box Strukturen wurde eine zwei-stufige und fiir die pyrox, mepyrox und
quinox Strukturen eine drei-stufige Syntheseroute entwickelt. In beiden Syntheserouten wurde der
Schwerpunkt auf moglichst vollstindige Umsitze gelegt, um zeitintensive Aufreinigungsschritte zu
vermeiden. Als Reaktionspartner fiir die chiralen Aminole wurden kommerziell erhiltliche
Carbonsduren gewdhlt. Durch die Vielfalt der kommerziell erhdltlichen Ausgangsstoffe besteht die
Moglichtkeit zur umfangreichen Variation der Zielstrukturen. Mit den entwickelten Syntheserouten
wurden gute bis hervorragende Gesamtausbeuten erreicht und insgesamt 20 strukturell verwandte

Verbindungen im halb-Gramm-Mafstab dargestellt.

Fir die Evaluierung der elektronischen Eigenschaften der Oxazolinliganden wurden quadratisch
planare Ir(I) Dicarbonylkomplexe dargestellt und deren voo Schwingungsfrequenzen mit Hilfe der
Infrarotspektroskopie (IR) gemessen. Die Komplexe wurden ausgehend von [Ir(cis,cis-1,5-
cyclooctadiene)Cl], durch eine neuentwickelte Syntheseroute dargestellt. Das [Ir(cis,cis-1,5-
cyclooctadiene)Cl], wurde zundchst mit einem Silbersalz (AgPFs, AgBF,, Ag|tetrakis(3,5-
bis(trifluoromethyl)phenyl)borat] zur Reaktion gebracht, um das Chlorid gegen ein
nicht-koordinierendes Gegenion auszutauschen. Daraufolgend wurde der Ligand zugegeben, um so
Komplexe der allgemeinen Zusammensetzung [Ir(Ligand)(cis,cis-1,5-cyclooctadiene)]X zu erhalten.
Diese Komplexe wurden durch die stochiometrische Zugabe von CO Gas bei Atmosphirendruck in
ihre Dicarbonylkomplexe {iberfithrt. Die Analyse der Carbonylkomplexe erfolgte per ATR-IR
Spektroskopie der festen Substanzen sowie durch Messungen ihrer Losungen in Tetrahydrofuran. Die
Interpretation der IR Daten wurde durch DFT-Rechnungern unterstiitzt. Die Carbonyl
schwingungsabsorptionen der Dicarbonylkomplexe [Ir(ligand)(CO),]PFs wurden iiberwiegend von den
sterischen Eigenschaften der Oxazolinliganden beeinflusst, wihrend die der Monocarbonylkomplexe
[Ir(ligand)(cis,cis-1,5-cyclooctadiene)(CO)|PFs hauptsdchlich die elektronischen Eigenschaften der

Liganden widerspigelten.
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Die Synthese von heteroleptischen Ru(ll) Komplexen der allgemeinen Zusammensetzung
[Ru(Oxazolin)(Bipyridin)X,] wurde ebenfalls untersucht. Die Komplexe sollten einen chiralen
Oxazolinliganden sowie einen substituierten Bipyridin Liganden tragen. Der Bipyridinligand sollte zur
Immobilisierung auf einer Elektrodenoberfliche geeignet sein, da in zukiinftigen Projekten die
Redoxeigenschaften der Komplexe auf einer solchen Elektrodenoberfliche studiert werden sollen. Die
Komplexsynthese wurde entweder ausgehend von [Ru(p-cymene)Cly], oder [Ru(S(CHj3),0)4(Cl),]
durchgefiihrt, wobei der Oxazolinligand als erster oder zweiter Ligand eingefiihrt wurde. Allerding
konnte ein Bipyridin Ligand den zuerst eingefiihrten Oxazolinliganden vollstindig aus dem Komplex
verdringen, sodass fast ausschlieBlich bisheteroleptische Bipyridinkomplexe gebildet wurden. Wurde
der Oxazolin Ligand als zweiter eingefiihrt, bildeten sich die Produktkomplexe als untrennbare
Mischungen, vermutlich aus verschiedenen Isomeren. Die gewiinschten heteroleptischen

Rutheniumkomplexes konnten nicht als isolierte Strukturen dargestellt werden.

Die dargestellten Oxazoline wurden als Liganden in direkter aromatischer und aliphatischer
Borylierung verwendet. Als katalytisches System wurde eine Kombination aus [Ir(cis,cis-1,5-
cyclooctadiene)(OCHj3)], und dem entsprechenden Liganden verwendet, wobei Bis(picanolato)diboran
als Borquelle fungierte und die Reaktionen in reinem Substrat durchgefiihrt wurden. In der
aromatischen Borylierung fanden monosubstituierte Aromaten wie Toluol, tert-Butylbenzol, Anisol,
Cyclohexylbenzol, Trifluortoluol und Ethylbenzoat als Substrate Verwendung. Gegenstand der
Analyse war die Bestimmung des meta:para Verhiltnisses der Produkte durch 'H-NMR Spektroskopie,
wobei ein reiner substratinduzierter Effekt auf die Regioselektivitit festgestellt werden konnte. Die
aliphatische Borylierung von n-Oktan und n-Hexan gelang unter den angewendeten Bedingungen

nicht.

Die hydridosilylether dirigierte y-C-H Aktivierung wurden mit einem katalytischen System aus
[Ir(cis,cis-1,5-cyclooctadiene)(OCH3)], und einem Oxazolinliganden, der den {iblicherweise
verwendeten 3.4,7,8-tetramethylphenanthrolin Liganden ersetzte, durchgefiihrt. Zunichst wurden
Ketone oder Alkohole in ihre (Hydrido)silylether umgesetzt, worauthin eine y-C-H Aktivierung unter
Ausbildung eines Oxasilolans stattfand. Norbornen wurde als stochiometrisch eingesetzter
Wasserstoffakzeptor den Reaktionsmischungen zugefiigt. Die Bildung der Hydridosilylether wurde
optimiert und der stereochemische Einfluss der chiralen Liganden in der C-H Aktivierung untersucht.
Als Substrat diente fiir diesen Zweck ((3,7-Dimethyloctan-3-yl)oxy)diethylsilan, dessen kinetische
Racemattrennung analysiert wurde. Die Produkte wurden mit enantiomeren Uberschiissen bis zu

449 ee erhalten.

Prikatalysatoren fiir die homogene Hydrierung waren von der generellen Zusammensetzung
[Ir(ligand)(cis,cis-1,5-cyclooctadiene)][tetrakis(3,5-bis(trifluoromethyl)phenyl)borat] und  wurden
durch vorangehendes Mischen von [Ir(cis,cis-1,5-cyclooctadiene)Cl], mit Ag[tetrakis(3,5-
bis(trifluoromethyl)phenyl)borat] und anschlieBender Zugabe des entsprechenden Oxazolin Liganden



dargestellt. Die Hydrierungen wurden in reinem Substrat oder in Dichlormethan bei einem
Wasserstoffdruck von 40 bar durchgefiihrt und die Produkte anhand von 'H-NMR Spektroskopie
und/oder GC-FID analysiert. Die oxazolinhaltigen Komplexe erzielten Ausbeuten bis zu 99% und
zeigten eine hohe Chemoselektivitit fiir C-C Doppelbindungen bei der Verwendung von

a,p-ungesittigten Ketonen als Substrate. Eine Stereoselektivitit konnte nicht beobachtet werden.
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11.2.1.4 (R)-N-(4-Hydroxy-1-phenylbutan-2-yl)picolinamide (Sh)
11.2.1.5 (S)-N-(2-Hydroxy-1-phenylethyl)picolinamide (9g)

11.2.1.6  (S5)-N-(1-hydroxy-3,3-dimethylbutan-2-yl)picolinamide (9c)
11.2.1.7 (S)-N-(2-Hydroxy-1-phenylethyl)-6-methylpicolinamide (17b)
11.2.1.8  (S)-N-(1-Hydroxyhexan-2-yl)-6-methylpicolinamide (17f)
11.2.1.9 (R)-N-(2-Hydroxy-1-phenylethyl)-6-methylpicolinamide (17h)
11.2.1.10  (R)-N-(1-Hydroxy-3-phenylpropan-2-yl)-6-methylpicolinamide
(17g) 230

11.2.1.11  (S)-N-(1-Hydroxy-3-methylbutan-2-yl)quinoline-2-carboxamide
(18b) 230

11.2.1.12  (S)-N-(1-Hydroxyhexan-2-yl)-6-quinoline-2-carboxamide (18f)
11.2.1.13  (S)-N-(2-Hydroxy-1-phenylethyl)quinoline-2-carboxamide (18g)
11.2.2 Oxazolines

11.2.2.1 General Procedure B for pyridyloxazolines

11.2.2.2  (S)-4-Isopropyl-2-(pyridine-2-yl)-oxazolin (10b)

11.2.2.3  (S)-4-Butyl-2-(pyridine-2-yl)-oxazolin (10f)

11.2.2.4 (R)-4-Benzyl-2-(pyridine-2-yl)-oxazolin (10h)

11.2.2.5 (R)-4-Phenyl-2-(pyridine-2-yl)-oxazolin (10g)

11.2.2.6  (S)-4-(tert-butyl)-2-(pyridine-2-yl)-oxazolin (10c)

11.2.2.7 (8)-4-Isopropyl-2-(6-methylpyridin-2-yl)-oxazolin (19b)

11.2.2.8 (S)-4-Butyl-2-(6-methylpyridin-2-yl)-oxazolin (19f)

11.2.2.9 (R)-2-(6-Methylpyridin-2-yl)-oxazolin (19g)

11.2.2.10 (R)-4-Benzyl-2-(6-methylpyridin-2-yl)-oxazolin (19h)

11.2.2.11 (S)-4-Isopropyl-2-(quinolin-2-yl)-oxazolin (20b)

11.2.2.12  (S)-4-Butyl-2-(quinolin-2-yl)-oxazolin (20f)

11.2.2.13  (R)-4-Phenyl-2-(quinolin-2-yl)-oxazolin (20g)

COMPLEXES

12.1 Starting Materials

12.1.1  bis-(1,5-Cyclooctadien)-di-iridium(I)chloride, [Ir(cod)Cl], (23)
12.1.2  Silver (tetrakis-3,5-bis(trifluoromethyl)phenyl)borate; AgBArF (34)
12.1.3  [RuCly( n°-p-cymol)], Di-p-chloro-bis-[(n°-p-cymol)-chloro-
ruthenium(11)] (46)

12.1.4 Dichlorotetrakis(dimethyl-sulfoxid)ruthenium(Il); [Ru(DMSO),Cl,]
47) 242

12.2 Iridium(1)-cod CI" Complexes

225
228
228
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229
229
229
230
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231
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231
232
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234
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235
236
237
237
238
239
240
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241
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243



12.2.1 General Procedure C for [Ir(N*N)(cod)]Cl Complexes 24

12.2.2 1,5-Cyclooctadiene[ (4,4 -di-tert-butyl-2,2"-bipyridine)Jiridium(I)
chlorid, [Ir(dtbpy)(cod)]CI (24a)

12.2.3 1,5-Cyclooctadiene[((S)-4-Isopropyl-2-(quinolin-2-yl)-
oxazolin)Jiridium(I) chlorid, [Ir(iPr—quinox)(cod)]Cl (24b)

12.2.4 1,5-Cyclooctadien[(S)-4-isopropyl-2-(pyridin-yl-)-
oxazolin]iridium(I) chlorid, [Ir(iPr—pyrox)(cod)]Cl (24¢)

12.2.5 1,5-Cyclooctadien[2,2 -bioxazolin]iridium(T) chlorid, [Ir(H-
box)(cod)]CI (24d)

12.3 Iridium(1)-cod PFs; Complexes 25

12.3.1 General procedure D for the formation of [Ir(N*N)(cod)]PFg
complexes 25

12.3.2 1,5-Cyclooctadiene[(2,2"-bioxazole)]iridium(I)
hexaflourophosphate, [Ir(H-box)(cod)]PFs (252a)

12.3.3 1,5-Cyclooctadiene[(2,2'-Bis((4S, 4°S)-4,4'-dimethyl)-
oxazolin)]iridium(T) hexaflourophosphate, [Ir(Me-box)(cod)]PF; (25b)
12.3.4 1,5-Cyclooctadiene[(2,2"-Bis((4S,4°S)-4,4 -diisopropyl)-
oxazolin)]iridium(T) hexaflourophosphate, [Ir(‘Pr-box)(cod)]PFs (25¢)
12.3.5 1,5-Cyclooctadiene[(2,2'-Bis((45,4°S)-4,4'-di-tert-butyl)-
oxazolin)Jiridium(I) hexaflourophosphate, [Ir(‘Bu-box)(cod)]PFs (25d)
12.3.6 1,5-Cyclooctadiene[(2,2'-Bis((4S, 4'S) -4,4'-dibutyl)-
oxazolin)]iridium(1) hexaflourophosphate, [Ir("Bu-box)(cod)]PFs (25¢)
12.3.7 1,5-Cyclooctadiene[(2,2'-Bis((4R, 4'R)-4,4'-diphenyl)-
oxazolin)]iridium(T) hexaflourophosphate, [Ir(Ph-box)(cod)]PF, (25f)
12.3.8 1,5-Cyclooctadiene[((4S,4'S)-4,4'-diisopropyl-2,2'-
bithiazolin)]iridium(T) hexaflourophosphate, [Ir(‘Pr-bta)(cod)]PFs (25 2)
12.3.9 1,5-Cyclooctadiene[(S)-4-isopropyl-2-(pyridin-yl-)-
oxazolin]iridium(T) hexaflourophosphate, [Ir(iPr—pyrox)(cod)]PF() (25h)
12.3.10 1,5-Cyclooctadiene[((S)-4-(tert-butyl)-2-(pyridine-2-yl)-
oxazolin)Jiridium(1) hexaflourophosphate, [Ir(‘Bu-pyrox)(cod)]PF (25i)
12.3.11 1,5-Cyclooctadiene[((S)-4-Isopropyl-2-(6-methylpyridin-2-yl)-
oxazolin)]iridium(T) hexaflourophosphate, [Ir(iPr—mepyrox)(cod)]PFé (25j)
12.3.12  1,5-Cyclooctadiene[((S)-4-butyl-2-(6-methylpyridin-2-yl)-
oxazolin)]iridium(1) hexaflourophosphate, [Ir("Bu-mepyrox)(cod)]PFs (25k)
12.3.13  1,5-Cyclooctadiene[((R)-2-(6-methylpyridin-2-yl)-4-phenyl-
oxazolin)]iridium(T) hexaflourophosphate, [Ir(Ph-mepyrox)(cod)]PF¢ (251)
12.3.14 1,5-Cyclooctadiene[((S)-4-isopropyl-2-(quinolin-2-yl)-
oxazole)liridium(T) hexaflourophosphate, [Ir(iPr—quinox)(cod)]PFé (25m)
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12.3.15 1,5-Cyclooctadiene[((R)-4-Phenyl-2-(quinolin-2-yl)-
oxazolin)]iridium(T) hexaflourophosphate, [Ir(Ph-quinox)(cod)]PF¢ (250)
12.3.16 1,5-Cyclooctadiene[((S)-4-Butyl-2-(quinolin-2-yl)-
oxazolin)]iridium(1) hexaflourophosphate, [Ir("Bu-quinox)(cod)]PFs (25n)
12.3.17 1,5-Cyclooctadiene[(2,6-bis((R)-4-
iso-propyl-oxazolin)pyridine)Jiridium() hexaflourophosphate, [Ir('Pr-
pybox)(cod)]PFs (25p)

12.3.18 1,5-Cyclooctadiene[(2,2"-bipyridine)]iridium(T)
hexaflourophosphate, [Ir(bpy)(cod)]PFs (25q)

12.3.19 1,5-Cyclooctadiene[ (4,4 -di-tert-butyl-2,2"-bipyridine)]Jiridium(I)
hexaflourophosphate, [Ir(dtbpy)(cod)]PFs (25r)

12.3.20 1,5-Cyclooctadiene[(1,10-phenanthroline)]iridium(T)
hexaflourophosphate, [Ir(phen)(cod)]PFg (25s)

12.3.21 1,5-Cyclooctadiene[(3,4,7,8-tetramethyl-1,10-
phenanthroline)]iridium(T) hexaflourophosphate, [Ir(TMphen)(cod)]PF (25t)
12.3.22 1,5-Cyclooctadiene[((S)-2-(2-(diphenylphosphanyl)phenyl)-4-
phenyl-oxazolin)]iridium(I) hexaflourophosphate, [Ir(Ph-phox)(cod)]PFs
(25u) 262

12.3.23  1,5-Cyclooctadiene[(2-(3,5-dimethyl-1H-pyrazol-1-
yl)pyridine)]iridium(T) hexaflourophosphate, [Ir(pypyraz)(cod)]PF¢(25v)
12.3.24 1,5-Cyclooctadiene[2-(pyridine-2-yl)-1H-
benzo[d]imidazoleliridium(T) hexaflourophosphate, [Ir(pybenzim)(cod)]PFg
25w) 264

12.4 Iridium(1)-cod BAr" complexes 30

12.4.1 General Procedure E for [[r(NAN)(cod)|BAr" complexes 30
12.4.2  General Procedure F for [Ir(NAN)(cod)]BAr" complexes 30
12.4.3 1,5-cyclooctadiene[(4S)-2-(diphenylphosphino-P)phenyl)-
oxazolin]iridium(T) tetrakis-[3,5-bis(trifluoromethyl)phenyl]borate (30a)
12.4.4 1,5-Cyclooctadiene[(2,2"-Bis((4S5,4°S)-4,4"-methyl)-
oxazolin)]iridium(T) tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (30b)
12.4.5 1,5-Cyclooctadiene[(2,2"-Bis((4S,4"S5)-4,4"-diisopropyl)-
oxazolin)]iridium(T) tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (30c)
12.4.6 1,5-Cyclooctadiene[(2,2'-Bis((4S, 4'S)-4,4'-di((S)-sec-butyl)-
oxazolin)]iridium(T) tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (30f)
12.4.7 1,5-Cyclooctadiene[(2,2'-Bis((4S, 4'S) -4,4'-diisobutyl)-
oxazolin)]iridium(T) tetrakis[3,5-bis(trifluoromethyl)phenyl|borate (30g)
12.4.8 1,5-Cyclooctadiene[(2,2'-Bis((4R, 4'R)-4,4'-diphenyl)-
oxazolin)]iridium(T) tetrakis[3,5-bis(trifluoromethyl)phenyl|borate (30h)
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12.4.9 1,5-Cyclooctadiene[((S)-4-Isopropyl-2-(pyridine-2-yl)-
oxazolin)]iridium(T) tetrakis[3,5-bis(trifluoromethyl)phenyl|borate (30i)
12.4.10 1,5-Cyclooctadiene[((S)-4-Butyl-2-(pyridine-2-yl)-
oxazolin)]iridium(T) tetrakis[3,5-bis(trifluoromethyl)phenyl|borate (30j)
12.4.11 1,5-Cyclooctadiene[((S)-4-Isopropyl-2-(6-methylpyridin-2-yl)
oxazolin)]iridium(T) tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (30e)
12.4.12  1,5-Cyclooctadiene[((R)-4-phenyl2-(6-Methylpyridin-2-yl)-
oxazolin)]iridium(T) tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (30k)
12.4.13  1,5-Cyclooctadiene[((S)-4-Isopropyl-2-(quinolin-2-yl)-
oxazolin)]iridium(T) tetrakis[3,5-bis(trifluoromethyl)phenyl|borate (30d)
12.4.14 1,5-Cyclooctadiene[((S)-4-Butyl-2-(quinolin-2-yl)-
oxazolin)]iridium(T) tetrakis[3,5-bis(trifluoromethyl)phenyl|borate (301)

12.5 Carbonyl complexes

12.5.1 General procedure G for the formation of [Ir(N*N)(CO),]PF
complexes 28

12.5.2 Bi-carbonyl[(2,2"-bioxazole)]iridium(T) hexaflourophosphate,
[Ir(H-box)(CO),]PF¢ (28a)

12.5.3 Carbonyl(1,5-cyclooctadiene)(2,2-"bioxazole)iridium(i)
hexaflourophosphate, [Ir(H-box)(cod)(CO)]PF6 (26a)

12.5.4 Bi-carbonyl[(2,2"-Bis((4S, 4°S)-4,4'-dimethyl)-oxazolin)Jiridium(T)
hexaflourophosphate, [Ir(Me-box)(CO),]PF; (28b)

12.5.5 Bi-carbonyl [(2,2"-Bis((45,4°S)-4,4"-diisopropyl)-
oxazolin)]iridium(T) hexaflourophosphate, [Ir(‘Pr-box)(CO),]PFs (28¢)
12.5.6 Bi-carbonyl [(2,2'-Bis((4S,47S)-4,4'-di-tert-butyl)-
oxazolin)Jiridium(1) hexaflourophosphate, [Ir(‘Bu-box)(CO),]PF¢ (28d)
12.5.7 Bi-carbonyl [(2,2'-Bis((4S, 4'S) -4,4'-dibutyl)-oxazolin)]iridium(1)
hexaflourophosphate, [Ir("Bu-box)(CO),]PFs (28¢)

12.5.8 Bi-carbonyl [(2,2'-Bis((4R, 4'R)-4,4'-diphenyl)-oxazolin)iridium(T)
hexaflourophosphate, [Ir(Ph-box)(CO),]PF; (28f)

12.5.9 1,5-Cyclooctadiene[((4S,4'S)-4,4'-diisopropyl-2,2'-
bithiazolin)]iridium(T) hexaflourophosphate, [Ir(‘Pr-bta)(CO),]PF; (28 g)
12.5.10 Bi-carbonyl [(S)-4-isopropyl-2-(pyridin-yl-)-oxazolin]iridium(T)
hexaflourophosphate, [Ir(iPr—pyrox)(CO)z]PFﬁ (28h)

12.5.11 Bi-carbonyl [((S)-4-(tert-butyl)-2-(pyridine-2-yl)-
oxazolin)Jiridium(1) hexaflourophosphate, [Ir(‘Bu-pyrox)(CO),]PF; (281)
12.5.12 Bis—(13C—carb0nyl)[((S)—4—(tert—butyl)—2—(pyridine—2—yl)—
oxazolin)]iridium(T) hexaflourophosphate, [Ir(tBu—pyrox)(BCO)z]PFf)
(PC-28i) 282
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12.5.13 Bi-carbonyl [((S)-4-Isopropyl-2-(6-methylpyridin-2-yl)-
oxazolin)]iridium(T) hexaflourophosphate, [Ir(iPr—mepyrox)(CO)z]PF6 (28))
12.5.14 Carbonyl(1,5-cyclooctadiene) [((S)-4-Isopropyl-2-(6-
methylpyridin-2-yl)-oxazolin)]iridium(1) hexaflourophosphate, [Ir(‘Pr-
mepyrox)(cod)(CO)]PF¢ (26j)

12.5.15 Bi-carbonyl[((S)-4-butyl-2-(6-methylpyridin-2-yl)-
oxazolin)]iridium(1) hexaflourophosphate, [Ir("Bu-mepyrox)(CO),]PFs (28k)
12.5.16 Bi-carbonyl [((R)-2-(6-methylpyridin-2-yl)-4-phenyl-
oxazolin)]iridium(T) hexaflourophosphate, [Ir(Ph-mepyrox)(CO),]PF¢ (281)
12.5.17 Bi-carbonyl [((S)-4-isopropyl-2-(quinolin-2-yl)-oxazole)]iridium(T)
hexaflourophosphate, [Ir(iPr—quinox)(CO)z]PF6 (28m)

12.5.18 Carbonyl(1,5-cyclooctadiene[((S)-4-isopropyl-2-(quinolin-2-yl)-
oxazole)] iridium(i) hexaflourophosphate, [Ir(iPr-quinox)(cod)(CO)]PF6
(26m) 286

12.5.19 Bi-carbonyl [((S)-4-Butyl-2-(quinolin-2-yl)-oxazolin)]iridium(T)
hexaflourophosphate, [Ir("Bu-quinox)(CO),]PF¢ (28n)

12.5.20 Bi-carbonyl [(2,6-bis((S)-4-
iso-propyl-oxazolin)pyridine)Jiridium() hexaflourophosphate, [Ir('Pr-
pybox)(CO),]PFs (280)

12.5.21 Bi-carbonyl [((S)-2-(2-(diphenylphosphanyl)phenyl)-4-phenyl-
oxazolin)]iridium(T) hexaflourophosphate, [Ir(Ph-phox)(CO),]PFs (28u)
12.5.22 Bi-carbonyl [(2-(3,5-dimethyl-1H-pyrazol-1-yl)pyridine)]iridium(T)
hexaflourophosphate, [Ir(pypyraz)(CO),]PF; (28v)

12.5.23 Bi-carbonyl[2-(pyridine-2-yl)-1H-benzo[d]imidazole]iridium(T)
hexaflourophosphate, [Ir(TMphen)(CO),]PFs (28w)

12.5.24 Bi-carbonyl [(4,4-di-tert-butyl-2,2"-bipyridine)]iridium(T)
hexaflourophosphate, [Ir(dtbpy)(CO),]PF (28r)

12.5.25 Carbonyl(1,5-cyclooctadiene[ (4,4 -di-tert-butyl-2,2"-bipyridine)]
iridium(1) hexaflourophosphate, [Ir(dtbpy)(cod)(CO)]PFs (26r)

12.5.26 Carbonyl(1,5-cyclooctadiene)( 2,2 -bipyridine) iridium(T)
hexaflourophosphate, [Ir(bpy)(cod)(CO)]PF¢ (26q)

12.5.27 Carbonyl(1,5-cyclooctadiene)(1,10-phenanthroline) iridium(T)
hexaflourophosphate, [Ir("™")(cod)(CO)]PF; (26s)

12.5.28 Carbonyl(1,5-cyclooctadiene)(3,4,7,8-tetramethyl-1,10-
phenanthroline) iridium(T) hexaflourophosphate, [Ir(TMphen)(cod)(CO)]PF,
(261) 290

12.6 Ruthenium Complexes

12.6.1 Reactions based on [Ru(cymene)Cl,],

283

284

284
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12.6.1.1 General procedure H for complexation of box ligands 5 with
[Ru(cymene)Cl], (46)

12.6.1.2 [chloro-[(2,2"-Bis((4S,4 ’S)—4,4’—diisopropyl)—oxazolin)]—(n6—p—
cymol)-ruthenium(I1)] chloride; [Ru(iPr—box)(cymene)Cl]Cl (48a)

12.6.1.3 [chloro-[(2,2°-Bis((4R,4°R)-4,4"-diphenyl)-oxazolin)] —(n6-p-
cymol)-ruthenium(IT)]chloride; [Ru(Ph-box)(cymene)CI]Cl (48b)

12.6.1.4 [chloro—[2,2‘—Bis((4S,4‘S)—4,4‘—diisobutyl)—oxazolin]—(n6-p-cym01)—
ruthenium(Ir) |chloride; [Ru(iBu—box)(cymene)Cl]Cl (48¢)

12.6.1.5 [chloro—[2,2'—Bis((4R,4‘R)—4,4‘—dibenzy1)—oxazolin]—(n6-p-cymol)—
ruthenium(In)]chloride; [Ru(Bn-box)(cymene)Cl]Cl (48d)

12.6.1.6 [dichloro-[(2,2°-Bis((4S,4°S)-4,4"-diisopropyl)-oxazolin)]-
[2,2":6°,2"-Terpyridin]-ruthenium(1r)]; [Ru(iPr—box)(tpy)Clz] (54a)

12.6.1.7 Reaction of [Ru(iPr—box)(cymene)Cl]Cl (48a) with bipyridine 37
12.6.2 Reactions based on [Ru(dmso)4Cl,]

12.6.2.1 Dichloro(2,2'-bipyridyl)-bis-((s-)dimethyl-
sulfoxid)ruthenium(II);[Ru(bpy)(dmso),Cl,] (56)

12.6.2.2 Dichloro(2,2":6',2"-terpyridyl)((s-)dimethyl-
sulfoxid)ruthenium(II);[Ru(tpy)(dmso)Cl,] (57)

12.6.2.3 Dichloro(2,2'-bis[oxazolin-2-yl])bis(dimethyl-
sulfoxid)ruthenium(II);| Ru(H-box)(dmso),Cl,] (49a)

12.6.2.4 Dichloro(4,4'-diisopropyl-2,2'-bis[oxazolin-2-y1])bis((s)-dimethyl-
sulfoxid)ruthenium(II);[Ru(‘Pr-box)(dmso),Cl,] (49b)

12.6.2.5 Dichloro(4,4'-diphenyl-2,2'-bis[oxazolin-2-yl])bis(dimethyl-
sulfoxid)ruthenium(II);[Ru(Ph-box)(dmso),Cl,] (49c¢)

12.6.2.6  Dichloro(2-[4'-isopropyl-oxazolin-2-yl]pyridyl)bis((s)-dimethyl-
sulfoxid)ruthenium(Il); [Ru(iPr—pyrox)(dms0)2C12] (49d)

12.6.2.7 Dichloro(2,6-bis[4'-isopropyl-oxazolin-2-yl|pyridyl)((s)-dimethyl-
sulfoxid)ruthenium(II), [Ru(iPr—pybox)(dmso)Clz] (58)

12.6.2.8 [chloro(2,2"-bis[oxazolin-2-y1])(2,2'-bipyridyl)(dimethyl-
sulfoxid)ruthenium(II)] chlorid; [Ru(H-box)(bpy)((s)-dmso)CI]*CI'(61)
12.6.2.9 [chloro(4,4'-diisopropyl-2,2'-bis[oxazolin-2-yl])(2,2'-
bipyridyl)((s)-dimethyl-sulfoxid)ruthenium(II)] chlorid; [Ru(iPr—
box)(bpy)(dmso)CI]*CI" (61b)

12.6.2.10 [chloro(4,4'-diphenyl-2,2'-bis[oxazolin-2-yl])(2,2'-
bipyridyl)(dimethyl-sulfoxid)ruthenium(Il)] chlorid; [Ru(Ph-
box)(bpy)(dmso)CI]*CI (61c)

12.6.2.11 [chloro(2,2'-bis[oxazolin-2-ylI])(2,2":6",2""-
terpyridyl)ruthenium(II)] chlorid; [Ru(H-box)(tpy)CI*]CI" (54b)
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12.6.2.12  [chloro(4,4'-diisopropyl-2,2'-bis[oxazolin-2-y1])(2,2":6",2"-
terpyridyl)ruthenium(Il)] chlorid; [Ru(iPr—box)(tpy)Cl+]Cl' (54a)
12.6.2.13 [chloro(4,4'-diphenyl-2,2'-bis[oxazolin-2-y1])(2,2":6,2"-
terpyridyl)ruthenium(II)] chlorid; [Ru(Ph-box)(tpy)CI"]CI (54c)
12.6.2.14  [chloro(2,6-bis[(S)-4'-isopropyl-oxazolin-2-yl]pyridyl)
(2,2"-bipyridyl)-ruthenium(Il)] chlorid; [Ru(iPr—pybox)(bpy)Cl+]Cl' (64)
12.6.2.15 Transferhydrogenation

CATALYSIS

13.1 Aromatic Borylation

13.1.1 Independent Preparation of Borylationproducts

13.1.1.1 2-(4-(tert-butyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(68a) 307

13.1.1.2  2-(3-(tert-butyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(67a) 307

13.1.1.3  4,4,5,5-tetramethyl-2-(4-(trifluoromethyl)phenyl)-1,3,2-
dioxaborolane (68b)

13.1.1.4 4.4,5,5-tetramethyl-2-(3-(trifluoromethyl)phenyl)-1,3,2-
dioxaborolane (67b)

13.1.1.5 ethyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate
(68c) 309

13.1.1.6 ethyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate
(67¢) 309

13.1.1.7 4.4,5,5-tetramethyl-2-(p-tolyl)-1,3,2-dioxaborolane (68d)
13.1.1.8 4.4,5,5-tetramethyl-2-(m-tolyl)-1,3,2-dioxaborolane (67d)
13.1.1.9 2-(4-cyclohexylphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(68e) 310

13.1.1.10  2-(4-methoxyphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(681) 311
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Introduction and Motivation

1 Introduction and Motivation

Bipyridines are an important class of ligands applied in homogeneous catalysis, e.g. in aromatic
borylation, amination or in catalytic water oxidation." " The development of asymmetric versions of
such catalytic reactions offers a large impact on areas where stereoselective synthesis is of high
interest, for example on the pharmaceutical industry. Since it is difficult to introduce chiral information
into bipyridines, here structures containing a chiral oxazoline motif, such as bisoxazolines (box),
pyridyloxazolines (pyrox), 6-methylpyridyloxazolines (mepyrox) and quinolyloxazolines (quinox),
were chosen as ligands. As depicted in Scheme 1-1, the mentioned oxazoline structures show a high

structural similarity and therefore could be suitable replacements for bipyridines.

_ e} o} — o} — 0 = 0
=0 LS, G, QA oS,

M
bipyridine bisoxazoline pyridyloxazoline 6-methyl-pyridyloxazoline quinolinyloxazoline
bpy box pyrox mepyrox quinox

Scheme 1-1. Comparison of bipyridine and different bidentate oxazolines. The structures show the same bite angle upon
coordination to a metal center (M) and the donor atoms are similarly hybridized.

In this project, differently substituted box, pyrox and related structures were prepared and their
electronical and steric properties were investigated by IR analysis of their Ir(I) carbonyl complexes
(Scheme 1-2). In addition, the oxazolines were applied as ligands on Ir(I) catalyst-precursors in three
different homogeneous catalytic reactions; aromatic borylation, hydrogenation and (hydrido)silyl ether
directed y-C-H activation. Besides, the preparation of heteroleptic ruthenium(Il) complexes, suitable for
surface immobilization, were investigated. The future aim for these complexes is to obtain redox active

catalysts suitable for electrode immobilization, to study the catalysts directly on electrodes.

LIGANDS CO-COMPLEXES BORYLATION
synthesis Evaluation [
+ A
=R ] NAN
TN 0 0 =N,  wCO B
| _< 2P'n2
N/ N\ . \N/Ir\ — IR vco
N">g O Bpln
- Bpin
HYDROGENATION
RU-COMPLEXES
RS [Ir(N~N)cod]* R3

R% R2 A RQ*\ R2

DIRECTED C-H ACTIVATION

—— Investigation of
Redox-catalysis

Jectrod! f i {
on electrode surfaces _SiEt,H N[I(]N o-SiEt,

Scheme 1-2. The preparation of bidentate oxazoline ligands and the evaluation of their electronical and sterical properties in
Ir(1) carbonyl complexes builds the basis of this work. The ligands were further applied sub-projecs concerning the catalytic

acktivity of their Ir(1) complexes (borylation, hydrogenation and directed C-H activation and the formation of heteroleptic
Ru(1r) complexes for the future application as redox catalysts on gold surfaces.
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Introduction and Motivation

Oxazolines

Oxazoline structures can be derived in enantiopure form from the chiral pool of natural amino acids
(Scheme 1-3). Furthermore, a large variety of amino acids is available, allowing the preparation of
collections of the corresponding oxazoline ligands. As direct reaction partner for the aminols,
carboxylic acids are suitable. These compounds are commercially available in a large variety, which

also contributes to a time efficient preparation of oxazoline ligand collections.

Carboxylic acid: Aminol:
Commercially available Commercially available
Enantiomerically pure

Scheme 1-3. Oxazolines can be prepared from commercially available carboxylic acids and aminols. The aminols are derived
from the (natural) pool of amino acids.

Carbonyl Complexes

Many steps in a catalytic cycle can be influenced by the electron density donated by the ligand toward
the central metal, e.g. oxidative addition or reductive elimination. Therefore, the prepared oxazoline
ligands were evaluated towards their electronic and steric properties by measuring the stretching
frequencies of their corresponding dicarbonyl complexes (Scheme 1-4). The stretching frequencies of
CO ligands are dependent on the C-O bonding order, which in turn is influenced by the electron density
of the central metal. This makes the CO stretching frequencies a good representative for the electronic
properties of the oxazoline ligands and was also used extensively before in the determination of the
electronic properties of e.g. phosphorous ligands.”® The stretching frequencies of CO appear in the IR
spectrum around 2000 cm ™', where typically no other absorptions bands occur. This allows an easy

identification of these bands. The carbonyl complexes can be prepared from [Ir(cod)(CD],."*!

« R +
z <l \% 0 =N, ~ wCO
Ir ol = T/Ir
NA T ~
o~ cl \N/ C\\\o
electrons Vco

Scheme 1-4. The electronic properties of the oxazoline ligands can be evaluated by measuring the IR absorption frequencies
of the carbonyl ligands. The carbonyl complexes can be synthesized from [Ir(cod)(Cl)],.
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Ruthenium Complexes

The first target of this subproject was to study the stepwise introduction of an oxazoline and a
bipyridine ligand to a ruthenium center (Scheme 1-5). As complex precursor [Ru(p-cymene)(Cl),], or
[Ru(dmso)4(Cl,)] are suitable. The right precursor for the planned stepwise complex synthesis was
investigated and the products were analyzed by standard methods. The heteroleptic target complexes

were tested towards their ability to act as redox catalyst in transfer hydrogenation.

L. A0
o 'N/\« _
//_<\;L N—= 7 N /
N N>R “\ =N N
[Ru] L RJ\X >
a
X

Scheme 1-5. Stepwise introduction of an oxazoline and a bipyridine.

In future applications, the immobilization of redox complexes on electrode surfaces is envisaged to
study their redox properties (Scheme 1-6). Substituted bipyridines can serve as potential ligands for
surface immobilization, because these bidentate ligands are known to coordinate as strong ligands to a
metal. Oxazolines could add chiral information to such a complex and redox catalysis, such as alcohol
oxidation, could be performed stereoselectively. The catalyst formation on an electrode surface would
happen on a bipyridine functionalized surface, reacting with an oxazoline containing complex, which is

added in solution.

o
. N//X §2
\\N -
SR

)

"Rl

%
X

——> Redox activity?

Scheme 1-6. Formation of a chiral catalyst on a gold surface which was functionalized with bipyridine before.
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Borylation

Aromatic borylation is a well working reaction with electron rich bipyridines as ligands, in the
presence of [Ir(cod)(OMe)], as iridium source.""’ Up to date, aromatic borylation is depending on the
steric hindrance of residues on the arene. For example is the sterically hindered ortho position usually
not broylated unless a directing group is present. In this project, the bipyridine ligand was replaced by
oxazolines and the catalytic system was applied on monosubstituted arenes, analyzing the meta:para
ratio of the formed products by "H-NMR and/or GC-FID (Scheme 1-7).

R R
[Ir(cod)(OMe)],, ligand @\
+
-0,
o0 8 N

mp=7?

Scheme 1-7. Aromatic borylation of monosubstituted arenes leads to meta and para substitution. Due to steric hindrance,
ortho borylation is not occurring.

Hydrogenation

For asymmetric homogeneous hydrogenation usually phosphinooxazolines (phox) are applied as
ligands. The ligand containing complex is synthesized prior to catalysis and has the general structure
[Ir(ligand)(cod)]BAr" (Scheme 1-8).”' Since these complexes were obtained as intermediates in the
preparation of carbonyl complexes, they were conveniently probed towards their reactivity in
hydrogenation. Compared to the usually applied phox ligands, the oxazoline ligands have different bite
angles and instead of coordination via P,N-donor atoms, they coordinate via N,N-donors. However, the
origin of chirality is the same for both ligand classes and their comparison in hydrogenation can offer

interesting results.

o 3 3
; R Ir(N~N)cod]BArF R
1 //_<j\ [
R-P N\*z N R R% R2 H—> R’I\)*\ R2
R 2
phox R box
pyrox
mepyrox
quinox

Scheme 1-8. Structural comparison of phox and bidentate oxazoline structures and general reaction scheme for catalytic
hydrogenation.
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Hydridosilyl ether directed y-C-H activation

Recently, an elegant method for hydridosilyl ether directed y-C-H activation was developed by the
group of Hartwig (Scheme 1-9).""”! The C-H activation is catalyzed by a system of [Ir(cod)(OMe)], and
phenanthroline as ligand. Since the non-chiral phenanthrolines are structurally closely related to
bidentate oxazolines, the replacement of phenanthrolines by oxazolines was possible.

The reaction sequence uses ketones or alcohols that are transformed into their hydridosilyl ethers. The
C-H activation is occurring with the formation of a cyclic oxasilolane in y-position to the hydridosilyl
ether. Oxidative cleavage of the oxasolilane leads to the formation of an 1,3-diol.

In this project, the influence of the chiral ligand in the stereoselective C-H activation step was

investigated.

SiEtH, O,SiEtzH [Ir(cod)(OMe)],, ligand o-SiEt, OH

\j\//\)oi/—’\)\/ \)*\)—>\)MOH

phen box
pyrox

mepyrox
quinox

Scheme 1-9. Reaction sequence for the formation of a hydridosilyl ether, C-H activation and oxidative cleavage.
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Scientific Background

2 Oxazoline Based Structures

Oxazoline structures were widely used and are at least known since 1989, when Brunner and

Obermann reported a synthesis for these structures."!

since then, a lot of different synthesis routes for
a large variety of oxazoline containing structures were reported by various research groups and will be
presented briefly in the following chapter. Since 2,2°-bioxazolines were less often applied as
bis(oxalin-2-yl)methanes, often no distinction in their naming was made and both were referred to as
“bisoxazolines” or “box”.""*'” For this work, it was decided to denote 2,2 -bioxazolines with “box”
and the methylene bridged bis(oxalin-2-yl)methanes with “mebox” (Scheme 2-1). For convienence, all

structures containing two oxazoline moieties will collectively be called “bisoxazolines”.

O O
a0l

R-box R-mebox

R R

SR
R

R

4,4’-diR-2,2"-bioxazolin bis(4-R-oxazolin-2-yl)methane

Scheme 2-1. Denomination of bisoxazolines in this work.

2.1 Preparation of Bisoxazolines and Pyridyloxazolines

The oxazoline structure is prepared from chiral aminols that are derived from the naturally available
pool of amino acids. The oxazoline formation itself requires two key steps; firstly the condensation of
the aminol with a carboxylic acid and secondly the base-induced ring closure of the resulting
p-hydroxy-amide. The latter step may require the introduction of a suitable leaving group beforehand
(Scheme 2-2). Therefore, the wide range of typical oxazoline syntheses is comprised of two or three
step procedures. However, also protocols for single step procedures are known that realize amide

. . . . . 18
formation as well as oxazoline ring closure in one working step.""®!

o]
o R4 Rz\%o Rz\%o R2__ o
N I NSy o — HN \D
Z o R N0 X N~/
R! R R R
Amino Acid Aminol Oxazoline

Scheme 2-2. General oxazoline formation.

Regarding the activation of the carboxylic acid for the amide formation with the aminol, several

[19-21] [22-23]

traditional methods, such as the transformation to an acid chloride , an anhydride or the use of
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a nitrile?**"!

as carboxylic acid analogue, were described. The first example for the synthesis of a
2-(pyridine-2-yl)-oxazoline (pyrox) was described by Brunner and Obermann in 1989.""" In this work,
a nitrile group was chosen as carboxylic acid analogue and after its transformation into the methyl
imidate, the oxazoline was formed under release of ammonia and methanol in the final step (Scheme
2-3a). A slight variation of this method is presently known as the “Witte-Seeliger-method”*® which
was applied i.a. by Bolm et al. in 1991.”! This zinc chloride-catalyzed method allows for the
condensation of an aminol with a nitrile and the subsequent oxazoline ring closure in one step (Scheme

2-3b).

a) Nitrile method (Brunner, Obermann)

PN~on R o

base, MeOH OMe 1
RCN —— > R¢  ——~ 1'/
NH -NH, R
- MeOH

b) Nitrile method (Witte Seeliger)

"a ® o
R
RZCN — Nl\)
ZnCl, X
c) Acid chloride method
1) SOCI, or TsCl
2) Base
HN~on RZ_O or RZ o
2 P R ¥ DAST T\)
R{ — AN~ N
Cl R R
d) Mixed-anhydride method
HZN\/\OH RZ_O 1)TsCl R? le)
(o} iBCF o O = \f 2; Base T
RR4{ — A ey HN o~y — 2 . N
OH RZ N07 Yo7 H OH z
R R!
e) Appel conditions
HaN A~
o PPh,, CCl, N Rz\ro
|
R4 N\)
OH =R1

L Ru<° Rz\fo Rz\fo o /T

— » HN — 5 HN PPh.
@ ~"oH Y o
O-PPh; H H
R' R'

Scheme 2-3. Overview of established methods for carboxylic acid activation in oxazoline synthesis.
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The activation of the carboxylic acid as an acid chloride was described by Nishiyama et al. in 1993,
who used this approach for the synthesis of 2,2"-oxazoline substituted bipyridines (Scheme 2-3c).!"”!
Furthermore, examples using the mixed-anhydride iso-butyrochloroformate (iBCF) as amide coupling
reagent, were reported by the groups of Sigman and Stahl (Scheme 2-3d).”* ** McManus and Guiry
discovered an approach for the amide coupling using the isatoic anhydride as mixed-anhydride.""!

In 1993, Vorbriiggen and Krolikiewicz reported a method using Appel conditions in order to avoid the
harsh conditions when SOCI, is used as chlorinating agent (Scheme 2-3e). Using this method, a
number of differently substituted as well as unsubstituted (oxazoline-2-yl)arenes,
(oxazoline-2-yl)pyridines (pyrox) and thiazolines were prepared.”* The group of Helmchen used this
method i.a. for the formation of 2-halogen substituted (oxazoline-2-yl)arenes that were subsequently
transformed into their phosphorus, sulfur and selenium containing derivatives. In the case of the
substitution with phosphorus the thereby resulting phosphines, known as phosphinoxazolines (phox) or
“Pfaltz-Helmchen” ligands, appeared to be highly effective for example in iridium catalyzed

asymmetric hydrogenations (Scheme 2-4).

HN~on (X=F)

R LiPAr,
O —— (e} - - o)
— I = %
X OH X N—v (X=Br) PAr, N—/
;”R 1) Mg
X=F Br 2) CIPA, R

Scheme 2-4. Formation of phox compounds by Helmchen.*!

Bisamidates from which box or mebox are subsequently prepared, are mostly often accessed from their
methoxy or ethoxy esters by simple condensation with the aminol in an unpolar solvent such as toluene
(Scheme 2-5a). Alternatively, a one-step procedure using an ethyl imidate was described by the same
authors (Scheme 2-5b).12%%!!

a) box formation from a methyl ester

2 "Ny on

o o0 H o P o 0
HO < OH . — j
—6  o— Jvan ~ . /[N/ N
R R R R

b) mebox formation from an ethyl imidate

HN\/\
EtOWOEt 2 7 : OH S(i\”/\wf)

*NHp*NH,  —— = N N-/
Cl CI R R

Scheme 2-5. Formation of bisoxazoline compounds.
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Except for the few one-step examples, such as the Witte-Seeliger method or the Vorbriiggen and
Krolikiewicz method using Appel conditions (Scheme 2-3) and the bisamidate method (Scheme 2-5b),
the S-hydroxy-amide has to be activated in a separate step prior to the amide formation. In general, for

20-21, 341 mesylateBS],

the formation of bisoxazolines, the hydroxyl group is transformed into a chloride
followed by the ring closure induced by a base such as KOH, NaOH or NEt;. For this step, the use of
different polar solvents as tetrahydrofurene (THF), methanol, ethanol, but also the weakly polar solvent
1,2-dichloroethane (DCE) was described. In these examples, the ring closure proceeded always under
increased temperature.”*>'! To obtain pyrox structures, also, a chloride leaving group or alternatively a
tosylate was introduced. In few examples also the use of the mild reagent diethylaminosulfur trifluoride

(DAST)[36'38] was described (Scheme 2-3 ¢).

2.2 Structural Diversity of Oxazoline-Ligands

Oxazoline-containing ligands were prepared in an immense variety. In this chapter, selected examples
of different ligand classes will be shown. However, this collection makes no claim to be complete since
a lot more variations of oxazoline derived structures are known and the corresponding ligands were
prepared and used in many more reported studies. The abbreviations of some ligand were made
particularly for this project for practical reasons.

C,-symmetric bisoxazolines (Scheme 2-6) differ primarily in their rigidity as well as in their bite angle
due to different backbone structures. The simplest of among them is the bisoxazoline (box) (a) which is
the most rigid one since the two C-N double bonds are in conjugation with each other. Compared to
box (a), the methylene bridged bisoxazolines mebox (b) and 2-bis(oxalin-2-yl)propane (DMmebox) (c)
are much more flexible and they bear a larger bite angle. Therefore their residues obtain a closer
proximity towards a metal center. The last three ligands of this collection bear an even higher
flexibility: ortho-bis(oxazolin-2-yl)benzene (opbox) (d), 1,2-bis(oxazolin-2-yl)cyclohexane (cybox) (e)
and the tartaric acid derived 2,2°-(2,2-dimethyl-1,3-dioxolane-4,5-diyl)bis(oxazoline) (tartbox) (f). In
all of them, the oxazolines are connected via a C,-bridge which leads to a seven-membered
metallacycle upon coordination. The two last examples cybox (e) and tartbox (f) also contain two
additional stereocenters in their backbone, which offers more possibilities for tuning these ligands in
asymmetric catalysis.

Scheme 2-7 displays examples of bidentate oxazolines including an aromatic moiety. The upper row
illustrates three closely related pyrox-type structures with different steric influences in the 6-position of
the pyridine moiety. While pyrox (a) bears solely a hydrogen atom in this position, the
2-(6-methylpyridine-2-yl)-oxazoline (mepyrox) (b) carries a free rotatable methyl group, presumably
with a high steric influence. In the quinolinic acid derived structure, 2- (quinolin-2-yl) -oxazoline
(quinox) (c), occurs steric hindrance strictly in the plane of the ligand due to the annulated aromatic

system.
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Scheme 2-6. Bisoxazolines a?02! 34 p[201 1391 d[4o'4”, em], 431,

In the bottom row of Scheme 2-7, 2-(2-(phosphanyl)phenyl)oxazoline (phox) (d) may be one of the
most well known oxazoline-containing ligands, since ligands of this type are very effective in
asymmetric hydrogenation.”™ The introduction of phosphorous as donor atom, leads to a bidentate P,N
ligand with very different trans-effects of both coordination sites. Also the sulfur containing S,N ligand
2-(thiophen-2-yl)oxazoline (thiox) (f) has different frans-effects of both donor atoms. The aniline
derived 2-(oxazoline-2-yl)aniline (annilinox) (e) bears a larger bite angle, compared to pyrox, with one

of the N-donors being a primary amine instead of an aromatic nitrogen.

— — o) — 0
T SR o N e T T

a) pyrox b) mepyrox ¢) quinox
R©\r° ©Y° & "
| | .
RP N\*g NH, N\*g N
R R
d) phox e) annilinox f) thiox

Scheme 2-7. “Monooxazolines” connected to an aromatic moiety al!® 22], bl 24', cm], dl44], el! I 271,

Besides the bidentate examples of oxazoline ligands, also tridentade or even tetradentate versions exist.
In Scheme 2-8, examples of this kind are depicted as well as some structures that act as monoanionic
ligands. The most commonly used ones are 2,6-bis(oxazolin-2-yl)pyridine (pybox) (a) and
1,3-bis(oxazolin-2-yl)benzene (phebox) (b). 2- (1,10-phenanthrolin-2-yl)oxazolin (phenbox) (c) is
structurally related to pybox (a), but with only one asymmetric center. Also related to pyrox (a), but
acting as tetradentate ligand, is 6,67-bis(oxazolin-2-yl)-2,2”-bipyridine (bipyrox) (d). The last two

structures from this scheme are 2-(pyrrolidin-2-yl)oxazolin (pox) (e) and N-((oxazolin-
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2-yl)methyl)-4-methylbenzenesulfonamide (saox) (f), which both act as monoanionic ligands. The
latter one, saox (f), bears also an additional stereocenter in a-position to the nitrogen of the

sulfonamide moiety.

Y@ YQY
O I~ O, O O,
Gy P
=N N— =N N—
R R R R

a) pybox b) phebox c) phenbox

R;_(O
(0]
Ol CER\N
-1 e ol
\ R
N N
H R

d) bipyrox e) pox f) saox

1191’ Cl'9J7 4! 6[371, £l46-49]

Scheme 2-8. Polydentate neutral examples a' and monoanionic examples b'**, of oxazoline ligands.

These examples illustrate that the structural variety of oxazoline ligands is immense. The same is true
for the residue at the chiral position. Conveniently, the 20 proteinogenic amino acids and a plethora of
non-natural variants are available as starting materials. In particular, those structures without a
functional group in the side chain are privileged for the use in oxazolines, since no protecting groups
are necessary for the reduction step to the aminol. Among the natural amino acids, these are alanine,
valine, leucine, isoleucine, phenylalanine and, with restrictions, tryptophane and histidine (Scheme
2-9). Their S-enantiomer is naturally abundant and can be isolated from natural sources in large
amounts. If their R-enantiomer is desired, it can be obtained by chemical synthesis like in the Strecker
reaction, which leads to a racemic mixture in the first place. This racemic mixture can be separated
using different methods such as the enzymatic separation of enantiomers or the crystallization with a
chiral counterion.”**"!

Also non-proteinogenic amino acids are convenient starting materials for oxazolines, if they are
commercially available. Two examples for such non-proteinogenic amino acids are ferz-leucine and
phenylglycine (Scheme 2-10). Both are prepared industrially in appropriate amounts, since they are of

economical interest as antibiotical and pharmacological agents. °>°!
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Scheme 2-9. Suitable proteinogenic amino acids for application in oxazoline ligands.
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Scheme 2-10. Two examples of commercially available non-proteinogentic amino acids.

2.3 Catalytic Application of Oxazoline-Ligands

In general, a wide range of different catalytic reactions were successfully performed with oxazoline

1, [54]

ligands such as hydrosilylation,"'" ' % 3*3! transferhydrogenation,”” * *” **! hydroarylation,

[20, 38, 57-58] [24, 26-27, 41, 59-61]

cyclopropenation, allylic substitution, allylic amination,” decarboxylative

[62] [22]

allylic etherfication, alkene difunctionalization,'®®' Heck-type

[45, 66-67]

allylic oxidative amidation,
reactions and Wacker-type reactions”” ®7". Some of these reactions will be presented briefly in
the following text with a focus on the structures of oxazoline ligands which were applied.

One of the first examples for the use of oxazolines in homogeneous catalysis was published by Brunner
and Obermann in 1989."Y They applied several pyrox ligands in square planar Rh(I)cod complexes in

asymmetric hydrosilylation of acetophenone (Scheme 2-11). The achieved enantioselectivities were
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moderate to good while the best results were obtained with ‘Bu-pyrox. Also the C,-symmetric Pr-

bipybox ligand, described by Nishiyama et al. in 1992, led to very good results although the catalyst

loading was very high in this example (example 2)."""!

o _ _SiHPh, OH
SiHyPhy o hydrolysis 1
1
@ @ N/ N\
o Conditions =N N= Conditions
@_« ] [Rh] (0.5 mol%) o o [RNI(10 mol%)
CCl,, rt \ / AgBF,, THF, rt
N N ,/< 4 N N\) gBF,4, ,
Bu-pyrox 98% yield t{\ 98% yield
83% ee N 90% ee

iPr-bipyrox

Scheme 2-11. Hydrosilylation of acetophenone with oxazoline ligands. (1) U1 [Rh]=1/2 [Rh(cod)Cl],; (2) " [Rh]=1/2
[Rh(coe),Cl],.

Since transferhydrogenation is closely related to hydrosilylation, oxazolines were also successfully
applied in this reaction. As depicted in Scheme 2-12, different kinds of oxazoline ligands successfully
applied as ligands for the asymmetric transferhydrogenation of acetophenone (Scheme 2-12). A
moderate enantioselectivity of 60% ee was achieved by the use of the C,-symmetrical 'Pr-box as well
as by the non-symmetical ‘Pr-pyrox. This example of asymmetric transferhydrogenation is one of the
very rare examples for a successful application of a box ligand that led to a enantioselectivity larger

than 50% ee.

o OH

KOH/ProH

(M ) ©)

Conditions Conditions Conditions

o} o o] o]
[Ru] (0.5 mol%) [Ir] (0.5 mol%) : : [Ir] (1 mol%)
E>—<\N ] : " \([ NN ] "

N 2 i,

H // //
) 79% conv. 81% conv. ) 89% conv.
'Pr-pox 62% ee 38% ee 'Pr-box 58% ee

Scheme 2-12. Asymmetric transfer hydrogenation of acetophenone catalyzed by oxazoline complexes. (1)P”' [Ru]=1/2
[Ru(p-cymene)(Cl),],; (2)%" [Ir]=1/2 [Ir(cod)(C1)]»; (3)2 [Ir]=1/2 [Ir(cod)(C1)],.

Cyclopropanation of styrene was also used as a model reaction in order to investigate oxazoline
ligands. Also in this reaction complexes with C,-symmetrical as well as with non-symmetrical ligands

were reactive and resulted in good yields with moderate to high enantiomeric excesses of the
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diasteromeric products. The best enantioselectivities were observed when the C,-symmetrical
‘Bu-mebox was applied as ligand, while the non-symmetrical pyrox-type ligands (examples 2-4)
resulted in moderate enantioselectivities. Comparing the mepyrox (example 3) and the pyrox (example
4), which differ only in one methyl group in the 6-position of the pyridine moiety, the strongly
decreased enantioselectivity caused by the pyrox ligand attracts attention. These two examples show

how important a small change in the ligand structure can be for the reaction outcome.

N# “COOR H H Ph H
P *
Ph COOR H COOR
diastereomer 1 diastereomer 2

(1

(2)
0] 0 Conditions _ 0 Conditions
mj [Cul (2 mol%) ) [Cu] (2 mol%)
DCE, rt \ N DCM, rt
A ]

96% ee (dia 1) 60% ee (dia 1)
Bu-mebox 97% ee (dia 2) Ph-quinox 51% ee (dia 2)

(4)
Conditions Conditions

® oo MeQ
e e
— o [Cu] (2 mol%) — o [Cu] (2 mol%)
L=< j DCM, 1t W j DCM, rt
N N /< N N //

50% ee (dia 1) 26% ee (dia 1)
45% ee (dia 2) _ 19% ee (dia 2)
3-OMe-'Bu-mepyrox 3-OMe-'Pr-pyrox

Scheme 2-13. Cyclopropenation of styrene catalyzed by oxazoline complexes. (DO [Cu]=[Cu(ligand),],
R=(1R 3R 4S)-menthyl; (2), (3) and (4)*8! [Cu]=[CuOTf], R=Et.

Another successful application of oxazolines was found in the allylic substitution (Scheme 2-14).

The comparison of different pyrox-type ligands exhibits an increasing enantioselectivity from 24-74%
ee with increasing steric demand of the respective ligand (examples 1-3). The highest enantioselectivity
of nearly 90% ee was achieved by the application of a nitrile substituted pyrox (example 4). This result
can be understood on the basis of the steric properties of the nitrile group of Ph-CN-pyrox, which is
thinner but also longer than the methyl group in Ph-mepyrox. Also, an electronic effect of the nitrile
substituted ligand can be responsible. Since this ligand is much more electron withdrawing, it might

influence the stereoselectivity determining step of the catalytic cycle differently than the other ligands.
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Scheme 2-14. Allylic substitution catalyzed by oxazoline complexes. (1), (2) and (3)™ ;(4) * [Pd]=[Pd(1*-C5H5)Cl],.
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Scheme 2-15. Origin of enantioselectivity in allylic substitution reactions.

C,-symmetric box ligands do not lead to enantioselectivity in this reaction. As illustrated in Scheme

2-15, the ligand has to be able to stabilize one of two possible diastereomeric structures and to favor

the nucleophilic attack from just one side (a) or (b). Assuming that the ligand would just stabilize one

diastereomer without favoring the nucleophilic attack at a special site, the product would be racemic.

Therefore, the box ligands could not have caused stereoselectivity.

One last example is given in the asymmetric aza-Wacker-type cyclisation of olefinic tosylamides

(Scheme 2-16). Here, a C,-symmetrical pybox ligand (example 1) and three pyrox-type ligands

(examples 2-4) were tested among other chiral ligands. The application of the C,-symmetrical and
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sterically very demanding Ph-pyrox led to a very high yield but only low enantioselectivity. Similar
yields but higher enantioselectivities were achieved by application of the pyrox-type ligands, while the
iso-propyl substituted 'Pr-quinox (example 4) caused the highest enantioselectivities of 43% ee.
Comparison with the phenyl substituted analogues Ph-quinox (example 3), which only led to 27% ee,
demonstrates again how important small structural changes in the ligand can be. After identifying
Pr-quinox as the best ligand, the catalytic reaction was repeated with this ligand at decreased

temperatures by which the enantioselectivity was increased to 69% ee.

Pd(OAc); (10 mol%)
ligand (20 mol%)
P 0y, toluene, 60 °C 1-5 h \©[>_\
NN
\
NHTs Ts

M (@] 3 )

pZ — 7 0 - o
TN QA o &JQ RS

Ph-pyrox Ph-pyrox Ph-quinox iPr-quinox
at0°C
91% yield 89% yield 94% yield 93% yield 94% yield
16% ee 25% ee 27% ee 43%ee 69%ee

Scheme 2-16. Aza-Wacker-type cyclization catalyzed by oxazoline complexes. (1)-(4)'*!

In conclusion, oxazoline ligands were successfully applied in different catalytic reactions. Only very
few examples were reported, in which the C,-symmetrical box ligands were applied, in contrary to
their methylene bridged mebox analogues. The non-symmetrical pyrox type ligands were applied much
more often and their stereochemical influence was dependent on small structural changes of the

ligands.
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3 Iridium and Ruthenium Complexes

3.1 Transition Metal Carbonyl Complexes

Transition metal complexes with carbon monoxide ligands are known since 1884, when Ludwig Mond
converted nickel powder to the volatile Ni(CO), complex by heating it in a CO stream.””” The simple
heating of a pure metal under CO atmosphere is still one of three convenient methods to obtain
carbonyl complexes and works well for low valent metal species. Another method is the reaction of CO
gas with a high oxidation state metal salt in combination with a reducing agent. Consequently, this
reaction type is called reductive carbonylation. The third synthesis route does not use elementary CO
but organic, molecular CO-donors such as aldehydes, alcohols or CO, as carbonylation agents.””>”!

Upon coordination, carbon monoxide becomes activated on the oxygen atom towards electrophilic and,
in turn, the carbon towards nucleophilic attack. This increased CO reactivity of carbonyl complexes is
used in numerous reactions such as methanol synthesis, synthesis of alkanes or alkenes, alcohols
(Fischer Tropsch Synthesis), synthesis of carbine complexes or in many different carbonylation
reactions e.g. hydroformylation, hydroxocarboxylation, hydroesterfication and carbonylation of an
alcohol to give the corresponding carboxylic acid. In case of acetic acid production, the reaction is also

. . 4-
known as “Monsanto acetic acid process”.”*””!

3.1.1 CO as Ligand in Transition Metal Complexes

Carbon monoxide acts as a neutral ligand and binds often monodentate via the carbon atom, but also
many complexes with bridging CO ligands are known. In free CO, the atoms are connected via a triple
bond, which gives rise to a negative polarization on the carbon and a positive polarization on the
oxygen. However, the negative charge at the carbon is nearly compensated by the high
electronegativity of the oxygen, which polarizes the bonding orbitals towards itself. These
counteracting effects result in a small dipole moment of nearly zero. The MO scheme of CO is depicted
in Scheme 3-1, highlighting the HOMO and LUMO, showing that the highest coefficient of both
orbitals is located at the carbon. Therefore this atom is the best the bonding partner for a metal because
it can donate two electrons from the HOMO into an empty d, orbital of the metal while the two
degenerate LUMOs can accept electrons from filled d, orbitals. Upon coordination to a metal, the back
donation of d-electrons from the metal into a m*-orbital of the ligand weakens the m-bonds resulting in
a decreased C-O bonding order (Scheme 3-2). Consequently, the strengths of the back bonding is
reflected in the bond strength of the C-O bond. "®!
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Lewis structure of free CO
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Scheme 3-1. MO scheme of free CO.!"!
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Scheme 3-2. Back bonding in carbonyl complexes and consequences for IR absorption energies. ™!

The change in bond strength can be analyzed by measuring the IR absorption frequency of the CO
stretching vibration. The IR absorption of the CO molecule occurs in the range of 1820 cm™ to
2150 cm™” and normally does not overlap with other vibrational bands which facilitates the
interpretation of the corresponding spectra.”’” Comparison of IR spectra of carbonyl complexes with
the one of free carbon monoxide leads to the observation, that in some complexes the CO bond
becomes weaker upon coordination, while in other complexes it becomes stronger. The latter ones are

commonly classified as “non classical” carbonyl complexes. In turn, these complexes that weaken the
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CO bond, are classified as “classical” carbonyl complexes (Scheme 3-3). In heteroleptic carbonyl
complexes, the CO bond strength is also influenced by the electronic properties of other ligands,
therefore the C-O stretching frequencies can serve as tool for the comparison of the electronic
properties of these ligands. Because of their simplicity of recording, IR measurements of carbonyl

complexes have become a standard tool for the comparison of electronic properties of diverse ligands.

2240 =

2220 [Au(CO),J*
2200 .

1 [Ag(CO))*
2180 L]
2160 [cu(co)y:

1 »classical* »hon classical*
2140 n

Wavenumber / cm™

2120 .
2100 J Cr(CO),
2080 |

2060 [ ]
Ni(CO),

Complex

Scheme 3-3. Classification of carbonyl complexes on basis of their CO stretching frequencies.”!

3.1.2 Evaluation of Monodentate Ligands in Carbonyl Complexes

Monodentate phosphorus ligands and N-heterocyclic carbenes (NHC) are often used ligands in
homogeneous catalysis. Therefore their electronic properties were investigated intensively by
measuring the vco absorption energies of the corresponding carbonyl complexes. For monodentate
phosphorus ligands, Tolman established tetrahedral Ni(CO);L. complexes as standard complexes for
such measurements in a well known review from 1977.”' The complexes were easily obtained from
Ni(CO), and today “Tolman’s electronic parameter” (TEP) refers to these carbonyl complexes.'® "
Tolman’s review is based on work of Strohmeier and Miiller from 1967, which describes the
comparison of different CpMn(CO),L. complexes but also others such as CpV(CO);L, Fe(CO),L,
Ni(CO);L, Cr(CO)sL and W(CO)sL."*™ The work of Strohmeier and Miiller demonstrates that large
differences in the vco stretching frequencies exist when one ligand is attached to different metals, but
the relative vco stretching frequencies within a series of ligands attached to the same metal, stayed
always the same (Scheme 3-4). Therefore, the vco stretching frequencies of different ligands attached

to the same type of complex are comparable.
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Scheme 3-4. IR Stretching frequencies of different phosphine and phosphite carbonyl complexes.!”®!

In analogy to the phosphine carbonyl complexes, CO stretching frequencies of NHC carbonyl
complexes were evaluated as their Ni(CO);L complexes (Scheme 3-5). In these complexes NHCs
cause vco stretching frequencies lower, or in the range, of trisalkylphosphines.® With the sterically
very demanding adamantyl and tert-butyl substituted imidazole-NHC ligands instead of the usually
formed tri complexes only dicarbonyl complexes were obtained. Comparison of the tris- and
dicarbonyl complexes shows a large difference between their vcq stretching frequencies (Scheme 3-5).
In order to overcome the experimental problems with sterically demanding ligands, Gusev investigated
the comparability of calculated IR stretching frequencies with the experimental ones (Scheme 3-5).""
8 The author found a strong correlation between calculated and measured v stretching frequencies.
In addition, the electronic properties of the sterically demanding ligands are in line with the other
ligands. These results indicate that electronical properties of ligands can be predicted by calculating the
corresponding vco stretching frequencies of experimentally inaccessible carbonyl complexes. Gusev
listed a collection of 76 NHC ligands and their calculated electronic properties. Some of them have not
been experimentally described but can now be prepared on demand if their special electronic behavior

were required for a certain application.
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Scheme 3-5. IR stretching frequencies of different NHC complexes and comparison with calculated values.®8!)
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Since the precursor for the tetrahedral nickel carbonyls, Ni(CO),, is highly toxic and the handling
extremely dangerous because of its volatility, nowadays carbonyl complexes are preferably prepared
from other metal complexes.**™ For example, Schmedake reported the use of octahedral
trans-M(CO)4(L), (M = Cr, Mo, W) for the evaluation of N-heterocyclic silylene ligands.[87] Another
large group of carbonyl complexes for the evaluation of NHC ligands are the square planar,
homologues Rh(1) and Ir(1) complexes.**™ The complexes are typically prepared from the
corresponding cod dimers [M(cod)Cl], (M = Rh, Ir), leading to the cod complexes [MCl(cod)L], which
yield under atmospheric pressure of gaseous CO the corresponding dicarbonyl complexes. The
Crabtree group published the vcq stretching frequencies of [IrCI(CO),L] for the evaluation of two new
carbene ligands and compared them with the data obtained for various phosphine ligands, for which the
corresponding [IrCI(CO),L] complexes were prepared as well.*® However, the application of other
metalcarbonyls than Ni(CO);L bears the general problem that the obtained data are not comparable
with the previously reported TEP values. Therefore, the Crabtree group tried to find a method which
allows for the comparison of TEP values with the data obtained from the described iridium complexes.
The plot of the average vco stretching frequencies of the iridium complexes over corresponding TEP
values led to a linear correlation (Scheme 3-6). However, this correlation seems to be limited to poor

n-acceptors such as trisalkyl phosphines.
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Scheme 3-6. Plot of TEP-values over average IR absorption of [Ir(CO),LCl]. For the poor n-acceptor phosphine a linaer
correlation between these two values exists.

3.1.3 Evaluation of bidentate Ligands in Carbonyl Complexes

Bidentate ligands as bipyridines (bpy) and phenanthrolines (phen) were much less investigated than
phosphorous ligands and NHCs. Some important research was reported by Mestroni, Camus, Cocevar,
Zassinovch and Clauti in 1972 and 1985." **" Their research interest was first motivated by the

investigation of new complexes and their applicability as catalysts. The authors prepared and
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investigated i.a. complexes of the type [Rh(N*N)(cod)]X and [Ir(N”*N)(cod)]X as well as their reaction
products with carbon monoxide [M(NAN)(CO);]X and [M(N”AN)(CO),]X. As bidentate
N,N-coordinating ligands bipyridines and phenanthrolines were chosen."”” *®! Few years later, a work
about chelating NN ligands in agreement to the work of Tolman about electronic properties of
phosphorous ligands was reported.'* **' Here, the authors applied besides the rhodium and iridium
complexes [M(N~N)(CO),]X also the molybdenum complexes [Mo(N”N)(CO),]. The latter ones were
chosen for their clearly predictable octahedral geometry and very good solubility in non-coordinating
solvents. The resulting IR absorption energies were compared with reactivity of the ligands in
reduction reactions and led to a correlation between electron density on the metal and reactivity. The
reported vco stretching frequencies (Scheme 3-7) are still cited by scientists today. The obtained vco
stretching frequencies show clearly, that the lowest absorption energies were caused by electron rich
bipyridine and phenanthroline ligands, leading to a comparable high electron density at the central

metal. The trends obtained by Rh(I), IR(I) or Mo(0) are consistent.
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e . ® v IMO(N"N)(CO)I
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Scheme 3-7. Reported vg stretching frequencies of different NAN-chelated carbonyl complexes. For the dicarbonyl
complexes, the asymmetric and symmetric vcg absorption bands are both reported. For molybdenum complexes the highest
wavenumber is reported.””

Even though they were not prepared particularly for the evaluation of their electronic properties, a huge
variation of bipyridine carbonyl complexes was prepared and isolated by different research groups. To
give a brief overview, some of these complexes are presented in Scheme 3-8. If reported, the IR

stretching frequencies of the carbonyl ligands are listed as well.
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Scheme 3-8. a)+c)'” b)!#8! d)+e)! 1)1 g)[%' )P4 113! j)[%' For complex a), no spectroscopical data was reported in the
publications of the Mestroni group. For complex c) only the highest vcq stretching frequency is reported.

The comparison of the molybdenum complexes c¢) and d) shows how different the absorption
frequencies can be for different media. The highest CO stretching frequency obtained in chloroform

differs from that measured in KBr about 10 cm !

Scheme 3-9 shows the IR data for some monoanionic, pyridine related ligands. In the corresponding
publication by the Li group, the carbonyl complexes were prepared in order to compare the electronic
properties of the ligands.”” However, the reported data were still not obtained experimentally but by
calculation. The authors used the average absorption energies for the comparison of the ligands.

The group of Porschke investigated palladium dicarbonyl complexes with symmetrical bisphosphines
(Scheme 3-9). These complexes have a tetrahedral coordination sphere, as it was also the case for the

nickel complexes which were used for the determination of TEP values.”™
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Scheme 3-9. Rhodium dicarbonyl complexes with N,C-ligands and tetrahedral palladiumdicarbonylcomplexes.™%!

3.1.4 Preparation of Square Planar Ir(1) Bipyridine Carbonyl Complexes

The focus of this work is the replacement of non-chiral bipyridines by chiral bisoxazolines in
homogeneous catalysis. Since the reactions of interest for this work are mainly catalyzed by iridium
complexes, the comparison of the used ligands in iridium dicarbonyl complexes is desired. Thus, the
synthesis Ir(T) and Rh(I) carbonyl complexes reported by the Mestroni group formed the basis for the
carbonyl complex synthesis during this project./”™ ¥l

The synthesis of the carbonyl complexes starts with the dimeric cod complexes [M(cod)Cl,], (M = Ir,
Rh). These complexes are mixed in a 1:1 ratio of metal and N*N-ligand in a suitable solvent such as
methanol or DCM at room temperature. The resulting complex of the type [M(N”N)(cod)]CI forms
immediately and quantitatively (Scheme 3-10). Subsequently, the Cl anion is exchanged for less
strongly coordinating ions such as PFs or BF, . In the last step, square planar dicarbonyl complexes

are formed by substitution of the cod ligand.™

1. N*N ligand introduction 2. Anion Exchange 3. Carbonylation

3 \ x-
by LN, m\ /N,, . \“I " _eo [N, coj
> /Ir\ - Ly /Ir\
DCM —N - co

[8]

Scheme 3-10. Synthesis of sqare planar iridium carbonyl complexes.

The anion exchange to a non-coordinating counteranion in the second step is of certain importance in
order to obtain a square planar complex instead of a pentacoordinated trigonal bipyramidal. The anion
exchange to X = PF¢ was for example realized for rhodium complexes by treatment of the methanolic
complex solution with saturated aqueous NH,PF; solution.™ Since the analogous phox complexes
with BAr" as counteranion play an important role in asymmetric hydrogenation reactions (cf. chapter
4.3), some similar protocols also exist for these complexes. For such complexes, the precursor was
dissolved in DCM and treated with an aqueous solution of the sodium salt of the new anion in a

biphasic mixture.””’
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Scheme 3-11. Anion exchange at phox complex.””!

The third step, the carbonylation, was described by the group of Mestroni for rhodium complexes as
well as for iridium complexes However, the formation of rhodium carbonyl complexes was described
more detailed. Mestroni described the preparation of Rh(I) dicarbonyl complexes from
[Rh(bpy)(cod)]ClO, or [Rh(bpy)(cot)]ClO, (cot = 1,3,5,7-cyclooctatetraene) in 1971 The identity of
the complexes was confirmed by comparison with previously reported vco stretching frequencies
(Scheme 3-12).1100-102]

a) Cocevar, Mestroni, Camus
color: yellow

+ClO,” ~ +ClO,~ IR (nujol): 2103, 2044 cm™
X, co | (i)
/ \ =N"" Rh”\
7 g (ele}

b) Reddy, Susheelamma
color: yellow
IR (nujol):2108, 2050 cm™'

Scheme 3-12. Comparision of IR data a)!*®! and b)'%! for [Rh(bpy)(CO),]CIO,.

The results obtained by Mestroni and co-workers were corrected by the same authors in a following
publication in 1974, when they identified the prepared carbonyl complexes as tricarbonyl
complexes.®™ The correction was triggered by the observation of a set of two vco stretching
frequencies shifted towards lower wavenumbers, subsequent to purging nitrogen through a solution of
bipyridine carbonyl complex (Scheme 3-13). This process was observed to be reversible when CO gas
was led through the corresponding complex solution. The authors assumed that the nitrogen gas
replaced one of three carbonyl ligand to result the pentacoordinated dicarbonyl complex
[Rh(bpy)(CO),(N,)]", which formed back the tricarbonyl complex [Rh(bpy)(CO);]* upon purging with
CO gas. In this publication, no further information, for example about the shape and broadness of the

absorption bands are included.
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Scheme 3-13. Formation and reactivity of rhodium carbonyl complexes.®”!

The publications about analogous iridium complexes appeared first in 1972 and in 1974 on the basis of
the investigations about rhodium complexes.””™ As it was also described for rhodium complexes, the
synthesis started with [Ir(bpy)(cod)]X (X=PFs, ClO,4) and reactivity studies showed that the cod ligand
was replaceable by a variety of small molecules such as CO, ethylene or maleic anhydride to form the
corresponding  yellow pentacoordinated complexes [Ir(bpy)(cod)L]" (Scheme 3-14). The
pentacoordinated monocarbonyl complex [Ir(bpy)(cod)(CO)]" released the cod ligand upon the further
addition of CO and the product was assumed to be the tri complex [Ir(bpy)(CO);]", similarity to the
corresponding rhodium complexes. Purging a solution of the tricarbonyl complex with ethylene
resulted a shift of the two vco stretching bands and the formed complex was assumed to be identical
with [Ir(bpy)(CO),(CH,CH,)]". Referring to the authors, purging the solution of the complex with
argon removed the ethylene from the pentacoordinated dicarbonyl complex to form its corresponding
square planar dicarbonyl complex [Ir(bpy)(CO),]". However, for the dicarbonyl complex
[Ir(bpy)(CO),]" no spectroscopical data were reported.
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Scheme 3-14. Formation and reactivity of iridium carbonyl complexes.™!

3.2 Heteroleptic Ruthenium(ir) Complexes

Many different variations of heteroleptic ruthenium complexes, containing at least two dissimilar
ligands, are known. One of the simplest examples of such a complex is [Ru(bpy),Cl,] which was first

U1 Due to their remarkable photochemical properties,

described by Meyer and co-workers.
bisheteroleptic =~ and  trisheteroleptic =~ ruthenium  complexes  [Ru(N”N) LINAN)Y* and
[Ru(NAN) (NAN)*(NAN)’1** are well investigated.[m] In this work, the stepwise introduction of two
dissimilar bidentate ligands, one bipyridine (bpy) and one bisoxazoline (box), was attempted. The
resulting complexes would have the general composition [Ru(bpy)(box)L,]*, while L is equal a labile
ligand such as a solvent molecule. Alternatively, one of the chelate ligands can also be a tridentate
terpyridine (tpy) or pyridylbisoxazoline (pybox) giving the general composition [Ru(tpy)(box)L]** or
[Ru(bpy)(pybox)L]**. Analogous protocols for the stepwise introduction of dissimilar bipyridines or

terpyridines serve for the preparation of these complexes.
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3.2.1 Preparation

The major challenge in the preparation of heteroleptic complexes with the general constitution
[Ru(N’\N)l(N’\N)an]2+ is the controlled, stepwise introduction of two different ligands. First
investigations concerning heteroleptic Ru(Il) complexes were performed with complexes of the type
[Ru(N’\N)lz(NAN)z]z*, in which first two ligands of the same kind were introduced, leading to a stable
[Ru(N~N)',L,]** complex which labile ligands L could more or less easily be replaced with a third
ligand."*" Until today, up to four fundamentally different synthetic approaches starting with different
Ru(11) precursors have been established. These approaches were subsequently varied and optimized for
the formation of trisheteroleptic Ru(ll) complexes. One, often applied method for the formation of
[Ru(N’\N)lz(N’\N)z]2+ includes the reaction of a bidentate ligand with RuCl;- H,O in DMF, in which
the solvent also acts as reductant converting Ru(III) into Ru(1r).['0% 105-1081

The stepwise introduction of two different bidentate ligands was first realized starting from polymeric
[Ru(CO),Cl,],, which forms with a bidentate (N"N)1 ligand the monomeric dicarbonyl complexes
(Ru(NAN)(CO),Cl,] in three different isomeric structures (Scheme 3-15).'%''! Alternatively,
[Ru(CO)5Cl,] instead of the polymeric precursor compound can be applied."""*"'® For the introduction
of a second ligand (NAN)* two different pathways are possible. In the “triflate route” the two chloro
ligands are displaced by triflate ligands, which can subsequently be exchanged by a bidentate ligand
(NAN)>1 17 1 the “photochemical route”, one of the carbonyl ligands is removed photochemically
resulting in the binuclear complex [Ru(NAN)l(CO)C12]2 which is than available for the coordination to
a second bidentate ligand (NAN)>MOME 1) However, the “photochemical route” was only suitable
for the bipyridine and phenanthroline complexes because the exited state needs to be stabilized by the
delocalized system of the ligand." Finally both routes finish with chemical decarbonylation of the
remaining carbonyl ligands in the presence of a third ligand (NAN) resulting in the trisheteroleptic
target complex [Ru(NAN)' (NAN)*(NAN)’T**. If (NAN)® is not compatible with the decarbonylating agent
Me;NO, the carbonyl ligands can first be replaced by suitable solvent molecules such as MeCN, which
can be replace by the bidentate ligand afterwards."**'*"! However, both routes were not suitable when
the incorporated ligands carried anionic functional groups.'®"!

One mild synthesis strategy tolerating a variety of functional groups on the ligand was found in the
application of arene complexes and was established by Mann and co-workers (Scheme 3-16).!'*'%
The first ligand (NAN)' was introduced into the chloro-bridged dimer [Ru(arene)Cl,], (arene = benzene
or cymene) resulting in a coordinatively saturated monomeric complex [Ru(N~N)'(arene)CI1]CL.
Subsequent photolysis in a MeCN solution exchanged the arene ligand with two or three equivalents of
solvent molecules which, in turn, were be substituted by another bidentate ligand (NAN)® to give
[Ru(N"N)l(N"N)ZCI]Cl. Finally, the third ligand (N"N)3 was introduced in refluxing aqueous ethanol
exchanging the remaining chloro ligands. This route was successfully applied for the introduction of

[124] [125] [126]

different terpyridines and bipyridines, bisoxazolines, and pyridylbisoxazolines

Bisoxazolines were always introduced as second ligand.
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Another mild method utilizes [Ru(dmso),Cl,] as precursor for the selective introduction of bidentate
ligands."% 2% 12713 The Ru(ir) precursor complex itself can conveniently be prepared from Ru(Iir)
trichloride in neat DMSO."?” 37 The product of the monosubstitution is, solvent dependent, obtained
in different isomers (Scheme 3-17).**"** P71 For example leads direct reaction of the ruthenium
precursor with the ligand (NAN)' in an ethanol-DMSO mixture or in chloroform as solvent to the
monosubstituted, thermodynamic product cis-Cl, cis-dmso-[Ru(N~N)'(dmso-S),Cl,]  (Scheme
3-17).1134

cl cl

Me,0S,, | . SOMe; (NAN)! . | wSOMe
“RU - /Ru\
Me, 08" | sowme; EtOH / Hy0, 0 °C 7| some,
cl cl
trans-Cl trans-Cl, cis-dmso
DMSO, hv DMSO, rfx.
SOMe, cl
Me,0S,, | OSMe; (NAN)! Y |
_Ru <: R
Me,087 | ¢ EtOH / DMSO, rfx. 7| some,
Cl or SOMe,
. CHClg, rfx.
cis-Cl, fac-(dmso-s) cis-Cl, cis-dmso

Scheme 3-17. Monoligation of [Ru(dmso),Cl,] [133-134,137]

1196 1311 a5 the first one, but also

The second ligand (NAN)? was introduced under similar conditions
procedures applying much harsher conditions with e.g. DMF"** %! a5 solvent at reaction temperatures
above 100 °C are known. As variation to the existing multi-step procedures, also one-pot procedures
for the introduction of two dissimilar ligands were developed, applying ethanol as sole solvent.!"** %!
Meyer and co-workers found out that for the on-pot procedure the right order of ligand addition was
crucial. If the first ligand was too basic, the tris-ligated homoleptic complex [Ru(NAN);]** was formed
immediately (Scheme 3-18).

With oxazoline ligands, relevant for this work, only few examples were reported. In these examples
bisoxazolines or pyridyloxazolines were introduced as second ligand subsequent to bipyridine or
terpyridine (Scheme 3-19)."* %1% Ag solvents aqueous ethanolic solutions or DMF at reaction
temperatures of approximately 80 °C were applied. When [Ru(tpy)Cl;] was used as precursor complex
(Scheme 3-19, example 2), triethylamine served as reducing agent and was applied together with the
oxazoline ligand. However, the purification appeared difficult since the oxazoline ligand was partially

hydrolyzed upon coloumn chromatography over basic alox.
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Scheme 3-18. One-pot procedure for tris-heteroleptic Ru(ir) complexes developed by Meyer and co-workers.!'*
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Scheme 3-19. Introduction of oxazolines for the formation of heteroleptic Ru(11) complexes. In example (2), the box ligand

partially hydrolyzed upon coloumn chromatography over basic alox. (1)11* (2)1138
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3.2.2 Application in Redox-Reactions

Since the ruthenium complexes prepared in this project were supposed to act as redox catalysts in
artificial photosystems, the redox catalysis of related complexes is of certain interest (Scheme 3-20).
Such complexes need to bear one or two labile ligands providing open coordination sites for suitable
substrates. However, not many examples for redox catalysts fulfilling these requirements were reportet.

Two examples matching the complex on the right of Scheme 3-20 will be presented.

N2 Bk N2 Bk

NY, | N NY,. ‘ \\\\\\ N2
<N1’RU\L < 1’RU\N1

NI
coordination

L sites for catalysis ——— > L

Scheme 3-20. Bisheteroleptic Ru(i)-complexes. L presents labile ligands that provide open coordination sites upon catalysis.

The most well known example for redox catalysis performed by bisheteroleptic ruthenium complexes
with one coordination site for substrate binding might be the Ru(ir)-aqua complex [Ru(bpy)(tpy)H,0]**
for water oxidation, which was intensively studied by the group of Meyer."* "**'** A5 extension to their
work on homogeneous water oxidation with such a complex, an improved version was successfully
immobilized on an electrode surface and used for water oxidation in aqueous as well as in non-aqueous
media.""*>"*" Later, this immobilized catalyst was also found to be active in the oxidation of benzyl
alcohol (Scheme 3-21)."**! A structurally closely related, but dinuclear Ru(I) complex was active in
the same reaction as reported by the group of Rocha."*" This dinuclear complex consisted of a

Ru(11)-Ru(1r) chromophor-catalyst dyad and was operating in solution.

water oxidation

2H,0 —= 0, +2H,

benzyl alcohol
oxidation

OH o)

o — o

Scheme 3-21. Bisheteroleptic, surface bound, Ru(1r) complex suitable for water and alcohol oxidation.!'*!'4?

Recently, Ru(I) complexes containing bipyridine and tris-pyridylamine ligands were photochemically

activated to perform benzylic and allylic oxidation of different subtrates."'*”! Further complexes
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offering the (N*N”N), (N”N) ligands motive combined with one labile ligand were tested in transfer
hydrogenation with great success. Ligand combinations of a pyridylimine with different tridentate

ligands such as bis-pyrazolylpridine were probed on substituted acetaldehydes and resulted good to

excellent conversions (Scheme 3-22).

transfer hvdrogenation

OH

©i+/@_, 1

Scheme 3-22.Ru(1) complex with one open coordination site for transfer hydrogenation.!*”!
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4 Catalysis

4.1 Borylation

Organoboron compounds are of major interest in synthetic chemistry because they are widely used in
Suzuki cross-coupling ractions (Scheme 4-1)."*! The use of boronic acids is advantageous for different
reasons. For example they are moisture stable which makes them easy to handle and they are thermally
stable which allows reactions under elevated temperatures. The arylboron compounds are traditionally
prepared via lithium-halogen exchange of aryl halides or directed ortho metallation of arenes carrying
functional groups, such as ethers or amides, followed by borylation of the obtained lithium compounds.
Alternatively, arylboronates can be obtained from Grignard reagents and alkenylboronates can be

) [146-147]

synthesized by hydroboration of triple bonds (Scheme 4-2

[Pd], base, >80 °C
Oysone xSy B )
R R2 R R?

X=Br, |

Scheme 4-1. General reaction scheme for Suzuki cross coupling.

a) Lithium-halogen exchange or Grignard formation

Li

nBuLi
X B(OR), B(OH),
B(OR); oxidation
] MgX - -
L Mg
X=Cl, Br, |

b) ortho Lithiation

B(OR), B(OH).

~0 ~0
@ nBuLi ©/LI B(OR)s @ oxidation ©
_ = —_— _ =

c) Hydroboration

B(OR)3 o
R_— R/\/B(OR)Z oxidation R/\/B(OH)Z

Scheme 4-2. Preparation of boron substrates suitable for Suzuki cross coupling.
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However, the preparation of the boronates requires pre-functionalized starting materials and is also
strongly limited to substances containing no functional groups that are sensitive towards lithium or
magnesium reagents. To make the total reaction sequence shorter, several protocols for the tandem
borylation—Suzuki cross coupling or related couplings were reported."*'**'A more attractive and
elegant method would be direct C-H functionalization, because it allows to obtain the corresponding
boron compounds in one step, without the need for pre-installed functional groups."*” ¥ Based on

aromatic borylation, further functionalizations introducing fluorinated groups!'>>""!

[158-159]

or nitrogen

functionalities were reported and a “one-pot” protocol for aromatic borylation followed by 1.,4-

[160]

conjugate addition" "~ was developed.

4.1.1 Aromatic Borylation

The first example of catalytic direct borylation was reported by the group of Smith in 1999. The
authors borylated neat benzene at high temperatures with a high catalyst loading of 17 mol%
[Ir(cp*)(PMes)(Bpin)(H)] complex and achieved yields of approximately 50%. However, these results
were very valuable because they paved the way for efficient conversion of C-H bonds into C-B
bonds.""®"! Following borylations were performed with a rhodium catalyst''®*'® and cyclohexene as

[164]

solvent or as one-pot procedures”~ of borylation accelerated by iridium arene trisboryl complexes and

palladium catalyzed cross coupling.

catalyst (prcursor)

Bpin
[Ir] (17 mol%) ﬁ
+ H-Bpin — |
150 °C, 120 h Ir.,
53% yield Me;P \H Bpin

Scheme 4-3. First example of direct, catalytic aromatic borylation.['s"

A new catalytic system, which was developed by Miyaura and Hartwig in 2002, allowed much milder
conditions than before. The new system was not based on iridium arene complexes, but on the dimeric
chloro bridged cis,cis-cycooctadiene (cod) precursor [Ir(cod)Cl], (Scheme 4-4)" The new catalytic
system was running at only 80 °C and with a catalyst loading of 1.5 mol%. Using bipyridine or
phenanthroline as ligand led to nearly full conversion. As for the iridium arene system reported, the cod
complexes also showed the same stereoselectivity for the meta and para position when using
substituted benzenes as substrates. A cod trisboryl complex was identified to be chemically and
kinetically competent as an intermediate in the catalytic cycle.

Further investigation showed a high dependence of the yield on the electronic nature of the bidentate
ligand. Bipyridine ligands which donate electron density towards the iridium turned out to be most
efficient. It was also important to avoid substituents in the 2,2 -positions due to steric hindrance. Also

the application of coordinating solvents such as DMF were beneficial. Improvement of the reaction
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parameters made the reaction possible even at room temperature (Scheme 4-5). ' A large
improvement of the reaction outcome was achieved when instead of the chloro bridged dimeric catalyst
precursor its methanolato bridged equivalent [Ir(cod)(OMe)], was used. It was also found, that -Bpin

reacts much faster than -Bcat*, presumably also due to its stronger electron donating ability."%!

proposed active species:

[Ir(cod)Cll, (1.5 mol%) Bpin Q o
© bpy (3 mol%) @ o ‘ B
+ pinB—Bpin | B
80°C, 16 h =N |\B,0
B

S
95% yield o o

11y
L J

Scheme 4-4. Effective catalytic system with [Ir(cod)Cl], as precatalyst.[lJ

[Ir(cod)(OMe)], (0.015 mol%) Bpin
ligand 0.30 mol%
+ pinB—Bpin
cl cl hexane, r.t. cl cl
Ligand:
W, N
N N / N\
\_ /7
0% yield 83% vyield
after 24 h after 4 h

Scheme 4-5. Optimized reaction conditions for aromatic borylation at room temperature. "’

To date, a mechanistic proposal based on the formation of a catalytically active Ir(1II) trisboryl complex
is commonly accepted. Several theoretical and experimental studies support this mechanism.!"- ''7!
However, the formation of such a trisboryl complex is not completely understood. The commonly
presented mechanism, here depicted in Scheme 4-6, might be a strong simplification since the
combination of B,pin, with several iridium precursor of the type [Ir(L"L)X], (L L= cod, coe; X= Cl,
OMe) did not lead to the formation of the desired trisboryl complex within 30 min."’” In addition, the
significantly long induction period in catalytic reactions shows, that the catalytically active species is
not formed instantly from B,pin, and a dimeric iridium precursor. This induction period was overcome
by adding small amounts of HBpin to the reaction mixture. The Hartwig group was also able to show
that the reduction of cod to coe might play an important role for catalyst generation.'"’

However, since the trisborylcomplexes were proven to be kinetically competent with the catalytic
cycle, a mechanism based on their formation was proposed (Scheme 4-7). Once formed, the trisboryl

complex A can liberate the coe ligand to give the coordinatively unsaturated catalytically active species
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B. Rate limiting oxidative addition of an C-H bond of an aromatic compound yields in the Ir(V)
complex C, which releases the product by reductive elimination. The resulting hydrido complex D can
now oxidatively add B,pin, or HBpin to form complex E or F, respectively. Reductive elimination of
HBpin from E, or H, from F regenerates the trisboryl complex B. The fact, that both equivalents of
B,pin, are transferred into the product (Scheme 4-8) demonstrates, that both reaction pathways for the

regeneration of B via complex E or F are suitable.

Bopin,

Ir(1)-X + Bypiny Ir(l)-Bpin ——> Ir(lll)-(Bpin)3
(e.g. 1/2 [Ir(cod)(OMe)], ;

[Ir(N*N)(cod)]OMe) X-Bpin

Scheme 4-6. Formation of iridium trisboryl complex.!'*”

—N i, ”I\\\\\‘“ Bpin
e
-
= N | \Bpin

Bpin oxidative addition
or
Ha B sigma bond metathesis

pinB \\Bpin HBpin \\H
i /\N""'\| 3} ] /\Nm,,_ ___.i\“‘“\\\Bpin
- —Ir
—"N = N |\Bpin
Bpin
F (o
/< reductive elimination
N ) Bpin
Zl
Bopin, ll}pin
D
[147, 170]

Scheme 4-7. Mechanstic proposal for aromatic borylation.
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H
H @ Bpin
@ + pinB—Bpin f H-Bpin —— @ + H,

Bpin

Scheme 4-8. Formal aromatic borylation with B,pin,.

In Scheme 4-9 some examples of aromatic borylations are depicted. For monosubstituted arenes,
typically a meta and para selectivity was observed (entries 1, 5 and 7). Only from anisole, a small
amount of the ortho borylated product was formed, in contrast to toluene. If the arene is disubstituted,
C-H functionalization occurs in the meta position due to the lack of a free para position (entries 2,3
and 6). However, if there are only ortho CH bonds availible, borylation can even be observed in this
sterically hindered position as it was the case for p-xylene (entry 4). However, the yield was relatively
low. Interestingly, borylation in heteroarenes takes place next to the heteroatom, if this atom is part of a
five-membered aromatic compound (entries 8-13). In case of pyridine, substitution of the 3-position
was preferred (entry 14 and 15). This behavior was not changed in case an additional arene was
annulated (entries 11,12,13 and 15). Phenyl substituted pyridine was only on the pyridine ring
borylated, but not in the 4-position to the nitrogen and to the phenyl substituent in a 1:1 ratio (entry
16). In case, a 4,4"-methoxy substituent in a 2,2°-bipyridine was present, borylation even occurred in
the 4-position to the methoxyl group (entry 17).1'% 17174

The lack of borylation in ortho position in aromatic borylation is usually explained by the steric
hindrance present in this position. For pyridines, the preferred selectivity for the 3-position can also be
explained by steric reasons, but this argument fails for pyrrols, which were preferably substituted in the
2-position. Here, the electronic structure of the substrate might play a selectivity determining role as
well. Also, the selectivities observed for substituted pyridine derivatives cannot be explained by

- o [167,175-176
sterics.'*” '
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| A 1/2 [Ir(cod)Cll,, bpy (1.5 mol%) @\
+  Bypin
= 2PT2 .
R/ 80 °C R Bpin
Q) 2 (3) 4)
Bpin
Bpin @ p
Bpi i
pin Bpin Bpin Bpin
82% yield
o:m:p = 0:69:31 83% yield 86% yield 58% yield
OMe 6) OMe
) ome OMe (6) oMe
" Q
Bpin . .
Bpin Bpin
95% yield o
o:m:p =1:74:25 86% yield
CF
(7) cF, CF3 :
" Q
Boi
pin Bpin
80% vyield
o:m:p = 0:70:30
(8) 9) (10) (11) (12) (13)
s~ Bpin o~ Bpin N~ Bpin Bpin Bpin pin
H
80% yield 83% yield 67% yield 89% yield 91% yield 92% yield
(+ diborylation) (+ diborylation) (+ diborylation)
(14) 5ol Bpin (1%) Bpin
N” > Bpi - \ X
pin N N/ Bpin N/ N/
42% yield (at 100 °C) 84% yield (at 100 °C)
(+ diborylation) (+ diborylation)
ratio = 0:67:33 ratio = 0:100:0
16 .
(1) Bpin ) (17)
pinB MeO OMe
= \
| “ N7 pianBpin
N \ ¢ N7
90% conv. (atr.t.) 85% yield

ratio = 1:1

Scheme 4-9. Substitution patterns and yields typical for aromatic borylation. Diborylation products were observed in 12-17%
yield. References (1)-(7),"" (8)-(15),""™ (16), (17)!'™).

Directed borylation by application of additional functional groups is a convenient tool for enforcing the

stereoselectivity of borylation. For example, esters,

amines and methylamines direct into the

challenging ortho-position (Scheme 4-10 a, b, ¢ and d).!"”" """ In order to optimize the selectivity as
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well as yields, in some cases the commonly used bipyridine ligand was replaced by a bisphosphine or
bisamine ligand.

Directed borylation of sp-C-H bonds was also described for ortho-alkyl substituent
hydridosilenylarenes, which directed the borylation into the corresponding y-position on the side chain
(Scheme 4-10)."7*" A similar reactivity was achieved with a 2-ethylpyridine, which was
trisborylated on the CH; group, presumably due to coordinating effect of the pyridine nitrogen
(Scheme 4-10). In other substrates, coordination of the pyridine nitrogen was also reported to have a

directing effect on the borylation of benzene substituents (Scheme 4-10 h).!"8!"'!

a) o b) c) d) 0.__O
NMe, \|<
SodiiL>Solll e aaut W
. Bpin
Bein Bpin
95% vyield 94% conv. 51% yield
R=Me (+ o-diborylation) (+ o-diborylation) 92% yield
f 9)
e) ) R
Bpin
N Bpin
‘ _ Bpin )
SiMe,H N Bpin Bpin
2
, R=H  20% yield
73% yield R=0Bn 99% yield 88% yield

Scheme 4-10. Directing groups in borylation reactions. References a);[178| b), c);“77] d);[””; e);mg] f);“gl] g“gz].

4.1.2 Aliphatic Borylation

As mentioned in chapter 4.1.1, borylation of methyl C-H bonds by directing heteroatoms or other
suitable functional groups is a well working method which works also in the presence of aromatic
methylene C-H bonds (cf. Scheme 4-10). Methylsilanes were selectively borylated at the a-methyl C-H
bond to the silicon which was attributed to the ability of silicon to stabilize negative charges.!"**"** In
alkylamines and alkylethers, the p-position to the heteroatom was borylated."®"®! In the early
examples a trisboryl iridium arene complex instead of the dimeric cod complex was used as catalyst
precursor but later catalytic systems with [Ir(cod)(OMe)]2/ligand were used. Also, the temperature
required for methyl C-H activation was with 120 °C higher then that for aromatic borylation which

runs at room temperature or at elevated temperatures of 80 °C (Scheme 4-11).
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Conditions Conditions
[Ir(m®-mes)(Bpin)s] (4 mol%) [lIr(Ol\4<:/i(t";10d)](21 ((Ji/n;ol%)
o, phen o
TMphen (4 mol%) A: cyclohexane, 80 °C, 12 h

Bapin, (1 equiv.) B: cyclooctane, 100-135 °C, 12 h
120 °C, 14-24 h

Bpi Bpin c Cl_Cl
a) NN S-Brin SNTBP ) P S Bpin
\ CI/S\I Bpin ~
65% GC-yield 42% GC-yield
74% NMR-yield 72% yield
b) o ° d)
Q (j\ NGNS /\/\Si/\/\/Bpin
Bpin Bpin / \prin /N
83% yield 90% yield

58% yield (ratio= 72:28)

Scheme 4-11. Aliphatic borylation directed by heteroatoms. References a); 11851 p); 1861 (). 11841 41831

Borylation of unfunctionalized alkanes was first described by Chen and Hartwig in 1999.""%"! The
authors were able to borylate hexane quantitatively (in respect of one boron equivalent of B,pin,) by
application of the tri rhenium arene complex [Re(Cp)(CO);] in combination with B,pin, under
irradiation. Comparable results were achieved using a related tungsten complex.""™ Octane was
borylated with [Ru(Cp*)Cl,], at 150 °C or with [Ir(Cp*)H,], in each case with B,pin, as boron source

and without any additional ligand (Scheme 4-12).1"%1°"!

R/\ - 5 R/\/Bpin

a) Conditions b) Conditions c) Conditions
[Re(Cp*)(CO)3] (2.4-5.0 mol%) [Rh(n*-mes)(Cp*)] (5-6 mol%) [Ru(Cp*)Cly] (1mol%)
Bapin, B,pin, Bapin
hv, CO, 25 °C 150 °C 150 °C
N -Bpin O/\Bpin NSNS Bpin O/\Bpin SN Bein
. 75% vyield
47% yield 47% yield 88% yield 49% yield °Y

Scheme 4-12. Borylation of unfunctionalized alkanes. References a); 11871 p); 1191 1901,

When n-octane was borylated using the [Ir(OMe)(cod)],/N,N-ligand system, which was also

successfully applied in aromatic borylation, contradictory results are reported. In some cases it was

[186]

described as well working system' ° and sometimes n-octane was described as inert solvent for such a
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catalytic system'*”!. As depicted in Scheme 4-13, n-octane was borylated in 88% yield with a catalyst
loading of 10mol% (a). Under the same condition, n-hexane was borylated in only 45% yield (b). With
a lower catalyst loading of 5 mol, but under higher temperature as in the previous examples, the yield
of the borylation of n-octane dropped down to 17% (c). For the sterically more hindered

2,4-dimethylpentane no boryalated product was observed (d).

a) [Ir(OMe)(cod)], (10 mol%)
phen (20 mol%)
SN Bzpinz S Bpin
120 °C, >24 h
45% yield
b) [Ir(OMe)(cod)], (10 mol%)
TMphen (20 mol%)
R I N Bapin SN -Bpin
120 °C, 24 h
88% yield
c) [Ir(OMe)(cod)], (5 mol%)
TMphen (10 mol%)
A SN Bzpin; S Bpin
cyclooctane, 135 °C, 12h
17% yield
d)

[Ir(OMe)(cod)], (5 mol%)
TMphen (10 mol%)

)\/k Bapin; )\/k/Bpin

cyclooctane, 135 °C, 12h

0% vyield

Scheme 4-13. Borylation of unactivated alkanes by an [Ir(OMe)(cod)]/TMphen system. References a), b); 1881 ¢),d)t18!

4.2 (Hydrido)silyl Ether Directed y-C-H Activation

For the (hydrido)silyl ether directed y-C-H activation, ketones or alcohols are used as starting materials
for the formation of their (hydrido)silyl ether. Subsequently, the C-H bond is activated by the
formation of an oxasilolane. The application of a silyl intermediate bears different advantages, for
example they are not very expensive and easy storable. Furthermore, they tolerate the presence of
halides, several protected alcohols and offer also the possibility for easy further functionalization via
cross coupling (e.g. Hiyama-Denmark) or oxidation reactions (e.g. Tamao-Fleming).!"*”!

The development of (hydrido)silyl ether directed C-H activation started a few years earlier in 2005,
when a platinum catalyzed aromatic silylation with alkyl (hydrido)silanes was investigated by Hartwig
and co-workers (Scheme 4-14). This procedure was a first step towards the elegant procedure known
today, but it suffered from the harsh conditions necessary which strongly limited the applications."**!
First success with silyl ethers was achieved in the aromatic silylation subsequent to the silyl ether

generation from a ketone or an alcohol.!"*"
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a) Tsukada, Hartwig 2005

©/\/SiMe2H [P(B(NRy)3H)Me,H] (5 mol%) @
Si

200 °C, 24 h Me,
70% yield

b) Simmons, Hartwiq 2010
1/2 [Ir(OMe)(cod)]2 (1 mol%)

_SiEt,H phen (1 mol%)
©/\o nbe @E\p
THF, 80 °C Si

Et,
11-48 h
73% yield

Scheme 4-14. Aromatic dehydrogenative silylation of a)!'"**! alkyl (hydrido)silanes and b)!"** (hydrido)silyl ethers.

Silylation of less reactive aliphatic C-H bonds was achieved under conditions similar to these
discovered for the aromatic C-H activation of (hydrido)silyl ethers.!"”’ Both reactions, aromatic and
aliphatic C-H activation of (hydrido)silyl ethers are based on the introduction of a Si-H bond that acts
as directing group and functionalizing reagent at the same time. Conveniently, both ketones and
alcohols can serve as starting materials to form (hydrido)silyl ethers by hydrosilylation or
dehydrogenative silylation, respectively. The (hydrido)silyl ether undergoes iridium catalyzed site-
selective y-functionalisation resulting in a five membered oxasilolane that subsequently can be
oxidized to a 1,3-diol (Scheme 4-15). The first two steps of the reaction sequence are both catalyzed by
the same Ir(I) precursor. Therefore, it is not necessary to remove the catalyst after the (hydrido)silyl
ether formation stap. Since the final oxidation step is also possible from the crude reaction mixture, the

whole procedure is very convenient.

OH formation
Ri* o Et, . o
R2 hydridosilyl ether Si C-H activation Ety oxidation
o i

0/S| OH
R1J\) R1J\/\OH
R? R2

Scheme 4-15. General scheme for subsequent silylation, C-H activation and oxidative removal of the silyl group.'”

From a variety of bipyridines and phenanthrolines the most electron donating ligand,
3,4,7,8-tetramethylphenanthrolin (TMphen) was identified as most effective. The whole reaction
sequence was successfully tested on secondary, tertiary and aromatic (hydrido)silyl ethers while no
competing reactions with more reactive aromatic C-H bonds or intermolecular side reactions were

observed. In case of diastereotopic methyl groups present in the substrate, a preferred
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trans-configuration of the product was observed which is attributed to the precedent formation of a less

strained frans-disubstituted oxasilolane (Scheme 4-16, (3)).""

1) 1/2 [Ir(cod)(OMe)], (0.1 mol%),
Et,SiH, (1.2 equiv.), r.t.
OH
R1’)\/ 2) 1/2 [Ir(cod)(OMe)]2, TMphen (1 mol%),
R? nbe (1.2 equiv.), THF, 80-100 °C OH
or
R1/2)\/\0Ac
o 3) KHCO3, Hy0,, THF/MeOH, 50 °C R
R1k/ 4) Ac,O, NEts, DCM, rit.
. J
(1) 2 3
on 2 OAc (3) OAc
)\/\>‘\/\0Ac /ij/\om )\;/\OAC
76% yield 69% yield 60% yield
(dr = 82:18)
Scheme 4-16. Selected results of the silylation, C-H activation, oxidation and acylation sequence.'”!
1) 1/2 [Ir(cod)(OMe)], (0.1 mol%),
Et,SiH, (1.2 equiv.), r.t.
2) 1/2 [Ir(cod)(OMe)],, TMphen (4 mol%),
OH nbe (1.2 equiv.), THF, 120 °C OH OH
R1J\/\/R2 R14\/k/R2
1 1
R 3) TBHP, CsOH "H,O, TBAF, DMF, 80 °C R
J
1 3
M OH OH @ OH OH @) OH OH
nF;7rPr
80% yield 76% yield 72% yield

Scheme 4-17. Examples of activation of methylene C-H bonds by a silylation, C-H activation and oxidation sequence."'”’

Thorpe-Ingold effect

OSiEt,H 7 OSiEt,H o
H closer proximity
H . .
e of reactive sites
H EI -/ for cyclisation
"normal” reactivity increased reactivity

Scheme 4-18. Illustration of the Thorpe-Ingold effect. Left side: “Normal” reactivity of a medium substituted substrate. Right
side: Highly substituted position between to potential cyclisation points “pushes” these points into closer proximity and
therefore simplifies the cyclisation.
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As extension to the above described methyl C-H activation, the Hartwig group developed the
methylene C-H activation under very similar conditions. For this purpose, only the temperature and
catalyst loading had to be increased. Also the last oxidation step required harsher conditions (Scheme
4-17).1"*) However, this reaction is working only for tertiary alcohols or secondary analogues bearing
large residues in both S-positions. The authors suggest this as “manifestation of the Thorpe-Ingold
effect”."” The Thorpe-Ingold effect describes an increased cyclisation rate for highly substituted
substrates (Scheme 4-18)./"%61%

Another related strategy for methylene C-H activation was described by the group of Takai."” The
authors applied aromatic (hydrido)silanes for the §-C-H activation of aliphatic side chains and used as
catalytic system a Rh(I) precursor and a bisphosphine ligand. However, methylene C-H bonds were

only activated in 37% yield.

[Rh(cod)Cl], (1.5 mol%)

©f\/"05H11 dppp (4.5 mol%)
"CsH14
SiMe,H C:Si

1,4-dioxane M
180 °C, 24 h €2

37%

Scheme 4-19. Rhodium catalyzed methylene C-H activation."*"!

Among the discussed examples, the conditions discovered by the Hartwig group formed the basis for
the mild, site-selective (hydrido)silyl ether directed C-H activation applied in this work. Since this
reaction was only discovered recently, not much mechanistical investigation has been undertaken up to
today. The only suggestion for a mechanism was published by the group of Sunoj and is exclusively
based on DFT calculations.”*""!

The authors assumed that the cod and methoxy ligands are initially replaced for the phenanthroline and
the norbornene (nbe) to form the neutral hydrido complex A. Considered was also its monocationic
equivalent without a hydrido ligand but the calculations revealed the neutral complex being much more
likely. Oxidative addition of the silane to the catalytic active species A gives Ir(ITl1) dihydride B, from
which nbe is released as norbornane. The open coordination site is immediately occupied by a new
molecule of nbe (structure E to F). On the hydride-free, 16-electron complex F, the C-H activation is
initiated by agostic interaction of the y-C-H bond, which undergoes oxidative addition leading to
complex G1. G1 isomerizes easily to the energetically favorable structure G2, from which the product
is released by reductive elimination regenerating the active catalyst. The reductive elimination is

facilitated by the crowded coordination environment on the iridium created by the norbornene ligand.
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Scheme 4-20. Proposed mechanism for (hydrido)silyl ether directed y-C-H activation

[200]
catalyst
o 1) [Rh], SiPhyH, OH
K re g2
ROR 2) H*/H,0 R*R
() (2 HO
OH
P NN

3
(3) OH
>95% yield 87% yield
59% ee

o
94% ee

91% yield
95% ee
Scheme 4-21. Examples for enantioselective rhodium catalyzed hydrosilylation of selected prochiral ketones

[201]
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In this work, the (hydrido)silyl ether will be formed following the procedure of Hartwig and
co-workers catalyzed by Ir(I) only, without any (chiral) ligand."”’ Consequently, the (hydrido)silyl

ether products will exist as racemic mixtures, if they are chiral. However, stereoselectivity controlling

(2022031 thodium

[205]

methods for hydrosilylation of ketones can be catalyzed by rhodium NHCcomplexes,

[201] [204] and

pybox complexes, rhodium bisphosphene complexes, rhodium ferrocene complexes
copper NHC complexes®®. Aromatic substrates such as acetophenone and benzophenone are usually
converted with high enantioseletivity. More challenging purely aliphatic substrates give moderate

enantioselectivities of 50-70% ee (Scheme 4-21).

4.3 Hydrogenation

Hydrogenation catalysts were investigated intensively, because this type of homogeneous catalysis
finds an exceptional wide application range in industry. It is applied often for key steps in the
preparation of pharmazeuticals and fine-chemicals. Examples are the preparation of (S)-Metolachlor, a
pestizide, or (S)-Naproxen, an anti-inflammation drug (Scheme 4-22)."*! In the respective synthesis,

the chiral catalysts reduce selectively an imine or the C-C double bond of a a,f-unsaturated ketone.

-0 o o o)
-
N)K/m - )\ [IF/XyliPHOS] j\
\@/\ _ NH _ SN
\@/\ PR2 \@/\
i ZPF'h2
(S)-Metolachlor

XyliPHOS

H CHj CH,

[Ru/BINAP]
Cy
MeO MeO
O e,

g™

BINAP

(S)-Naproxen

Scheme 4-22. Examples of homogeneous hydrogenation catalysis applied in industry./”*

Nowadays, a large number of hydrogenation catalyst classes are known and Scheme 4-23 shows a
representative selection. Among them, there are neutral phosphine complexes such as the
“Wilkinson-catalyst” or the “Vaska-complex” and ionic transition metal complexes such as the
“Schrock-Osborn-catalyst” or the ‘“Crabtree-catalyst”. Another important classis built by the

“Noyori-type-catalysts” which are ruthenium complexes carrying chelate ligands.”* > The very
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efficient “Pfaltz-catalysts” are based on the Crabtree-catalyst and are used for asymmetric
hydrogenation. These complexes introduce chirality through their asymmetric P,N-coordinating phox
ligands. A transfer hydrogenation catalyst such as the Noyori-catalyst [Ru(p-cymene)(TsDPEN)CI]
(TsDPEN=N-tosyl-1,2-diphenyl-1,2-ethylendiamin) should also be mentioned for the sake of
completeness. Transfer hydrogenation is a special class of hydrogenation using molecular hydrogen

donors.

? PhsPs,,  «PPhs o PhsP,, \5 L ®) Pu,, — wOAC
Ph3P/Rh\CI Ph3P’Rh ‘ <P/RU\OAC
Wilkinson's catalyst Schrock and Osborn Noyori

ph3p,,,%”Irm‘\\“\\co d) Cy3p"~Rh°“‘E T+ PFg - f) (P""wr"““‘l 1t BAIF-
Php”” NCi o N[ N N[
Vaska complex Crabtree catalyst Pfaltz

Scheme 4-23. Common complex types used in classical homogeneous hydrogenation. 7+ 27
a) Bisphosphenes with b) Bisphosphenes with c) Bisphosphenes with
axial chiral, aromatic backbone chiral ferrocenyl backbone chiral, aliphatic backbone
e.g. BINAP e.g. XyliPHOS e.g. DIOP

/\ planar standard .
) R steric chirality R |stereocente chiral .
dihedral angle R hindrance backbone PR
P/’R PR, [ ]* 2
e.g. tartrate n
P o 2 R PR,
electronic R
properties R R @

Py

> 1

R

P.N-ligands
d) Bisphosphenes with (examples)
P-chirality
e.g. DIPAMP e) _PHOX f) PHIM 9) SimplePHOX

K]
T

h

1
P R_P. [;\ 0 o)
rigidity “R2 (steric \\) - Q\W 9><W\>
) R? | hindrance PR, N~/ | chiral PR, N/ |chiral
bite angle| R” IR : | pool : | pool
1 R

R R

T
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5

P4
;U““'K/Z\

Scheme 4-24. Chiral ligands used for homogeneous hydrogenation.?’”!

Not only the number of catalyst classes for hydrogenation is large, but also the variety of their ligands.
For enantioselective hydrogenation, there are predominantly five ligand classes described (Scheme 4-
24). The C,-symmetric bisphosphines containing an aromatic, axial chiral backbone such as

2,2"-bis(diphenylphosphino) 1,1 -binaphthyl (binap), build one class and were first reported by
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Noyori.”®™ Enantioselectivity caused by these ligands can be influenced by the dihedral angle of the
aromatic backbone, by applying substituents of different steric extent on the phosphorus or by
changing the electronic properties of the backbone (Scheme 4-24, a). Another class, the
C;-symmetrical ferrocenyl ligands, possess two elements of chirality; the planar chirality on the
ferrocene and stereocenter(s) on the substituents. These ligands exhibit very different bite angels,
depending on the position of the phosphine (Scheme 4-24, b). Other chiral phosphine are i.a.
C,-symmetrical bisphosphines with a chiral, aliphatic backbone that is often derived from the natural
chiral pool (Scheme 4-24 c) and bisphosphines in which the phosphorous itself is stereogenic (Scheme
4-24, d). A further important class of asymmetric ligands for hydrogenation are the P,N-ligands, for
example the 2-(2-phosphanyl)phenyl-oxazolines (phox) ligands developed by Pfalz and Helmchen.*””!
The chirality can be derived from the natural pool of amino acids, if the N-donor is part of an oxazoline
ligand. An essential feature of these ligands is the different trans-effect of the dissimilar donor atoms,
which also directs enantioselectivity (Scheme 4-24, e-g).

For the purpose of this project, the focus will lie on catalysts with chiral P,N-ligands of the general
constitution [M(P"N)(cod)]X, which mimics their achiral predecessor, the Crabtree catalyst
[Ir(cod)(PCys)(py)]PFe. " ** #1021

The proposed mechanisms for the cationic pre-catalysts [M(L"L)(cod)]X start with the same first step;
the reduction of the olefinic ligand and its replacement by solvent molecules (Scheme 4-25).”"! The
main differences in the mechanistic proposals lie in the question when the reactants are coordinated to
the complex. In the “alkene first” mechanism, initially the alkene coordinates to the catalytic active
Ir(1) complex (Scheme 4-25 cycle A) followed by oxidative addition of hydrogen resulting in a
pentacoordinated Ir(1i1) complex. The product is formed by migratory insertion and subsequent
reductive elimination and realeased from the catalyst. During the last step, the catalystic active species
is regenerated. The “alkene first” mechanism is especially favored by alkenes carrying a donor moiety,
which is able to occupy an open coordination site on the coordinatively unsaturated complex during
catalysis.

In the “hydrogen first” mechanism, the catalytic cycle starts with the oxidative addition of hydrogen
(Scheme 4-25 cycle B and C). This mechanism is conceivable only in the case that the solvated,
cationic Ir(1) complex [Ir(PAN)S,]" is electron rich enough to facilitate an oxidative addition. In the
I(m)/Ir(V) mechanism (cycle B), in a late stage another molecule of hydrogen has to add to the
complex, generating an Ir(V) species. However, Pfalz and co workers proposed an Ir(1)/Ir(1I)
mechanism starting with the oxidized dihidrido complex (cycle C). Here, no second molecule of
hydrogen adds to the complex and the coordinatively unsaturated intermediates in the catalytic cycle
are supposed to be solvent stabilized.” *'* Especially stabilization of the unsaturated complex after
reductive elimination is in this mechanism important.

Despite the large effort, investigations have not led to a clear understanding about the mechanism for
hydrogenation with [M(PAN)(cod)]" complexes. However, a “hydrogen first” mechanism is supported

by several mechanistic investigations which will now be discussed in chronological order. Already in
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1979, Crabtree undertook some mechanistic investigations when he originally intended to investigate
catalysts of the Schrock and Osborn type. These rhodium phosphine complexes were known to be too
reactive to study possible intermediates. This problem should be solved by using the equivalent iridium
complexes, which were at this time thought to be nearly unreactive. Contrary to this expectations,
Crabtree and co-workers discovered the remarkable high activity of the mixed phosphine pyridine
complexes of iridium, which are known as “Crabtree-catalysts” today."*"**'® In these early studies the
authors could isolate the Ir(11) dihydride-olefin species [Ir(olefin)H,L,]", which appears in all of the
proposed mechanisms and was also detected in catalytic solutions. At this point, none of the two

possible reaction pathways, “Alkene first” and “Hydrogen first”, could be excluded.
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Scheme 4-25. Simplified mechanistic proposals for Iridium catalyzed hydrogenations (M equals iridium or rhodium). 27 24!

Pfaltz and co-workers were able to show experimentally an initial oxidative addition of hydrogen to the
phox-cod catalyst precursor forming the cis-dihydrido isomer with one hydride occupying a position
trans to the N-dononor of the oxazoline moiety (Scheme 4-26).”) Upon warming above 0 °C, the
complex released immediately cyclooctane and another hydrogen molecule added to form a new,
solvent stabilized, cis-dihydrido complex. The Ir-H bond was again formed trans to the N-donor while
the other hydride can now occupy two possible positions; above or below the N-Ir-P plane This can be
attributed to low steric hindrance of the solvate ligand, indicating that steric factors play a major role in
this mechanism. These findings indicated that hydrogen was added first to the catalyst precursor, but
did not solve the question if an Ir(1)/Ir(1I1) or Ir(TM)/Ir(V) cycle was operating. Therefore, an “Alkene
first” mechanism is nowadays rarely considered but numerous versions of the “Hydrogen first”

mechanism are discussed.
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Scheme 4-26. Formation of the catalytically active dihydride species from the precursor complex.™

Andersson and co-workers showed by means of DFT calculations on a strongly truncated model that
the addition of hydrogen to an Ir(1) is thermodynamically feasible.”'”*'"*! This model was confirmed
by Burgess, Hall and co-workers, who suggested as well an Ir(111)/Ir(V) mechanism on the basis of DFT
calculations.”" Their calculations also confirmed the electronic factors directing the hydride trans to
the oxazoline-N, but stated also steric effects being exclusively responsible for enantioselectivity. Chen
and Dietiker undertook mechanistical experiments in the gas phase.””” The authors were not able to
find evidence for an Ir(V) species taking part in the catalytic cycle, but strong indication supporting an
Ir(D)/Ir(t) cycle were found, mainly through deuteration experiments in ESI-MS/MS. In 2014,
additional experimental and computational evidence, supporting an Ir(Il1)/Ir(V) mechanism, were
reported by the groups of Pfaltz, Hopmann and Sparta.”*'?*! Pfaltz and co-workers found a way to
form iridium-dihydride species with coordinated substrate and initiate under hydrogen atmosphere the
product release.”**! The fact that product release from a dihydride Ir(1i1) complex was only possible
under hydrogen atmosphere, strongly indicates a further oxidized Ir(V) species as intermediate. These
results were computationally confirmed by the work of Hopmann, Frediani and Bayer who undertook
this time calculations on a full model of an iridium-phox complex."**

Based on the early and recent results, an Ir(TIT)/Ir(V) is the most likely mechanism (Scheme 4-27). The
isomeric dihydrido-iridium complexes (Scheme 4-26), lead upon substrate coordination (Scheme 4-27)
to the corresponding isomeric complexes Al and A2. The minor isomer turned out to be more reactive
and therefore hydrogen coordination occurred preferably to this structure. Comparisons of calculations
and experimental results showed, that the right enantiomers of the product are either obtained via
metathesis pathway from isomer B1 or via migratory insertion from isomer B2. The latter pathway was
computationally predicted to be the preferred way and B1 is converted into B2 by isomerization.””!
The theoretical results show that the isomerization barrier increases with decreased temperature in a
way that it becomes larger than the C-H bond forming step under temperatures of —40 °C."**? This
explains the found low enantioselectivity of 72% at —40 °C compared to 98% at room temperature.**'’
Migratory insertion and simultaneous oxidative addition from B2 are resulting in the Ir(v) complex C,
from which the product is generated by reductive elimination. The alkane product stays first weakly
coordinated to the Ir(Il) compound and is then exchanged for a new substrate molecule, which
regenerates also the catalyst Al. This species was observed in large amounts in the reaction mixture,

therefore it was proposed to be the resting state of the catalytic cycle.””!
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Scheme 4-28. Trinuclear, hydrogen-bridged iridiumcluster.

Additionally, side reactions that inhibit the catalytic process need to be considered. Deactivation is
probably the most important limiting factor for the catalyst efficiency. Investigations of Crabtree
indicated that deactivation can be attributed to the irreversible formation of trinuclear and polynuclear
hydride-bridged iridium-clusters.*'® With phox containing catalysts, the Pfalz group similarly isolated
a remarkably stable trinuclear iridium species (Scheme 4-28).**! This deactivation pathway was

suppressed by lowering the hydrogen pressure from 50 to 7 bar and lowering the concentration of the
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catalyst.”"" However, the real breakthrough was achieved when instead of PF the bigger and even
less coordinating (tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (BAr") anion was used as
counteranion for the phox complexes. The [Ir(phox)(cod)]BArF complexes did not suffer from
deactivation, therefore their loading could be reduced to 0.02 mol% instead of 4 mol%, which had been
the limiting loading possible for PFs complexes.”” ***' Kinetic studies showed that the catalysis with
PF, complexes is first order in the olefin substrate while for the corresponding BAr"™ complexes it is
zeroth order in olefin. This can be due to the higher availability of the complex with the less
coordinating Bar™ anion for olefin coordination resulting in permanent olefin saturation on the
catalyst. The PFs anion might slow down the olefin coordination up to a point that this process
becomes relevant for the reaction rate and in addition allowing for a competing cluster formation
leading to catalyst deactivation. Therefore the use of BAr" as counteranion for the phox catalysts
turned out to be the method of choice. Also these complexes appeared to be less sensitive to moisture

so they are much better to handle under air than their PF¢ analogues.
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Scheme 4-29. Substrates and Ligands described for a hydrogenations with [Ir(PAN)(cod)|BAT" complexes. a), b)2101 )44,
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While the substrate scope of rhodium and ruthenium diphosphine complexes is limited to alkenes

functionalized with a polar group, the phox complexes are capable of the reduction of unfunctionalized

as well as functionalized olefins."** *'>*'! However, many substrates have an aromatic moiety directly
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connected to the alkene. Trisubstituted olefins are most commonly investigated substrates. Especially
[218, 228-229]

for 1,2-diarylalkenes a large number of phox complexes is known that give good results.
Monoarylalkenes are more challenging substrates but until today some pyridinyl phosphinite
complexes were identified to reduce these substrates effectively.”'* *'® 2% Even for the purely alkyl
trisubstituted alkenes these complexes have been successful.”””’ Further examples for substrates in
assymmetric hydrogenations catalyzed by P,N-ligated complexes are for example Weinreb

[231] [232] [233]

amides, ~ “a,f-unsaturated nitriles and o,f-unsaturated ester A brief overview of some

substrates and corresponding P,N-ligands which were used for their hydrogenation as ligands, is given
in Scheme 4-29.
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5 Ligand Synthesis

Contributions: Experimental help by Gisa Meissner under my supervision.

5.1 Bisoxazolines

In this work, bisoxazolines were prepared in three steps. The synthesis started with the condensation of
an oxalic acid derivative with an aminol to the corresponding bisoxalamide, which was further
transformed into its bischloride and subsequently transformed into the bisoxazoline (Scheme 5-1). The
first two steps of the synthesis route, that was optimized for 'Pr-box (5b), went on straightforward
according to a procedure of the Butula group (Scheme 5-1).*'" Firstly the amide formation with
dimethyloxalate was easy to observe because the starting materials 1 and 2b were very well soluble in
the solvent while the product 3b precipitated immediately upon formation. Therefore the end of the
reaction was observed visually and the bisoxalamide product 3b could be isolated by filtration and
intensive washing with toluene. Secondly the substitution of the hydroxyl groups of the
bis-f-hydroxyloxalamide 3b by chloride was performed without any problems. The starting material
3b was well soluble in a small amount of thionylchloride and the bis-f-chloroxalamide 4b was

obtained in pure form by recrystallization from ethylacetate at —20 °C.

) HQN\E/\OH
PN
o o0 SOCl, o o0
O, O 2b HO H OH 80°C.2h Cl H Cl
b tol NH HN‘[ - NH HNI
MeO OMe oluene % %
80°C, 1h / /
1  MeOH 3b, 87% 4b, 76%
o o KOH (2.3 - 2.9 equiv.) o o
cl d Cl  MeOH, 80°C, 3 h P ]
V/ \
}NH HN«[ N N //
4b 5b, 91%

Scheme 5-1. Synthesis of ‘Pr-box 5b.

Alternatively to the bis-f-chloroxalamide 4b also the corresponding bis-f-mesyloxalamide was
prepared successfully according to a procedure of the Denmark group.” However, in the following
oxazoline ring closure the products Sb obtained from this substrate contained unidentified impurities.
The oxazoline product obtained from the bis-f-chloroxalamide 4b contained only little starting material
as impurity. Therefore the synthetic route via the bis-f-mesyloxalamide was abandoned. For a

successful oxazoline ring closure the right amount of strong base and the right choice of solvent was
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very important. Different combinations of NaOH in pure methanol, methanol-water or ethanol-THF
solvent mixtures were tried, but neither bis-f-chloroxalamide 4b nor bis-S-mesyloxalamide dissolved
very well. The results were not satisfying since in all cases the maximum yield was below 5%. At last,

B4 Here, the

a procedure analogous to one published by the group of Sirbu, was chosen.
bis-f-chloroxalamide 4b was dissolved in a small amount of boiling methanol followed by dropwise
addidion of a slightly overstoichiometric amount (2.3 equiv.) of KOH in methanol. Heating to reflux
for approx. 3 h led to nearly full conversion and the product was isolated by extraction with DCM.
Since 'Pr-box 5b was not isolated in pure form after this procedure, subsequently a recrystallization
from ethylacetate was undertaken. Through this treatment the pure bisoxazoline Sb was isolated from
the filtrate while the remaining white solid was identified as starting material.

The optimized procedure was successfully applied on the synthesis of seven further box-ligands
(Scheme 5-2). Some adoptions had to be made during the synthesis due to different solubility, e.g.
instead of crystallization from ethylacetate some ligands had to be precipitated with hexane from an
ethylacetate solution. In later experiments accidently 2.9 equiv. instead of 2.3 equiv. of KOH were
applied. This led surprisingly to a much better quality of the crude box product Sb without increasing
the yield.

“,

(0] (0] (0] o] o} o]
/[ N/>_<\N] N/>_<\N] ,{/ N/>_<\N]

Me-box iPr-box Bu-box
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5a, 65% (88%) 5b, 60% (76%) 5c, 23% (36%)
o O o o0 o o)
¢ U = s e
NN N N7 N N~
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5d, 74% (61%) 5e, 81% (96%) 5, 61% (90%)
O, [e] O, O
=< Q<
Ph-box Bn-box
50, 54% (86%) 5h, 42% (100%)

Yields over three steps (yields in brackets refer two the last step of the oxazoline synthesis).

Scheme 5-2. Product scope of prepared box-ligands.

As depicted in Scheme 5-2, the total yields of the different box structures with values of 40% to 80%
are relatively good. The only exception was found for ‘Bu-box (5¢), which only gave a total yield of
23%. The yield in brackets refer to the oxazoline ring closure only and show that this low value is

caused by this last step of the synthesis, which gave only a poor yield of 36%. This can be explained by
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the unusual high steric hindrance of the tert-butyl group, which can be seen nicely in the corresponding
Newman projection of the nucleophilic attack during the ring closure, as illustrated in Scheme 5-3. The
carbonyl oxygen and the chlorine leaving group have to occupy an antiperiplanar positioning in order
to go through an Sy2 mechanism. Consequently, the tert-butyl residue has to occupy a position gauche

to the chlorine causing unfavorable steric interactions between these two substituents.

C] Q

0N
\ Cl
2 N{\X H
R

Scheme 5-3. Nucleophilic attack and corresponding Newman projection in the oxazoline ring closure of ‘Bu-box Sc.

In addition to the box ligands also an analogous 2,2-"bithiazoline (bta) was prepared. In comparison to
oxygen, sulfur is larger and less electronegative, which will have an effect on the electronic properties
of the ligand. To date, several strategies for the preparation of thiazolines were reported.* ** 223
Most convenient for this project was a method, which allowed for the introduction of sulfur into the
bis-B-chloroxalamide 4b, reported by Nishio.'*’ As sulfinating reagent served Lawesson’s reagent (6)
which was simply mixed with the S-chloroamide 4b in boiling toluene. Addition of base induced the

ring closure as usual and the desired bta ligand 7 was obtained in 58% yield as pure substance.

s..S._.s
SRR
MeO OMe
o O 6
cl cl toluene, 111 °C, 2 h S S
1% e
N Z N N,
/ 2) NEtz, toluene, r.t., 2 h )
4b 'Pr-bta
7, 58%

Scheme 5-4. Preparation of Pr-bta (7b) by use of Lawsson’s reagent (6).

5.2 Pyridyloxazolines

As introduced in chapter 2.1, the synthesis of pyrox and related ligands involves two general steps.
Firstly the amide coupling of a picolinic acid or derivative 8 with the desired aminol 2 and secondly the

oxazoline ring closure (Scheme 5-5).
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1. Amide coupling 2. Oxazoline ring closure

HoN
;/\OH SN N

N\*g

Scheme 5-5.Synthesis of pyrox compounds.

The synthesis for pyrox and related ligands was optimized for one of their simplest representatives,
Pr-pyrox (10b). The optimized reaction conditions were later directly transferred to the other
analogues.

At the beginning, the amide coupling of picolinic acid (8) was investigated (Table 5-1). In first
attempts, aminolysis of methyl and ethyl picolinate (8a and 8b) (Table 5-1, entries 1 and 2) similar to
the conditions used for the preparation of bisoxalamides 3 (cf. Scheme 5-1) was tried and TLC analysis
during the reaction indicated incomplete product formation in both cases. However, the substitution of
methanolate went on slightly more effective. Unlike the bisoxalamides 3, the product did not
precipitate from the reaction mixture. Thus, the crude product had to be purified by column
chromatography which went well in case of the ethyl picolinate (8a) but did not lead to success in case
of its methyl analogue because the retention time of the product 9b was nearly identical to that one of
the starting material 8b. The product from the reaction of ethylpicolinate (8a) was obtained very purely
in a yield of 62%. However, a method using commercially available carboxylic acids and preferably
without purification by column chromatography, would be the method of choice for the preparation of
a whole ligand collection. Therefore the picolinic acid was also activated as acid chloride (Table 5-1,
entry 3) as well as asymmetric anhydride™ 12 (Table 5-1, entry 4). The product obtained by the
reaction of the acid chloride was strongly impure as analysis by '"H-NMR spectroscopy showed. The
product obtained by the reaction with the asymmetric anhydride 12 was isolated in 10% yield only. At
last, the classical coupling reagents 3-(ethyliminomethylidenamino)-N,N-dimethyl-propan-1-amine
(EDCI) and N-hydroxylbenzotriazol (HOBt) were tested since results from other projects had shown
that EDCI in combination with HOBt leads in some cases to more impure products than the use of
EDCI alone does. Thus, one test reaction was carried out with EDCI only (Table 5-1, entry 6) and
another one with the combination of both reagents (Table 5-1, entry 5). However, avoiding HOBt was
not beneficial and many impurities were detected in the 'H-NMR spectrum. Satisfyingly, the
combination of EDCI and HOBt led after aqueous extraction to a satisfyingly pure compound as
determined in the 'H-NMR spectrum. Purification by coloumn chromatography on silica gel was
possible without high losses of product, but not necessary for the following ring closure as shown by
subsequent experiments. Consequently, the conditions from Table 5-1 (entry 5) were chosen for further

amide couplings.
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Table 5-1. Optimization of amide coupling with picolinic acid derivatives.

HaN \/\OH

= ‘ \
AN
‘ X 2 N/ o)
L__o
N HN__~
X base, additive, solvent H OH
PN

8a X=OEt 9b

8b X=OMe

8c X=CI

8d X=OH

Entry  Substrate Base Additive Solvent Result’
1* 8a - - toluene 62%"
28¢ 8b - - DCE No isolation (‘"H-NMR impure, 9b detected on
TLC besides 2 other substances)
K 8c NEt; - DCE No isolation (‘"H-NMR strongly impure, 9b
detected on TLC besides 4 other substances)

4 8d NMM  IBCF (11) toluene 10%"
54 8d NMM  EDCL HOBt DCM 100%*
6™ 8d NMM EDCI DCM No isolation (‘"H-NMR strongly impure, 9b

detected on TLC)

*8(1.0 equiv). (R)-valinol (2b) (1.0 equiv.), base = NEt; (2.3 equiv.), NMM (1.4). "8 (1.0 equiv.)EDCI(1.1 equiv.), HOBt (1.1
equiv.), NMM (1.3 equiv.), (R)-valinol (2b) (1.2 equiv.). ¢ heated under reflux. ¢ =5°C to r.t. °All results were also confirmed by
HRMS. Tsolated yield after column chromatography (SiO,) Crude product.

However, the surprisingly low yield obtained by reaction of the asymmetric anhydride 12 was subject

of further investigations. Since the formed asymmetric anhydride 12 (Scheme 5-6) bears two

electrophilic carbonyl positions, both attacks are conceivable. The desired attack on the carbonyl

position next to the pyridine ring is sterically and electronically favored and forms iso-butylcarbonate

(13) as leaving group whereas the attack on the carbonate carbon results in the formation of the stable

picolinate leaving group (8d) (side reaction a). In addition, also the possibility of a direct reaction of

IBCF (11) with the primary amine of the aminol 2b should be considered (side reaction b) and avoided

giving the reaction between substrate 8d and IBCF enough time to proceed quantitatively before

adding the aminol 2. Both side reactions are leading to the same, unreactive, carbamate 14.
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Scheme 5-6. Amide coupling with IBCF (11) as coupling reagent.

Having these side reactions in mind, the reaction was observed in detail by TLC analysis. Within one
hour, the substrate was consumed completely and transferred into the asymmetric anhydride 12
quantitatively. Subsequently, the aminol 2b was added slowly and allowed to react with the anhydride
12 in the melting ice bath over a time period of two hours. TLC analysis of the resulting reaction
mixture showed no residue of the anhydride 12 and two new spots. In previous experiments, one of
them was identified as the product 9b. After a small scale coloumn chromatography, the 'H-NMR
spectrum of the first fraction showed no aromatic signals but typical ones for IBCF (11). However a
clear identification of the substance failed due to impurities and just a small isolated amount of the
corresponding solid. As expected, the other fraction contained the product 9b that was also identified in
the corresponding "H-NMR spectrum. In conclusion, it was shown that this reaction did not lead to a
quantitative yield of the coupling product but to a mixture of different compounds.

The next challenge was the oxazoline ring closure. Therefore, the hydroxyl group was activated as
chloride or tosylate and a suitable base had to be found (Table 5-2). First, the conditions known from

literature?

were applied on the f-hydroxylamide 9b. As reported in the respective publication, the
ring closure should be possible by simple heating of the NEt; containing reaction mixture. However,
these conditions resulted in a strongly impure product (entry 1). Without heating, however, no product
was formed (Table 5-2, entry 4). Application of the conditions developed for the bisoxazoline synthesis
also led to a strongly impure product (Table 5-2, entry 5). Here, the hydroxyl group was transformed
into a chloride first and then heated in the presence of KOH to induce the ring closure. The best result

was achieved when both methods were combined (Table 5-2, entry 2). The tosyl group was introduced
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at room temperature in DCE with DMAP as catalyst and after a few hours a solution of KOH in
methanol was added and the mixture heated under reflux for some hours. Comparison with entry 3,
where THF was used as solvent for the ring closure, shows, that not only the strong base is crucial for
this step, but also the presence of a protic polar solvent. The combined optimized reaction conditions

for both steps of pyrox formation are illustrated in Scheme 5-7.

Table 5-2. Optimization of pyrox ring closure.

X
\ Step 1 \ =
Pz @] —
N . N 0
HN\/\ N‘\)
H X Step 2 Y
PN S
9b (X=OH) 10b
9b-Cl (X=Cl)
Entry Substrate Conditions Step 1 Conditions Step 2 Relative Quality of Product®
12 9b TsCl, NEt;, DMAP, DCE, - Strongly impure

rt (15 h), 80 °C(10 h)

2? 9b TsCl, NEt;, DMAP, DCE, KOH, MeOH Good, with few impurities
rt (20 h) 80 °C (21 h)
3? 9b TsCl, NEt;, DMAP, DCE, KOH, THF Strongly impure
rt (20 h) 80 °C (21 h)
4* 9b TsCl, NEt;, DMAP, DCE, - No product
rt (20 h)
5 9b-CI° - KOH, MeOH Strongly impure
80 °C (3 h)
6 9b TsCl, NEt;, DMAP, DCM, KO'Bu, MeOH Strongly impure
rt (20 h) rt (48 h)

*Weak basic aqueous workup. ° Prepared by treatment of the alcohol 9b with SOCI, under reflux over 3 h. ¢ Determined by 'H-NMR
analysis.

N SR AT

~" "N~ ~COOH H ‘ 1) TsCl, NEtz, DMAP | |
LR 2 o) S
HZN%OH 8d, 15,16 SN DCE, rt, 10 h SN \ o
R EDCI, HOBt, N-methylmorpholine HN%OH 2) KOH, DCE/MeOH (1/1 viv) N\g

DCE, -5 °C - r.t.,10 h, quant. 80 °C, 5 h, 40-89%

2 9,17,18 R 10, 19, 20 R

Scheme 5-7. Optimized reaction conditions for pyrox structure formation.
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After successful oxazoline ring closure and aqueous workup, the crude product still contained too
many impurities such as starting material and tosyl containing substances. Thus a column
chromatography was necessary. However, this turned out to be challenging because previous
experiments had shown that the box-type ligands were quantitatively hydrolyzed on silica gel, so only
flash chromatography of max. 15 min over a short column of basic alox turned out to be suitable for the
purification of box compounds. The best solvent combination for the mobile phase was
hexane/ethylacetate while the combination of pentane/Et,0O led to less satisfying separation of
fractions. The crude products were most efficiently brought onto the column as solution in a small
amount of DCM and subsequent flushing with pure hexane. Prior absorption of the crude product on
alox or sea sand led to decomposition of the product.

In order to get more insight into the mechanism of oxazoline ring closure by in situ tosylation, attempts
to isolate and identify the tosylated structure were undertaken. Pure quinaldic acid valinol amide 18b
was treated under the optimized conditions of the first step of the oxazoline ring closure (Scheme 5-7)

for a few hours. After aqueous workup, the reaction mixture was purified by column chromatography to yield a
mixture of two different tosylated compounds in one fraction, as indicated by TLC and confirmed by 'H-NMR

analysis.

Scheme 5-8 shows a detailed view of the proton spectrum. It shows clearly two species of a tosylated
substance for which a ratio of 7:3 was determined by integration of the two tosyl doublets at 6.85 ppm
and 7.04 ppm. In the aromatic region, for both substances all proton signals can be identified plus a
broad singlet at 8.46 ppm which might correspond to the exchangeable protons. The area between
3 ppm and 5 ppm shows a typical signal set for the asymmetric proton and the methylene group next to
it for at least one of the two compounds. For the other compound, the methylene group was identified,
but the methane C-H signal could not be assigned unambiguously. It is possibly located in the broad
doublet at 3.37 ppm. Both iso-propyl groups were also identified in the aliphatic region and the methyl
singlets corresponding to the tosyl groups were found. Also, their integrals are in nice agreement to
their corresponding aromatic signals. Both protons on the tertiary carbons of the iso-propyl groups
could not be identified.

In contrary to the bis-f-chloroxalamide 4b from which the bisoxazolines 5 were prepared, the
formation of an oxazoline by in situ formation of a tosylate on a f-hydroxyl-picolinylamide derivative
might go via two differend tosylated intermediates.

The optimized reaction conditions were successfully applied to eleven other structures (Scheme 5-9).
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Scheme 5-8. Analysis of tosylated compounds after the first step of oxazoline formation.
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6 Iridium and Ruthenium Complexes

Contributions: Experimental help by Gisa Meissner, Patrick Kuhrt and Silke Plachetta (iridium
complexes) and Cindy Glohr (ruthenium complexes) under my supervision.
DFT calculations and special IR-measurements (cryo IR and IR from solution) were performed by Dr.

Jacek A. Kozuch (Technische Universitit Berlin).

6.1 Iridium(r) Carbonyl Complexes

The synthesis of the iridium(I) carbonyl complexes was developed based on the synthesis reported by
Mestroni (Scheme 6-1, cf. chapter 3.1.4), who prepared carbonyl complexes from the chloro bridged
iridium dimer [Ir(cod)Cl], (23) which was brought to reaction with a bipyridine or phenanthroline
ligand.”™ In the procedure of Mestroni, the chloride anion of complex 24 was exchanged for the
non-coordidating PFs to give complex 25 and coordination of CO at atmospheric pressure led first to
the pentacoordinated, not isolated complex 26. From this complex, the tricarbonyl complex 27 was

formed immediately by loss of the cod ligand and addition of two further CO molecules.

+ X-
fffff SC NN N,
/ I'S.~'"™ — "K
Cl DCM N

(dark red)

23 ,: 24 X=Cl
25 X=PFg

- * PF *PFg ~
]t PFRe co o 1 6 1) CH,CH,-stream N, \\\\CO_\ e
co | " . oca L (e

Ir.
i o - ~
e Ir—CO N
N/Ir Cco - cod N/I 2) Ar-stream co
(brown)
26 27 28

Scheme 6-1. Formation of iridium(1) carbonyl complexes as reported by the Mestroni group.[7‘8]

For a better understanding of the spectra of different carbonyl species, in this work theoretical IR
spectra were predicted using density functional theory (DFT) calculations. Geometry optimization and
vibrational analysis was performed on the BP86**7 level of theory to avoid the use of scaling
factors using Gaussian 09. For iridium, the LanL.2DZ™® and for all other atoms the 6-31g* basis set

was used.
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The typical predicted spectra for mono-, di- and tricarbonylcomplexes are depicted in Scheme 6-2. Due

21 one does not observe single vibrations for each

to the strong coupling of the C-O oscillators
carbonyl ligand, but collective coupled vibrations of different symmetry. For a dicarbonyl complex, for
instance, a symmetric and an asymmetric C-O vibration is obtained where the carbonyl ligands
oscillate in-phase or out-of-phase, respectively. For the tricarbonyl complex two of three expected
bands are very close to each other so that it is possible that they form one broad band in the

experimental spectrum.
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Scheme 6-2. Typical shapes of carbonyl complex IR spectra. The depicted spectra were calculated for the example of
[Ir(‘Pr-pyrox)(CO),]".

6.1.1 Cyclooctadiene Iridium(1) CI and PF; Complexes
According to the synthesis of Mestroni and co-workers, in this work the dimeric iridium precursor 24

was mixed with two equivalents of the N~N ligand in DCM at room temperature and resulted in the

corresponding cod chloro complex [Ir(N~N)(cod)]Cl (24)."# The reactions were conducted in
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deuterated DCM and the purity of the reaction product was assessed by 'H-NMR measurements

directly from the reaction mixture.

‘g NAN (2 equiv.) —]rc
N, "
Ir Ir AP
P \ ( /Ir
DCM, r.t., 10-30 min NTTON
24
+Cl - + Cl - - + Cl
— N = | PI‘ |l i +Cl I W _‘
iy /N,, ,,,,, /NmPr \\\\\\\\\ o OIN/H ,,,,, =
=N~ *N/ N[ 0 =SNTT N
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Scheme 6-3. Prepared cod chloride complexes 24. The preparation of the sterically more hindered complexes 24e and 24f

failed.

Table 6-1. Screening of reaction condition for the formation of [Ir(Pr-box)(cod)]

sl

Cl (24e).”

H —
|+ Cl -
5b o :%IPI} M\\\\\\\\\\\ )
r :
I L N ]
/ \C/ \ o-—ﬁPr |
solvent, additive H

( red-orange)

24e

Entry Solvent Temp. Additiv’ Time Color Color after additional 4 h (r.t.)
1 DCM-d, r.t - 10 min  Orange Orange

2 DCM-d, r.t AgBF, 20min Orange Orange (+ grey solid)

3 DCE 80°C - 5h Orange Orange (in DCM-d,)°

4 Acetone-dg r.t - 4h Orange Orange

5 Acetone-dg r. t. AgBF, 2d Orange Yellow-orange (+ grey solid)

“Reactions were carried out under an argon atmosphere using [Ir(cod)Cl], (23) (10 mg, 1 equiv.) and iPr-box (5b) (8.4 mg,

2.5 equiv.) in 5 mL solvent. The crude reaction mixtures were analyzed by 'H-NMR spectroscopy, which resulted for each test
reaction in a strongly impure reaction mixture. "Added subsequently to ligand addition. °After 5 h the DCE was removed in
vacuum and the solid residue was dissolved in DCM-d, to measure a 'H-NMR spectrum.

The bipyridine, quinox, pyrox and H-box complexes 24a,

24b, 24c and 24d were formed

straightforwardly. However, the prepration of the analogues complexes with the sterically more

demanding ligands 'Pr-box (5b) and Me-box (5a) failed completely under the given reaction
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conditions. As listed in Table 6-1, attempts to optimize the reaction conditions by variation of solvent,
temperature, reaction time and the addition of a silver salt to precipitate the chloride as silver chloride,
were not successful as analyzed by '"H-NMR spectroscopy.

The successfully prepared chloride complexes 24 with oxazoline ligands (Scheme 6-3) exhibited in the
'H-NMR spectrum a splitting of the olefinic protons of cod into two sets with different chemical shifts
(Scheme 6-4). This observation was not made for the bipyridine complex 24a, which 'H-NMR
spectrum showed only one signal for these protons. Upon coordination of the chloride to a bisoxazoline
complexe, this complex loses its C,, symmetry resulting in a trigonal bipyramide (complex 24d). Due
to Barry pseudorotation of the trigonal bipyramidal structure, the atoms H,; and H, or H,, and H,,
respectively, become equivalent. This results in two different signals for these protons in the 'H-NMR

spectrum.

Scheme 6-4. 'H-NMR spectra of complexes 24a and 24d, shown is the area from 1.0-4.0 ppm. The olefinic protons of cod in
complex 24d split up upon coordination of the chloride counteranion. The coordination geometry cannot be assigned by NMR
spectroscopy and both possible structures are illustrated and assigned as complexes 24d(1) and 24d(2). Depending on the true
structure either both cod-double bonds (24d(2)) or their protons itself (24d(1)) become chemically inequivalent.

This observation might be attributed to a strong coordindation of the bipyridine ligand, thus weakening
the other ligands which results an ionic character of the chloride. In turn, the box ligand is less tightly

bound resulting in longer ligand-metal bonds which leaves more space around the iridium for a
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coordination of the chloride. However, this theory is not yet proven since no crystal structures of
structurally related bisoxazoline and bipyridine complexes with iridium as central metal are reported.
The only available data of comparable crystal structures was found for Rh(IlT) complexes of the type
[Rh(NAN),(CI),]* bearing either bipyridines'**” or bisoxazolines!”. These complexes show Rh-N(bpy)
bond lengths of 2.02 A and Rh-N(box) bond lengths of 2.09 A. Even though the difference is not very
large, it supports the theory that box, as weaker ligand, has a longer bond length to iridium. In
substituted box ligands such as Me-box (Sa), two unfavorable effects for a successful coordination
were combined; the weak coordinating character of the box structures and in addition steric hindrance

from the substituent. Consequently, no chloride cod complexes 24 were formed with these ligands.

To facilitate the coordination of the box ligands, it was decided to replace the coordinating chloride by
a less coordinating anion prior to oxazoline ligand introduction. PFs was chosen as counter anion for
the cationic complexes. The new synthesis strategy entailed the removal of the chlorides from the
precursor complex [Ir(cod)Cl], (23) as insoluble silver chloride by addition of the silver salt of the new
anion (Scheme 6-5). To stabilize the resulting, coordinatively unsaturated iridium complex 29, the well
coordinating solvent acetone was used. Later, also THF or acetonitrile were applied successfully as

solvents in this reaction, in which the precursor complex showed even higher solubility.

In first reactions, the silver chloride precipitate was not removed from the solution that contained the
solvent stabilized complex 29 before the ligand was added. The resulting complex 25 remained in
solution while the silver chloride was filtered of. A few complexes were successfully prepared by this
strategy and analyzed by 'H-NMR spectroscopy, but the results were not reproducible, presumably
because of interference with the silver ions. Consequently, in following syntheses the silver salt was
removed from the reaction mixture prior to coordination of the oxazoline or bipyridine ligand. Since
the silver chloride precipitated as very fine powder, filtration was not sufficient. Therefore, the
solutions were left standing without stirring for 1-2 hours, so that the solid collected at the bottom
allowing decantation of the complex containing bright yellow-orange solution. The cod PFq
complexes were prepared as depicted in Scheme 6-5 and applied for the formation of carbonyl

complexes (cf. chapter 6.1.3).
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Scheme 6-5. Prepared cod complexes 25 with PF4 as counteranion.
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6.1.2 Cyclooctadiene Iridium(1) BAr"~ Complexes

In order to assess the catalytic quality of the oxazoline-type N~N ligands in homogeneous catalytic
hydrogenations (cf. chapter 4.3), first the synthesis of cationic iridium cod complexes combined with a
BAr" counteranion was required. These [Ir(NAN)(cod)|BAT" (30) complexes were chosen as
precatalysts for hydrogenation, because their phox analogues, in which the chiral information is
conferred by the oxazoline moiety, are known to be very active in these reactions. Therefore
comparisons to the established catalysts should be easily possible.

The synthesis of the cod complexes starts with the dimeric [Ir(cod)Cl], (23) precursor and a bidentate
NAN ligand, resulting in the corresponding chloro complex [Ir(N*N)(cod)]Cl (24). For the desired

BAr" complex 30, only one anion exchange is necessary (Scheme 6-6).

1. NAN ligand coordination 2. Anion Exchange

*Cl- +BArF
o MBArF [\
HIN _— < 1 < e
/ \CI N/ \ -MCl NN

24 30

Scheme 6-6. Synthesis of target compound [Lr(NAN)(cod)]BArF (30).

As already discussed in chapter 6.1.1, the first step of the synthesis, the introduction of the N,N-ligand,
proceeded as expected. For the crucial anion exchange, a procedure of the Pfaltz group gave no
satisfying results. In this procedure the anion exchange is described in a biphasic mixture of DCM and
water with the sodium salt of BAr".™ The resulting NaCl dissolves in the aqueous phase, while the
BAr" complex 30 can be isolated from the organic phase. After evaporation of the organic solvent, the
complex can be redissolved in ethanol and obtained as pure product by precipitation with water. In
order to test the applicability of the procedure, the anion exchange was tested on one of the originally
applied ligands from the Pfaltz group, the phox ligand 'Pr-phox (31) (Scheme 6-7). For this phox
complex 30a the procedure gave the pure complex in 82% yield

1)

O,

0\
Ph-p N
Ph i (2 equiv.)

31 +BArF -
. o= | 1
o= n‘\ DCM N, |r..--~*“‘ ~
/ \CI Ph,',’/ |
2) NaBArF (33) (3 equiv.), HyO Ph Purification:
(biphasic mixture) 30 Precepitation from
a ethanolic solution
82% with water

Scheme 6-7.Preparation of reference complex [Ir(phox)(cod)]BAr™ (30a) by anion exchange from the corresponding chloro
complex.
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When the procedure was transferred to the anion exchange of [Ir(iPr—pyrox)(cod)]Cl (24b), the
purification step failed due to too high solubility of the complex. Therefore, next synthesis attempts
were performed without purification, stopping after evaporation of the organic solvent. Consequently,
NaBAr" had to be added in stoichiometric amounts. Four complexes, 30b, 30c, 30d and 30e were
obtained as red-brown or black solids by this method (Scheme 6-8). The '"H-NMR spectra of each of
them showed no free ligand anymore and the typical signals of the BAr"™ anion in the aromatic region
were present. However, the BAr'™ signals integrated twice as high as expected. The methylene protons
on the box moiety of the ligand and the BAr" protons are supposed to have an integral ratio of 1:1 (H,
Ho:H,) and 1:2 (H., He:Hp) respectively (Scheme 6-9). Actually found for all of the prepared

complexes were ratios of 1:2 and 1:4.
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‘ \N/ N | \N/ N
P Z
30d 30e

Scheme 6-8. Synthesized iridium cod BAr"~ complexes 30.

Since the analysis of the BAr" complexes 30, which were obtained by anion exchange of the
corresponding chloro complexes, did not lead to satisfying results, AgBAr" (34) was prepared from
AgNO; (35) and NaBAr" (33) following an optimized procedure by Buschmann and Miller™" and
used in a similar approach as already developed for analogue PF¢ complexes (cf. chapter 6.1.1). The
optimized synthesis route is depicted in Scheme 6-10 and starts with the dimeric iridium precursor 23,
which was dissolved in the well coordinating solvent THF. Addition of the silver salt caused an
immediate color change from red-orange to bright yellow while a colorless solid precipitated from the
solution. The solid could not be removed by filtration because the particles formed were too small.
Leaving the suspension standing over night resulted in a clear solution of the solvent stabilized
complex 36 which would be decantated from the solid. Further extraction of the solid with more
solvent enabled the preparation of a well-defined stock solution that was stable enough for one day.
From such a stock solution, five to ten different BAr" complexes 30 were prepared by addition of the
respective ligand. Evaporation of the solvent led to the pure product complexes 30 that now showed
expected integrals in the respective 'H-NMR spectra. The complexes obtained by this method are

shown in Scheme 6-11.
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Scheme 6-9. Proton NMR of 30b: Relevant areas of the aromatic and oxazoline proton-signals are shown. The expected
relative intensity of H.y, He, : H, is 1:1. Here the ratio is 1:2, which was always observed for complexes prepared by

subsequent anion exchange.
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Scheme 6-10. Optimized synthesis of iridium cod BAr™ complexes 30.

The complexes behaved unexpectedly during ESI-MS analysis since they were usually detected as their
[M+0]" adducts, showing a high tendency to oxidize under the given analysis conditions (Scheme
6-12). In most cases also a much smaller signal for the corresponding [M+0,]" adduct was found,
supporting an oxidation mechanism via dioxygen addition. The signal of the pure cation M" could only
be detected in low intensity, if it was present at all. In the example Scheme 6-12, the signal of the pure

cation M" is with a relative intensity of 36% unusually high.
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Scheme 6-12. Example of HRMS (ESI-MS) spectrum of

the iridium cod BAr™™ complex 30j measured in DCM/MeCN at a
fragmentor voltage of 200.0 V. Typical for these complexes is the main signal of the [M+O]* adduct and the corresponding

[M+0,]* adduct in lower intensity. In this example the signal of the pure cation M™ is unusually high.
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In summary, BAr" oxazoline complexes 30 could not successfully be prepared by a late-stage anion
exchange, as it was described for the analogue phox complexes. Comparison with the phox complex
30a showed, that the box complexes were not suitable for the last purification step because they were
too soluble. BAr" oxazoline complexes 30 were quantitatively obtained after initial anion exchange by
treating the dimeric iridium precursor [Ir(cod)Cl], (23) with AgBArF (34) and subsequent oxazoline
ligand introduction. Following this procedure, ten complexes were obtained as pure compounds,
making the need for a purification step unnecessary. By ESI-MS spectrometry these complexes were
usually detected as their [M+O]" adducts.

All complexes depicted in Scheme 6-11 were applied as precatalysts in catalytic hydrogenation which

will be discussed in chapter 7.4.

6.1.3 Synthesis of Carbonyl Complexes

Carbonyl complexes were initially prepared as described by Mestroni and co-workers (cf. chaper
3.1.4). Therefore, the atmosphere in a reaction flask containing the cod precursor 25q as solution in
DCM, was fully exchanged for CO gas at atmospheric pressure. However, more convenient was the
stochiometric application of CO, which was developed as standard method. In this procedure, the CO
gas was added via a syringe through a rubber septum into the argon atmosphere over the precursor
solution. THF, acetone, acetonitrile and DMSO were tested for the carbonylation as well and proved to
be suitable for this reaction. The complexes were best purified by precipitation from DCM or THF with
hexane. The resulting solids or oils could be separated from the solution, which still contained free cod.
Drying the solid residue in vacuum led to the pure carbonyl complexes. However, this procedure was
not very well reproducible and led in many cases to unidentifiable compounds. The quality of the
carbonyl complexes and their precursors appeared to be very sensitive to removal of solvent and
exposure to air. Therefore the complexes prepared for the screening of their vco absorption frequencies
were kept in the same solvent from the beginning of the synthesis (Scheme 6-5) and the IR of the solid
was measured directly by drying a drop of the reaction mixture on the ATR diamond.

As illustrated in Scheme 6-13 using the example of the bpy complex, the formation of the carbonyl
complexes was easily observed by the change of color of the reaction mixture. The cod precursor 25
was always dark red or brown colored and addition of CO gas caused an immediate color change to
bright yellow, which can be attributed to the formation of the penta-coordinated monocarbonyl
complex 26. After some minutes, when the dicarbonyl complex was formed, this bright yellow solution

turned to dark orange, brown or green.
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Scheme 6-13. Preparation of carbonyl complexes with typical color change.

In some cases, the monocarbonyl intermediate 26 could be isolated by interrupting the carbonylation at
this stage. This was achieved by precipitation of the yellow complex with hexane. For the sterically
demanding 'Pr-quinox complex 26m single crystals were obtained by vapor diffusion of hexane into a
DCM/acetone mixture which contained the dissolved complex.

In the monocarbonyl complex [Ir(iPr—quinox)(cod)(CO)]PF6 26m (Scheme 6-14), Ir(1) is
pentacoordinated in a distorted trigonal bipyramidal coordination sphere. The quinoline-N (N2) and
one double bond of the cod ligand (C17, C18) form the axis and the trigonal plane is defined by the
oxazoline-N (N1), a cod double bond (C21, C22) and the carbonyl Ligand (C160). The carbonyl
ligand is orientated towards the same side of the oxazoline ligand as the iso-propyl group, while the
cod ligand occupies the sterically less hindered opposite side. The Ir-N(oxazoline) bond length is with
2.202 A slightly longer than the Ir-N(pyridine) bond with a length of 2.121 A.

As shown in Scheme 6-1, the vco absorption band of the bulk powder is much broader than the one of
the single crystal. This can be understood on the basis of heterogeneities in the precipitated powder,
such as a distribution of the exact position of the counter anion. Due to the broadness of the absorption
band from the powder, the maximum is shifted by ca. 4 cm .

The same broadening of the vco absorption bands was observed for dicarbonyl complexes (Scheme
6-16). Especially for those with pyrox-type ligands a broadening of the lower wavenumber band was
observed (right spectrum), thus it was not clear if these spectra had to be assigned to bi- or tricarbonyl

complexes.
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Scheme 6-14. Solid state structure of [Ir(iPr—quinox)(cod)(CO)]PF(, (26m) with ellipsoids at 50% probability (left structure)
and ball and stick model (right structure), omitting hydrogen atoms for clarity. Selected bond angles and distances:
Ir-N1:2.202(5) A; Ir-N2: 2.121(7) A; Ir-C16: 1.881(8) A; Ir-C18: 2.144(8) A; Ir-C17: 2.204(7) A; Ir-C21: 2.126(8) A;
Ir-C22: 2.170(9) A; C16-Ir-N1: 102.5(3) °; C16-Ir-N2: 88.9(3) °; centroid(C21, C22)-Ir-N2: 88.51 °; centroid(C21,
C22)-Ir-C16: 146.60; centroid(C21, C22)-Ir-N1: 109.13 °; centroid(C17, C18)-Ir-N2: 173.33 °; centroid(C17,
C18)-Ir-centroid(C12, C22):86.18 °; N1-Ir-N2: 75.84 °.
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Scheme 6-15. IR spectra from of [Ir(iPr-quinox)(cod)(CO)]PF6 (26m) as bulk powder (black) and as single crystal (red).
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Scheme 6-16. Typical shape of IR spectra measured from solid carbonyl compounds.

For 'Pr-box (5b), two crystal structures of corresponding dicarbonyl complexes, one for the complex
with a BF, anion (complex 43) and one with a PF¢ anion (complex 28¢, Scheme 6-17) were obtained.
The Ir(1) is in both complexes in a square planar coordination environment, as it is expected for a d*-
metal. However, the carbonyl ligands of the PFs complex are slightly twisted out of the N-Ir-N plane.
Further, the Ir-N and Ir-C bond are shorter by 0.032 A and 0.048 A respectively than in the analogous
BF, complex. This difference can be attributed to the identity and relative position of the
counteranions. The different Ir-C bond length are reflected in the positions of the corresponding vco
absorption bands, which were measured from the single crystals with an IR-microscope. While there is
only a moderate difference between the asymmetric stretching frequencies of the carbonyls which
appear at 2005 cm™' (43) and 2009 cm ' (28c¢), the symmetrical stretching differs by ca. 20 cm™'. The
higher stretching frequencies of the BF, complex 43 correlate very well with the longer Ir-C bonds,
which reflect a weaker m-back donation from the Ir to the CO ligands. Consequently, this leads to a
stronger C-O bond observed as higher vco absorption energies in the IR spectrum.

The IR measurement of the single crystals showed also absorption bands of a normal full width at half
maximum (FWHM) of approximately 13 cm '. These experiments indicate, that the broadening of the
spectra which were measured from the solid compounds is attributed to the heterogenic nature of the
amorphous bulk powder.

However, considering the broad bands of the powder spectra, one cannot exclude the formation of
tricarbonyl complexes, in case of complexes with pyrox-type ligand, which showed always a more
pronounced broadening of the asymmetric CO stretching band. Here, two of three bands might be so
close to each other that they formed one single, very broad band, for example due to coalescence at
room temperature. This coalescence was reported for square pyramidal [Fe(cod)(CO);] complexes, in
which the carbonyl ligands underwent a fast exchange via the turnstile rotation mechanism at room
temperature.”**! To exclude a similar scenario for the iridium complexes, the IR spectra of one pyrox
complex were measured at 300 K and at 97 K (Scheme 6-18). The obtained spectra showed no
difference between the measurements at different temperatures, thus one can exclude coalescence

between two bands of a tricarbonyl complex and assign those complexes to dicarbonyl species.
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Scheme 6-17. Solid state structures of [Ir(Pr-box)(CO),]BF, (43) and [Ir(iPr—box)(CO)z]PFé (28¢) with ellipsoids at 50%
probability, omitting hydrogen atoms for clarity. Selected bond angles and distances: [Ir('Pr-box)(CO),|BF, (43):
Ir-C1=Ir-C1A:
Cl-Ir-N1=C1A-Ir-N1A: 69.74(11); [Ir(Pr-box)(CO),]PFs (28¢c): Ir-N1=Ir-N1A: 2.085(3) A; Ir-C1=Ir-C1A: 1.842(4) A;
Cl-Ir-N1=C1A-Ir-N1A: 97.23(13) °; Cl1-Ir-C1A: 88.7(2) °; Cl-Ir-N1A=C1A-Ir-N1: 172.09(16) °. The IR spectra were
measured with an IR-microscope from single crystals of the compounds.
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Scheme 6-20. IR spectra from solid compounds of dicarbonylcomplex *C-25i (green spectrum) and unmarked analogues
structure 25i (red spectrum).

To support this interpretation and determine directly how many carbonyl ligands were coordinated to
the pyrox-type complexes, a "°C labeling experiment of the carbonyl ligands was undertaken. Labeled
CO gas was generated from 9-methyl-9H-fluorene-9-carbonyl-""C chloride by a Pd(0) catalyzed
reaction and added to the cod ‘Bu-pyrox precursor complex 25i. Subsequently, the resulting carbonyl
complex *C-25i was analyzed by “C-NMR (Scheme 6-19) and IR spectroscopy (Scheme 6-20). The
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IR spectrum showed the same shape with two CO bands, only shifted by approximately 50 cm™'
because of the higher mass of the *C-isotope. In the ’C-NMR, two singlets with an integral ratio of
1:1 were assigned to two chemically inequivalent >CO ligands, which proofs that these complexes are
dicarbonyl complexes.

Since the broadening and possible shifts of the band due to different counter anion positions would
aggravate the determination of the exact position and thus the comparison between different ligands,
measurements in solution were performed to overcome this problem. In solution the counter anions are
solvated and therefore play a minor role for the cationic complex. The measurements were performed
on an ATR-silicon crystal, because the usually used diamond crystal had a too strong self-absorption in
the carbonyl range around 2000 cm . For the solution ATR-IR spectra (Scheme 6-21) the complexes
were dissolved in THF and centrifuged to remove all insoluble compounds which would precipitate
onto the ATR crystal. The solution measurements resulted in sharp absorption bands, for which the

absorption maxima could be identified more precisely.
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Scheme 6-21. Comparison of IR spectrum from the solid compound (red spectrum) and from solution in THF (green
spectrum) on the example of [Ir('Bu-pyrox)(CO),]PF (28i).

The prepared dicarbonyl complexes 28 are illustrated together with their vco absorption energies in
Scheme 6-22. For bpy (37) and the phenanthroline ligands 38 and 39, only monocarbonyl complexes
were obtained. For the potentially tridentate ligand Pr-pybox (36), a mixture of dicarbonyl and
monocarbonyl complex was obtained, presumably as pentacoordinated [Ir(‘Pr-pybox)(CO),]PF, (28p)
and tetracoordinated [Ir(iPr—pybox)(CO)]PFﬁ. (44) The collection of monocarbonyl complexes and their

corresponding vco absorption energies is depicted in Scheme 6-23.
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a solution of the corresponding complex in THF on a silicon ATR-crystal.

6.1.4 Evaluation of IR Data of the Carbonyl Complexes

Dicarbonyl Complexes

The measured vco absorption frequencies of the carbonyl complexes were plotted together with the
predicted values from DFT calculations (Scheme 6-25 and Scheme 6-26). The ligands are ordered into
groups of structurally related compounds (Scheme 6-24). This allows comparing the ligand groups
with each other as well as the differently substituted ligands within one group. The data which were

used for the plots are listed in Table 6-1.
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Table 6-2. Overview of measured and calculated stretching frequencies for dicarbonyl complexes.

Experiment in THF? [cm_l] Calculation [cm_l] Average [cm"]

Entry | [Ir(N/PAN)(CO),]PF
v (sym) v (asym) v(sym) v (asym) Experiment Calculation

1 Ph-box (5g) 2085.3 2017.8 2069.5 20103 2051.6 2039.9
2 H-box (5i) 2085.9 2017.2 2070.0  2009.5 2051.6 2039.7
3 ‘Bu-box (5¢) 2086.6 2015.1 2067.5  2006.3 2050.9 2036.9
4 Pr-box (5b) 2082.8 2015.3 2066.3  2005.3 2049.1 2036.5
5 Me-box (5a) 2083.7 2014.3 2067.0  2006.0 2049.0 2036.5
6 "Bu-box (5f) 2082.5 2012.6 2067.5  2006.8 2047.6 2036.4
7 Pr-bta (7b) 2079.8 2013.7 20609  2003.8 2046.8 2032.3
8 ‘Bu-pyrox (10c) 2085.7 2017.2 2065.1  2004.4 2051.5 2034.8
9 Pr-pyrox (10b) 2084.6 2016.4 20649  2004.2 2050.5 2034.5
10 Ph-mepyrox (19g) 2084.3 2013.4 2066.5  2003.4 2048.9 2032.1
11 Pr-mepyrox (19b) 2083.3 2013.9 20648 20022 2048.6 2032.8
12 "Bu-mepyrox (19f) 2082.8 2012.8 2065.1  2002.6 2047.8 2031.8
13 Ph-quinox (20g) 2083.6 2013.0 20639  2001.8 2048.3 2035.4
14 Pr-quinox (20b) 2082.7 2013.9 2062.8  2000.9 2048.3 2034.8
15 "Bu-quinox (20f) 2082.4 20127 2062.1  2000.3 2047.6 2032.9
16 pypyraz (41) 2084.4 2018.5 2064.8  2006.1 2051.4 2028.5
17 dtbpy (32) 2074.3 2024.6 2065.1  2004.4 2049.5 2025.6
18 pybenzim (42) 2080.7 2010.4 2062.5  2003.4 2045.6 2032.1
19 phox (40) 2068.9 1990.1 20564  2000.5 2029.5 2032.9
20 Pr-pybox (36) 2063.4 1984.4 2055.6  1995.7 2023.9 2031.8

“Experiments were performed with a homogeneous complex solution in THF, measured on a ATR-silicon crystal. Reading error:
+025cm .

Comparing the experimental values shown in Scheme 6-25, it can be seen that the symmetrical and the
asymmetrical stretching frequencies show an overall related trend. However, when evaluating the exact
positions in more detail, subtle differences of these two bands can be perceived. For example, the
splitting between the bands becomes smaller for 'Pr-box (5b; 67.5 cm™) than it is the case for ‘Bu-box
(5¢; 71.5 cm™) and results in opposed trends for the symmetrical and asymmetrical C-O stretches of
these ligands, respectively. In general, the difference between both bands ranges from ca. 79 cm™' for
phox (40) and iPlr—pybox (36) to 49.7 cm ™! for dtbpy (32).

Because of the inconsistent distance between the symmetrical and the asymmetrical vco absorption
bands, it was decided to compare the average band positions of the different ligands (Scheme 6-26).
The first observation is that the average values of the vco absorption energies of all box (5), pyrox (10),
mepyrox (19), and quinox (20) ligands overlap between 2052 cm ' and 2047 cm™'. Although these
differences are relatively small, especially for box and pyrox ligands trends are identifiable in
dependence of their oxazoline residues. Mepyrox and quinox ligands show nearly no differences in the
Vco absorption energies between the differently substituted ligands. For the complex with the dtbpy
(32) ligand, a vco absorption energy of 2049.5 cm ™' was obtained, which is similar to these obtained for
the oxazoline ligands. For the complexes with the phox (40) and pybox (36) much lower vco absorption

energies of 2029.5 cm ' and 2023.9 cm’, respectively, were obtained.
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Scheme 6-25. Symmetrical and asymmetrical vcg absorption energies of dicarbonyl complexes [Ir(N/PAN)(CO),]PF; (28) in
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calculated values.
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For the differences in the vco absorption energies in theory three factors can play a role:

1. o-donation from the ligand to the metal,
2. n-donation from the ligand to the metal,

3. m-back donation from the metal to the ligand.

The o-donation ability correlates with the Lewis basicity of the donor atom, which donates a lone pair
into an empty d-orbital of the metal thus forming a dative o-bond. In a carbonyl complex, an electron
donation of a ligand which is orientated trans to a carbonyl ligand, weakens the M-C oc-bond.
Consequently, the C-O bond gets less polarized which results in a weaker C-O bond. The decreased

C-O bond strengths is reflected in a decreasing vco absorption energy (Scheme 6-27).1”
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Scheme 6-27. Effect of 6-donation from a ligand, orientated zrans to a CO ligand, on the CO stretching frequence.

For the n-donation, the ligand donates electrons from a filled m-orbital into an empty d-orbital from the
metal. For this, an empty metal d-orbital of the appropriate symmetry is required. In a square planar
complex in theory the d, dy, and dy, orbitals provide this symmetry which allows acceptance of
electrons from a filled m-orbital of the ligand. However, in a d* metal complex these orbitals are filled
and therefore they are not suitable for accepting m-donation from a ligand (Scheme 6-28).

Consequently, n-donation is not expected to be a relevant factor for the vco absorption energies of
[Ir(N/PAN)(CO),]" complexes.

Scheme 6-28. Ligand field splitting of a square planar coordination geometry and electron configuration for a d® metal
complex.
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The m-back donation is occurring from a filled metal d-orbital into the lowest ligand m*-orbital.
Donation of electrons from the metal to the ligand lowers the electron density on the metal thus
decreasing its m-donation ability to the CO ligand. If less electron density is donated into the n* of the
CO ligand, the C-O bond gets stronger, which is reflected in an increasing vco absorption energy
(Scheme 6-29).

@'_QDQ o
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donation m-back donation
to CO veo |

Scheme 6-29. Effect of n-back donation of a metal to a ligand on the CO stretching frequence.

Concentrating on the box ligands first, the following trend for the residues was identified: -Ph / -H >
“Bu > -'Pr / -Me > "Bu in decreasing order of vco absorption energies (Scheme 6-30). The phenyl
substituted Ph-box (5g) and the unsubstituted H-box (5i) have the same influence, which can be
attributed to a similar steric influence of the hydrogen atom and the flat phenyl substituent. However,
this trend is broken with ‘Bu-box (5¢). This complex, found in the middle of this trend, bears the
highest steric influence, which decreases over Pr-box (5b) to "Bu-box (5f). Also the inductive electron
donation ability decreases in this order. However, the inductive electron donation should affect the vco
absorption energies in the opposite direction. The higher electron donating effect of ‘Bu-box should
cause a higher basicity of the ligand and therefore an increase of its o-donor strength, resulting in a
lower vco absorption energy than observed for the other ligands. Since this does not resemble the
observations, other effects must play a role. Possibly, the increasing flexibility of the residue from -Ph
to -"Bu is leading to a higher distortion of the ligand. A twisting of the ligand backbone could result in
two effects; firstly the conjugation of the donor atoms is weakened, which would result in a higher
Lewis basicity, leading to a decreased vco absorption energy (cf. Scheme 6-27). Secondly, a twisting of
the ligand backbone itself and of the whole ligand out of the N-Ir-N plane, would lead to a worse
overlap of the m-orbitals which are responsible for a n-back bonding (cf. Scheme 6-29). Both effects
would lead to decreased vco absorption energies, which is in accordance with the observations.
Supporting this assumption, the geometry optimized models of the complexes show an increased
twisting of the ligands with increased flexibility of the residues (Scheme 6-31). In these pictures it can
also be seen that a phenyl and a hydrogen substituent both cause no twisting of the ligand, which is in
accordance with the obtained same high v absorption energies of 2051.6 cm ' which were observed

for the complexes of these two ligands.
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Scheme 6-31. Geometry optimized models of dicarbonyl complexes with different box ligands.

This concept can be extended to the pyrox ligands, which also show a relatively high dependence of the
Vco absorption energy on the oxazoline residue, whereas mepyrox and quinox complexes show nearly
no change of vco absorption energies for different oxazoline residues. This can be attributed to the high
steric hindrance of these ligands in the 6- or 9-position, respectively. Due to the high steric hindrance
of the methyl group or the annulated benzene, the environment of the complex is strongly influenced

and the ligand is again twisted within the oxazoline moiety and in addition out of the C-Ir-C plane
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(Scheme 6-32). Thus, the changing residues on the oxazoline moiety have only minor influence on the

geometry and therefore on the vco absorption frequencies (Scheme 6-33).
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Scheme 6-32. Geometry optimized models of dicarbonyl complexes with different pyrox-type ligands.
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Scheme 6-33. Comparison of steric influences on box, pyrox and mepyrox and quinox in the complex geometry in
[Ir(ligand)(CO),]PF¢ (28) resulting in different vco absorption energies.

In comparison to its oxygen analogues, for the complex with the bithiazolin ligand 'Pr-bta (7) the
lowest vco absorption frequency within the group of the C,-symmetrical box ligands was observed.
This can be attributed to a higher basicity of the N-donor, which can be explained by a lower
electronegativity of the sulfur in the thiazoline thus having a less electron withdrawing effect than an
oxygen. Alternatively, it can be assumed that the larger sulfur causes a strong distortion of the
thiazolin, which would result in a lower conjugation of the nitrogen, leading also to an increased
basicity.

For the P,N-coordinating phox (40) and the N,N,N-coordinating pybox (36) ligands the lowest vco
absorption energies were observed. For phox (40), this is in accordance with the assumption that
phosphorous atom is a strong c-donor, resulting in allow vco absorption frequency. Since phosphines
are also known as good acceptors for m-back bonding,”* **”' the obtained results show that m-back
bonding plays no major role in this square planar biscarbonyl complexes. Otherwise the C-O bond
would become stronger (cf. Scheme 6-29) and the vco absorption frequency would be expected to be
much higher. Either, the n-back bonding is generally not very strong in the cationic complexes or the

phosphine ligand is also distorted and therefore twisted out of the C-Ir-C plane making an overlap of
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the corresponding orbitals for the back bonding less possible. For pybox (36), the explanation for such
a large shift in the vco absorption energies is not obvious. The most likely explanation is, that the
complex with the tridentate ligand is pentacoordinated which leads to a different coordination sphere

around the iridium. Consequently, the pybox complex is not comparable with the oxazoline complexes.

Monocarbonyl Complexes

The comparison of monocarbonyl complexes [Ir(N*N)(cod)(CO)]PFs (26) (Scheme 6-34 and Table
6-3) shows, how the box and pyrox-type ligands can be compared with different bipyridines and
phenanthrolines. For unsubstituted bipyridine and phenanthroline ligands the highest vco absorption
energies of approximately 2050 cm ' were obtained. In comparison with their methyl-substituted
analogues dtbpy (32) and TMphen (39), the vco absorption frequencies are approximately 10 cm ™'
higher. As it was also the case for the dicarbonyl complexes [Ir(N*N)(CO),]PF¢ (28), the unsubstituted
H-box (5i) ligand causes a higher vco absorption frequency, than the relatively electron rich bipyridine
dtbpy (32) and TM-phen (39), with a vco of approximately 2045 cm™'. For Pr-quinox (20b) and
Pr-mepyrox (19b) again very similar vco absorption energies were obtained. However, for the
monocarbonyl complexes of these two ligands, a difference of approximately 2.5 cm ' was observed,
while the values for the corresponding dicarbonyl complexes are the approximately same. Here, the
6-methyl substituted mepyrox ligand causes slighthly higher electron density on the iridium which is in
agreement with the assumption that the methyl substituent donates more electron density than an
annulated benzene, resulting in a higher basicity of the N-donor as it is the case for the quinox ligand
20b. Obviously, the electronic properties of the ligands play a greater role in the monocarbonyl

complexes than it was observed for the dicarbonyl complexes.

Table 6-3. IR data for monocarbonyl complexes [Ir(N*N)(cod)(CO)]PFs (26).

Entry [Ir(N~N)(cod)(CO)]PF¢ (26) vco (exp.) [em™]  veo (cale.) [em™]
1 bpy (37) 2050.8 1980.5
2 Phen (38) 2050.1 1975.5
3 H-box (5i) 2045.4 1979.0
4 dtbpy (32) 2042.3 1977.1
5 TM-phen (39) 2040.7 1979.9
6 iPr-quinox (20b) 2039.8 1979.0
7 Pr-mepyrox (19b) 2037.5 1983.0

“Experiments were performed of a homogeneous complex solution in THF, measured on a ATR-silicon
crystal. Reading error: + 0.25 cm™.
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Scheme 6-34. Monocarbonyl vcq absorption energies of complexes [Ir(N*N)(cod)(CO)]PFg (26) in comparison with
calculated values.

The effects relevant for the position of the CO stretching band are here basically the same as discussed
for dicarbonyl complexes. The o-donation of the ligand as well as m-back donation from the metal
influence the C-O bond strength, while n-donation is not expected to occur, because the only empty
d-orbital in the trigonal bipyramidal coordination sphere of a Ir(I) complex is the d,.-orbital (Scheme

6-35) which does not have the appropriate geometry for the acceptance of m electrons.
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Scheme 6-35. Ligand field splitting of a trigonal bipyramidal coordination geometry and an electron configuration for a d®
metal complex.

The reason for a larger effect of the electronic properties of the ligands in the monocarbonyl complexes
can be found in the different coordination spheres present in monocarbonyl complexes in contrast to
dicarbonyl complexes. The coordination sphere of the pentacoordinated monocarbonyl complexes is
trigonal bipyramidal (cf. solid state structure of [Ir(iPr—quinox)(cod)(CO)]PF6; Scheme 6-5). Therefore
less steric hindrance is occuring in the N-Ir-N plane and the steric properties of the side chains in the
ligands cannot influence the geometry of the corresponding ligands in such a large extend as it was
found for dicarbonyl complexes. Consequently, the veo stretching frequencies of the monocarbonyl

complexes reflect better the electronic properties of the ligands (Scheme 6-36).
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Square planar di-CO Trigonal bipyramidal mono-CO

P
>
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N

steric hindrance
in ligand-CQO plane

Scheme 6-36. Comparison of the coordination spheres of dicarbonyl and monocarbonyl complexes and the resulting steric
hindrance in the ligand-iridium plane.

Comparison of Experimental and Calculated CO Stretching Frequencies

The comparison of the experimental results with the calculated values (Scheme 6-25) shows that the
symmetric vco stretching frequencies were much better predicted as the asymmetric ones. An
explanation might be that the transition dipole moments of the different stretch couplings are
perpendicularly orientated to each other (Scheme 6-38). The vector of the transition dipole moment of
the symmetric vco bisects the angle between the two carbonyl ligands. In the case of a C, symmetrical
ligand, this vector is even equal with the C, axis. In case of the asymmetrical stretch, the transition
dipole moment bisects the molecule between the bidentate ligand and the two carbonyls. It is possible,
that both bands are differently influenced by several additional factors such as changes of the

symmetry of the molecule.

N/\N N/_\N
\M/ \M/
O/&C/ ~c §O 0/40/ ~ C%O
~ I N Zr X
transition dipole moment transition dipole moment

Scheme 6-37. Transition dipole moments for symmetrical and asymmetrical stretches in a bended dicarbonyl complex.***!

From the comparison of the average vco stretching frequencies (Scheme 6-26) it can also be seen that
trends within a group of ligands can be predicted very well. However, comparing different ligand
types, the calculated box complexes seem to yield too high average vco values when compared with the
experimental ones. This can be explained on the basis of the flexibility of the ligands. In DFT
calculations, the vibrational frequencies are derived only from the optimized structure. However, in an

IR experiment in solution at room temperature not only the thermodynamic stable structure is present,

136



Results and Discussion

but a wide range of conformations, with e.g. different rotamers of the residues, are present at the same
time. Therefore, the theoretical calculations fail to predict the distribution of structures which can affect
the vco stretching frequencies. Since the box ligands have two rotating residues and more flexible core
structure due to the lack of aromaticity, the measured IR frequencies are influenced much stronger than
for example for pyrox, in which the pyridine provides a rather rigid structure. To illustrate how strong
this flexibility can affect the IR spectra, the vco absorption energies of the Ph-box dicarbonyl complex
(28f) were calculated for different angles of the Ph residues with the C-N bond. In the energy
optimized structure, this angle is 50° and corresponds to an average vco stretching frequency of 2039.9
cm’. However, when rotating the phenyl residue, wavenumbers in a rather broad range of to 2042.5 to
2032.2 cm™ are calculated. The experiment, in principle, yields the average value of all conformers,

with the highest proportion of the thermodynamically most stable structure.
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Scheme 6-38. Calculated average vco absorption energies of Ph-box (5g) in dependence on the Cp,-Cp,-C*-N
torsion angle. For simplicity both angles were set equal, maintaining C,-symmetry, for each point.

The prediction for the bipyridine ligand deviates most from the measurement. Here, the interpretation
is not straight forward. From the ligands evaluated in this project, it can be seen that the prediction of a
trend of vco stretching frequencies does only work for structurally related ligands and fails for the
comparison of different ligand classes. For monocarbonyls the calculation results even in different
trends than observed by the experiments, presumably due to the very flexible structure of the

complexes with cod ligands which actual geometry might be too hard to predict.
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Dicarbonyl Adduct with Lower CO Stretching Frequencies

Besides the identified dicarbonyl complexes, in some spectra a second set of vco bands, shifted
approximately by 20 cm' to lower wavenumbers, was found (Scheme 6-39). This set of shifted
wavenumbers might be assigned to the same complex which Mestroni observed upon purging solutions
of carbonyl complexes with nitrogen (cf. chapter 3.1.4)." ®' Mestroni assigned these signals to
pentacoordinated [Ir(ligand)(CO),(N,)]PF¢ (45) complexes, formed by the exchange of one carbonyl
ligand of a pentacoordinated tricarbonyl complex [Ir(ligand)(CO);]PF¢ (27) for one N,-ligand. Since
tricarbonyl complexes were not observed in this project and the bands at higher wavenumbers were
clearly assigned to dicarbonyl complexes, a tricarbonyl-precursor complex can be excluded here.
Calculations of pentacoordinated O,, cod or N, adducts of dicarbonyl complexes showed that the
formation of such structures would be suitable explanations for the observed low frequency vco
absorption bands. A similar observation was also made for the pentacoordinated pybox complex, for
which comparably low vCO absorption energies were observed. A hint for the identitiy of the
additional ligand in the, presumably pentacoordinated, adducts was given by the very small band at
2252 cm’, which was observed in spectra with relatively strong vco absorption bands of the
unidentified species. Calculations for the nitrogen adduct [Ir(ligand)(CO),(N,)]PFs (45) of the
dicarbonyl complex showed a band of the vy absorption also in this area. Therefore, and because
Mestroni obtained a similar IR spectrum after purging a carbonyl complex with nitrogen, the species
with vco absorption bands at approximately 2060 cm™' and 1985 cm™' can be most likely assiged as
nitrogen adducts [Ir(ligand)(CO),(N,)]PFs (45) of a dicarbonyl complex [Ir(ligand)(CO),]PF (28).
However, also coordination of other molecules such as O,, free cod or dissolved CO cannot be

excluded.

wr | V.

1987

—— [Ir(Pr-box)(CO)_JPF, (exp. in THF)

unidentified 'Pr-box carbonyl complex (exp. in THF)
[Ir(Pr-box)(CO),(N,)]" (calculation)

T T T T T T T T T T T T T T T
2300 2250 2200 2150 2100 2050 2000 1950 1900

Wavenumber / cm’”

Scheme 6-39. IR spectra of the unidentified ‘Pr-box carbonyl complex (black line) in comparison with the IR spectra of the
corresponding square planar dicarbonyl complex (grey line) and the calculated spectrum of the pentcoordinated nitrogen-
adduct (red line).
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Summary

In summary, trends between the oxazoline ligand groups and trends within these groups were observed
for dicarbonyl complexes [Ir(N/PAN)(CO),]PFs (28) concerning the resulting CO bond strength. In
these square planar complexes, the steric properties of the ligands played a major role for the electron
density on the iridium, because they strongly influence the geometry of the ligand which is reflected
either in the o-basicity of the ligand or in its n-acidity. Especially the result obtained for the complex
with the P,N-coordinating phox ligand (40) indicated that the obtained vco absorption energies were
mainly influenced by the o-basicity, because otherwise the vco absorption energies for this complex
would be expected to be much higher. For trigonal bipyramidal monocarbonyl complexes, the
electronic properties of a ligand became more predominant, leading to a switched trend between the
ligands 'Pr-mepyrox (19b) and 'Pr-quinox (20b) (Scheme 6-40). Therefore the square planar complexes
unexpectedly turned out to be a tool for the evaluation of structural properties of the tested ligands

while the trigonal bipyramidal monocarbonyl complexes exhibited information about the electronical

properties.
Square planar bis-CO Trigonal bipyramidal mono-CO
+
_\ +
e |
( N ny,, “\\\\\\\CO /:‘ Ir CcO
", Ir““\
N~ N
N
increasing electron density (Ir): increasing electron density (ir):
H-box > 'Pr-mepyrox = 'Pr-quinox H-box > iPr-quinox > ‘Pr-mepyrox

Scheme 6-40. Trends for box, mepyrox and quinox ligands observed for monocarbonyl and dicarbonyl complexes.

Prediction of the vcq stretching frequencies by DFT calculation gave the correct trends for structurally
related ligands in dicarbonyl complexes but failed for the comparison of different types of ligands, due

to an underestimation of the structural flexibility of the ligands.
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6.2 Heteroleptic Ruthenium(11) Complexes

For future immobilization on electrode surfaces (cf. chapter 1) the stepwise introduction of bipyridine
and oxazoline ligands on a ruthenium(II) precursor was investigated. As illustrated in Scheme 6-41 the
chiral oxazoline ligand needs to be introduced first while the bipyridine ligand is already immobilized

on a surface and therefore introduced as second ligand.

\ sN %
L, RJ‘;X /T
<\

X

Scheme 6-41.Immobilization of a ruthenium(ir) complex on a bipyridine functionalized gold surface. The ruthenium precursor
carries already a chiral oxazoline ligand while the bipyridine surves as connection to the surface and is introduced as second
ligand.

Following this strategy, two different approaches for the stepwise ligand introduction were adapted and
investigated. As shown in Scheme 6-42, either the cymene ruthenium dimer 46 or the dmso complex
47 was chosen as precursor complex. The use of the cymene complex 46 promises a straightforward
introduction of only one ligand first, because the cymene ligand is not labile enough to dissociate
easily. This, on the other hand, might become a problem when a second ligand should replace the
cymene ligand. Therefore a second route starting with the dmso-precursor 47 will be investigated as
well. The dmso and chloro ligands are far more labile than the cymene ligand from complex 46,
enabling ligand substitution processes at milder conditions. The challenge by applying this complex

will be the controlled stepwise coordination of different ligands.

In this chapter, to facilitate the assignement of the discussed complexes, the terms “homoleptic” and
“heteroleptic” will refer to the bidentate and tridentate ligands only. For example will a complex
containing two identical bipyridine ligands, one dmso ligand and one chloro ligand be referred to as

“homoleptic”.
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Precursor 1 Precursor 2
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Scheme 6-42. Preparation of heteroleptic target complex 50 following the cymene-complex 46 route (precursor 1) or the
dmso-complex 74 route (precursor 2).

6.2.1 [Ru(p-cymene)Cl], Precursor: Introduction of the First Ligand

The introduction of a first ligand on the cymene precursor 46 proceeded straightforward as expected
before. Complexations on this ruthenium precursor are usually performed in protic solvents such as
iso-propanol at elevated temperatures.”* Here, ethanol was chosen because the box ligands 5 were
well soluble in this solvent. Initial experiments were carried out with Pr-box (5b) that was heated
under reflux for 3 h together with the cymene precursor 46. The pure product 48a was obtained
quantitatively by simple evaporation of the solvent, and the procedure was successfully transferred to
the introduction of Ph-box (5g), which could also be obtained as pure product 48b. However, when the
conditions were applied to the analogous reaction with the moer flexible Bu-box (5e) and Bn-box (5h)
ligands, only impure products were formed. The complexes 48c¢ and 48d were detected by ESI-HRMS
spectroscopy but the 'H-NMR spectra showed too many impurities thus an identification of the
individual signals failed. Purification attempts by precipitation failed because the complexes were oily

compounds.
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Scheme 6-43. Ligand introduction on cymol precursor 46. The complexes 48a and 48b were obtained as pure substances
while the complexes 48¢ and 48d could not be identified doubtlessly.

Coordination of the iso-propyl substituted ligands can be easily observed in the 'H-NMR spectrum, as
depicted in Scheme 6-44. In the C,-symmetrical free ligand the methyl groups of the iso-propyl groups
are diastereotopic and therefore two doublets with an integration of 6 H-atoms each, can be observed
close to each other between 0.9 and 1.0 ppm. After successful coordination, the iso-propyl groups are
fixed in a different chemical surrounding and therefore become chemically inequivalent. Consequently,
the spectrum of the complex shows four different doublets which can be assigned to these four methyl

groups.
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Scheme 6-44.Typical change of the chemical shift of the iso-propyl groups of Pr-box 5b upon coordination to
[Ru(p-cymene)Cl], 46 in 'H-NMR spectrum (500 MHz, CDCl;). The upper spectrum shows the two doublets of two
chemically different methyl groups C(H,;); and C(H,;,); of the iso-propyl groups respectively of the free ligand. Upon
coordination all four methyl groups of the iso-propyl groups are fixed in a different chemical surrounding and become
therefore chemically different, which is represented in the four different doublets corresponding to these groups.

6.2.2 [Ru(cymene)Cl], Precursor: Introduction of the Second Ligand

Since [Ru(iPr—box)(p—cymene)Cl]Cl (48a) was prepared as pure compound, it was chosen as starting
material for the introduction of a second ligand. Together with bipyridine 37 (Scheme 6-45) or
terpyridine 51 (Scheme 6-46), it was heated at elevated temperatures of 100 °C in water as solvent for
20 h. These high temperatures and long reaction times were necessary, because the cymene ligand did
not decoordinate under milder conditions. Upon coordination with bipyridine 37, no heteroleptic
product 50a was found as assigned in the '"H-NMR spectrum, which did not show the typical doublets
of the iso-propyl groups of the box ligand. Therefore, it is very likely, that the box ligand
decoordinated quantitatively and only a bipyridine containing complex was formed. Supporting this
assumption, the homoleptic complexes 52 and 53 were detected by HRMS. Upon complexation with

terpyridine 51, the analysis of the '"H-NMR spectrum failed due to too many overlapping signals.
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However, after this reaction the heteroleptic complex 54a as well as the homoleptic complex 55 were

identified by HRMS, but a purification of the two cationic complexes by crystallization failed.
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Scheme 6-45. Complexation of [Ru(*Pr-box)(p-cymene)CI]CI (48a) with bipyridine 37. The desired heteroleptic complex 50a
was not formed as confirmed by "H-NMR spectroscopy. The homoleptic complexes 52 and 53 were identified by HRMS.

/
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48a

Scheme 6-46. Complexation of [Ru(iPr—box)Qv—cymene)Cl]Cl (48a) with terpyridine 51. As side product the homoleptic
complex 55 was identified by HRMS.

These two experiment showed that it is very difficult to introduce a second ligand to
[Ru(iPr—box)(p—cymene)Cl]Cl (48a) that is a bipyridine or terpyridine because these are much better
ligands and tend to displace the box ligand on the complex. It is also possible, that the box ligand is

hydrolyzed under the very harsh conditions.

6.2.3 [Ru(dmso)4Cl;] Precursor: Introduction of the First Ligand

After the failure of the first route, an alternative route starting with the dmso-precursor complex 47,
was investigated. Even though it was intendet to discover a method to introduce the oxazoline ligand as
first ligand, in the following experiments a bipyridine ligand was applied as first ligand. This procedure
promised to deliver results and knowledge about the heteroleptic complexes faster, since the first step
was already described by the group of Toyama. After gaining experience in the synthesis as well as
analytical data about the heteroleptic target complex 50, the challenging stepwise synthesis beginning

with oxazolines as first ligands, could be developed.
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Scheme 6-47. Two ways to prepare the heteroleptic target complex 50. In the preferred route the chiral ligand is introduced at

first but the alternative route is more promising, since the first step was already described by the group of Toyama.

[134]

Investigation of the product mixtures and analytical data of the target complex can be transferred onto the preferred route,
after following the alternative route.

For the introduction of bipyridine 37 to the dmso complex 47 the same conditions as reported by

Toyama’s group, were chosen. Both complexes were heated in ethanol in the presence of DMSO for

1-2 hours. The thermodynamically most stable cis, cis-isomer of three possible isomers 50 was

preferentially formed, in accordance to the reported results.**! However, the configuration of the

complex is not relevant because the subsequent coordination to the coordinatively saturated complex

50 is supposed to proceed via a dissociative mechanism.
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Scheme 6-48. Introduction of bipyridine 37 as first ligand on 47.
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Also the coordination of terpyridine 51 instead of bipyridine proceeded without any problems and
resulted in a very good yield of 86% of 57. This complex exists in two isomers in which the chloro

ligands can occopy positions trans or cis to each other.
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Scheme 6-49. Introduction of terpyridine 51 as first ligand on 47.

The successful reaction conditions of the complexation of bipyridine and terpyridine were transferred
to the coordination of a bisoxazoline ligand. Slightly varying conditions were screened to find suitable
conditions resulting in full conversion and a pure product. The results of these test reactions are
collected in Table 6-4. With 1 equivalent H-box ligand (5i), pure product was never obtained. In an
ethanol/DMSO mixture, the starting material was found, too, after short reaction times up to 5 h
(entries 1, 2 and 4). After a greatly extended reaction time of 24 h, only unidentified impurities were
found in the reaction mixture (entry 5). With the amount of ligand being increased up to 1.5
equivalents, a very good result was obtained after a reaction time of 1h (entry 6). The 'H-NMR
spectrum confirmed the clean formation of only one isomer. A reaction time extension about just half
an hour led to the reformation of starting material (entry 7), which was supported by the results of the
reaction after 2 h, in which also starting material was found. These results showed, how important a
well adjusted reaction time is for the sensible box ligands. It seems likely, that the H-box (5i) ligand in
these screening reactions was decomposed after successful coordination resulting in the reformation of
the starting compound 47.

The reaction conditions identified by the test screening (Table 6-4,entry 6) were applied on further
coordinations of different oxazoline ligands (Scheme 6-50). One main problem appeared during these
coordination experiments: It was not possible to identify most of the prepared complexes in their
'H-NMR spectrum because of too many overlapping signals. Due to the high number of possible
isomers it was also not clear if the crowded spectra were caused by many different product isomers or
if they also showed impurities. The desired complexes were detected by ESI-HRMS, but this method
allows no judgment concerning purity and quantity. Applying this method, an unexpected side product

was detected. The complexes containing 'Pr-pyrox (10b) and the tridentate 'Pr-pybox (36) did not only
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form their neutral bis-chloro complexes 49d and 58 respectively, but also their cationic chloride

complexes 57d and 59.

Table 6-4. Optimization of reaction conditions for the introduction of H-box (5i) to dmso complex 47.*

O O
Lo~
SMe,O 5i Imm SMe,O
OMesS.__ | __SMe;0 solvent O:EN\ | P
Ru Ru
\
OMeZS/ ‘ i 80-90 °C S ‘ cl
Cl — SMe,0
a7 49a
Entry Equiv. 5i Time [h] Solvent Result®
47 49a Impurities
1 1.0 1.0 EtOH/DMSO" X X
2 1.0 1.5 EtOH/DMSO" X X
3 1.0 1.5 EtOH X X
4 1.0 1.5 EtOH/DMSO" X X
5 1.0 24 EtOH/DMSO" X
6 1.1 1.0 EtOH/DMSO” x4
7 1.1 1.5 EtOH/DMSO" X X
8 1.1 2.0 EtOH/DMSO" X X

“Reactions were carried out with [Ru(dmso);Cl,] (47) (0.05 mmol) in 1 mL solvent. "EtOH/DMSO = 10/1 v/v.
“Determined by HRMS (ESI-TOF) and 'H-NMR analysis.“The product was obtained in 57% yield.

As already mentioned, ESI-HRMS is not suitible for quantification and the cationic complexes cause
much stronger signals because they are already ionic compounds. Thus it is possible that they were
only present in small amounts in the reaction mixtures. Among the prepared complexes, only the Ph-
box complex 49¢ was identified in its '"H-NMR spectrum. A single isomer was formed, but the
configuration could not be identified. It is possible that the relatively large residues of the applied
ligand supports the preferred formation of only one isomer. Since it is known that the analogue
complexes with bipyridine ligands can be separated by column chromatography using silica gel as
stationary phase and water/MeCN mixtures with salt additives such as KNO3, column chromatography
was tested as suitable separation method for the different isomeric product mixtures. Different
approaches using this method failed, until the attempt of preparative TLC analysis indicated
decomposition of the complexes. It was already known from the ligand synthesis that the free
oxazoline ligands decomposed very quickly after the elution from silica gel, it is possible that the same

happened to them even though they were coordinated to a metal center. Also attempts to purify the
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complexes by precipitation, failed because they were usually oily compounds. At least the neutral and
monocationic complexes should have different solubility but this assumed behavior could not be used

for purification.
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Scheme 6-50. Results of the reaction of the dmso complex 47 with different oxazoline ligands.

6.2.4 [Ru(dmso)4Cl;] Precursor: Introduction of the Second Ligand

The reaction conditions for the introduction of a second ligand on the bipyridine complex 56 were
evaluated using H-box (5i) as second ligand because it bears no stereocenter and therefore does not
form enantiomeric structures. In addition, it has a minimum of steric hindrance. The results of the
optimization are collected in Table 6-5. In chloroform and dichloromethane no product formation was
observed (entries 1 and 2). In DMF and ethanol the reaction proceeded as expected, while the product
mixture obtained from the reaction in ethanol after 1.5 h contained less impurities (entry 4). The
product mixture could be purified by column chromatography over silica gel with a water/MeCN
mixture as eluent. However, the product fraction still contained two inseparable isomers in a total yield

of 48%. The products were always detected as the monocationic chloride complexes 61a.
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Table 6-5. Optimization of reaction conditions for the introduction of a second ligand.*

+cl
o 7 (5 — SMe0~ |
Cl, Q N | N o__N ‘ N
Ru; i \Ru/
omes”” N~ o \N/‘\N/ 1
SMe,0 —/ o X
56 61a
Entry  Solvent Time [h] Result”
1 CHCl; 1.5 No product
2 DCM 1.5 No product
3 DMF 4 Product, many impurities
4 EtOH 1.5 Product, few impurities®

“Reactions were carried out under an argon atmosphere with [Ru(bpy)(dmso),ClL] (56) (0.02 mmol)
and H-box (5i) (0.02 mmol) in the respective solvent (5 mL). The reaction mixture was heated until
the boiling point of the respective solvent. "Analyzed by HRMS (ESI-TOF) and 'H-NMR
spectroscopy.“The product 6la was purified by column chromatography and obtained as isomer
mixture of two isomers in 48% yield.

cl = J

Cly, ‘ N

Ru Reaction conditions
\ s
oMes”” Nyt Ligand EtOH
80°C,1.5h
SMe,0
56

\ vo- O ‘-
S SMe,0~ 1 S SMe0_~ ]
| A | A
Z \Ru/ NS ~ \Ru/ NS
o \N/’\N/ ' o) \N/'\N/ '
\_$; a A cl X
61b 61c
(+ isomers; not isolated) (+ isomers; not isolated)

Scheme 6-51. Introduction of a box ligand as second ligand to the bipyridine complex 60. The identities of the complexes
were confirmed by HRMS. 'H-NMR analysis failed due to too many overlapping signals in the corresponding spectra.

As depicted in Scheme 6-51, Pr-box (5b) and Ph-box (Sh) were also introduced as second ligand under
the optimized reaction conditions. The resulting complexes 61b and 6lc were also obtained as
monocationic complexes as confirmed by HRMS. An interpretation of their 'H-NMR spectra failed,
because of too many overlapping signals. The complexes [Ru(box)(bpy)(dmso)CI]|Cl (49) formed in
maximum four different isomers which will lead to different signals in the proton NMR spectrum. The
presence of the neutral [Ru(box)(bpy)Cl,] (50) complex can also not be excluded, since it is harder to

detect by ESI-MS. Signals originating from this complex can also complicate the 'H-NMR spectrum.
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Purification by column chromatography, as performed for complex 57, was not successful because of
inefficient separation of the different fractions. An anion exchange of the chloride of complex 61b with
PFs (applied as KPFy) in aqueous solution caused a spontaneous precipitation of an orange solid. The
quality of the '"H-NMR spectrum of this compound was slightly better than the one of the original
complex, but still no interpretation was possible.

When the terpyridine complex 57 is applied as starting material for the coordination of a
C,-symmetrical box ligand as second ligand, no structural isomer can be formed. However,
complexations with three representative box ligands did not lead to the isolation of pure compounds
(Scheme 6-52). In case of coordination with the H-box ligand (5i), remaining starting material was
detected in the product mixture by 'H-NMR spectroscopy. The product appeared as mixture of the
monocationic complex 54b and the dicationic complex 62b. Both were precipitated from an aqueous
solution by anion exchange for PFs . The resulting PF¢s” complexes exhibited different retention times
on silica gel with a water/MeCN mixture as eluent, but in the isolated fractions no product complex
was left. It is possible that the ligand decomposed under the slightly acidic conditions on the silica gel.
The other two complexes 54a and S4¢ were also detected by HRMS only. These two complexes did
only form their monocationic versions but the proton NMR spectrum was still too crowded to identify

the complexes. All further purification attempts failed.

Reaction conditions

Ligand EtOH

80°C,15h

cl e

54b 62b 54a 54c

Scheme 6-52. Introduction of a box ligand as second ligand to the terpyridine complex 57. The identities of the complexes
were confirmed by HRMS. 'H-NMR analysis failed due to too many overlapping signals in the corresponding spectra.

Despite the problematic work-up experienced during the last reactions, the H-box complex 49a
(Scheme 6-53 and Scheme 6-54) and the iPr—pybox complex 58 (Scheme 6-55) were reacted with a
second ligand. As depicted in Scheme 6-53, several side products were identified in the reaction
mixture of H-box complex 49a and bipyridine 37. The desired hetereoleptic complex appeared as

monocationic structure 6la and dicationic structure 63a which were formed a few minutes after the
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reaction had started, as detected by ESI-HRMS. After approximately 1.5 h also the heteroleptic

complexes 52 and 53 were formed. The starting material was not fully consumed during the whole

reaction.
SMe,O Q,\f N /
OI/N\ | .« o
Ru
oS ‘ e
EtOH
SMe,O 80°C,3h
49a
*tCl _\ 2+ 2ClI°
SMe,O _] SMe,O_~
M\ 7 M\ , -
OI/N\R /N\ OjN\Ru/N\ X
u + +
o \N/ \N/ ! 1) \N/ \N/ 1 >N
-/ -/
oY SMe, 0 N
61a 63a
(formed immediately) (formed immediately) (formed after 1.5 h) (formed after 1.5 h)

Scheme 6-53. Introduction of bipyridine (37) as second ligand to the H-box complex 49a.

When terpyridine (51) was applied as second ligand, the homoleptic complex 55 was formed as well.
In this case, it was detected from the beginning on. The desired heteroleptic complex 54b appeared
only in its monocationic form. As it was already investigated for the box-cymene complexes (cf.
chapter 6.2.2), the box ligands appeared to be too weak to remain coordinated when bipyridine or

terpyridine was present.

‘ N T2+ 20
SMe,0 1
o M| o 51

I Ru\
oS ‘ cl

EtOH
— SMe,0 80°C, 6h
49a 54b 55

(formed immediately)

Scheme 6-54. Introduction of terpyridine (51) as second ligand to the H-box complex 49a.

This behavior appeared to be different for the complexes 58 containing the tridentate Pr-pybox ligand.
As illustrated in Scheme 6-55, only one product was formed by its reaction with bipyridine 37. The
tridentate pybox ligand is obviously much stronger than the bidentate box ligands and therefore it was

not substituted by bipyridine. However, the product complex 64 was still not pure enough to be
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identified in the 'H-NMR spectrum. The only evidence for this complex was obtained by HRMS

analysis.

N
| } \ |
_N SMe,O 37 N N__—
/Ru< \Ru<
SN e EtOH SN T |
\/F cl 80°C,3h # cl x
58 64

Scheme 6-55.Introduction of bipyridine (37) as second ligand to the ‘Pr-pybox complex 58.

6.2.5 Initial Catalysis Experiments: Transferhydrogenation

Even though the complexation experiments (cf. chapter 6.2.1, 6.2.2, 6.2.3 and 6.2.4) turned out not to
be very successful, two complexes were tested towards their catalytic activity in transfer
hydrogenation. If catalytic activity of the new complexes was observed, further optimization of their
preparation would be worthwhile. One of the most pure compounds that were tested is
[Ru(H-box)(bpy)(dmso)CI]CI 61a. It was treated by an anion exchange during column chromatography
with NOj;  because KNO; was added to the eluent mixture and was therefore applied as
[Ru(H-box)(bpy)(dmso)CI]NO; 65. The other one was the pybox complex [Ru(iPr—pybox)(bpy)Cl]Cl
64 (Scheme 6-56).

—* Noy° 2 D { e
SMe,0_~ SN
4N ‘ N ® \ B
~ N _N
\Ru/ \RU/N =

oS | TN St ‘ N
(o < 9 \

Cl Cl X

65 64

Scheme 6-56.Complexes applied in test reactions for catalytic transferhydrogenation.

Acetophenone (66) was chosen as substrate, iso-propanol or ammoniumformate were chosen as
hydrogen donors. The results were analyzed by GC-MS, which allows only for qualitative analysis.
Catalytic activity for both complexes was found in an aqueous system with ammonium formate as
donor while iso-propanol turned out to be an ineffective combination with the applied complexes. In
the aqueous system, the complexes were applied in loadings from 0.5 to 3.0 mol% and reaction times
of 20 h.
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O OH

NH,HCOO0, H,0, 80 °C, 20 h
66 67

Scheme 6-57. Transfer hydrogenation on acetophenone using ammoniumformiate as donor. Complex 65 was applied in 0.5
and 3.0 mol% and 64 in 2.5 mol%. Product was observed in all three cases by GC-MS.

The obtained results are promising. For the tested complexes catalytic activity was observed and the

next step should be the quantification of the catalytic results by a method such as GC-FID.
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7 Catalysis

Contributions: Experimental help by Gisa Meissner (borylation), Silke Plachetta (borylation and
(hydrido)silylether directed y-C-H activation) and Alexander Erhard ((hydrido)silylether directed

y-C-H activation) under my supervision.

7.1 Aromatic Borylation

The aim of this project was to find out, how chiral ligands influence the regioselectivity of the
borylation of monosubstituted arenes. Expected is a mono-borylation in the meta or para position,
while ortho borylation is usually not occurring because the aromatic borylation is very sensitive
towards steric influence (cf. chapter 4.1.1). Because two meta positions and only one para position are

available, the statististical meta:para ratio is 2:1 (Scheme 7-1).

R

[ir] R R

@ B,pin, (66) @\ © io\ /ojé
- - - + Bopin, = B—B,
o o
Bpin
Bpin 66

65 67 68

statistical ratio= 2:1

Scheme 7-1. Borylation of a monosubstituted arene 65. The statistical ratio for meta:para substitution is 2:1. Due to steric
hindrance, ortho borylation is not occurring.

7.1.1 Independent Synthesis of the Borylation Products

The expected borylation products were prepared independently for comparison of their analytical data
with the catalytic reactions. The preparation was realized by a Pd(I1) catalyzed coupling reaction of
B;pin, (66) with iodine or bromine substituted aromatic compounds, following a procedure reported by
the Miyaura group.”' The reactions were carried out under elevated temperature for ten hours. In
dependence of the residue, the yields in this reaction differed a lot, as depicted in Scheme 7-2 and
Scheme 7-3. The applied halide seemed to play no role for the outcome of the reactions. Even though
only small amounts of product could be isolated, reference 'H-NMR spectra and GC-MS data of all

prepared compounds were collected.
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69a
69b
69c
69d
69e
69f
69g

R [Pd(dppf)Cly] (70)

o o KOAc (71)
+ /B—B\
6 © DMSO, 90 °C, 10 h
69 66

R= C(CHj3)3, X=Br
R= CF3, X=Br

R= CO,Et, X=Br
R= Me, X=Br

R= CgHq4, X=Br
R= Me, X=1

R=ClI, X=1

Scheme 7-2: Preparation of para substituted borylation products 68.

72a
72b
72c
72d
72f
72g

[Pd(dppf)Cly] (70)
(o} /O KOAc (71)
@\ + B—B,
X (e} (e}

DMSO, 90 °C, 10 h
72 66

R= C(CH3)3, X=Br
R= CF3;, X=Br

R= CO,Et, X=Br
R= Me, X=Br

R= Me, X=1

R=CI, X=1

Scheme 7-3. Preparation of meta substituted borylation products 67.

7.1.2 Borylation Experiments

Initially, the Pr-box (5b)/[Ir(cod)(C1)] (23) system was probed towards its reactivity in aromatic
borylation. For the test reactions, deuterated benzene was used as substrate because it allowed an easy
analysis of the crude reaction mixtures by 'H-NMR spectroscopy. As reference ligand served 2,2"-

(4,4"-di-tert-butyl)-bipyridine (dtbpy) (32) because it was described to be very active in such reactions

(cf. chapter 4.1.1).

As illustrated in Scheme 7-5, the '"H-NMR analysis revealed almost full conversion of B,pin,, when
Pr-box (5b) was applied as ligand. The NMR yield of the respective reaction using dtbpy (32) was

comparable. Therefore, similar reactivity of both catalytic systems under the given conditions was

assumed.
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N
D [IrCl(cod),], (3mol%) (23) D
D D o o ligand (6 mol%) D D
N /
+ /B—B\
D D o o 120°C, 14 h b Bpin
D D
73 66 74
Ligands
0 0 Bu ‘Bu
Y N
N N, S
' =N N
5b 32
iPr-box dtbpy

Scheme 7-4. Initial borylation experiments using 'Pr-box (5b) as representative oxazoline ligand and dtbpy (32) as reference
ligand. Both experiments led to product formation almost quantitatively.

Borylation with ligand:
0, 0.
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B,pin, 56
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Scheme 7-5. 'H-NMR spectra before and after the borylation reaction with ‘Pr-box (5b) as ligand. Nearly full conversion of
B,pin, (66) to Ph-Bpin (74) appeared. HBpin (75) has a chemical shift of 0.98 ppm and was not observed.

Because the general reactivity of Pr-box (5b) was confirmed by the experiment with deuterated

benzene, the substrate and ligand scope were investigated. Further box ligands bearing aliphatic
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residues with different steric properties and one with a phenyl substituent were applied in the
borylation of three different monosubstituted arenes. These reactions were carried out at 80 °C instead
of 120 °, because test reactions showed that Pr-box (5b) did not cause full conversion any more at
temperatures of 80 °C and below. This was important, because the intention was to compare the
different ligands toward their activity as well as selectivity. In addition, slower reactions can be more

selective. The results are listed in Scheme 7-1.

Table 7-1. Borylation of different monosubstituted compounds with different box ligands.*

R [IrCl(cod)], (23) (3 mol%) R
© ligand (6 mol%)
HBpin (75)
+  Bypiny +
80 °C, 12-14 h @Bpin
Bpin
65 66 67 68
Entry R Ligand m:p - ratio” HBpin (66)°
1 Me dtbpy (32) 2.0:1.0 yes
2 Me "Pr-box (5b) 2.0:1.0 yes
3 Me ‘Bu-box (5¢) 2.0:1.0 yes
4 Me **“Bu-box (5d) 2.0:1.0 yes
5 Me Ph-box (5g) 2.0:1.0 yes
6 Cl dtbpy(32) 3.3:1.0 yes
7 Cl "Pr-box (5b) 3.3:1.0 yes
8 Cl ‘Bu-box (5¢) 3.6:1.0 yes
9 Cl **“Bu-box (5d) 3.6:1.0 yes
10 Cl Ph-box (5g) 3.0:1.0 yes
11 CF; dtbpy(32) 2.6:1.0 yes
12 CF; "Pr-box (5b) 2.6:1.0 yes
13 CF; ‘Bu-box (5¢) 2.7: 1.0 yes
14 CF; **“Bu-box (5d) 34:1.0 yes
15 CF; Ph-box (5g) 2.2:1.0 yes

“Reactions were carried out under argon atmosphere in flame-sealed NMR tubes with B,pin, (66) (50 mg,
1 equiv.) in 1.0 mL of the respective substrate. "Determined by "H-NMR spectroscopy. ‘Identified in
"B-NMR spectrum.

In case of toluene (65d) all ligands caused a statistical meta:para ratio of 2:1 (entries 1-5). For the
chloro substituted substrate 65g the non-chiral dtbpy (32) caused a ratio in which the meta position was
slightly preferred (entry 6). This trend was maintained by the other ligands, while ‘Bu-box (5¢) showed
with a ratio of 3.3:1.0 the highest preference for the meta position. Trifluorotoluene (65b) was also

substituted with a preference for the meta position s, even though not as much as it was observed for
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chlorobenzene (65g). For this substrate, the sec-butyl substituted box ligand 5d showed with a 3.4:1.0
ratio the highest preference for the meta position (entry 14). In all reactions HBpin (75) was identified
in the ''B-NMR spectrum, indicating that not both equivalents of B,pin, (66) were consumed (Scheme
7-6). It was not possible to identify the signal of B,pin, (66) in the ''B-NMR spectrum because its
chemical shift is very similar to these of the borylated products 68 and 67.

H @ Bpin
) ’ . 76
+ pinB—Bpin f H-Bpin —— + H,

76 66

Scheme 7-6. Aromatic borylation with B,pin, (66).

The determination of the meta:para ratio was performed by measuring the integrals of the
corresponding "H-NMR signals in the aromatic region. As demonstrated on an example of borylated
chlorotoluene 68g and 67g, these signals were usually well separated from each other and were

therefore reliably integrated.

Hy Bpin W Ty
H Bpin
d
6
67g 89
Hb
1H
e
H, H, Hy H
iH 2H 1H iH 2H
‘ cocl,
__ UUMY L,U

— N —/

T T T T T T T T T
7.9 738 77 7.6 7.5 74 7.3 72 7.1
PPM

Scheme 7-7. 'H-NMR-spectra of 68g and 67g. Shown is the aromatic region.

Because in some reactions only very small signals were found in the respective 'H-NMR spectra,
which made the determination of the meta:para ratio very difficult, some optimization with another
iridium precursor and with the addition of an inert solvent were undertaken. The aim of these

optimization reactions was to obtain a better conversion while keeping the temperature relatively low at
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the same time. The results are listed in Table 7-2. Surprisingly, with dtbpy the best results were
achieved with the chloro bridged iridium precursor 23 (entries 1 and 2). The addition of cyclohexane
(78) as inert solvent led in one case to an increase (entry 2) and in another case to a decrease (entry 4)
of the total yield. The meta:para ratios of all experiments with this ligand were the same. With
application of the non-chiral H-box ligand (5i), this ratio was shifted with 2.5:1.0 a little bit more
towards the statistical ratio (entries 5-6). For this ligand, the highest yield was achieved with the
methoxy bridged precursor 79 (entry 6). In a similar reaction with the chloro bridged precursor 23, the
yield dropped from 72% to 49% (entry 7). For the application of the "Bu-box ligand (5f), similar results
were observed (entries 8-10). The meta:para ratio caused by "Bu-box (5f) showed the same preference

for the meta position as it was observed for dtbpy (32).

Table 7-2. Optimization of the catalytic system of aromatic borylation.”

CF3 [Ir(cod)X, (3 mol%) CFs ¢
@ ligand (6 mol%) @\
+ Bopin, +
80°C,14 h Bpin
Bpin
65b 66 67b 68b
Entry Ligand X Solvent” Yield [%]° meta[%]° para[%]° m:p - ratio®
1 dtbpy (32) cl - 78 60 18 3.2:1.0
2 dtbpy (32) cl CHex (78) 91 69 22 3.2:1.0
3 dtbpy (32) OMe - 76 57 19 3.2:1.0
4 dtbpy (32) OMe CHex (78) 47 36 11 3.3:1.0
5 H-box (5i) Cl CHex (78) 14 10 4 2.5:1.0
6 H-box 5i) OMe - 72 51 21 2.5:1.0
7 H-box (5i) OMe CHex (78) 49 35 14 2.4:1.0
8 "Bu-box (5f) Cl CHex (78) 30 24 6 4.0:1.0
9 "Bu-box (5f) OMe - 34 26 8 3.3:1.0
10 "Bu-box (5f) OMe CHex (78) 34 26 8 3.3:1.0

*Reactions were carried out under argon atmosphere in a flame-sealed NMR tube with B,pin, (66) (50 mg, 1 equiv.). "Reactions were
carried out in in 1.5 mL solvent (either the neat substrate or a 1:2 mixture substrate:CHex (78) (v/v)). “Determined by "H-NMR relative to
the internal standard TMB (80).

Even though the results obtained when using the chloro-bridged dimer 23 seemed to be promising, the
'H-NMR spectra showed in some cases unidentified signals and the results of the reactions carried out
using [Ir(cod)OMe], (79) as iridium source were much better reproducable. Therefore, [Ir(cod)OMe],
(79) was chosen as precursor for the following experiments. For quantification, the internal NMR

standard 1,2,3-trimetoxybenzene (TMB) (80) was not reliable enough, because the resulting solid,
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which was obtained after the reaction work-up and that already contained the solid standard, did
sometimes not dissolve completely in the deuterated solvent. Therefore it was not possible to judge if
the standard was dissolved completely. As a better method, quantification by GC-FID was chosen for
the following borylation experiments, because the analysis by this method was possible from the crude
reaction mixture.

In Table 7-3, the catalysis results of the borylation of trifluorotoluene substrate (65b) in the presence of
the different oxazoline ligands are listed, whereas in Table 7-4, the respective results using different
bipyridine, phox, pybox and some more ligands are shown. The reactions were carried out in neat
solvent. The reaction volume was with 0.8 mL chosen to be smaller than in previous experiments,
aiming for a higher B,pin, (66) concentration.

A blank sample without any added ligand led to only 17% conversion of B,pin, (66), indicating the
necessity of a ligand for the formation of an active catalyst (Table 7-4, entry 15). Consequently, it can
be assumed that the observed differences in reactivities were brought about by the respective ligands.
In the reported reactions, the symmetrical standard ligand dtbpy (32) led to a meta:para ratio of 3.0:1.0,
which means that the meta position was slightly preferred in comparison with the expected statistical
ratio of 2:1 (Table 7-4, entry1). As expected, by application of this ligand full conversion of B,pin, (66)
was achieved. Other, unsymmetrically substituted bipyridines also resulted in full conversion and a
meta:para ratio of approximately 3:1 (Table 7-4, entries 2-5). However, the preference for the meta-
position was somewhat more pronounced for the bipyridines bearing activating amine and amide
substituents 81 and 83 (Table 7-4, entries 2 and 4) than for the deactivating ester and nitrile substituents
82 and 84 (Table 7-4, entries 3 and 5). The conversions were quantitative for all bipyridines and no
residual HBpin (75) was identified in the ''B-NMR spectrum. The unsubstituted H-box ligand (5i)
showed a result similar to that one obtained by dtbpy (32) (Table 7-3, entry 21). The application of all
other box-ligands gave full conversions as well, except for three cases in which still high conversions
of above 90% were obtained (Table 7-3, entries15, 17 and 23). One of the less activating ligands is the
tert-butyl substituted 5c, which might be due to too high steric hindrance (Table 7-3, entry 17). The
meta:para ratios are around 3.0:1.0 in nearly all cases, when box ligands were applied. Only the Ph-
box (5g) caused with 2.1:1.0 a ratio close to the statistic ratio (Table 7-3, entry 16). The iso-butyl
substituted box ligand (5e) shows a meta:para ratio of 3.5:1.0 under the box ligands to the highest
preference for the meta-position (Table 7-3entry 18). Applying the pyrox 10, mepyrox 19 and quinox
20 ligands resulted in full conversions (Table 7-3, entries 1-13). Moreover, when the iPr—quinox (20b)
was applied with a catalyst loading of only 0.35 mol%, the reaction reached full conversion without
any HBpin signals detected by ''B-NMR (Table 7-3, entry 11). The pyrox-type ligands caused a
somewhat stronger preference for borylation in the meta position. Especially 'Pr-quinox (20b) and Bn-
pyrox (10h) led to a relatively high meta:para ratios of 4.3:1.0 and 4.0:1.0, respectively (Table 7-3,
entry 9 and 4). The phenyl substituted ligands 10g, 19g, 20g and 5g showed the lowest preference for
the meta position (Table 7-3, entries 2, 6, 12 and 16). For this substitution pattern, ortho-metallation on

the ligand should be taken into account as unwanted side-reaction.
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Table 7-3. Ligand screening for borylation of triflourotoluene (65b): Box (5), pyrox (10), mepyrox (19) and quinox (20)
ligands.”

[Ir(cod)OMe], (79)

CF3 ligand CF3 CFs
Bapin (66)
+
80°C, 14 h Bpin Soin
65b 67b 68b
Entry Ligand Cat.-loading  m:p.ratio® Conv. [%]"° HBpin®
[mol %"
1 =\ ° 3 30:1.0 100
Q_«N]r no
"Pr-pyrox (10b)
2 Ph-pyrox (10g) 3 30:1.0 100 no
3 "Bu-pyrox (10f) 3 3.8:1.0 100 no
4 Bn-pyrox (10h) 3 40:1.0 100 no
5 = O] 3 27:1.0 100 no
) l\f \N [/
"Pr-mepyrox (19b)
6 Ph-mepyrox (19g) 3 2.8:1.0 100 no
7 "Bu-pyrox (19f) 3 3.8:1.0 100 no
8 Bn-pyrox (19h) 3 33:1.0 100 no
9 g‘\/ (Oj 3 43:1.0 100 no
\ N
N N '/,//
iPr-quinox (20b)
11 iPr-quinox (20b) 0.35 3.6:1.0 100 no
12 Ph-quinox(20g) 3 2.6:1.0 100 no
13 "Bu-quinox (20f) 3 33:1.0 100 no
e .
14 \%:NHN]I/ 3 37:10 100 -
‘Pr-box (5b)
15 Pr-box (5b) 0.35 3.8:1.0 87 yes
16 Ph-box (5g) 3 2.1:1.0 100 yes
17 ‘Bu-box (5¢) 3 3.1:1.0 94 yes
18 ‘Bu-box (5e) 3 35:1.0 100 no
19 "Bu-box (5f) 3 30:1.0 100 yes
20 Bn-box (5h) 3 32:1.0 100 no
21 H-box (5i) 3 29:1.0 100 no
22 Me-box (5a) 3 34:1.0 100 yes
23 **“Bu-box (5d) 3 33:1.0 99 no

“Reactions were carried out in sealed NMR tubes with Bopin, (66) (50.0 mg, 1 equiv.) and 1.0 mL of neat substrate.
After the reaction was finished, 50 pL n-Dodecane was added as GC-standard. °[Ir(cod)(OMe)], (79) (2.77 mg,
3 mol% or 0.46 mg 0.35 mol%) and ligand (6 mol% or 0.7 mol%). “Determined by '"H-NMR. “Determined by GC-FID.
“Determined by ''B-NMR.
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Table 7-4. Ligand screening for borylation of triflourotoluene (65b): Bipyridine and miscellanious ligands.”

oFs M nd i mosy ) CFs T
Bopin, (66) @\
o Bpi
80°C, 14 h pin Bpin
65b 67b 68b
Entry Ligand m:p ratio” Conv. [%]° HBpin*
1 30:1.0 100 no
\’,\f \Ni/
Dtbpy (32)
2 NH; 33:1.0 100 no
\'N/ \;/
NH,-bpy (81)
3 COOMe-bpy (82) 25:1.0 100 no
4 MeCONH-bpy (83) 32.1.0 100 no
5 NC—bpy (84) 2.7:.01 100 no
6 - 52 yes
0, o
H?NHNIOH
i /~
'Pr-diamide (85)
7 Ph-diamide (86) 23:1.0 59 yes
8 "Bu-diamide (87) 23:1.0 54 yes
9 @\( 20:1.0 76 yes
(0]
PPh, r\}\>
Ph
Ph-phox (40)
10 [ 3.1:1.0 100 no
o( NN O
kN W
, /=
'Pr-pybox (36)
11 _ A 27:1.0 100 no
X0
N N
Pybenzim (42)
12 _ M 27:10 32 yes
Waw
Ph
P-py (88)

13 ﬁ><{o 24:1.0 90 yes
o
A W
Ph Ph

Me,-Ph-box (89)

14 32:1.0 100 no
=N N=
Pyrim (41)

15 - - 17 no

“Reactions were carried out in sealed NMR tubes with B,pin; (66), (50.0 mg, 1 equiv.)[Ir(cod)(OMe)], (79) (2.77 mg) and
1.0 mL of neat substrate. After the reaction was finished, 50 pL n-Dodecane was added as GC-standard. "Determined by
'H-NMR. ‘Determined by GC-FID. “Determined by 'B-NMR.
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Using open chained box-precursors 85, 86 and 87 resulted in conversions of around 50% and, if
detectible, a nearly statistical meta:para ratio (Table 7-4, entries 6-8). Other bidentate N~N ligands did
also cause full conversion and a meta:para ratios around 2.5:1.0 (Table 7-4, entries 12 and 13). In
comparison to oxazolin ligands, the structurally related pybox and methylene-box ligands showed
interesting results. While the tridentate pybox (36) (Table 7-4, entry 10) still led to full conversion
without any traces of HBpin (75) and a meta:para - ratio similar to the dtbpy (32) (Table 7-4, entry 1)
and H-box (5i) (Table 7-3, entry 21), the methylene bridged box ligand (89) did not lead to full
conversion (Table 7-4, entry 13). It still gave a high conversion of 90%, but the lowest of all oxazolin
type ligands. The meta:para ratio caused by this ligand was very close to the statistical distribution
(Table 7-4, entry 13). This result might be interpreted such that the flexibility of the methylene brigded
89 leads to a larger bite angle causing too high steric hindrance of the complex which might make the
formation of the catalytic active complex unfavorable. Since the box-type ligand systems caused in
most cases full conversion, two experiments were repeated with 0.35 mol% instead of 3 mol% catalyst
loading (Table 7-3, entry 11 and 15). In these reactions, differences caused caused by the box Sb and
the quinox 20b ligands became detectable. Using the quinox ligand system full conversion was
achieved, while the box ligand showed a limit of 87% conversion of B,pin, (66). In case of the box
ligand, the meta:para ratio remained the same as in the reaction with a higher catalyst loading, but in
case of the quinox ligand a decrease from 4.3:1.0 to 3.6:1.0 was detected.

In summary, the catalytic systems with pyrox 10, mepyrox 19 and quinox 20 ligands were the most
promising ones. These ligands offered the best compromise between the good coordination ability of
the aromatic pyridines and the chiral moiety of the bisoxazolines. It is remarkable, that the reaction was
not inhibited by the substituents in the 6-position of the mepyrox and quinox ligands, as it was reported

for symmetrical 6,6 -substituted bipyridines (cf. chapter 4.1.1).!"

Besides, the promising results using
tridentate pybox 36 ligands make further investigation of this catalytic system desirable. Therefore in

following experiments the focus laid on pyrox 10, mepyrox 19 quinox 20 and pybox 36.

In the next reactions, the temperature was further decreased to possibly increase the selectivity of the
applied ligands. Table 7-5 shows the results obtained from the borylation of trifluorotoluene (65b) at
70 °C and at room temperature (entries 13 and 14). Aromatic borylation with bipyridines and
phenanthrolines as ligands was already reported to be proceeding at room temperature (cf. chapter
4.1.1)". Here, the two pyrox ligands 10f and 10b were investigated towards their reactivity at room
temperature and in both cases conversions of 90% and higher were achieved, while the combined
yields of product 68b and 67b were relatively low, 31% and 45%, respectively. These yields represent
the conversion of approximately one equivalent of boron reagent 66 into the aromatic product.
Considering the reactions carried out at 70 °C (entries 1-12), more than one boron equivalent was
converted into product, except for when box ligands 5f (entry 4), 5b (entry 5), Sg (entry7), 5d (entry 8)
and Si (entry 9) were applied. These results are in accordance with those listed in Table 7-3, where the

application of box ligands also resulted in less active catalytic systems. The meta:para ratios were in
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all experiments approximately 3.0:1.0, showing a slight preference for borylation in the meta-position.
The highest meta-preference, 3.5:1.0, was obtained at room temperature for both applied ligands,

indicating that lowering the temperature did lead to higher selectivity.

Table 7-5. Borylation of trifluorotoluene (65b) with different oxazoline ligands at 70 °C and room temperature.”

or e 0amore T GFs T
B,pin, (66)
N
14 h Bpin Boin
65b 67b 68b
Entry Ligand Temp. [°C]  m:p ratio” Conv. [%]° Yield [%]° HBpin®
1 "Bu-pyrox (10f) 70 33:1.0 100 87 no
2 "Bu-mepyrox (19f) 70 28:1.0 100 87 no
3 "Bu-quinox (20f) 70 28:1.0 99 80 yes
4 "Bu-box (5f) 70 26:1.0 84 28 yes
5 Pr-box (5b) 70 27:1.0 79 34 yes
6 iPr—quinox (20b) 70 2.7:1.0 100 86 no
7 Ph-box (5g) 70 20:1.0 90 42 yes
8 *Bu-box (5d) 70 29:1.0 96 52 yes
9 H-box (5i) 70 25:1.0 100 33 yes
10 Pr-pyrox (10b) 70 3.0:1.0 100 84 no
11 Pr-mepyrox (19b) 70 3.0:1.0 100 81 no
12 Pr-pybox (36) 70 23:1.0 100 79 yes
13 "Bu-pyrox(10f) r.t. 35:1.0 90 31 no
14 Pr-pyrox (10b) r.t. 35:1.0 99 45 no

“Reactions were carried out in sealed NMR tubes with B,pin, (66), (50.0 mg, 1 equiv.)[Ir(cod)(OMe)], (79) (0.46 mg) and
0.8 mL of neat substrate. After the reaction was finished, 50 pL n-Dodecane was added as GC-standard. "Determined by
'H-NMR. ‘Combined yield for 67b and 68b were determined by GC-FID. “Determined by ''B-NMR.

In Table 7-6 results for the borylation of tert-butylbenzene (65a) at different temperatures and different
catalyst loadings are presented. In these experiments, no GC calibrations for the products 67a and 68a
were prepared and only the conversions of B,pin, (66) were determined. The reactions were carried out
applying temperature/catalyst loadings as follows: (1) 70 °C/2.1 mol%, (2) 60 °C/2.1 mol% and (3)
70 °C/0.35 mol%. A clear trend considering selectivity and conversion in these reactions could not be
observed. Except for four examples, in which the differences in conversions between 70 °C and 60 °C
with the same catalyst loadings were only minimal, while the yield usually dropped when a lower
catalyst loading was applied (entries 3-6, 8, 11 and 12). In the other five experiments, the conversions
stayed quantitatively (entries 1, 2 and 10) or increased slightly, compared to the reaction carried out

with higher catalyst loading (entry 7). Quantitative conversions were achieved when using dtbpy (32),
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"Bu-pyrox (10f) and 'Pr-pyrox (10b) ligands. A preference for the para-position was observed in most
cases, except for when "Bu-pyrox (10f) and 'Pr-pyrox (10b) ligands and low catalyst loadings were
applied (entries 2 and 10). Using lower catalyst loadings, in six cases the preference for the
para-position decreased slightly (entries 1-3, 8, 10 and 12), in four cases it stayed the same (entries 4,
6, 9 and 11) and in two cases it increased (entries 5 and 7) relative to reactions when higher catalyst
loadings were used. However, these differences were usually only minimal and no influence of the type

of ligand could be identified, the changes in selectivity were rather random.

Table 7-6. Borylation of fert-butylbenzene (65a) with oxazoline ligands.”

[Ir(cod)OMe], (79)

B,pin, (66)
ligand
> +
70 °C, 14h Bpin
Bpin
65a 67a 68a
Entry Ligand 70 °C 2.1 mol % [Ir] 60 °C, 2.1 mol % [Ir] 60 °C, 0.35 mol % [Ir]
m:p® Conv. [%]° m:p®  Conv.[%]° m:p® Conv. [%]°
1 dtbpy (32) 14:1.0 100 1.3:1.0 100 1.5:1.0 100
2 "Bu-pyrox (10f) 1.7:1.0 100 20:1.0 100 23:1.0 100
3 "Bu-mepyrox (19f) 0.6:1.0 55 0.3:1.0 65 1.2:1.0 40
4 "Bu-quinox (20f) 1.7:1.0 78 0.7:1.0 85 1.7:1.0 47
5 "Bu-box (5f) 1.2:1.0 49 0.7:1.0 43 1.0:1.0 24
6 Pr-box (5b) 1.0:1.0 47 05:1.0 51 1.0:1.0 30
7 "Pr-quinox (20b) 20:1.0 33 0.8:1.0 80 02:1.0 95
8 Ph-box (5g) 1.0:1.0 64 1.6:1.0 40 1.5:1.0 32
9 H-box (5i) 05:1.0 40 04:1.0 37 0.6:1.0 45
10 Pr-pyrox (10b) 1.5:1.0 100 1.6:1.0 100 33:1.0 100
11 Pr-mepyrox (19b) 0.1:1.0 63 0.8:1.0 62 03:1.0 32
12 "Pr-pybox (36) 03:1.0 55 1.0:1.0 33 0.8:1.0 21

'Reactions were carried out in sealed NMR tubes with Bopin, (66), (50.0 mg, 1 equiv.)[Ir(cod)(OMe)], (79) (0.46 mg) and 0.8 mL of neat
substrate. After the reaction was finished, 50 uL n-Dodecane was added as GC-standard. *Determined by 'H-NMR. ‘Determined by
GC-FID.

For the borylation of cyclohexylbenzene (65e), conversions and meta:para ratios were investigated as
listed in Table 7-7. Similarly to the results obtained when using tert-butylbenzene as substrate (65a)
(see Table 7-6), "Bu-pyrox (10f) and iPr-pyrox (10b) were the only oxazoline ligands resulting in full
conversion in the borylation of cyclohexylbenzene (entries 2 and 11). Regarding the other ligands, no

trend was observed. For this substrate, a preference for para substitution was obsereved with meta:para
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— ratios of 1.5:1.0. Only when applying ***Bu-box (5d) ligand in the catalytic system, meta preference

with a meta:para ratio of 2:1 was observed (entry 9).

Table 7-7. Borylation of cyclohexylbenzene (65e) using oxazoline ligands.*

[Ir(cod)OMe], (79) (0.35mol%)
B,pin, (66)
ligand (1 mol%)

70 °C, 14h Bpin
Bpin
65e 67e 68e
Entry Ligand m:p ratio” Conv.[%]°
1 dtbpy (32) 14:1.0 21
2 "Bu-pyrox (10f) 1.5:1.0 100
3 "Bu-mepyrox (19f) 14:1.0 30
4 "Bu-quinox (20f) 12:1.0 37
5 "Bu-box (5f) 1.4:1.0 32
6 Pr-box (5b) 1.4:1.0 36
7 *Pr-quinox (20b) 0.8:1.0 45
8 Ph-box (5g) 1.8:1.0 17
9 *““Bu-box (5d) 22:1.0 -
10 H-box (5i) 1.8:1.0 46
11 "Pr-pyrox (10b) 1.8:1.0 100
12 "Pr-mepyrox (19b) 1.3:1.0 18
13 "Pr-pybox (36) 1.6:1.0 10

“Reactions were carried out in sealed NMR tubes with B,pin, (66), (50.0 mg,

1 equiv.)[Ir(cod)(OMe)], (79) (0.46 mg) and 0.8 mL of neat substrate. After the reaction was
finished, 50 pL n-Dodecane was added as GC-standard. *Determined by 'H-NMR. “Determined
by GC-FID.

Since the previously discussed borylation already indicated a substrate induced selectivity without any
influence of the applied ligand, for anisol (65f) and ethylbenzoate (65¢) only very few experiments
were conducted (Table 7-8 and Table 7-9). The observed meta:para selectivity indicates a substrate
specific product distribution, since anisol (65f) was substituted with a high preference in the meta
position while for ethylbenzoate (65¢) the opposite was observed. For these two substrates the yields of

the products as well as conversions were determined.
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Table 7-8. Borylation of anisol (65f) using oxazoline ligands.”

[Ir(cod)OMe], (79) (0.35mol%)

OMe Bypin, (66) OMe OMe
ligand (1 mol%) f
60 °C, 14h Bpin
Bpin
65f 67f 68f
Entry Ligand m:p ratio® Conv. [%]° Yield [%]¢
1 dtbpy (32) 40:1.0 100 15
2 "Bu-pyrox (10f) 40:1.0 100 8
3 "Bu-mepyrox (19f) 37:1.0 56 5
4 "Bu-quinox (20f) 4.0:1.0 77 11
5 iPr—quinox (20b) 32:1.0 81 5
6 H-box (5i) 35:1.0 93 10

“Reactions were carried out in sealed NMR tubes with Bypin, (66), (50.0 mg,
1 equiv.)[Ir(cod)(OMe)], (79) (0.46 mg) and 0.8 mL of neat substrate. After the reaction was
finished, 50 L n-Dodecane was added as GC-standard. "Determined by 'H-NMR. ‘Determined by
GC-FID.

Table 7-9. Borylation of ethylbenzoate (65¢) using oxazoline ligands.*

O. OFEt [Ir(cod)OMe], (79) (0.35mol%) O. OEt O.__OEt
B,pin, (66)
ligand (1 mol%)
: +
60 °C, 14h Bpin
Bpin
65¢c 67c 68c
Entry Ligand m:p ratio Conv. [%] Yield [%]
1 dtbpy (32) 1.3:1.0 100 11
2 "Bu-pyrox (10f) 14:1.0 100 8
3 "Bu-mepyrox (19f) 1.3:1.0 83 6
4 "Bu-quinox (20f) 1.2:1.0 100 7
5 "Pr-quinox (20b) 1.6:1.0 100 6
6 H-box (5i) 1.3:1.0 100 10

‘Reactions were carried out in sealed NMR tubes with Bopin, (66), (50.0 mg,
1 equiv.)[Ir(cod)(OMe)], (79) (0.46 mg) and 0.8 mL of neat substrate. After the reaction was
finished, 50 pL n-Dodecane was added as GC-standard. "Determined by 'H-NMR. ‘Determined by
GC-FID.

Despite the high conversions of about 90%, for both substrates only extremely low yields of about 10%

were observed, indicating a consumption of B,pin,(66) for the formation to an unidentified product. It

168



Results and Discussion

might be possible that a polymeric, or at least insoluble, structure was formed that was removed upon
filtration of the reaction mixture or that numerous different unidentified side products were produced in
small amounts. Similar results were obtained in the aliphatic borylation (cf. chapter 7.2), when B,pin,
(66) was consumed with high conversions, while hardly any product was formed. Control reactions
indicated the importance of the presence of catalytic amounts of iridium for the B,pin, (66)
consumption. Since the different ligands led to very different conversions, it can also be assumed that
the presence of ligand is important for the unknown reaction as well.

In conclusion, for two substrates no yield could be determined and two substrates showed a very high
difference between conversions and actual yields. Only for trifourotoluene (65b) (Table 7-5),
reasonable yields were obtained. Consequently, a discussion of the relative activity caused by the
different ligands is not possible. However, the average selectivities for the different investigated
substrates were quiet consistent and are summarized in Scheme 7-8. For fert-butylbenzene (65a),
ethylbenzoate (65¢) and cyclohexybenzene (65e) a preference for the para position was found and for
trifluorotoluene (65b) as well as for anisol (65f) the opposite, a preference for a substitution of the meta
position was observed. An electronic reason for this behavior, as it is known from electrophilic
aromatic substitution, is very unlikely. The substrates for which a meta preference was observed, have
both an electron withdrawing inductive effect, but the methoxy group of anisol (65f) can also donate
electron mesomerically, which is supposed to be stronger than an inductive effect. The obvious
difference for the identified preferences in meta:para selectivity can simply be found in the steric
hindrance of the substituent on the respective arene. The highest steric hindrance is caused by the
tert-butyl residue in fert-butylbenzene (65a), for which the highest para preference was observed,
followed by the ethylester and cyclohexy substituted benzene. For substrates with comparable small

residues, such as trifluoromethyl and methoxyl, the meta position can be substituted with preference.

Bpln

Bp|n
65
Fs o
65b 65f
0.9:1.0 14:10 15:1.0 2.8:1.0 37:1.0
para-preference meta-preference

Scheme 7-8. Overview of average meta:para ratios in aromatic borylation of monosubstituted arenes (65).
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Since the regioselectivity of borylation of monosubstituted arenes was found to be strictly substrate
induced, these reactions were not investigated in further detail. In summary, using trifluorotoluene as
substrate (65b), the box ligands caused lower conversions and yields than the pyrox-type ligands in
each case and all oxazoline ligands were not as effective as the usually applied dtbpy (32).
Interestingly, the substituents in the 6-position or 9-position in the mepyrox 19 and quinox 20 ligands
and pybox 36 did not inhibit the reaction, while for the methylene bridged box 89 a decrease in
resctivity was observed. 6,6 -substituted bipyridines were reported to be completely inadequate for
aromatic borylation."! These findings indicate, that only steric and ligand strengths is decisive for the

success of the reaction while the selectivity is determined by the substrate only.

7.2 Aliphatic Borylation

Encouraged by results of the Hartwig group who reported successful aliphatic borylation of n-octane
with the catalytic system'"*® developed for aromatic borylation consisting of [Ir(cod)Cl],/N,N-ligand,
aliphatic borylation was as well investigated with the oxazoline ligands. Since borylation is due to
steric reasons selectively occurring in terminal positions, the functionalization with boronic acid
esthers allows for the further functionalization of C-H bonds that are not activated. As example for
such a procedure, halogenation by radical mechanism leads to the functionalization of C-H bonds on

high substituted carbon atoms (Scheme 7-9).

Borylation

B,pin,, cat. M
Bpin

Bromination

91
Bry, hv BM

)\/\/
P

Scheme 7-9. Borylation and radicalic bromination activate contrary kinds of C-H bonds.

When aromatic borylation is performed with chiral ligands, the catalyst might be able to differenciate
between two prochiral methyl groups. Such a substrate requires, besides these methylene groups, only
methylene groups in other residues or strongly blocked methyl groups to ensure that no competing

methyl groups present. A suitable subtrate fulfilling these requirements is depicted in Scheme 7-10.
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B,piny, cat. .

Cyclic residue 93 Enantiotopic methyl groups 04

- maximizes steric effect
- no competing methyl groups

Scheme 7-10. Suitible substrate for enantioselective aliphatic borylation

The envisioned substrate bears, compared to n-octane, high steric hindrance. Therefore, commercially
available substrates with comparable steric hindrance should be tested as substrates before. Initially the
general activity of the oxazoline ligands was probed on n-octane.

Before the intial experiments with n-octane as substrate were started, the product was prepared
separately via rhodium catalyzed hydroboration of n-octene, following a procedure of the Miyaura
group (Scheme 7-11).**! Substance 97 was identified by GC-MS and the data were used as reference

for the following experiments.

jo) [Rh(PPhg);Cl] (96) 9J§<
NN+ HB _— \/\/\/\/B\
\ O
¢} THF, rt,3h
95 75 97

Scheme 7-11. Indepentend preparation of the borylation substrate 95 by hydroboration.

[Ir(cod)Cl], (23) (3 mol%)
ligand (6 mol%)

o o0 HBpin (75) (3Mol%) 9J§<
NN+ B—8 o~ B
ol o}

130°C, 10 h
98 75 97
Ligands
O O O O
_/ 7\ /[ 27— ] [ 27— l
\ = RN NT'R RW N NT¥R
38 —i
phen R=Pr (5b) R= Ph (5g)
R=. Bu (5d) R= Bn (5h)
R=Bu (5e)
R= 'Bu (5c¢)
R= "Bu(5f)

Scheme 7-12. Catalytic, aliphatic borylation. The reaction were carried out under argon with 50 mg B,pin, (66) and 1 mL dry
n-Octane (98) in sealed NMR tubes. The GC-MS results of all experiments indicated the presence of product 97 as well as
oxidized B,pin, (O(Bpin), (99)).
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Aliphatic borylation of n-octane (98) was performed using the standard system for aromatic borylation
with [Ir(cod)Cl],, B,pin,, and different NAN chelating box ligands. As reference ligand phenanthroline
(38) was chosen, because this very electron rich ligand was reported to be efficient in this reaction.!"*"
HBpin (75) was added as well, to shorten the induction period in which the catalytically active species
is formed (cf. chapter 4.1.1). Because aliphatic C-H bonds are much more challenging to activate than
aromatic C-H bonds, the reactions were run at elevated temperatures of 130 °C. The analysis was
performed by GC-MS, which allows only qualitative analysis. All applied ligand-iridium systems led
to product formation and formation of the side product (O(Bpin), (99)), as determined by GC-MS

(Scheme 7-12).
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Scheme 7-13. GC-MS analysis of reference compound 97(upper spectrum) and the catalysis mixture of the borylation of
n-octane (98) with the phenanthroline ligand (middle and lower spectrum). The main GC-peak in the catalysis mixture
contained two different substances that were mostly overlaying each other. One substance was identified at a retention time of
7.99 min as oxidized O(Bpin), 99 (middle spectrum) while the other substance at tg= 7.98 min showed characteristic signalsof
the desired product 97 (lower spectrum).
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An example of the interpretation of the GC-MS results is given in Scheme 7-13. The depicted spectra
were all detected at the same retention time of 7.98-7.99 min and the upper one shows the spectrum of
the independently prepared product 97 (cf. Scheme 7-11). In the El-mass spectra the molar peak of
pinacolboranes is in most cases not detected. As soon as the radical cation of the molecule is formed,
the pinacol residue fragmentes into a methyl radical and a stable secondary cation that also benefits
from its stabilizing a-position to oxygen. Therefore, this cation lacking a methyl group is characteristic
for the corresponding pinacolborane. For the n-octyl borane 97 its characteristic m/z value is 225 while
the corresponding cation originating from O(Bpin), (99) has a m/z = 255. Both masses were found in
the spectrum of the catalytic reactions overlaying at the same retention time of 7.98/7.99 min.
Supporting the presence of the product, additional characteristic peaks, e.g. the fragmentation masses
of an alkyl chain, were also identified.

However, due to the overlap of the product and the O(Bpin), signals, the success of the reactions could
not be determined unambiguously. Consequently, the reactions were repeated with n-decane because
its product was expected to have a different retention time than the one obtained from n-octane and
therefore should be suitable for analysis. For these experiments, GC-FID calibration curves for B,pin,

(66) and the commercially available borylation product of n-decane 100 were prepared.

[Ir(cod)OMel], (79) (3 mol%)
ligand (6 mol%) o
o} 0 HBpin (75) (3mol%) I
SN NN+ B—B \/\/\/V\/B‘o
Jd o
110°C, 14 h
100 66 101
. J
Ligands
| X
O, o] _
O,
N\ /7 \ P j N ')
\ 7 N N~", N—
N N= B
39 5b 10g
84% conv. 87% conv. 99% conv.
3% yield >1% yield >1% yield

L LA A
A 0o __0 o) 0O
R, t Y fN“N\g

19b 20b 36
99% conv. 99% conv. 77% conv.
>1% yield >1% yield >1% vyield

Scheme 7-14. Borylation of n-decane (100). Conversions and yields were determined by GC-FID.
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The GC-FID measurements were performed in addition to GC-MS measurements, to obtain both
qualitative and quantitative data. Catalyst precursor [Ir(cod)Cl], (23) was replaced by the more active
[Ir(cod)(OMe)], (79). The results of these experiments are depicted in Scheme 7-14, showing that the
conversions of B,pin, (66) were high, between 77-99%. Considering this, the yields were surprisingly
low, in most experiments lower than 1%. Based on the obtained GC-MS data, only traces of product
were formed, and this time no O(Bpin), (99) was observed.

In order to determine what happened with the substrate B,pin, (66) and which reaction pathways are
responsible for its consumption, two control experiments were performed. One experiment was carried
out without adding the iridium source 79 (Scheme 7-15) and another one without the substrate
n-decane (100) (Scheme 7-16). In the latter one cyclohexane (78) was taken as solvent because it was
expected to be inert in borylation, since it only bears methylene groups. When no iridium was present,
no conversion of B,pin, (66) was observed. The remaining substrate was identified by ''B-NMR
spectrocopy, GC-MS and HRMS.

When n-decane (100) was replaced by the inert cyclohexane (78), full conversion of B,pin, was
observed by ""B-NMR spectroscopy and GC-MS. In the ''B-NMR spectrum one or two unidentified
(overlapping) signals appeared next to a small signal corresponding to HBpin (75). By HRMS, two
masses corresponding to mono and bis borylated hexane were found. Their main peak was in both
cases the [M+Na]" ion, but also the respective [M+H]" and [M+K]" ions were found. These structures
are supported by the GC spectrum that showed two peaks at 8.27 and 13.73 min with corresponding
mass spectra showing fragments of the proposed structures. The analysis was always performed after
filtration of the reaction mixture. Thus, possibly polymeric or other, insoluble, structures formed in
side-reactions might have been removed before.

Since no measurable product was formed and no satisfying answer for the conversion of B,pin, (66) in
cyclohexane (78) was found, the attempts to borylate aliphatic compounds by the same system as for
aromatic borylation, were not continued. As mentioned in chapter 4.1.2, the group of Suginome also
reported that aliphatic borylation with the [Ir(cod)(OMe)]l, (79)/TMphen (39) system was
unsuccessful."*’ These results were published towards the end of this project and are in agreement

with the here described results.

3 mofh [Ir(cogfOMel, (79)

B,pin, (66)
6.4 mol% Pr-quinox (20b)
P O U Yl PV Bpin
110 °C, 14h
100 101

Only Bypin, (66) was recovered

(identified in ''B-NMR, GC-MS and HRMS (+ESI))

Scheme 7-15. Control experiment: Borylation of n-decane (100) without adding the iridium source.
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3 mol% [Ir(cod)OMe], (79)
Bapin; (66)
6.4 mol% 'Pr-quinox (20b)

\J
~)

AN A

110 °C, 14h, cyclohexane (78)
100

Scheme 7-16. Control experiment: Borylation without n-decane (100) in cyclohexane as inert solvent.

7.3 Silylether Directed y-C-H Activation

As introduced in chapter 4.2, the Hartwig group has found an elegant three-step procedure for the
utilization of a hydroxyl group, or alternatively, a ketone as indirect directing group for y-C-H
activation (Scheme 7-17). In the first step of this procedure, a small amount of [Ir(cod)(OMe)], (79)
catalyzes the formation of a (hydrido)silyl ether 103 or 107. In the second ligand assisted step, the C-H
activation occurs together with the formation of a five membered oxasilolane ring 104 or 108. Usually
TMphen is used as well suited ligand, but its replacement by a chiral ligand can open the possibility for
stereocontrol. This stereocontrol can have different aspects, as illustrated in Scheme 7-17. A racemic
tertiary alcohol 102a, will give a racemic micture of the corresponding (hydrido)silyl ether 103a that
can be transformed to an enantioenriched cyclic oxasilolan 104a by kinetic resolution. The same
principle can be applied to a prochiral ketone. If an iso-propyl group is attached to this molecule, for
example as in 106a, the methyl groups become diastereotopic. The example molecule 107a forms upon
cyclisation diastereomeric structures 108a. If a symmetrical ketone 106b is applied, the cyclisation
reaction to 108b desymmetrizes this molecule, resulting in a pair of enantiomers. Subsequently to the
asymmetric reaction step, the cyclic oxasilolanes 104 and 108 can be oxidized to their corresponding
1,3-diols 105 and 109.

For the silyl ether y-C-H activation during this project, six different molecules were chosen as
substrates. The tertiary alcohol 102b that was also successfully applied by the Hartwig group, can be
used to study kinetic resolution. The tertiary alcohol 102¢ served as test substrate for small molecules
and the ketone 106¢c was supposed to result in a diastereomeric mixture. Also three symmetrical
ketones 106d, 106b and 106e were chosen as substrates. The di-iso-propyl substituted ketone 106d was
expected to give a diastereomeric product mixture while the simpler di-ethyl ketone 106b and

benzophenone (106e) would form enantiomeric product mixtures.
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KINETIC RESOLUTION

OH Et, Et, :

R1-7X 4, O/Si‘H O/SI : 1’()):/\
R? LRI R1?\*\) : Rr? OH
i R? R H
102a : 103a 104a : 105a

rac. i rac. :
or
ASYMMETRIC REACTION (DIASTEREOMERS)
o Ety Et, |
H i P OH
. - oS - oSii .
R : * s R 7 “OH
H R1 R1
106a i 107a 108a! 109a
H rac. :
or
ASYMMETRIC REACTION (ENANTIOMERS)
Et
o 2 OH

106b i 107 108b 109b

Scheme 7-17. (Hydrido)silyl ether directed y-C-H activation of a tertiary alcohol 102a, a symmetrical ketone 106b and a
ketone 106a bearing a prochiral side chain.

102b 102c 106¢c
O
(e}
YH/ \)?\/
106d 106b 106e

Scheme 7-18. Applied molecules in the first series of silyl ether directed y-C-H activation.

The initial formation of the (hydrido)silyl ether 103 and 107was performed with a catalyst loading of

0.08 mol% at room temperature inside a glove box. The conversion of substrate was checked by

GC-MS and could be increased for the small alcohol 102b up to full conversion by extension of

reaction time (entries 1 and 2). However, the yields obtained for alcohol 102b and ketone 106¢ are not

quantitatively in contrary to the previously reported results. The products 103 and 104 were isolated by
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evaporating the volatile compounds, e.g. remaining silane 110 in vacuum. In case of the small alcohol
102e it was important to cool the reaction mixture down to —78 °C, otherwise the product was
evaporated as well. The (hydrido)siloxanes 103 and 107 were identified by "H-NMR and *C-NMR
analysis.

Because no full conversion was achieved in the first set of (hydrido)silyl ether formation (Table 7-10,
entries 1-4, 6 and 7), another reaction with the alcohol 102d was run with an increased catalyst loading
of 1.0 mol% (Table 7-10, entry 5). Full conversion would have been beneficial, because the product
isolation would be easier when no starting material was present any more. Three substrates were
applied successfully under higher catalyst loading and did achieve full conversion under the modified

reaction conditions (Table 7-10, entry 5, 8 and 9).

Table 7-10. Formation of (hydrido)silyl ether 103 and 107.

1/2 [Ir(cod)OMe], 79

OH ! ; SiHEt, SiHEt
Rg\ o Et,SiH, 110 (1.2 equiv.) R1O” 2 o~ 2
R2”°R3 R4JJ\ R5 - RZ\J\ R3 R“J\ RS
102 106 THF, r.t. 103 107
Entry Substrate [Ir][mol %] Time [h] Yield [%]"
1 OH 0.08 17 73
2 102¢ 0.08 89 97
3 0.08 18 75
OH
4 )\/1;?\/ 0.08 89 + 20° 77
5 1 12 100
6 \/\)OK( 0.08 19 40
7 106¢ 0.08 89 + 20° 33

o
8 ﬁ)k( 1 12 98

106d

o
’ C

106e

“Reactions were carried out under argon atmosphere using 5.0 mmol of the respective substrate in THF (5.0 mL). "Isolated
yield. “‘Additional reaction time at 40 °C.

1 12 96

However, for sterically less demanding substrates the formation of di-alkoxysilanes 111 occurred as

side reaction, as verified by 'H-NMR spectroscopy and GC-MS (Scheme 7-19). In case of the larger
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ketone 106¢, reduction of the catalyst loading to 0.5 mol% led to success. This attempt failed for the
very small diethylketone (102b).

o 1/2 [Ir(cod)OMe], 79 (1 mol%) _SiHEt,

Et,SiH, 110 (1.2 equiv.) o
> O .-

\/\)H/ \/\)W/ N s fe)
Et,

THF, rt.,12h

106¢c 107¢c 111c

(100% single product
with 0.5 mol% [Ir])

o 1/2 [Ir(cod)OMe], 79 (0.5 mol%) O,SiHEt2

\)J\/ Et,SiH, 110 (1.2 equiv.)

THF,rt.,12h

106b 107b 111b

Scheme 7-19. Silylation of sterically less demanding molecules with formation of di-alkoxysilanes as side reaction.

The preparations of the oxasilolanes were performed following the procedure described by the Hartwig
group. As depicted in Table 7-11, the iridium precursor 79 was applied with an iridium loading of
0.25 mol% and the ligand was added with ten equivalents in respect to iridium. Nbe (112) was added as
hydrogen acceptor. The products were isolated by kugelrohrdistillation. The products of the small
(hydrido)silyl ether 103¢ were highly impure, consequently the true yield of the pure product would be
even lower (entries 1 and 2). The isolated products of the larger (hydrido)silyl ether 103b were isolated
in much higher purity but still the yields were not larger than 29%, when the non-chiral H-box (5i) was
applied as ligand. The application of the chiral Pr-pyrox (10b) led to a yield of 14% (entry 4).
However, also the application of TMphen (39) (entry 1) did not lead to success, even though this ligand
had given good results in the experiments by Hartwig and co-workers."”’ A reason for these contrary
results might be a different quality of one or more reagents than the ones used by the Hartwig group.
The products were not supposed to be very sensitive, since their work-up under normal atmosphere was
reported. For the following experiments it was decided to apply 2 mol% of iridium in combination with
2 mol% ligand. The aim was to obtain pure material of each oxasilolane suitable as reference material
for GC calibration. After the calibration, the suitable ligands for the oxasilolane formation would be
screened by GC analysis of the reaction mixtures.

Simple increase of the catalyst loading did not lead to success for the substrate 107¢. As shown in
Scheme 7-20, starting material was still detected by GC-MS in the first reaction. Lowering the
concentration from 4.90 mol/L to 0.33 mol/L led to full conversion, but caused also decomposition to
the di-alkoxysilane 111¢, which was also observed in some silylation reactions (cf. Scheme 7-19).
Under the given conditions, this decomposition product can only be created by the incorporation of two

molecules starting material 107c.
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Table 7-11. Formation of oxasilolanes from (hydrido)silyl ether 103.*

1/2 [Ir(cod)(OMe)], (79) (0.25 mol%)

ligand (2.5 mol%)
O,SiHEt2 nbe (112) (1.2 equiv.) O-SiEt,
R>‘\/ THF, 80 °C, 46 h R
103 104
Entry Substrate Ligand Yield [%]"
- 7\ c
1 \_ = (12)
o SHEt, TMphen (39)
S 0 o
103¢ [ 27— j
2 NN (25)°
H-box (5i)
(o) O
o]
3 29
o StHEt, H-box (5i)

e Tael .

"Pr-pyrox (10b)

“Reactions were carried out under argon atmosphere with 1.0 mmol of substrate in THF (0.8 mL; 1.25 mol/L).
*Isolated yield after purification by kugelrohrdistillation.Tmpure product.

14

1/2 [Ir(cod)(OMe)], (79) (2 mol%)
O/SiHEtz TMphen (39) (2 mol%)

nbe (112) (1.2 equiv.) 0-SiEty
\/\)\( 00
+ Si
Et,

THF, 80 °C, 48 h

107c 108c 111c
(- side product —

0.33 mol/L: 107¢c and 108c mixture
0.49 mol/L: 107¢c and 108c mixture
4.90 mol/L: 108¢c and 111¢ mixture

Scheme 7-20. Formation of oxasiliolane 107¢. The product could not be isolated as pure compound.

When the benzophenone derived (hydrido)silyl ether 107e was brought to reaction with a higher
catalyst loading, the reaction mixture contained a large amount of decomposition product 111e. When

the reaction mixture was more diluted a higher yield of pure product resulted. The corresponding
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'H-NMR spectrum still showed few unidentified impurities. Consequently, the obtained product was

not suitable as reference material for a GC-FID calibration.

1/2 [Ir(cod)(OMe)], (79) (2 mol%)
. TMphen (39) (2 mol%) O O
O/SIHEtz nbe (112) (1.2 equiv.) O-SiEt, O\Si'o
Et,
Q-
THF (5.8 moliL), 80 °C, 48 h O O
107¢ 108e 111e
42% yield L side product ]

Scheme 7-21. Formation of oxasilolane 107e. The 'H-NMR spectrum shows few impurities and by GC-MS the
decomposition product 111e was identified.

1/2 [Ir(cod)(OMe)], (79) (2 mol%)

TMphen (39) (2 mol%) o o
_SiHEt nbe (112) (1.2 equiv.) ai ~Si
\)o\/ 2 \/ZiEtz * =

THF, 80 °C, 48 h
107b 108b 111b

side product
3.40 mol/L: 108b and 111b
0.68 mol/L: 108b (54%)

Scheme 7-22. Formation of oxasilolane 108b.

1/2 [Ir(cod)(OMe)], (79) (2 mol%)
TMphen (39) (2 mol%)

O,SiHEt2 nbe (112) (1.2 equiv.) 0O-SiEt,
ﬁ/ THF (1.1 mol/L), 80 °C, 48 h
107d 108d

57%

Scheme 7-23.Formation of oxasilolane 108d.

1/2 [Ir(cod)(OMe)], (79) (2 mol%)
TMphen (39) (2 mol%)

_SiHEt, nbe (112) (1.2 equiv.)

)\/\>@ &

103b 104b
55%

THF (0.14 mol/L), 80 °C, 48 h

Scheme 7-24.Formation of oxasilolane 104b.
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Cyclisation of the sterically unhindered (hydrido)silyl ether 107b turned out to be very sensitive
towards the formation of the decomposition product 111b, when the concentration was too high
(Scheme 7-22). In addition, the reaction turned out to be highly exothermic and therefore had to be
cooled down when the reagents were added. A relatively low concentration of approximately 0.7 mol/L
was beneficial for the cyclisation of 107b and led to the isolation of pure product in 54%.

The formation of the oxasilolanes 108d (Scheme 7-23) and 104b (Scheme 7-24) was successful for
different concentrations. Maybe these substrates are much more robust towards changes in the
concentration. Both products were obtained by kugelrohrdistillation as pure substances suitable for a
GC-FID calibration.

Table 7-12 shows the results of the ligand screening with substrate 103b. For the racemic substrate the
enantioenrichement of the product was obtained by kinetic resolution. Therefore it was important to
identify the conditions that were going to lead to a maximum conversion of 50%. These test reactions
are reported in entries 1-4. TMphen (39) as typical ligand and H-box (5i) as non-chiral representative
of the box ligands were used in these test reactions. In order to decrease the conversion, the reactions
were performed at lower temperature (Scheme 7-24). At 70 °C, with TMphen (39) still a GC yield of
68% was achieved (entry 1) while the result caused by H-box (5i) was already below 50% (entry 3).
Further lowering of the temperature to 60 °C caused for both ligands yields below 50%. Therefore, all
other tested ligands were applied in reactions at 60 °C (entries 5-16).

The yields from the applications of the different box, pyrox, mepyrox and quinox ligands are in the
range of 24-38% while with TMphen (39) 45% were achieved. Enantiomeric excesses were obtained
with bidentate oxazoline ligands in a range from 1-44% ee. One remarkable exception concerning the
obtained yield was found with the P,N-ligand Ph-phox (40), which has not been tested before as ligand
in this reaction and which caused an unexpectedly high yield of 94% (entry 15). Concerning the
evaluation of the achieved enantioselectivities, hardly any trend between the different groups of
oxazolines was identifyable.

As depicted in scheme Scheme 7-25, it seems rather that certain oxazoline residues are responsible for
activity and selectivity and the observed trends for these two factors are mainly opposite. For example,
ligands with flat phenyl-residues and long and flexible n-butyl-residues cause medium to good yields
but only low to medium enantiomeric excesses. A large benzyl-residue on a box ligand leads to
comparable high enantiomeric excess but at the same time to the lowest yield of all tested ligands. The
highest enantiomeric excesses were achieved by the application of the sterically demanding quinox and
pybox ligands with iso-propyl rsidues (Table 7-12, entries 7 and 11). For the pybox ligand no

corresponding yield was determined but the quinox ligand led to a medium yield of 33%.
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Table 7-12. Ligand screening in the cyclisation of 103b.”

1/2 [Ir(cod)(OMe)], (79) (2 mol%)

ligand (2 mol%)

nbe (112) (1.2 equiv.)

_SiHEt, o-SiEt,
I THF (4.2 moliL), 48 h W
103b 104b

Entry Ligand Temp. [°C] Yield [%]" ee [%] (enantiomer)”
1 TMphen (39) 70 68 -
2 TMphen (39) 60 45 -
3 H-box (5i) 70 33 -
4 H-box (5i) 60 25 -
5 (S)-Bn-box (5h) 60 24 29 (1)
6 (S)-Pr-box (5b) 60 35 <1 (1)
7 (S)-Pr-quinox (20b) 60 33 44 (1)
8 (S)-"Bu-box (5f) 60 29 3(1)
9 (R)-Ph-box (5g) 60 38 <1(2)
10 (R)-Ph-quinox (20g) 60 32 15 (2)
11 (R)-'Pr-pybox (36) 60 n.d. 40 (2)
12 (S)-"Bu-mepyrox (19f) 60 32 3(1)
13 (S)-"Bu-quinox (20f) 60 32 13 (1)
14 (R)-Ph-mepyrox (19g) 60 39 10 (2)
15 (S)-Ph-phox (40) 60 94 10 (1)
16 (S)-'Bu-pyrox (10¢) 60 35 26 (1)

“Reactions were carried out under argon atmosphere with 0.507 mmol of substrate 103b in THF (1.2 mL; 4.2mol/L). "Determined
by GC-FID. The absolute configuration was nor determined and (1) and (2) denote the opposite enantiomers.

40-44% ee 26-29% ee 10-15% ee <1-3% ee
iPr-quinox Bn-box Ph-quinox iPr-box
iPr-pybox -pyrox Ph-mepyrox Ph-box
"Bu-quinox "Bu-mepyrox
"Bu-box
>90% yield 38-45% yield 32-35% yield 29% yield 24-25% yield
Ph-phox Ph-box Ph-quinox "Bu-box H-box
Ph-mepyrox iPr-box Bn-box
TMphen iPr-quinox
-pyrox

"Bu-mepyrox

"Bu-quinox

Scheme 7-25. Overview of ligand groups, ordered by enantiomeric excess and yield as achieved in the kinetic resolution of

103b.
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The reactions presented in this chapter bear both, potentials and drawbacks. The main challenge in the
formation of the (hydrido)silyl ether is the identification of reaction conditions leading to full
conversion while suppressing the formation of di-alkoxysilanes 111. When this is accomplished, the
(hydrido)silyl ethesr are easily obtained in a quality suitable for the following C-H activation.

Particularly promising results were obtained from the kinetic resolution of (hydrido)silane ether 103b.
A remarkable high yield was achieved with the P,N-ligand Ph-phox (40), which should give reason for
further investigation of these ligands in such reactions. The oxazoline ligands led to comparable yields
as the usually applied TMphen ligand (39) and initial enantiomeric excesses up to 44% ee were

obtained, which might be increased in following optimization reactions.

7.4 Hydrogenation

Asymmetric, homogeneous hydrogenation is precedented working with phox ligands, which were
discovered by Pfaltz and Helmchen. These bidentate P,N-ligands are applied in [Ir(P"N)(cod)]BArF
complexes which serve as precatalysts (cf. chapter 4.3). Typically, homogeneous hydrogenations are
performed under 5-50 bar hydrogen pressure, at room temperature and in DCM as solvent with catalyst
loadings from 1-4 mol%."”' The BAr"™ anion as counteranion gave the best results. Less reactive were
complexes with e.g. PFg counteranions. Consequently, BAr'~ was chosen as counteranion for the
iridium oxazoline complexes in this project (cf. chapter 4.3).

Initial experiments as well as substrate screenings were undertaken with one representative of a box
and a pyrox derivative complex, respectively (Scheme 7-26). In order to check the general applicability
of the method, also one phox complex 30a was prepared. Additionally, a PFs complex was tested as

well in order to compare its results with these obtained by BAr™ complexes.

— —
— N — P
O N O __N
o S
O N ! SN
Ly _
30c 30d 30a 25h

Scheme 7-26. Precatalysts for initial hydrogenation experiments. The phox complex 30a served as control complex.

In Table 7-13 the results of the initial hydrogenation experiments of trans-stilbene (113) are collected.
The yields caused by the oxazoline complexes were low to moderate under a hydrogen pressure of
20 bar. However, the results of entry 1 and 2, or 3 and 4 show that the yield increased with reaction

time. A low catalyst loading of the 'Pr-quinox complex 30d lowered also the yield, even though a long
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reaction time was applied (entry 5). A relatively high loading of the PF¢" complex 25h led to nearly no
yield, which showed that this complex is not suitable for hydrogenation. In order to avoide the time
consuming synthesis of the precatalysts 30, an in situ preparation of 30d was tried (entry 6). For this
purpose, the dimeric iridium cod precursor 23, AgBAr" (34) and the ligand 20b were mixed in the
solvent and stirred for 10 min under exclusion of light before the substrate was added and the reaction
was performed as usual. Even though a high catalyst loading for this experiment was applied, nearly no
yield was detected, indicating no effective catalyst formation or negative interference of silver cations
during catalysis. The quantitative yield caused by the phox complex 30a verifies the general

applicability of the reaction conditions in our labs (entry 7).

Table 7-13. Initial hydrogenation experiments using zrans-stilbene (113) as substrate.”

[Ir]
x
O DCM-d,, H, (20 bar), O

r.t.

113 114

Entry Complex Cat.-loading Time V(solvent) Yield®

[mol %] [h] [mL] [%]
1 30c 5 18 0.5 9
2 30c 5 5 0.5 5
3 30d 5 18 0.5 32
4 30d 5 5 0.5 25
5 30d 1 18 0.2 7
6 30d/“in si™® 5 18 0.2 3
7 30a 5 5 0.5 >99
8 25h 5 5 0.5 2

“Complexes, substrate (0.484 mmol) and solvent were mixed in a small sample vial. The vial was placed into an autoclave and
left stirring under a hydrogen pressure of 20 bar. *Solvent, and[Ir(cod)(C1)], (23) (1 equiv.) were premixed with AgBAr" (2equiv.)
and 'Pr-quinox (20b) (2 equiv.) and left stirring in the dark for 10 min before the substrate was added. “Determined by "H-NMR
spectroscopy.

After evaluating the general conditions necessary for effective catalytic hydrogenation with the
oxazoline complexes 30, it was decided to run the future reactions at elevated hydrogen pressure of
40 bar and in neat substrate, if possible. For solid substrates, a small amount of DCM-d, was used as
solvent. In Table 7-14 the hydrogenation results for some olefins and ketones are listed. In all
examples, the 'Pr-box complex 30c led almost always to quantitative yield while the sterically more
demanding 'Pr-quinox complex 30d achieved yields of only 10-37%. In general, phenyl substituted
olefins are more easily reduced (entry 1 and 3) while cyclooctene appeared to be a challenging
substrate (entry 5 and 6). The allylalcohol 118 was reduced quantitatively by the 'Pr-box complex 30c
while the 'Pr-quinox complex 30d led to no product formation (entry 7 and 8). Ketones such as
cyclohexanone 120 and 4-tert-butylcyclohexanone 121 were reduced in good to quantitative yields

(entry 9-12). The prochiral latter one was reduced without any stereoselectivity. A phenylsubstituted
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ketone, acetophenone 123, was reduced with very low yield, not higher than 13% (entry 13 and 14).
Since acetophenone is one of the standard substrates for hydrogenation as well as transfer

hydrogenation, these yields were expected to be higher.

Table 7-14. Hydrogenation of alkenes and ketones with catalyst precursors 30c and 30d.

Entry Substrate® Product Complex Yield® [%]
b
1 P P 30c 100
2b 113 114 3 0 d 37
3 — 30¢ 100
P Ph pr >
4 e " 30d 24
5 © O 30c 42
6 1 117 30d 5
7 i OH 30c 100
8° 1 7o 30d 0
o
9 o 30c 87
10 30d 33
1 119

122 (syn:anti = 10:11)

13 OH 30c 13

Ph
124 30d 10

16
18
20
b o OH 100
1 }/@ >’/©/ 30c (syn:anti = 13:10)
12° » 30d 15
(o}
23

e
f

14

“Reactions carried out with complexes 30(0.0145 mmol, 3 mol%) in 0.484 mmol of neat
substrate in an autoclave at 40 bar hydrogen pressure at room temperature for at least 15 h. °
DCM-d; (0.1 mL) was added as solvent. “Yields determined by 'H-NMR spectroscopy.

The chemoselectivity of the hydrogenation was probed in the reduction of a.f-unsaturated carbonyl
compounds shown in Table 7-15. With both catalysts, 30¢ and 30d, very good yields were achieved for
the different unsaturated ketones and esters tested, only 2-methylcinnamaldehyde (133) gave
practically no turnover (Entries 5 and 6). In most examples, the saturated ketone or ester arising from
hydrogenation of the C-C double bond was the major product and the fully reduced alcohol was formed
as a side product in small amounts, while the allylic alcohol was not observed (Entries 1, 2, 3, 4, 10 and
11). With the less reactive 'Pr-quinox complex 30d the preference for reduction of the olefinic double
bond was more pronounced than for complex 30c. One possible explanation for these results is the
assumption that hydrogenation of the C-C double bond is generally occurring faster, while the C-O

double bound is reduced only slowly. In this case, even if some allylic alcohol was formed by initial
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reduction of the carbonyl group, it would not accumulate and would be consumed by fast reduction to
the fully reduced product. A notable exception is enone 137, which upon hydrogenation gave
significant amounts of allylic alcohol 137 and only little completely reduced 140 (Entry 7). In this case
the reaction of the conjugated double bonds occured quickly albeit with little preference for the C-C
double bond, whereas the following reduction of either the carbonyl group or the isolated olefin must
have been slow. For cyclohexenone (141) exclusively the fully reduced product 119 was obtained
when complex 30c was used (Entry 8). This result reflects the high activity of this complex towards
both partially reduced intermediates, cyclohexanone 120 and cyclohexenol 118 as already described
(cf. Table 7-14, entries 7-10). With the less reactive complex 30d, the usual chemoselectivity for the
reduction of the C-C double bond forming cyclohexanone 120 was observed (Entry 9). A small amount

of the C-O reduced product 118 was formed, but no fully reduced product 119 was found.

Table 7-15. Hydrogenation of a,f-unsaturated system with 30c and 30d."

Entry Substrate Products Complex yield® Ratio
[%]
1 >99 115:0:10
o o 30c
5 PhMOEt Ph/\)I\OEt P -"N0H P " 0H 97 1:0:0
125 126 127 128 30d S
30 30c >99 40:0:10
o o OH OH
40 Ph/vj\ Ph/\)J\ Ph/\)\ Ph/\)\ 93 1:0:0
129 130 131 132 30d i
5 o 0 OH OH 30¢ traces 28:10:1
6 Ph/YkH Ph/\HkH Ph/\ﬁ\H Ph/\ﬁ\H . d
races n.d.
133 134 135 136 30d
70! o o OH OH 30¢ >99 17:10:18
137 138 139 140
3 o o OH OH 30c >99 0:0:1
9 ij é (j © 30d 99 188:10:0
141 120 118 119
10 o o OH oH 30c >99 89:0:10
1 7@\ 7@ 7®\ 7@ 30d 96 97:0:10
142 143 144 145

“Reactions carried out with complexes 30 (0.0145 mmol, 3 mol%) in 0.484 mmol of neat substrate in an autoclave at 40 bar hydrogen
pressure at room temperature for at least 15 h. ®DCM-d, (0.1 mL) was added as solvent. “Yields determined by "H-NMR spectroscopy or
GC-FID.

After screening different olefins, ketones and o,f-unsaturated subtrates in hydrogenations with the
Pr-box complex 30c and the 'Pr-quinox complex 30d, more complexes 30 with different oxazoline
ligands were prepared (Scheme 7-27) and tested in the hydrogenation of trans-stilbene 113 (Table 7-
16) and isophorone 142 (Table 7-17).
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Scheme 7-27. Complexes applied in hydrogenation reactions as precatalysts in addition to 30c and 30d.

The results of the hydrogenation of trans-stilbene (113) (Table 7-16) reflect the strong dependence of
catalytic activity on the steric demand of the corresponding precatalyst 30. The box complexes led
exclusively to full conversion (entries1-4) while for the pyrox and quinox complexes the substituent
played a crucial role. Complexes 30i and 30d, bearing an iso-propyl substituent, led to a yield of 37%
(entries 5 and 9) while the longer, but less branched, n-butyl substituent of the complexes 30j and 301
led to quantitative yield (entries 6 and 10). The mepyrox complexes 30e and 30k caused no product
formation, presumably due to too high steric hindrance of the 6-methyl substituent on the pyridine
moiety (entries 7 and 8).

The same behavior was observed for the hydrogenation of isophorone (142) (Table 7-17). The
mepyrox complexes 30e and 30k did not lead to product formation (entries 7 and 8), while the iso-
propyl complexes 30i and 30d formed some product, but not quantitatively (entries 5 and 9). The
remaining complexes achieved quantitative yields. The observed chemoselectivity for the preferred C-
C bond reduction appeared to be very high for all complexes with ratios (C-C reduced product
143):(fully reduced product 145) about 10:1. In all experiments, no C-O reduced product 144 was
observed. Since isophorone forms stereoisomers upon hydrogenation, an e.r. for product 143 and a d.r.

for product 145 was determined, showing no stereochemical influence of the applied complexes.
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Table 7-16. Hydrogenation of trans-stilbene (113) by different oxazoline complexes 30.*

S wm g
O H, (40 bar) O

13 114

Entry Complex Ligand Yield[%]
1 30c "Pr-box 100
2 30f ‘Bu-box 100
3 30g ***Bu-box 100
4 30h Ph-box 100
5 30i "Pr-pyrox 37
6 30j "Bu-pyrox 100
7 30e ‘Pr-mepyrox <1

8 30k Ph-mepyrox <1
9 30d "Pr-quinox 37
10 301 "Bu-quinox 100

“Reactions carried out with complexes 30 (0.0145 mmol, 3 mol%) in 0.484 mmol of neat
substrate in an autoclave at 40 bar hydrogen pressure at room temperature for 15 h.
"Determined by 'H-NMR spectroscopy.

Table 7-17. Hydrogenation of isophorone (142) by different oxazoline complexes 30."

(o] OH OH
complex 30
_— + +
Hs (40 bar)
142 143 145 144
not formed
Entry Complex Ligand Yield® [%] Product ratio® er. 143° d.r. 145°
1 30¢ Pr-box 100 89:10 1:1 1.1
2 30f Bu-box 100 83:10 12:10 11:10
3 30g “Bu_box 100 118:10 101 10: 11
4 30h Ph-box 100 9410 10:12 10:12
5 30i Pr-pyrox 28 141:10 11:10 11:10
6 30j "Bu-pyrox 100 79:10 101 101
7 30e "Pr-mepyrox <1 1:0 n.d n.d
8 30k Ph-mepyrox <l 1:0 n.d n.d
9 30b Pr-quinox 96 97:10 1:1 11:10
10 301 "Bu-quinox 100 92:10 101 101

“Reactions carried out with complexes 30 (0.0145 mmol, 3 mol%) in 0.484 mmol of neat substrate in an autoclave at 40 bar hydrogen pressure
at room temperature for 15 h. ®Determined by GC-FID.
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Despite the very good chemoselectivity of the applied complexes, preferring the reduction of C-C
double bonds, no stereoselectivity was observed. Also the yield caused by several complexes was very
low. These results can both be explained by steric effects on the ligand. Compared to the very efficient
phox ligands, one of the most prominent differences is the different bite angle found in the oxazoline
ligands. Scheme 7-28 shows a graphical comparison of an arbitrary phox ligand and a box ligand. The
phox ligand forms a six-membered metallacycle, while for the box ligand a five-membered one is
possible. In the overlay of both ligands it becomes clear, how this smaller bite angle of the phox ligand
leads to a closer proximity of the phox-stereocenter to the metal center. In comparison, the one of the
box ligand is much more far away. Considering this, it seems possible that the stereocenter of the
oxazoline ligands is simply too far away from the catalytic center to have any influence on the

stereochemical outcome of the reaction.

o O
Py D
PR, N\J \(r)’ 0

M :_\/4_/‘ Different bite angles lead
to different proximity of chiral

center towards metal center.

Scheme 7-28. Schematic overlay of an arbitrary phox and box ligand showing the resulting different proximity of the
corresponding stereocenter towards the central metal. The stereocenter of the box ligand might be too far away to have
influence on the stereochemical outcome of a catalyzed hydrogenation reaction.

In order to understand the reason for some complexes leading to no or only very low product
formation, the intermediate of the catalytic cycle (cf. chapter 4.3), from which the reduction occurs,
should be considered. Scheme 7-29 shows a sketch of a phox and a mepyrox complex drawn from two
perspectives. The drawing shows, how the two bulky residues on the phosphorous atom point above
and below the P/N-N-Ir-H plane. Therefore, these residues are not interfering with the hydrido ligand.
In contrary, the methyl substituent on the mepyrox ligand cannot avoid steric interaction with the
hydrido ligand because it is fixed in the same plane. Therefore, complex formation with this ligand is
much more difficult, which can explain the very low product yield below 1% observed for the mepyrox
complexes 30e and 30k. The quinoline complexes 30d and 301 have a little lower steric hindrance.
Thus, the identity of the chiral residue on the oxazoline moiety has been given extra weight for the
success of the reaction. In case of an iso-propyl substituent (complexes 30i ans x30d), the total steric
hindrance is too high resulting in low yields while the n-butyl residue (complexes 30j and 301) is thin
and flexible enough to make complex formation possible. In case of the box complexes 30c, f, g, h, the
residues obtain positions over and below the N,N,Ir,H-plane, as it was the case for the phox ligands.

Therefore, these complexes are formed easily and the yields are almost always quantitative.
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box
+
R/ _o o H_\
DN
H k., (R;
G2

Scheme 7-29. Comparision of steric hindrance of phox, mepyrox and box ligands in the catalytic intermediate
[Ir(ligand)(alkene)(H),S]*; the hydrogen and hydrido ligands besides the ligand-Ir plane are omitted for clarity. The residues
of the phox ligand are not in one plane with the hydrido ligand and therefore cause less steric hindrance than the mebox
ligand, which methyl group directly interferes with the hydrido ligand.

Reactivity:

— o — (o]
<\jN>—<\NzL"Bu <\jN>—<\Nz]\iPr
= > = >> N\ / \]\
— O — [¢] Me § §

Ph/P\Ph N

(o] [e]
Q\W? > RLNHN;LR >
R

Scheme 7-30. Ligands of complex 30 applied in catalytic hydrogenation as precatalyst. The ligands are ordered in decreasing
activity from left to right.

In summary, the oxazoline complexes 30 are less active than analogous phox complexes. The
oxazoline complexes 30c-1 need a high hydrogen pressure of 40 bar to achieve quantitative yields while
for the phox complex 30a a hydrogen pressure of 20 bar has been enough. Despite of this, a high

chemoselectivity for the oxazoline complexes was observed preferring the reduction of C-C double
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bonds over C-O double bonds. All investigated complexes showed no stereoselectivity which might be
attributed to the fact that the ligand stereocenters are too far away from the metal center. The complex
formation might be negatively influenced by steric hindrance from the substituents, which increases
from "Bu-quinox (20f) over Pr-quinox (20b) to mepyrox (19) ligands. In case of the box ligands, no
steric hindrance is supposed to be relevant rationalizing the much higher yields obtained with
complexes containing these ligands. Based on the results discussed in this chapter, the ligands can be

ordered in decreasing reactivity as depicted in Scheme 7-30.
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8 Summary

8.1 Synthesis of Ligands

For the preparation of box, pyrox, mepyrox and quinox ligands two synthesis routes were developed.
These synthesis routes provide several advantages, for example they both start with commercially
available and cheap starting materials. The first step of the pyrox synthesis, an amide coupling using
standard coupling reagents, is generally transferable to many kinds of carboxylic acids. For the
oxazoline ring closure itself, two different sets of reagents were optimized. The introduction of chloride
as leaving group was suitable for the preparation of box compounds because the solid, chlorinated
intermediates could be purified by recrystallization. The purification at this stage of the synthesis was
important, because residual acid from the chlorination with thionylchloride had to be removed
completely before the successful oxazoline formation. The base induced ring closure did not form any
by-products, except for NaCl, which was removed by an aqueous work-up. Column chromatography
was not possible because the box compounds were too polar. The procedure for the box structures was
not transferable on the preparation of pyrox-type oxazolines because their oily intermediates after
chloride introduction could not be purified. Therefore, a combined tosylation and base induced ring
closure was developed. The pyrox-type oxazolines had to be purified after this step, which was
possible by flash-chromatography over basic alox. In addition, a bithiazolin was prepared from the
chlorinated box intermediates.

In total, 20 oxazoline structures were successfully prepared in good overall yields in half-gram-scale
(Scheme 8-1).

bta box pyrox mepyrox quinox

S S o] 0 — 0

A Al G .y .y

N N // rR7 N N>R N N">Sg

758% 5a R=Me 65% 10b R=Pr 69% 19b R=Pr 48% 20b R=Pr 61%
50 R=Pr  60% 10f R="Bu 56% 19f R="Bu 47% 20f R="Bu 51%
5¢c R=Bu 23% 10h R=Bn 60% 19h R=Bn 60% 20g R=Ph 40%
5d R=°°Bu 61% 10g R=Ph 68% 19g R=Ph 60%
5¢e R=Bu 81% 10c R='Bu 89%

5f R="Bu 61%
5g R=Ph 54%
5h R=Bn 42%

Scheme 8-1. Prepared oxazoline ligands. Total yields over two (pyrox, mepyrox and quinox) or three (box) steps, the yield of
bta refers to the thiazolin ring closure step.
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8.2 Synthesis of Transition Metal Complexes

Ruthenium Complexes

The preparation of heteroleptic ruthenium complexes [Ru(box)(bpy)(L,)]** starting with two different
precursor complexes, [Ru(p-cymene)(Cl], (46) and [Ru(dmso),Cl,] (74), was not successful. Two

major problems appeared during the synthesis of the heteroleptic ruthenium complexes:

1. The bisoxazoline ligands appeared to be much weaker ligands as bipyridine and were always
substituted when introduced as first ligand (Scheme 8-2),

2. Purification of the obtained reaction mixtures was not possible in most cases. Precipitation failed
because the complexes were usually oils and column chromatography was not possible because

the substances decomposed.

2+ 2ClI~
o \\ o & | o 1
\/ @ ® SN ‘ N | N a ~ NN
E Ru NN \Ru/ N ~ N | ‘ _N l N |
(N/ Ko 37 o\ N/ \N/ + \Ru/ + \Ru/
] [ » PN P N
o d & N ‘ N N N
o:)\( e 1R 2o X N NNy
50a ‘ =
48a not formed 52 53

Scheme 8-2. Reaction of 48a with bpy (37).

Iridium Complexes

For cod complexes of the general constitution [Ir(N*N)(cod)]CIl (24) with CI as counter anion, a
strong coordination behavior of Cl in complexes with oxazoline ligands was observed. This is in line
with a weaker coordination behavior of these box ligands in comparison with dtbpy (32).

For cod complexes with BAr" as counter anion, the successful synthesis of cod phox complexes
[Ir('Pr-phox)(cod)|BAr" (30a) was not transferable on the analogous structures with oxazoline ligands.
The purification failed, because the oxazoline complexes were too soluble. Therefore, a new strategy
was developed introducing the new counter anion using the silver salt in the first step (Scheme 8-3).
This procedure did not require any work-up because the complexes [Ir(N*N)(cod)]X (X = BAr 30, X
= PFg 25) were obtained as pure products. Applying this newly developed procedure, 34 cod

complexes with oxazoline ligands were prepared.
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The prepared cod complexes 30 were applied as pre-catalysts in homogeneous hydrogenation and the
complexes 30 were further transformed into their corresponding monocarbonyl and dicarbonyl

complexes 26 and 28.

+X - +X -
b, O, AgX Sy 1 NAN Ne e o]
e o o
e’ Acetone SIS NN
23 29

or
THF 25 (X = PF)
30 (X = BArF)

(quant.)

— not isolated -
34 examples

Scheme 8-3. Preparation of cod complexes 25 and 30 containing oxazoline ligands.
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8.3 Catalysis

(Hydrido)Silyl Ether directed y-C-H Activation

The oxazoline ligands were slightly less active in (hydrido)silyl ether directed y-C-H activation on
average than the commonly used, relatively electron rich, TMphen (39) ligand (Scheme 8-4). Among
the tested oxazoline ligands, the phenyl substituted box and mepyrox ligands caused roughly the same
yield of 38-45%. An unexpectedly high yield of over 90% resulted from the P,N-ligand Ph-phox (40).
On the basis of a ligand screening with the racemic (hydrido)silyl ether 103b, no trend between the
activity of ligand groups was observed but a comparison of the residues of the ligands led to the

following conclusions:

1. Flat or long residues such as phenyl or n-butyl cause low enantioselectivities,

2. Sterically demanding residues such as iso-propyl, tert-butyl and benzyl cause higher
enantioselectivities,

3. The flexible and long n-butyl residue causes medium yield,

4. The phenyl residue seems to be beneficial for relatively high yield.

1/2 [Ir(cod)(OMe)], (79) (2 mol%) :  proposed active species:
ligand (2 mol%) :

. nbe (112) (1.2 equiv.) ) i
o~ SHEt, wﬂz Z N, o
: i T
S N

THF (4.2 mol/L), 48 h

103b 104b
40-44% ee 26-29% ee 10-15% ee <1-3% ee
iPr-quinox Bn-box Ph-quinox iPr-box
iPr-pybox -pyrox Ph-mepyrox Ph-box
"Bu-quinox "Bu-mepyrox
"Bu-box
>90% yield 38-45% yield 32-35% yield 29% yield 24-25% yield
Ph-phox Ph-box Ph-quinox NBu-box H-box
Ph-mepyrox iPr-box Bn-box
TMphen iPr-quinox
-pyrox

"Bu-mepyrox

"Bu-quinox

Scheme 8-4. Kinetic resolution of racemic (hydrido)silyl ether (103b) by catalytic formation of the corresponding oxasilolane
(104b).
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Hydrogenation

The oxazoline ligands were less effective in catalytic hydrogenation than the usually applied phox
ligands. In order to achieve high yields of up to 99 %, the hydrogen pressure had to be increased to
40 bar instead of 20 bar, which was sufficient for the catalyst with a phox ligand. The chemoselectivity
for C-C bonds in a,f-unsaturated ketones was very good, but when the chiral oxazolines were applied
as ligands in the reduction of isophorone, no enantioselectivity was observed. A reason for this might
be the smaller backbone of the oxazoline ligands in comparison with phox ligands thus leading to a too

large distance between the stereogenic center and the the metal center (Scheme 8-5).

phox box

(o] o)
(o]

) Lo
RPN RN N7
N\ // ‘=R NS
M M \/

\—/Ashort

fong

distance distance

Scheme 8-5. Comparison of box and phox ligands.

Besides the lack of enantioselectivity, a clear trend for the reactivity of the oxazoline ligands was found
(Scheme 8-6). This trend shows a clear correlation between activity and steric hindrance of the ligand.
Following this, the flexible box ligands were most active, followed by pyrox and quinox ligand. For the
latter two groups, a higher reactivity for ligands with flexible n-butyl residue was observed, while the
yield achieved with ligands containing iso-propyl groups, was lower. Mepyrox ligands led to nearly no

yield.

proposed active species:
R* H —l +

1 [ " : ,
R ; Ar e
H, (40 bar) : L/ ‘ Sy
H Ar

Reactivity:

— — O
G G
©\(o o 0 "Bu Pr
h N\\*g > RLNHN1R> = = > le

> ~
R — O — o Me

Scheme 8-6. Relative reactivity of oxazoline and phox ligands applied in homogeneous hydrogenation.

PP
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8.4 Evaluation of the Ligands in Carbonyl Complexes

In general, all groups of oxazoline ligands (5, 10, 19, 20) and dtbpy (32) led to vco absorption energies
in the same range, when they were applied as ligands in square planar dicarbonyl complexes
[Ir(NAN)(CO),]PF, (28). Highest vco absorption energies of approximately 2051 cm ' (average of
Vas, co and v, co) were caused by the flat Ph-box (5g), H-box (5i) and tBu-pyrox (10c) ligands (Scheme
8-7). Lowest vco absorption energies of approximately 2047 cm ™' (average of v, co and vq co) were
obtained for complexes with flexible "Bu-box (5f), "Bu-mepyrox (19f) and "Bu-quinox (20f). For the
C, symmetrical box ligands a high dependence on the oxazoline residue was observed, showing a trend
that the most flexible residues caused the lowest vco absorption energies. Also the sterically demanding
mepyrox and quinox ligands caused relatively low vco absorption energies, corresponding to weak C-O
bonds. The weak C-O bonds could result from either a strong c-donation of the ligand or a weak
n-back bonding from the metal to the ligand. Both effects are dependent on the twisting of the ligand,
caused by a highly flexible residue. The twisting either happens in the ligand backbone thus causing
less conjugation of the donor atoms which results in an increased basicity or the whole ligand is twisted
out of the carbonyl-iridium plane which would cause a worse overlap of the orbitals responsible for
n-back donation. Consequently, in these square planar dicarbonyl complexes 28, the vco absorption
energies were strongly influenced by the residues on the oxazoline ligands. Therefore, the dicarbonyl
complexes turned out to be indicative for the steric properties of a ligand.

In trigonal bipyramidal monocarbonyl complexes [Ir(ligand)(cod)CO)]PF¢ (26), this effect was less
pronounced, showing an electronical influence of the ligands on the vco absorption energies. Thus, it
was no surprise to observe a higher electron donation by 'Pr-mepyrox (19b) than for 'Pr-quinox (20b),

which both have caused identical v absorption energies in dicarbonyl complexes before.

Square planar di-CO Trigonal bipyramidal mono-CO

. I QQ "
N @/0] Yy, i
A I O

N~ steric hindrance ) less steric hindrance
distortion pure electronical influence
of ligand
influence on ligand geometry
veo = 2051 cm™ veo = 2047 cm™ H-box (vo = 2045.4 cm™)
Ph-box "Bu-box Pr-quinox (veo = 2039.8 cm™)
H-box "Bu-mepyrox IPr-mepyrox (veo = 2037.5 cm™)

‘Bu-pyrox "Bu-quinox

Scheme 8-7. Dicarbonyl and monocarbonyl complexes.
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The vco absorption energies of the monocarbonyl complexes indicate similar electronical properties of
dtbpy (32, 2042.3 cm ') and the oxazoline ligands, while the unsubstituted bpy (37, 2050.8 cm™")

causes a much higher vco absorption energy, corresponding to a lower electron density on iridium.
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9 Conclusion

In general, the oxazoline ligands are much weaker ligands than bipyridines. The synthesis of
heteroleptic ruthenium complexes showed this impressively, because the bipyridine ligands substituted
the box ligands from all complexes that were tested. Also iridium complexes [Ir(N*N)(cod)]Cl (24)
were only successfully prepared with dtbpy (32), two pyrox ligands and with the sterically unhindered
H-box ligand (5i). To obtain similar complexes with all oxazoline ligands, the C1 had to be exchanged

for a non-coordinating anion such as PFs and BAr" before coordination of the oxazoline ligand.

The analysis of mono and dicarbonyl complexes showed similar vco absorption energies for the
oxazolines and the relatively electron rich bipyridine dtbpy (32). Besides this, the residues on the
oxazoline moiety had a strong influence on the vco absorption energies. Therefore, the square planar
dicarbonyl complexes turned out to be an effective tool for the evaluation of steric influence in
complexes with such a coordination sphere. In addition, it is also beneficial to use the same central
metal for the carbonyl complexes which is applied in catalytic reactions, because the different radii of

other metals could also influence the steric properties of the ligands.

In aromatic borylation and (hydrido)silyl ether directed y-C-H activation, the oxazoline containing
complexes were able to catalyze the reactions, but the achieved yields were lower than with the usually
used bipyridine or phenanthroline ligands. The lower reactivity of the oxazoline complexes might be
attributed to the weaker binding ability of the oxazoline ligands, which was already observed in the
preparation of ruthenium and iridium complexes. The reactivity of the different oxazoline groups (box,
pyrox, mepyrox and quinox) was very different in both reactions. In the aromatic borylation the
C,-symmetric box ligands were less active than the pyrox-type ligands. This trend was not observed in
the (hydrido)silyl ether directed y-C-H activation. Here, yield and enantioselectivity seemed to be

influenced mainly by the oxazoline residue and not by the ligand backbone.

Similar observations were made in homogeneous hydrogenation. The oxazoline complexes were less
active than the usually applied phox complexes. Within the oxazolines a trend from box > pyrox =
quinox > mepyrox in order of decreasing activity was observed. This trend indicates that an increasing

steric hindrance is responsible for the decrease in activity.

In conclusion, it was shown that the prepared chiral oxazoline ligands were able to replace the
non-chiral bipyridines as ligands in homogeneous catalysis. However, the oxazoline complexes showed
usually a lower activity, presumably because the oxazolines are weaker ligands. If the activity of a
complex can be increased by a higher basicity of the ligand, the easily prepared bithiazolines (bta, 7)
ligands could be applied instead of oxazolines, since the analysis of the carbonyl complexes showed

that the change from oxygen to sulfur caused a higher electron density on the iridium. The results
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obtained from the hydrogenation reactions indicated that the chiral center is too far away from the
central metal, thus the application of oxazolines with a larger backbone which decreases the bite angle
of the ligand, should be taken into consideration. Examples for such ligands are the methylene-bridged
mebox or the cybox ligands bearing a cyclohexyl backbone (cf. chapter 2.2). Another approach for the
future investigations would be to target reactions in which bipyridines were reported to deactivate the
catalyst, for example the Pd(11) catalyzed alcohol oxidation.**®! Possibly, in these reactions the weaker
oxazolines might have a supporting effect on the activity of the catalyst.

All in all, it is worth seeking for conditions which lead to efficient asymmetric catalysis promoted by
oxazoline complexes, since the amino acid derived ligands provide an exceptionally sustainable
approach. Combinations or expansions with other naturally occurring structures such as sugars or chiral

carboxylic diacids offer numerous possibilities to design chiral ligands for homogeneous catalysis.
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10General Methods

Chemicals were purchased from commercial suppliers and used as received unless otherwise noted.
Dried solvents were taken from an MS-Braun solvent purification system. Reactions under inert gas
conditions were performed using dried schlenk-glassware under argon as inert gas. CDCl; was filtered
over potassium carbonate prior use. Solvents for hydrogenations were degassed by three freeze-pump-

thaw cycles prior use. Ruthenium complexes were prepared under light exclusion.

Reactions were monitored by thin layer chromatography (TLC) using Merck TLC Silica gel 60 Fs,.
Products were detected using a UV/Vis lamp (254 nm). Column chromatography was performed on

Brockmann I Aluminium oxide (50-200 um).

Nuclear magnetic resonance spectroscopy (‘'H-NMR, "C-NMR, '"F-NMR) spectra were recorded at r.t.
using a Jeol ECX 400 (1 H-NMR: 400 MHz, 13C-NMR: 101 MHz, 19F-NMR: 376 MHz), Joel Eclipse
500 (1 H-NMR: 500 MHz, 13C-NMR: 126 MHz) or Bruker AV 700 (1 H-NMR: 700 MHz, 13C-NMR:
176 MHz, 19F-NMR: 470 MHz). Two dimensional spectra (COSY, HMQC, HMBC) were recorded on
a Joel Eclipse 500 or Bruker AV 700. Data were processed with Delta NMR Processing and Control
Software (Version: 4.3.6 [Windows_NT]), MestreC or MestreNova from MESTRELAB.

The spectra are referenced against the internal solvent.”*”! Data is reported as follows: s= singlet, d=

doublet, t= triplet, q= quartet, quin= quintet and m= multiplet.

GC-MS chromatograms were rcorded on a Varian 3900 GC with Saturn 2100 iontrap mass

spectrometer, Varian CP-8410 autosampler

High resolution ESI-MS spectra were recorded on an Agilent 6210 ESI-TOF, Agilent Technologies.
The applied charge is reported as positive (+) or negative (—). The spray charge was set to 4 kV. The

defractor charge is given in Volt (V). Data is reported in mass to charge (m/z).

GC-FID chromatograms were recorded on a Varian CP-3800 with FID-detektor, Varian CP-
8400 autosampler

ATR-IR solution measurements were performed using a Bruker IFS66v/s spectrometer equipped with a
photocondictive MCT detector, a Kretschmann-ATR setup at an angle of incidence of 60 ° and a
home-built ATR-cell with a silicon prism.Spectra were aquired in a spectral window of 4000 to 1000
cm’ with a resolution of 2 cm-1. ATR-IR spectra from solid compounds were recorded on a Nicolet
Avatar 320 FT-IR in the range 4000—-500 cm ' on a diamant optical window.The absorption bands are

. . RN .. .
given in wave numbers (cm™), intensities are reported as follows: s= strong, m= medium, w = weak.

Melting points were measured on a BUCHI 510 melting point and are uncorrected.
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Crystal structure analysis including measurement, structure determination and refinement was
performed by Prof. Lentz or Dr. Wiecko. Structure determination by single-crystal X-ray diffraction
was carried out by selecting an appropriate crystal under a stream of cold nitrogen and transferring it to
the nitrogen cooled goniometer. The data set was collected with a Bruker-AXS SMART CCD at 133(2)
K. The structure was solved using direct methods (SHELXS-97) and refined by full-matrix least
squares procedures (SHELXL-97). Multi-scan absorption corrections were applied (SADABS). All
non-hydrogen atoms were refined anisotropically, hydrogen atoms were included in the refinement at
calculated positions using a riding model. The electron density of occurring solvent was addressed with
the program SQUEEZE (PLATON). Molecular graphics were obtained with ORTEP and DIAMOND.
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11Ligands

11.1 Box-structures

11.1.1 Bioxalamides

11.1.1.1 N,N’-Bi((S)-1-hydroxypropan-2-yl)oxalamid (3a)
(GM 1126) o o

HO}NHN _{—OH

The reaction was carried out under an argon atmosphere. (R)-alaninol (2.00 g, 26.6 mmol) was
dissolved in toluene (250 mL) and dimethyloxalate (1.57 g, 13.3 mmol) was added. The reaction
mixture was heated to 80 °C (oil bath) for 2.5 h while a white solid precipitated. The mixture was
filtered and the remaining solid washed with toluene. The product was obtained as colourless powder

(2.10 g 10.3 mmol, 77 %).

"H-NMR (DMSO-dg, 500 MHz): J = 1.06 (d, J =6.5 Hz, 6H, CH3), 3.33 (dd, J=5.8, 10.9 Hz, 2H,
CHH), 3.38 (dd, J =5.8, 10.9 Hz, 2H, CHH), 3.76-3.85 (m, 2H, C*H), 4.80 (br. s, 2H, OH), 8.32 (d,
J=8.9 Hz, 2H, NH) ppm.

BC-NMR (DMSO-dg, 125 MHz): § = 17.2 (CH3), 47.7 (CH,), 64.4 (C*), 160.0 (CO) ppm.

IR (solid): ¥ =3370 (w), 3286 (m, v NH), 2977 (w), 2937 (w), 2887 (w), 1652 (s, v CO), 1525 (s),
1474 (m), 1455 (m), 1449 (m), 1375 (w), 1365 (w), 1342 (w), 1305 (w), 1249 (m), 1215 (w), 1134 (w),
1105 (m), 1044 (s), 988 (w), 915 (w), 870 (w), 770 (s), 703 (m) cm’".

HRMS (+ESI, 200 V): m/z (%) = 227.1005 (100) [M+H]" (calc. 227.1008).

11.1.1.2 N,N’-Bi((S)-1-hydroxy-3-methylbutan-2-yl)oxalamide (3b)
(2030) o o

HOQ»NHN[OH
—

The reaction was carried out under an argon atmosphere. (S)-valinol (300 mg, 2.54 mmol) and
dimethyloxalat (524 mg, 5.08 mmol) were dissolved in dry toluene (70 mL) and heated to reflux for 1
hour. During the reaction, a colourless solid precipitated from the solution. The solid was separated by

filtration and washed with toluene to give the product as colourless flakes (579 mg, 2.22 mmol, 87%).
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"H-NMR (CDCls, 400 MHz): § = 0.93 (d, J=6.7 Hz, 6H, CH(CH;),), 0.97 (d, J=6.7 Hz, 6H,
CH(CH;),), 1.88 (tt, J=6.7, 6.7 Hz, 2H, CH(CHs),), 3.60-3.76 (m, 8H, C*H-CH,-OH), 7.66 (d,
J=9.5Hz, 2H, NH) ppm.

BC-NMR (DMSO-de, 100.6 MHz): § = 19.1 (CH3), 20.1 (CH3), 29.0 (CH), 57.1 (CH,), 61.3 (C*),
160.3 (C=0) ppm.

IR (solid): ¥ = 3379 (m), 3283 (s), 3068 (W), 2959 (w), 2938 (w), 2874 (w), 2650 (w), 2161 (w),
2035 (w), 1979 (w), 1645 (s), 1518 (s),1464 (m), 1389 (m), 1369 (m), 1464 (m),1389 (m), 1369 (m),
1336 (w), 1310 (w), 1283 (w)1265 (w), 1227 (m),1215 (m), 1170 (m), 1143 (m), 1067 (s), 1027 (s),
982 (W), 974 (w), 931 (w), 891 (w), 859 (w), 845 (W), 820 (w), 751 (s), 668 (m) cm.

HRMS (+ESI, 250V): m/z (%) = 283.1625 (100) [M+Na]" (calc. 283.1628).

11.1.1.3 N,N’-Bi((S)1-hydroxy-3,3-dimethylbutan-2-yl)oxalamide (3c)
(GM 1004) o

o)
HO%NHN{OH
e

The reaction was carried out under an argon atmosphere. (R)-tert-leucinol (2.50 g, 21.3 mmol) and
dimethyloxalat (1.26 g, 10.6 mmol) were dissolved into dry toluene (250 mL) and heated to 80°C (oil-
bath) for 3 hours. During the reaction, a colourless solid precipitated from the solution. The solid was
separated by filtration and washed with toluene to give the product as colourless powder (.75 g,
9.54 mmol, 89 %).

"H-NMR (CDCl;, 400 MHz): ¢ = 1.30 (s, 18H, 'Bu), 3.93 (dd, J =2.3, 11.5 Hz, 2H, CH,), 4.074.14
(m, 2H, C*H), 4.21 (dd, J = 8.5, 11.5 Hz, 2H, CH,), 7.94 (d, J = 10.4 Hz, 2H, NH) ppm.

BC-NMR (DMSO-ds, 100 MHz): 6 = 27.4 (C-(CHa)s3), 34.4 (C-(CHs)3), 59.9 (CH,), 60.4 (C*), 160.7
(CO) ppm.

IR (solid): 7 =3292 (m, v NH), 3228 (w), 2965 (w), 2864 (w), 2360 (w), 2340 (s), 2244 (w), 2211
(W), 2199 (w), 2183 (w), 1653 (m, v CO), 1558 (w), 1522 (m), 1507 (w), 1395 (w), 1364 (w), 1338
(W), 1053 (w), 896 (w), 800 (w), 775 (W), 688 (W), 669 (m) cm™.

HRMS (+ESI, 200V): m/z (%) = 311.1914 (100) [M+Na]* (calc. 311.1941).
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11.1.1.4 N,N”-Bi((2S,35)-1-hydroxy-3-methylpentan-2-yl))oxalamide (3d)

(GM 1022)
o 0

HO 4 OH

/:2—NH HN<:\

The reaction was carried out under an argon atmosphere. (S,S)-iso-leucinol (9c) (2.50 g, 21.3 mmol)
and dimethyloxalat (1.26 g, 10.6 mmol) were dissolved in dry toluene (50 mL) and heated to 80°C (oil-
bath) for 0.5 hours. During this time a colourless solid precipitated from solution. The solid was
separated by filtration and washed with toluene to give the product as colourless powder (2.79 g,
10.6 mmol, 91 %):

"H-NMR (CDCly/methanol-d, = 9/1, 500 MHz): 6 = 0.750.86 (m, 12H, CH3), 0.981.08 (m, 2H, CHH-
CHj;), 1.341.43 (m, 2H, CHH-CH;), 1.531.61 (m, 2H, C*H-CH3;), 3.483.75 (m, 8H, C*H-CH,-OH),
7.69 (s, 2H, NH) ppm.

BC-NMR (CDCly/methanol-d, = 9/1, 125 MHz): d = 11.1 (CH;-CH,), 15.2 (CH;-C*H), 25.3 (CH,-
CH,), 35.4 (C*H-CH3;), 56.4 (CH,-Cl), 61.9 (C*H-NH), 160.2 (CO) ppm.

IR (solid): ¥ =3429 (m), 3410 (m), 3279 (s, v NH), 2962 (m), 2934 (m), 2876 (m), 1681 (w), 1644 (s,
v CO), 1522 (s), 1482 (m), 1461 (m), 1450 (m), 1424 (w), 1385 (w), 1367 (w), 1306 (w), 1287 (w),
1245 (w), 1219 (m), 1156 (w), 1142 (w), 1072 (s), 1043 (m), 1030 (m), 986 (w), 962 (w), 911 (w), 888
(W), 869 (W), 839 (W), 777 (s), 758 (s), 663 (m) cm".

HRMS (+ESIL, 200V): m/z (%) = 311.1948 (100) [M+Na]" (calc. 311.1936).

11.1.1.5 N,N’-Bi((S)1-hydroxy-4-methylpentan-2-yl)oxalamide (3e)

(2094) o o
;C)}NHN—{_ o
~

The reaction was carried out under an argon atmosphere. (S)-leucinol (2.00 g, 18.2 mmol) and
dimethyloxalat (1.01 g, 8.53 mmol) were dissolved in dry toluene (200 mL) and heated to 85°C (oil-
bath) for 3 hours. During this time a colourless solid precipitated from solution. The solid was
separated by filtration and washed with toluene to give the product as colourless powder (2.27 g,
7.86 mmol, 92 %).

'H-NMR (CDCIy/DMSO-dg = 10/1, 400 MHz): 6 = 0.53 (d, J=6.7 Hz, 6H, CH3), 0.97-10.13 (m, 4H,
CH,-CH(CHs),), 1.18-1.28 (m, 2H, CH-(CH3),), 3.11-3.20 (m, 4H, CH,-OH), 3.55-3.64 (m, 2H, C*-
H), 4.04 (s, 2H, OH), 7.46 (d, J=9.2 Hz, 2H, NH) ppm.

BC.NMR (DMSO-ds, 100 MHz): 6 = 21.4 (CHj;), 22.2 (CHs), 23.8 (CH(CHs),), 39.8 (CH,-CH(CHs),),
49.1 (C*), 63.1 (CH,-OH), 158.9 (CO) ppm.
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IR (solid): 7 = 3365 (m),3275 (s), 3068 (w), 2954 (m), 2872 (m), 2161 (w), 2032 (w), 1979 (w), 1650
(s), 1521 (s), 1468 (m), 1437 (m), 1385 (m), 1365 (m), 1343 (w), 1310 (w), 1293 (w), 1260 (m), 1234
(w), 1216 (m), 1170 (w), 1140 (w), 1100 (w), 1058 (m), 1046 (m), 1030 (m), 1013 (m), 966 (w), 920
(w), 885 (W), 858 (w), 811 (w), 777 (s) cm’".

HRMS (+ESL 200 V): m/z (%) = 311.1927 (100) [M+Na]* (calc. 311.1941), 327.1667 (21) [M+K]*
(calc. 327.1681), 289.2099 (9) [M+H]" (calc. 289.2122).

11.1.1.6 N,N’-Bi((S)1-hydroxyhexan-2-yl)oxalamide (3f)

(2106)
(@] (o]

P—NHN—{_OH
N\

The reaction was carried out under an argon atmosphere. (R)-2-amino-1-hexanol (1.00 g, 8.53 mmol)
and dimethyloxalat (0.50 g, 4.27 mmol) were dissolved in dry toluene (10 mL) and heated to 85°C (oil-
bath) for 3 hours. During this time a colourless solid precipitated from solution. The solid was
separated by filtration and washed with toluene to give the product as colourless powder (1.08 g,
3.76 mmol, 88 %).

"H-NMR (CDCIly/DMSO-dg = 10/1, 400 MHz): 6 = 0.80-0.86 (m, 3H, CH;), 1.19-1.33 (m, 4H, CH,),
1.42-1.62 (m, 2H, CH,), 2.9 (s, 1H, OH), 3.53 (dd, J=5.6, 11.4 Hz, 1H, CHH-OH), 3.62 (dd, J=3.7,
11.4 Hz, 1H, CHH-OH), 3.81-3.89 (m, 1H, C*-H), 7.64 (d, J=8.3 Hz, 1H, NH) ppm.

BC-NMR (DMSO-dg, 100 MHz): 6 = 14.4 (CH3), 22,5(CH,), 28.4 (CH,), 30.6 (CH,), 52.0 (CH,-OH),
63.4 (C*), 160.4 (Ccarvonyl) ppm.

IR (solid): ¥ = 3404 (m), 2370 (s), 3068 (w), 2952 (m), 2932 (m), 2859 (m), 2035 (w), 1979 (w), 1650
(s), 1519 (s), 1465 (m), 1442 (m), 1413 (m), 1379 (m), 1358 (w), 1325 (w), 1284 (m), 1265 (m),1236
(m), 1227 (m), 1211 (m), 1146 (m), 1146 (w), 1124 (w), 1097 (m), 1063 (m), 1034 (s), 988 (w), 951
(W), 911 (w), 888 (w), 872 (w), 819 (w), 772 (m), 742 (m), 728 (m), 699 (m), 668 (m), 595 (m), 577
(m), 563 (m), 545 (m), 538 (m) cm™".

HRMS (+ESI, 250 V): m/z (%) = 311.1950 (100) [M+Na]" (calc. 311.1941).

11.1.1.7 N,N’-Bi((S)-2-hydroxy-1-phenylethyl)oxalamide (3g)
(GM 1002) o o
Ho— < OH

S—NH HN

O

The reaction was carried out under argon atmosphere. (R)-phenylglycinol (2.50 g, 18.2 mmol) and

dimethyloxalat (1.08 g, 9.11 mmol) were dissolved in dry toluene (250 mL) and treated at 80°C (oil-
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bath) for 2 hours. During this time a colourless solid precipitated from solution. The solid was
separated by filtration and washed with toluene to give the product as colourless powder (2.52 g,
7.68 mmol, 85 %).

"H-NMR (DMSO-dg, 400 MHz): 6 = 3.603.76 (m, 4H, CH,-OH), 4.824.90 (m, 2H, C*-H), 4.98 (s, 2H,
OH), 7.197.40 (m, 10H, H,,), 8.89 (d, J = 8.6, 2H, NH) ppm.

BC.NMR (DMSO-dg, 100 MHz) 6 = 56.3 (C*), 64.4 (CH,), 127.4 (Cy-H), 127.7 (Cy-H), 128.8 (Cor-
H), 140.5 (C,-C), 160.3 (CO) ppm.

IR (solid): ¥ =3290 (m, v NH), 3061 (w, ), 3013 (w), 2933 (w), 2864 (W), 2359 (w), 2315 (w), 1651
(s, v CO), 1584 (w), 1514 (s), 1454 (m), 1410 (w), 1384 (w), 1273 (w), 1241 (w), 1210 (w), 1184 (w),
1071 (m), 1044 (m), 997 (w), 909 (w), 847 (m), 755 (m), 697 (s) cm".

HRMS (+ESI, 200V): m/z (%) = 351.1351 (13) [M+Na]" (calc. 351.1315).

11.1.1.8 N,N’-Bi((S)1-hydroxy-3-phenylpropan-2-yl)oxalamide (3h)
(2108)
HOXOHO OH

: MNH HN

The reaction was carried out under an argon atmosphere. (R)-2-amino-3-phenyl-1-propanol (2.00 g,
13.2 mmol) and dimethyloxalat (0.78 g, 6.61 mmol) were dissolved into dry toluene (30 mL) and
heated at 85°C (oil-bath) for 3 hours. During this time a colourless solid precipitated from solution.
The solid was separated by filtration and washed with toluene to give the product as colourless powder
(1.97 g, 5.51 mmol, 70 %).

"H-NMR (DMSO-dg, 500 MHz): § = 2.71 (dd, J=8.5, 14.0 Hz, 1H, CHH), 2.85 (dd, J=5.5, 14.0 Hz,
1H, CHH), 3.94 (d, J/=5.5 Hz, 1H, C*-H), 4.88 (s, 1H, OH), 7.13-7.25 (m, 5H, H,,), 8.33 (d, /=8.9 Hz,
1H, NH) ppm.

BC-NMR (DMSO-ds, 100 MHz): d =36.7 (CH,), 62.8 (C*), 126.5 (Cy-4), 128.7 (Cy-H), 129.5
(Ca-H), 139.4 (C,-C), 160.1 (Cearbonyl) ppm.

IR (solid): ¥ =3413 (W), 3299 (m), 3082 (w), 3061 (w), 3031 (w), 3020 (w), 2912 (w), 2876 (w),
2161 (w), 2022 (w), 1933 (w), 1684 (w), 1654 (s), 1603 (w), 1584 (w),1559 (w), 1514 (m), 1498 (m),
1464 (m), 1453 (m), 1443 (m), 1405 (w), 1383 (w), 1360 (w), 1339 (w), 1322 (w), 1296 (w), 1367 (W),
1251 (m), 1226 (w), 1208 (w), 1190 (m), 1180 (w), 1156 (w), 1102 (w), 1083 (m), 1041 (s), 1006 (m)
998 (m), 961 (m), 913 (m), 900 (m), 866 (m), 844 (w), 810 (w), 785(m), 794 (m), 738 (s), 699 (s), 666
(m) cm™.

HRMS (+ESI, 250 V): m/z (%) = 379.1642 (100) [M+Na]" (calc. 379.1623).
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11.1.2 Bi-f-chlorooxalamide

11.1.2.1 N,N’-Bi((S)-1-chloropropan-2-yl)oxalamid (4a)

(GM 1126)
(@] (o]

CI_>—N>|\4_:|<N _{—m

Hydroxy-diamide 3a (1.83 g, 8.96 mmol) was dissolved in thionylchlorid (50 mL) and heated under
reflux for 2 h. The solvent was removed under reduced pressure and the solid residue recrystallized

from ethylacetate to yield a colourless powder (1.45 g, 6.06 mmol, 68 %).

'H-NMR (DMSO-ds, 500 MHz): 6 = 1.17 (d, J = 6.5 Hz, 6H, CHs), 3.59 (dd, J = 5.4, 10.9 Hz, 2H,
CHH), 3.65 (dd, J = 7.5, 10.9 Hz, 2H, CHH), 4.01-4.11 (m, 2H, C*H), 8.78(s, 2H, NH) ppm.
BC.NMR (DMSO-dg, 125 MHz): § = 18.4 (CHs), 47.4 (CH,), 47.9 (C*), 159.9 (CO) ppm.

IR (solid): ¥ = 3276 (m, v NH), 3066 (w), 2979, (w), 2368 (w), 1738 (w), 1655 (s, v CO), 1559 (w),
1529 (s), 1486 (m), 1450 (m), 1434 (m), 1377 (w), 1349 (w), 1321 (w), 1240 (m), 1191 (m), 1149 (m),
1092 (w), 1066 (W), 986 (W), 932 (w), 905 (w), 870 (W), 858 (W), 772 (s), 732 (s) cm’".

11.1.2.2 N,N’-Bi((S)-1-chloro-3-methylbutan-2-yl)oxalamide (4b)

(2042)
(@] (]

CQ»NHN[ ¢
—

Hydroxy-diamide 3b (4.67 g, 17.9 mmol) was dissolved in thionylchloride (25 mL) and heated under
reflux for 2 h. The volatile compounds were evaporated under high vacuum and the solid residue
recristallized from ethylacetate at —22°C to give the product as colourless crystalline powder (4.24 g,

14.2 mmol, 79%).

"H-NMR (CDCls, 400 MHz): § = 0.95 (d, J=6.7 Hz, 6H, CH(CH;),), 0.99 (d, J=6.7 Hz, 6H,
CH(CH5),), 2.03 (tt, J=6.7, 6.7 Hz, 2H, CH(CH3),), 3.63-3.73 (m, 4H, CH,CI), 3.87-3.94 (m, 2H,
C*H),7.56 (d, J = 9.5 Hz, 2H, NH) ppm.

BC-NMR (DMSO-d¢, 100.6 MHz): § = 19.1 (CH3), 19.7 (CH3), 32.4 (CH), 46.1 (CH,), 57.1 (C*),
160.5 (C=0) ppm.

IR (solid): ¥ = 3273 (s), 3065 (w), 3018 (w), 2964 (w), 2941 (w), 2873 (w), 2359 (w), 2161 (w),
2029 (w), 1978 (w), 1656 (s), 1525 (s), 1472 (m), 1440 (m), 1391 (m), 1370 (m), 1343 (m), 1311 (m),
1296 (m), 1255 (m), 1231 (m) 1188 (m), 1167 (m), 1140 (m), 1124 (m), 1107 (m), 1059 (m), 1045 (m),
1025 (m), 973 (m), 960 (m), 921 (m), 8877 (m), 859 (m), 779 (m), 763 (s), 733 (s) cm".

HRMS (+ESI, 250V): m/z (%) = 319.1010 (100) [M+Na]* (calc. 319.0951).
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11.1.2.3 N,N’-Bi((S)-1-chloro-3,3-dimethylbutan-2-yl)oxalamide (4c)
(GM 1008)

o O
¢ NHN[ “
e

Hydroxy-diamide 4c¢ (2.75 g, 9.52 mmol) was dissolved in thionylchloride (25 mL) and heated to
reflux for 2 h. The volatile components were evaporated under high vacuum and the solid residue
dissolved in ethylacetate and precipitated by addition of hexane. The solid was isolated by filtration to

give the product as colourless powder (2.23 g, 6.85 mmol, 72 %).

"H-NMR (CDCls, 400 MHz): 6 = 0.98 (s, 18H, ‘Bu), 3.49 (dd, J = 2.0, 11.5 Hz, 2H, CH,-Cl), 3.81 (dd,
J=3.4,11.5 Hz, 2H, CH,-Cl), 3.974.05 (m,2H, C*H), 7.52 (d, J = 10.5 Hz, 2H, NH) ppm.

BC.NMR (methanol-d,, 100 MHz): § = 25.6 (C-(CHs)s), 35.0 (C-(CHs)3), 43.5 (CH,) 60.5 (C*), 160.8
(CO) ppm.

IR (solid): ¥ = 3363 (m, v NH), 2959 (m), 2864 (w), 2361 (w), 2341 (w), 1685 (s, v CO), 1510 (s),
1473 (m), 1439 (m), 1397 (w), 1370 (m), 1330 (w), 1281 (w), 1226 (m), 1194 (w), 1177 (w), 1093 (w),
1061 (m), 1018 (w), 940 (w), 896 (W), 871 (w), 858 (w), 803 (m), 778 (W), 744 (w), (727 (s), 667 (s).
HRMS (+ESL, 250V): m/z (%) = 347.1277 (100) [M+Na]* (calc. 347.1264), 325.1454 (25) [M+H]*
(calc. 325.1444), 363.1013 (14) [M+K]" (calc. 363.1003).

11.1.2.4 N,N-Bi((2S, 35)-1-chloro-3-methylpentan-2-yl))oxalamide (4d)

(GM 1026) 0 .
cl =t cl

Hydroxy-diamide 3d (2.68 g, 9.29 mmol) was dissolved in thionylchloride (30 mL) and heated under
reflux for 2 h. The volatile components were evaporated under high vacuum and the solid residue
recrystallized from ethylacetate at —20 °C to give the product as colourless powder (2.48 g, 7.64 mmol,
82 %).

"H-NMR (CDCl;, 400 MHz): § =0.89 (t, J = 7.4 Hz, 6H, CH,-CH3), 0.95 (d, J = 6.8 Hz, 6H, C*H-
CHj3), 1.081.17 (m, 2H, CHH-CH3;), 1.471.55 (m, 2H, CHH-CH3;), 1.741.82 (m, 2H, C*H-CH3), 3.65-
3.72 (m, 4H, CH,-Cl), 3.943.99 (m, 2H, C*H-NH), 7.59 (d, J = 9.2 Hz, 2H, NH) ppm.

BC-NMR (CDCl;, 100 MHz): d = 11.1 (CHs-CH,), 15.2 (CHs-C*H), 25.1 (CH,-CH3), 35.6 (C*H-
CHs;), 45.8 (CH,-Cl), 54.7 (C*H-NH), 159.4 (CO) ppm.
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IR (solid): ¥ =3287 (m, v NH), 2966 (w), 2931 (w), 2874 (w), 1651 (s, v CO), 1503 (s), 1470 (w),
1439 (w), 1383 (w), 1333 (w), 1289 (m), 1244 (w), 1207 (m), 1165 (w), 1146 (w), 1103 (w), 1060 (w),
1041 (w), 999 (w), 905 (w), 834 (w), 811 (w), 775 (W), 737 (m), 675 (m) cm".

11.1.2.5 N,N’-Bi((S)-2-chloro-4-methylpentan-2-yl)oxalamid (4e)
(2098) o o0
N_[Cl

o ><
>}NH ¢

Hydroxy-diamide 3e (2.18 g, 7.56 mmol) was dissolved in thionylchloride (10 mL) and heated under
reflux for 2 h. The volatile components were evaporated under high vacuum and the solid residue
dissolved in ethylacetate and precipitated by addition of hexane to give the product as colourless

powder which was isolated by filtration (2.28 g, 7.00 mmol, 92 %).

"H-NMR (CDCls, 400 MHz): 6 = 0.83 (d, J=6.2 Hz, 12H, CH3), 1.34-1.55 (m, 6H, CH,-CH(CHj3),),
3.52 (dq, J=4.6, 11.1 Hz, 4H, CH,-Cl), 4.09-4.18 (m, 2H, C*-H), 7.62 (d, J/=9.0 Hz, 2H, NH) ppm.
BC-NMR (DMSO-dg, 100 MHz): § = 21.9 (CHj3), 22.7 (CH3), 24.5 (CH(CHs),), 40.6 (CH,-CH(CHs),),
47.3 (C*), 48.6 (CH,-Cl), 159.2 (CO) ppm.

IR (solid): ¥ =3751 (m), 3066 (w), 2956 (m), 2930 (m), 2872 (w), 2360 (w), 2161 (w), 2027 (W),
1+78 (w), 1733 (w), 1655 (s), 1521 (s), 1467 (m9, 1438 (m), 1387 (w), 1368 (w), 1323 (w), 1297 (w),
1265 (m), 1245 (m), 1214 (m), 1185 (m), 1170 (w), 1140 (w), 1120 (w), 1095 (w), 1068 (w), 1047
(W)1016 (W)943 (w), 920 (w), 853 (W), 825 (m), 773 (s), 729 (s) cm’".

HRMS (+ESI, 250 V): m/z (%) = 347.1277(100) [M+K]" (calc. 347.1264).

11.1.2.6 N,N’-Bi((S)-1-chlorohexan-2-yl)oxalamid (4f)

(2110) 0.

¢ NHNI ¢
T\

Hydroxy-diamide 3f (1.05 g, 3.64 mmol) was dissolved in thionylchloride (25 mL) and heated to reflux
for 2 h. The volatile components were evaporated under high vacuum and the solid residue dissolved in
ethylacetate and precipitated with hexane to give the product as colourless powder (0.873 g,

2.68 mmol, 73 %).

'H-NMR (CDCl;, 400 MHz): 6 = 0.87-0.92 (m, 3H, CHj), 1.25-1.38 (m, 4H, CH,), 1.57-1.75 (m, 2H,
CH,), 2.62 (dd, J = 11.4, 4.2 Hz, 1H, CHH-C1), 3.66 (dd, J = 11.4, 4.2 Hz, 1H, CHH-CI), 4.11-4.19 (m,
1H, C*-H), 7.58 (d, J = 8.8 Hz, 1H, NH) ppm.

BC.NMR (DMSO-dg, 100 MHz): 6 = 14.3 (CH3), 22.2 (CH,), 28.2 (CH,), 31.8 (CH.), 47.3 (CH,-Cl),
51.7 (C*), 160.5 (Cearponyt) PP
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IR (solid): ¥ = 3271 (m), 3060 (w), 2953 (m), 2932 (m), 2874 (w), 2858 (w), 1978 (w), 1655 (s), 1636
(m), 1522 (s), 1483 (m), 1464 (m), 1442 (m), 1377 (m), 1371 (m), 1318 (w), 1290 (m), 1261 (m), 1244
(m), 1207 (m), 1182 (m), 1140 (m), 1114 (w), 1080 (w), 1066 (m), 1013 (m), 997 (m), 969 (w), 892
(w), 870 (w), 859 (m), 788 (m), 771 (s), 736 (s), 726 (s), 697 (m), 668 (W), 578 (s).

HRMS (+ESL, 250 V): m/z (%) = 347.1258 (100) [M+Na]" (calc. 347.1264).

11.1.2.7 N,N’-Bi((S)-2-Chloro-1-phenylethyl)oxalamid (4g)
(GM 1010) o O

O

Hydroxy-diamide 3g (1.98 g, 6.03 mmol) was dissolved in thionylchloride (50 mL) and threated under
reflux for 2 h. The liquid compounds were evaporated under vacuum and the solid residue dissolved in
ethylacetate and precipitated with hexane to give the product as colourless powder (1.63 g, 4.46 mmol,
74 %).

"H-NMR (CDCls, 400 MHz): 6 = 3.68 (dd, J=5.1, 11.3 Hz, 2H, CH,-Cl), 3.80 (dd, J=7.7, 11.3 Hz,
2H, CH,-Cl), 5.07 (dd, J =5.1, 7.7 Hz, 2H, C*H), 7.10-7.20 (m, 10 H, H,,), 8.40 (d, J=9.04 Hz, 2H,
NH) ppm.

BC-NMR (DMSO-ds, 100 MHz): J = 46.7(CH,), 55.6(C*), 127.4(C,-H), 128.5(C,-H), 129.1(C,-H),
139.4(C,-C), 160.0 (CO) ppm.

IR (solid): 7 =3298 (s, vNH), 3061 (w), 3024 (w), 2960 (w), 2359 (m), 2325 (m), 1733 (w), 1653 (s,
v CO), 1581 (w), 1514 (s), 1454 (m), 1429 (m), 1368 (w), 1333 (w), 1306 (w), 1248 (m), 1235 (m),
1192 (w), 1170 (w), 1075 (w), 1048 (m), 1026 (m), 1000 (w), 981 (w), 965 (w), 928 (w), 909 (w), 858
(W), 839 (w), 821 (w), 772 (m), 727 (s), 695 (s), 669 (w)cm.

HRMS (+ESI, 200V): m/z (%) = 387.0653 (33) [M+Na]" (calc. 387.0638).

11.1.2.8 N,N’-Bi((S)-1-chloro-3-phenylpropan-2-yl)oxalamid (4h)

0} (o]

o~ Y4

Hydroxy-diamide 3h (1.93 g, 5.42 mmol) was dissolved in thionylchloride (50 mL) and heated under
reflux for 2 h. The volatile components were evaporated under high vacuum and the solid residue
dissolved in ethylacetate and precipitated with hexane to give the product as colourless powder (2.08 g,

5.30 mmol, 98 %).
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'H-NMR (CDCly/DMSO-d¢=10/1, 400 MHz): §=2.93-3.02 (m, 2H, CH,-Ph), 3.53 (dd, J=3.7,
11.4 Hz, 1H, CHH-O), 3.61 (dd, J=4.2, 11.4 Hz, 1H, CHH-O), 4.36-4.44 (m, 1H, C*-H), 7.18-7.34
(m, 5H, H,), 7.67 (d, J = 8.8 Hz, 1H, NH) ppm.

BC.NMR (DMSO-ds, 100 MHz): § = 37.7 (CH,-Ph), 46.9 (CH,-Cl), 53.1 (C*), 126.9 (C,-H), 128.8
(Cy-H), 129.5 (Cy-H), 138.2 (Cop-C), 159.9 (Cearbonyl) PPM.

IR (solid): ¥ =3291 (m), 3087 (w), 3082 (w), 3063 (w), 3029 (w), 2954 (w), 2954 (w), 2929 (w),
2954 (w), 2929 (w), 2858 (w), 2033 (w),1682 (m), 1656 (s), 1635 (m), 1602 (m), 1585 (W), 1568 (w),
1557 (m), 1519 (s), 1495 (m), 1454 (m), 1442 (m), 1430 (m), 1394 (w), 1364 (m), 1355 (m), 1310 (m),
1298 (w), 1289 (w), 1242 (m), 1197 (s), 1179 (m), 1167 (m), 1127 (m), 1107 (w), 1090 (m), 1078 (m),
1044 (m), 1031 (m), 1012 (m), 981 (w), 971 (w), 944 (w), 911 (m), 873 (m), 859 (m), 844 (m), 831
(m), 792 (m), 781 (m), 770 (m), 747 (s), 753 (s), 696 (s), 655 (m) cm’".

HRMS (+ESL, 250 V): m/z (%) = 415.0961 (51) [M+Na]" (calc. 415.0951).

11.1.3 Bisoxazolines

11.1.3.1 2,2'-Bi((4S, 4°S)-4,4'-dimethyl)-oxazolin (5a)
(GM 1130)
O )
):N/>_<\Nj

The dichloride 4a (1.40 g, 5.84 mmol) was dissolved in boiling methanol (200 mL) and a solution of
KOH (0.752 g, 13.4 mmol) in methanol (30 mL) was added. The reaction mixture was heated under
reflux for 2.5 h. After cooling to room temperature, water (230 mL) was added and the methanol
removed under reduced pressure. The aqueous phase was extracted with dichloromethane (4x 150 mL).
The combined organic phases were dried over Na,SO, and the solvent removed by rotary evaporation.

The solid residue was recrystallized from ethylacetate to give the product as colourless powder
(0.868 g, 5.16 mmol, 88 %).

"H-NMR (CDCl;, 500 MHz): 6 = 1.28 (d, J = 6.8 Hz, 6H, CH3), 3.92 (t, J = 8.2 Hz, 2H, CHH), 4.28—
4.37 (m, 2H, C*H), 4.47 (dd, J = 8.2, 9.5 Hz, 2H, CHH) ppm.

BC-NMR (CDCl;, 125 MHz):6 = 20.9 (CH3), 62.5 (CH,), 74.8 (C*), 154.7 (CO) ppm.

IR (solid): ¥ =3284 (w), 2966 (w), 2926 (w), 2869 (w), 2357 (W), 2341 (w), 1656 (w), 1617 (m),
1527 (w), 1471 (w), 1448 (w), 1360 (w), 1348 (w), 1322 (w), 1282 (w), 1203 (w), 1143 (m), 1132 (m),
1092 (w), 1083 (w), 1062 (m), 948 (m), 858 (w), 835 (W), 772 (W), 735 (W), 692 (w) cm™",
HRMS(+ESI, 200 V): m/z (%) = 191.0799(100) [M+Na]" (calc. 191.0796).

M.p.: 60-62 °C.
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11.1.3.2 2,2°-Bi((45,4°S)-4,4"-diisopropyl)-oxazolin (5b)

(2054)
O (@)
—

Chloro-diamide 4b (838 mg, 2.81 mmol) was dissolved in methanol (20 mL) and a solution of KOH
(363 mg, 6.48 mmol) in methanol (30 mL) was added drop wise. The reaction mixture was heated
under reflux for 3 h. After cooling to room temperature water (50 mL) was added and the methanol
removed by rotary. The aqueous phase was extracted with dichlormethane(3x 120 mL). The combined
organic layers were dried over Na,SO,4. The solvent was evaporated under vacuum and the residue
dissolved in ethylacetate. Addition of hexane (ethylacetate/hexane = 1/10) precipitated a colourless
solid which was identified as the the starting material. The solution contained the pure product and

yielded after evaporation of the solvent 575 mg (2.56 mmol, 91%) of a colourless solid.

"H-NMR (CDCls, 400 MHz): & = 0.81 (d, J =6.7Hz, 6H, CH(CH;),), 0.91 (d, J=6.7 Hz, 6H,
CH(CHj3),), 1.74 (tt, J = 6.7 Hz, 2H, CH(CH3),), 3.69-4.05 (m, 4H, CH.CI, C*H ), 4.28-4.37 (m, 2H,
CH,CI) ppm.

BC-NMR (CDCls, 100.6 MHz): & = 18.3 (CH3), 19.0 (CHs), 32.4 (CH), 71.1 (CH,), 73.1 (C*), 154.5
(C=N) ppm.

IR (solid): T = 3364 (w), 3277 (w), 2986 (w), 2959 (s), 2904 (m), 2876 (s), 2360 (w), 2161 (w),
2034 (w), 1978 (w), 1695 (w), 1644 (w), 1657 (w), 1615 (s), 1524 (w), 1472 (w), 1469 (w), 1463 (w),
1449 (w), 1384 (w), 1362 (w), 1345 (w), 1316 (w), 1297 (w), 1276 (w), 1260 (w), 1176 (w), 1130 (s),
1114 (s), 1027 (m), 1010 (w), 973 (w), 946 (s), 895 (m), 871 (m), 812 (m), 790 (m), 753 (w), 730 (W),
682 (W), 666 (W), 655 (W) cm™.

HRMS (+ESI, 200V): m/z (%) = 247.1415 (100) [M+Na]" (calc. 247.1417), 225.1593 (58) [M+H]"
(calc. 225.1598).

M.p.: 36-38 °C.

11.1.3.3 2,2'-Bi((45,4°S)-4,4'-di-tert-butyl)-oxazolin (5¢)

(GM 1012)
(0] o]
>([N/>—<\N]"q/<

Chloro-diamide 4c¢ (1.658 g, 5.10 mmol) was dissolved in methanol (200 mL) and KOH (0.38 g,
6.73 mmol) was added dropwise as solution in methanol (30 mL). The reaction mixture was treated
under reflux for 2.5 h during which a colourless solid precipitated from the solution. After cooling to
room temperature the solid was separated by filtration. water (230 mL) was added to the filtrate and the

methanol removed by rotary evaporation. The aqueous phase was extracted with dichlormethane (3x

219



Experimental Section

120 mL). The combined organic layers were dried over Na,SO,. The solvent was evaporated under
vacuum and the residue recrystallized from ethylacetate at —20°C to give a second fraction of

colourless powder. The two powder fractions were combined (0.46 g, 1.82 mmol, 36 %).

'H-NMR (CDCls, 500 MHz): § =0.91 (s, 18H, C(CH,)3), 4.06 (dd, J = 8.8, 10.2 Hz, 2H, C*H), 4.20
(dd, J = 8.8, 9.2 Hz, 2H, CHH), 4.36 (dd, J = 8.8, 10.2 Hz, 2H, CHH) ppm.

BC.NMR (CDCls, 125 MHz): 6 = 25.9 (C(CHs)s), 33.7 (C(CHs)3), 69.5 (CH.), 76.7 (C*), 154.5 (CO)
ppm.

IR (solid): ¥ =2951 (w), 2904 (w), 2869 (w), 1619 (m), 1557 (w), 1538 (w), 1485 (w), 1472 (w),
1393 (w), 1367 (w), 1359 (w), 1326 (w), 1279 (w), 1253 (w), 1213 (w), 1193 (w), 1119 (m), 1065 (w),
1020 (w), 993 (W), 943 (m), 871 (w), 858 (W), 764 (W), 697.

HRMS (+ESI, 200V): m/z (%) = 253.1941 (100) [M+H]" (calc. 253.1910).

M.p.: 171-174 °C.

11.1.3.4 2,2'-Bi((4S, 4'S)-4,4'-di((S)-sec-butyl)-oxazolin (5d)

(GM 1030)
o o
/\([NHNI/\

Chloro-diamide 4d (2.05 g, 6.34 mmol) methanol (150 mL) and KOH (0.82 g, 14.6 mmol) was added
dropwise as solution in methanol (30 mL). The reaction mixture was heated under reflux for 2.5 h.
After cooling down to room temperature water (180 mL) was added and the methanol removed in
vacuum. The aqueous phase was extracted three times with approximately 120 mL of dichlormethane
respectively. The combined organic layers were dried over Na,SO,. The solvent was evaporated under

vacuum to yield a colourless oil (0.97 g, 3.85 mol, 61 %).

"H-NMR (CDCl;, 500 MHz): 6 = 0.82 (d, J = 6.8 Hz, 6H, C*H-CH), 0.89 (t, J = 7.4 Hz, 6H, CH,-
CHs), 1.131.22 (m, 2H, CH5-CHH), 1.531.69 (m, 4H, CH,-CHH,-C*H-CHj3), 4.09 (dd, J = 81, 9.2 Hz,
2H, CHH-0), 4.134.19 (m, 2H, C*H-N), 4.37 (dd, J = 8.1, 9.5 Hz, 2H, CHH-O) ppm.

BC-NMR (CDCl;, 125 MHz): 6 = 11.3 (CHs-CH,), 14.5 (CHs-C*), 38.8 (C*H-CHj,), 70.7 (CH,-0),
71.7 (C*H-N), 154.5 (CO) ppm.

IR (oil): ¥ =2961 (m), 2931 (m), 2876 (m), 2359 (w), 2336 (W), 1735 (w), 1693 (w), 1678 (w), 1642
(w), 1619 (s), 1557 (w), 1525 (w), 1507 (w), 1463 (w), 1378 (w), 1346 (w), 1246 (w), 1204 (w), 1120
(s), 1047 (w), 978 (w), 943 (m), 870 (W), 796 (W), 774 (w) cm™.

HRMS (+ESI, 200V): m/z (%) = 275.1738 (100) [M+Na]* (calc. 275.1730), 253.1926 (35) [M+H]"
(calc. 253.1911).

M.p.: 31-33°C.
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11.1.3.5 2,2'-Bi((4S, 4'S) -4,4'-diisobutyl)-oxazolin (Se)

(2098)
(@] @]
J Lo=AL

Chloro-diamide 4e (1.05 g, 3.23 mmol) was dissolved in methanol (10 mL) and KOH (0417 g,
7.43 mmol) was added dropwise as solution in methanol (5 mL). The reaction mixture was heated
under reflux for 2.5 h. After cooling down to room temperature water (15 mL) was added and the
methanol removed in vacuum. The aqueous phase was extracted three times with approximately 50 mL
of dichlormethane respectively. The combined organic layers were dried over Na,SO,. The solvent was
evaporated under vacuum and the residue recrystallized from ethylacetate to yield a colourless powder
(3.12 g, 0.990 mmol, 96 %).

'H-NMR (CDCl;, 500 MHz): = 0.89 (d, J=6.8 Hz, 6H, CHs), 0.91 (d, J=6.8 Hz, 6H, CH,), 1.28-1.33
(m, 2H, CHH-CH(CH,),), 1.62-1.68 (m, 2H, CHH-CH(CHs),), 1.76-1.84 (m, 2H, CH(CH;),), 3.95 (t,
J=8.3 Hz, 2H, CHH-0), 4.27-4.33 (m, 2H, C*-H), 4.47 (dd, J=9.9, 8.7 Hz, 2H, CHH-O) ppm.
BC.NMR (CDCl;, 100 MHz): § = 22.5 (CH3), 22.8 (CH;), 25.2 (CH(CHs),), 45.0 (CH,-CH(CHs),),
65.5 (C*), 73.9 (CH,-0), 154.6 (CO) ppm.

IR (solid): 7 = 3285 (w), 2953 (s), 2928 (m), 2900 (m), 2867 (m), 2362 (w), 1656 (w), 1621 (s), 1525
(w), 1471 (m), 1461 (m), 1448 (m), 1428 (w), 1409 (w), 1380 (m), 1363 (m), 1351 (w), 1341 (w), 1320
(w), 1289 (w), 1273 (w), 1251 (w), 1235 (w), 1206 (w), 1170 (w), 1146 (w), 1133 (m), 1112 (s), 1071
(m), 1027 (w), 1013 (w), 1004 (w), 985 (w), 951 (m), 935 (s), 920 (m), 894 (W), 874(m), 839 (w), 823
(m), 774 (w), 753 (w), 730 (m), 694 (w) cm’.

HRMS (+ESL 250 V): m/z (%) = 275.1732 (100) [M+Na]* (calc. 275.1730), 253.1918 (15) [M+H]*
(calc. 253.1911).

M.p.: 53-54 °C.

11.1.3.6 2,2'-Bi((4S, 4'S) -4,4'-dibutyl)-oxazolin (5f)

(2114)
N "N

Chloro-diamide 4f (0.22 g, 0.68 mmol) was dissolved in methanol (30 mL) and KOH (0.088 g,
1.5 mmol) was added dropwise as solution in methanol (5 mL). The reaction mixture was treated under
reflux for 4 h. After cooling down to room temperature water (35 mL) was added and the methanol
removed in vacuum. The aqueous phase was extracted three times with approximately 30 mL of

dichlormethane respectively. The combined organic layers were dried over Na,SO,. The solvent was
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evaporated under vacuum and the residue recrystallized from ethylacetate to yield a colourless powder
(0.15 g, 0.62 mmol, 90 %).

"H-NMR (CDCls, 500 MHz): 6 = 0.76 (t, J = 7.2 Hz, 6H, CH3), 1.17-1.25 (m, 6H, "Bu-CH,), 1.30-1.35
(m, 2H, "Bu-CH,), 1.36-1.44 (m, 2H, "Bu-CH,), 1.55-1.63 (m, 2H, "Bu-CH,), 3.90 (t, J= 8.5 Hz, 2H,
C*-CH,), 4.10-4.17 (m, 2H, C*H), 4.36 (dd, J= 8.5, 9.5 Hz, C*-CH,) ppm.

BC-NMR (CDCl;, 100 MHz): 6 = 13.9 (CH3), 22.5 ("Bu-CH,), 27.9 ("Bu-CH,), 35.1 ("Bu-CH,), 67.2
(C*), 73.3 (CH,-0), 154.3 (CO) ppm.

IR (solid): ¥ = 3276 (m), 2955 (m), 2929 (m), 2871 (m), 2859 (m), 1700 (w), 1675 (m), 1655 (s), 1642
(m), 1617 (s), 1523 (m), 1503 (m), 1466 (m), 1458 (m), 1444 (m), 1378 (m), 1352 (m), 1343 (m), 1304
(m), 1291 (m), 1258 (m), 1246 (m), 1215 (m), 1182 (m), 1129 (s), 1112 (s), 1080 (s), 1035 (m=, 971
(m), 946 (s), 892 (m), 866 (m), 835 (w), 789 (m), 772 (m), 736 (m), 702 (w), 668 (w) cm™".

HRMS (+ESI, 250 V): m/z (%) = 275.1741 (100) [M+Na]* (calc. 275.1730), 253.1917 (15) [M+H]*
(calc. 253.1911).

M.p.: 48-50 °C.

11.1.3.7 2,2'-Bi((4R, 4'R)-4,4'-diphenyl)-oxazolin (5g)

(GM 1010)
(o] O
©EH]7©

Chloro-diamide 4g (1.07 g, 2.92 mmol) was dissolved in methanol (200 mL) and KOH (0.38 g,
6.73 mmol) was added dropwise as solution in methanol (20 mL). The reaction mixture was treated
under reflux for 3 h. After cooling down to room temperature water (220 mL) was added and the
methanol removed in vacuum. The aqueous phase was extracted three times with approximately
120 mL of dichlormethane respectively. The combined organic layers were dried over Na,SO,. The
solvent was evaporated under vacuum and the residue dissolved in CH,Cl,. Precipitation with hexane

yielded a colourless powder (0.74 g, 2.53 mmol, 86 %).

"H-NMR (CDCl;, 500 MHz): 6 = 4.34 (dd, J = 8.8, 9.2 Hz, 2H, CHH), 4.85 (dd, J = 8.8, 10.2 Hz, 2H,
CHH), 5.45 (dd, J = 9.2, 10.2 Hz, 2H, C*-H), 7.277.43 (m, 10H, H,,) ppm.

BC-NMR (CDCl;, 125 MHz): 6 =70.5 (C*), 75.3 (CH,), 126.8 (C,-H), 128.0(C,-H), 128.9(C,-H),
140.5 (C,-C), 155.7 (CO) ppm.

IR (solid): V' =1655 (w), 1615 (m), 1583 (w), 1494 (w), 1453 (w), 1363 (w), 1303 (w), 1265 (w),
1265 (w), 1199 (w), 1178 (w), 1156 (w), 1120 (m), 1080 (w), 1055 (w), 1036 (w), 1010 (w), 999 (w),
972 (w), 956 (w), 932 (m), 919 (w), 868 (W), 850 (w), 826 (w), 807 (w), 770 (m), 755 (m), 701 (m),
670 (w)cm™.
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HRMS (+ESI, 200V): m/z (%) = 315.1118 (100) [M+Na]" (calc. 315.1104), 293.1294 (59) [M+H]"
(calc. 293.1285), 331.0863 (10) [M+K]" (calc. 331.0843).
M.p.: 89-92 °C.

11.1.3.8 2,2'-Bi((4R, 4'R)-4,4'-dibenzyl)-oxazolin (Sh)

(2112)
QL= D)

Chloro-diamide 4h (0.861 g, 2.19 mmol) was dissolved in methanol (50 mL) and KOH (0.282 g,
5.03 mmol) was added dropwise as solution in methanol (5 mL). The reaction mixture was treated
under reflux for 4 h. After cooling down to room temperature water (55 mL) was added and the
methanol removed in vacuum. The aqueous phase was extracted three times with approximately 50 mL
of dichlormethane respectively. The combined organic layers were dried over Na,SO,. The solvent was

evaporated under vacuum and the residue recrystallized from ethylacetate to yield a colourless powder
(0.433 g, 1.35 mmol, 61 %).

'H-NMR (CDCl;, 500 MHz): 6 = 2.70 (dd, J=14.0, 9.2 Hz, 1H, C*H-CHH), 3.27 (dd, J=14.0, 5.1 Hz,
1H, C*H-CHH), 4.16 (t, J=8.5 Hz, 1H, CHH-O), 4.37 (1, J=9.5 Hz, 1H, CHH-0), 4.57-4.64 (m, 1H,
C*H), 7.20-7.24 (m, 3H, H,,), 7.29-7.32 (m, 2H, H,,) ppm.

3C.NMR (CDCls, 100 MHz): & = 41.2 (C*-CH,), 68.2 (CH,-0), 72.8 (C*), 126.8 (Cyr-H), 128.7 (Cyr-
H), 129.2 (C,-H), 137.2 (C-C), 155.1 (CO) ppm.

IR (solid): 7 = 3276 (w), 3061 (w), 3026 (w), 2998 (W), 2975 (w), 2943 (w), 2927 (w), 2895 (W), 2860
(w), 2161 (w), 1979 (w), 1736 (s), 1610 (s), 1597 (m), 1581 (w), 1520 (w), 1494 (m), 1477 (m), 1454
(m), 1444 (w), 1358 (m), 1342 (m), 1308 (m), 1260 (m), 1222 (w), 1200 (w), 1180 (w), 1134 (s), 1092
(s), 1069 (s), 1043 (m), 1030 (m), 1008 (m), 978 (w), 954 (m), 941 (s), 920 (m), 78 (m), 847 (m), 814
(w), 781 (w), 760 (m), 758 (m), 709 (s), 694 (s) cm’".

HRMS (+ESI, 200 V): m/z (%) = 343.1417 (100) [M+Na]* (calc. 343.1417), 359.1169 (35) [M+K]*
(calc. 359.1156), 321.1606 (25) [M+H]" (calc. 321.1598).

M.p.: 118-122 °C.
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11.1.3.9 (S)-4,4 -diisopropyl-2,2°-bithiazolin (7b)

(6010, 6012)
S S
\([N/>—<\N ],//

Chloro-diamide 4b (574 mg, 1.93 mmol) and Lawson’s reagent (781 mg, 1.93 mmol) were suspended
in toluene (50 mL). The reaction mixture was heated to 111 °C and stirred for 2 h, while the suspension
turned into a clear solution slowly. After cooling to room temperature, triethylamine was added
(10 mL, 72 mmol) and the reaction mixture was stirred for 2 h. The reaction mixture was washed with
water (3x50 mL) and the organic phase was dried over Na,SO,. The organic solvent was evaporated in

vacuum to result a colorless solid (289 mg, 1.12 mmol, 58%), which was identified as the product.

"H-NMR (CDCl;, 400 MHz): § = 0.95 (d, J= 6.7 Hz, 6H, CH3), 1.04 (d, J= 7.0 Hz, 6H, CH3), 2.05
(sep, J= 6.7 Hz, 2H, CH(CH3)2), 3.06 (dd, J= 9.5, 11.1 Hz, 2H, CH2), 3.30 (dd, J= 10.9, 11.1 Hz),
4.33-4.42 (m, 2H, C*H) ppm.

BC-NMR (CDCl;, 125 MHz): 6 = 19.3, 19.9, 33.1, 34.8, 83.9, 162.2 ppm.

IR (solid): ¥ =3283 (w), 3173 (w), 2975 (w), 2967 (m), 2957 (m), 2951 (m), 2936 (w), 2927 (m),
2906 (w), 2892 (w), 2885 (w), 2867 (m), 2828 (w), 1684 (w), 1685 (m), 1558 (w), 1516 (m), 1507 (m),
1490 (w), 1465 (m), 1447 (m), 1382 (w), 1362 (m), 1340 (w), 1314 (w), 1294 (w), 1284 (w), 1271 (m),
1260 (w), 1245 (w), 1228 (m), 1181 (w), 1162 (w), 1143 (w), 1124 (w), 1104 (w), 1086 (m), 1027 (m),
1018 (m), 1003 (m), 984 (w), 955 (m), 939 (m), 925 (m), 880 (m), 862 (s), 853 (s), 820 (w), 791 (m),
743 (w), 677 (w) cm .

HRMS (+ESI, 250V): m/z (%) = 279.0972 (100) [M+Na]" (calc. 279.09601), 257.1149 (20) [M+H]*
(calc. 257.11407).

11.2 Pyrox, mepyrox and quinox structures

11.2.1 p-Hydroxyamides

11.2.1.1 General Procedure A for 3-hydroxyamides

HZN;/\OH
R4 ~
2 r” \‘ X
r”‘@ EDCI, HOBY, N-methylmorpholin % _.\ O
IS —
>~ >N >cooH HN
. DCM 0. 1011 1(/\OH

.
The reaction was performed under an argon atmosphere. The appropriate carboxylic acid (1.0 equiv.),
picolinic acid , 6-methyl-picolinic acid or quinaldic acid, was dissolved in CH,Cl, together with N-

methylmorpholine (1.3 equiv.) and left stirring for 10 min at room temperature. The solution was
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cooled down to —5°C in a brine/ice-bath and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimid
(1.1 equiv.) and 1-Hydroxybenzotriazol (1.2 equiv.) were added. The mixture was left stirring for
15 min at —5° C and for other 15 min at room temperature. After cooling down again to —5° C, the
aminol 2 (1.2 equiv.) was added and the reaction mixture left stirring in the melting brine/ice-bath over
night. During this time the reaction mixture turned orange (picolinic acid amide), orange-brown (6-
methyl picolinic acid amide) or purple (quinaldic acid amide). The volume of the reaction mixture was
increased by adding approximately one volume equivalent of CH,Cl, and washed once with a half
saturated aqueous NaHCO; solution. The aqueous phase was extracted twice with CH,Cl, and the
combined organic layers were washed again with a very small amount of a half saturated aqueous
NaHCO; and afterwards with brine. The organic layer was dried over Na,SO,4 and the solvent was
removed by rotary evaporation to yield the crude product quantitatively as strongly coloured oil or
solid (picolinic acid amide: yellow-orange, 6-methyl picolinic acid amide: brown-orange, quinaldic
acid amide: blue). The crude product was used for the transformation to pyrox-type molecules 9, 17

and 18 without any further purification.

11.2.1.2 (S)-N-(1-Hydroxy-3-methylbutan-2-yl)picolinamide (9b)
(3052)

X

\N/ o

N~ o

PN

According to general procedure A. Picolinic acid (897 mg, 7.29 mmol), (L)-valinol (1.025 g,
9.941 mmol), N-methylmorpholine (1.04 mL, 9.48 mmol), 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimid ~ (1.537 g,  8.021 mmol), = Hydroxybenzotriazol = (1.182 g,
8.750 mmol), CH,Cl, (50 mL).

Discarded methods

HN~op X

(GM 1014) B : |

_ (o) N Pz (@]

OEt N-methylmorpholine, HN
toluene, 85 °C, 7 h TS

The reaction was carried out under an inert gas atmosphere. (R)-valinol (500 mg, 4.85 mmol) and
ethylpicolinate (0.65 mL, 4.8 mmol) were separately dissolved in toluene (each in 40 mL). The
solutions were combined and heated for 1.5 h under reflux. Because the TLC analysis showed no full
conversion, one equivalent of N-methylmorpholine (0.53 mL, 4.8 mmol) was added and again one
equivalent after additional 1.5 h of heating. Even though there was still no significant change on the

TLC visible, the reaction was stopped after 4 h. The solvent was removed under vacuum and the crude
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product purified by column chromatography on silica gel (ethylacetat / hexane = 1/9, 1/4, 3/7, 4/6). The
product was obtained as colorless oil in 62% yield (623 mg, 2.51 mmol)

The product was identified by '"H-NMR, "C-NMR IR and HRMS analysis.

(GM 1052)

X HQN\E/\OH A
l _ (@] AN l = 0
- ______ .

OMe  NEts, HN
toluene, 85 °C, 7 h TS

The reaction was carried out under an inert gas atmosphere. (R)-valinol (200 mg, 1.94 mmol) and
methylpicolinate (270 mg, 1.94 mmol) were dissolved in toluene (25 mL) and heated for 2 h under
reflux. Because the TLC analysis showed no full conversion, NEt; (0.40 mL, 2.9 mmol) was added.
The addition of base was repeated after 2 h and 4 h of heating. After 7 h total reaction time the reaction
was stopped and the solvent removed under vacuum and the residue redissolved in dichloromethane.
The solution was washed twice with water and dried over Na,SO,. The solvent was removed in
vacuum to yield the crude product. Purification by column chromatography was abandoned due to the

very similar retention times of the 3 different compounds in the crude product.
The product was identified by 'H-NMR and HRMS analysis.

(GM 1028)

QN\/\OH X

pZ _ N
N N
OH 85 °C,3h CoH,Clp, 2 h HN\_/\

P

The reaction was carried out under an inert gas atmosphere. Picolinic acid (600 mg, 4.8 mmol) was
dissolved in Thionylchloride (5 mL) to give a green solution. After heating to reflux for 3 h, the
solvent was removed in vacuum and the green residue dried over night under hich vacuum. (R)-valinol
(500 mg, 4.85 mmol) was dissolved in dichloromethane (15 mL) and NEt; (0.66 mL, 4.8 mmol) was
added. The valinol-solution was added to the picolinic acid chloride and the mixture was heated for 2 h
under reflux while its color turned blue. After cooling down to room temperature, one volume
equivalent of dichloromethane was added and the solution washed with water for four times. The
organic phase was dried over Na,SO, and the solvent was removed in vacuum, yielding a brown oil.
Purification by column chromatography was abandoned due to the high amount of other compounds (5

fractions visible on TLC).

The product was identified by HRMS analysis. "H-NMR analysis showed a huge amount of impurities.
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HZN\»/\OH
(GM 1032) 4 -
N iso-butylchloroformiate, |
| N-methylmorpholine NG o
= (0]
N AN~

OH CyHyClp, -5 °C—1t, 15 h

The reaction was carried out under an inert gas atmosphere. Picolinic acid (4.00 g, 32.5 mmol) was
dissolved in dichloromethane (300 mL). N-methylmorpholine (5.35 mL, 37.4 mmol) and, after 15 min
of stirring, iso-butylchloroformiate (4.91 mL, 37.4 mmol) were added and the solution stirred for
30 min at room temperature. (R)-valinol (3.35 g, 32.5 mmol) was dissolved in dichloromethane
(15 mL) and N-methylmorpholine (4.11 mL, 48.7 mmol) was added. The valinol-solution was added to
the ice-brine cooled picolinic acid solution. After stirring at -5 °C for 1 h, the reaction mixture was
allowed to warm to room temperature and left stirring for 13 h while its color turned orange. The
reaction mixture was washed once with diluted ammoniachloride and twice with water. The organig
phase was dried over Na,SO, and the solvent was removed in vacuum, yielding an orange oil. The
crude product was purified by column chromatography on silica gel (ethyacetate / hexane = 1/19, 1/9,

3/17, 1/4, 1/3, 3/7, 2/3, 1/1, 3/2, 1/0), yielding the product as colorless oil (610 mg, 3.22 mmol, 10%).
The product was identified by '"H-NMR and HRMS analysis.

"H-NMR (CDCls, 500 MHz): 6 = 0.93 (d, J=6.81 Hz, 3H, CH3), 1.02 (d, J=6.81 Hz, 3H, CH,),
2.00-2.08 (m, 1H, CH-(CH;),), 3.74-3.83 (m, 2H, CH,-OH), 3.89-3.95 (m, 1H, C*H), 7.39 (t,
J=74Hz, 1H, CH,), 7.81 (t, J=7.1Hz, 1H, CH,), 8.15 (d, J=7.83, 1H, N-CH,), 8.24 (d,
J=7.8 Hz, 1H, OH), 8.52 (d, J = 4.4 Hz, 1H, NH).

BC.NMR (CDCls, 125 MHz): 6 = 18.7 (CHs), 19.7 (CH-(CHs),), 29.3 (CH,-OH), 64.2 (C*), 122.4
(Ca), 126.3 (Cy), 137.5 (Cy), 148.2 (Cy), 149.8 (C.N), 165.2 (CO).

IR (solid): ¥ = 3374 (m), 3045 (w), 3013 (w), 2961 (m), 2928 (m), 2869 (m), 1659 (s), 1591 (W), 1569
(w), 1522 (s), 1464 (m), 1434 (m), 1388 (W), 1369 (w), 1335 (w), 1322 (w), 1291 (w), 1239 (w), 1215
(w), 1162 (w), 1138 (w), 1116 (w), 1087 (w), 1068 (w), 1042 (w), 997 (w), 967 (w), 922 (w), 904 (w),
871 (w), 818 (W), 746 (s), 691 (m), 665 (m).

HRMS (+ESI, 200 V): m/z (%) = 231.1123 (100) [M+Na]* (calc. 231.1104).
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11.2.1.3 (S)-N-(1-Hydroxyhexan-2-yl)picolinamide (9f)
(3082)

(0]
N/

AN~ on

L

According to general Procedure A. Picolinic acid (449 mg, 3.64 mmol), (S)-2-aminohexanol (512 mg,
4.37 mmol), N-methylmorpholine (0.5 mL, 4.74 mmol), 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimid (768 mg, 4.01 mmol), Hydroxybenzotriazol (591 mg, 4.37 mmol),
CH,Cl, (30 mL).

11.2.1.4 (R)-N-(4-Hydroxy-1-phenylbutan-2-yl)picolinamide (9h)
(3066) N

According to general procedure A. Picolinic acid (897 mg, 7.29 mmol), (S)-2-amino-3-phenylpropanol
(1.323 g, 8.750 mmol), N-methylmorpholine (1.04 mL, 9.48 mmol), 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimid ~ (1.537 g,  8.021 mmol), = Hydroxybenzotriazol = (1.182 g,
8.750 mmol), CH,Cl, (50 mL).

11.2.1.5 (S)-N-(2-Hydroxy-1-phenylethyl)picolinamide (9g)
(3078)

According to general procedure A. Picolinic acid (897 mg, 7.29 mmol), (R)-2-Amino-2-phenylethanol
(1.323 g, 8.750  mmol),  N-methylmorpholine (1.04 mL, 9.48 mmol), 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimid ~ (1.537 g,  8.021 mmol), = Hydroxybenzotriazol = (1.182 g,
8.750 mmol), CH,Cl, (50 mL).
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11.2.1.6 (S)-N-(1-hydroxy-3,3-dimethylbutan-2-yl)picolinamide (9c¢)
(GM 1036)

‘ X
N/ o
HN
Y o

The reaction was carried out under inert gas atmosphere. Picolinic acid (2.10 g, 17.1 mmol) was
dissolved in dichloromethane (150 mL) at room temperature and N-methylmorpholine (2.8 mL,
25 mmol) was added. After 15 min iso-butylchlorformiate (2.2 mL, 20 mmol) was added and the
mixture stirred for 30 min. (R)-tert-leucinol (2.00 g, 17.1 mmol) was dissolved in dichloromethane
(30 mL) together with N-methylmorpholine (2.2 mL, 20 mmol) and added to the reaction mixture
dropwise unter ice/brine cooling. After one hour, the ice-bath was removed and the reaction mixture
left stirring for 14 h. Afterwards, The reaction mixture was washed with saturated aqueous
ammoniumchloride solution (3x150 mL) and with water (3x150 mL). The organig phase was dried
over Na2SO4 and the solvent was removed by rotary evaporation which led to a brown oil which was
identified as the product by mass spectrometry. The crude product was used without any further

purification.

11.2.1.7 (S)-N-(2-Hydroxy-1-phenylethyl)-6-methylpicolinamide (17b)
(3084)

/ (@]

HN\E/\OH

P

According to general procedure A. 6-Methylpicolinic acid (1.00 g, 7.29 mmol), (S)-2-amino-3-
phenylpropanol (1.323 g, 8.750 mmol), N-methylmorpholine (1.04 mL, 9.48 mmol), 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimid ~ (1.537 g,  8.021 mmol), = Hydroxybenzotriazol = (1.182 g,
8.750 mmol), CH,Cl, (50 mL).

11.2.1.8 (S)-N-(1-Hydroxyhexan-2-yl)-6-methylpicolinamide (17f)
(3078) N

Pz (0]

N~ o
According to general procedure A. 6-Methylpicolinic acid (500 mg, 3.64 mmol), (S)-2-aminohexanol
(512 mg, 4.37 mmol), N-methylmorpholine (0.5 mL, 4.74 mmol), 1-Ethyl-3-(3-
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dimethylaminopropyl)carbodiimid (768 mg, 4.01 mmol), Hydroxybenzotriazol (591 mg, 4.37 mmol),

11.2.1.9 (R)-N-(2-Hydroxy-1-phenylethyl)-6-methylpicolinamide (17h)

(3068)
ng

According to general procedure A. 6-Methylpicolinic acid (1.00 g, 7.29 mmol), (S)-2-amino-3-
phenylpropanol (1.323 g, 8.750 mmol), N-methylmorpholine (1.04 mL, 9.48 mmol), 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimid ~ (1.537 g,  8.021 mmol), = Hydroxybenzotriazol = (1.182 g,
8.750 mmol), CH,Cl, (50 mL).

11.2.1.10 (R)-N-(1-Hydroxy-3-phenylpropan-2-yl)-6-methylpicolinamide (17g)

(3066)
HN\%

According to general procedure A. 6-Methylpicolinic acid (1.00 g, 7.29 mmol), (S)-2-amino-3-
phenylpropanol (1.323 g, 8.750 mmol), N-methylmorpholine (1.04 mL, 9.48 mmol), 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimid ~ (1.537 g,  8.021 mmol), = Hydroxybenzotriazol = (1.182 g,
8.750 mmol), CH,Cl, (50 mL).

11.2.1.11 (S)-N-(1-Hydroxy-3-methylbutan-2-yl)quinoline-2-carboxamide (18b)
(3056)

X

NP

HN
" oH
/_\

According to general procedure A. Quinaldic acid (1.26 g, 7.29 mmol), (S)-2-amino-3-phenylpropanol
(1.323 g, 8.750 mmol), N-methylmorpholine (1.04 mL, 9.48 mmol), 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimid ~ (1.537 g,  8.021 mmol), = Hydroxybenzotriazol = (1.182 g,
8.750 mmol), CH,Cl, (50 mL).
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11.2.1.12 (S)-N-(1-Hydroxyhexan-2-yl)-6-quinoline-2-carboxamide (18f)
(3086)

A _o
N

HN\;/\OH

At

According to general procedure A. Quninaldic acid (631 mg, 3.64 mmol), (S)-2-aminohexanol
(512 mg, 4.37 mmol), N-methylmorpholine (0.5 mL, 4.74 mmol), 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimid (768 mg, 4.01 mmol), Hydroxybenzotriazol (591 mg, 4.37 mmol),
CH,Cl, (30 mL).

11.2.1.13 (S)-N-(2-Hydroxy-1-phenylethyl)quinoline-2-carboxamide (18g)
(3070)

According to general procedure A. Quinaldic acid (1.26 g, 7.29 mmol), (S)-2-amino-3-phenylpropanol
(1.323 g, 8.750 mmol), N-methylmorpholine (1.04 mL, 9.48 mmol), 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimid ~ (1.537 g,  8.021 mmol), = Hydroxybenzotriazol = (1.182 g,
8.750 mmol), CH,Cl, (50 mL).

11.2.2 Oxazolines

11.2.2.1 General Procedure B for pyridyloxazolines

o | A 1) TsCl, DMAP, NEts, DCE, r.t. o | A
C C
N> N/ (0] e N/ o
HN_* OH 2) KOH, DCE/MeOH (1/1 viv), 80 °C N\g
9,17,18 R4 10, 19, 20

The crude amide 9, 17 or 18 (1 equiv.) was dissolved in 1,2-dichloroethane together with triethylamine
(1.5 equiv.) under an argon atmosphere and left stirring for 10 min. Tosylchloride (1.5 equiv.) and N-
dimethyl-p-aminopyridin (0.1 equiv.) were added and the reaction mixture was left stirring over night
at room temperature. Under normal atmosphere, a solution of KOH (1.1 equiv.) in methanol (1 volume
equivalent in respect to the C,H,C,-reaction mixture) was added and the reaction mixture heated under
reflux for 5 h. After the reaction was finished, the reaction mixture was washed once with a half
saturated aqueous NaHCO; solution. The aqueous phase was extracted twice with CH,Cl, and the

combined organic layers were washed first with a small amount of half saturated aqueous NaHCO;
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solution and second with brine. The organic layer was dried over Na,SO, and the solvent removed
under reduced pressure to yield the crude, strongly coloured, product as oil. The oil was purified by
flash column chromatography with basic alox. The oxazoline products 10, 19 or 20 are colourless oils

or solids.

11.2.2.2 (S)-4-Isopropyl-2-(pyridine-2-yl)-oxazolin (10b)

(3060)
| X
N7 N-O
s
/:\

According to general Procedure B. Amide 9b (7.29 mmol), triethylamine (1.52 mL, 10.9 mmol),
tosylchloride (2.085 g, 0.729 mmol), N-dimethyl-p-aminopyridin (89 mg, 0.73 mmol), C,H,C,
(50 mL), KOH (450 mg, 8.02 mmol), methanol (50 mL). Basic alox (3 x 10 cm; 200 mL hexane,
400 mL hexane/ethylacetate = 1/1, 200 mL ethylacetate). Produkt in fraction 1 and 2 as colourless
powder (977 mg, 5.14 mmol, 69%).

"H-NMR (CDCl;, 500 MHz): § =091 (d, J = 6.8 Hz, 3H, CHs), 1.02 (d, J = 6.8 Hz, 3H, CH;),
1.81-1.89 (m, 1H, CH(CHa),), 4.10-4.19 (m, 2H, CHH, C*H), 4.47 (dd, J = 8.7, 9.5 Hz, 1H, CHH),
7.34 (ddd, J = 1.0, 4.8, 7.5 Hz, 1H, H,,), 7.73 (dt, J = 1.7, 7.8 Hz), 1H, H,,), 8.01 (d, J = 7.8 Hz, 1H,
H.,), 8.66 (d, J =4.8 Hz, 1H, H,,) ppm.

BC-NMR (CDCI3, 100 MHz): § = 18.3 (CHs), 19.1 (CHj), 32.8 (CH(CHs3),), 70.8 (C*), 73.0 (CH,),
124.0 (Cy-H), 125.5 (Cyp-H), 136.6 (Cy-H), 147.0 (C,-C), 149. 8 (C,-H), 162.6 (C-O) ppm.

IR (solid): 7 =3097 (w), 3060 (w), 2992 (w), 2957 (m), 2934 (m), 2898 (m), 1869 (m), 1744 (m),
1724 (m), 1672 (m), 1640 (m), 1587 (m), 1568 (m), 1518 (m), 1466 (m), 1438 (x), 1404 (w), 1383 (m),
1353 (s), 1315 (m), 1283 (m), 1266 (m), 1244 (m), 1216 (m), 1199 (m), 1173 (m), 1146 (m), 1127 (m),
1091 (s), 1042 (s), 1027 (m), 1014 (m), 995 (m), 964 (s), 955 (s), 933 (m), 912 (m), 893 (m), 815 (m),
797 (s), 750 (s), 706 (s), 674 (s) cm™.

HRMS (+ESI, 220 V): m/z (%) = 191.1180 (100) [M+H]* (calc. 191.1179), 213.0988 (60) [M+Na]*
(calc. 213.0998).

M.p. = 46-49° C

232



Experimental Section

11.2.2.3 (S)-4-Butyl-2-(pyridine-2-yl)-oxazolin (10f)
(3094)

According to general procedure B. Amide 9f (3.65 mmol), triethylamine (0.76 mL, 5.4 mmol),
tosylchloride (1.043 g, 5.4 mmol), N-dimethyl-p-aminopyridin (45 mg, 0.36 mmol), C,H,C, (30 mL),
KOH (250 mg, 4.01 mmol), methanol (30 mL). Basic alox (3 x 10 cm; pentane (500 mL),
hexane/ethylacetate = 4/1 (500 mL), 3/2 (500 mL), ethylacetate (500 mL)). Produkt in fraction 3 as
colourless oil (311 mg, 1.52 mmol, 41%).

"H-NMR (CDCl;, 500 MHz): 6 =0.87 (t, J] = 7.2Hz, 3H, CH3), 1.28-1.37 (m, 3H, CH,("Bu)),
1.38-1.48 (m, 1H, CH,("Bu)), 1.50-1.58 (m, 1H, CH,("Bu)), 1.71-1.79 (m, 1H, CH,("Bu)), 4.07 (t, J =
8.2 Hz, 1H, CH,-0), 4.26-4.33 (m, 1H, C*H), 4.23 (dd, J = 8.17, 9.5 Hz, 1H, CH,-0), 7.33 (ddd, J =
1.0, 4.1, 7.8 Hz,1H, H,,), 7.12 (dt, J = 1.7, 7.8 Hz, 1H, H,,), 7.98 (d, J = 7.8 Hz, 1H, H,,), 8.65 (d, J =
4.8 Hz, 1H, H,,) ppm.

BC-NMR (CDCI3, 100 MHz): ¢ = 14.1 (CH3), 22.7 (CHy,5.), 28.1 (CHa,.pu), 35.6 (CHa,py), 67.1
(C*), 73.2 (CHyy), 123.9 (C,-H), 125.5 (C,-H), 136.7 (C,-H), 146.9 (C,-C), 149.8 (C,-H), 162.6 (C-
O) ppm.

IR (solid): ¥ =3056 (w), 3008 (w), 2955 (m), 2928 (m), 2895 (m), 2871 (m), 2857 (m), 1640 (m),
1582 (m), 1568 (m), 1516 (w), 1467 (m), 1439 (m), 1360 (m), 1319 (m), 1304 (m), 1289 (m),
1264 (m), 1245 (m), 1214 (w), 1198 (w), 1150 (w), 1122 (m), 1095 (m), 1088 (s), 1075 (s), 1042 (s),
993 (m), 961 (s), 917 (m), 901 (m), 862 (W), 799 (s), 743 (s), 703 (s), 680 (m) cm™",

HRMS (+ESI, 240 V): m/z (%) = 205.1322 (100) [M+H]" (calc. 205.1335), 227.1141 (32) [M+Na]"
(calc. 227.1155).

11.2.2.4 (R)-4-Benzyl-2-(pyridine-2-yl)-oxazolin (10h)
(3072) N

According to general procedure B. Amide 9h (7.29 mmol), triethylamine (1.52 mL, 10.9 mmol),
tosylchloride (2.085 g, 0.729 mmol), N-dimethyl-p-aminopyridin (89 mg, 0.73 mmol), C,H4,C,
(50 mL), KOH (450 mg, 8.02 mmol), methanol (50 mL). Basic alox (3 x 10 cm; pentane (500 mL),
pentane/diethylether = 3/7 (500 mL), diethylether (500 mL)). Produkt in fraction 3 as colourless oil
(530 mg, 2.22 mmol, 28%).
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"H-NMR (CDCl;, 500 MHz): 6=2.75 (dd, J = 8.9, 14.0 Hz, 1H, CHH-Ph), 3.28 (d, J = 5.1,
5.1 Hz,1H, CHH-Ph), 4.21 (t, J = 8.9 Hz, 1H, CHH.,,), 4.43 (t, J = 8.9 Hz, 1H, CHH,,), 4.61-4.67 (m,
1H, C*H), 7.20-7.31 (m, 5H, Hpy), 7.37 (ddd, J = 1.0, 4.7, 7.6 Hz, 1H, H,,), 7.76 (dt, J = 1.7, 7.5 Hz,
1H, H,), 8.04 (d, J = 7.8 Hz, 1H, H,,), 8.69 (d, J = 4.8 Hz, 1H, H,,) ppm.

BC-NMR (CDCl;, 100 MHz): 6 = 41.8 (CH,-Ph), 68.2 (CHa,y), 72.6 (C*), 124.0 (C,,-H), 125.7 (C,,-
H), 126.7 (C,y-H), 128.7 (Cpy-H), 129.3 (Cpi-H), 136.7 (C,-H), 137.9 (C,-C), 146.8 (C,,-H), 163.2 (C-
O) ppm.

IR (solid): ¥ =3083 (w), 3085 (w), 3025 (w), 3005 (w), 2961 (w), 2896 (w), 2851 (w), 1679 (m),
1638 (m), 1603 (w), 1581 (m), 1567 (m), 1512 (w), 1494 (m), 1468 (m), 1454 (m), 1438 (m),
1360 (m), 1314 (m), 1287 (m), 1260 (m), 1245 (m), 1215 (w), 1180 (w), 1150 (m), 1116 (m), 1093 (s),
1067 (m), 1042 (m), 1028 (m), 994 (m), 962 (s), 911 (m), 854 (m), 798 (s), 741 (s), 727 (s), 699 (s),
677 (s) cm™.

HRMS (+ESI, 240 V): m/z (%) = 239.1177 (100) [M+H]* (calc. 239.1179), 261.0989 (55) [M+Na]*
(calc. 261.0998).

11.2.2.5 (R)-4-Phenyl-2-(pyridine-2-yl)-oxazolin (10g)
(3088)

According to general procedure B. Amide 9g (7.29 mmol), triethylamine (1.52 mL, 10.9 mmol),
tosylchloride (2.085 g, 0.729 mmol), N-dimethyl-p-aminopyridin (89 mg, 0.73 mmol), C,H,C,
(50 mL), KOH (450 mg, 8.02 mmol), methanol (50 mL). Basic alox (3 x 10 cm; pentane (400 mL),
hexane/ethylacetate = 4/1 ‘(500 mL), 1/1 (500 mL), ethylacetate (500 mL)). Produkt in fraction 2, 3
and 4 as colourless oil (1.127 g, 5.023 mmol, 68%).

"H-NMR (CDCls, 500 MHz): 6 =4.24 (t, J = 8.5 Hz, 1H, C*-H), 4.75(dd, J = 8.5, 10.2 Hz, 1H, O-
CHH-C*), 5.33 (dd, J = 8.5, 10.2 Hz, 1H, O-CHH-C*), 713-7.27 (m, 6H, H,,y, Hpy). 7.63 (dt, J = 1.7,
7.8 Hz, 1H, H,y), 8.03 (d, J/ = 8.2 Hz, 1H, H,,), 8.60 (d, / = 4.8 Hz, 1H, H,,\) ppm.

BC-NMR (CDCI3, 100 MHz): ¢ = 70.2 (CH,), 75,3 (C¥), 124.3 (C,-H), 125.8 (C,-H), 126.8 (C,-H),
127.7 (Cy-H), 128.8 (Cy-H), 136.7 (C,y-H), 141.8 (C,-C), 146.6 (C,-C), 149.7 (C,y-H), 163.8 (C-O)
ppm.

IR (solid): ¥ =3084 (w), 3057 (w), 3028 (w), 3005 (w), 2965 (w), 2897 (w), 1637 (m), 1602 (w),
1580 (m), 1567 (m), 1494 (m), 1468 (m), 1454 (m), 1439 (m), 1359 (m), 1317 (m), 1289 (m),
1274 (m), 1246 (m), 1205 (w), 1178 (w), 1152 (w), 1114 (m), 1096 (s), 1078 (m), 1040 (m), 993 (m),
970 (m), 950 (m), 899 (s), 844 (w), 799 (m), 759 (m), 742 (s), 698 (s), 675 (s) cm’.

HRMS (+ESI, 250 V): m/z (%) = 247.0842 (100) [M+Na]" (calc. 247.0842).
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11.2.2.6 (S)-4-(tert-butyl)-2-(pyridine-2-yl)-oxazolin (10c)
(4138)

X

2 O,
/;T

According to general procedure B. Amide 9b (6.25 mmol), triethylamine (1.30 mL, 9.37 mmol),
tosylchloride (1.79 g, 9.37 mmol), N-dimethyl-p-aminopyridin (76 mg, 0.62 mmol), C,H,C, (50 mL),
KOH (455 mg, 8.12 mmol), methanol (50 mL). Basic alox (3 x 10 cm; hexane (300 mL),
hexane/ethylacetate = 95/5 ‘(300 mL), 90/10 ‘(300 mL), 80/20 ‘(400 mL)). Produkt in fraction 1 and 2
as colourless powder (1.145 g, 5.608 mmol, 89%).

The analytical data are in agreement with the literature.***!

"H-NMR (CDCls, 400 MHz): = 0.96 (s, 9H, C (CHs)3), 4.12 (t, J= 8.6 Hz, 1H, CH,), 4.30 (t, J=

8.6 Hz, 1H, CH,), 4.43 (dd, J= 8.8, 10.2 Hz, 1H, C*H), 7.34-7.39 (m, 1H, H,,), 7.75 (dt, J= 1.6, 8.1 Hz,
1H, H,), 8.07 (d, J="7.4, 1H, H,,), 8.69 (s, 1H, H,,) ppm.

BC-NMR (CDCl;, 100 MHz): 6 = 25.9, 34.0, 69.4, 124.1, 125.5, 136.7, 147.0, 149.8, 162.7 ppm.

IR (solid): ¥ =3375 (w), 3057 (w), 3009 (w), 2954 (m), 2904 (w), 2869 (w), 1717 (w), 1699 (w),
1683 (w), 1658 (w), 1645 (m), 1616 (w), 1586 (w), 1582 (w), 1569 (w), 1559 (w), 1539 (w), 1520 (m),
1506 (w), 1471 (m), 1466 (m), 1440 (m), 1430 (w), 1417 (w), 1394 (w), 1359 (m), 1342 (w), 1311 (w),
1290 (w), 1264 (w), 1246 (w), 1209 (w), 1194 (w), 1149 (w), 1116 (w), 1100 (m), 1084 (w), 1061 (w),
1042 (w), 1028 (w), 994 (w), 964 (m), 931 (w), 908 (w), 860 (w), 844 (w), 801 (w), 778 (w), 745 (m),
710 (w), 667 (w) cm .

11.2.2.7 (S)-4-Isopropyl-2-(6-methylpyridin-2-yl)-oxazolin (19b)
(3062)

According to general procedure B. Amide 17b (7.29 mmol), triethylamine (1.52 mL, 10.9 mmol),
tosylchloride (2.085 g, 0.729 mmol), N-dimethyl-p-aminopyridin (89 mg, 0.73 mmol), C,H,C,
(50 mL), KOH (450 mg, 8.02 mmol), methanol (50 mL). Basic alox (3 x 10 cm; hexane (500 mL),
hexane/ethylacetate = 1/1 ‘(400 mL), ethylacetate (400 mL)). Produkt in fraction 1 and 2 as colourless
powder (726 mg, 3.22 mmol, 48%).

'"H-NMR (CDCl;, 500 MHz): 6=0.90 (d, J=6.8 Hz, 3H, CH(CHs),), 1.02 (d, J =6.8 Hz, 3H,
CH(CHs;),), 1.82-1.92 (m, 1H, CH(CHs),), 2.60 (s, 3H, C,-CH;), 4.09-4.14 (m, 1H, C*H), 4.18 (t,
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J=8.5Hz, 1H, CHH), 4.67 (dd, J =8.2, 9.5 Hz, 1H, CHH), 7.21 (d, J=7.5 Hz, 1H, H,), 7.61 (t,
J=7.8Hz, 1H, H,), 7.86 (d,J = 7.5 Hz, 1H, H,,) ppm.

BC-NMR (CDCI3, 100 MHz): § = 18.2 (CH(CH;),), 19.2 (CH(CHs),), 24..8 (CH(CHs),), 32.8 (C,-
CHs3), 70.8 (CHy), 72.9 (C*), 121.2 (C,-H), 125.3 (C,-H), 136.8 (C,-H) 146.8 (C,-C), 158-8 (C,-C),
126.8 (CO) ppm.

IR (solid): ¥ =3056 (w), 2977 (w), 2958 (m), 2932 (w), 2926 (w), 2905 (w), 2884 (w), 2868 (w),
1683 (w), 1634 (s), 1589 (m), 1571 (m), 1520 (w), 1497 (w), 1461 (s), 1406 (w), 1385 (w), 1372 (m),
1356 (m), 1327 (m), 1215 (m), 1273 (m), 1254 (m), 1230 (m), 1215 (w), 1179 (w), 1185 (m),
1129 (w), 1109 (s), 1079 (s), 1040 (m), 1023 (m), 1000 (m), 987 (m), 963 (s), 932 (m), 915 (m),
895 (m), 842 (w), 827 (w), 811 (s), 747 (s), 710 (m), 678 (w), 669 (m) cm’".

HRMS (+ESI, 200 V): m/z (%) = 205.1316 (100) [M+H]" (calc.205.1335), 227.1133 (37) [M+Na]"
(calc. 227.1154).

M.p. =38-40 °C

11.2.2.8 (S)-4-Butyl-2-(6-methylpyridin-2-yl)-oxazolin (19f)
(3096)

According to general procedure B. Amide 17f (3.65 mmol), triethylamine (0.72 mL, 5.4 mmol),
tosylchloride (1.043 g, 5.4 mmol), N-dimethyl-p-aminopyridin (45 mg, 0.36 mmol), C,H,C, (30 mL),
KOH (250 mg, 4.01 mmol), methanol (30 mL). Basic alox (3 x 10 cm; pentane (500 mL),
hexane/ethylacetate = 9/1 (500 mL), 7/3 (500 mL), ethylacetate (500 mL)). Produkt in fraction 3 as
colourless oil (303 mg, 1.71 mmol, 47%).

"H-NMR (CDCl;, 500 MHz): 6 = 0.89 (t, J = 6.1 Hz, 3H, CH;("Bu)), 1.29-1.57 (m, 5H, CH,("Bu)),
1.74-1.81 (m, 1H, CH,("Bu)), 2.60 (s, 3H, CH;(Py)), 4.08 (t, J = 8.2 Hz, 1H, CHH-O), 4.25-4.32 (m,
1H, C*H), 4.53 (t, J = 8.8 Hz, CHH-0), 7.21 (t. J = 7.8 Hz, 1H. H,,), 7.61 (t, J = 7.8 Hz, 1H, H,,), 7.82
(d, J=7.8 Hz, 1H, H,,) ppm.

BC-NMR (CDCI3, 100 MHz): 6 = 14.1 (CH5("Bu), 22.7 (CH,("Bu), 24.7 (CH;(Py), 28.2 (CH,("Bu),
35.6 (CHy("Bu), 67.1 (C*), 73.2 (CH,-0), 121.2 (C,-H), 125.4 (C,-H), 136.8 (C,-H)146.4 (C,-C),
158.8 (C,-C), 162.8 (C-O) ppm.

IR (solid): 7 =3063 (w), 2955 (m), 2927 (m), 2894 (m), 2870 (m), 2857 (m), 1716 (w), 1678 (w),
1639 (s), 1589 (m), 1574 (m), 1515 (w), 1477 (m), 1459 (s), 1407 (w), 1375 (m), 1362 (s), 1318 (m),
1291 (w), 1267 (m), 1255 (m), 1234 (m), 1199 (w), 1162 (m), 1138 (m), 1125 (m), 1111 (s), 1078 (s),
1036 (m) 999 (m), 989 (m), 963 (s), 930 (m), 909 (m), 892 (w), 864 (w), 833 (w), 808 (s), 744 (s),
730 (s), 697 (s), 668 (m) cm™.
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HRMS (+ESI, 200 V): m/z (%) = 219.1470 (100) [M+H]" (calc. 219.1492), 241.1286 (42) [M+Na]"
(calc.214.1311).

11.2.2.9 (R)-2-(6-Methylpyridin-2-yl)-oxazolin (19g)
(3090)

According to general procedure B. Amide 17g (7.29 mmol), triethylamine (1.52 mL, 10.9 mmol),
tosylchloride (2.085 g, 0.729 mmol), N-dimethyl-p-aminopyridin (89 mg, 0.73 mmol), C,H,C,
(50 mL), KOH (450 mg, 8.02 mmol), methanol (50 mL). Basic alox (3 x 10 cm; pentane (400 mL),
hexane (500 mL), hexane/ethylacetate = 9/1 (500 mL), 7/3 (500 mL), ethylacetate (500 mL)). Produkt
in fraction and 3 as colourless oil (1.058 g, 4.440 mmol, 60%).

"H-NMR (CDCl;, 500 MHz): J = 2.63 (s, 3H, CHj), 4.36 (t, J =8.5 Hz, 1H, CHH), 4.86 (dd, J = 8.5,
10.2 Hz, 1H, CHH), 5.41 (dd, J = 8.5, 10.2 Hz, 1H, C*-H), 7.24-7.35 (m, 6H, H,,), 7.65 (t, J = 7.8 Hz,
1H, Hyy), 7.97 (d, ] = 7.8 Hz) ppm.

BC-NMR (CDCI3, 100 MHz): ¢ = 24.8 (CH3), 70.4 (C¥), 75.5 (CH,), 125.7 (Cpy-H), 126.9 (C,-H),
127.8 (Cy-H), 136.9 (C,y-H), 142.0 (C,,), 146.2 (Cy), 158.9 (Cy), 164.1 (CO) ppm.

IR (solid): ¥ =3105 (w), 3083 (w), 3061 (w), 3028 (w), 3003 (w), 2946 (w), 2921 (w), 2897 (w),
1637 (m), 1589 (m), 1573 (m), 1541 (w), 1516 (w), 1493 (w), 1473 (w), 1453 (s), 1407 (w), 1378 (w),
1361 (m), 1317 (w), 1294 (w), 1278 (w), 1253 (m), 1234 (m), 1207 (w), 1177 (w), 1158 (s), 1114 (m),
1081 (s), 1028 (w), 998 (m), 989 (m), 971 (m), 955 (m), 917 (m), 911 (m), 838 (w), 807 (m), 757 (s),
744 (s), 728 (s), 698 (s), 670 (s) cm™.

HRMS (+ESI, 250 V): m/z (%) = 239.1174 (100) [M+H]" (calc. 239.1178), 261.0982 (22) [M+Na]"
(calc. 261.0998).

11.2.2.10 (R)-4-Benzyl-2-(6-methylpyridin-2-yl)-oxazolin (19h)
(3074)

According to general procedure B. Amide 17h (7.29 mmol), triethylamine (1.52 mL, 10.9 mmol),
tosylchloride (2.085 g, 0.729 mmol), N-dimethyl-p-aminopyridin (89 mg, 0.73 mmol), C,H,C,
(50 mL), KOH (450 mg, 8.02 mmol), methanol (50 mL). Basic alox (3 x 10 cm; pentane (500 mL),
pentane/diethylether = 7/3 (500 mL), diethylether (500 mL)). Produkt in fraction 1, 2 and 3 as
colourless oil (1.134 g, 4.500 mmol, 60%).
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"H-NMR (CDCl;, 500 MHz): 6 =2.62 (s, 3H, CHs), 2.73 (dd, J=9.2, 13.7 Hz, 1H, Ph-CHH), 3.30
(dd, J =4.8, 13.7 Hz, 1H, Ph-CHH), 4.21 (t,J = 7.8 Hz, 1H, O-CHH), 4.42 (t, ] = 9.5 Hz, 1H, O-CHH),
4.60-4.65 (m, 1H, C*H), 7.19-7.31 (m, 6H, HPh, HPy), 7.64 (t, ] = 7.8 Hz, HPy), 7.86 (t, ] = 7.8 Hz)
ppm.

BC-NMR (CDCI3, 100 MHz): 6 = 24.8 (CH,), 41.8 (CH,-Ph), 68.2 (C*), 72.6 (CH,-0), 121.3 (Cp,-H),
125.5 (Cy-H), 126.7 (C,-H), 129.5 (C,-H), 137.5 (Cpy-H), 137.9 (C-C), 146.2 (C,-C), 158.9 (Cy-C),
163.4 (C-O) ppm.

IR (solid): V' = 3083 (w), 3061 (w), 3026 (w), 3000 (w), 2959 (w), 2959 (w), 2921 (w), 2898 (w), 2853
(w), 1723 (w), 1674 (m), 1638 (m), 1590 (m), 1573 (m), 1512 (m), 1496 (m), 1473 (m), 1453 (s),
1408 (w), 1377 (m), 1363 (m), 1316 (m), 1291 (m), 1257 (m), 1234 (m), 1158 (m), 1116 (m), 1083 (s),
1067 (m), 1028 (m), 1012 (m), 999 (m), 965 (m), 932 (m), 864 (w), 840 (w), 806 (s), 745 (s), 699 (s),
669 (m) cm™.

HRMS (+ESI, 250 V): m/z (%) = 275.1129 (100) [M+Na]" (calc.275.1154), 253.1309 (88) [M+H]"
(calc.253.135).

11.2.2.11 (S)-4-Isopropyl-2-(quinolin-2-yl)-oxazolin (20b)
(3064)

According to general procedure B. Amide 18b (7.29 mmol), triethylamine (1.52 mL, 10.9 mmol),
tosylchloride (2.085 g, 0.729 mmol), N-dimethyl-p-aminopyridin (89 mg, 0.73 mmol), C,H,C,
(50 mL), KOH (450 mg, 8.02 mmol), methanol (50 mL). Basic alox (3 x 10 cm); pentane (300 mL),
hexane (500 mL), hexane/ethylacetate = 9/1 ‘(500 mL), ethylacetate (500 mL)). Produkt in fraction 1,
2, and 3 as colourless powder (1.076 g, 4.476 mmol, 61%).

'"H-NMR (CDCl;, 500 MHz): 6=0.95 (d, J=6.8 Hz, 3H, CH(CH;),), 1.06 (d, J=6.8 Hz, 3H,
CH(CHs3),), 1.88-2.00 (m, 1H, CH(CHj;),), 4.18-4.23 (m, 1H, C*-H), 4.29 (t, ] =8.2 Hz, 1H, CHH-O),
4.57 (dd, J=8.2, 9.9 Hz, Hz, 1H, CHH-O), 7.56 (t, J=7.5 Hz, 1H, H,,), 7.72 (t, J=7.8 Hz, 1H, H,,), 7.81
(d, J=8.2 Hz, 1H, H,,), 8.19 (s, 2H, H,), 8.25 (d, J =9.0 Hz, 1H, H,,) ppm.

BC-NMR (CDCI3, 100 MHz): 6 = 18.3 (CH(CHs),), 19.2 (CH(CHs),), 32.9 (CH(CH;),), 71.1 (CH,),
73.1 (C*), 121.0 (C4-H),127.6 (C,-H), 127.9 (C,-H), 128.8 (C,-C), 130.1 (C,-H), 130.5 (C,-H),
136.7 (Cy-H), 147.1 (Cy-C), 147.7 (C4-C), 162.9 (C-O) ppm.

IR (solid): 7 = 3060 (w), 2986 (m), 2970 (m), 2957 (m), 2922 (m), 2907 (m), 2892 (m), 2868 (m),
1717 (w), 1666 (w), 1653 (w), 1634 (s), 1593 (m), 1558 (m), 1539 (m), 1502 (m), 1475 (m), 1462 (m),
1444 (m), 1428 (m), 1368 (s), 1357 (s), 1339 (m), 1331 (m), 1319 (m), 1300 (m), 1269 (m), 1243 (m),
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1207 (m), 1178 (m), 1141 (m), 1118 (s), 1084 (s), 1036 (m), 1012 (m), 970 (s), 950 (m), 919 (m),
892 (m), 883 (m), 838 (s), 823 (m), 795 (m), 778 (m), 760 (s), 726 (m), 698 (m), 669 (m) cm’.

HRMS (+ESI, 250 V): m/z (%) = 241.1341 (100) [M+H]" (calc. 241.1335), 263.1163 (95) [M+Na]"
(calc. 263.1155).

M.p. = 60-63 °C

11.2.2.12 (S)-4-Butyl-2-(quinolin-2-yl)-oxazolin (20f)
(3098)

According to general procedure B. Amide 18f (3.65 mmol), triethylamine (0.72 mL, 5.4 mmol),
tosylchloride (1.043 g, 5.4 mmol), N-dimethyl-p-aminopyridin (45 mg, 0.36 mmol), C,H,C, (30 mL),
KOH (250 mg, 4.01 mmol), methanol (30 mL). Basic alox (3 x 10 cm; pentane (500 mL), hexane
(500 mL), hexane/ethylacetate = 4/1 (500 mL), hexane/ethylacetate = 3/2 (500 mL), ethylacetate
(500 mL)). Produkt in fraction 3 and 4 as colourless oil (1.523 g, 1.523 mmol, 5%).

"H-NMR (CDCls, 500 MHz): 6 = 0.68 (t, J=6.6 Hz, 3H, CH3), 1.00-1.18 (m, SH, CH,("Bu)), 1.22-1.30
(m, 1H, CH,("Bu)), 1.33-1.40 (m, 1H, CH,("Bu)), 1.54-1.62 (m, 1H, CH,("Bu)), 3.93 (t, /=8.2 Hz, 1H,
C*-CH,), 4.10-4.16 (m, 1H, C*-H), 4.38 (t, J/=8.2 Hz, 1H, C*-CH,), 7.28 (t, J=7.6 Hz, 1H, H,,), 7.47 (t,
J=7.6 Hz, 1H, H,,), 7.51 (d, J=8.3 Hz, 1H, H,), 7.90-7.94 (m, 2H, H,,), 8.05 (d, J/=8.5 Hz, 1H, H,)
ppm.

BC-NMR (CDCls;, 100 MHz): 6 = 13.9 (CHj), 22.5 (CH,("Bu)), 27.9 (CH,("Bu)), 35.4 (CH,("Bu)),
66.9 (C*), 73.2 (C*-CH,), 120.5 (C,-H), 127.3 (C,-H), 127.6 (C,-H), 128.4 (C,-C), 129.8 (C,-H),
130.1 (C,-H), 136.4 (C,-H), 146.4 (C,-C), 147.3 (C,-C), 162.5 (C-O) ppm.

IR (solid): ¥ =3085 (w),3021 (w), 2957 (m), 2927 (m), 2893 (m), 2867 (w), 2857 (m), 1731 (w),
1671 (w),1537 (s), 1592 (m), 1558 (m), 1526 (w), 1505 (m), 1473 (m), 1462 (m), 1428 (w), 1364 (s),
1342 (m), 1217 (m), 1296 (m), 1261 (m), 1240 (m), 1211 (m), 1183 (m), 1156 (m), 1143 (m), 1125 (s),
1079 (s), 1072 (s), 1019 (m), 998 (m), 982 (m), 961 (s), 945 (m), 916 (m), 873 (w), 858 (w), 844 (s),
802 (m), 767 (s), 783 (s), 715 (m), 698 (m), 671 (m) cm’.

HRMS (+ESI, 250 V): m/z (%) = 255.1503 (100) [M+H]" (calc. 255.1492), 277.1315 (38) [M+Na]"
(calc. 277.1311).
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11.2.2.13 (R)-4-Phenyl-2-(quinolin-2-yl)-oxazolin (20g)
(3076)

According to general procedure B. Amide 18g (7.29 mmol), triethylamine (1.52 mL, 10.9 mmol),
tosylchloride (2.085 g, 0.729 mmol), N-dimethyl-p-aminopyridin (89 mg, 0.73 mmol), C,H,Cl,
(50 mL), KOH (450 mg, 8.02 mmol), methanol (50 mL). Basic alox (3 x 10 cm; pentane (750 mL),
pentane/Et,O = 1/1 (500 mL), Et,O (500 mL)). Produkt was found in fraction 3 and 4 as Mixture with
starting material (660 mg). The product was recrystallized with toluene from fraction 3and obtained as

colourless crystalline powder (0.115 g, 0.418 mmol, 5%).

"H-NMR (CDCl;, 400 MHz): § = 4.47 (dt, J=1.0, 8.6 Hz, 1H, CH,), 4.94-5.00 (m, 1H, C*-H), 5.50 (t,
J=9.5 Hz, 1H, CH,), 7.25-7.39 (m, 5H, H,,), 7.60 (dd, J=7.0, 7.9 Hz, 1H, H,,), 7.76 (dd, J=6.0, 8.3 Hz,
1H, H,,), 7.85 (d, J=8.1 Hz, 1H, H,,), 8.22-8.30 (m, 3H, H,,) ppm.

BC-NMR (CDCl;, 100 MHz): 6 = 70.6 (C*), 75.7 (CH,), 121.1 (Cpy-H), 127.0 (Cquin-H), 127.7 (Cquin-
H), 127.9 (Cguin-H), 128.2 (Cpy-H), 128.9 (Cquin-C), 130.2 (Cyuin-C), 130.5 (Cquin-H), 136.8 (Cyuin-H),
141.8 (Cpp-C), 146.8 (Cguin-C), 147.7 (Cquin-C), 164.2 (C-O) ppm.

IR (solid): ¥ =3080 (w), 3052 (w), 3027 (w), 3008 (w), 3003 (w), 2957 (w), 2936 w), 2925 (w),
2897 (w), 1633 (s), 1593 (m), 1558 (m), 1506 (m), 1490 (m), 1473 (m), 1460 (m), 1451 (m),
1429 (w),1365 (m), 1350 (m), 1340 (m), 1319 (m), 1297 (w), 1275 (m), 1253 (w), 1243 (m), 1208 (m),
1196 (m), 1176 (w), 1154 (w), 1142 (w), 1125 (s), 1089 (s), 1080 (s), 1036 (m), 1027 (m), 1018 (w),
1000 (m), 980 (m), 970 (s), 943 (m), 916 (m), 879 (m), 838 (s), 802 (m), 794 (s), 759 (s), 735 (m),
696 (s), 675 (m) cm™.

HRMS (+ESI, 250 V): m/z (%) = 297.1002 (100) [M+Na]* (calc. 297.0998), 275.1180 (29) [M+H]*
(calc. 275.1180). ML.p. = 129-130 °C
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12 Complexes

12.1 Starting Materials

12.1.1 bis-(1,5-Cyclooctadien)-di-iridium(I)chloride, [Ir(cod)Cl]; (23)

|
I \Ir/CI\Ir/
I~ o N

The reaction was carried out under an argon atmosphere. Iridiumtrichlorid (1.00 g, 3.34 mmol) was

(5060, GM 1098)

dissolved in an ethanol (17.5 mL) / water (8.75 mL) mixture to give a violet homogeneous solution.
The solution was degassed by leading an argon stream for 30 min through it. The argon inlet was not
removed but the stream of argon reduced to a minimum and 1,5-Cyclooctadien (3.00 mL, 24.4 mmol)
was added. The reaction mixture was heated to reflux for approximately 10 h while its color turned to
orange. After cooling down to -5 °C (brine/ice), the red precipitated solid was separated by filtration
and washed with 2x2 mL cold methanol and 10 mL hexane. The solid was dried in high vacuum to
yield the product as red-orange powder (0.85 g, 1.26mmol, 75 %)

"H-NMR (CDCl;, 500 MHz): 6 = 1.46-1.59 (m,8H, CHH), 2.20-2.31 (m, 8H, CHH), 4.18-4.29 (m,
8H, CH) ppm.

BC-NMR (CDCl;, 125 MHz):6 = 31.9 (CH,), 62.3 (CH) ppm.

IR (solid): 7 = 3482 (w), 3258 (m), 2940 (m), 2913 (m), 2834 (m), 2360 (w), 2330 (w), 2288 (w), 2181
(W), 2032 (w), 1930 (w), 1682 (m), 1554 (w), 1538 (w), 1472 (m), 1448 (m), 1433 (m), 1338 (w), 1324
(m), 1390 (w), 1298 (w), 1263 (w), 1236 (w), 1207 (w), 1183 (w), 1168 (w), 1154 (w), 1135 (w), 1114
(W), 1074 (w), 1002 (m), 978 (m), 953 (m), 908 (m), 871 (m), 835 (m), 804 (w), 784 (w), 738 (w), 708
(m), 675 (w) cm™.

12.1.2 Silver (tetrakis-3,5-bis(trifluoromethyl)phenyl)borate; AgBArF (34)

(3128, 4030, 5024)

AgBAr" was prepared following an optimized procedure of Buschmann and Miller."**!!

It is important to care for light absence during the whole process! Inert gas is not necessary.

NaBArF (33) (1.000 g, 1.129 mmol) and AgNO; (35) were separately dissolved in MeCN (5-10 mL
each), to make sure that both salts are dissolved completely. The two solutions were mixes at room
temperature and left stirring for 30 min. The precipitated solid was removed by filtration and flushed
with DCM. The combined organic phases (MeCN and DCM solution) were reduced to dryness under

high vacuum (rotary evaporation is not recommended due to the elevated temperatures necessary for
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this method). The slimy residue was dissolved again in DCM and the DMC was removed under high
vacuum. This step was repeated as often as necessary until the residue was a solid. This off-white solid
was dissolved in a few milliliters of DCM and overlayed by hexane. At -20 °C the product formed
colorless crystals over a period of some days. The crystals were removed by filtration and washed with
hexane. From the reduced filtrate more crystals could be obtained at -20 °C. The product was obtained

quantitatively. The IR spectral analysis was in accordance with the reported data.

12.1.3 [RuCly( 116-p-cymol)]2, Di-u-chloro-bis-[(n6-p-cymol)-chlor0-ruthenium(II)] (46)
(1040)

Cl a
3 / Ru

~
Ra :
oo

[Ru(cymol)Cl], was prepared following a procedure from Bennett and Smith."**

Rutheniumtrichlorid (17) (6.27 g, 24.0 mmol) and a-Phellandren (18) (racemat, 38.9 mL, 240 mmol)
were dissolved in ethanol (350 mL) and heated under reflux for 5 h. While cooling down to room
temperature, a red solid precipitates. The solid was removed by filtration and washed with ethanol. The
product is a red powder (5.53 g, 9.0 mmol, 75%).

The '"H-NMR and IR spectrum are in accordance with the data reported in literature.

'H-NMR (CD,Cl,, 500 MHz): 6 = 124 (d,J = 6.9 Hz, 6H, CH(CHs)), 2.12 (s, 3H, Ph-CH;), 2.88
(sep, J = 6.9 Hz, 1H, CH(CH,),), 5.30 (d, J = 6.0 Hz, 2H, H,,), 5.44 (d, J = 6.0 Hz, 2H, H,,).

IR (solid): ¥ = 3048 (m), 3029 (m), 2960 (m), 2923 (m), 2868 (m), 2534 (w), 2161 (w), 2038 (w),
1978 (w), 1531 (w), 1495 (m), 1470 (s), 1460 (s), 1447 (s), 1408 (m), 1388 (s), 1378 (s), 1362 (s),
1325 (m), 1280 (m), 1217 (m), 1200 (m), 1160 (m), 1145 (m), 1113 (m), 1093 (m), 1055 (s), 1033 (s),
1004 (m), 960 (m), 943 (w), 927 (w), 902 (w), 876 (s), 804 (m), 689 (), 670 (m) ¢

12.1.4 Dichlorotetrakis(dimethyl-sulfoxid)ruthenium(Il); [Ru(DMSO),Cl,] (47)

(CG 2066)
Cl
Me,SO,,, el
"Ru;
MeZOS/ SOMe,
SOMe,

The synthesis was performed on the basis of a procedure of the Toyama group.!"*"

The reaction was performed under an argon atmosphere. RuCl; x 3 H,O (5.00 g, 23.0 mmol) was
dissolved in dry DMSO (5 mL) and heated at 190 C oil-bath temperature for 5 min. After cooling down

to room temperature, the volume of the reaction mixture was reduced in high vacuum to a resulting
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mixture volume of approx. 2.5 mL. A yellow solid was precipitated from the reaction mixture by
addition of acetone (40 mL). The solid was separated by filtration and washd with acetone and
diethylether. After drying the solid in high vacuum, a yellow powder was obtained as product (7.54 g,
15.5 mmol, 67%).

The 'H-NMR analysis is in accordance with the data reported in literature.

"H-NMR (CDCl;, 400 MHz): § = 3.52 (s,6H, CHs), 3.49 (s, 6H, CH3), 3.43 (s, 12H, CH3), 3.32(s,6H,
CHs;), 2.72(s,6H, CHs), 2.61 (s,6H, CH;) ppm.

HRMS (+ESI, 150 V): m/z (%) = 506.8887 (50) [M+Na]"(calc.506.8876), 448.9261 (25) [M-CI]*
(calc. 448.9289).

IR (solid): ¥ = 3021 (w), 3006 (w), 2921 (w), 1420 (w), 1398 (w), 1306 (w), 1289 (w), 1111 (s), 1093
(W), 1084 (s), 1036 (w), 1019 (s), 991 (s), 959 (m), 930 (s), 715 (s), 675 (s) cm’".

12.2 Iridium(1)-cod C1 Complexes

12.2.1 General Procedure C for [Ir(N*N)(cod)]Cl Complexes 24

+Cl

I/,,,l «Cl, \\\\l NN (2 equiv.) N, ol _\
NI s
N (N/ ~
| I DCM, r.t., 10-30 min |
24

[Ir(cod)Cl1], (23) (50.0 mg, 1.00 Aq, 0.0744 mmol, 1 equiv.) was dissolved in DCM (4 mL) resulting in
an orange solution. The N”N ligand (0.149 mmol, 2 equiv.) was dissolved in DCM (2 mL) to make
sure that it was completely in solution. Both solutions were combined resulting in a spontaneous color
change to red or violet. The reaction mixture was stirred for 10-30 min. Subsequently the solvent was

completely removed in high vacuum to result the remaining solid as product 24 in quantitatively.

243



Experimental Section

12.2.2 1,5-Cyclooctadiene[(4,4 -di-tert-butyl-2,2"-bipyridine)]iridium(1) chlorid,
[Ir(dtbpy)(cod)]Cl (24a)

(GM 1106, 1120, 1132, 1140)

e

|
N\Ir/
|N/ AN

7 N/ N\

Following general procedure C.
Ligand: dtbpy (32) (39.9 mg, 0.149 mmol)
Reaction time: 10 min

Product: violet solid

'H-NMR (CD,Cl,, 500 MHz): & = 1.43 (s, 18H, (CHs)3), 1.69-1.76 (m, 4H, C.oqHH), 2.28-2.37 (m,
4H, CeoqHH), 3.66-3.71 (m, 4H, CeoH), 7.53 (dd, J=2.0, 5.8 Hz, 2H, H,,), 8.17-8.22 (m, 4H, H,)
ppm.

BC.NMR (CD,Cl,, 125 MHz): 6 =30.0 (CHs), 31.9 (CeogH), 35.6 (C(CHs)3), 60.0 (CeoaH), 119.8
(Ca), 124.2 (Cy), 147.0 (Cy), 156.1 (Cy), 161.6 (C,) ppm.

IR (solid): 7 = 3664 (w), 3391 (w), 3194 (w), 3109 (w), 3034 (w), 2960 (m, vCH,), 2909 (w, vCH,,),
2871 (m, vCH,y), 2829 (w, VCH,), 1614 (m), 1544 (w), 1481 (m), 1442 (w), 1411 (m), 1366 (m), 1321
(w), 1295 (w), 1254 (w), 1203 (w), 1157 (w), 1133 (w), 1076 (w), 1020 (w), 972 (W), 955 (w), 924
(W), 900 (w), 837 (), 804 (w), 744 (w), 707 (w), 670 (w) cm’".

(Anion exchange experiments: GM1102, 1002, 1110, 1116, 1114.)

12.2.3 1,5-Cyclooctadiene[((S)-4-Isopropyl-2-(quinolin-2-yl)-oxazolin) Jiridium(1) chlorid,
[Ir('Pr-quinox)(cod)]Cl (24b)

(GM 1108)

+ci
P

,N\Ir/\
Sy

=

Following general procedure C.
Ligand: iPr—quinox (20b) (35.7 mg, 0.149 mmol)
Reaction time: 30 min

Product: dark red solid
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"H-NMR (CD,Cl,, 500 MHz): § = 1.18 (d, J = 6.9 Hz, 3H, CH3), 1.25 (d, J = 6.9 Hz, 3H, CH3), 1.27—
1.34 (m, 2H, CeoqH), 1.38-1.45 (m, 2H, CoqH), 2.20-2.35 (m, 4H, C.ooHH), 2.61-2.75 (m, 1H, CH),
3.28-3.46 (m, 4H, C.,cHH), 4.67 (quartett, J = 6.9 Hz, 1H, CHH), 4.70-4.75 (m, 1H, C*H), 4.80 (dd,
1H,J =72, 9.3 Hz CHH), 7.76 (t, J=7.6 Hz, 1H, CH,), 791 (d, J=7.9 Hz, 1H, CH,), 7.95 (d,
J=17.6Hz, 1H, CH,), 8.01 (ddd, J=1.4, 7.6, 7.9 Hz, 1H, CH,,), 8.38 (d, J = 8.6 Hz, 1H, CH,,), 9.72
(d, J = 8.6 Hz, 1H, CH,,) ppm.

BC-NMR (CD,Cl,, 125MHz):0 = 16.7(CH;), 19.2 (CH,), 31.5 (C.oaH), 33.5 (CH(CH3),), 71.1
(CeogH), 72.6 (C*), 120.1 (Cyy), 127.9 (Cuy), 129.5 (Cy), 129.9 (Cyy), 131.2 (Cyp), 132.1 (Cyy), 136.5 (Cy),
138.4 (C,), 146.7 (C,), 169.3 (CO) ppm.

IR (solid): ¥ = 3420 (w), 3057 (m, vCH,,), 2922 (m, vCH,,), 2872 (m, vCH,,), 2834 (w vCH,,), 1733
(W), 1719 (w), 1650 (m), 1615 (w), 1592 (m), 1561 (w), 1509 (w), 1480 (m), 1487 (m), 1433 (w), 1398
(m), 1388 (m), 1302 (m), 1367 (m), 1339 (w), 1303 (w), 1284 (w), 1251 (w), 1214 (w), 1165 (m), 1148
(w), 1114 (m), 1085 (w), 1006 (w), 967 (m), 953 (m), 922 (w), 895 (w), 875 (w), 838 (m), 785 (m),
709 (m), 675 (w) cm™.

12.2.4 1,5-Cyclooctadien[(S)-4-isopropyl-2-(pyridin-yl-)-oxazolin]iridium(I) chlorid,
[Ir('Pr-pyrox)(cod)]Cl (24c)
(GM 1134)

Lo

o ‘
’N\Ir/lé
oy

Following general procedure C.
Ligand: Pr-pyrox (10b) (28.32 mg, 0.149 mmol)
Reaction time: 30 min

Product: violet solid

"H-NMR (CD,Cl,, 500 MHz): 6 = 0.94(d, J = 6.8 Hz, 3H, CH3), 1.00 (d, J = 6.8 Hz, 3H, CH,), 1.18—
1.29 (m, 1H, CH), 1.42-1.52 (m, 2H, Heo), 1.64—1.75 (m, 2H, Heog), 2.04-2.13 (m, 2H, Heog), 2.16-
2.24 (m, 2H, Heog), 2.26-2.35 (m, 2H, Heog), 3.69-3.75 (m, 1H, C*H), 3.81-3.86 (m, 1H, CHH), 3.89—
3.93 (m, 1H, CHH), 4.62-4.96 (m, 2H, Heoq), 7.57-8.16 (m, 4H, H,,) ppm.

IR (solid): ¥ = 3387 (w), 3066 (w), 2957 (w vCH,,), 2871 (w vCH,,), 2837 (w vCH,,), 2294 (w), 2197
(W), 2005 (w), 1652 (w), 1618 (w), 1590 (m), 1567 (w), 1494 (w), 1464 (w), 1437 (w), 1409 (m), 1390
(m), 1372 (w), 1332 (w), 1249 (w), 1254 (w), 1204 (w), 1160 (w), 1114 (w), 1091 (w), 1053 (w), 1000
(W), 953 (m), 927 (m), 891 (w), 871 (w), 797 (W), 754 (m), 107 (m), 668 (m) cm’".
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12.2.5 1,5-Cyclooctadien[2,2 -bioxazolin]iridium(1) chlorid, [Ir(H-box)(cod)]Cl (24d)
(GM 1118, 1124)

Following general procedure C.
Ligand: H-box (5i) (26.1 mg, 0.149 mmol)
Reaction time: 20 min

Product: red solid

"H-NMR (CD,Cl,, 500 MHz): ¢ = 1.58-1.69 (m, 4H, C.cHH), 2.15-2.28 (m, 4H, C.cHH), 3.30 (t,
J=17.5Hz, 2H, NC'H,), 3.52 (t, J=7.5Hz, 2H, OC'H,), 3.58-3.63 (m, 2H, C..H", 3.74 (t,
J =9.9 Hz, 2H, NC°H,), 3.84-3.88 (m, 2H, C.,qH"), 4.72 (t, J = 9.9 Hz, 2H, OC’H,) ppm.

BC-NMR (CD,Cl,, 125 MHz): = 31.5 (CeoHa), 31.7 (CeogHy), 41.9 (NC), 46.3 (NC?), 48.6 (OC),
60.5 (OC?), 66.6 (CeoqH), 72.0 (CeogH), 164.1 (OC'N), 172.7 (OC*N) ppm.

IR (solid): 7 = 3407 (w), 2933 (w), 2880 (w), 2821 (w), 2293 (w), 2202 (w), 1624 (s), 1533 (w), 1500
(m), 1474 (w), 1453 (w), 1431 (w), 1363 (w), 1325 (w), 1312 (w), 1259 (m), 1192 (w), 1156 (w), 1040
(m), 996 (m), 953 (m), 917 (m), 870 (w), 818 (w), 780 (w), 735 (w), 707 (m), 675 (w) cm".

12.3 Iridium(1)-cod PFs; Complexes 25

12.3.1 General procedure D for the formation of [Ir(N”N)(cod)]PF¢ complexes 25

1) AgPFg I_\ + PFg
|\l /Cl\l /l 2NN <N\| e
I I _— ¢
- \CI/ N acetone, r.t. NN
23 25

[Ir(cod)(CD)], (23) (140 mg, 0.208 mmol, 1 equiv.) was given into a schlenk-tube and the air exchanged
for argon. Degassed acetone (42 mL) was added and the mixture stirred until the solid was nearly
completely dissolved to give an orange solution. In an argon stream AgPF (107.8 mg, 0.4165 mmol, 2
equiv.) was added and the clear orange solution turned into a bright yellow suspension immediately.
The reaction mixture was stirred for 30 min at room temperature and then left standing for 60 min
without stirring. The yellow solution was dekantated under argon from the colorless solid and carefully

filterdered to remove residual solid completely, because previous experiments showed that this was
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crucial for obtaining reproducible resulst. The obtained filtrated was devided into 6 portions of 6 mL,
containing an equivalent of 20 mg/0.0298 mmol [Ir(cod)(CD], (23). Each portion was filled under
argon into a Schlenk-tube and and the ligand (0.0595 mmol) was added. Complexation was observed
by an immediate color change to dark red, brown or green (depending on the ligand). The complexes

25 were quantitatively obtained as pure compounds, as verified by NMR-spectroscopy, HRMS and IR.

12.3.2 1,5-Cyclooctadiene[(2,2°-bioxazole)]iridium(1) hexaflourophosphate,
[Ir(H-box)(cod)]PF¢ (25a)

(6116A, 6132B, GM 1160)

The synthesis was carried out following general procedure D with H-box (5i) (8.4 mg). The product

was obtained as dark blue-red solid.

"H-NMR (Acetone-dg, 400 MHz): 0 = 1.75 (q, J= 8.1 Hz, 4H, cod), 2.18-2.30 (m, 4H, cod), 4.09 (t, J=
10.2 Hz, 4H, box-CH,), 4.27-4.34 (m, 4H, cod), 5.20 (t, J= 10.0 Hz, 4H, box-CH,) ppm.

BC-NMR (Acetone-dg, 100 MHz): 6 = 31.5, 49.6, 67, 5, 76.2, 167, 9 ppm.

YF-NMR (Acetone-dg, 470 MHz): 6 = -72.4 (d, J****'*= 707 Hz) ppm.

I'P.NMR (Acetone-de, 161 MHz): 0 = -145.8 (sep, J°'*"F = 707 Hz) ppm.

IR (solid): ¥ =2975 (w), 2946 (w), 2916 (w), 2885 (w), 2837 (w), 1727 (w), 1695 (m), 1652 (w),
1626 (w), 1609 (w), 1541 (w), 1515 (m), 1468 (w), 1431 (w)1375 (w), 1325 (w)1282 (m), 1248 (m),
1212 (w), 1195 (w), 1171 (w), 1157 (w), 1138 (w)1081 (w), 1030 (w), 1011 (m), 985 (w), 970 (w),
918 (w), 901 (w), 868 (m), 826 (s), 780 (m), 740 (m), 697 (W), 668 (w) cm™".

HRMS (+ESI, 250 V): m/z (%) = 457.1190 (100) [Ir(H-box)(cod)(O)]* (calc. 457.10977), 441.1132
(90) [Ir(H-box)(cod)]* (calc. 441.11485), 473.1179 (5) [Ir(H-box)(cod)(0,)]" (calc. 473.1182).
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12.3.3 1,5-Cyclooctadiene[(2,2'-Bis((4S, 4°S)-4,4'-dimethyl)-oxazolin) Jiridium(1)
hexaflourophosphate, [Ir(Me-box)(cod)]PF¢ (25b)

(6116B, 6146C)

j + PFg -
O/—/WN\ A
OIN/Ir\E‘

<

The synthesis was carried out following general procedure D with Me-box (5a) (10.0 mg). The product

was obtained as dark dark red solid.

"H-NMR (Acetone-dgs, 400 MHz): 6 = 1.35 (d, J= 6.5 Hz, 6H, box-CH3), 2.07-2.16 (m, 4H, cod),
2.32-2.43 (m, 2H, cod), 4.43-4.53 (m, 2H, cod), 4.68-4.74 (m, 2H, box-C*H), 5.16 (t, J= 8.8 Hz, 4H,
box-CH,, box-C*H) ppm.

BC-NMR (Acetone-dg, 100 MHz): 6 = 19.8, 33.0, 59.6, 65.3, 65.6, 67.1, 81.3, 167.3 ppm.

F-NMR (Acetone-dg, 470 MHz): 0 = -72.4 (d, J****'*= 707 Hz) ppm.

I'P.NMR (Acetone-d, 161 MHz): 0 = -145.8 (sep, J°'*'F = 707 Hz) ppm.

IR (solid): ¥ =2976 (w), 2937 (w), 2877 (w), 2837 (w), 1694 (w), 1652 (w), 1626 (w), 1538 (w),
1508 (m), 1463 (m), 1447 (w), 1383 (w), 1373 (w), 1321 (w), 1289 (w), 1264 (m), 1249 (m), 1208 (w),
1171 (w), 1138 (w), 1075 (w), 1031 (w), 1002 (m), 965 (w), 920 (m), 875 (m), 828 (s), 77 (m),
740 (m), 667 (m) cm’.

HRMS (+ESI, 200 V): m/z (%) = 485.1509 (100) [Ir(Me-box)(cod)(O)]" (calc. 485.14107), 469.1533
(48) [Ir(Me-box)(cod)]* (calc. 469.14615), 501.1455 (4) [Ir(Me-box)(cod)(O,)]* (calc. 501.13598).

12.3.4 1,5-Cyclooctadiene[(2,2"-Bis((4S,4°S)-4,4 -diisopropyl)-oxazolin)Jiridium(I)
hexaflourophosphate, [Ir(‘Pr-box)(cod)]PF (25¢)

(6116C, 6132A)

+ PFg
]
) |
© /N\Ir/
o \N/ \|

The synthesis was carried out following general procedure D with 'Pr-box (5b) (13.3 mg). The product

was obtained as dark dark red solid.

"H-NMR (Acetone-dg, 400 MHz): 0 = 0.90 (d, J= 6.7 Hz, 6H, box-CHj3), 0.94 (d, J= 6.9 Hz, 6H, box-
CH3;), 1.23-1.33 (m, 2H, cod), 1.96-2.02 (m, 2H, box-CH(CHj;),), 2.07-2.15 (m, 4H, cod), 2.36-2.44
(m, 2H, cod), 4.44-4.51 (m, 4H, cod), 4.64 (dq, J= 7.9, 3.5 Hz, 2H, box-CH,), 5.01 (s, 2H, box-C*H),
5.00-5.05 (m, 4H, box-CH,, box-CH,) ppm.
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BC-NMR (Acetone-ds, 100 MHz): § = 13.4, 17.8, 33.1, 66.0, 66.7, 68.6, 74.8, 167.0 ppm.

F-NMR (Acetone-dg, 470 MHz): 6 = -72.4 (d, J**"**'*= 707 Hz) ppm.

'P.NMR (Acetone-ds, 161 MHz): 0 = -145.9 (sep, J°'*"*F = 709 Hz) ppm.

IR (solid): ¥ =2963 (w), 2934 (w), 2875 (w), 2838 (w), 1699 (w), 1634 (w), 1559 (w), 1506 (m),
1480 (w), 1457 (w), 1395 (w), 1373 (w), 1354 (w), 1337 (w), 1295 (w), 1248 (m), 1208 (w), 1179 (w),
1135 (w), 1116 (w), 1036 (w), 1021 (w), 1004 (w), 966 (w), 922 (m), 898 (w), 873 (m), 830 (s),
775 (m), 740 (m), 666 (W).

HRMS (+ESI, 250 V): m/z (%) = 541.2075 (100) [Ir(Pr-box)(cod)(0O)]" (calc. 541.20367), 525.2122
(52) [Ir(‘Pr -box)(cod)]* (calc. 525.20875).

12.3.5 1,5-Cyclooctadiene[(2,2'-Bis((4S,4°S)-4,4'-di-tert-butyl)-oxazolin) Jiridium(1)
hexaflourophosphate, [Ir(‘Bu-box)(cod)]PFg (25d)

(6116D, 6142A, 6146A)

The synthesis was carried out following general procedure D with ‘Bu-box (5¢) (15.0 mg). The product

was obtained as red-orange solid.

"H-NMR (Acetone-ds, 400 MHz): 6 = 1.49 (s, 18H, box-C(CH3);), 1.76-1.85 (m, 4H, cod), 2.31-2.40
(m, 4H, cod), 3.64-3.74 (m, 2H, cod), 4.46-4.56 (m, 4H, cod, box-CH,), 4.89 (t, J= 10.0 Hz, 2H, box-
C*H), 5.11 (dd, J=9.5, 6.0 Hz, 2H, box-CH,) ppm.

BC-NMR (Acetone-dg, 100 MHz): 6 = 26.2, 34.5, 53.6, 58.8, 67.0, 71.6, 75.9, 157.2 ppm.

F-NMR (Acetone-dg, 470 MHz): 6 = -72.4 (d, J****'*= 707 Hz) ppm.

'P.NMR (Acetone-ds, 161 MHz): 6 = -145.8 (sep, J*'"*" = 707 Hz) ppm.

IR (solid): ¥ =2959 (w), 2912 (w), 2877 (w), 2837 (w), 1772 (w), 1756 (w), 1726 (w), 1695 (m),
1658 (m), 1620 (m), 1562 (w), 1540 (w), 1496 (w), 1478 (m), 1452 (w), 1422 (w), 1402 (w), 1370 (w),
1321 (w), 1294 (w), 1248 (m), 1211 (w), 1192 (w), 1170 (w), 1139 (w), 1085 (w), 1045 (w), 1022 (m),
1003 (w), 984 (w), 963 (W), 929 (w), 873 (m), 829 (s), 778 (m), 739 (m), 692 (W), 662 (w) cm’".
HRMS (+ESI, 250 V): m/z (%) = 569.2434 (77) [Ir(‘Bu-box)(cod)(O)]* (calc. 569.23497), 553.2456
(30) [Ir("‘Bu-box)(cod)]* (calc. 553.24005). The signal of the free ligand appears in the measured
spectrum with an intensity of 100%: 275.1760 (100) [(‘Bu-box)(Na)]* (calc. 275.17300).
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12.3.6 1,5-Cyclooctadiene[(2,2'-Bis((4S, 4'S) -4,4'-dibutyl)-oxazolin) Jiridium(1)
hexaflourophosphate, [Ir("Bu-box)(cod)]PFg (25¢)

(6116E, 6146F)

% “ + PFg ~
Oﬁ/\“\ e
OIN/”\E

The synthesis was carried out following general procedure D with "Bu-box (5f) (15.0 mg). The product

was obtained as dark red solid.

"H-NMR (Acetone-dg, 400 MHz): 6 = 0.88 (t, J= 6.7 Hz, 6H, box-CHj3), 1.27-1.42 (m, 11H, box-"Bu-
CH,), 1.57-1.74 (3H, box-"Bu-CH,, cod), 2.07-2.16 (m, 4H, cod), 2.33-2.44 (m, 4H, cod), 4.42-4.50
(m, 4H, cod), 4.54-4.62 (m, 2H, box-C*H), 4.88 (m, 2H, box-CH,), 5.09-5.16 (m, 2H, box-CH,) ppm.
BC-NMR (Acetone-dg, 100 MHz): 6 = 13.3, 22.2, 25.9, 32.9, 33.1, 63.8, 65.5, 67.2, 79.2, 167.2 ppm.
YF-NMR (Acetone-dg, 470 MHz): 6 = -72.4 (d, J****'*= 707 Hz) ppm.

I'P.NMR (Acetone-d, 161 MHz): 0 = -145.8 (sep, J°'*'F = 707 Hz) ppm.

IR (solid): ¥ =2956 (w), 2931 (w), 2872 (w), 2861 (w), 2838 (w), 1695 (w), 1651 (w), 1627 (w),
1507 (m), 1464 (w), 1375 (w), 1339 (w), 1325 (w), 1295 (w), 1268 (w), 1246 (m), 1222 (w), 1212 (w),
1137 (w), 1118 (w), 1086 (w), 1025 (w), 1001 (w), 987 (w), 963 (w), 935 (w), 915 (w), 896 (w),
875 (m), 829 (s), 776 (m), 739 (m), 662 (w) cm’".

HRMS (+ESI, 250 V): m/z (%) = 553.2404 (100) [Ir("Bu-box)(cod)]* (calc. 553.24005), 569.2324
(62) [Ir("Bu-box)(cod)(0)]* (calc. 569.23497), 5852372 (4) [Ir("Bu-box)(cod)(0,)]* (calc.
585.22988).

12.3.7 1,5-Cyclooctadiene[(2,2'-Bis((4R, 4'R)-4,4'-diphenyl)-oxazolin)Jiridium(T)
hexaflourophosphate, [Ir(Ph-box)(cod)]PFg (25f)

(6116F)
—\ + PFg -
(e}

|
e
o’ !

j\@

C

O

The synthesis was carried out following general procedure D with Ph-box (5g) (17.4 mg). The product

was obtained as dark brown-red solid.

"H-NMR (Acetone-dg, 400 MHz): 6 = 0.96-1.07 (m, 2H, cod), 1.51—61 (m, 2H, cod), 1.65-1.74 (m,
2H, cod), 2.07-2.13 (m, 2H, cod), 3.03-3.10 (m, 2H, cod), 4.18-4.23 (m, 2H, cod), 4.96 (dd, J= 9.3,
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7.4 Hz, 2H, box-C*H), 5.57 (dd, J= 11.1, 8.8 Hz, 2H, box-CH,), 5.66 (dd, J= 10.7, 7.4 Hz, 2H, box-
CH,), 7.45-7.53 (m, 10H, box-H,,) ppm.

BC-NMR (Acetone-dg, 100 MHz): § = 32.1, 65.9, 66.7, 66.9, 82.7, 127.8, 129.3, 129.6, 138.0, 167.9
ppm.

F-NMR (Acetone-dg, 470 MHz): 0 = -72.4 (d, J****'*= 707 Hz) ppm.

'P.NMR (Acetone-d, 161 MHz): 0 = -145.8 (sep, J°'*"F = 707 Hz) ppm.

IR (solid): ¥ = 2961 (w), 2939 (w), 2913 (w), 2885 (w),2839 (w), 1695 (m), 1627 (w), 1509 (m),

1495 (m), 1455 (m), 1432 (w), 1371 (w), 1329 (w), 1399 (w), 1246 (m), 1308 (w), 1184 (w), 1159 (w),
1136 (w), 1084 (w), 1050 (w), 1028 (w), 1007 (w), 997 (m), 915 (w), 901 (w), 876 (m), 831 (s),

792 (m), 778 (m), 761 (m), 740 (m), 725 (m), 698 (m), 663 (m) cm’.

HRMS (+ESI, 150 V): m/z (%) = 609.17344 (51) [Ir(Ph-box)(cod)(O)]" (calc. 609.17237), 593.1790
(24) [Ir(Ph-box)(cod)]” (calc. 593.17745). The signal of the free ligand appears in the measured
spectrum with an intensity of 100%: 293.1296 (100) [(Ph-box)(H)]" (calc. 293.12845).

12.3.8 1,5-Cyclooctadiene[((4S,4'S)-4,4'-diisopropyl-2,2'-bithiazolin)]iridium(1)
hexaflourophosphate, [Ir(‘Pr-bta)(cod)]PF (25g)

(6128D)
/_\L TR
SI/N\”/IE)
N |

Synthesis was carried out following general procedure D with 'Pr-bta (7) (9.9 mg). The product was

obtained as dark brown solid.

"H-NMR (Acetone-dg, 400 MHz): 6 = 0.98 (d, J= 7.0 Hz, 6H, bta-'Pr-CHs), 1.07 (d, J= 7.2 Hz, 6H, ,
bta-'Pr-CH3), 1.27-1.41 (m, 2H, bta-'Pr-CH), 2.07-2.13 (m, 2H, cod), 2.15-2.25 (m, 4H), 2.33-2.43 (m,
2H, cod), 3.97 (dd, J= 3.0, 12.3 Hz, bta-CH,), 4.09 (dd, J= 10.0, 12.3 Hz, 2H, bta-CH,), 4.35-4.42 (m,
2H, cod), 4.70 (t, J= 6.7 Hz, 2H, cod), 4.78 (td, J= 3.0, 10.0 Hz, 2H, bta-C*H) ppm.

BC-NMR (Acetone-dg, 100 MHz): = 14.8, 18.5, 30.6, 32.6, 33.6, 33.9, 35.1, 66.5, 71.7, 77.0 ppm.
PF-NMR (Acetone-ds, 470 MHz): 6 = -72.4 (d, J"**'*= 707 Hz) ppm.

MP.NMR (Acetone-ds, 161 MHz): 0 = -145.8 (sep, J°'*"F = 709 Hz) ppm.

IR (solid): ¥ = 3282 (w), 2963 (w), 2934 (w), 2877 (w), 2840 (w), 1729 (w), 1694 (m), 1652 (W),

1621 (w), 1539 (w), 1506 (w), 1470 (w), 1436 (w), 1394 (w), 1374 (w), 1335 (w), 1289 (w), 1250 (m),
1189 (w), 1172 (w), 1139 (w), 1088 (w), 1029 (w), 998 (W), 961 (w), 919 (w), 875 (m), 834 (s),

777 (W), 739 (W), 696 (w), 668 (w) cm’™.
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12.3.9 1,5-Cyclooctadiene[(S)-4-isopropyl-2-(pyridin-yl-)-oxazolin]iridium(1)
hexaflourophosphate, [Ir(‘Pr-pyrox)(cod)]|PFg (25h)

(6120A1, 6132D, GM 1158)
LT

’N\ /5

The synthesis was carried out following general procedure D with Pr-pyrox (10b) (11.3 mg). The

product was obtained as dark red solid.

"H-NMR (Acetone-dg,, 500 MHz): 6 =0.92 (d, J= 6.7 Hz, 3H, pyrox-CHj;), 1.01 (d, J= 7.0 Hz, 3H,
pyrox-CHj), 1.61-1.71 (m, 2H, cod), 2.03-2.10 (m, 2H, cod), 2.13-2.19 (m, 1H, pyrox-CH(CHs;),),
2.21-2.30 (m, 2H, cod), 2.36-2.47 (m, 2H, cod), 4.38-4.45 (m, 2H, cod), 4.51-4.57 (m, 2H, cod),
4.61-4.66 (m, 1H, pyrox-C*H), 5.05 (t, J= 9.7 Hz, 1H, pyrox-CH,), 5.13 (dd, J=6.6, 9.5 Hz, 1H,
pyrox-CH»), 8.09 (dq, J= 1.4, 5.6 Hz, 1H, pyrox-H,,), 8.17 (d, J= 7.7 Hz, pyrox-H,,), 8.48-8.54 (m, 2H,
pyrox-H,,) ppm.

BC-NMR (Acetone-ds, 125 MHz): d = 13.3, 17.6, 30.2, 32.2, 66.8, 68.2, 74.1, 126.4, 131.5, 145.8,
145.3, 142.8, 131.5, 142.8, 145.3, 150.6, 177.9 ppm.

ppm.

I'P.NMR (Acetone-de, 161 MHz): 0 = -145.8 (sep, J°'*'F = 707 Hz) ppm.

IR (solid): ¥ = 2962 (w), 2936 (w), 2876 (w), 2849 (w), 1700 (w), 1652 (w), 1646 (w), 1593 (w),

1569 (w), 1559 (w), 1505 (w), 1501 (w), 1479 (w), 1466 (w), 1455 (w), 1422 (m), 1394 (w), 1374 (w),
1363 (w), 1338 (w), 1314 (w), 1299 (w), 1258 (w), 1224 (w), 1202 (w), 1168 (w), 1139 (w), 1117 (w),
1094 (w), 1054 (w), 1038 (w), 1013 (w), 928 (w), 872 (w), 833 (s), 795 (m), 775 (W), 754 (W),

740 (w), 709 (w), 665 (w) cm’.

HRMS (+ESI, 250 V): m/z (%) = 507.1606 (100) [Ir(Pr-pyrox)(cod)(O)]* (calc. 507.16235),
491.1652 (53) [Ir(Pr-pyrox)(cod)]" (calc. 491.16744).

12.3.101,5-Cyclooctadiene[((S)-4-(tert-butyl)-2-(pyridine-2-yl)-oxazolin)Jiridium(1)
hexaflourophosphate, [Ir(tBu-pyrox)(cod)]PFﬁ (25i)

(6120B1, 6132C, 6154, GM 1158)

*\ + PFg -
gy

’N\lr/l
| \N/ \|

=
The synthesis was carried out following general procedure D with ‘Bu-pyrox (10¢) (12.2 mg). The

product was obtained as dark red solid.
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Experimental Section

"H-NMR (Acetone-ds,, 500 MHz): 6 = 1.05 (s, 9H, pyrox-CHj3;), 1.54-1.65 (m, 2H, cod), 2.10-2.22 (m,
2H, cod), 2.39-2.50 (m, 2H, cod), 4.13-4.21 (m, 3H, cod, pyrox-C*H), 4.63 (t, J= 7.4 Hz, 2H, cod),
4.99 (dd, J= 8.6, 9.7 Hz, 1H, pyrox-CH,), 5.41 (dd, J= 2.5, 9.8 Hz, 1H, pyrox-CH,), 8.06-8.11 (m, 1H,
pyrox-H,,), 8.20-8.23 (m, 1H, pyrox-H,,), 8.48-8.55 (m, 2H, pyrox-H,,) ppm.

BC-NMR (Acetone-dg, 125 MHz): 0 = 25.0, 33.0, 34.9, 70.5, 71.4, 76.1, 126.3, 131.4, 142.6, 145.6,
150.5, 176.2 ppm.

YF-NMR (Acetone-dg, 470 MHz): 6 = -72.3 (d, J****'*= 707 Hz) ppm.

'P-NMR (Acetone-d, 161 MHz): 0 = -145.8 (sep, J°'*"*F = 707 Hz) ppm.

IR (solid): ¥ = 3098 (w), 2960 (w), 2915 (w), 2876 (W), 2848 (w), 1727 (w), 1695 (m), 1627 (w),

1586 (m), 1569 (w), 1538 (w), 1501 (w), 1479 (w), 1421 (m), 1402 (w), 1373 (w), 1340 (w), 1300 (w),
1285 (w), 1251 (m), 1213 (w), 1195 (w), 1168 (w), 1138 (w), 1123 (w), 1096 (w), 1063 (w), 1029 (w),
1015 (w), 963 (w), 926 (w), 873 (m), 831 (s), 793 (m), 755 (m), 739 (w), 708 (w), 693 (w), 664 (w)cm’
1.

HRMS (+ESI, 250 V): m/z (%) = 505.1862 (100) [Ir('Bu-pyrox)(cod)]* (calc. 505.18309), 521.1792
(11) [Ir(‘Bu-pyrox)(cod)(O)]* (calc. 521.17800).

12.3.111,5-Cyclooctadiene[ ((S)-4-Isopropyl-2-(6-methylpyridin-2-yl)-oxazolin)Jiridium(1)
hexaflourophosphate, [Ir(‘Pr-mepyrox)(cod)]PF¢ (25j)

(6120F1, 6132F) 4\ + PF.-
o/ﬁ“‘\‘\

,N\lr/l
‘ =

The synthesis was carried out following general procedure D with Pr-mepyrox (19b) (12.2 mg). The

product was obtained as red solid.

"H-NMR (Acetone-dg, 400 MHz): 6 = 0.86 (d, J= 6.7 Hz, 3H, mepyrox—iPr—CH3), 1.04 (d, J= 7.0 Hz,
3H, mepyrox—iPr—CH_g), 1.46-1.54 (m, 2H, cod), 1.94-2.01 (m, 2H, cod), 2.15-2.26 (m, 3H, cod,
mepyrox-iPr-CH), 2.32-2.41 (2H, cod), 2.71 (s, mepyrox-CHs;), 4.31-4.36 (m, 1H, mepyrox-C*H), 4.48
(dd, J= 2.6, 7.2 Hz, 2H, cod), 4.67-4.72 (m, 2H, cod), 4.95 (mepyrox-CH,), 5.16 (dd, J= 4.4, 9.5 Hz,
1H, mepyrox-CH,), 7.95 (dd, J= 1.2, 8.1 Hz, 1H, mepyrox-H,,), 8.01 (dd, J= 1.2, 7.7 Hz, 1H, mepyrox-
H.,), 8.32 (t, J=7.9 Hz, 1H, mepyrox-H,;) ppm.

BC-NMR (Acetone-dg, 100 MHz): 6 = 13.9, 17.9, 23.0, 31.6, 32.6, 65.4, 66.2, 68.2, 73.7, 90.7, 124.5,
133.0, 141.9, 133.0, 141.9, 145.0, 166.8, 175.4 ppm.

PF-NMR (Acetone-ds, 470 MHz): 6 = -72.4 (d, J"**'*= 707 Hz) ppm.

'P.NMR (Acetone-ds, 161 MHz): 6 = -145.8 (sep, J*'"°F = 709 Hz) ppm.
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Experimental Section

IR (solid): ¥ =3089 (w), 2961 (w), 2934 (w), 2914 (w), 2876 (w), 2847 (w), 1729 (w), 1698 (m),
1648 (w), 1595 (m), 1573 (w), 1490 (w), 1462 (w), 1449 (w), 1434 (m), 1390 (w), 1377 (w), 1360 (w),
1339 (w), 1316 (w), 1297 (w), 1262 (m), 1248 (m), 1208 (w), 1191 (w), 1160 (w), 1138 (w), 1119 (w),
1101 (w), 1033 (w), 1006 (w), 951 (w), 928 (w), 876 (W), 833 (s), 807 (m), 775 (w), 749 (w), 740 (w),
687 (w), 658 (w) cm’™.

HRMS (+ESI, 150 V): m/z (%) = 521.1874 (100) [Ir(iPr-mepyrox)(cod)(O)]+ (calc. 521.17800),
505.1855 (95) [Ir(iPr-mepyrox)(cod)]+(calc. 505.18309).

12.3.121,5-Cyclooctadiene[((S)-4-butyl-2-(6-methylpyridin-2-yl)-oxazolin)]iridium(1)
hexaflourophosphate, [Ir("Bu-mepyrox)(cod)|PF¢ (25Kk)

(6124B, 6142C, 6146B)

% ‘\ + PFg -
[\
° /N\Ir/lg)
| \N/ N

¥

The synthesis was carried out following general procedure D with "Bu-mepyrox (19f) (12.9 mg). The

product was obtained as orange-red solid.

"H-NMR (Acetone-ds, 400 MHz): 6 =0.93-1.00 (m, 3H, mepyrox-"Bu-CH3), 1.43-1.558 (m, 6H,
mepyrox-"Bu-CH,, cod), 1.76-1.89 (m, 4H, mepyrox-"Bu-CH,, cod), 2.17 (s, 3H, mepyrox-CHj),
2.26-2.44 (m, 2H, cod), 2.48-2.62 (m, 2H, cod), 4.86 (t, J= 9.3 Hz, pyrox-C*H), 5.51 (t, J=7.9 Hz, 1H,
mepyrox-CH,), 5.22-5.28 and 5.26 (m and dd, J= 8.8, 10.0Hz, 3H, pyrox-CH,, cod), 5.35 (dt, J=4.2,
8.3 Hz, 2H, cod), 7.66 (t, J= 6.7 Hz, 1H, mepyrox-H,,), 7.89 (dd, J= 1.2, 8.1 Hz, 1H, mepyrox-H,,),
8.01 (dd, J= 1.0, 7.7 Hz, 1H, mepyrox-H,,), 8.27 (t, J= 7.9 Hz, 1H, mepyrox-H,,) ppm.

BC-NMR (Acetone-ds, 100 MHz): J = 8.6, 13.5, 22.2, 28.1, 35.7, 67.6, 76.9, 81.1, 87.9, 103.2, 124.6,
132.6, 133.1, 140.3, 142.9, 164.1, 173.4 ppm.

F-NMR (Acetone-dg, 470 MHz): 6 = -72.4 (d, J****'*= 707 Hz) ppm.

'P.NMR (Acetone-ds, 161 MHz): 6 = -143.9 (sep, J*'"*" = 709 Hz) ppm.

IR (solid): ¥ = 3092 (w), 3041 (w), 2957 (w), 2931 (w), 2872 (w), 287 (w), 1699 (w), 1652 (w),

1645 (w), 1593 (m), 1558 (w), 1539 (w), 1506 (w), 1489 (w), 1454 (w), 1437 (m), 1393 (w), 1362 (w),
1318 (w), 1287 (w), 1266 (w), 1250 (w), 1222 (w), 1192 (w), 1156 (w), 1136 (w), 1123 (w), 1100 (w),
1034 (w), 1005 (w), 956 (w), 915 (w), 873 (m), 835 (s), 807 (m), 781 (w), 751 (w), 740 (w), 692 (W),
677 (w), 663 (w) cm’".

HRMS (+ESI, 150 V): m/z (%) = 535.1913 (100) [Ir("Bu-mepyrox)(cod)(O)]" (calc. 535.19310).
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12.3.131,5-Cyclooctadiene[((R)-2-(6-methylpyridin-2-yl)-4-phenyl-oxazolin) Jiridium(1)
hexaflourophosphate, [Ir(Ph-mepyrox)(cod)]PFg (251)

(6124C, 6142D, 6146E)

j+ PFg °

The synthesis was carried out following general procedure D with Ph-mepyrox (19g) (14.2 mg). The

product was obtained as brown-red solid.

"H-NMR (Acetone-dg, 400 MHz): § = 1.28-1.47 (m, 2H, cod), 1.67-1.86 (m, 2h, cod), 2.07-2.16 (m,
2H, cod), 2.71 (s, 3H, mepyrox-CH3), 4.24-4.31 (m, 1H, cod), 4.61-4.67 (m, 1H, cod), 4.83-4.90 (m,
1H, mepyrox-C*H), 5.45-5.56 (m, 2H, cod, mepyrox-CH2), 5.63-5.68 (m, 1H, mepyrox-CH2),
5.69-5.77 (m, 1H, cod), 7.45-7.50 (m, 3H, mepyrox-Har), 7.51-7.56 (m, 1H, mepyrox-Har), 7.60-7.63
(m, 1H, mepyrox-Har), 7.65-7.68 (m, 1H, mepyrox-Har), 7.71-7.775 (m, 1H, mepyrox-Har), 7.92-7.96
(1H, mepyrox-Har), 7.97-8.01 (m, 1H, mepyrox-Har) ppm. The spectrum showed 5% free ligand as
assigned by the mepyrox-CHj singulet at 2.72 ppm.

F-NMR (Acetone-dg, 470 MHz): 0 = -72.4 (d, J****'*= 707 Hz) ppm.

I'P.NMR (Acetone-de, 161 MHz): 0 = -145.8 (sep, J°'*"F = 707 Hz) ppm.

IR (solid): ¥ = 3090 (w), 3032 (w), 2956 (w), 2916 (w), 2891 (w), 2866v, 2848 (w), 1733 (w),

1705 (m), 1684 (w), 1653 (w), 1641 (w), 1592 (m), 1558 (w), 1539 (w), 1521 (w), 1506 (w), 1487 (w),
1457 (m), 1433 (m), 1391 (w), 1362 (w), 1336 (w), 1315 (w), 1288 (w), 1275 (w), 1244 (w), 1223 (w),
1191 (w), 1159 (w), 1137 (w), 1122 (w), 1100 (w), 1084 (w), 1058 (w), 1038 (w), 1000 (w), 955 (w),
933 (w), 914 (w), 874 (w), 836 (s), 810 (m), 764 (w), 752 (w), 740 (w), 703 (m), 678 (w), 661 (w) cm’
1

HRMS (+ESI, 150 V): m/z (%) = 555.1648 (100) [Ir(Ph-box)(cod)(0)]" (calc. 555.16180).

"H-NMR (Acetonitrile-d;, 400 MHz): ¢ = 1.30-1.53 (m, 2H, cod), 2.02-2.12 (m, 2H, cod), 2.24-2.33
(m, 2H, cod), 3.09-3.17 (m, 2H, cod), 3.25 (s, 3H, py-CH3), 5.00 (t, J= 9.5 Hz, 1H, ox-H), 5.30 (t, J=
10.0 Hz, 1H, ox-H), 5.80 (dd, J= 8.1, 10.4 Hz, 1H, ox-H), 7.40-7.51 (m, 3H, H,,), 7.58-7.61 (m, 2H,
H.), 7.79 (d, J=7.9 Hz, 1H, H,,), 7.86 (d, J= 7.7 Hz, 1H, H,,), 8.03 (t, J=7.2 Hz, 1H, H,,) ppm.
BC-NMR (Acetonitrile-d;, 100 MHz): 0 =27.4, 31.7, 55.2, 56.3, 68.7, 78.2, 122.7, 128.7, 128.8,
128.9, 129.0, 139.4, 143.7,161.8 ppm.

YF-NMR (Acetonitrile-ds, 470 MHz): ¢ = -72.8 (d, J'**'*= 703 Hz) ppm.

MP.NMR (Acetonitrile-ds, 161 MHz): = -146.2 (sep, J°'*"*F = 700 Hz) ppm.

255



Experimental Section

12.3.141,5-Cyclooctadiene[((S)-4-isopropyl-2-(quinolin-2-yl)-oxazole)Jiridium(I)
hexaflourophosphate, [Ir(‘Pr-quinox)(cod)]PF¢ (25m)

(6120E1, 6132E, GM 1156)

+ PFg ~
T

=N /I

| N/Ir\|

=

The synthesis was carried out following general procedure D with 'Pr-quinox (20b) (14.3 mg). The

product was obtained as dark brown solid.

"H-NMR (Acetone-dg, 400 MHz): 6 = 0.92 (d, J= 7.0 Hz, 3H, quinox-iPr-CHj3), 1.08 (d, J= 7.0 Hz, 3H,
quionox—iPr—CH3), 1.16-1.20 (m, 1H, quinox—iPr—CH), 1.45-1.54 (m, 2H, cod), 2.03-2.09 (m, 2H, cod),
2.18-2.28 (m, 2H, cod), 2.30-2.41 (m, 2H, cod), 4.35-4.42 (m, 3H, cod, quinox-C*H), 4.81-4.87 (m,
2H, cod), 5.03 (t, J=9.5 Hz, 1H, quinox-CH,), 5.23-5.28 (m, 1H, quinox-CH,), 7.89 (d, J= 8.8 Hz, 1H,
quinox-H,,), 7.95 (t, J= 7.4 Hz, 1H, quinox-H,,), 8.07-8.16 (m, 2H, quinox-H,,), 8.22 (d, /= 8.3 Hz, 1H,
quinox-H,,), 8.33 (dd, J= 1.2, 8.3Hz, 1H, quinox-H,,), 9.11 (d, J= 8.3 Hz, 1H, quinox.-H,,) ppm.
BC-NMR (Acetone-dg, 125 MHz): = 14.4, 18.0, 29.9, 31.3, 32.6, 65.0, 66.5, 68.6, 74.0, 120.9, 125.1,
130.1, 130.6, 132.0, 134.5, 144.5, 147.2, 148.6, 175.1 ppm.

F-NMR (Acetone-dg, 470 MHz): 0 = -72.4 (d, J****'*= 707 Hz) ppm.

I'P.NMR (Acetone-d, 161 MHz): 0 = -145.9 (sep, J°'*"F = 709 Hz) ppm.

IR (solid): ¥ = 3070 (w), 2961 (w), 2934 (w), 2906 (w), 2874 (w), 2837 (w), 1727 (w), 1698 (w),

1642 (w), 1633 (w), 1615 (w), 1487 (w), 1474 (w), 1451 (w), 1436 (w), 1420 (w), 1394 (w), 1375 (w),
1359 (w), 1341 (w), 1296 (w), 1285 (w), 1260 (w), 1250 (w), 1219 (w), 1184 (w), 1158 (w), 1138 (w),
1123 (w), 1105 (w), 1041 (w), 973 (w), 941 (w), 875 (w), 833 (s), 812 (W), 796 (w), 775 (w), 739 (w),
117 (w), 658 (w) cm™.

HRMS (+ESI, 250 V): m/z (%) = 591.1643 (94) [Ir(Pr-quinox)(cod)(O)]" (calc. 591.16235),
575.1678 (23) [Ir(‘Pr-quinox)(cod)]" (calc. 575.16744). The signal of the free ligand appears in the
measured spectrum with an intensity of 100%: 297.1008 (100) [(Pr-quinox)(K)]* (calc. 279.08942)

"H-NMR (CD;CN, 400 MHz): 6 = 1.04 (d, J= 6.3 Hz, 3H, quinox-CH;), 1.16 (d, J= 6.0 Hz, 3H,
quinox-CHj), 1.46-1.62 (m, 2H, cod), 2.06 (s, 6H, cod), 2.25-2.46 (m, 2H, cod), 3.36 (dt, J= 2.6,
7.7 Hz, 2H, cod), 3.48 (dt, J= 3.3, 7.9 Hz, 2H, cod), 4.76-4.93 (m, 3H, quinox-C*H-CH,), 7.89 (m, 2H,
quinox-H,,), 8.11-8.19 (m, 2H, quinox-H,,), 8.69 (d, J= 8.8 Hz, 1H, quinox-H,,), 9.62 (d, J= 8.3 Hz,
1H, quinox-H,,).

BC-NMR (CD,Cl,, 100 MHz): § = 15.8, 18.1, 30.1, 31.0, 31.2, 33.0, 55.8, 57.3, 70.2, 73.3, 120.6,
128.1, 128.2, 128.8, 129.6, 130.2, 130.6, 131.1, 132.3, 137.4, 140.6, 144.9, 146.8, 149.6.
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12.3.151,5-Cyclooctadiene[((R)-4-Phenyl-2-(quinolin-2-yl)-oxazolin) Jiridium(T)
hexaflourophosphate, [Ir(Ph-quinox)(cod)]PF¢ (250)
(6120C1)

/N\Ir/l
‘ \N/ \|

The synthesis was carried out following general procedure D with Ph-quinox (20g) (16.3 mg). The

product was obtained as dark black-brown solid.

"H-NMR (Acetone-ds, 400 MHz): 6 = 1.43-1.51 (m, 2H, cod), 1.84-1.92 (m, 2H, cod), 2.07-2.21 (m,
4H, cod), 4.29-4.35 (m, 2H, cod), 4.82-4.89 (m, 2H, cod), 4.99 (dd, J= 6.7, 8.6 Hz, 1H, quinox-C*H),
5.56 (t, J= 10.0 Hz, 1H, quinox-CH,), 5.73 (dd, J= 6.7, 10.2 Hz, 1H, quinox-CH,), 7.47-7.52 (m, 2H,
quinox-H,,), 7.56-7.60 (m, quinox-H,,), 7.79-7.85 (m, 1H, quinox-H,,), 7.99 (t, J= 7.7 Hz, 1H, quinox-
H,), 8.12-8.18 (m, 1H, quinox-H,,), 8.32-8.40 (m, 2H, quinox-H,,), 9.18 (d, J= 8.3 Hz, 1H, quinox-H,,)
ppm.

BC-NMR (Acetone-dg, 100 MHz): 0 = 32.3, 65.5, 65.6, 67.5, 81.0, 121.7, 124.8, 127.1, 129.2, 129.4,
129.6, 130.3, 130.5, 132.4, 134.8, 139.3, 144.6, 147.2, 147.9, 148.5, 178.0 ppm.

F-NMR (Acetone-dg, 470 MHz): 6 = -72.4 (d, J****'*= 707 Hz) ppm.

'P.NMR (Acetone-de, 161 MHz): 0 = -145.8 (sep, J°'*'F = 709 Hz) ppm.

IR (solid): ¥ = 3063 (w), 3032 (w), 2948 (w), 2917 (w), 2892 (w), 2850 (w), 1704 (m), 1653 (w),

1629 (w), 1611 (w), 1590 (w), 1558 (w), 1538 (w), 1516 (w), 1504 (w), 1480 (m), 1467 (w), 1457 (w),
1436 (w), 1415 (m), 1467 (w), 1457 (w), 1436 (w), 1415 (m), 1386 (w), 1362 (w), 1207 (W), 1294 (w),
1283 (w), 1257 (w), 1248 (w), 1220 (m), 1180 (m), 1159 (w), 1139 (w), 1123 (m), 1087 (w), 1055 (w),
1038 (w), 1004 (w), 975 (w), 949 (w), 937 (w), 873 (m), 829 (s), 795 (m), 781 (m), 764 (s), 740 (m),
720 (m), 703 (m), 660 (w) cm".

HRMS (+ESI, 150 V): m/z (%) = 571.1973 (100) [Ir(Ph-quinox)(cod)(O)]" (calc. 571.19365).
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12.3.161,5-Cyclooctadiene[((S)-4-Butyl-2-(quinolin-2-yl)-oxazolin) Jiridium(1)
hexaflourophosphate, [Ir("Bu-quinox)(cod)]PF¢ (25n)

(6120D1)
H ‘\ + PFg-

,N\lr/l
| \N/ \|

=

(o}

The synthesis was carried out following general procedure D with "Bu-quinox (20f) (15.1 mg). The

product was obtained as dark yellow-brown solid.

"H-NMR (Acetone-dg, 400 MHz): 6 = 0.93 (¢, J= 7.2 Hz, 3H, quinox-CH3;), 1.38-1.59 (m, 6H, quinox-
"Bu-CH,, cod), 1.80-1.89 (m, 2H, cod), 1.95-2.01 (m, 2H, quinox-"Bu-CH,), 2.20-2.30 (m, 2H, cod),
2.3-2.45 (m, 2H, cod), 4.40-4.48 (m, 3H, cod, quinox-C*H), 4.81-4.87 (m, 2H, cod), 5.11-5.15 (m, 2H,
quinox-CH,), 7.92 (d, J= 8.8 Hz, 1H, quinox-H,,), 7.97 (t, J= 7.4 Hz, 1H, quinox-H,,), 8.08-8.16 (m,
1H, quinox-H,,), 8.23 (d, J= 8.3 Hz, 1H, quinox-H,,), 8.35 (d, J= 8.3 Hz, 1H, quinox-H,,), 9.12 (d, J=
8.2 Hz, 1H, quinox-H,,) ppm.

BC-NMR (Acetone-dg, 100 MHz): 0 = 13.4, 22.5, 32.5, 34.9, 61.7, 64.7, 78.2, 78.2, 87.9, 120.7, 121.8,
125.1, 129.4, 130.5, 132.2, 134.8, 144.2, 146.8, 147.4 ppm.

YF-NMR (Acetone-dg, 470 MHz): 0 = -72.4 (d, J****'*= 707 Hz) ppm.

I'P.NMR (Acetone-de, 161 MHz): 0 = -145.9 (sep, J°'*"F = 709 Hz) ppm.

IR (solid): ¥ = 3071 (w), 3030 (w), 2956 (w), 2932 (w), 2872 (w), 2858 (W), 1695 (w), 1684 (w),

1653 (w), 1632 (w), 1615 (w), 1590 (w), 1558 (w), 1516 (w), 1506 (w), 1485 (m), 1471 (w), 1456 (w),

1436 (w), 1422 (m), 1374 (w), 1346 (w), 1294 (w), 1261 (m), 1249 (m), 1418 (w), 1183 (w), 1157 (w),
1141 (w), 1124 (w), 1038 (w), 977 (w), 955 (W), 937 (w), 914 (w), 875 (m), 830 (s), 797 (m), 779 (m),

768 (m), 739 (m), 727 (w), 689 (W), 658 (w) cm’.

HRMS (+ESI, 150 V): m/z (%) = 557.1808 (100) [Ir("Bu-quinox)(cod)(0)]* (calc. 557.17800).

12.3.171,5-Cyclooctadiene[(2,6-bis((R)-4-iso-propyl-oxazolin)pyridine) Jiridium(I)
hexaflourophosphate, [Ir(‘Pr-pybox)(cod)]PF¢ (25p)

(6128A)

The synthesis was carried out following general procedure D with Pr-pybox (36) (17.9 mg). The

product was obtained as red-brown solid.
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"H-NMR (Acetone-dg, 400 MHz): 6 = No assingenement of signals possible. The complex possibly
exists as undefined mixture of bis and tris-coordinating ligand, which leads to too many overlapping
signals.

F-NMR (Acetone-dg, 470 MHz): 0 = -72.4 (d, J**"**'*= 707 Hz) ppm.

'P.NMR (Acetone-d, 161 MHz): 0 = -145.8 (sep, J°'*'*F = 709 Hz) ppm.

IR (solid): ¥ = 3091 (w), 2962 (w), 2912 (w), 2876 (w), 2836 (w), 1725 (w), 1698 (m), 1658 (w),

1637 (w), 1617 (w), 1588 (w), 1569 (w), 1505 (w), 1484 (w), 1465 (w), 1448 (w), 1418 (w), 1394 (w),
1367 (w), 1333 (w), 1307 (w), 1289 (w), 1247 (m), 1210 (w), 1179 (w), 1156 (w), 1139 (w), 1117 (w),
1090 (w), 1033 (w), 967 (m), 956 (m), 907 (w), 874 (m), 830 (s), 787 (m), 775 (m), 740 (m), 667 (w)
cm™.

HRMS (+ESI, 150 V): m/z (%) = 618.2401 (100) [Ir(Pr-pybox)(cod)(O)]" (calc.618.23022 ).

12.3.181,5-Cyclooctadiene[ (2,2 -bipyridine)Jiridium(1) hexaflourophosphate,
[Ir(bpy)(cod)]PFe (25q)
i 1
N\lr/ %
|N/ ~

(6136A, 6150A)
+ PFg
The synthesis was carried out following general procedure D with bpy (37) (9.3 mg). The product was

7 N/ N\

obtained as dark red solid.

"H-NMR (acetonitrile-d;, 400 MHz): 6 = 1.992.05 (m, 4H, cod), 2.36-2.44 (m, 4H, cod), 4.39-4.45 (m,
4H, cod), 7.74 (ddd, J= 1.4, 5.8, 7.2 Hz, 2H, bpy-H,,), 8.21 (d, J= 5.1 Hz, 2H, bpy-Har), 8.29 (dt,= 1.4,
6.7 Hz, 2H, bpy-Har), 8.34-8.38 (m, 2H, bpy-Har) ppm.

BC-NMR (acetonitrile-ds, 100 MHz): §=29.2, 30.7, 36.1, 70.1, 121.2, 125.1, 149.1, 157.8, 167.4
ppm.

YF-NMR (acetonitrile-ds, 470 MHz): 6 = -72.8 (d, J'"***'"= 7 Hz) ppm.

'P-NMR (acetonitrile-ds, 161 MHz): 6 = -145.8 (sep, J°'*"F = 702 Hz) ppm.
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12.3.191,5-Cyclooctadiene[ (4,4 -di-tert-butyl-2,2"-bipyridine)Jiridium(1)
hexaflourophosphate, [Ir(dtbpy)(cod)]PF¢ (25r)

(6124D, 6136B, 6160, GM 1152)

]+ PFe
|

|
N\Ir/
IN/ i

7 N N

The synthesis was carried out following general procedure D with dtbpy (32) (16.0 mg). The product

was obtained as dark orange-brown solid.

"H-NMR (acetonitrile-d;, 400 MHz): 6 = 1.44 (s, 18H, dtbpy-CH3;), 1.97-2.04 (m, 4H, cod), 2.34-2.41
(m, 4H, cod), 4.35-4.38 (m, 4H, cod), 7.70 (dd, J= 2.2, 6.0 Hz, 2H, dbpy-H,,), 8.09 (d, J= 6.0 Hz, 2H,
dtbpy-H,,), 8.32 (d, J= 2.1 Hz, 2H, dtbpy-H,,) ppm.

BC-NMR (acetonitrile-d;, 100 MHz): § =29.2, 30.7, 36.1, 70.1, 121.2, 125.1, 149.1, 157.8, 167.4
ppm.

F-NMR (acetonitrile-ds, 470 MHz): 6 = -72.3 (d, J"***'"= 707 Hz) ppm.

'P.NMR (acetonitrile-ds, 161 MHz): 6 = -144.0 (sep, J°'*"F = 706 Hz) ppm.

IR (solid): ¥ =2962 (w), 2911 (w), 2872 (w), 2834 (w), 1792 (w), 1771 (w), 1733 (w), 1700 (w),
1684 (w), 1669 (w), 1653 (w), 1646 (w), 1617 (m), 1576 (w), 1569 (w), 1558 (w), 1539 (w), 1521 (w),
1506 (w), 1485 (w), 1457 (w), 1415 (m), 1399 (w), 1367 (w), 1301 (w), 1269 (w), 1252 (w), 1220 (w),
1204 (w), 1157 (w), 1129 (w), 1077 (w), 1025 (w), 929 (w), 902 (w), 873 (m), 834 (s), 804 (w),
748 (w), 739 (W), 668 (w) cm’.

HRMS (+ESI, 150 V): m/z (%) = 585.2487 (100) [Ir(dtbpy)(cod)(O)]" (calc. 585.24514), 569.2527
(30) [Ir(dtbpy)(cod)]" (calc. 569.25022), 601.2476 (5) [Ir(dtbpy)(cod)(0,)]" (calc. 601.24005)

"H-NMR (CD,Cl,, 500 MHz): § = 1.46 (s, 18H, (CH3)3), 2.00-2.06 (m, 4H, C.,cHH), 2.36-2.46 (m,
4H, C.oHH), 4.32-4.38 (m, 4H, C.qH), 7.70 (dd, J = 1.7, 5.8 Hz, 2H, H,,), 8.03 (d, J=5.8 Hz, 2H,
H,), 8.23 (d, J = 1.7 Hz, 2H, H,,) ppm.

BC-NMR (CD,Cl,, 125 MHz):6 = 29.8 (CH3), 31.0 (CeoqH,), 36.3 (C(CH3)3), 70.7 (CeoaH), 120.3 (Cy),
125.4 (Cy), 148.5 (Cyy), 157.8 (Cyy), 167.7 (Cy) ppm.

YF-NMR (CD,Cl,, 470 MHz): 6 = -73.4 (d, J"*"*'"= 712 Hz).

FP.NMR (CD2CI2, 161 MHz): J = -144.1 (sep, J°'""*F = 700 Hz)
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12.3.201,5-Cyclooctadiene[(1,10-phenanthroline)]iridium(r) hexaflourophosphate,
[Ir(phen)(cod)]PFg (25s)

(6124E, 6136C)

The synthesis was carried out following general procedure D with phen (38) (10.7 mg). The product

was obtained as blue-green solid.

"H-NMR (acetonitrile-d;, 400 MHz): 6 = 2.04-2.11 (m, 4H, cod), 2.40-2.47 (m, 4H, cod), 4.61-4.67 (m,
4H, cod), 8.04 (dd, J=5.3, 8.3Hz, 2H, phen-Har), 8.17 (s, 2H, phen-Har), 8.62 (dd, J= 1.4, 5.1 Hz, 2H,
phen-Har), 8.86 (dd, J= 1.4, 8.1 Hz, 2H, phen-Har) ppm.

BC.NMR (acetonitrile-d;, 100 MHz): 6 = 14.9, 30.6, 69.5, 116.4, 124.3, 135.4, 150.4 ppm.

F-NMR (acetonitrile-ds, 470 MHz): 6 = -69.0 (d, J'"***'"= 712 Hz) ppm.

*'P-NMR (acetonitrile-ds, 161 MHz): J = -143.1 (sep, J°'*"F = 722 Hz) ppm.

IR (solid): ¥ = 3096 (w), 2998 (W), 2943 (w), 2911 (w), 2869 (w), 2851 (w), 2840 (w), 1724 (w),

1691 (m), 1657 (w), 1633 (w), 1605 (w), 1582 (w), 1558 (w), 1544 (w), 1516 (w), 1495 (w), 1472 (w),
1430 (m), 1414 (w), 1343 (w), 1285 (w), 1251 (m), 1226 (w), 1199 (w), 1147 (w), 1110 (w), 1095 (w),
1082 (w), 1052 (w), 1036 (w), 1029 (w), 1003 (w), 984 (w), 961 (w), 926 (w), 915 (w), 876 (m),

835 (s), 777 (w), 740 (w), 722 (m), 668 (w) cm’.

HRMS (+ESI, 150 V): m/z (%) = 497.1160 (100) [Ir(phen)(cod)(O)]" (calc. 497.11994), 481.1201
(15) [Ir(Ph-box)(cod)]" (calc. 481.12502). 513.1123 (2) [Ir(phen)(cod)(0,)]" (calc. 513.11485).

12.3.211,5-Cyclooctadiene[(3,4,7,8-tetramethyl-1,10-phenanthroline) Jiridium(1)
hexaflourophosphate, [Ir(TMphen)(cod) |PF¢ (25t)

(6124F, 6136D)

The synthesis was carried out following general procedure D with TMphen (39) (14.1 mg). The

product was obtained as bright red solid.
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'"H-NMR (acetonitrile-d;, 400 MHz): 6 = 2.02-2.08 (m, 4H, cod), 2.14 (s, 6H, phen-CHj3), 2.39-2.44
(m, 4H, cod), 2.56 (s, 3H, phen-CHs;), 2.79 (s, 3H, phen-CH3;), 4.58-4.63 (m, 4H, cod), 8.26-8.29 (m,
4H, phen-H,,) ppm.
BC-NMR (acetonitrile-ds;, 100 MHz): 6 = 15.1, 17.1, 30.6, 69.3, 116.5, 124.1, 135.3, 150.4 ppm.
F-NMR (acetonitrile-ds, 470 MHz): 6 = -69.7 (d, J"***'"= 707 Hz) ppm.
'P.NMR (acetonitrile-ds, 161 MHz): 0 = -144.2 (sep, J°'*"*F = 702 Hz) ppm.
IR (solid): ¥ = 2930 (w), 2871 (w), 1696 (w), 1624 (w), 1598 (w), 1578 (w), 1536 (w), 1528 (w),
1471 (w), 1446 (w), 1430 (w), 1390 (w), 1360 (w), 1334 (w), 1304 (w), 1261 (w), 1248 (w), 1221 (w),
1203 (w), 1192 (w), 1176 (w), 1138 (w), 1121 (w), 1092 (w), 1036 (w), 1022 (w), 962 (w), 950 (W),
926 (w), 871 (w), 840 (s), 811 (w), 784 (w), 773 (W), 759 (w), 740 (w), 722 (w), 694 (W), 667 (W)

-1

cm .
HRMS (+ESI, 150 V): m/z (%) = 553.1796 (100) [Ir(TMphen)(cod)(O)]"* (calc. 553.18254).

12.3.221,5-Cyclooctadiene[((S)-2-(2-(diphenylphosphanyl)phenyl)-4-phenyl-
oxazolin)l]iridium(1) hexaflourophosphate, [Ir(Ph-phox)(cod)|PF¢ (25u)

(6128B)

The synthesis was carried out following general procedure D with Ph-phox (40) (24.2 mg). The

product was obtained as bright red solid.

"H-NMR (Acetone-ds, 400 MHz): 6 = 1.46-1.56 (m, 1H, cod), 1.63-1.72 (m, 1H, cod), 1.76-1.84 (m,
1H, cod), 1.94-2.04 (m, 1H, cod), 2.20-2.28 (m, 2H, cod), 2.42-2.55 (m, 2H, cod), 2.99-3.06 (m, 2H,
cod), 3.24-3.31 (m, 1H, cod), 4.53 (q, J= 4.9 Hz, 1H, phox-C*H), 5.19 and 4.22 (dd, J= 9.3, 10.0 Hz
and quin, J= 7.2 Hz, 2H, phox-CH,, cod), 5.59-5.65 (m, 1H, cod), 5.86 (dd, J= 4.9, 10.2 Hz, 1H, phox-
CH,), 6.91-6.95 (m, 2H, phox-H,,), 7.18-7.27 (m, 4H, phox-H,,), 7.36 (t, J= 7.4 Hz, 1H, phox-H,,),
7.53-7.66 (m, 8H, phox-H,,), 7.786-7.80 (m, 1H, phox-H,,), 7.88 (tt, J= 1.0, 7.2Hz, 1H, phox-H,,), 7.94
(tt, J=1.4, 7.9 Hz, 1H, phox-H,,), 8.44 (dq, J= 1.4, 4.2 hz, 1H, phox-H,,) ppm.

BC-NMR (Acetone-dg, 100 MHz): 6 = 26.4, 32.1, 35.1, 62.3, 63.4, 69.6, 76.9, 94.4, 97.6, 132.3, 123.9,
126.2, 128.6, 128.8, 128.9, 129.4, 129.4, 130.0 (d, J"“*'" = 10 Hz), 131.9, 132.6, 132.7, 133 (d, JZ3'?
=10 Hz), 134.0, 134.5, 134.8, 135.1 (d, J”“*'" = 12 Hz), 140.2, 165.4 ppm.

YF-NMR (Acetone-dg, 470 MHz): 6 = -72.5 (d, J****'*= 707 Hz) ppm.

'P-NMR (Acetone-dg, 161 MHz): 6 = -145.8 (sep, J*'"'*F = 709 Hz), 16.0 (Ph-phox) ppm.

IR (solid): ¥ = 3059 (w), 3033 (w), 3005 (w), 2961 (w), 2946 (w), 2921 (w), 2885 (w), 2835 (W),

1725 (w), 1698 (m), 1594 (m), 1580 (w), 1563 (m), 1495 (w), 1482 (w), 1455 (m), 1436 (m), 1379 (m),

262



Experimental Section

1333 (w), 1307 (w), 1280 (w), 1248 (m), 1218 (w), 1186 (w), 1145 (w), 1124 (m), 1096 (m), 1083 (w),
1065 (w), 1029 (w), 998 (w), 955 (W), 932 (w), 875 (w), 830 (s), 783 (w), 751 (m), 793 (m), 731 (m),
698 (s), 687 (m), 654 cm’™.

HRMS (+ESL, 150 V): m/z (%) = 708.2033 (100) [Ir(Ph-phox)(cod)]* (calc. 708.20018), 724.1943
(32) [Ir(Ph-phox)(cod)(O)]" (calc. 742.19509).

HRMS (+ESI, 150 V): m/z (%) = 573.1546 (100) [Ir(‘Pr-bta)(cod)(O)]" (calc. 573.15798), 557.1621
(63) [Ir(*Pr-bta cod)]* (calc.557.16307).

12.3.231,5-Cyclooctadiene[(2-(3,5-dimethyl-1H-pyrazol-1-yl)pyridine)Jiridium(1)
hexaflourophosphate, [Ir(pypyraz)(cod)]PFg (25v)

(6124A)
‘\ + PFg
A
N/N\lr/|
LN
| N
=

The synthesis was carried out following general procedure D with pyrim (41) (10.3 mg). The product

was obtained as bright orange solid.

"H-NMR (Acetone-dg, 400 MHz): 6 = 1.96 (q, J= 8.1 Hz, 4H, cod), 2.34-2.40 (m, 4H, cod), 2.43 (s,
3H, pypyraz-CHs), 2.94 (s, 3H, pypyraz-CH3), 4.63 (s, 4H, cod), 6.68 (s, 1H, pypyraz-CH), 7.68-7.72
(m, 1H, pypyraz-H,,), 8.24-8.26 (m, 1H, pypyraz-H,,), 8.34-8.36 (m, 1H, pypyraz-H,,), 8.44-8.49 (m,
1H, pypyraz-H,,) ppm.

BC-NMR (Acetone-de, 100 MHz): § = 12.1, 14.6, 30.9, 68.9, 113.8, 116.0, 123.8, 143.6, 146+.4,
147.4, 152.0, 158.8 ppm.

YF-NMR (Acetone-dg, 470 MHz): 6 = -72.5 (d, J****'"*= 707 Hz) ppm.

I'P.NMR (Acetone-de, 161 MHz): 0 = -143.6 (sep, J°'*"F = 707 Hz) ppm.

IR (solid): ¥ = 3151 (w), 3108 (w), 2950 (w), 2927 (w), 2892 (w), 2881 (w), 2843 (w), 1699 (w),

1609 (w), 1578 (w), 1561 (w), 1484 (m), 1476 (m), 1454 (m), 1439 (w), 1416 (w), 1388 (w), 1383 (w),
1374 (w), 1322 (w), 1305 (w), 1273 (w), 1255 (w), 1234 (w), 1221 (w), 1190 (w), 1172 (w), 1133 (w),
1106 (w), 1082 (w), 1073 (w), 1067 (w), 1040 (w), 1030 (w), 1005 (w), 1000 (w), 977 (w), 899 (w),
877 (m), 834 (s), 815 (m), 780 (w), 763 (m), 741 (w), 701 (w) cm’".

HRMS (+ESI, 300 V): m/z (%) = 474.1617 (100) [Ir(pyrim)(cod)(O)]" (calc. 474.15157), 490.1509m
(20) [Ir(pyrim)(cod)]* (calc. 490.14649).
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12.3.241,5-Cyclooctadiene[2-(pyridine-2-yl)-1H-benzo[d]imidazole]iridium(1)
hexaflourophosphate, [Ir(pybenzim)(cod)]PF¢ (25w)

(6136E)

The synthesis was carried out following general procedure D with (42) (11.6 mg). The product was

obtained as solid.

"H-NMR (acetonitrile-d;, 400 MHz): 6 = 1.84-1.91 (m, 4H, cod), 2.28-2.41 (m, 4H, cod), 4.61-4.73 (m,
4H, cod), 7.36-7.43 (m, 3H, H,,), 7.60-7.64 (m, 1H, H,,), 7.69-7.74 (m, 1H, H,,), 8.14-8.18 (m, 2H,
H,,), 8.23-8.29 (m, 1H, H,,) ppm.

F-NMR (acetonitrile-ds, 470 MHz): 6 = -72.8 (d, J"***'"= 712 Hz) ppm.

'P.NMR (acetonitrile-ds, 161 MHz): 0 = -144.1 (sep, J°'*"F = 723 Hz) ppm.

12.4 Iridium(1)-cod BAr" complexes 30

12.4.1 General Procedure E for [Ir(N"N)(cod)]BArF complexes 30

1) AGBAIF (34) 1" Baf
%\"/m\"/g _AWMN <N\Ir/lg'
- Scr” YN THF, .t NN
23 30

In a Schlenk tube under argon atmosphere [Ir(cod)(Cl)], (23) (20.0 mg, 0.030 mmol) was dissolved in
tetrahydrofurane (1.5 mL). Addition of AgBAr" (57.9 mg, 0.060 mmol) caused immediately a color
change from red to yellow and a colorless solid precipitated. The suspension was left without stirring
for 5 hours and the solution was removed by careful decantation under argon into another Schlenk
tube. The ligand (0.060 mmol) was added to the clear yellow solution. A fast color change to dark red-
brown indicated successful complexation. The solution was stirred for 15 min at room temperature and

the solvent was evaporated under reduced pressure to obtain complex 30 quantitatively.
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12.4.2 General Procedure F for [Ir(N "N)(cod)]BArF complexes 30

*BAr
b WG, \E 1) NAN, DCM, rfx. Nio, o
e “lr < P
N
- 2) NaBArF (33), H,0 N
30

F-

(biphasic mixture)

In a Schlenk tube under argon atmosphere [Ir(cod)(CD)], (23) (50.0 mg, 0.074 mmol) was dissolved in
DCM (10 mL) and the ligand (0.149 mmol) was added. The reaction mixturewas stirred under reflux
for 1 h — 2 h. After cooling down to room temperature, NaBAr" (33) (198 mg, 0.223 mmol) as solution
in water (10 mL) was added and the mixture stirred for 30 min. The phases were separated and the
aqueous phase was extracted with DCM (2 x 5 mL). The combined organic phases were evaporated to

dryness under high vacuum.

12.4.3 1,5-cyclooctadiene[(4S)-2-(diphenylphosphino-P)phenyl)-oxazolin]iridium(1)
tetrakis-[3,5-bis(trifluoromethyl)phenyl]borate (30a)

® o
/ﬁ)\  |BAr
0

#N\lr/g
<§\ PN

P

Ph,

The synthesis was carried out following general procedure F (PK3100) and literature reference.””’
The product was purified by slow precipitation with water from an ethanolic solution (10 mL) and
isolated by filtration as red crystals (94 mg, 0.061 mmol, 82%). The 'H-NMR spectrum matches the

one reported in literature.

"H-NMR (CDCl;, 400MHz): J = 8.11 (s, 1H, Hy,), 7.71 (s, 8H, BCHCFgu), 7.65 — 7.36 (m, 14H,
CFCHCFgarr, Har), 7.13 —7.04 (m, 3H, Hy,), 5.00 (s, 1H, OCHH), 4.91 (s, IH,OCHH), 4.48 — 4.38
(m, 2H, C.,¢H), 4.33 (t, / = 9.4 Hz, 1H, NCH), 4.15 — 4.05 (s, 2H, C¢H), 2.18 - 1.90 (m, 5H, C_¢Ho,
CH(CHj3),), 1.73 - 1.38 (m, 4H, C.¢H>), 0.84 (s, 3H, C(CH3),), 0.82 (s, 3H, C(CHj3),) ppm.

12.4.4 1,5-Cyclooctadiene[(2,2°-Bis((4S5,4°S)-4,4"-methyl)-oxazolin)]Jiridium(1)
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (30b)
“1Taf T
—

O _N

OIN/"\
\/K

The synthesis was carried out following general procedure F (PK 3110).
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The product is a brown solid. In the proton NMR spectrum the signals for the BAr" anion integrates

two times too high.

"H-NMR (CD,Cl,, 500MHz): § = 7.76 — 7.72 (m, 2 x 8H, BCHCFga,p), 7.59 (s, 2 x 4H,CFCHCFjgagp),
5.00 (t, J = 9.5 Hz, 2H,0OCHH), 4.55 — 4.46 (m, 4H, OCHH, NCH), 4.42 — 4.34 (m, 4H,C.,cH), 2.43 —
2.32 (m, 2H, C.,¢Hy), 2.17 — 2.07 (m, 2H, C.4H,), 1.33 — 1.30 (m, 8H, CHj3, C.,qH»), 1.30 — 1.26 (m,
2H, C.,4H,) ppm.

BC-NMR (CD,Cl,, 126MHz): ¢ =166.76, 162.98, 162.59, 162.19, 161.79, 135.45 (BCHCFguy),
129.65, 129.39, 128.50, 126.33, 124.17, 122.00, 117.57 (CFCHCFgagg), 81.08 (OCH,), 69.55 (C..cH),
68.54 (C.,qH), 60.98 (NCH), 33.61 (C.,qH,), 30.33 (C.oqH>), 29.87 (C.oqHs), 20.86 (CH;) ppm.

IR (solid):0 = 2922 (m, vCHy,), 2852 (w, VCHy,), 1629 (w), 1610 (w), 1510 (w), 1464 (w), 1354 (m),
1275 (s), 1116 (s), 932 (w), 887 (m), 838 (m), 800 (m), 744 (w), 712 (m), 681 (m), 670 (m) cm™.

12.4.5 1,5-Cyclooctadiene[(2,2°-Bis((45,4°S)-4,4 -diisopropyl)-oxazolin) Jiridium(1)
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (30c)
\\ ~1Teaf T
d ) |
— N\I /
OI N/ ™~ |

The synthesis was carried out following general procedure E (4038, 4172, 5028).
The product is a blue-red solid.

"H-NMR (CD,Cl,, 400 MHz): § = 0.84 (d, J= 7.0 Hz, 6H, box-CH(CH;),). 0.87 (d, J= 7.0 Hz, 6H,
box-CH(CH;),), 1.22-1.31 (m, 2H, cod-CH,), 1.88-1.95 (m, 2H, box-CH(CHs),), 2.03-2.16 (m, 4H,
cod-CH,), 2.32-2.43 (m, 2H, cod-CH,), 4.30-4.37 (m, 4H, cod-HC=CH, box-C*H), 4.34-4.46 (m, 2H,
cod-HC=CH), 4.72 (dd, J= 7.4, 10.0 Hz, 2H, box-CH,), 4.82 (t, J=10.4 Hz, 2H, box-CH,), 7.55 (s, 4H,
BAr"-H,), 7.71 (s, 8H, BAr") ppm. Using HMQC and COSY.

BC-NMR (CD,Cl,, 100 MHz): d = 13.7 (box-CH(CHj3),), 18.3 (box-CH(CH3),, 29.4 (cod-CH,), 29.6
(box-CH(CHj3),), 33.1 (cod-CH,), 68.1 (cod-C=C), 68.5 (box-C*), 69.1 (cod-C=C), 74.6 (box-CH,),
117.5 (BAr'-C,H), 120.6, 123.3, 125.0, 128.9 (q, J“"= 29Hz, BAr"-CF;)134.9 (BAr'-C,H), 161.3 (q,
JEB= 48 Hz, BAr"-BC,,), 165.8 (COppm). Using HMQC.

"B_.NMR (CD,Cl,, 128 MHz): J = -7.4.

YF-NMR (CD,Cl,, 470 MHz): 6 = -63.2.

IR (solid): ¥ =2972 (w), 2936 (w), 2913 (w), 2881 (w), 2843 (w), 1644 (w), 1634 (w), 1611 (w),
1559 (w), 1512 (w), 1478 (w), 1461 (w), 1397 (w), 1375 (w), 1352 (s), 1316 (w), 1270 (s), 1248 (m),
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1160 (s), 1114 (s), 1094 (s), 1059 (m), 1036 (m), 1022 (m), 1004 (m), 967 (w), 926 (m), 897 (m),
885 (m), 838 (m), 815 (W), 806 (W), 763 (W), 744 (w), 712 (s), 681 (s), 668 (s) cm™.

HRMS (+ESI, 250 V): m/z (%) = 541.2040 (100) [Ir(5b)(cod)(O)]" (calc. 541.20422), 557.1980 (15)
[Ir(5b)(cod)(0,)]" (calc. 557,19913).

The synthesis was carried out following general procedure F (PK 3114).
The product is a brown-black solid. In the proton NMR spectrum the signals for the BAr" anion

appear two times too high.

"H-NMR (CD,Cl,, 500MHz): 6 =7.80 — 7.68 (m, 2 x 8H, BCHCFyp), 7.58 (s, 2 X 4H,CFCHCFjgarp),
4.84 (dd, J = 10.4, 9.9 Hz, 2H,0CHH), 4.74 (dd, J = 9.8, 7.6 Hz, 2H, OCHH), 4.45 (dd, J = 13.1, 7.5
Hz, 2H, NCH), 4.39 — 4.33 (m, 4H, C.,H), 2.43 — 2.34 (m, 2H, CqH>), 2.17 — 2.06 (m, 4H, C.oqHo,
CH(CHs),), 1.98 — 1.91 (m, 2H, CeqH,), 1.39 — 1.19 (m, 2H, C.,¢H,), 0.88 (d, J = 7.0 Hz, 6H,
C(CHs),), 0.86 (d, J =6.9 Hz, 6H, C(CHs),) ppm.

BC-NMR (CD,Cl,, 126MHz): ¢ =166.47, 163.01, 162.61, 162.21, 161.82, 135.48 (BCHCFgu),
129.67, 129.42, 126.35, 124.19, 122.02, 118.13 (CFCHCFggp), 75.23 (OCH,), 69.78 (C.oqH), 69.10
(CeogH), 68.78 (NCH), 33.71 (CeoqHa), 30.33, 30.25 (CeogHa, CH), 29.97 (CooaHy), 18.88 (C(CHs)),
14.25 (C(CH3;),) ppm.

IR (solid):d = 2922 (w, vCHy,), 1610 (w), 1510 (w), 1462 (w), 1354 (m), 1273 (s), 1114 (s), 927 (w),
886 (m), 838 (m), 806 (m), 744 (w), 712 (m), 681 (m), 669 (m) cm™.

12.4.6 1,5-Cyclooctadiene[(2,2'-Bis((4S, 4'S)-4,4'-di((S)-sec-butyl)-oxazolin)]iridium(1)
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (30f)

_/<__ o “1tBaArf T

O:[/N\"/B
oSN N

L%_

The synthesis was carried out following general procedure E (5002, 5026A).
The product is a blue-red solid.

"H-NMR (CD,Cl,, 500 MHz): d = 0.83 (d, J= 6.7 Hz, 6H, box-CH,-CH3), 0.90 (t, J= 7.2 Hz, 6H, box-
CH-CHj3), 1.13-1.23 (m, 4H, box-CH,-CH3), 1.24-1.31 (m, 2H, cod-CH,), 1.60-1.68 (m, 2H, CH-CHs),
2.03-2.18 (m, 4H, cod-CH,), 2.31-2.44 (m, 2H, cod-CH,), 4.08-4.23 (m, 2H), 4.28-4.35 (m, 2H, cod-
CH), 4.40-4.47 (m, 2H, cod-CH), 4.64-4.86 (m, 4H), 7.56 (s, 4H, BAr"-H,,), 7.72 (s, 8H, BAr'-
H,)ppm. Using COSY and HMQC.
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BC-NMR (CD,Cl,, 100 MHz): § = 11.4 (box-C*-CH3) 11.6 (box-C*-CH,-CH3), 26.2 (cod-CH,), 33.1
(cod-CH,), 36.3 (box-C*-CHj), 68.2 (box-C*-CH,-0), 68.4 (cod-C=C), 74.7 (box-C*-CH,-0), 117.5
(BAr'-C,H), 120.6, 123.3, 126.0, 128.9 (q, J““= 32 Hz, BAr"-CF;), 134.8 (BAr'-C,H), 161.8 (q, J
"8 53 Hz, BAr'-BC,,), 165.9 (CO)ppm. Using HMQC.

"B-NMR (CD,Cl,, 128 MHz): J = -7.6ppm.

F-NMR (CD,Cl,, 470 MHz): J = -63.2ppm.

IR (solid): 7 = 3075 (w), 2968 (w), 2935 (w), 2881 (w), 2862 (w), 1771 (w), 1675 (w), 1623 (w),
1610 (w), 1509 (m), 1476 (w), 1462 (w), 1425 (w), 1386 (w), 1353 (s), 1273 (s), 1248 (m), 1178 (m),
1159 (s), 1114 (s), 1091 (s), 1057 (m), 1028 (m), 1000 (m), 953 (s), 924 (m), 896 (m), 886 (s), 837 (s),
804 (m), 772 (m), 744 (m), 710 (s), 678 (s), 667v cm™,

HRMS (+ESI, 250 V): m/z (%) = 569.2347 (100) [Ir(5d)(cod)(O)]* (calc. 569.23497), 557.1980 (15)
[Ir(5d)(cod)(O,)]" (calc. 585,23043), 553,2237 (3) [Ir(5d)(cod)]* (calc. 553,24060).

12.4.7 1,5-Cyclooctadiene[(2,2'-Bis((4S, 4'S) -4,4'-diisobutyl)-oxazolin) Jiridium(1)
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (30g)

=

— YA T
N

O |
e

O °N

B

The synthesis was carried out following general procedure E (5004, 5026B, 5052A).
The product is a blue-red solid.

"H-NMR (CD,Cl,, 400 MHz): § = 0.89 (d, J= 6.3 Hz, 4H, box-CH3), 0.93 (d, J= 6.5 Hz, 4H, box-CHs),
1.25-1.35 (m, 2H, cod-CH,), 1.40-1.57 (m, 6H, box-CH,-CH(CHj3),), 2.08-2.17 (m, 2H, cod-CH,),
4.21-4.29 (m, 2H, box-C*H), 4.33 (t, J= 7.0 Hz, 2H, cod-HC=CH), 4.47 (q, J= 6.7 Hz, 2H, cod-
HC=CH), 4.63 (dd, J= 7.0, 9.5 Hz, box-CH,-0), 4.93 (t, J= 9.1 Hz, box-CH,-0), 7.56 (s, 4H, BAr",
H.,), 7.72 (s, 8H, BArF—Har)ppm. Using COSY and HMQC.

BC-NMR (CD,Cl,, 100 MHz): § = 20.7 (box-CH3), 23.2 (box-CHj3), 25.2 (box-CH,-CH(CHa),), 29.6
(cod-CH,), 33.2 (cod-CH,), 43.1 (box-CH,-CH(CHj3),), 63.4 (box-C*), 67.8 (cod-C=C), 69.0 (cod-
C=C), 79.7 (box-CH,-0), 177.4 (BAr'-C,,), 120.6, 123.3, 125.9, 128.9 (q, J“"= 3 Hz, BAr'-CF;),
134.8 (BAr*-C,,), 134.8 (BAr'-C,H), 161.8 (q J“""®= 49 Hz, BAr"-BCar), 166.1 (CO)ppm. Using
HMQC.

""B-NMR (CD,Cl,, 128 MHz): ¢ = -7.4ppm.

YF.-NMR (CD,Cl,, 470 MHz): 6 = -62.5ppm.
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IR (solid): V =2963, 2935 (w), 2904 (w), 2876 (w), 2855 (w), 1610 (w), 1558 (w), 1507 (m),
1467 (w), 1428 (w), 1418 (w), 1391 (w), 1352 (s), 1319 (w), 1272 (s), 1159 (s), 1113 (s), 1094 (s),
1030 (m), 987 (m), 931 (m), 885 (s), 837 (s), 804 (m), 744 (m), 711 (s), 680 (s), 669 (s) cm’.

HRMS (+ESI, 250 V): m/z (%) = 569.2349 (100) [Ir(5e)(cod)(O)]* (calc.569.23497), 585.2300 (14)
[Ir(5e)(cod)(0O,)]" (calc.569.585.23043).

12.4.8 1,5-Cyclooctadiene[(2,2'-Bis((4R, 4'R)-4,4'-diphenyl)-oxazolin)]iridium(T)
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (30h)

The synthesis was carried out following general procedure E (5006, 5026C).
The product is a blue-red solid.

"H-NMR (CD,Cl,, 500 MHz): 6 = 1.00-1.08 (m, 2H, cod-CH,), 1.58-1.67 (m, 2H, cod-CH,), 1.73-1.80
(m, 2H, cod-CH,), 2.05-2.14 (m, 2H, cod-CH,), 3.12 (q, J= 6.8 Hz, 2H, cod-HC=CH), 4.13 (dt, J= 2.4,
6.8 Hz, 2H, cod-HC=CH), 4.85 (dd, J= 8.2, 9.2 Hz, 2H, box-CH,), 5.28-5.32 (m, 2H, box-C*-H), 5.37
(dd, J=10.9, 9.2 Hz, box-CH,), 7.25-7.28 (m, 6H, box-H,,), 7.43-7.49 (m, 6H, box-H,,), 7.59 (s, 4H,
BAr"-H,), 7.75 (s, 8H, BAr"-H,,)ppm. Using COSY and HMQC.

BC-NMR (CD,Cl,, 100 MHz): 6 = 29, 9 (cod-CH,), 37.3 (cod-CH,), 67.6 (box-C*), 68.8 (cod-C=C),
69.2 (box-CH,), 117.6 (BAr*-C,H), 120.6, 123.3, 126.0, 127.1 (box-C,H), 128.8 (q, /"= 30 Hz,
BAr"-CF;), 129.9 (box-C,H), 130.4 (box-C,-H), 134.9 (BAr"-C,H), 135.7, 161.8 (q, J''"= 48 Hz,
BAr"-BC,,), 166.3 (CO)ppm. Using HMQC.

"B-NMR (CD,Cl,, 128 MHz): J = -7.8 ppm.

F-NMR (CD,Cl,, 470 MHz): § = -62.7ppm.

IR (solid): ¥ =3071 (w), 3039 (w), 2963 (w), 2911 (w), 2878 (w), 1610 (m), 1558 (m), 1507 (m),
1471 (m), 1457 (m), 1417 (w), 1352 (s), 1215 (w), 1271 (s), 1241 (s), 1160 (s), 1115 (s), 1090 (s),
1030 (m), 996 (m), 924 (m), 885 (m), 837 (s), 803 (m), 758 (m), 744 (m), 711 (s), 699 (s), 680 (s),
669 (s) cm’™.

HRMS (+ESI, 250 V): m/z (%) = 609.1719 (100) [Ir(5g)(cod)(0)]* (calc. 609.17292), 625.1673 (5)
[Ir(5g)(cod)(0,)]* (calc. 625.16783), 593.1723 (3) [Ir(5g)(cod)]* (calc. 593.17800)
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12.4.9 1,5-Cyclooctadiene[((S)-4-Isopropyl-2-(pyridine-2-yl)-oxazolin)Jiridium(1)
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (30i)
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The synthesis was carried out following general procedure E (5026D, 5052B).

The product is a brown-red solid.

"H-NMR (CD,Cl,, 400 MHz): § = 0.84 (d, J= 7.0 Hz, 3H, pyrox-CHs), 0.92 (d, J= 7.0 Hz. 3H, pyrox-
CH;), 1.53-1.72 (m, 2H, cod-CH,), 2.03-2.08 (m, 1H, pyrox-CH(CHjs),), 2.09-2.22 (m, 4H, cod-CH,),
2.25-2.47 (m, 4H, cod-CH,), 4.05-4.24 (m, 2H, cod-CH), 4.27-4.32 (m, 1H, pyrox-C*H), 4.52-4.59 (m,
2H, cod-CH), 4.74-4.83 (m, 2H, pyrox-CH,), 7.55 (s, 4H, BAr"-H,,), 7.72 (s, 8H, BAr*-H,,), 7.76 (ddd,
J=14,5.3,7.9Hz, 1H, pyrox-H,,), 7.85 (d, J= 7.9 Hz, 1H, pyrox-H,,), 8.08 (d, J= 5.3 Hz, 1H, pyrox-
H,), 8.15 (dt, J= 1.6, 7.9 Hz, 1H, pyrox-H,,)ppm.Using COSY and HMQC.

BC-NMR (CD,Cl,, 100 MHz): 6 = 13.7 (pyrox-CHj;), 18.4 (pyrox-CHj;), 30.0 (pyrox-CH(CHs;),), 31.1
(cod-CH,), 31.5 (cod-CH,), 67.3 (cod-CH), 68.4 (pyrox-C¥*), 68.7 (cod-CH), 69.4, 72.9, 73.4 (pyrox-
CH,), 117. 6 (BAr'-C,H), 120.4, 123.3, 126.0, 126.4, 127.9, 128.9 (q, J“'"®= 30 Hz, BAr'-CF3), 131.2
(pyrox-C,H), 134.8 (BArF—CarH), 142.1 (pyrox-C,H), 145.1, 149.5 (pyrox-C,H), 161.8 (q, JEr=
50 Hz, BAr'-B-C,;) ppm. Using HMQC.

""B-NMR (CD,Cl,, 128 MHz): ¢ = -7.3 ppm.

YF-NMR (CD,Cl,, 470 MHz): 6 = -62.5 ppm.

IR (solid): ¥ = 2958 (w), 2938 (w), 2925 (w), 2880 (w), 2854 (w), 1772 (w), 1750 (w), 1732 (w),
1716 (w), 1698 (w), 1683 (w), 1669 (w), 1651 (w), 1644 (w), 1636 (w), 1609 (w), 1592 (m), 1574 (w),
1569 (w), 1558 (w), 1540 (w), 1532 (w), 1520 (w), 1506 (w), 1499 (w), 1488 (w), 1471 (w), 1456 (w),
1449 (w), 1422 (m), 1396 (w), 1352 (s), 1319 (w), 1272 (s), 1272 (s),1161 (s), 1113 (s), 1092 (s),
1035 (m), 1012 (m), 993 (m), 942 (m), 928 (m), 898 (m)885 (s), 861 (m), 837 (s), 807 (m), 797 (m),
753 (m), 744 (m), 711 (s), 693 (m), 680 (s), 669 (s) cm.

HRMS (+ESI, 250 V): m/z (%) = 507.1651 (100) [Ir(10b)(cod)(O)]* (calc. 507.16235), 523.1550 (5)
[Ir(10b)(cod)(O,)]* (calc. 523.15727)

The synthesis was carried out following general procedure F (PK 3126).
The product is a black solid. In the proton NMR spectrum the signals for the BAr" anion integrates

two times too high.

"H-NMR (CD,Cl,, 500MHz): 6 = 8.15 (td, J = 7.8, 1.5 Hz, 1H, Hy,), 8.12 — 8.09 (m, 1H, Hy,), 7.86
(ddd, J =17.7, 1.4, 0.7 Hz, 1H, Hy,), 7.81 — 7.77 (m, 1H, Hy,), 7.78 — 7.73 (m, 2 x 8H, BCHCFgup),
7.58 (s, 2 x 4H,CFCHCFgarp), 4.81 (ddd, J = 22.7, 14.5, 8.2 Hz, 2H, OCH,), 4.64 — 4.53 (m, 2H,
CeoaH), 4.32 (ddd, J = 10.2, 6.7, 3.7 Hz, 1H, NCH), 4.23 (t, J = 6.1 Hz, 1H, C.4H), 4.09 (dd, J = 11.7,
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7.4 Hz, 1H, C.oqH), 2.49 — 2.28 (m, 4H, CoqHy), 2.22 — 2.01 (m, 5H, CoHs, CH(CH3),), 0.94 (d, J =
7.0 Hz, 3H,C(CHs),), 0.86 (d, J = 6.9 Hz, 3HC(CHj),) ppm."*C-NMR (CD,Cl,, 126MHz): 6 = 177.53,
163.04, 162.65, 162.24, 161.85, 150.04 (C,,), 145.92, 142.63 (Ca,), 135.49 (BCHCFgy), 131.71,
129.72, 129.47, 128.52, 126.99, 126.36 (Cy,), 124.19, 122.02, 118.15 (CFCHCFggr), 74.06 (OCH,),
73.52, 70.10, 69.33, 69.01 (NCH), 67.96, 33.60, 32.10, 31.82, 30.65, 30.36, 29.81, 18.91 (C(CHs),),
14.21 (C(CHs),) ppm.

12.4.101,5-Cyclooctadiene[((S)-4-Butyl-2-(pyridine-2-yl)-oxazolin) Jiridium(1)
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (30j)
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The synthesis was carried out following general procedure E (5010, 5026E, 5052C).
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The product is a brown-red solid.

"H-NMR (tetrahydrofurane-dg, 400 MHz): ¢ = 0.93-1.14 (m, 5H, pyrox-nBu-CH3;, cod-CH,), 1.27-1.44
(m, 1H, pyrox-"Bu-CH,), 1.67-1.73 (m, 2H, cod-CH,), 1.80-1.85 (m, 2H, cod), 1.91-1.99 (m, 2H,
pyrox-"Bu-CH,), 2.03-2.12 (m, 1H, pyrox-"Bu-CH,), 2.03-2.12 (m. 1H, pyrox-"Bu-CH,), 2.19-2.40 (m,
4H, pyrox-"Bu-CH,, cod-CH,), 3.71-3.79 (m, 2H, pyrox-C*-CH,-0), 3.99-4.05 (m, 1H, pyrox-C*H),
7.59 (s, 4H, BAr'-H,,), 7.80 (s, 8H, BAr'-H,,), 7.90-7.797 (m, 1H, pyrox-H,,), 8.29-8.43 (m, 1H,
pyrox-H,,), 8.29-8.43 (m, 2H, pyrox-H,,), 8.49-8.55 (m, 1H, pyrox-H,,). Using COSY.

BC-NMR (CD,Cl,, 100 MHz): 6 = 18.2 (pyrox-"Bu), 19.5 (pyrox-"Bu), 25.6 (cod), 26.6 (cod), 29.4
(pyrox), 57.8 (pyrox), 64.2 (pyrox), 67.0 (cod), 70.6 (cod), 117.5 (BAr"), 120.5 (pyrox), 122.1, 123.3,
126.0 (pyrox), 126.7, 128.9 (q, J“''?= 28 Hz, BAr'-B-Cy,), 134.9 (BAr"), 137.7 (pyrox), 148.4 (pyrox),
161.7 (q, J"= 46 Hz, 165.6) ppm. Using HMQC.

"B-NMR (CD,Cl,, 128 MHz): d = -7.4 ppm.

YF.-NMR (CD,Cl,, 470 MHz): § = -62.5 ppm.

IR (solid): V =2963 (w), 2938 (w), 2908 (w), 2878 (w), 2862 (w), 1650 (w), 1609 (m), 1597 (m),
1569 (w), 1500 (w), 1467 (w), 1450 (w), 1418 (m), 1352 (s), 1315 (w), 1271 (s), 1184 (m), 1158 (s),
1110 (s), 1092 (s), 1033 (m), 1000 (m), 948 (m), 390 (m), 885 (s), 837 (s), 814 (m), 792 (m), 754 (m),
744 (m), 711 (s), 680 (s), 669 (s) cm™.

HRMS (+ESI, 250 V): m/z (%) = 521.1768 (100) [Ir(10f)(cod)(0)]" (calc. 521.17800), 537.1714 (43)
[Ir(10f)(cod)(0,)]" (calc. 537.17292), 505.1814 (36) [Ir(10f)(cod)]* (calc. 505.18309)
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12.4.111,5-Cyclooctadiene[((S)-4-Isopropyl-2-(6-methylpyridin-2-yl)-oxazolin)Jiridium(1)
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (30e)
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The synthesis was carried out following general procedure E (4192, 5026F, 5022D).
The product is a blue-red solid.

"H-NMR (tetrahydrofurane-ds, 500 MHz): 6 = 1.00-1.04 (m, 3H, mepyrox 'Pr-CH3), 1-10-1.15 (m, 3H,
mepyrox iPr—CH3), 1.44-1.51 (m, 2H, cod), 1.63-1.70 (m, 2H, cod), 2.21-2.40 (m, 4H, cod), 3.18 (s,
3H, mepyrox-CHj3), 3.53-3.63 (m, 4H, cod), 4.59-4.89 (m, 3H, mepyrox), 7.59 (s, 4H, BArF), 7.80 (s,
8H, BAr"), 7.83-8.06 (m, 3H, mepyrox-H,,) ppm. Using COSY.

BC-NMR (CD,Cl,, 100 MHz): 6 = 18.3, 25.4, 26.3, 30.5, 32.2, 64.7, 66.5, 67.8, 70.4, 117.5 (BAr"),
120.6 (mepyrox), 123.2 (mepyrox), 126.0 (mepyrox), 128.8 (q, J“'"®= 30 Hz, BAr"), 134.8 (BAr"),
144.6, 161.8 (q, J“"= 48 Hz, BAr") ppm.

""B-NMR (CD,Cl,, 128 MHz):6 = -7.6 ppm.

F-NMR (CD,Cl,, 470 MHz):d = -63.2 ppm.

IR (solid): 7 =3019 (w), 2964 (w), 2936 (w), 224 (w) 2880 (w), 2856 (w), 1699 (w), 1681 (w),
1648 (w), 1607, 1595, 1595, 1572 (w), 1558 (w), 1490 (w), 1461 (w), 1451 (w), 1436 (m), 1390 (w),
1377 (w), 1352 (s), 1315 (w), 1271 (s), 1183 (m), 1159 (w), 1110 (w), 1095 (w), 1039 (m), 1006 (m),
949 (m), 936 (m), 885 (s), 868 (m), 837 (m), 808 (m), 764 (m), 745 (m), 711 (s), 680 (s), 669 (s) cm™.
HRMS (+ESI, 250 V): m/z (%) = 521.1777(100) [Ir(19b)(cod)(O)]* (calc. 521.17800), 537.1719 (60)
[Ir(19b)(cod)(O)]" (calc. 537.17292).

The synthesis was carried out following general procedure F (PK 3092).
The product is a red-brown solid. In the proton NMR spectrum the signals for the BAr" anion

integrates two times too high.

'H-NMR (CD,Cl,, 400MHz): 6 =7.94 (t, J = 7.8 Hz, 1H, Hy,), 7.73 (s, 2 x SH,BCHCFgarHyy), 7.62
(dd, J = 8.0, 1.2 Hz, 1H, Hy,), 7.56 (s, 2 x 4H,CFCHCFgxr), 4.80 (dd, J = 9.5, 5.6 Hz, 1H, OCHH),
471 (t, J = 9.5 Hz, 1H, OCHH), 4.22 — 4.14 (m, 3H, NCH, C.,qH), 4.06 (td, J = 7.4, 2.5 Hz, 2H,
CooaH), 2.79 (s, 3H, CH3), 2.39 — 2.30 (m, 2H, CooqH,), 2.28 — 2.17 (m, 3H, CeoqH,, CH(CH;),), 1.88
(ddd, J = 14.8, 7.4, 3.2 Hz, 2H, CeogHa), 1.47 (ddd, J = 13.2, 7.8, 4.1 Hz, 2H, CooqH,), 1.02 (d, J = 7.0
Hz, 3H, C(CH3),), 0.86 (d, J = 6.8 Hz, 3H, C(CH3),) ppm.

IR (solid): © = 2962 (w, vCH,,), 1651 (w), 1607 (w), 1491 (w), 1437 (w), 1391 (w), 1352 (m), 1273
(s), 1260 (s), 1092 (s), 1015 (s), 937 (w), 885 (m), 838 (m), 795 (s), 745 (w), 712 (m), 682 (m), 669

(m) cm’.
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12.4.121,5-Cyclooctadiene[((R)-4-phenyl2-(6-Methylpyridin-2-yl)-oxazolin) Jiridium(1)
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (30k)
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The synthesis was carried out following general procedure E (5026G).

The product is a red-orange solid.

"H-NMR (CD,Cl,, 400 MHz): 6 = 1.34-1.42 (m, 2H, cod-CH,), 1.75-1.80 (m, 2H, cod-CH,), 2.03-2.19
(m, 4H, cod-CH,), 2.64 (s, 3H, pyrox-CHs;), 4.09-4.15 (m, 2H, cod-CH=CH), 4.32-4.37 (m, 2H, cod-
CH=CH), 4.78 (dd, J= 6.7, 9.0 Hz, 1H, pyrox-CH,), 5.17 (dd, J= 9.3, 10.2 Hz, 1H, pyrox-CH,),
5.27-5.30 (m, 1H, C*-H), 7.25-7.28 (m, 2H, pyrox-Ph-H), 7.43-7.47 (m, 3H, pyrox-Ph-H), 7.57 (s, 4H,
BAr), 7.64 (dd, J= 1.4, 1.8 Hz, 1H, pyrox-Hy,), 7.74 (s, 8H, BAr"), 7.84 (dd, J= 1.4, 7.7 Hz, 1H,
pyrox-H,,), 8.00 (t, J= 7.9 Hz, 1H, pyrox-H,,) ppm. Using HMQC and COSY.

BC.NMR (CD,Cl,, 100 MHz): 6 =24.1 (pyrox-CHj;), 30.2 (cod-CH,), 32.5 (cod-CH,), 65.9 (pyrox-
C*), 66.8 (cod-C=C), 67.4 (cod-C=C), 80.1 (pyrox-CH,), 117.6 (BAr*-C,-H), 120.5, 123.3 (pyrox-Cq-
H), 124.5, 126.0, 126.4, 128.9 (q, J“"= 31Hz, BAr"-CF;), 129.7 (pyrox-Cy-H), 133.4 (pyrox-Cy-H),
134.8 (BAr*-C,-H), 161.8 (q, J“''"®= 50Hz, BAr*-C,,), 166.0, 176.6 ppm. Using HMQC.

""B-NMR (CD,Cl,, 128 MHz): ¢ = -7.6 ppm.

F-NMR (CD,Cl,, 470 MHz): § = -62.7 ppm.

IR (solid):: ¥ = 3039 (w), 2962 (m), 2938 (w), 2905 (w), 2876 (w), 1641 (w), 1609 (w), 1592 (m),
1571 (w), 1496 (w), 1486 (w), 1458 (w), 1447 (w), 1434 (w), 1412 (w), 1392 (w), 1352 (s), 1314 (w),
1270 (s), 1259 (s), 1184 (m), 1159 (m), 1107 (s), 1092 (s), 1015 (s), 954 (m), 933 (m), 896 (m),
885 (m), 864 (m), 837 (m), 795 (s), 761 (m), 745 (m), 711 (s),700 (m),680 (s),668 (s) cm™.

HRMS (+ESI, 200 V): m/z (%) = 555.1665 (100) [Ir(19h)(cod)(O)]" (calc. 555.16235).

12.4.131,5-Cyclooctadiene[((S)-4-Isopropyl-2-(quinolin-2-yl)-oxazolin) Jiridium(I)
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (30d)

— AT
|

(@) /N\lr/

| \N/ \\

The synthesis was carried out following general procedure E (4040, 4174, 4194, 5030).

The product is a red-orange solid.
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"H-NMR (tetrahydrofurane-dg, 500 MHz): 6 =. 1.11 (d, J= 6.8 Hz, 3H, quinox-CHj), 1.22 (d, J=
7.2 Hz, 3H, quinox-CHj3), 1.57-1.68 (m, 4H, cod-CH,), 2.29-2.36 (m, 2H, cod-CH,), 2.41-2.50 (m, 2H,
cod-CH,), 2.57-2.62 (m, 1H, quinox-CH(CH;),), 3.56-3.65 (m, 4H, cod-CH), 4.80- 4.86 (m, 1H,
quinox-C*H), 4.88-5.02 (m, 2H, quinox-CH,), 7.60 (s, 4H, BAr"-H,,), 7.80 (s, 8H, BAr"-H,,), 7.94 (t,
J=7.2 Hz, 1H, quinox-H,,), 8.10 (d, J= 8.5 Hz, 1H, quinox-H,,),8.16-8.23 (m, 2H, quinox-H,,), 8.80 (d,
J=9.2 Hz, 1H, quinox-H,,), 9.53 (d, J= 8.9 Hz, 1H, quinox-H,,). Using COSY and HMQC.

BC-NMR (tetrahydrofurane-ds, 500 MHz): 6 =15.5 (quinox-CH3), 18.0 (quinox-CH3), 31.3 (cod-
CH,), 31.5 (quinox-CH(CH3;),), 32.5 (cod-CH,), 57.2 (cod-CH), 58.7 (cod-CH), 69.9 (quinox-C%*), 73.3
(quinox-CH,), 117.0 (BAr'-C,H), 120.5 (quinox-C,H), 123.5, 125.7, 126.9, 129.2 (q, J''’= 32 Hz,
BArF-BC,,, contains also two signals for quinox-C,H), 130.2 (quinox-C,H), 130.4 (quinox-C,H),
132.6, 134.7 (BAr*-C,H), 141.0 (quinox-C,H), 162.0 (q, J"= 50 Hz, BAr"-CF5) ppm. Using HMQC.

""B-NMR (CD,Cl,, 128 MHz): ¢ = -7.3 ppm.

F-NMR (CD,Cl,, 470 MHz): 6 = -63.2 ppm.

IR (solid): ¥ =3077 (w), 3043 (w), 2965 (w), 2934 (w), 2915 (w), 2878 (w), 2858 (W), 2842 (w),
1610 (w), 1590 (w), 1517 (w), 1487 (w), 1420 (w), 1395 (w), 1351 (s), 1316 (w), 1272 (s), 1217 (w),
1179 (m), 1159 (s), 1113 (s), 1093 (s), 1036 (m), 1016 (m), 997 (m), 971 (m), 953 (s), 926 (m),
897 (m), 886 (s), 863 (m), 837 (s), 827 (m), 808 (w), 795 (w), 778 (m), 766 (m), 744 (m), 710 (s),
680 (s), 669 (s) cm™.

HRMS (+ESI, 250 V): m/z (%) = 557.1788 (100) [Ir(20b)(cod)(0)]* (calc. 557.17800), 587.1712 (20)
[Ir(20b)(cod)(0,)]*(calc. 573.17292)

12.4.141,5-Cyclooctadiene[((S)-4-Butyl-2-(quinolin-2-yl)-oxazolin) Jiridium() tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (301)

%

e
N,
|\N/ N

T 1tBArf T

The synthesis was carried out following general procedure E (5016, 5026H).

The product is a red-orange solid.

"H-NMR (CD,Cl,, 500 MHz): 6 = 0.96-1.01 (m, 3H, "Bu-CH,), 1.40-1.52 (m, 6H, "Bu-CH,, cod-CH,),
1.73-1.84 (m, 6H, "Bu-CH,, cod-CH,), 1.90-2.09 (m, 2H, "Bu-CH,), 2.40-2.47 (m, 2H, "Bu-CH,),
4.28-4.37 (m, 1H, quinox-C*H), 4.56-4.67 (m, 2H, cod-CH=CH), 4.71 (t, J= 9.5 Hz, 1H, quinox-CH,),
4.95-5.06 (m, 2H, cod-CH=CH), 5.12 (t, J= 9.5 Hz, 1H, quinox-CH,), 6.76 (t, J= 7.5 Hz, 1H, quinox-
H.,), 7.18 (t, J= 7.5 Hz, 1H, quinox-H,,), 7.56 (s, 4H, BAr'-H,,), 7.73 (s, 4H, BAr'-H,), 7.77 (d, J=
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8.9 Hz, 1H, quinox-H,,), 7.84 (d, J= 8.5 Hz, 1H, quinox-H,,), 8.10 (d, J= 8.2 Hz, 1H, quinox-H,,) ppm.
Using HMQC and COSY.

BC-NMR (CD,Cl,, 100 MHz): § = 13.5 ("Bu-CHj), 20.6 ("Bu-CH,), 22.2 (cod-CH,), 24.2 ("Bu-CH,),
25.5 (cod-CHy), 26.9 ("Bu-CH,), 67.8 (quinox-C*), 77.1 (quinox-CH,), 83.2 (cod-C=C), 88.5 (cod-
C=0C), 117.5 (BAr*-C,H), 121.1 (quinox-C,H), 121.4 (C,,), 123.6 (C,,), 123.8 (quinox-C,H), 125.7
(Ca), 127.9 (Cy), 128.9 (q, J“"= 33 Hz, BAr'-CF3), 129.4 (quinox-C,H), 129.7 (quinox-C,H), 130.2
(quinox-C,H), 134.8 (BAr'-C,H), 141.4 (quinox-C,H), 161.6 (q, J''’= 51 Hz, BAr'-C,,), 163.5 (CO)
ppm. Using HMQC.

"B-NMR (CD,Cl,, 128 MHz): d = -7.7 ppm.

F-NMR (CD,Cl,, 470 MHz): 6 = -62.7 ppm.

IR (solid): ¥ =2962 (m), 2938 (w), 2925 (w), 2905 (w), 2874 (w), 2856 (w), 1736 (w), 1635 (w),
1610 (w), 1590 (w), 1515 (w), 1507 (w), 1485 (w), 1470 (w), 1436 (w), 1420 (w), 1397 (w), 1352 (s),
1316 (w), 1272 (s), 1259 (s), 1216 (w), 1180 (m), 1159 (s), 1110 (s), 1093 (s), 1025 (s), 1018 (s),
975 (m), 953 (m), 936 (m), 900 (m), 885 (s), 862 (m), 837 (s), 818 (s), 796 (s), 765 (s), 744 (m),
711 (s), 680 (s), 669 (s) cm™.

HRMS (+ESI, 250 V): m/z (%) = 571.1979 (100) [Ir(20f)(cod)(0)]* (calc. 571.19365), 587.1924 (20)
[Ir(20f)(cod)(0,)]* (calc. 587.18857).
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12.5 Carbonyl complexes

12.5.1 General procedure G for the formation of [Ir(N*N)(CO),]PFs complexes 28

Tt PR Tt PR T
<N\|r/ CO (2.25 equiv.) <N\Ir/CO
N~ ™~ acetone, r. t. N \CO

\" EC

The solution of complex 25 (0.0595 mmol in 1-2 mL acetone), as it was obtained from its preparation
(cf. general procedure F), was given into a Schlenk tube The tube was closed with a rubber septum and
the air was exchanged for argon. CO gas was added via a syringe (3.0 mL, 0.134 mmol, 2.25equiv.)
and the solution was shaked for approx. 10 sec, while its color changed from dark brown or red to
bright yellow. The solution was left standing for 10 min while its color turned dark orange, brown,
green or red (depending on the ligand). The complexes were usually used without any work-up for
solid-IR measurements by giving a drop of the complex solution on the ATR-diamond. After the
solvent was evaporated, the IR was measured from the remaining solid. 'H-NMR measurements were
performed from the crude reaction mixture as well.

For IR measurements in solution, the solvent was evaporated in a stream of argon. The remaining solid
was dissolved in THF (1 mL) and the solution was placed onto ATR-silicon prism within a home-built
ATR-cell of the group of Prof. Hildebrandt. For each spectrum a total of 2000 scans of the dissolved
dicarbonyl complex and 2000 scans of pure THF, as a background spectrum, were accumulated. While
measuring the spectra the ATR-cell was closed with a Teflon cover to prevent the THF from
evaporation

Some complexes were purified by precipitation with hexane (6 mL) and decatation of the resulting
solid compound from the solution. This procedure was repeated two times. Subsequently, the solid
complound was dried in high vacuum for 30 min.

For the preparation of the carbonyl complexes, alternatively THF, MeCN or DCM can be used as

solvent.
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12.5.2 Bi-carbonyl[(2,2 -bioxazole)]iridium(1) hexaflourophosphate,
[Ir(H-box)(CO),]PF¢ (28a)

(5170, 6118A, 6134B)

_| +PFg ™
/T
OIN\ /CO
Ir.
o \N/ \CO
-

The synthesis was carried out following general procedure G. The product was obtained as brown solid

which gave a yellow-orange solution in acetone.

"H-NMR (CD;CN, 400 MHz): § = 4.16 (t, J= 10.0 Hz, 4H), 5.08 (t, J= 10.0 Hz, 4H) ppm.

BC-NMR (CD,Cl,, 100 MHz): 6 = 53.8, 77.7, 170.1 ppm.

F-NMR (CD,Cl,, 470 MHz): 6 = -72.8 (d, ]'***'*= 707 Hz) ppm.

IP.NMR (CD2CI2, 161 MHz): J = -146.2 (sep, I*'*"*F = 698 Hz) ppm

HRMS (+ESI, 250 V): m/z (%) = 389.0186 (100) [Ir(H-box)(CO),]* (calc. 389.01078).

IR (solid): ¥ =3055 (w), 2962 (w), 2925 (w), 2904 (w), 2855 (w), 2093.8 (s, Vco), 2022.5 (s, Vco),
1760 (w), 1733 (w), 1688 (W), 1683 (w), 1654 (w), 1644 (w), 1537(m), 1515 (w), 1470 (w), 1459 (w),
1453 (w), 1412 (w), 1382 (w), 1351 (w), 1299 (w), 1279 (m), 1257 (s), 1187 (w), 1088 (m), 1043 (s),
1015 (s), 957 (w), 916 (w), 834 (s), 815 (s), 793 (s), 741 (m), 701 (m), 661 (w) cm’".

"H-NMR (Acetone-ds, 400 MHz): 6 = 4.46 (t, J= 10.0 Hz, 2H), 5.34 (t, J= 10 Hz, 2H) ppm. The
signals at 2.33 and 5.53 ppm were assigned to free cod

IR (solution in THF): ¥ = 2085.9, 2017.2 cm™.

12.5.3 Carbonyl(1,5-cyclooctadiene)(2,2- ‘bioxazole)iridium(i) hexaflourophosphate,
[Ir(H-box)(cod)(CO)]PF6 (26a)

(3178) e

The reaction was carried out following general procedure G, and stopped by precipitation of the
complex with hexane when the color of the reaction mixture turned yellow. The solid was separated

from the solution by decantation and dried for 30 min in high vacuum.

IR (solution in THF): ¥ = 2045.4 cm’.
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12.5.4 Bi-carbonyl[(2,2'-Bis((4S, 4°5)-4,4'-dimethyl)-oxazolin)]iridium(1)
hexaflourophosphate, [Ir(Me-box)(CO),]PF¢ (28b)

(6118B, 6148C)

O__N

1,

‘\"PFG-
N,

)i CcO
Ir.
o \N/ \CO

k,k

The synthesis was carried out following general procedure G. The product was obtained as brown solid

which gave an orange solution in acetone.

IR (solid): ¥ =2982 (w), 2939 (w), 2883 (w), 2846 (w), 2084.7 (s, vco), 2013.8 (s, vco), 1706 (w),
1676 (w), 1652 (w), 1635 (w), 1535 (m), 1509 (w), 1463 (w), 1452 (w), 1390 (w), 1380 (w), 1371 (w),
1322 (w), 1271 (w), 1261 (w), 1243 (w), 1226 (w), 1136 (w), 1077 (w), 1026 (w), 1008 (w), 958 (w),
915 (w), 874 (w), 834 (s), 740 (w), 715 (W), 656 (w) cm .

IR (solution in THF): ¥ = 2083.7, 2015.3 cm™.

12.5.5 Bi-carbonyl [(2,2°-Bis((4S,4°S)-4,4 -diisopropyl)-oxazolin)Jiridium(1)
hexaflourophosphate, [Ir(‘Pr-box)(CO),]PF; (28¢)
(6118C, 6134A)

+PFg -

o
OQN\"/CO
oSN co

N

The synthesis was carried out following general procedure G. The product was obtained as brown solid

which gave an orange solution in acetone.

IR (solid): ¥ = 3004 (w), 2966 (w), 2931 (w), 2905 (w), 2878 (w), 2855 (w), 2827 (w), 2077.4 (s, Vco),
2008.5 (s, vco), 1724 (w), 1699 (w), 1685 (w), 1653 (w), 1635 (w), 1525 (m), 1509 (w), 1480 (w),
1457 (w), 1429 (w), 1399 (w), 1375 (w), 1333 (w), 1293 (w), 1259 (m), 1248 (m), 1202 (w), 1182 (w),
1138 (w), 1117 (w), 1086 (w), 1048 (w), 1032 (w), 1019 (w), 1009 (w), 966 (w), 934 (w), 921 (m),
895 (w), 872 (m), 831 (s), 799 (m), 776 (m), 751 (w), 740 (w), 725 (w), 653 (w) cm .

IR (solution in THF): ¥ = 2082.8, 2015.3 cm™.
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12.5.6 Bi-carbonyl [(2,2'-Bis((4S,4°S)-4,4'-di-tert-butyl)-oxazolin) Jiridium(r)
hexaflourophosphate, [Ir(‘Bu-box)(CO),]PF (28d)
(6118D, 6134C, 6148A)
+ PFg ~
v

0
N Ir/Co
co

ey
N/

(0]

%E

The synthesis was carried out following general procedure G. The product was obtained as brown solid

which gave a brown solution in acetone.

"H-NMR (Acetonitrile-ds, 400 MHz): 6 = 1.07 (s, 18H, C(CH3)3), 4.30 (d, J=10.0 Hz, 2H, C*H), 4.93
(t, J=10.0 Hz, 1H, CH2), 5.17 (d, J= 10.0 Hz, 2H, CH2) ppm. The signals at 2.34 and 5.54 ppm were
assigned to free cod.

IR (solid): ¥ =3123(s), 3010 (s), 2960 (s), 2920 (s), 2878 (s), 2083.2 (s, vco), 2014.3 (s, vco),
1728 (s), 1698 (m), 1640 (s), 1623 (s), 1590 (m), 1558 (s), 1513 (s), 1480 (s), 1457 (s), 1428 (m),
1402 (s), 1373 (s), 1339 (s), 1312 (s), 1297 (s), 1265 (m), 1249 (m), 1211 (s), 1197 (s), 1169 (s),
1138 (s), 1101 (s), 1087 (s), 1065 (s), 1045 (s), 1030 (s), 1007 (s), 984 (s), 963 (s), 913 (s), 875 (),
826 (s), 792 (s), 752 (s), 740 (s), 726 (s), 710 (s), 669 (s) cm .

IR (solution in THF): ¥ = 2086.6, 2015.1 cm’™.

12.5.7 Bi-carbonyl [(2,2'-Bis((4S, 4'S) -4,4'-dibutyl)-oxazolin)]iridium(1)
hexaflourophosphate, [Ir("Bu-box)(CO),]PFg (28¢)
(6118E, 6148F)

% “ + PFg -
I\
o) /N\ /CO
Ir:
Koo

The synthesis was carried out following general procedure G. The product was obtained as

orange-brown solid which gave an orange solution in acetone.

IR (solid): ¥ =2960 (w), 2934 (w), 2873 (w), 2861 (w), 2079.9 (s, vco), 2009.0 (s, vco), 1650 (w),
1635 (w), 1533 (m), 1467 (w), 1458 (w), 1383 (w), 1297 (w), 1262 (w), 1244 (w), 1136 (w), 1117 (w),
1088 (w), 1034 (w), 1015 (w), 993 (w), 938 (w), 911 (w), 876 (W), 835 (s), 797 (w), 740 (w), 659 (W)

-1
cm .
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IR (solution in THF): ¥ = 2082.5, 2012.6 cm™".

12.5.8 Bi-carbonyl [(2,2'-Bis((4R, 4'R)-4,4'-diphenyl)-oxazolin)]iridium(1)
hexaflourophosphate, [Ir(Ph-box)(CO),]PF (28f)

(6118F, 6148D) @
\ *\ + PFg -

M\

OIN\ _~Co
Ir.
o \N/ \CO

Ra

The synthesis was carried out following general procedure G. The product was obtained as brown solid

which gave an orange solution in acetone.

IR (solid): ¥ = 3062 (w), 2961 (w), 2927 (w), 2895 (w), 2849 (w), 2082.3 (s, Vco), 2014.3 (s, Vco),
1699 (w), 1631 (w), 1532 (m), 1496 (w), 1456 (w), 1379 (w), 1361 (w), 1335 (w), 1257 (w), 1225 (w),
1207 (w), 1137 (w), 1086 (w), 1027 (w), 933 (w), 917 (w), 875 (W), 834 (s), 764 (w), 740 (w), 701 (W),
664 (w) cm .

IR (solution in THF): ¥ = 2085.3, 2017.8 cm’™".

12.5.9 1,5-Cyclooctadiene[((4S,4'S)-4,4'-diisopropyl-2,2'-bithiazolin)]iridium(1)
hexaflourophosphate, [Ir(‘Pr-bta)(CO),]PFg (28g)

(6130D)
S * PFg ~
S

S__N
X

S

\Ir/co
— co

s

The synthesis was carried out following general procedure G. The product was obtained as dark

red-brown solid which gave a dark brown solution in acetone.

IR (solid): ¥ = 2963 (w), 2931 (w), 2898 (w), 2878 (W), 2849 (w), 2065.4 (s, vco), 2016.2 (s, Vco),
1705 (w), 1653 (w), 1558 (w), 1506 (w), 1471 (w), 1418 (w), 1394 (w), 1374 (w), 1333 (w), 1288 (w),
1253 (w), 1235 (w), 1226 (w), 1186 (w), 1139 (w), 1090 (w), 1036 (w), 1023 (w), 994 (w), 874 (W),
837 (w), 787 (w), 739 (w), 655 (w) cm .

IR (solution in THF): ¥ = 2079.8, 2013.7 cm™.
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12.5.10Bi-carbonyl [(S)-4-isopropyl-2-(pyridin-yl-)-oxazolin]iridium(I)
hexaflourophosphate, [Ir(‘Pr-pyrox)(CO),]PF¢ (28h)

(6122A1, 6134D, GM 1158)

+ PFg
P

’N\l /CO

r
| \N/ \CO

=

The synthesis was carried out following general procedure G. The product was obtained as dark brown

solid which gave a brown solution in acetone.

"H-NMR (CD,Cl,, 400 MHz): 6 = 0.77 (d, J = 6.9 Hz, 3H, CHs), 0.89 (d, J = 6.9 Hz, 3H, CH3), 4.49—
4.56 (m, 1H, CH), 4.74-4.80 (m, 1H, C*H), 4.92 (t, J = 9.7 Hz, 2H, CH,),7.82-7.88 (m, 1H, H,,), 7.94
(d,J=7.9 Hz, 1H, H,)), 8.27 (dt, J = 1.2, 7.9 Hz, 1H, H,), 8.83 (d, J = 5.6 Hz, 1H, H,)ppm.

"H-NMR (Acetone-dg,, 400 MHz): 6 = 1.02 (d, J= 7.2Hz, 3H, iPr-CH3), 1.12 (d, J= 7.7 Hz, 3H, iPr-
CH3), 2.32-2.39 (m, 1H, iPr-CH), 4.82 (dt, J= 3.9, 8.3 Hz, 1H, C*H), 5.27 (d, J= 8.3 Hz, 2H, CH2),
8.24 (ddd, J=14, 5.3, 7.9Hz, 1H, Har), 8.35 (d, J= 7.9 Hz, 1H, Har), 8.67 (dt, J= 1.4, 7.9 Hz, 1H, Har),
9.22 (d, J= 5.3 Hz, 1H, Har) ppm. The signals at 2.42 and 5.75 ppm were assigned to free cod.

IR (solid): ¥ = 3120 (w), 3095 (w), 3010 (w), 2964 (w), 2936 (w), 2880 (w), 2838 (w), 2084.2 (s, Vco),
2017.7 (s, vco), 1725 (w), 1698 (w), 1647 (w), 1594 (m), 1513 (w), 1479 (w), 1465 (w), 1447 (w),
1428 (m), 1395 (w), 1376 (w), 1338 (w), 1299 (w), 1251 (w), 1209 (w), 1169 (w), 1140 (w), 1118 (w),
1100 (w), 1054 (w), 1030 (w), 1009 (w), 963 (W), 920 (w), 876 (w), 834 (s), 796 (m),754 (w), 740 (W),
668 (w) cm .

IR (solution in THF): ¥ = 2084.6, 2016.4 cm’™".

12.5.11Bi-carbonyl [((S)-4-(tert-butyl)-2-(pyridine-2-yl)-oxazolin) Jiridium(1)
hexaflourophosphate, [Ir(tBu-pyrox)(CO)z]PF6 (28i)

(6122B1, 6134C, 6156, GM 1158)

+ PFq -
o/ﬁ”\\k ‘\

/N\I _-Co

r
| \N/ \CO

=

The synthesis was carried out following general procedure G. The product was obtained as brown solid

which gave a brown solution in acetone.
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"H-NMR (Acetone-dg,, 400 MHz): 0 = 1.16 (s, 9H, C(CHs)s), 4.60 (dd, J=3.5, 9.5 Hz, 1H, C*H), 5.10
(t, J=9.5 Hz, 1H, CH,), 5.50 (dd, J= 3.5, 10.0 Hz, 1H, CH,), 8.24 (ddd, J= 16, 5.6, 8.1 Hz, 1H, H,,),
8.34 (d, J="7.9 Hz, 1H, H,,), 8.66 (dt, J/=1.4, 7.2 Hz, 1H, H,,), 9.22 (d, J= 5.6 Hz, 1H, H,;) ppm. The
signals at 2.39 and 5.76 ppm were assigned to free cod

BC-NMR (Acetone-ds, 100 MHz): 0 = 25.1, 28.5, 32.5, 35.1, 47.1, 77.2, 125.4, 127.6, 128.2, 128.9,
132.9, 140.8, 142.9, 144.1, 156.2 ppm. The signals at 27.8 and 128.5 were assigned to free cod.

IR (solid): ¥ = 3118 (w), 3095 (w), 2962 (w), 2938 (w), 2916 (w), 2875 (w), 2853 (w), 2084.7 (s, vco),
2016.2 (s, vco), 1729 (w), 1698 (w), 1644 (w), 1624 (w), 1590 (m), 1558 (w), 1539 (w), 1514 (w),
1480 (w), 1428 (m), 1402 (w), 1373 (w), 1339 (w), 1310 (w), 1262 (m), 1250 (m), 1212 (w), 1197 (w),
1170 (w), 1139 (w), 1101 (w), 1065 (w), 1031 (w), 974 (W), 964 (w), 915 (w), 875 (m), 834 (s),

791 (m), 754 (m), 740 (m), 710 (w), 668 (w) cm .

IR (solution in THF): ¥ = 2085.7, 2017.2 cm’".

12.5.12Bis-("*C-carbonyl)[((S)-4-(tert-butyl)-2-(pyridine-2-yl)-oxazolin) Jiridium()
hexaflourophosphate, [Ir(tBu-pyrox)(13CO)2]PF6 (13C-28i)

(6160)

+ PF, -
O/W"\\k j

— 13,
N\Ir/CO
|\N/ “3co

=

Generation of "CO: Under argon atmosphere 9-methyl-9H-fluorene-9-carbonyl-""C chloride
(115.5mg, 242.7 mmol), [Pd(dibenzylidenaceton)2] (13.7 mg, 0.0238 mmol) and tri-tert-
butylphosphine (5.0 mg, 0.024 mmol) were given into a Schlenk tube, which was equipped with a
stirring bar. The tube was closed with a rubber septum and a rubber balloon was connected to the tube
via a syringe. The atmosphere was exchanged three times. Dry toluene (4 mL) and di-iso-propyl ethyl
amine (0.12 mL, 0.71 mmol) were added via syringes. The reaction mixture was heated to 85 °C
(oil-bath temperature) and stirred for 30 min while gas evolution from the reaction mixture was visible.

When no gas evolution was visible any more, the reaction mixture was removed from the oil-bath.

Preparation of the CO-complex: The precursor complex 25i (0.119 mmol) was given into a Schlenk
tube as solutuion in acetone-d6. The tube was closed with a rubber septum and the air was exchanged
three times for argon. With a syringe, 12 mL of the gas volume were removed from the tube via
syringe and immediately replaced by gas which was obtained from the ?CO generation. The reaction
mixture was shaked for approx. 10 sec, while the color turned from dark red to bright yellow and left
standing for 10 min while the color changed to brown-red. The obtained dicarbonyl comples was used
for IR and NMR analysis without further purification. For IR measurements from solution, the solvent

was evaporated in a stream of argon and the resulting brown solid was dissolved in THF.
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"H-NMR (Acetone-ds,, 500 MHz): 6 = 1.16 (s, 9H, C(CH3)3), 4.61 (dd, J=3.4, 9.5 Hz, 1H, C*H), 5.20
(t, J=9.9 Hz, 1H, CH2), 5.51 (dd, J=3.8, 9.5 Hz, 1H, CH2), 8.25 (ddd, j= 1.4, 5.5, 7.8 Hz, 1H, Har),
8.37 (d, J= 7.5 Hz, 1H, Har), 8.68 (dt, J=1.4, 7.8 Hz, 1H, Har), 9.23 (dd, J=0.7, 5.8 Hz, 1H, Har) ppm.
The signals at 2.35 and 5.59 were assigned to free cod.

BC-NMR (Acetone-ds, 100 MHz): 6 = 25.9 (C(CH3)3), 35.9 (C(CHs)s), 74.9 (C*), 77.9 (CH,), 125.8,
128.5 (C,H), 133.7 (C,H), 144.9 (C,H), 156.9 (C,H), 167.9, 169.7, 171.0 (s, 1C, *CO), 172.3(s, 1C,
C0), 179.0 (0x-CO) ppm. The signals at 28.6 and 129.1were assigned to free cod.

IR (solid): ¥ = 3115 (w), 3095 (w), 2962 (w), 2917 (w), 2877 (w), 2851 (w), 2035.0 (s, vco), 1969.5 (s,
veo), 1729 (w), 1698 (w), 1640 (w), 1626 (w), 1590 (m), 1570 (w), 1559 (w), 1539 (w), 1514 (w),

1481 (w), 1481 (w), 1469 (w), 1428 (m), 1402 (w), 1374 (w), 1340 (w), 1310 (w), 1295 (w), 1264 (w),
1250 (m), 1212 (w), 1198 (w), 1170 (w), 1138 (w), 1101 (w), 1065 (w), 1046 (w), 1030 (w), 981 (w),
964 (w), 938 (W), 913 (W), 875 (W), 834 (s), 791 (w), 754 (w), 740 (W), 669 (w) cm .

IR (solution in THF): ¥ = 2035.62, 1970.05 cm™.

12.5.13Bi-carbonyl [((S)-4-Isopropyl-2-(6-methylpyridin-2-yl)-oxazolin) Jiridium(1)
hexaflourophosphate, [Ir(‘"Pr-mepyrox)(CO),]PFg (28j)

(6122F1, 6134F)

The synthesis was carried out following general procedure G. The product was obtained as green solid

which gave a green solution in acetone.

IR (solid): ¥ =3094 (w), 2964 (w), 2936 (w), 2919 (w), 2839 (w), 2080.8 (s, vco), 2009.5 (s, vco),
1727 (w), 1698 (w), 1652 (w), 1603 (m), 1574 (w), 1495 (w), 1464 (w), 1448 (m), 1436 (w), 1389 (m),
1376 (w), 1362 (w), 1339 (w), 1315 (w), 1298 (w), 1264 (m), 1250 (m), 1208 (w), 1193 (w), 1163 (w),
1138 (w), 1118 (w), 1104 (w), 1044 (w), 1026 (w), 1007 (w), 952 (w), 927 (m), 875 (m), 833 (s),
810 (m), 776 (m), 740 (m), 680 (W), 659 (w) cm .

IR (solution in THF): ¥ = 2083.3, 2013.9 cm™.
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12.5.14Carbonyl(1,5-cyclooctadiene) [((S)-4-Isopropyl-2-(6-methylpyridin-2-yl)-
oxazolin) Jiridium(1) hexaflourophosphate, [Ir(iPr-mepyrox)(cod)(CO)]PF6 (26j))

(3152) . P,
o/W“J\ j
’N\Ir/
S
I % co

The reaction was carried out following general procedure G, and stopped by precipitation of the
complex with hexane when the color of the reaction mixture turned yellow. The solid was separated

from the solution by decantation and dried for 30 min in high vacuum.

IR (solution in THF): ¥ = 2037.5 cm™.

12.5.15Bi-carbonyl[((S)-4-butyl-2-(6-methylpyridin-2-yl)-oxazolin) Jiridium(1)
hexaflourophosphate, [Ir("Bu-mepyrox)(CO),]PFg (28K)
(6126B, 6144C)

4o

O /N\ CcO
Ir.

-
S co

=

The synthesis was carried out following general procedure G. The product was obtained as

yellow-orange solid which gave a yellow solution in acetone.

IR (solid): ¥ = 3094 (w), 2956 (w), 2932 (w), 2872 (w), 2864 (w), 2079.4 (s, Vco), 2008.5 (s, vco),
1653 (w), 1603 (m), 1573 (w), 1498 (w), 1467 (w), 1450 (m), 1389 (w), 1321 (w), 1302 (w), 1267 (w),
1188 (w), 1158 (w), 1136 (w), 1105 (w), 1039 (w), 1013 (w), 938 (w), 876 (w), 835 (s), 811 (w),

777 (w), 751 (w), 688 (w) cm .

IR (solution in THF): ¥ = 2082.8, 2012.8 cm™".

12.5.16Bi-carbonyl [((R)-2-(6-methylpyridin-2-yl)-4-phenyl-oxazolin)]Jiridium(1)
hexaflourophosphate, [Ir(Ph-mepyrox)(CO),]PFg (281)

(6124C, 6144D, 6148E)
£

O__N
/\/CO

|
| N "o

=
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The synthesis was carried out following general procedure G. The product was obtained as dark red

which gave an orange solution in acetone.

"H-NMR (Acetone-dg, 400 MHz): J = 2.99 (s, 3H, CH3), 4.86 (t, J=9.0 Hz, 1H, C*H), 5.47 (dd, J=9.5,
10.7 Hz, 1H, CH2), 5.66 (dd, J= 8.8, 10.4 Hz, 1H, CH2), 7.50 (s, SH, Har), 7.99 (dq, J= 1.4, 7.4 Hz,
2H, Har), 8.28 (t, J="7.9 hz, 1H, Har) ppm. The signals at 2.98 and 5.54 ppm were assigned to free cod.
IR (solid): ¥ = 3094 (w), 3033 (w), 2961 (w), 2918 (w), 2893 (w), 2844 (w), 2081.8 (s, vco), 2011.9 (s,
vco), 1708 (w), 1653 (w), 1603 (w), 1594 (w), 1573 (w), 1496 (w), 1469 (w), 1456 (w), 1444 (w),
1436 (w), 1390 (w), 1363 (w), 1335 (w), 1262 (w), 1224 (w), 1191 (w), 1158 (w), 1134 (w), 1101 (w),
1087 (w), 1005 (w), 954 (w), 934 (w), 874 (w), 835 (w), 811 (w), 765 (w), 752 (w), 740 (w), 702 (w),
667 (W) cm .

IR (solution in THF): ¥ = 2084.3, 2013.4 cm’™".

12.5.17Bi-carbonyl [((S)-4-isopropyl-2-(quinolin-2-yl)-oxazole)]iridium(I)
hexaflourophosphate, [Ir(‘"Pr-quinox)(CO),]PF¢ (28m)

(6122E1, 6134D, GM 1156)

* PFg -
o/\/“\\L ‘\
| N

=

~
Ir.

co
~co

The synthesis was carried out following general procedure G. The product was obtained as

orange-brown solid which gave an orange solution in acetone.

"H-NMR (CD,Cl,, 400 MHz): § = 0.83 (d, J = 6.9 Hz, 3H, CH3), 0.92 (d, J = 6.9 Hz, 3H, CHs), 4.41—
449 (m, 1H, CH), 4.76-4.83 (m, 1H, C*H), 4.94 (t, J=9.7 Hz, 2H, CH,),7.77 (t, J=8.1 Hz, 1H,
CH,), 7.91-8.03 (m, 3H, CH,,), 8.34 (d, J = 8.7 Hz, 1H, CH,,), 8.71 (d, J = 8.1 Hz, 1H, CH,,) ppm.

IR (solid): 7 = 3069 (w), 3010 (w), 2962 (w), 2922 (w), 2874 (w), 2359 (W), 2330 (w), 2083.2 (s, Vco),
2012.8 (s, Vco), 1646 (w), 1615 (w), 1589 (w), 1557 (w), 1519 (w), 1487 (w), 1424 (w), 1423 (w),
1391 (w), 1376 (w), 1333 (w), 1294 (w), 1257 (w), 1219 (w), 1186 (w), 1148 (w), 1132 (w), 1119 (w),
1047 (w), 1012 (w), 970 (w), 926 (w), 876 (W), 829 (s), 766 (s), 740 (w), 714 (W), 668 (w) cm’".
HRMS (+ESI, 300 V): m/z (%) = 539.1754 (100) [M-CO+Na]** (calc. 540.1134).

IR (solid): ¥ = 3093 (w), 3072 (w), 2963 (W), 2935 (w), 2878 (W), 2082.7 (s, Vo), 2012.4 (s, Vco),
1699 (w), 1634 (w), 1616 (w), 1590 (w), 1560 (w), 1516 (w), 1488 (m), 1474 (w), 1437 (w), 1422 (w),
1395 (w), 1376 (w), 1351 (w), 1338 (w), 1318 (w), 1295 (w), 1258 (w), 1251 (w), 1220 (w), 1185 (w),
1158 (w), 1148 (w), 1133 (w), 1123 (w), 1090 (w), 1046 (w), 975 (w), 927 (w), 876 (m), 835 (s),

796 (w), 769 (m), 740 (w), 661 (w) cm™.
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IR (solution in THF): % = 2082.7, 2013.9 cm™.

12.5.18Carbonyl(1,5-cyclooctadiene[((S)-4-isopropyl-2-(quinolin-2-yl)-oxazole)]
iridium(i) hexaflourophosphate, [Ir(iPr-quinox)(cod)(CO)]PF6 (26m)

(3154, 3144, 3142)

L ‘\ + PFg ~
o//\!“\\ ;
"™
N
CO

=

The reaction was carried out following genral procedure G in DCM as solvent. The carbonylation was
stopped on the stage of monocarbonylation by precipitating the yellow complex with hexane. Single
crystals were obtained by vapor diffusion of hexane into a DCM/acetone solution of the complex. The

crystals were orange needles.

IR (solution in THF): ¥ = 2039.8 cm™.

12.5.19Bi-carbonyl [((S)-4-Butyl-2-(quinolin-2-yl)-oxazolin)Jiridium(1)
hexaflourophosphate, [Ir("Bu-quinox)(CO),]PF¢ (28n)

(6122D1, 6144B)
H ‘\ + PFg"
o

The synthesis was carried out following general procedure G. The product was obtained as

yellow-green solid which gave a yellow solution in acetone.

"H-NMR (Acetonitrile-ds, 400 MHz): 6 = 0.93-0.98 (m, 3H, "Bu-CH3), 1.38-1.48 (m, 5H, "Bu-CH,),
1.80-1.88 (m, 1H, "Bu-CH,), 4.63-4.70 (m, 1H, C*H), 4.93 (dd, J=7.0, 9.6 Hz, 1H, CH,), 5.18 (t, J=
9.0 Hz, 1H, CH,), 7.99 (ddd, J=1.0, 7.2, 7.9 Hz, 1H, H,,), 8.10 (d, J= 8.1hz, 1H, H,,), 8.21 (ddd, J= 1.6,
7.0, 8.6 Hz, 1H, H,,), 8.27 (dd, J= 1.4, 8.3 Hz, 1H, H,,), 9.03 (d, J= 6.7 Hz, 1H, H,,) ppm. The signals at
5.54 and 2.33 ppm were assigned to free cod.

IR (solid): ¥ = 3089 (w), 2958 (w), 2932 (w), 2958 (w), 2932 (w), 2872 (w), 2861 (w), 2081.3 (s, Vco),
2012.4 (s, vco), 1725 (w), 1698 (m), 1643 (w), 1615 (m), 1590 (m), 1562 (w), 1516 (w), 1486 (m),
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1469 (w), 1437 (w), 1423 (m), 1379 (w), 1347 (w), 1313 (w), 1293 (w), 1260 (m), 1351 (m), 1219 (m),
1184 (m), 1155 (w), 1133 (w), 1125 (m), 1087 (w), 1033 (w), 978 (w), 925 (W), 936 (W), 876 (s),

834 (m), 767 (m), 739 (w), 660 (w) cm .

IR (solution in THF): ¥ = 2082.4, 2012.7 cm™".

12.5.20Bi-carbonyl [(2,6-bis((S)-4-iso-propyl-oxazolin)pyridine)]iridium(1)
hexaflourophosphate, [Ir(‘Pr-pybox)(CO),]PFs (280)

(6130A) -

03< ‘\ + PFg ~

/ “N—Ir—co

=N

Y

The synthesis was carried out following general procedure G. The product was obtained as

orange-brown solid which gave a brown solution in acetone.

IR (solid): ¥ = 2962 (w), 2932 (w), 2908 (w), 2877 (w), 2847 (w), 2051.9 (s, vco), 1983.0 (s, vco),
1726 (w), 1698 (m), 1652 (w), 1590 (w), 1568 (w), 1487 (w), 1465 (w), 1446 (w), 1413 (w), 1446 (w),
1413 (w), 1393 (w), 1369 (w), 1334 (w), 1308 (w), 1287 (w), 1248 (m), 1209 (w), 1180 (w), 1157 (w),
1138 (w), 1117 (w), 1089 (w), 1035 (w), 1013 (w), 991 (w), 960 (w), 928 (w), 907 (w), 875 (w),

829 (s), 776 (w), 740 (w), 669 (w) cm .

IR (solution in THF): 7 = 2063.4, 1984.4 cm™.

12.5.21Bi-carbonyl [((S)-2-(2-(diphenylphosphanyl)phenyl)-4-phenyl-oxazolin)]Jiridium(1)
hexaflourophosphate, [Ir(Ph-phox)(CO),]PFs (28u)

(6130B)

The synthesis was carried out following general procedure G. The product was obtained as

yellow-orange solid which gave an orange solution in acetone.

IR (solid): ¥ = 3145 (w), 3061 (w), 3033 (w), 3009 (w), 2926 (w), 2891 (w), 2853 (w), 2083.2 (s, Vco),
2016.7 (s, vco), 1725 (w), 1698 (m), 1605 (m), 1582 (w), 1566 (w), 1495 (w), 1482 (w), 1456 (w),
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1437 (m), 1386 (m), 1319 (w), 1308 (w), 1280 (w), 1247 (m), 1212 (w), 1189 (w), 1148 (w), 1129 (m),
1212 (w), 1098 (m), 1065 (w), 1028 (w), 998 (W), 955 (w), 932 (w), 875 (m), 829 (s), 783 (m),

749 (m), 731 (m), 694 (m), 655 (w) cm .

IR (solution in THF): ¥ = 2068.9, 1990.1 cm™.

12.5.22Bi-carbonyl [(2-(3,5-dimethyl-1H-pyrazol-1-yl)pyridine)Jiridium(1)
hexaflourophosphate, [Ir(pypyraz)(CO),]PFg (28v)

(6126A)

The synthesis was carried out following general procedure G. The product was obtained as green-black

solid which gave an orange solution in acetone.

"H-NMR (Acetone-ds, 400 MHz): J = 2.74 (s, 3H, CH3), 2.99 (s, 3H, CH3), 6.83 (1H, CH), 7.81 (ddd,
J=1.0, 5.8, 7.2 Hz, H,,), 8.43 (d, J=8.6 Hz, 1H, H,,), 8.61 (ddd, J= 1.6, 7.7, 8.8 Hz, 1H, H,,), 9.06 (dd,
J=1.6, 5.6 Hz, 1H, H,,) ppm. The singulets at 2.33 and 5.62 ppm were assingned to free cod.

IR (solid): ¥ = 3111 (w), 2999 (w), 2955 (w), 2924 (w), 2884 (w), 2850 (w), 2831 (w), 2091.4 (s, vco),
2077.0 (s, vco), 2033.1 (s, vco), 2022.0 (s, vco), 1726 (w), 1699 (w), 1611 (w), 1578 (w), 1561 (w),
1491 (w), 1481 (m), 1455 (w), 1445 (w), 1397 (w), 1378 (w), 1328 (w), 1299 (w), 1275 (w), 1249 (w),
1172 (w), 1144 (w), 1125 (w), 1084 (w), 1070 (w), 1045 (w), 1030 (w), 1000 (w), 877 (w), 835 (s),
807 (m), 790 (w), 768 (m), 741 (w), 704 (w), 651 (w) cm .

IR (solution in THF): ¥ = 2084.4, 2018.5 cm’™".

12.5.23Bi-carbonyl[2-(pyridine-2-yl)-1H-benzo[d]imidazole]iridium(1)
hexaflourophosphate, [Ir(TMphen)(CO),]PF¢ (28w)

(6138E)

The synthesis was carried out following general procedure G. The product was obtained as

orange-brown solid which gave an orange solution in acetone.
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IR (solid): ¥ = 3647 (w), 3357 (w), 3080 (w), 2923 (w), 2071.2 (s, v CO), 2017.7 (s, v CO), 1609 (w),
1559 (w), 1521 (w), 1485 (w), 1460 (w), 1447 (w), 1399 (w), 1375 (w), 1325 (w), 1307 (w), 1289 (w),
1262 (w), 1232 (w), 1159 (w), 1139 (w), 1100 (w), 1059 (w), 1032 (w), 1011 (w), 991 (w), 906 (W),
871 (m), 830 (s), 788 (w), 753 (m), 737 (m), 693 (w), 658 (w) cm.

IR (solution in THF): % = 2080.7, 2010.4 cm™".

12.5.24Bi-carbonyl [(4,4°-di-tert-butyl-2,2 "-bipyridine)]Jiridium(1) hexaflourophosphate,
[Ir(dtbpy)(CO):]PF¢ (28r)
(3170, 6126D, 6138B, GM 1152)

7 N N
P4

The synthesis was carried out following general procedure G in acetonitrile as solvent. The product

was obtained as blue-green solid which gave a yellow solution in acetone.

"H-NMR (CD;CN, 500 MHz): § = 1.45 (s, 18H, CH3), 7.78 (dd, J=2.0, 6.1 Hz, 2H, H,,), 8.41-8.43
(m, 2H, H,,), 8.79 (d, J = 6.1 Hz, 2H, H,,) ppm.

IR (solid): ¥ = 2965 (w, vCH,,), 2912 (w, vCH,,), 2869 (w, vCH,,), 2362(w), 2325 (w), 2073 (s, v CO),
2024 (s, v CO), 1614 (m), 1543 (w), 1486 (w), 1466 (w), 1421 (w), 1399 (w), 1372 (w), 1317 (W),
1300 (w), 1257 (w), 1207 (w), 1159 (w), 1135 (w), 1076 (w), 1046 (w), 1036 (W), 956 (w), 903 (W),
835 (s), 816 (s), 738 (W), 719 (w), 712 (w), 676 (w) cm™".

HRMS (+ESI, 300 V): m/z (%) = 517.1403 (100) [M-CO]" (calc. 517.1600).

IR (solution in THF): ¥ = 2074.3, 2024.6 cm’™".

12.5.25 Carbonyl(1,5-cyclooctadiene[ (4,4 -di-tert-butyl-2,2 -bipyridine)] iridium(1)
hexaflourophosphate, [Ir(dtbpy)(cod)(CO)]PFg (26r)

(6126D)

I
VA
/

The reaction was carried out following general procedure G, and stopped by precipitation of the
complex with hexane when the color of the reaction mixture turned yellow. The solid was separated

from the solution by decantation and dried for 30 min in high vacuum.
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IR (solution in THF): ¥ = 2042.3 cm™.

12.5.26Carbonyl(1,5-cyclooctadiene)( 2,2 -bipyridine) iridium(1) hexaflourophosphate,
[Ir(bpy)(cod)(CO)IPFs (26q)

(6138A, 6152A)

7 N\ N
P4

The synthesis was carried out following general procedure G in acetonitrile as solvent.

IR (solid): 7 = 3208 (w), 3125 (w), 3080 (w), 2935 (w), 2872 (w), 2852 (W), 2073.6 (s, vco), 2034.0 (s,
veo), 1992.6 (s, veo), 1635 (w), 1605 (m), 1506 (w), 1487 (m), 1473 (m), 1449 (m), 1428 (w),
1374 (w), 1318 (w), 1300 (w), 1274 (w), 1264 (w), 1178 (w), 1164 (w), 1138 (w), 1113 (w), 1071 (w),
1035 (w), 967 (w), 899 (w), 876 (m), 836 (s), 798 (W), 761 (s), 741 (W), 720 (W), 669 (W) cm™.

IR (solution in THF): ¥ = 2050.8 cm’.

12.5.27Carbonyl(1,5-cyclooctadiene)(1,10-phenanthroline) iridium(1)
hexaflourophosphate, [Ir(""")(cod)(CO)]PF (26s)

(6126E, 6138C)

* PFg
o 1
N N\[ _ [
SEEN
|
=
The synthesis was carried out following general procedure G in acetonitrile as solvent.

IR (solid): 7 = 3094 (w), 2956 (w), 2932 (w), 2872 (w), 2864 (w), 2056.2 (s, v CO), 2026.3 (s, v CO),
1634 (w), 1520 (w), 1431 (w), 1301 (w), 1149 (w), 840 (w), 775 (W), 721 (W), 655 (w) cm’™".

IR (solution in THF): ¥ = 2050.1 cm™.

12.5.28Carbonyl(1,5-cyclooctadiene)(3,4,7,8-tetramethyl-1,10-phenanthroline) iridium()
hexaflourophosphate, [Ir(TMphen)(cod)(CO)]PF; (26t)

(6126F, 6138D)
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The synthesis was carried out following general procedure G in acetonitrile as solvent.

IR (solid): ¥ = 3086 (w), 2920 (w), 2852 (w), 2107 (w), 2087 (w), 2059 (w), 2107.8 (s, v CO),
2089.0 (s, v CO), 2062.5 (s, v CO), 1683 (w), 1653 (w), 1605 (w), 1489 (w), 1475 (m), 1450 (w),
1321 (w), 1279 (w), 1252 (w), 1169 (w), 1134 (w), 1073 (w), 1026 (w), 971 (w), 894 (w), 834 (s),
803 (m), 760 (s), 742 (s), 722 (s), 704 (m), 669 (m) cm .

IR (solution in THF): ¥ = 2040.7 cm’.

12.6 Ruthenium Complexes

12.6.1 Reactions based on [Ru(cymene)Cl;],

12.6.1.1 General procedure H for complexation of box ligands 5 with [Ru(cymene)Cl],

(46)
j*’CI'
~<
\%{i/ CI>R;’ + LO}—(\O:L s (Rk N/TWC'
O\)\R
6 5 48

The reaction was carried out under argon atmosphere. Light was excluded by wrapping the reaction
flask in aluminum foil. [Ru(cymene)Cl], (46) (30.6 mg, 0.050 mmol) and the box ligand 5
(0.100 mmol) were dissolved in degassed ethanol and heated at 80 °C for 3 h. After cooling down to
room temperature, the solvent was removed in vacuum and the solid residue was dried under high

vacuum over night. The product was obtained as orange solid.
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12.6.1.2 [chloro-[(2,2"-Bis((4S,4"S )-4,4’-diisopropyl)-oxazolin)]-(1]6-p-cymol)-
ruthenium(1r)] chloride; [Ru(iPr-box)(cymene)Cl]Cl (48a)
(CG 2026, 2032)
—+ar

The reaction was carried out following general procedure H using 'Pr-box (5b) (22.4 mg). The product

was obtained quantitatively as orange solid.

"H-NMR (CDCl;, 700 MHz): § = 6.13 (1H, d, J = 6.1 Hz,cymol-CH,,), 6.02 (1H, d, J = 6.1 Hz, cymol-
CH,,), 5.89 (1H, d, J = 6.1 Hz, cymol-CH,,), 5.75 (1H, d, J = 6.1 Hz, cymol-CH,,), 5.03 (1H, m, box-
CH,), 5.01(1H, m, box-CH,), 4.98 (1H, m, box-CH2), 4.89 (1H, m, box-CH), 4.86 (1H, m, box-CH),
4.38 (1H, m, box-CH), 2.91 (1H, m, cymol-CH), 2.65 (1H, m, ‘Pr-CH), 2.31 (1H, m, 'Pr-CH), 2.28 (3H,
s, cymol-CH3), 1.31 (3H, d,J = 6.9 Hz,'Pr-CH,), 1.28 (3H, d, J = 7.2 Hz, 'Pr-CH3), 1.11 (3H, d,J = 6.9
Hz, iPr-CH3), 1.09 (6H, q, J = 5.6, 7.2 Hz, cymol-CH3;), 0.87 (3H, d,J = 6.9 Hz,iPr-CH;) ppm.

HRMS (+ESI, 250V): m/z (%) = 495.1344 (100) [Ru(cymene)('Pr-box)CI]* (calc. 495.1352)

12.6.1.3 [chloro-[(2,2"-Bis((4R,4 ’R)-4,4’-diphenyl)-oxazolin)]-(n6-p-cymol)-
ruthenium(1n)]chloride; [Ru(Ph-box)(cymene)Cl]Cl (48b)
(CG 2030, 2044)
—]+ar

The reaction was carried out following general procedure H using Ph-box (5g) (29.2 mg). The product

was obtained quantitatively as orange solid.

"H-NMR (CDCl;, 700 MHz): § =7.74-7.50 (10H, m, Ph-CH,,), 6.09 (1H, t, J = 10.8 Hz, box-CH,),
5.61(1H, q, J =9.4, 10.4 Hz, box-CH), 5.44 (1H, m, box-CH,), 5.40 (1H, m, box-CH,), 5.39 (1H, d, J=
7.2 Hz, cymen-CH,,), 5.32 (1H, d, J =6.1 Hz, cymen-CH,,), 5.08 (1H, t,J = 9.4 Hz, box-CH,), 4.81
(1H, q, J = 9.4, 10.9 Hz, box-CH), 4.62 (1H, d, J = 6.1 Hz, cymen-CH,,), 4.42 (1H, d, J = 6.1 Hz,
cymen-CH,,), 2.29 (1H, m, cymen-CH), 1.91 (3H, s, cymen-CH3), 1.10 (3H, d,J = 6.9 Hz, cymen-
CH3), 0.87 (3H, d, J = 6.9 Hz, cymen-CH3;) ppm.

HRMS (+ESI, 400V): m/z (%) = 563.1052 (10) [Ru(cymene)(Ph-box)Cl]"(calc. 563.1039)
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12.6.1.4 [chloro-[2,2'-Bis((4S ,4'S)-4,4'-diisobutyl)-oxazolin]-(nﬁ-p-cymol)-
ruthenium(in)]chloride; [Ru(iBu-box)(cymene)Cl]Cl (48¢)
(CG 2052)

The reaction was carried out following general procedure H using ‘Bu-box (5e) (25.2 mg). The product
was obtained as orange solid. The complex 48c was identified by HRMS but not by 'H-NMR

spectroscopy because the spectrum showed too many signals.

HRMS (+ESI, 350V): m/z (%) = 523.1657 (100) [Ru(cymene)('Bu-box)Cl]*(calc. 523.1660)

12.6.1.5 [chloro-[2,2‘-Bis((4R,4'R)-4,4'-dibenzyl)—oxazolin]-(n6-p-cymol)-
ruthenium(ir)]chloride; [Ru(Bn-box)(cymene)Cl1]Cl (48d)

(CG 2050)
i “ra-
\)*‘/N/ T""”’u
07NN

The reaction was carried out following general procedure H using Bn-box (Sh) (32.0 mg). The product
was obtained as orange solid. The complex 48d was identified by HRMS, 'H-NMR analysis failed due
to too many overlapping signals in the spectrum.

signals.

HRMS (+ESI, 350V): m/z (%) = 591.1357 (100) [Ru(cymene)(Bn-box)Cl]*(calc. 591.1347)
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12.6.1.6 [dichloro-[(2,2°-Bis((45,4°S)-4,4 -diisopropyl)-oxazolin)]-[2,2":
ruthenium(1n)]; [Ru(iPr-box)(tpy)Clz] (54a)

(CG 2040, 2042)

[Ru(‘Pr-box)(dmso),»(Cl),] (49a) (10.0 mg, 0.020 mmol) and terpyridine 51 (4.71 mg, 0.020 mmol)
were dissolved in degassed water (2.0 mL) and heated at 100 °C for 20 h. After 20 h, the water was

removed under high vacuum obtaining a black solid. Purification attempts by crystallization failed

because the total amount of prepared substance was too small.

'H-NMR analysis failed due to too many overlapping signals in the spectrum.

6°,2"-Terpyridin]-

HRMS (+ESI, 250V): m/z (%) = 594.1224 (25) [Ru("Pr-box)(tpy)Cl]*(calc.594.1210)

12.6.1.7 Reaction of [Ru(iPr-box)(cymene)Cl]Cl (48a) with bipyridine 37

(CG 2056)

/
o
:)% H,0, 100 °C, 20 h

48a

[Ru(Pr-box)(tpy)Cl,] (48a) (10.0 mg, 0.020 mmol) and terpyridine 37 (3.15 mg, 0.020 mmol) were
dissolved in degassed water (2.0 mL) and heated at 100 °C for 20 h. After 20 h, the water was removed
under high vacuum obtaining a black solid.

The 'H-NMR signals could not be assigned because of too many overlapping signals. The absence of

the typical doublets of the iso-propyl groups of the oxazoline ligands indicated that no oxazoline ligand

was left in the reaction mixture.
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Experimental Section

The complexes 52 and 53 were identified by HRMS.

HRMS (+ESI, 350V): m/z (%) = 449.0136 (50) [Ru(bpy),Cl]"(calc. 449.010015), 285.0568 (43)
[Ru(bpy)3]2+ (calc. 285.0548).

12.6.2 Reactions based on [Ru(dmso)4Cl;]

12.6.2.1 Dichloro(2,2'-bipyridyl)-bis-((s-)dimethyl-
sulfoxid)ruthenium(II);[Ru(bpy)(dmso),Cl;] (56)
(CG 2068)

SOMe,

SOMe,

Isomer 1 Isomer 2

[Ru(dmso)4Cl,] (47) (1.21 g, 2.50 mmol) and 2,2 -bipyridine (37) (0.390 g, 2.50 mmol) were dissolved
in ethanol (30 mL) and DMSO (2.5 mL) was added. The reaction mixture was heated at 90°C oil bath
temperature for 1.5 h. During this, the color changed from yellow to orange. After cooling down to
room temperature, the reaction volume was reduced to half of its original volume under vacuum.
During this procedure, an orange solid precipitated. The solid was removed by filtration and washed
with cold ethanol. After drying under high vacuum, an orange powder (0.950 g, 1.96 mmol, 78%) was

obtained as product.

Isomer 1:

"H-NMR (CDCls, 400 MHz): 8 = 9.87 (d, J = 5.3 Hz, 2H, CH,,), 9.71(d, J = 5.8 Hz, 1H, CH,,), 8.17 (d,
J=17.8Hz, 1H, CH,), 8.12 (d, J = 7.6 Hz, 1H, CH,,), 8.01 (m, 1H, CH,,), 7.90 (1H, m, CH,,), 7.60 (t, J
= 6.2 Hz, 1H, CH,)), 7.45 (t, J = 6.7 Hz, 1H, CH,,), 3.55 (s, 3H, DMSO-CH5), 3.52 (s, 3H, DMSO-
CHs;), 3.21 (s, 3H, DMSO-CH,), 2.64 (s, 3H, DMSO-CH;) ppm.

Isomer 2:

"H-NMR (CDCl;, 400 MHz): & = 9.71 (d, J = 5.8 Hz, 2H, CH,,), 8.01 (m, 2H, CH,,), 7.90 (m, 2H,
CH,,), 7.50 (t, J = 6.3 Hz, 2H, CH,,), 3.08 (s, 12H, DMSO-CH;) ppm.

HRMS (+ESL, 150 V): m/z (%) = 506.9318 (75) [Ru(tpy)(dmso),(Cl),Na]*(calc. 506.9284), 448.9628
(25) [M-CI]* (calc. 448.9698).

IR (solid): ¥ = 3110 (w), 3020 (w), 3007 (w), 2923 (w), 1603 (W), 1473 (w), 1446 (m), 1422 (w), 1412
(w), 1312 (w), 1240 (w), 1173 (w), 1164 (w), 1083 (s), 1061 (w), 1008 (s), 970 (m), 936 (w), 802 (w),
768 (s), 729 (m), 716 (m), 680 (m) cm’".
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12.6.2.2 Dichloro(2,2':6',2"'-terpyridyl)((s-)dimethyl-
sulfoxid)ruthenium(Il);[Ru(tpy)(dmso)Cl,] (57)
(CG 2094, 2126, 2150)

A ne RO -
N ‘ ~NSOMe, ‘ ~c
Cl SOMe,
Isomer 1 Isomer 2

[Ru(dmso)4Cl,] (47) (121 mg, 0.250 mmol) and 2,27:6,2" terpyridine (51) (58.3 mg, 0.250 mmol) were
dissolved in ethanol (5 mL) and DMSO (0.2 mL) was added. The reaction mixture was heated to 90°C
(oil bath temperature) and stirred for 1.5 h. During this, the color changed from yellow to brown. After
cooling down to room temperature, the reaction mixture was reduced to half of its original volume
under vacuum. During this procedure, a dark brown solid precipitated. The solid was removed by
filtration and washed with cold ethanol. After drying under high vacuum, a black powder (104 mg,
0.216 mmol, 86%) was obtained as product.

Isomer 1 (trans-complex):

"H-NMR (DMSO-ds, 500 MHz): & = 9.35 (d,J = 5.8 Hz, 2H, CH,,), 8.66 (d, J = 8.2 Hz, 2H, CH,,),
8.58 (tJ = 7.3 Hz, 2H, CH,),8.19 (t, J = 8.0Hz, 1H, CH,),7.99 (dtJ = 7.8 Hz, 1.4 Hz, 2H,
CH,,),7.53 (m, 2H, CH,,), 3.58 (s, SH, DMSO-CH;) ppm. The dmso-signals were only partially visible.
Isomer 2 (cis-complex):

"H-NMR (DMSO-ds, 500 MHz): & = 9.02 (d,J = 5.5 Hz, 2H, CH,,), 8.58 (t, J = 7.3 Hz, 2H, CH,,),8.53
(d,J = 8.2 Hz, 2H, CH,,),8.15 (dt,J = 7.8 Hz, 1.7 Hz, 2H, CH,,),8.02 (t, J = 8.0 Hz, 1H, CH,,),7.78
(m, 2H, CH,,), 3.58 (s, SH, DMSO-CH;) ppm. The dmso-signals were only partially visible.

HRMS (+ESI, 150 V): m/z (%) = 447.9829 (100) [Ru(tpy)(dmso)Cl]*(calc. 447.9824), 505.9413 (25)
[M+Na]" (calc. 505.9411).

12.6.2.3 Dichloro(2,2'-bis[oxazolin-2-yl])bis(dimethyl-
sulfoxid)ruthenium(II);[Ru(H-box)(dmso),Cl;] (49a)
(CG 2112, 2122, 2128)

SOMe,

OINII"" Cl
"Ru’

N | N
SOMe,
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[Ru(dmso)4Cl,] (47) (48.4 mg, 0.100 mmol) and H-box (5i) (15.4 mg, 0.110 mmol) were dissolved in
ethanol (2 mL) and DMSO (0.1 mL) was added. The reaction mixture was heated to 90°C oil bath
temperature for 1 h. During this, the color changed from yellow to orange. After cooling down to room
temperature, the reaction mixture was reduced to half of its original volume under vacuum. During this
procedure, an orange solid precipitated. The solid was removed by filtration and washed with cold
ethanol. After drying under high vacuum, an orange powder (27.1 mg, 0.057 mmol, 57%) was obtained

as product.

Purification attempts: Vapor diffusion of diethylether into a concentrated MeCN solution of the
product yielded orange crystals. The crystals were no single crystals and therefore not suitable for

crystal structure analysis.

"H-NMR (CDCl;, 500 MHz): § = 4.90 (4H, t, J = 9.9 Hz, box-CH), 4.37 (4H, t, J = 9.9Hz, box-CH),
3.41 (12H, s, CH3) ppm.

HRMS (+ESL, 150 V): m/z (%) = 490.9157 (100) [Ru(H-box)(dmso),(Cl),Na]*(calc. 490.9183).

IR (Feststoff): ¥ = 3027 (w), 3004 (w), 2921 (w), 1651 (w) 1629 (w), 1604 (w), 1505 (m), 1473 (m),
1420 (w), 1401 (w), 1371 (w), 1300 (w), 1277 (s), 1222 (s), 1191 (w), 1086 (s), 1010 (s), 997 (s), 958
(m), 911 (s), 869 (m), 717 (m), 681 (s) cm".

12.6.2.4 Dichloro(4,4'-diisopropyl-2,2’-bis[oxazolin-2-yl])bis((s)-dimethyl-
sulfoxid)ruthenium(II);[Ru(iPr-box)(dmso)ZClz] (49b)
(CG 2124, 2130)

g
M\
OIN\RU/CI

o) \N/ \SOMe2

[Ru(dmso)4Cl,] (47) (24.2 mg, 0.050 mmol) and Pr-box (5b) (7.70 mg, 0.055 mmol) were dissolved in
ethanol (1 mL) and DMSO (0.05 mL) was added. The reaction mixture was heated to90°C oil bath
temperature for 1 h. During this, the color changed from yellow to orange. After cooling down to room
temperature, the reaction volume was reduced to half of its original volume under vacuum. During this
procedure, an orange solid precipitated. The solid was removed by filtration and washed with cold
ethanol. After drying under high vacuum, an orange powder was obtained and identified as raw
product.

The raw product was dissolved in ethanol or chloroform and precipitation with diethylether or hexane

respectively, tried. These attempts were not successful. A preparative TLC analysis on silica gel with
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an eluent mixture of MeCN/water (=9/1) containing KNOs, failed as well. After the separation of

different visible fractions, no product was present any more as analyzed by 'H-NMR spectroscopy.

HRMS (+ESL, 150 V): m/z (%) = 517.0567 (25) [Ru(Pr-box)(dmso),Cl]*(calc. 517.0536), 575.0154
(10) [M+Na]* (calc. 575.0122).

IR (solid): ¥ = 3387 (w), 3276 (w), 3010 (w), 2960 (m), 2923 (m), 2871 (W), 1739 (w), 1666 (m), 1620
(w), 1500 (s), 1459 (m), 1391 (m), 1366 (m), 1311 (w), 1294 (w), 1257 (m), 1230 (m), 1086 (s), 1014
(s), 960 (w), 924 (m), 871 (w), 797 (m), 718 (w), 680 (m) cm’".

12.6.2.5 Dichloro(4,4'-diphenyl-2,2'-bis[oxazolin-2-yl])bis(dimethyl-
sulfoxid)ruthenium(II);[Ru(Ph-box)(dmso),Cl,] (49c)
(CG 2146)

[Ru(dmso)4Cl,] (47) (24.2 mg, 0.050 mmol) and Ph-box (5g) (16.1 mg, 0.055 mmol) were dissolved in
ethanol (1 mL) and DMSO (0.05 mL) was added. The reaction mixture was heated at 90°C oil bath
temperature for 1 h. During this, the color changed from yellow to orange. After cooling down to room
temperature, the reaction volume was reduced to half of its original volume under vacuum. During this
procedure, an orange solid precipitated. The solid was removed by filtration and washed with cold
ethanol. After drying under high vacuum, an orange powder was obtained as raw product.

"H-NMR (CDCls, 500 MHz): § = 7.28-7.40 (m, 10H, Ph-CH,,), 5.84 (dd, J = 10.6, 5.5 Hz, 1H, box-
CH,), 5.41 (dd, J = 10.6, 4.9 Hz, 1H, box-CH,), 5.35 (dd, J = 10.6, 9.2 Hz, 1H, box-CH,), 5.21 (dd, J
=9.2,5.5 Hz, 1H, box-CH,), 5.19 (dd, J = 10.6, 8.9 Hz, 1H, box- CH), 4.69 (dd, J = 8.9, 4.9 Hz, 1H,
box-CH), 3.11 (s, 3H, DMSO-CHj,), 3.03 (s, 3H, DMSO-CH;), 2.26 (s, 3H, DMSO-CH;), 2.22 (s, 3H,
DMSO-CHj3) ppm.

HRMS (+ESI, 200 V): m/z (%) = 585.0222 (100) [Ru(Ph-box)(dmso),Cl]*(calc. 585.0223),642.9814
(25) [M+Na]" (calc. 642.9809).

IR (solid): ¥ = 3406 (w), 3027 (w), 3007 (w), 2921 (w), 1990 (w), 1746 (w), 1705 (m), 1672 (m), 1634
(W), 1616 (w), 1496 (s), 1455 (m), 1412 (w), 1361 (m), 1331 (w), 1310 (w), 1290 (w), 1226 (s), 1082
(s), 1015 (s), 921 (s), 876 (W), 798 (W), 759 (m), 699 (s), 680 (W) cm’.
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12.6.2.6 Dichloro(2-[4'-isopropyl-oxazolin-2-yl]pyridyl)bis((s)-dimethyl-
sulfoxid)ruthenium(II); [Ru(iPr-pyrox)(dmso)zClz] (49d)

(CG 2148)
\\ SOMe

2

.«
g

O N-_
o

=

Ru

SOMe,

[Ru(dmso),Cl,] (47) (24.2 mg, 0.050 mmol) and iPr—pyrox (10b) (10.5 mg, 0.055 mmol) were
dissolved in ethanol (1 mL) and DMSO (0.05 mL) was added. The reaction mixture was heated at 90°C
oil bath temperature for 1 h. During this, the color changed from yellow to orange. After cooling down
to room temperature, the reaction volume was reduced to half of its original volume under vacuum.
During this procedure, an orange solid precipitated. The solid was removed by filtration and washed
with cold ethanol. After drying under high vacuum, an orange powder was obtained as raw product.

An identification by 'H-NMR spectroscopy failed due to too many overlapping signals. In the HRMS
spectrum, also a signal for the related cationic complex [Ru(iPr-pyrox)(dmso)3C1]Cl (87d) was
detected.

HRMS (+ESI, 200 V): m/z (%) = 483.0129 (100) [Ru(Pr-pyrox)(dmso),Cl]*(calc. 483.0117),
540.9761 (15) [M+Na]" (calc. 540.9703).

IR(solid):¥ = 3463 (w), 3067 (W), 3005 (W), 2962 (W), 2923 (W), 2871 (W), 1969 (w), 1707 (s), 1651
(m), 1636 (m), 1590 (m), 1496 (m), 1464 (w), 1411 (s), 1389 (w), 1362 (m), 1309 (w), 1296 (w), 1251
(m), 1223 (m), 1163 (w), 1088 (s), 1051 (w), 1012 (s), 970 (w), 916 (s), 796 (m), 754 (m), 714 (w) 674

(m) cm’.

12.6.2.7 Dichloro(2,6-bis[4'-isopropyl-oxazolin-2-yl]pyridyl)((s)-dimethyl-
sulfoxid)ruthenium(II),[Ru(iPr-pybox)(dmso)Clz] (58)
(CG 2116, 2144)

[Ru(dmso)4Cl,] (47) (24.2 mg, 0.050 mmol) and iPr-pybox (36) (16.5 mg, 0.055 mmol) were dissolved
in ethanol (1 mL) and DMSO (0.05 mL) was added. The reaction mixture was heated at 90°C oil bath
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temperature for 1 h. During this, the color changed from yellow to orange. After cooling down to room
temperature, the reaction volume was reduced to half of its original volume under vacuum. During this
procedure, an orange solid precipitated. The solid was removed by filtration and washed with cold
ethanol. After drying under high vacuum, an orange powder was obtained as raw product.

An identification by 'H-NMR spectroscopy failed due to too many overlapping signals. In the HRMS
spectrum, also a signal for the related cationic complex [Ru(‘Pr-pybox)(dmso);C1]Cl (64) was detected.

HRMS (+ESI, 150 V): m/z (%) = 516.0648(70) [Ru('Pr-pybox)(dmso)Cl]*(calc. 516.0662), 574.0209
(25) [M+Na]" (calc. 574.0248).

IR (solid): ¥ = 3445 (m), 3062 (w), 2959 (m), 2925 (m), 2871 (w), 1708 (w), 1659 (w), 1591 (m), 1567
(m), 1534 (w), 1489 (m), 1464 (w), 1438 (w), 1399 (s), 1387 (s), 1334 (w), 1314 (w), 1282 (m), 1249
(m), 1207 (w), 1177 (w), 1145 (w), 1078 (s), 1014 (s), 956 (s), 926 (m), 818 (w), 771 (w), 754 (m), 717
(w), 676 (m), 656 (w) cm’™.

12.6.2.8 [chloro(2,2'-bis[oxazolin-2-yl])(2,2'-bipyridyl)(dimethyl-sulfoxid)ruthenium(II)]
chlorid; [Ru(H-box)(bpy)((s)-dmso)CI]"CI'(61)

(method 1 CG 2074, 2090, 2104, 2138)

(method 2 CG 2088, 2134, 2142)

—\+C| -
SMe,0
O/_\N ‘ °2 /|
Ru\
o \N/’ N7
o |

Method 1:

[Ru(bpy)(dmso),Cl,] (57) (96.8 mg, 0.200 mmol) and H-box (5i) (28.0 mg, 0.200 mmol) were
dissolved in degassed ethanol (50 mL). The reaction mixture was heated to 80 °C for 1.5 h. After
cooling down to room temperature, the solvent was removed in vacuum and the resulting oily mixture
was purified by column chromatography (SiO,, eluent: acetonitrile/water = 95/5, 9/1, 85/15 containing
10 drops of concentrated aqueous KNO; solution per 10 mL eluent-mixture). The product was obtained

as orange powder (55.0 mg, 0.096 mmol, 48%).

Method 2:

[Ru(H-box)(dmso),Cl,] (49a) (23.4 mg, 0.050 mmol) was dissolved in degassed ethanol (2 ml) and
2,27-bipyridin (37) (7.81 mg, 0.050 mmol) was added. The reaction mixture was heated to 80 °C for
1.5 h. After cooling down to room temperature the solvent was removed in vacuum. The product was

obtained with strong impurities.
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Isomer 1:

"H-NMR (D0, 700 MHz): & = 9.46 (m, 1H, bpy-CH,,), 8.59 (d, J = 7.0 Hz, 1H, bpy-CH,,), 8.52 (d,J =
7.0 Hz, 1H, bpy-CH,,), 8.47 (m, 1H, bpy-CH,,), 8.34 (dt, J = 7.7 Hz, 1.5 Hz,1H, bpy-CH,,), 8.23
(dt, J = 7.7 Hz, 1.5 Hz,1H, bpy-CH,,), 7.89 (m, 1H, bpy-CH,,), 7.68 (m, 1H, bpy-CH,,), 5.26 (m, 2H,
box-CH,), 5.01 (m, 1H, box-CH,), 4.85 (m, 1H, box-CH,),4.65 (m, 1H, box-CH,), 4.42 (m, 1H, box-
CH,), 3.69 (m, 1H, box-CH,), 3.36 (m, 1H, box-CH,) 3.32 (s, 3H, DMSO-CH,), 2.61 (s, 3H, DMSO-
CH;) ppm.

Isomer 2:

"H-NMR (D0, 700 MHz): § = 9.01 (m, 1H, bpy-CH,,), 8.64 (d, J = 7.0 Hz, 1H, bpy-CH,,), 8.52 (d,J =
7.0 Hz, 1H, bpy-CH,,), 8.40 (m, 2H, bpy-CH,,), 8.23 (m, 1H, bpy-CH,,), 7.96 (m, 1H, bpy-CH,,),
7.68 (m, 1H, bpy-CH,,), 5.34 (m, 1H, box-CH,), 5.26 (m, 1H, box-CH,),5.01 (m, 1H, box-CH,), 4.91
(m, 1H, box-CH,), 4.71 (m, 1H, box-CH,), 4.53 (m, 1H, box-CH,), 3.73(m, 1H, box-CH,), 3.36 (m,
1H, box-CH,) 3.28 (s, 3H, DMSO-CH,), 2.66 (s, 3H, DMSO-CH;) ppm.

HRMS (+ESL, 150 V): m/z (%) = 511.0146 (100) [Ru(H-box)(bpy)(dmso)Cl]*(calc. 511.0145).

IR (solid): ¥ = 3424 (w), 2955 (m), 2924 (s), 2853 (m), 1887 (w), 1604 (m), 1506 (s), 1465 (w), 1446
(w), 1417 (w), 1334 (s), 1280 (m), 1230 (m), 1159 (w), 1084 (m), 1038 (w), 1017 (m), 999 (m), 958
(w), 918 (m), 870 (m), 825 (W), 801 (w), 771 (m), 731 (W), 687 (W), 667 (w) cm’".

12.6.2.9 [chloro(4,4'-diisopropyl-2,2'-bis[oxazolin-2-yl])(2,2'-bipyridyl)((s)-dimethyl-
sulfoxid)ruthenium(II)] chlorid; [Ru(iPr-box)(bpy)(dmso)Cl]+Cl' (61b)
(CG 2102, 2106, 2118, 2160)

[Ru(bpy)(dmso),Cl,] (57) (48.4 mg, 0.100 mmol) was dissolved in degassed ethanol (25 mL) and iPr-
box (5b) (22.4 mg, 0.100 mmol) was added. The reaction mixture was heated to 80 °C for 1.5 h. After
cooling down to room temperature the solvent was removed in vacuum. The product was obtained as
orange powder quantitatively. The analysis of the 'H-NMR spectrum failed due to too many

overlapping signals.

HRMS (+ESI, 150 V): m/z (%) = 595.1050 (100) [Ru("Pr-box)(bpy)(dmso)Cl]*(calc. 595.1084).
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IR (solid): ¥ = 3387 (w), 3288 (w), 2963 (m), 2929 (w), 2872 (m), 1661 (s), 1604 (w), 1502 (s), 1463
(m), 1420 (w), 1390 (w), 1370 (m), 1339 (w), 1311 (w), 1258 (m), 1232 (m), 1093 (s), 1018 (m), 1003
(m), 961 (W), 924 (m), 873 (w), 800 (m), 773 (m), 732 (W), 682 (W), 664 (w) cm’".

12.6.2.10 [chloro(4,4'-diphenyl-2,2'-bis[oxazolin-2-yl])(2,2’-bipyridyl)(dimethyl-
sulfoxid)ruthenium(II)] chlorid; [Ru(Ph-box)(bpy)(dmso)CI]*CI" (61c)
(CG 2152)

OI/N\RU/N\
O\_\/N/ | e
o N

[Ru(bpy)(dmso),Cl,] (57) (10.0 mg, 0.021 mmol) was dissolved in degassed ethanol (5 mL) and Pr-
box (5b) (6.03 mg, 0.0212 mmol) was added. The reaction mixture was heated to 80 °C for 1.5 h. After
cooling down to room temperature the solvent was removed in vacuum. The product was obtained as
orange crystalline powder quantitatively. The analysis of the 'H-NMR spectrum was not possible due

to too many overlapping signals.

HRMS (+ESI, 200 V): m/z (%) = 663.0844 (100) [Ru(Ph-box)(tpy)(dmso)Cl]*(calc. 663.0771).

IR (solid): ¥ = 3412 (w), 2969 (w), 2867 (m), 1707 (w), 1672 (w), 1638 (w), 1604 (w), 1498 (m), 1455
(m), 1419 (w), 1371 (m), 1310 (w), 1259 (m), 1229 (m), 1094 (s), 1015 (w), 924 (m), 875 (w), 797
(m), 765 (m), 730 (w), 700 (m) cm".

12.6.2.11 [chloro(2,2'-bis[oxazolin-2-y1])(2,2’:6",2"'-terpyridyl)ruthenium(II)]
chlorid; [Ru(H-box)(tpy)CI']CI" (54b)

(Method 1: 2098, 2132, 2154)

(Method 2: 2164)
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Method 1:

[Ru(tpy)(dmso)Cl,] (57) (50.0 mg, 0.103 mmol) was dissolved in degassed ethanol (25 mL) and H-box
(51)) (159 mg, 0.113 mmol) was added. The reaction mixture was heated to 80 °C for 1.5 h. After
cooling down to room temperature, the solvent was removed in vacuum. The product was obtained as

brown-black solid. The analysis of the '"H-NMR spectrum failed due to too many overlapping signals.

Method 2:

[Ru(H-box)(dmso),Cl,] (49a) (11.7 mg, 0.025 mmol) was dissolved in degassed ethanol (6 ml) and
2,27:67,2" -terpyridin (51) (5.83 mg, 0.025 mmol) was added. The reaction mixture was heated to 80 °C
for 6 h. After cooling down to room temperature the solvent was removed in vacuum. The product was
obtained as brown-red solid quantitatively. The analysis of the "H-NMR spectrum failed due to too

many overlapping signals.

HRMS (+ESL, 150 V): m/z (%) = 510.0407 (100) [Ru(H-box)(tpy)Cl]*(calc. 510.0271).

IR (solid): ¥ = 3359 (m), 3064 (w), 2961 (w), 2924 (w), 2854 (w), 1963 (w), 1741 (w), 1662 (m), 1598
(s), 1505 (s), 1466 (w), 1445 (m), 1384 (w), 1363 (w), 1281 (m), 1259 (m), 1227 (m), 1160 (w), 1080
(s), 1051 (w), 1014 (s), 992 (w), 956 (m), 919 (m), 866 (m), 773 (s), 733 (W), 726 (W), 685 (W), 673

(w) cm™.

12.6.2.12 [chloro(4,4'-diisopropyl-2,2'-bis[oxazolin-2-y1])(2,2":6",2""-
terpyridyl)ruthenium(II)] chlorid; [Ru(iPr-box)(tpy)Cl+]Cl' (54a)
(CG 2158)

[Ru(tpy)(dmso)Cl,] (57) (12.1 mg, 0.025 mmol) was dissolved in degassed ethanol (6 mL) and Pr-box
(8b) (6.17 mg, 0.027 mmol) was added. The reaction mixture was heated to 80 °C for 1.5 h. After
cooling down to room temperature, the solvent was removed in vacuum. The product was obtained as

red-brown solid. The analysis of the 'H-NMR spectrum failed due to too many overlapping signals.

HRMS (+ESI, 200 V): m/z (%) = 594.1221 (100) [Ru(‘Pr-box)(tpy)Cl]*(calc. 594.1210).

IR (solid): ¥ = 3387 (w), 3061 (w), 2961 (m), 2930 (w), 2904 (w), 2872 (m), 1673 (m), 1643 (w), 1620
(s), 1504 (s), 1466 (m), 1448 (w), 1386 (m), 1370 (m), 1340 (w), 1299 (w), 1279 (w), 1259 (m), 1231
(w), 1118 (s), 1036 (w), 1000 (w), 947 (m), 894 (w), 870 (w), 796 (m), 774 (m), 735 (w), 686 (w), 674

(w) cm’.
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12.6.2.13 [chloro(4,4'-diphenyl-2,2'-bis[oxazolin-2-y1])(2,2":6,2"'-
terpyridyl)ruthenium(II)] chlorid; [Ru(Ph-box)(tpy)CI']CI" (54c¢)
(CG 2156)

[Ru(tpy)(dmso)Cl,] (57) (10.0 mg, 0.021 mmol) was dissolved in degassed ethanol (6 mL) and Ph-box
(Sh) (6.65 mg, 0.023 mmol) was added. The reaction mixture was heated to 80 °C for 1.5 h. After
cooling down to room temperature, the solvent was removed in vacuum. The product was obtained as

red-brown solid. The analysis of the '"H-NMR spectrum failed due to too many overlapping signals.

HRMS (+ESL, 200 V): m/z (%) = 662.0965 (100) [Ru(Ph-box)(tpy)Cl]*(calc. 662.0965).

IR (solid): ¥ = 3384 (m), 3061 (w), 3030 (w), 2968 (W), 2901 (w), 2869 (w), 1742 (w), 1673 (w), 1616
(m), 1602 (w), 1499 (s), 1449 (s), 1386 (w), 1358 (w), 1334 (w), 1281 (w), 1233 (m), 1123 (s), 1099
(s), 1085 (s), 1048 (w), 1011 (w), 982 (W), 957 (w), 930 (m), 871 (W), 767 (s), 701 (s), 670 (w) cm’".

12.6.2.14 [chloro(2,6-bis[(S)-4'-isopropyl-oxazolin-2-yl]pyridyl) (2,2'-bipyridyl)-
ruthenium(II)] chlorid; [Ru(iPr-pybox)(bpy)Cl+]Cl' (64)
(CG 2166)

[Ru(iPr—pybox)(dmso)Ch] (58) (20.0 mg, 0.036 mmol) was dissolved in degassed ethanol (10 mL) and
2,27-bipyridine (37) (5.67 mg, 0.036 mmol) was added. The reaction mixture was heated to 80 °C for
3 h. After cooling down to room temperature, the solvent was removed in vacuum. The product was
obtained as red-brown solid. The analysis of the 'H-NMR spectrum failed due to too many overlapping

signals.
HRMS (+ESI, 200 V): m/z (%) = 594.1228 (100) [Ru('Pr-pybox)(bpy)Cl]*(calc. 594.1210).

IR (solid): ¥ = 3852 (w), 3733 (w), 3627 (w), 2961 (m), 2924 (w), 2854 (w), 2359 (w), 1685 (w), 1540
(W), 1507 (w), 1456 (w), 1259 (s), 1090 (m), 1020 (s), 864 (W), 798 (s), 682 (W), 669 (w) cm’.
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12.6.2.15 Transferhydrogenation
(CG 2162, 2168)
(further transferhydrogenation test reactions: CG 2136, 2140)

O OH

NH,HCOO, H,0, 80 °C, 20 h

Acetophenone (66) (38.4 mg, 0.320 mmol) was dissolved in water (5 mL) and the precatalyst and
HCOONHj, (9.60 mmol) were added. The pH-value was adjusted to 4 by addition of aqueous HCOOH
(1IM) or KOH (1M). The reaction mixture was heated to 80 °C for 20 h. The reaction was stopped by
cooling the mixture down to 8 C by putting the reaction vial into the fridge. The reaction mixture was

extracted with diethylether and the ether phase was analyzed by GC-MS.

Qualitative results:

[Ru(bpy)(H-box)(DMSO)CI]NO; (65) (0.5 mol%) — product formation
[Ru(bpy)(H-box)(DMSO)CI]NO; (65) (3.0 mol%) — product formation
[Ru(iPr—pybox)(bpy)Cl] CI (64) (2.5 mol%) — product formation
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13 Catalysis

13.1 Aromatic Borylation

13.1.1 Independent Preparation of Borylationproducts

General procedure I for Miyaura coupling

The procedure was performed on basis of a procedure from the Miyaura group.**”!
Bispinacolatodiboron (66) (610 mg, 2.40 mmol), potassiumhydroxide (71) (590 mg, 6.00 mmol), [1,1"-
Bisdiphenylphosphino)-ferrocene]dichloro palladium(i) (70) (44.0 mg, 0.05 mmol) and the
corresponding arylhalide 69 or 72 (2.00 mmol) were filled into a Schlenk-flask and set under an argon-
atmosphere. Dry dimethylsulfoxide (5 mL) was added and the reaction mixture was heated up to 90°C
(oil bath) and stirred over night. After cooling to room temperature three volume equivalents of water
were added and the aqueous phase was extracted three times with 60 mL diethylether respectively. The
combined organic layers were dried over Na,SO, and evaporation of the solvent under vacuum yielded
the crude product. The product was isolated by coloumn chromatography. During chromatography,
only the starting material and homocoupling product was visible on TLC (Cer staining reagent). The

product was isolated between these two fractions and identified by GC-MS.

GC method: Carrier gas: Helium
Temperature (column): 80°C (hold 2.5 min), 80—280°C (rate 20°C/min)
Temperature (injection): 300°C
Column Flow: 1.0 mL/min
Split Ratio: 10% (initial), 100% (0.01 min—1.00 min), 40% (1.00—end)

Coloumn: Capillary Column (VF-5ms, 5% phenyl, 95%
dimethylpoysiloxane, 30 x 0.25 mm, Df = 0.25 pm, CP-8944)
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13.1.1.1 2-(4-(tert-butyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (68a)
(CCT 1063)

The reaction was carried out following general procedure 1.

Purification by column chromatography (SiO,, hexane/dieethylether = 1/0—19/1), colorless crystalline
powder (333 mg, 1.28 mmol, 64%).

The 'H-NMR and C-NMR data are in accordance with these reported in literature."’

"H-NMR (CDCl;, 500 MHz): 6 = 1.33 (s, 9H, C(CHj)s), 1.34 (s, 12H, CH5(Bpin)), 7.41 (d, J=8.5 Hz,
2H, H,-2, H,-6), 7.77 (d, J=8.5 Hz, 2H, H,,-3, H,-5) ppm.

BC-NMR (CDCl;, 100 MHz): 6 = 24.9 (CH; (Bpin)), 31.3 (C-CH3), 34.9 (C-CH;), 83.7 (C-0), 124.8
(Cap), 134.8 (Cy), 154.6 (C,-4) ppm.

"'B-NMR (CDCl;, 500MHz) ): 6 = 30.2 ppm.

GC-MS retention time = 9.5 min

13.1.1.2 2-(3-(tert-butyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (67a)
(CCT 1062)

B/O
\
(0]

The reaction was carried out following general procedure 1.
Purification by column chromatography (SiO,, hexane/dieethylether = 1/0—19/1), colorless crystalline
powder (224 mg, 0.86 mmol, 43%).

"H-NMR (CDCl;, 500 MHz): 6 = 1.40 (s, 12H, CH; (Bpin)), 1.41 (s, 9H, C(CHs);), 7.38 (t, J=7.5 Hz,
1H, H,.-5), 7.57 (d, J=7.8 Hz, 1H, H,-4), 7.71 (d, J=7.2 Hz, 1H, H,-6), 7.91 (s, 1H, H,-2) ppm.
BC-NMR (CDCl;, 100 MHz): 6 =25.0 (CH; (Bpin)), 31.6 (C(CHs)3), 34.8 (C(CH3)), 83.8 (C-O),
127.6 (Cy), 128.5 (Cy), 131.5 (Cy), 132.2 (Cy), 150.3 (C,-3) ppm.

""B-NMR (CDCl;, 500MHz) ): § = 31.2 ppm.

GC-MS retention time = 9.1 min
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13.1.1.3 4,4,5,5-tetramethyl-2-(4-(trifluoromethyl)phenyl)-1,3,2-dioxaborolane (68b)
(CCT 1064)

CF;

N

B
o 0

ES

The reaction was carried out following general procedure 1.
Purification by column chromatography (SiO,, hexane/dieethylether = 1/0—9/1—19/1—9/1), colorless
crystalline powder (153 mg, 0.564 mmol, 28%).

The 'H-NMR data is in accordance with these reported in literature.!'*”

"H-NMR (CDCl;, 500 MHz): 6 = 1.36 (s, 12H, CH3), 7.62 (d, J=7.8 Hz, 2H, H,-3, H,-5), 7.92 (d,
J=7.8 Hz, 2H, H,-2 H,-6) ppm.

BC-NMR (CDCl;, 100 MHz): § = 24.9 (CH; (Bpin)), 84.3 (C-0), 124.2 (q, J"=273 Hz, CF;), 124.4
(q, J"'=4 Hz, C,-3, Cyi-5), 132.8 (q, J"=33 Hz, Cy-4), 135.1 (Cy,) ppm.

"B-NMR (CDCls, 500MHz) ): = 29.9 ppm.

YF-NMR (CDCl;, 500MHz) ): 6 = -63.1 ppm.

GC-MS retention time = 7.2 min

13.1.1.4 4,4,5,5-tetramethyl-2-(3-(trifluoromethyl)phenyl)-1,3,2-dioxaborolane (67b)
(CCT 1065)

CF3

S

The reaction was carried out following general procedure 1.

Purification by column chromatography (SiO,, hexane/dieethylether = 1/0—9/1—19/1), colorless oil
(95 mg, 0.350 mmol, 17%).

The 'H-NMR data is in accordance with these reported in literature.'®

"H-NMR (CDCl;, 500 MHz): § = 1.36 (s, 12H, CH3), 7.49 (t, J=7.8 Hz, 1H, H,-5), 7.70 (d, J=7.8 Hz,
1H, H,-4), 7.99 (d, J/=7.5 Hz, 1H, H,-6), 8.08 (s, 1H, H,-2) ppm.

BC-NMR (CDCl;, 100 MHz): § = 24.9 (CH; (Bpin)), 84.3 (C-0), 124.8 (q, J“"=270 Hz, CF;), 127.8
(q, J"=3 Hz, Ci-2, Cyr-4), 130.1 (q, J=33 Hz, C,-3), 131.4 (Cy), 138.1 (C,,) ppm.

""B-NMR (CDCl;, 500MHz) ): § = 29.3 ppm.

YF.NMR (CDCl;, 500MHz) ): 6 = -62.7 ppm.

GC-MS retention time = 7.2 min
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13.1.1.5 ethyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (68c)
(CCT 1066)

The reaction was carried out following general procedure 1.

Purification by column chromatography (SiO,, hexane/dieethylether = 1/0—19/1—10/1), colorless oil
(265 mg, 0.962 mmol, 48%).

The 'H-NMR data is in accordance with these reported in literature.!'*”

"H-NMR (CDCls, 500 MHz): 6 = 1.29 (s, 12H, CH; (Bpin)), 1.34 (t, J=7.2 Hz, 3H,CH,- CH3), 4.32 (q,
J=1.2 Hz, 2H, CH,-CH;), 7.83 (d, J=8.2 Hz, 2H, H,-2, H,-6), 7.98 (d, J=8.2 Hz, 2H, H,-3, H,-5)
ppm.

BC-NMR (CDCl;, 100 MHz): 6 = 14.4 (CH,-CH3), 24.9 (CH; (Bpin)), 61.0 (CH,-CH;), 84.1 (C-O
(Bpin)), 128.6 (C,), 132.7 (Cy-4), 134.9 (C,), 166.6 (CO) ppm.

"B-NMR (CDCls, 500MHz) ): J = 29.3 ppm.

GC-MS retention time = 10.4 min

13.1.1.6 ethyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (67c¢)
(2144) o. 0o

&V
B,O

\
e

The reaction was carried out following general procedure 1.

Purification by column chromatography (SiO,, hexane/dieethylether = 1/0—49/1—19/1—10/1),
colorless oil (56 mg, 0.20 mmol, 10%).

The 'H-NMR data is in accordance with these reported in literature.'®

"H-NMR (CDCl;, 500 MHz): J = 1.35 (s, 12H, CH; (Bpin)),1.41 (t, J=7.2 Hz, 3H, CH,-CH), 4.38 (q,
J=7.2Hz, 2H, CH,-CH;), 7.44 (t, J=7.8 Hz, 1H, H,-5), 7.98 (d, J=7.5Hz, 1H, H,-6), 8.13 (d,
J=7.8 Hz, 1H, H,,-2), 8.46 (s, 1H, H,-2) ppm.

BC-NMR (CDCls, 100 MHz): 6 = 14.5 (CH,-CH3), 24.9 (CH; (Bpin)), 61.1 (C-O (Bpin)), 127.8 (Cy),
130.0 (C4-3), 132.1 (Cy), 135.8 (Cy), 139.2 (C,), 166.8 (CO) ppm.

""B-NMR (CDCl;, 500MHz) ): § = 30.6 ppm.

GC-MS retention time = 10.4 min
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13.1.1.7 4,4,5,5-tetramethyl-2-(p-tolyl)-1,3,2-dioxaborolane (68d)

(2136) ©

The reaction was carried out following general procedure L.

The 'H-NMR data is in accordance with these reported in literature.!'*”

"H-NMR (CDCls, 500 MHz): 6 = 1.38 (s, 12H, CH; (Bpin)), 2.41 (s, 3H, CH; (tol)), 7.24 (d, J=7.8 Hz,
2H, H,,-2, H,-6), 7.78 (d, J=7.8 Hz, 2H, H,,-3, H,,-5) ppm.

BC-NMR (CDCl;, 100 MHz): 6 = 21.9 (CH; (tol)), 25.0 (CH; (Bpin)), 83.7 (C-0), 128.7 (C,,), 134.9
(Car), 141.5 (Cyp-4) ppm.

"B-NMR (CDCls, 500MHz) ): J = 30.4 ppm.

GC-MS retention time = 8.1 min

13.1.1.8 4,4,5,5-tetramethyl-2-(m-tolyl)-1,3,2-dioxaborolane (67d)

B
\
e

The reaction was carried out following general procedure I.

The 'H-NMR data is in accordance with these reported in literature.'®

"H-NMR (CDCls, 400 MHz): 6 = 1.35 (s, 12H, CH; (Bpin)), 2.36 (s, 3H, CH; (tol)), 7.26-7.29 (m, 2H,
H,.-2, Ho-6), 7.61-7.65 (m, 2H, H,-4, H,-5) ppm.

13.1.1.9 2-(4-cyclohexylphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (68e)
(2138)

The reaction was carried out following general procedure 1.
Purification by column chromatography (SiO,, hexane/dieethylether = 1/0—24/1), colorless powder
(296 mg, 1.03 mmol, 52%).
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"H-NMR (CDCls, 500 MHz): 6 = 1.40 (s, 12H, CH3), 1.42-1.53 (m, 5H, CH,), 1.80-1.95 (m, 5H, CH,),
2.56-2.61 (m, 1H, CH), 7.31 (d, J=7.8 Hz, 2H, H,,-3, H,-5), 7.85 (d, J=7.8 Hz, 2H, H,-2, Har-6) ppm.
BC-NMR (CDCl;, 100 MHz): 6 = 25.0 (CH3), 26.4 (C-47), 27.0 (C-3", C-57), 34.5 (C-2", C*-6"), 45.0
(CH), 83.7 (C-0), 126.5 (Cy-3, Cor-5), 135.1 (Cor-2, Cy-6), 151.6 (C,-4) ppm.

"B-NMR (CDCls, 500MHz) ): J = 29.8 ppm.

GC-MS retention time = 11.5 min

13.1.1.10 2-(4-methoxyphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (68f)
(2146)

The reaction was carried out following general procedure I.

Purification by column chromatography (SiO,, hexane/dieethylether = 1/0—49/1—19/1—10/1),
colorless oil (302 mg, 1.29 mmol, 65%).

The 'H-NMR data is in accordance with these reported in literature.!®”

"H-NMR (CDCl;, 500 MHz): ¢ = 1.34 (s, 12H, CH;(Bpin)), 3.80 (s, 3H, OCH3), 6.91 (d, J=8.9 Hz,
H,-2, H,-6), 7.80 (d, /=8.9 Hz, H,-3, H,-5) ppm.

BC-NMR (CDCl;, 100 MHz): 6 = 25.0 (CHx(Bpin)), 55.0 (O-CHj), 83.6 (C-0), 113.4 (C,), 136.7
(Cu), 162.3 (C,-4) ppm.

"B-NMR (CDCls, 500MHz) ): J = 29.3 ppm.

GC-MS retention time = 9.1 min

13.1.1.11 2-(3-methoxyphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (67f)
(2142)

O/

Ol
572<

The reaction was carried out following general procedure 1.

Purification by column chromatography (SiO,, hexane/dieethylether = 1/0—49/1—19/1—10/1),

colorless oil (179 mg, 0.76 mmol, 38%).

The 'H-NMR data is in accordance with these reported in literature.!'®”
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"H-NMR (CDCls, 500 MHz): 6 = 1.36 (s, 12H, CH;(Bpin)), 3.84 (s, 3H, OCH3), 7.02 (dd, J=8.2,
2.7 Hz, 1H, H,,), 7.33 (t, J=7.5 Hz, 1H, H,,), 7.37 (d, J=2.4 Hz, 1H, H,,), 7.44 (d, J=7.2 Hz, H,,) ppm.
BC-NMR (CDCl;, 100 MHz): 6 =25.1 (CH5 (Bpin)), 55.3 (OCH;), 83.9 (C-0), 117.96 (C,,), 118.9
(Cap), 127.3 (Cy), 129.1 (Cyy), 159.2 (Cyi-3) ppm.

"B-NMR (CDCls, 500MHz) ): J = 30.4 ppm.

GC-MS retention time = 8.9 min

13.1.2 2-(4-chlorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (68g)

(2150)

The reaction was carried out following general procedure 1.
Purification by column chromatography (SiO,, hexane/dieethylether = 1/0—99/1—97/3—19/1),
colorless crystalline powder (180 mg, 0.54 mmol, 27%).

The 'H-NMR data is in accordance with these reported in literature."*"

"H-NMR (CDCl;, 500 MHz): J = 1.33 (s, 12H. CH3), 7.34 (d, J=8.2 Hz, 2H, H,-2, H,-6), 7.74 (d,
J=8.2 Hz, 2H, H,-3, H,-5) ppm.

BC-NMR (CDCl;, 100 MHz): 6 = 24.9 (CH3), 84.1 (C-0), 128.1 (C,), 136.3 (Cyy), 137.6 (Cy-4) ppm.
"B-NMR (CDCls, 500MHz) ): J = 30.5 ppm.

GC-MS retention time = 8.6 min

13.1.2.1 2-(3-chlorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (67g)
(2150) ¢

|%/o
Ve
The reaction was carried out following general procedure I.

Purification by column chromatography (SiO,, hexane/dieethylether = 1/0—99/1—-97/3—19/1),
colorless oil (60 mg, 0.18 mmol, 9%).

The 'H-NMR data is in accordance with these reported in literature.”
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"H-NMR (CDCls, 500 MHz): ¢ = 1.35 (s, 12H, CHy), 7.31 (t, J=7.8 Hz, 1H, H,,), 7.42 (d, J=7.8 Hz,
1H, H,,), 7.67 (d, J=7.5 Hz, 1H, H,,), 7.79 (s, 1H, H,,) ppm.

BC-NMR (CDCl;, 100 MHz): 6 = 24.9 (CH3), 84.2 (C-0), 129.2 (C,), 131.3 (C,,), 132.7 (Cy), 134.1
(Car-3), 134.6 (C,,) ppm.

"B-NMR (CDCls, 500MHz) ): J = 30.8 ppm.

GC-MS retention time = 8.6 min

13.1.3 Borylation Experiments

13.1.3.1 Borylation of C¢Dg
(2056)

D [IrCI(cod),], (3mol%) (23) D
D]@D io\ /oi ligand (6 mol%) D:@[D
+ /B*B\
D D o o 120°C, 14 h D Bpin
D D
73 66

74

In an argon filled glovebox a NMR-tube was charged with bispinacolatodiboron (66) (30 mg,
0.11 mmol), [IrCl(cod)], (23) (2.3 mg, 0.003 mmol, 0.03 equiv.) and the ligand (0.006 mmol,
0.06 equiv.); 4,4°-di-tert-butyl-2,2"-bipyridine (32) (1.8 mg) or (4S5,4°S)-4,4"-diisopropyl-4,4",5,5"-
tetrahydro-2,2"-bioxazole (5g) (1.5 mg). The components were dissolved in C¢Dg (1 mL, 11.2 mmol).
The reaction was carried out in the sealed NMR tube at 120°C for 14 h. After cooling down to room
temperature, ''B-NMR and 'H-NMR spectra were measured from the sealed tube. After these
measurements the NMR tube was opened and a small amount of the crude reaction mixture was taken

for GC analysis.

GC method: Carrier gas: Helium
Temperature (column): 80°C (hold 2.5 min), 80—280°C (rate 20°C/min)
Temperature (injection): 300°C
Column Flow: 1.0 mL/min
Split Ratio: 10% (initial), 100% (0.01 min—1.00 min), 40% (1.00—end)
Coloumn: Capillary Column (VF-5ms, 5% phenyl, 95%
dimethylpoysiloxane, 30 x 0.25 mm, D¢ = 0.25 pm, CP-8944)

Analytical data for Bpin,
"H-NMR (C¢Ds, 400 MHz): 5= 1.01
"B_-NMR (C¢Ds, 400MHz): 5= 30.4

GC.: retention time = 8.7 min
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Analytical data for 4-(pinacolatoboron)-benzene-ds
"H-NMR (C¢Ds, 400 MHz): 5= 1.11
"B_NMR (C¢Ds, 400MHz): 5= 30.2

GC.: retention time = 7.4 min

Results:
In both reactions almost full conversion of B,pin, (66) to PhBpin (74) was observed by 'H-NMR. The
identity of the product was confirmed by ''B-NMR and GC-MS.

13.1.3.2 Borylation of Monosubstituted Arenes Using [Ir(cod)Cl] (23) as Iridium Source
(GM 1058, 1060, 1064)
R [IrCl(cod)], (23) (3 mol%) R
ligand (6 mol%)
HBpin (75)
@ +  Bypiny (j\ +
80 °C, 12-14 h Bpin
Bpin

65 66 67 68

In an argon filled glove-box B,pin, (66) (50 mg, 19.7 mmol), HBpin (75) (1.51 mg, 6 mol%),
[IrCl(cod)], (23) (3.97 mg,3 mol%) and the ligand (6 mol%) were weighed/added into a NMR tube and
the liquid substrate was added (1 mL). Outside the glove box, the tube was flame-sealed and heated to
80 °C (oil bath) for 12-14 h. After cooling to room temperature an ''B-NMR spectrum was measured
from the sealed tube. Afterwards the tube was opened and the volatile compounds of the reaction
mixture were removed in high vacuum over night. The solid residue was dissolved in CDCl; and
filtered over a small amount of celite (fixed by cotton wool in a pipette). Subsequently, 'H-NMR
analysis of the filtrate was undertaken.

It was not possible to identify residual B,pin, in the ''B-NMR spectra, because its signal at 29.0 ppm
had approximately the same shift as these from the borylation productd 67 and 68.

HBpin (75) was in the ''B-NMR spectrum identified at 25.9 ppm.
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Results:
Entry R "H-NMR signalsused for analysis Ligand m(ligand) [mg] m:p - ratio HBpin
[ppm]
1 Me 7.61-7.64 (m, 2H, meta-Hy) dtbpy (32) 3.17 2.0:1.0 x
2 Me 7.71 (d, 2H, para-H,) "Pr-box (5b) 2.65 2.0:1.0 x
3 Me ‘Bu-box (5¢) 2.98 2.0:1.0 X
4 Me ***Bu-box (5d) 298 2.0:1.0 x
5 Me Ph-box (5g) 2.76 2.0:1.0 x
6 Cl 7.66 (d, 2H, para-H,;) dtbpy(32) 3.17 3.3:1.0 x
7 Cl 7.72 (d, 1H, meta-H,) "Pr-box (5b) 2.65 3.3:1.0 x
8 Cl ‘Bu-box (5¢) 2.98 3.6:1.0 x
9 Cl ***Bu-box (5d) 298 3.6:1.0 x
10 Cl Ph-box (5g) 2.76 3.0:1.0 x
11 CF; 7.90 (d, 2H, para-H,) dtbpy(32) 3.17 2.6:1.0 x
12 CF; 7.97 (d, 1H, meta-H,) "Pr-box (5b) 2.65 2.6:1.0 x
13 CF; ‘Bu-box (5¢) 298 2.7:1.0 x
14 CF; **“Bu-box (5d) 298 34:1.0 x
15 CF; Ph-box (5g) 2.76 22:1.0 x
13.1.3.3 Optimization of the Catalytic System
(3124, 3134)
CF.
CFs [Ir(cod)X], (3 mol%) CFs s
@ ligand (6 mol%) @\
+ Bopin, +
80°C,14h Bpin
Bpin
65b 66 67b 68b

In an argon filled glove-box B,pin, (66) (50.0 mg, 0.197 mmol), the iridium precursor (0.0059 mmol),

the ligand (0.0118 mmol) were added/weighed into a NMR tube. The solvent/substrate mixture was

added and the tube was flame-sealed. The tubes were heated to 80 °C for 14 h. After cooling to room

temperature, the tubes were opened and the content quantitatively transferred into a small flask and

1,2,3-trimethoxybenzene (80) (4.03 mg, 0.0234 mmol). The volatile compounds were removed under

high vacuum over night and the solid residue dissolved in CDCls. The solution was used for 'H-NMR

analysis.
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Applied Amounts:
[Ir] Ligand Amount [mg]
[Ir(cod)Cl], (23) 3.69
[Ir(cod)OMe], (79) 2.77
dtbpy (32) 3.17
H-box (5i) 1.65
"Bu-box (5g) 2.98

As solvent either 1.5 mL neat substrate (65) or 1.5 mL of a 1:2 mixture substrate (65):cyclohexane (78) (v/v) was

applied.

"H-NMR signals used for yield calculation:

Substance Relevant Chemical Shift [pm]

1,2,3-trimethoxybenzene (80) 6.09 (s, 3H, H,,)

m-CF;-Ph-Bpin (67b) 7.97 (d, 1H, Hy,)

p-CF;-Ph-Bpin (68b) 7.90 (d, 2H, H,,)
Entry Ligand X Solvent Yield [%] meta[%] para [%] m:p - ratio
1 dtbpy (32) Cl - 78 60 18 3.2:1.0
2 dtbpy (32) Cl CHex (78) 91 69 22 3.2:1.0
3 dtbpy (32) OMe - 76 57 19 3.2:1.0
4 dtbpy (32) OMe CHex (78) 47 36 11 3.3:1.0
5 H-box (5i) Cl CHex (78) 14 10 4 2.5:1.0
6 H-box (51) OMe - 72 51 21 2.5:1.0
7 H-box (5i) OMe CHex (78) 49 35 14 2.4:1.0
8 "Bu-box (5f) Cl CHex (78) 30 24 6 4.0:1.0
9 "Bu-box (5f OMe - 34 26 8 3.3:1.0
10 "Bu-box (5f OMe CHex (78) 34 26 8 3.3:1.0

13.1.3.4 Borylation of PhCFj; (65b) at 80 °C
(4058, 4060, 4062, 4064, 4066, 4068, 4090)

CF
CFs  [ir(cod)OMel,, ligand, CFs s
+
80°C, 14 h Bpin
Bpin
65b 67b 68b
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In an argon filled glove box, [Ir(cod)(OMe)l, (79) (2.77 mg, 0.0059 mmol, 3 mol% or 0.46 mg,
0.00069 mmol, 0.35 mol%), B,pin, (66) (50.0 mg, 0.197 mmol), and the ligand were into a NMR tube
and triflourotoluene (65b) (1.0 mL) was added. Outside the box, the tube was flame-sealed and heated
to 80 °C (oil bath) for 12-14 h. After cooling to room temperature, an ''B-NMR spectrum of the sealed
tube was measured. The tube was opened and quantitatively transferred into a small vial. The standard
n-dodecane was added, the mixture well mixed and subsequently filtered over celite (a small amount of
celite was fixed by cotton wool in a pipette) and a volume of 0.1 mL of the filtrate was used for GC
measurements (diluted with 0.9 mL hexane). The rest of the filtrate was transferred into a small flask
and the volatile compounds were removed under high vacuum over night. The resulting solid was

dissolved in CDCl; and a '"H-NMR spectrum was measured.

Results for box, pyrox, mepyrox and quinox ligands (4058, 4060, 4062, 4064, 4090): {:;;?_
Entry Ligand M (ligand) [mg] Cat.-loading [mol%] m:p-ratio Conv.[%] HBpin
1 'Pr-pyrox (10b) 2.25 3 30:1 100 }
2 Ph-pyrox (10g) 2.65 3 3.0:1¢ 100 )
3 "Bu-pyrox (10f) 2.98 3 38:1 100 )
4 Bn-pyrox (10h) 3.78 3 40:1 100 )
5 "Pr-mepyrox (19b) 241 3 2.7:1 100 )
6 Ph-mepyrox (19g) 2.82 3 2.8:1 100 )
7 "Bu-pyrox (19f) 2.58 3 3.8:1 100 )
8 Bn-pyrox (19h) 2.98 3 33:1 100 )
9 "Pr-quinox (20b) 2.84 3 43:1 100 i
11 "Pr-quinox (20b) 0.47 0.35 36:1° 100 i
12 Ph-quinox (20g) 3.24 3 26:1 100 )
13 "Bu-quinox (20h) 3.00 3 33:1 100 )
14 "Pr-box (5b) 2.65 3 37:1 100 )
15 Pr-box (5b) 0.44 0.35 38:1 87 %
16 Ph-box (5g) 3.45 3 2.1:1 100 %
17 ‘Bu-box (5¢) 2.98 3 31:1 94 %
18 ‘Bu-box (5e) 2.98 3 3.5:1 100 i
19 "Bu-box (5f) 2.98 3 3.0:1 100 %
20 Bn-box (5h) 3.78 3 32:1 100 )
21 H-box (51) 1.65 3 29:1 100 )
22 Me-box (5a) 1.98 3 34:1 100 %
23 ***Bu-box (5d) 2.98 3 33:1 99

“Low signal intensity. "' H.NMR shows impurities in the aromatic region.
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Results for further ligands (4066, 4068, 4090)(Cat.-loading was always 3 mol%):

Entry Ligand m(ligand) [mg] m:p - ratio Conv. [%] HBpin
1 3.16 3.0:1° 100 -
7 N
= N
32
dtbpy
2 e 2.02 33:1° 100 -
W
81
3 Ad 2.53 25:1 100 -
AW
82
4 HNJ<° 2.52 32.1 100 -
N )
—N N
83
5 ON 2.14 2.7:1° 100 -
7 N_(
=N N7
84
O, o]
6 C}NHN _(c. - 52 X
_ /-
'Pr-dichloride (85)
7 Ph-dichloride (86) 23:1° 59
8 "Bu-dichloride (87) 23:1° 54 X
9 @\( 20:1° 76
QO
PPh, r\}\g
Ph
Ph-phox (40)
10 o 3.1:1 100 -
%’N 0O
. /T
"Pr-pybox (36)
11 I 2.7:1 100 -
Lo~
42
12 Ph 2.7:1° 32 X
¢\
Ph 88
13 o o 24:1 90 X
0
Ph 89 Ph
14 32:1 100 -
7N \N/
pypyraz (41)
15 - - 17 -

*Low signal intensity. *’H.NMR shows impurities in the aromatic region.
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13.1.3.5 Borylation of PhCF3 (65b) at 70 °C

(4106)
[Ir(cod)OMel, (79) (0.35 mol%) CF3
CF3 ligand (0.5 mol%) CFs
B,pin, (66)
-
70°C, 14 h Bpin )
Bpin
65b 67b 68b

In an argon filled glove box, [Ir(cod)(OMe)], (79) (0.46 mg, 0.00069 mmol), B,pin, (66) (50.0 mg,
0.197 mmol), and the ligand (0.0099 mmol) were into a NMR tube and triflourotoluene (65b) (0.8 mL)
was added. Outside the box, the tube was flame-sealed and heated to 70 °C (oil bath) for 14 h. After
cooling, an ""B-NMR spectrum of the sealed tube was measured. The tube was opened and
quantitatively transferred into a small vial. The standard n-dodecane was added, the mixture well
mixed and subsequently filtered over celite (a small amount of celite was fixed by cotton wool in a
pipette) and a volume of 0.1 mL of the filtrate was used for GC measurements (diluted with 0.9 mL
hexane). The rest of the filtrate was transferred into a small flask and the volatile compounds were
removed under high vacuum over night. The resulting solid was dissolved in CDCl; and a 'H-NMR

spectrum was measured.

GC-FID
GC-FID method: Carrier gas: Nitrogen
Temperature (detector): 300 °C
Temperature (column): 100 °C (hold 20 min)
Temperature (injection): 270 °C
Column Flow: 1.0 mL/min
Split Ratio: 50%
Coloumn: Capillary Column Agilent J&W (CP-Sil 5 CB 30 m x 0.25 mm)
Retention times: 4.4 min (standard); 9.4 min (p-CF5-Ph); 9.6 min (m-CF;-Ph),

12.6 min (B,pin,)

Calibration (5051): product[%]=61.2 x [(Int. product)/(Int. standard)]
Calibration (4070): starting material[%]=70.85 x [(Int. starting material)/(Int. standard)]

'"H-NMR (peaks used for determination of m:p — ratio)

7.97 (d, 1H, H,,) / m-CF;-Ph-Bpin (67b)
7.90 (d, 2H, H,,) / p-CF;-Ph-Bpin (68b)
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"B-NMR
HBpin (75): 25.9 ppm.

Results and used amount of ligands:

Entry | Ligand M(ligand) [mg] met::l:p::lra-ratioh Conv. [%]¢ | Yield [%]¢ HBpind
1 "Bu-pyrox (10f) 0.36 33:1.0 100 87 -
2 "Bu-mepyrox (19f) | 0.43 2.8:1.0 100 87 -
3 "Bu-quinox (20f) 0.43 2.8:1.0 99 80 X
4 "Bu-box (5f) 0.50 26:1.0 84 28 X
5 Pr-box (5b) 0.44 27:1.0 79 34 X
6 Pr-quinox (20b) 0.47 27:1.0 100 86 -
7 Ph-box (5g) 0.58 20:1.0 90 42 X
8 *“Bu-box (5d) 0.43 29:1.0 96 52 X
9 H-box (5i) 0.28 25:1.0 100 33 X
10 Pr-pyrox (10b) 0.38 3.0:1.0 100 84 -
11 Pr-mepyrox (19b) 0.40 3.0:1.0 100 81 -
12 Pr-pybox (36) 0.59 23:1.0 100 79 x

13.1.3.6 Borylation of PhCF; (65b) at Room Temperature

(4118)

In an argon filled glove box, [Ir(cod)(OMe)], (79) (0.46 mg, 0.00069 mmol), B,pin, (66) (50.0 mg,
0.197 mmol), and the ligand (0.0099 mmol) were into a small reaction vial and triflourotoluene (65b)
(0.8 mL) was added. The reaction mixture was left stirring at room temperature for 14 h. Afterwards,
the standard n-dodecane was added, the mixture well mixed and transferred into a NMR tube without
loss of substance. An ''B-NMR was measured and subsequently the mixture was filtered over celite (a
small amount of celite was fixed by cotton wool in a pipette) and a volume of 0.1 mL of the filtrate was
used for GC measurements (diluted with 0.9 mL hexane). The rest of the filtrate was transferred into a
small flask and the volatile compounds were removed under high vacuum over night. The resulting

solid was dissolved in CDCl; and a '"H-NMR spectrum was measured.

65b

Analysis (see 13.1.3.5)
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Results and used amount of ligands:

Entry | Ligand M(ligand) [mg] met::l:p::lra-ratioh Conv. [%]¢ | Yield [%]¢ HBpind
1 "Bu-pyrox(10f) 0.36 3.5:1.0 90 31 -
2 iPr—pyrox (10b) | 0.38 3.5:1.0 99 45 -

13.1.3.7 Borylation of tert-butyl-benzene (65a)
(4116, SP 1002, 1004, 1010, 1012, 1022, 1024)

[Ir(cod)OMel], (79)

Bopin, (66)
ligand
> +
14h Bpin
Bpin
65s 67a 68a

In an argon filled glove box, [Ir(cod)(OMe)], (79), Bopin, (66) (50.0 mg, 0.197 mmol), and the ligand
were into a NMR tube and triflourotoluene (65a) (0.8 mL) was added. Outside the box, the tube was
flame-sealed and heated to 70 °C (oil bath) for 14 h. After cooling, an ''B-NMR spectrum of the sealed
tube was measured. The tube was opened and quantitatively transferred into a small vial. The standard
n-dodecane was added, the mixture well mixed and subsequently filtered over celite (a small amount of
celite was fixed by cotton wool in a pipette) and a volume of 0.1 mL of the filtrate was used for GC
measurements (diluted with 0.9 mL hexane). The rest of the filtrate was transferred into a small flask
and the volatile compounds were removed under high vacuum over night. The resulting solid was

dissolved in CDCl; and a '"H-NMR spectrum was measured.

Applied Amounts:
[Ir] Ligand m [mg] n [mmol]
[Ir(cod)OMe], (79) A 277 0.00407 (2.1 mol%)
B 0.46 0.00069 (0.35 mol%)
dibpy (32) A221 0.00820
B0.53 0.00200
"Bu-pyrox (10f) A 1.70 0.00820
B 0.40 0.00200
“Bu-mepyrox (19f) A 179 0.00820
B 0.44 0.00200
"Bu-quinox (Rf) A2.10 0.00820
B 051 0.00200
Bu-box (5f) A 2.06 0.00820
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B 0.49 0.00200
"Pr-box (Eb) A 184 0.00820
B 0.44 0.00200
‘Pr-quinox (20b) A 198 0.00820
B 0.47 0.00200
Ph-box (Sg) A2.42 0.00820
B 0.60 0.00200
H-box (5i) A233 0.00820
B 0.28 0.00200
“Bu-box (5d) A 0.49 0.00820
B 0.00200
"Pr-pyrox (10b) A 117 0.00820
B 0.36 0.00200
"Pr-mepyrox (19b) A 1.58 0.00820
B 0.40 0.00200
Pr-pybox (36) A 158 0.00820
B 0.60 0.00200
GC-FID
GC-FID method: Carrier gas: Nitrogen
Temperature (detector): 300 °C
Temperature (column): 100 °C (hold 20 min)
Temperature (injection): 270 °C
Column Flow: 1.0 mL/min
Split Ratio: 50%
Coloumn: Capillary Column Agilent J&W (CP-Sil 5 CB 30 m x 0.25 mm)
Retention times: 4.4 min (standard);

12.6 min (B,pin,)
Calibration (4070): starting material[%]=70.85 x [(Int. starting material)/(Int. standard)]
'"H-NMR (peaks used for determination of m:p — ratio)

7.91 (d, 1H, H,) / m- -Ph-Bpin (37a)
7.76 (d, 2H, Hy,) / p- tert-butyl-Ph-Bpin (38a)
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"B-NMR
HBpin (75): 25.9 ppm.

Results for Catalysis at 70 °C and 2.1 mol% [Ir] (Amounts A).

HBpin was dot detected.:

Entry Ligand M:p - ratio Conv. [%]
1 "Bu-pyrox (10f) 1.7:1.0 100
2 "Bu-mepyrox (19f)  0.6:1.0 55
3 "Bu-quinox (20f) 1.7:1.0 78
4 "Bu-box (5f) 1.2:1.0 49
5 ‘Pr-box (5b) 1.0:1.0 47
6 iPr—quinox (20b) 2.0:1.0 83
7 Ph-box (5g) 0.1:1.0 64
8 **“Bu-box (5d) - 98
9 H-box (5i) 0.5:1.0 40
10 "Pr-pyrox (10b) 1.5:1.0 100
11 Pr-mepyrox (19b)  0.1:1.0 63
12 Pr-pybox (36) 0.3:1.0 55
13 dtbpy (32) 1.4:1.0 100

Results for Catalysis at 60 °C and 2.1 mol% [Ir] (Amounts A).

HBpin was dot detected.:

Entry Ligand m:p - ratio conv. [%]
1 "Bu-pyrox (10f) 1.3:1.0 100

2 "Bu-mepyrox (19f) 2.0:1.0 100

3 "Bu-quinox (20f) 0.3:1.0 65

4 "Bu-box (5f) 0.7:1.0 85

5 Pr-box (5b) 0.7:1.0 43

6 "Pr-quinox (20b) 0.5:1.0 51

7 Ph-box (5g) 0.8:1.0 80

8 ***Bu-box (5d) 1.6:1.0 40

9 H-box (5i) 0.8:1.0 47
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10 "Pr-pyrox (10b) 0.4:.10 37
11 "Pr-mepyrox (19b) 0.8:1.0 62
12 Pr-pybox (36) 1.6:1.0 100
13 dtbpy (32) 1.0:1.0 33

Results for Catalysis at 60 °C and 0.35 mol% [Ir] (Amounts B).

HBpin was dot detected.:

Entry Ligand m:p - ratio Conv. [%]
1 dtbpy (32) 1.3:1.0 100
2 "Bu-pyrox (10f) 2.0:1.0 100
3 "Bu-mepyrox (Qf) 0.3:1.0 65
4 "Bu-quinox (Rf) 0.7:1.0 85
5 "Bu-box (Ef) 0.7:1.0 43
6 "Pr-box (5b) 0.5:1.0 51
7 "Pr-quinox (20b) 0.8:1.0 80
8 Ph-box (5g) 1.6:1.0 40
9 **“Bu-box (5d) 0.8:1.0 47
10 H-box (5i) 0.4:1.0 37
11 "Pr-pyrox (10b) 0.8:1.0 62
12 "Pr-pyrox (10b) 1.6:1.0 100
13 "Pr-pybox (36) 1.0:1.0 33
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13.1.3.8 Borylation of cyclohexylbenzene (65¢)
(SP 1006, 1008, 1022)

[Ir(cod)OMe], (79) (0.35mol%)
B,pin, (66)
ligand (1 mol%)

70 °C, 14h Bpin
Bpin
65e 67e 68e

In an argon filled glove box, [Ir(cod)(OMe)], (79), B,pin, (66) (50.0 mg, 0.197 mmol), and the ligand
were into a NMR tube and triflourotoluene (65e) (0.8 mL) was added. Outside the box, the tube was
flame-sealed and heated to 70 °C (oil bath) for 14 h. After cooling, an ''B-NMR spectrum of the sealed

tube was measured. The tube was opened and quantitatively transferred into a small vial. The standard

n-dodecane was added, the mixture well mixed and subsequently filtered over celite (a small amount of

celite was fixed by cotton wool in a pipette) and a volume of 0.1 mL of the filtrate was used for GC

measurements (diluted with 0.9 mL hexane). The rest of the filtrate was transferred into a small flask

and the volatile compounds were removed under high vacuum over night. The resulting solid was

dissolved in CDCl; and a '"H-NMR spectrum was measured.

GC-FID
GC-FID method: Carrier gas: Nitrogen
Temperature (detector): 300 °C
Temperature (column): 100 °C (hold 20 min)
Temperature (injection): 270 °C
Column Flow: 1.0 mL/min
Split Ratio: 50%
Coloumn: Capillary Column Agilent J&W (CP-Sil 5 CB 30 m x 0.25 mm)
Retention times: 4.4 min (standard);

12.6 min (B,pin,)

Calibration (4070): starting material[%]=70.85 x [(Int. starting material)/(Int. standard)]

'"H-NMR (peaks used for determination of m:p — ratio)
7.66 (d, 1H, H,,) / m- -Cy-Bpin (67e)
7.74 (d, 2H, H,,) / p -Cy-Ph-Bpin (68e)
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"B-NMR
HBpin (75): 25.9 ppm.

Results for Catalysis at 70 °C and 0.35 mol% [Ir] (Amounts B, see Fehler! Verweisquelle konnte
nicht gefunden werden.).

HBpin was dot detected.:

Entry Ligand "B-NMR[ppm] m/p - ratio Gonv. [%]
1 "Bu-pyrox (10f) 27.7,21.1 15:10 100
2 "Bu-mepyrox (19f) 27.6,20.9 - 36
3 "Bu-quinox (20f) 27.8,21.0 - 65
4 "Bu-box (5f) 277,209 14:10 32
5 Pr-box (5h) 21.0 - 51
6 Pr-quinox (20b) 27.8,21.1 8:10 45
7 Ph-box (5g) 21.1 - 76
8 ““Bu-box (5d) 21.1 - 89
9 H-box (i) 27.7 18:10 46
10 "Pr-pyrox (10b) 27.6,21.1 18:10 100
11 Pr-mepyrox (19b) 21.1 - 24
12 Pr-pybox (36) 27.8,21.8,21.1 - 27
13 dtbpy (32) 27.7 14:10 21

13.1.3.9 Borylation of anisol (65f) at Room Temperature
(SP 1028)

[Ir(cod)OMel; (79) (0.35mol%

)
OMe Bypin, (66) OMe OMe
ligand (1 mol%)
> +
60 °C, 14h Bpin
Bpin
65f 67f 68f

In an argon filled glove box, [Ir(cod)(OMe)], (79), Bopin, (66) (50.0 mg, 0.197 mmol), and the ligand
were into a NMR tube and anisol (65f) (0.8 mL) was added. Outside the box, the tube was flame-sealed
and heated to 70 °C (oil bath) for 14 h. After cooling, an ''B-NMR spectrum of the sealed tube was
measured. The tube was opened and quantitatively transferred into a small vial. The standard n-
dodecane was added, the mixture well mixed and subsequently filtered over celite (a small amount of

celite was fixed by cotton wool in a pipette) and a volume of 0.1 mL of the filtrate was used for GC
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measurements (diluted with 0.9 mL hexane). The rest of the filtrate was transferred into a small flask
and the volatile compounds were removed under high vacuum over night. The resulting solid was

dissolved in CDCl; and a '"H-NMR spectrum was measured.

GC-FID:
Method: carrier gas: Nj
temperature (detektor): 300 °C
temperature (column): 80 - 280 °C
temperature (injection): 270 °C
Column Flow: 1.0 mL/min
Split Ratio: 0—7 min — 40%, 7—15 min — aus
Coloumn: Capillary Column Agilent J&W (CP-Sil 8 CB 30 m x 0.25 mm)
Retention times: 3.28 min (staring material 65f); 4.86 min (standard dodecane);

7.46 min (m-product 67f); 7.61 min (p-product 68f).
Calibration (SP 1044): product[%]=6.51 x [(Int. product)/(Int. standard)]

"H-NMR (peaks used for determination of m:p — ratio)
7.40 (d, 1H, H,,) / m- -OMe-Bpin (67f)

7.76 (d, 2H, H,,) / p -OMe-Ph-Bpin (68f)

"'B-NMR

HBpin (75): 25.9 ppm.

Results for Catalysis at 60 °C and 0.35 mol% [Ir] (Amounts B, see Fehler! Verweisquelle konnte
nicht gefunden werden.).

HBpin was dot detected.:

m:p-ratio  m:p — ratio

Entry  Ligand ('H-NMR) ( GC-FID)

Conv. [%] Yield [%]

1 "Bu-pyrox (10f) 40:10 41:10 100 15
2 "Bu-mepyrox (19f) 35:10 39:10 93 8
3 "Bu-quinox (20f) 37:10 40:10 56 5
4 iPr-quinox (20b) 40:10 43:10 100 11
5 H-box (51) 40:10 40:10 77 5
6 dtbpy (32) 32:10 37:10 81 10
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13.1.3.10 Borylation of ethylbenzoate (65c) at Room Temperature
(1030)

o [Ir(cod)OMe], (79) (0.35mol%)

OEt
B,pin, (66)
ligand (1 mol%)
60 °C, 14h Bpm

Bpin

65¢c

In an argon filled glove box, [Ir(cod)(OMe)], (79), Bypin, (66) (50.0 mg, 0.197 mmol), and the ligand
were into a NMR tube and ethyl benzoate (65c¢) (0.8 mL) was added. Outside the box, the tube was
flame-sealed and heated to 70 °C (oil bath) for 14 h. After cooling, an ''B-NMR spectrum of the sealed
tube was measured. The tube was opened and quantitatively transferred into a small vial. The standard
n-dodecane was added, the mixture well mixed and subsequently filtered over celite (a small amount of
celite was fixed by cotton wool in a pipette) and a volume of 0.1 mL of the filtrate was used for GC
measurements (diluted with 0.9 mL hexane). The rest of the filtrate was transferred into a small flask
and the volatile compounds were removed under high vacuum over night. The resulting solid was

dissolved in CDCl; and a '"H-NMR spectrum was measured.

GC-FID:
Method: carrier gas: Nj
temperature (detektor): 300 °C
temperature (column): 80 - 280 °C
temperature (injection): 270 °C
Column Flow: 1.0 mL/min
Split Ratio: 0—7 min — 40%, 7-15 min — aus
Coloumn: Capillary Column Agilent J&W (CP-Sil 8 CB 30 m x 0.25 mm)
Retention times: 4.78 min (starting material 65¢); 4.86 min (standard dodecane);

8.84 min (m-product 67¢); 8.97 min (p-product 68c).
Calibration (SP 1046): product[%]=6.99 x [(Int. product)/(Int. standard)]
'"H-NMR (peaks used for determination of m:p — ratio)
8.44 (s, 1H, H,,) / m- -COOEt-Bpin (67¢)
7.85 (d, 2H, H,,) / p -COOEt-Ph-Bpin (68c)
""B-NMR

HBpin (75): 25.9 ppm.
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Results for Catalysis at 60 °C and 0.35 mol% [Ir] (Amounts B, see Fehler! Verweisquelle konnte

nicht gefunden werden.).

HBpin was dot detected.:

Entry Ligand

m:p-ratio m:p — ratio

(H-NMR) (GC-FIp)  Conv-[%]  Yield [%]

1 "Bu-pyrox (10f) 14:10 14:10 100 11
2 "Bu-mepyrox (19f) 13:10 14:10 33 8
3 "Bu-quinox (20f) 12:10 13:10 100 6
4 iPr-quinox (20b) 16:10 17:10 100 7
5 H-box (5i) 13:10 13:10 100 6
6 dtbpy (32) 13:10 13:10 100 10

13.2 Aliphatic Borylation

13.2.1 Borylation of n-Octane (98)

GC-MS
GC-MS method:

Coloumn:

GC-FID
GC-MS method:

Coloumn:

Carrier gas: Helium

Temperature (column): 80°C (hold 2.5 min), 80—280°C (rate 20°C/min)
Temperature (injection): 300°C

Column Flow: 1.0 mL/min

Split Ratio: 10% (initial), 100% (0.01 min—1.00 min), 40% (1.00—end)

Capillary Column (VF-5ms, 5% phenyl, 95%
dimethylpolysiloxane, 30 x 0.25 mm, D¢ = 0.25 um, CP-8944)

Carrier gas: Nitrogen

Temperature (detector): 300 °C

Temperature (column): 80 - 280 °C

Temperature (injection): 270 °C

Column Flow: 1.0 mL/min

Split Ratio: 0—7 min — 40%, 7—15 min — off

Capillary Column Agilent J&W (CP-Sil 8 CB 30 m x 0.25 mm)
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13.2.1.1 Preparation of Reference Compound n-Octyl picanolato borane (97)
(2134)

P HBpin, [Rh], THF /\/\/\(\‘%/O
H O
97

95

In a glove box a vial was equipped with 1-octene (95) (30 mg, 0.26 mmol), pinacolborane (75) (30 mg,
0.24 mmol) and [Rh(CI)(PPh;);] (96) (5 mg, 0.005 mmol). The reaction mixture was stirred for 3 hours
at room temperature.

A GC-MS sample of 0.1 mL was taken from the crude reaction mixture and diluted in 0.9 mL hexane.

GC-MS retention time:7.98 min (m/z= 225 [M-(CH3.)]+)

13.2.1.2 Borylation of n-Octane
(GM 1068)

/\/\/\/

B,pin,, HBpin, [Ir], L /\/\/\/\B,O
(57{<

98 97

In a glove-box bispinacolatodiborane (66) (50 mg, 0.20 mmol), [Ir(Cl)cod], (23) (3.9 mg, 0.059 mmol)
and 0.012 mmol of the ligand were suspended in 1.0 mL of a solution of pinacolborane (x75) in dry n-
octane (0.12M). The suspension was given into an NMR-tube which was flame-sealed outside the

glove box. The mixture was heated up to 130 °C (oil-bath temperature) over night.

GC-MS analysis
0.1 mL of the filtered reaction mixture (over Silica gel) diluted in approx. 0.9 mL of hexane.

At tg=7.98-7.99 min two substances were detected:

Substance §J§< >\</\ Q 9J§<
SN0 _B__.B

O0"No o
97 929
5 308
Detected as BT 0-BrgBag’*
m/z 225 255

NMR Analysis

'"B-NMR spectra were taken from the sealed reaction tube after the reaction was finished.
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Results

Ligand 97 99 # Further Signals  ''B-NMR signals [ppm]
Phen (38) () x 10 33.6, 20.5

Pr-box (5b) () x 10 33.2,20.5

Ph-box (5g) () x 6 33.6,29.0,22.0
Bn-box (5h) x x 3 33.6, 30.2, 20.5
“*Bu-box (5d) () x 2 33.4,20.5

‘Bu-box (5e) () x 10 33.0, 21.6

‘Bu-box (5¢) x x 2 33.0,21.4

"Bu-box (5f) x x 8 33.0,30.0,21.4

13.2.1.3 Borylation of n-Decane (100)

(SP 1026)
[Ir(cod)OMell, (79) (3 mol%)
ligand (6 mol%) o
io\ 0 HBpin (75) (3mol%) ;
R BB eSS B
©c 0 110°C, 14 h
100 66 101

Under an argon atmosphere [Ir(cod)OMe], (79) (3.0 mg, 4.07 umol), B,pin, 2 (50 mg, 0.19 mmol) and
the corresponding ligand (8.26 pmol) were into a NMR tube. The subtrate n-decane (100) (0.8 mL),
which served as solvent at the same time, was added and the tube was flame sealed. The reaction
mixture was heated to 110 °C (oil bath temperature) for 14 h. After cooling to room temperature the
tube was opened and the standard n-dodecane (50 pL) was added. The reaction mixture was filtered
over a small amount celite (fixed in a pipette with cotton wool) without flushing the celite with solvent.
An amount of 0.1 mL was taken and diluted with 0.9 mL of n-hexane. This mixture was used for GC-
analysis. The residue of the filtrate was transferred into a small flask and the volatile compounds were

removed under high vacuum overnight. The resulting solid was stored at -20 °C for further analysis.

GC-MS analysis

Detected compound:

o

| +
eSS B

tg= 13.05 min
m/z= 253
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GC-FID analysis
tr(101)=7.75 min

calibration (SP 1038): product % = 52.922 x (Integral-product)/(integral-standard)

Results

Entry Ligand mg (Ligand) | GC-MS (tg=13.05 min) [ Conv. (GC-FID) [%] | Yield (CG-FID) [%]

1 Pr-box (5b) 2.83 x 87 >1

2 Pr-quinox (20b) 3.02 x 92 >1

3 Pr-pyrox (10b) 2.40 % 99 >1

4 Pr-mepyrox (19b) 2.54 % 99 >1

5 Pr-pybox (36) 3.80 x 77 >1

6 TMphen (39) 2.98 X 84 3
(SP1048)

13.2.1.4 Control experiments for the borylation of n-decane (100)

Reaction without iridium

100

3 moﬂ% [Ir(cogﬁfOMe]z IdB)

Bopin; (66)

6.4 mol% 'Pr-quinox (20b)

110 °C, 14h

NWBpin

101

Under an argon atmosphere B,pin, (66) (50+0.2 mg, 0.19 mmol) and the ligand ‘Pr-quinox (20b))
(1.96 umol) were given into a NMR tube. n-Decane (100) (0.8 mL, 4.10 mmol) was added and the tube

was flame sealed. The reaction mixture was heated to 110 °C (oil bath temperature) for 14 h. After

cooling to room temperature the tube was opened and the standard n-dodecane (50 uL) was added. The

reaction mixture was filtered over a small amount celite (fixed in a pipette with cotton wool) without

flushing the celite with solvent. An amount of 0.1 mL was taken and diluted with 0.9 mL of n-hexane.

This mixture was used for GC-analysis. The residue of the filtrate was transferred into a small flask and

the volatile compounds were removed under high vacuum over night. The resulting solid was dissolved

in CDCl; and used for proton-NMR-analysis. 'H-NMR analysis failed due to too many overlapping

signals.
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"B (160 MHz): 5=31.5 (B,piny), 22.8 ppm.

GC-MS: no product
tr= 11.09 min; m/z= 239 ((Bpiny)-"CH3)"
HRMS (+ESI): m/z (%) = 293.1509 (100) [(B,pina)+K]" (calc. 293.1492).

Reaction without n-decane

3 mol% [Ir(cod)OMe], (79)
B,pin, (66)
6.4 mol% 'Pr-quinox (20b)
/7{4/\%\/%/ > 7

110 °C, 14h, Cyclohexan

100

Under an argon atmosphere B,pin, (66) (50+0.2 mg, 0.19 mmol) and the ligand ‘Pr-quinox (20b))
(1.96 umol) were to a NMR tube. The solvent cyclohexane (0.8 mL) was added and the tube was flame
sealed. The reaction mixture was heated to 110 °C (oil bath temperature) for 14 h. After cooling to
room temperature the tube was opened and the standard n-dodecane (50 uL) was added. The reaction
mixture was filtered over a small amount celite (fixed in a pipette with cotton wool) without flushing
the celite with solvent. An amount of 0.1 mL was taken and diluted with 0.9 mL of n-hexane. This
mixture was used for GC-analysis. The residue of the filtrate was transferred in a small flask and the
volatile compounds were removed under high vacuum over night. The resulting solid was dissolved in
CDCl; and used for proton-NMR-analysis. 'H-NMR analysis failed due to too many overlapping

signals.
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NMR: "'B (160 MHz): 5=26.7 (HBpin), 20.7, 19.7 ppm.

oA

T T T R T VR TR R T TR TS

w

TR

0

GC-MS:

tr: 8.27 min

m/z =212

/\/\/\I?/o
O—

m/z =197

Alkyl fragments m/z = 43 (C3H;), 57 (C4Hyy), 85 (CeHi4)

Hpectrum 14
BF: 5.0 (1015=100%), 10d4dc  11-15-3013 sw S0-130_rate]0 -380_rate>0 1-03-15 p 2.274 min. Scan: S14, I5:470, lon: 14385 uz, BIC: 18344, BC
I~ a1= S50 _
100%— 1903 1gis =831 -
E o977 -
] s7.2 -
] ==z =13 -
4 == e} -
] 1za.8 -
7% TES =
] ss)1 ah o -
] = = 12F.8 -
] g31 S :
] 198.8 B
] S54a z
| g=.0 z
S0%e—| —
] 7= 1010 -
d 430 -
] g3.0 E.8 -
b 03 B0 -
] = -
1=
25% = Ea ‘5“_25;9 e -
4 L -
B 5.z 1E8.8 1368 =11.5 -
] =t a1 =7 124 1288 1528 oo 132 132 -
] o = 100 110 ,‘ -
o] ” ‘ | III‘ LU |I L ||||" | I || L ||J | |II||| ||III J| | | i -
=) 1dha 180 =bo =Ep 360
tr: 13.73 min
\)_P 3
O
o. O fo) /
% P P N
B B B
/\/\)\B/O O— OB
T O
(0] m/z =197
m/z = 323 m/z =223
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Alkyl fragments m/z = 43 (C;H7), 57 (C4Hyy), 85 (C¢Hy4)

Spectrum 1.4

BPE: 1535.2 (163 7= 100%). 1044c  11-13-2013 sw 80-130_yrate 10 -Z80_rate=0 13.726 min. Scan: 858 25:470. lon: 10520 us. RIC: 24555, BC
J 1852
100 56— 1§37 —
TS B3.1 | I, ]
mse 1{=0 237.0
1050
0% ]
2Z2£.0
S§3
7 223.
ZS'M.—_ 265 —
' azha =
07
-
264 azze
187 dﬂ =1
— N . el ]
140 zda ELT ato

HRMS (+ESI): m/z (%) = 361.2693 (90) [(C¢H 2)(Bpin),+Na]* calc. 361.2697, 487.3554
(100) [(C¢H11)(Bpin)s+Na]" calc. 487.3550.

13.3 (Hydrido)silyl Ether Directed y-C-H Activation

13.3.1 (Hydrido)silyl ethers

13.3.1.1 General procedure J for the formation of (hydrido)silyl ethers 103 and 107 from
ketones 102 or alcohols 106

1/2 [Ir(cod)OMel, (79)

OH i iHE
R! 0 Et,SiH, (110) (1.2 equiv.) , o~ SHEL o SHEL
RZ\J\R?’ 4J\ 5 R J\
R R : R2 R3 R4 R5
102 106 THF, rt. 103 107

Inside an argon filled glove-box, the substrate was dissolved in THF. Another solution of
[Ir(cod)(OMe)], (79) in THF was prepared and both solutions were combined in a small reaction vial.
Diethylsilane (110) was added. The vial was equipped with a Teflon coated stirring bar and the
reaction was stirred at room temperature. In case of the alcohol substrate pressure release from time to
time was very important due to the formed hydrogen gas. The reaction progress was monitored by
GC-MS. After the reaction had finished, the volatile components were evaporated in vacuum for 2-4 h.
Reaction mixtures of very low molecular weight substrates were cooled down to —78°C (dry

ice/ethanol) before the volatiles were removed.
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13.3.1.2 diethyl(tert-pentyloxy)silane (103c)
(SP 1050, 1064)
1
1
)2
7 0-SiH 3

4

765

The reaction was carried out following general procedure J.

tert-amyl alcohol (102¢) 0.54 mL, 5.0 mmol

Et,SiH, (110) (0.77 mL, 6.0 mmol)

[Ir(cod)(OMe)], (79) (1.33 mg, 0.002 mmol)

THF (5.0 mL)

Time: 89 h

Product: Colourless oil (350 mg, 2.01 mmol, 97%) (cooled down for purification)

NMR: 'H (500 MHz, CD,Cl,): 5 = 4.53 (quin, 0.8H, Hs, J = 2.38 Hz), 1.50 (q, 2H, Hs, J = 7.83 Hz),
1.21 (s, 6H, Hy), 0.97 (t, 6H, H,, J = 7.83 Hz), 0.89 (t, 3H, H,, J = 7.83 Hz), 0.61 (dq, 4H, H,, J = 7.83,
2.38 Hz) ppm. Using COSY and HMQC.

BC (126 MHz, CD,Cl,):5=74.5 (Cs), 37.2 (Cs), 28.9 (C5), 8.9 (C4), 7.2 (Cy), 7.0 (C,) ppm.

GC-MS

Coloumn:Capillary Column (VF-5ms, 5% phenyl, 95% dimethylpoysiloxane, 30 x 0.25 mm,
D¢=0.25 pm, CP-8944).

Method:carrier gas: N, , temperature (detektor): 300 °C / temperature (column): 80 - 280 °C /
temperature (injection): 300 °C / Column Flow: 1.0 mL/min / split ratio: 10 - initial, 0.01 - 100, 1.00 -
40

tg= 4.13 min[m/z (%) = 174 [M]" (0.1), 159 [M-CH;]* (20), 145 [M-C,H¢]* (100), 103 [M-CsH,;,]*
(35), 71 [M-OSiEt,H]" (30)].

13.3.1.3 ((3,7-dimethyloctan-3-yl)oxy)diethylsilane (103b)
(SP 1056, 1066, AE 1072, 1076, 1116)

2
1"

2 1

)\/\3>OK—jH1O
1
3 9

4°678

The reaction was carried out following general procedure J.
tetrahydrolanilool (102b) (2010 mg, 12.68 mmol)

Et,SiH, (110) 1340 mg, 15.2 mmol)

[Ir(cod)(OMe)], (79) 84 mg, 0.127 mmol

THF (0.4 mL)

Time: 12 h
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Product: Colourless oil as mixture with THF (3.10 g/10.1 mL, 88.1% product as determined by
'H-NMR — 100% yield)

NMR: 'H (500 MHz, CD,Cl,):6 = 4.57 (quin, 1H, Hy, J = 2.38 Hz), 1.61 - 1.50 (m, 3H, Hg+ Hs, J =
7.83, 6.81 Hz), 1.47 -1.43 (m, 2H, Hg), 1.36 - 1.29 (m, 2H, Hs), 1.20 - 1.15 (m, SH, H4 + H;3), 0.98 (t,
6H, Hy,, J = 7.83 Hz), 0.91 - 0.86 (m, 9H, H;+H,, J = 7.83, 6.81 Hz), 0.63 (dq, 4H, H,;, J = 7.83,
2.38 Hz) ppm. Using COSY and HMQC.

BC (126 MHz, CD,Cl,):5 = 76.8 (Cy), 42.2 (Cs), 40.3 (C3), 34.9 (C;), 28.9 (Cy), 26.7 (Cy), 23.0 (C)),
22.4 (Cy), 8.9 (Cs), 7.5 (Cy2), 7.2 (Cyy) ppm

GC-MS

Coloumn:Capillary Column (VF-5ms, 5% phenyl, 95% dimethylpoysiloxane, 30 x 0.25 mm,
D¢=0.25 pm, CP-8944).

Method:carrier gas: N, , temperature (detektor): 300 °C / temperature (column): 80 - 280 °C /
temperature (injection): 300 °C / Column Flow: 1.0 mL/min / split ratio: 10 - initial, 0.01 - 100, 1.00 -
40

tg= 10.52 min [m/z (%) = 243 [M-H]" (10), 215 [M-C,H;s]" (92), 159 [M-C¢H;5]" (100)].

GC-FID

Coloumn: Capillary Column Agilent J&W (CP-Sil 8 CB 30 m x 0.25 mm)

Method: carrier gas: N, , temperature (detektor): 300 °C / temperature (column): 80 - 280 °C /
temperature (injection): 270 °C / Column Flow: 1.0 mL/min / Split Ratio: 0—7 min — 40%, 7—15 min
— off.

tr=5.99 min.

13.3.1.4 diethyl((2-methylheptan-3-yl)oxy)silane (103b)
(SP 1060, 1068, AE 1078, 1138, 1158, 1160)

(

O-Si

1
3H 2
10
9876 4

5

The reaction was carried out following general procedure J.
2-methylheptan-3-on(102b) (326 mg, 2.55 mmol)

Et,SiH, (110) (269 mg, 3.05 mmol)

[Ir(cod)(OMe)], (79) (1.69 mg, 0.0025 mmol)

THF (5 mL)

Time: 12 h

Product: Colourless oil as mixture with THF (80% yield; determined by '"H-NMR)
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NMR: 'H (500 MHz, CD,Cl,):5 = 4.42 (quin, 0.8H, H;, J = 2.38 Hz), 3.43 (dt, 1H, He, J = 6.81, 4.77
Hz), 2.57 (hept, 4H, Hy+Hgqy, J = 6.81 Hz), 2.41 (t, 10H, H;4+Hgq, J = 7.49 Hz), 1.72 (dsex, 1H, J =
4.42,2.28 Hz), 1.50 (quin, 10H, Hg+Hgq J = 7.49 Hz), 1.43 -1.36 (m, 2H, H,), 1.28 (sext, 10H, Ho+Hpg,,
J =7.49 Hz), 1.04 (d, 30H, Hs+Hgq4, J = 6.81 Hz), 0.97 (t, 6H, H;, J =7.81 Hz), 0.91 - 0.84 (t,dd, 21H,
H,o+Hg4+H,, J = 10.9, 7.49, 6.81 Hz), 0.67 - 0.62 (m, 4H, H,) ppm.

BC (126 MHz, CD,Cl,): 5= 214.7 (Cgy), 79.4 (Ce), 41.1 (Cy), 40.4 (C;), 33.7 (C,), 33.5 (C,), 28.4 (C,),
26.3 (Cgq), 23.4 (Cy), 22.9 (Cgy), 18.8 (Cy), 18.5 (Cgy), 17.7 (Cy), 14.3 (Cy), 14.1 (Cgy), 7.0 (Cy), 6.9
(Cya), 6.1 (C2), 6.0 (Crg) ppm.

MS (GC):

Coloumn:Capillary Column (VF-5ms, 5% phenyl, 95% dimethylpoysiloxane, 30 x 0.25 mm,
D¢=0.25 pm, CP-8944).

Method:carrier gas: N, , temperature (detektor): 300 °C / temperature (column): 80 - 280 °C /
temperature (injection): 300 °C / Column Flow: 1.0 mL/min / split ratio: 10 - initial, 0.01 - 100, 1.00 -
40

tg= 8.20 min [m/z (%) = 215 [M-H]" (10), 173 [M-C,H;s]" (100), 159 [M-C,Ho]" (10)].

FID (GO):

Coloumn: Capillary Column Agilent J&W (CP-Sil 8§ CB 30 m x 0.25 mm)

Method: carrier gas: N, , temperature (detektor): 300 °C / temperature (column): 80 - 280 °C /
temperature (injection): 270 °C / Column Flow: 1.0 mL/min / Split Ratio: 0—7 min — 40%, 7—15 min
— off.

tg= 5.02 min.

13.3.1.5 diethyl(pentan-3-yloxy)silane (107b)
(AE 1122, 1136)

_SIHEt
o >R

\)\/

The reaction was carried out following general procedure J.

Pentane-3-one (106b) (1.50 g, 17.41 mmol)

Et,SiH, (110) (1.85 g, 20.90 mmol)

[Ir(cod)(OMe)], (79) (57.8 mg, 87.07 umol)

THF (2 ml)

Time: 12 h

Product: The product was identified by "H-NMR spectroscopy. It was obtained as mixture with the

corresponding di-alkoxysilane.
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NMR: 'H (500 MHz, CD,Cl,): 5= 0.62-0.71 (m, 4H, Si-ethyl-CH,), 0.85-0.93 (m, 6H, Si-ethyl-CH3),
0.97-1.05 (m, ethyl-CHs;), 1.25-1.48 (m, 4H, ethyl-CH,), 3.44-3.49 (1H, SiH), 4.47-4.51 (m, 1H, CH)
ppm.

Side product:

GC-MS:

Coloumn: Capillary Column (VF-5ms, 5% phenyl, 95% dimethylpoysiloxane, 30 x 0.25 mm,
Df = 0.25 um, CP-8944).

Method: carrier gas: N2 / temperature (detektor): 300 °C / temperature (column): 80 - 280 °C /
temperature (injection): 300 °C / Column Flow: 1.0 mL/min / split ratio: 10 - initial, 0.01 - 100, 1.00 -
40

tg= 4.66 min [m/z (%) = 245 [M-CH;]" (16), 173 [M-CsH,,0]" (7), 145 [M-C;H,c0]" (100), 117 [M-
CoH, 0 (19)]".

13.3.1.6 ((2,4-dimethylpentan-3-yl)oxy)diethylsilane (107d)
(AE 1098)

_SIHEt
o >R

Y

The reaction was carried out following general procedure J.

2,4-dimethyl-pentane-3-one (106d) (1.80 g, 15.76 mmol)

Et,SiH, (110)(1.56 g, 17.62 mmol)

[Ir(cod)(OMe)], (79) (42.7 mg, 62.42 umol)

THF (1 ml)

Time: 12 h

Product: Colorless solution in THF. The concentration was determined by 'H-NMR spectroscopy
(6.59 g solution, c=106.27 g/mol; nproque=15.8 mmol, 98%)

NMR: 'H (500 MHz, THF-d8):5 = 0.66-0.73 (m, 4H, ethyl-CH,), 0.89 (dd, J= 5.2, 6.4 Hz, 'Pr-CH3),
0.97-1.04 (m, 8H, 'Pr-CH, ethyl-CH3), 3.14 (t, J= 5.5 Hz, SiH), 4.52-4.54 (m, 1H, CHOSi) ppm.

13.3.1.7 (benzhydryloxy)diethylsilane (107e)
(AE 1120)

The reaction was carried out following general procedure J.
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Benzophenone (106e) (2.20 g, 12.07 mmol)

Et,SiH, (110) (1.29 g, 14.67 mmol)

[Ir(cod)(OMe)], (79) (80.6 mg, 121.59 umol)

Ligand

THF (1 ml)

Time: 12 h

Product: Colorless solution in THF. The concentration was determined by 'H-NMR spectroscopy
(5.089 g solution; Nyoquc=38.7 mmol, 96%)

NMR: 'H (500 MHz, THF-d8):0 = 0.61-0.72 (m, 4H, ethyl-CH,), 0.92-0.99 (m, 6H, ethyl-CHj),
4.54-4.57 (m, 1H, SiH), 5.85-5.88 (m, 1H, CH), 7.16-7.22 (m, 2H, Har), 7.25-7.30 (m, 4H, Har),
7.37-7.42 (m, 4H, Har) ppm.

13.3.2 Oxasilolanes

GC-MS:

13.3.2.1 General procedure K for the formation of oxasilolanes 104 and 108

[Ir(cod)(OMe)], (79)

ligand
N O,SiHEt2 nbe (112) R 0-SiEt,
R3 RS
103 104
107 (R2=H) 108 (R*=H)

In an argon filled glove-box, the substrate (1.0 equiv.), norbornene (112), [Ir(cod)(OMe)], (79) and the
ligand were given into a small reaction vial and dissolved into THF. The vial was equipped with a
teflon coated stirring bar and closed with a Teflon sealed screwing cap. The reaction mixture was
stirred at room temperature for 4 h and subsequently heated in an aluminum block. After the reaction
had finished, n-dodecane (50 pL) was added as GC standard and a small amount of the original
reaction mixture was used for GC analysis. Alternatively the crude mixture was worked up under
normal air. Therefore the volume of the reaction mixture was first reduced under high vacuum to
remove nbe (112) and THF. Subsequently, a kugelrohrdistillation was performed to obtain the pure
product.
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13.3.2.2 2,2-diethyl-5-methyl-5-(4-methylpentyl)-1,2-oxasilolane (104b)
(SP 1058)

The reaction was carried out following general procedure K.

Conditions A

((3,7-dimethyloctan-3-yl)oxy)diethylsilane (103b) (172 mg, 1.00 mmol)
norbornene (112) (113 mg, 1.20 mmol)

[Ir(dod)(OMe)], (79) (3.3 mg, 0.0050 mmol)

ligand (0.00125 mmol)

Conditions B

((3,7-dimethyloctan-3-yl)oxy)diethylsilane (103b) (0.306 g, 1.25 mmol)
norbornene (112) (113 mg, 1.20 mmol)

[Ir(cod)(OMe)], (79) (50.04 mg, 76.03 umol)

ligand (156.57 pmol)

Time: 48 h
Temperature: 80 °C
Work-up: Kugelrohrdistillation

Product: Colorless oil

Results
Entry Ligand Conditions m(Ligand) [mg] Yield [%]
1 TM-phen (39) B 37.0 95
2 H-box (5i) A 1.75 29
3 Pr-pyrox (10b) A 2.38 14
GC-MS:

Coloumn: Capillary Column (VF-5ms, 5% phenyl, 95% dimethylpoysiloxane, 30 x 0.25 mm,

Df = 0.25 um, CP-8944).

Method: carrier gas: N2 / temperature (detector): 300 °C / temperature (column): 80-130 °C (10 °/min),
130-280 °C (20 °/min) / temperature (injection): 300 °C / Column Flow: 1.0 mL/min / split ratio: 10 -

initial, 0.01 - 100, 1.00 - 40

tg= 11.28 min [m/z (%) = 227 [M-CHs]" (6), 185 [M-C,H,0]" (4) 157 [M-CsH ;501"

(100)]
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13.3.2.3 2,2-diethyl-5,5-dimethyl-1,2-oxasilolane (104c¢)
(SP 1054)

O-SiEt,

The reaction was carried out following general procedure K.
((3,7-dimethyloctan-3-yl)oxy)diethylsilane (103c) (172 mg, 1.00 mmol)
norbornene (112) (113 mg, 1.20 mmol)

[Ir(cod)(OMe)], (79) (3.3 mg, 0.0050 mmol)

Ligand (0.00125 mmol)

THF (1.6 mL)

Time: 48 h

Temperature: 80 °C

Work-up: Kugelrohrdistillation

Product: Colorless oil

Results
Entry Ligand m(Ligand) [mg] Yield [ %]
1 TMphen (39) 2.95 12
2 H-box (51) 1.75 25

(No analytical data available)

13.3.2.4 1,1-diethyl-3-phenyl-1,3-dihydrobenzo[c][1,2]oxasilole (108e)
(AE 1140, 1150)

O-SiEt, O o O
~s7©
ves

side product

The reaction was carried out following general procedure K.
(benzhydryloxy)diethylsilane (107e) (314 mg, 1.16 mmol)
norbornene (112) (131 mg, 1.39 mmol)

[Ir(cod)(OMe)], (79) (7.69 mg, 0.0116 mmol)

TMphen (39) (6.03 mg, 0.0255 mmol)

THF (0.2 mL)
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Time: 48 h

Temperature: 80 °C

Work-up: Kugelrohrdistillation (hv, 280 °C, two receiving flasks cooled with ice (fraction 1) and dry
ice (fraction 2), product was found in fraction 2)

Product: Colorless solid in colorless oil, 131.8 mg mixture of product and side product (GC-MS). The
'H-NMR spectrum shows the product and some minor, unidentified impurities. It was not possible to

identify a signal set for the side product.

"H-NMR (500 MHz, CDCl5): § =0.84-0.96 (m, 3H,SiCH,CH5), 0.96-1.02 (m, 4H, SiCH,), 1.08-1.10
(t, J= 7.8 Hz, 3H, SiCH,CH;), 6.16 (s, 1H, SiH), 7.02 (d, J= 6.8 Hz, 1H, H,), 7.27-7.35 (m, 7H, H,,),
7.62 (d, J=5.8 Hz, 1H, H,,).

GC-MS:

Coloumn: Capillary Column (VF-5ms, 5% phenyl, 95% dimethylpoysiloxane, 30 x 0.25 mm,
Df = 0.25 um, CP-8944).

Method: carrier gas: N2 / temperature (detector): 300 °C / temperature (column): 80-130 °C (10 °/min),
130-280 °C (20 °/min) / temperature (injection): 300 °C / Column Flow: 1.0 mL/min / split ratio: 10 -
initial, 0.01 - 100, 1.00 - 40

tg= 14.56 min (product 107e) [m/z: 165, 211, 239], 14.73 min (side product 111e) [m/z: 167, 269]

13.3.2.5 5-butyl-2,2-diethyl-4-methyl-1,2-oxasilolane (108c)

(AE, 1126, 1114, 1094) _ _
_Sj
\/\/OKKIEt2 kE/C)‘:Si‘oi)
Et,

side product

The reaction was carried out following general procedure K.

diethyl((2-methylheptan-3-yl)oxy)silane (107¢) (212 mg, 0.981 mmol),

norbornene (112) (130 mg, 1.38 mmol)

[Ir(cod)(OMe)], (79) (8.00 mg, 0.0120 mmol)

TMphen (39) (5.70 mg, 0.0240 mmol)

THF (0.2 mL)

Time: 48 h

Temperature: 80 °C

Work-up: Kugelrohrdistillation (hv, 280 °C, two receiving flasks cooled with ice (fraction 1) and dry
ice (fraction 2), the product was found in fraction 2)

Product: Colorless solid in colorless oil, 180 mg mixture of product and side product (GC-MS).
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GC-MS:

Coloumn: Capillary Column (VF-5ms, 5% phenyl, 95% dimethylpoysiloxane, 30 x 0.25 mm,

Df = 0.25 um, CP-8944).

Method: carrier gas: N2 / temperature (detector): 300 °C / temperature (column): 80-130 °C (10 °/min),

130-280 °C (20 °/min) / temperature (injection): 300 °C / Column Flow: 1.0 mL/min / split ratio: 10 -

initial, 0.01 - 100, 1.00 - 40

tz= 8.22 min (starting material 106¢) [m/z (%) = 187 [M-C,Hs]" (9), 173 [M-C;H;]* (100) 159 [M-
C4Ho]" (7), 103 [M-CgHy7]" (11), 75 [103-C,Hs]" (14)]

tg=9.27 min (product 107¢) [m/z (%) = 185 [M-C,H;s]" (95), 157 [M-C4Hy]" (100) ]

tg= 10.49 min (side product 111c) [m/z (%) = 215 [M-CgH;01" (100), 201 [M-CoH,0]" (38),
173 [M-C,;H»40]" (25), 103 [M-CsH340]" (25)

13.3.2.6 2,2,5-triethyl-1,2-oxasilolane (108c)
(AE 1122, 1134, 1152)

The reaction was carried out following general procedure K. The reactants were cooled down by an
ice-brine mixture upon addition to the reaction vial to avoid an exothermic reaction.
diethyl(pentan-3-yloxy)silane (107¢) 297 1.70

norbornene (112) (94.2 mg, 2.04 mmol)

[Ir(cod)(OMe)], (79) (11.3 mg, 0.0170 mmol)

TMphen (39) (8.86 mg, 0.0375 mmol)

THF (2.5 mL)

Time: 48 h

Temperature: 80 °C

Work-up: Kugelrohrdistillation (hv, 220 °C, two receiving flasks cooled with ice (fraction 1) and dry
ice (fraction 2), product was found in fraction 2)

Product: Colorless solid in colorless oil, 160.8 mg mixture of product and side product (GC-MS). The
'H-NMR spectrum shows the product and hardly any unidentified impurities.

"HNMR (500 MHz, CDCl,): 6 =0.58 (q, J= 7.8 Hz, 4H, SiCH,), 0.86 (t, J= 7.8 Hz, 3H, SiCH,CH;),
0.94-0.99 (m, 4H, H-4, H-1), 1.39-1.52 (m, 4H, H-3, H-2), 3.64 (quin, J= 5.8 Hz, 1H, H-5) ppm.
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GC-MS:

Coloumn: Capillary Column (VF-5ms, 5% phenyl, 95% dimethylpoysiloxane, 30 x 0.25 mm,
Df = 0.25 um, CP-8944).

Method: carrier gas: N2 / temperature (detector): 300 °C / temperature (column): 80-130 °C (10 °/min),
130-280 °C (20 °/min) / temperature (injection): 300 °C / Column Flow: 1.0 mL/min / split ratio: 10 -
initial, 0.01 - 100, 1.00 -

tg=5-15 min (product) m/z=143 [M-C,H;]"

13.3.2.7 2,2-diethyl-5-isopropyl-4-methyl-1,2-oxasilolane (108d)
(AE1104, 1128, 1130, 1132, 1144, 1146)

O-SiEt,

The reaction was carried out following general procedure K.
((2,4-dimethylpentan-3-yl)oxy)diethylsilane (107d) (319 mg, 1.58 mmol)
norbornene (112) (182.7 mg, 1.94 mmol)

[Ir(cod)(OMe)], (79) (63.5 mg, 0.096 mmol)

TMphen (39) (45.3 mg, 0.192 mmol)

THF (1.5 mL)

Time: 48 h

Temperature: 80 °C

Work-up: Kugelrohrdistillation (hv, 220 °C, two receiving flasks cooled with ice (fraction 1) and dry
ice (fraction 2), product was found in fraction 2)

Product: Colorless oil (180 mg, 0.90 mmol, 57%).

GC-MS

Coloumn: Capillary Column (VF-5ms, 5% phenyl, 95% dimethylpoysiloxane, 30 x 0.25 mm,
Df = 0.25 um, CP-8944).

Method: carrier gas: N2 / temperature (detector): 300 °C / temperature (column): 80-130 °C (10 °/min),
130-280 °C (20 °/min) / temperature (injection): 300 °C / Column Flow: 1.0 mL/min / split ratio: 10 -
initial, 0.01 - 100, 1.00 - 40

tg= 8.22 (7.36)min [m/z (%) = 171 [M-C,Hs 1" (11), 157 [M-C3H;]" (100), 129 [M-CsH;,]" (8)]
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2,2-diethyl-5-methyl-5-(4-methylpentyl)-1,2-oxasilolane (104b)
(AE 1092, 1106, 1110, 1112, 1124, 1142, 1154, 1156)

Perparation of reference substance for calibration (1092, 1106):

The reaction was carried out following general procedure K.
((3,7-dimethyloctan-3-yl)oxy)diethylsilane (103b) (153 mg, 0.625 mmol)
norbornene (112) (73.5 mg, 0.780 mmol)

[Ir(cod)(OMe)], (79) (8.60 mg, 0.0129 mmol)

TMphen (39) (6.10 mg, 25.8 mmol)

THF (4.5 mL)

Time: 48 h

Temperature: 80 °C

Work-up: Kugelrohrdistillation (hv, 220 °C, two receiving flasks cooled with ice (fraction 1) and dry
ice (fraction 2), product was found in fraction 2)

Product: Colorless oil (85.8 mg, 0.35 mmol, 55%)

GC-MS:

Coloumn: Capillary Column (VF-5ms, 5% phenyl, 95% dimethylpoysiloxane, 30 x 0.25 mm,
Df = 0.25 um, CP-8944).

Method: carrier gas: N2 / temperature (detector): 300 °C / temperature (column): 80 - 280 °C /
temperature (injection): 300 °C / Column Flow: 1.0 mL/min / split ratio: 10 - initial, 0.01 - 100, 1.00 -
40

tg= 14.56 min (product 104b) [m/z:239[M-C,H;s]* (80), 211 [M-C4H10]" (48), 163 [M-CsH,,]"(23)]

tg= 14.73 min (side product) [m/z: 269 [M-C;H,,0]" (100), 167 [M-C,H»0]" (42])

GC-FID:
Coloumn: Chrompack CP-Chirasil-Dex CB, 25 m x 0.25 mm, 0.25 pm
Method: split injector (1:80), T= 225 °C (injector), T= 275 °C (FID detector), carrier gas: N,, 5 bar;

40 °C (hold 5 min), 40-120 °C, 5 °/min, 120 °C (hold 10 min)

tr = 23.62 min (enantiomer 1), 23.75 min (enantiomer 2).
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5.0
55

Calibration (AE 1102): p[%]= 0.022 x [(Int. product)/(Int. standard)]

Ligand screening(1154, 1156):

The reaction was carried out following general procedure K.
((3,7-dimethyloctan-3-yl)oxy)diethylsilane (104b) (124 mg, 0.507 mmol)
norbornene (112) (57.3 mg, 0.608 mmol)

[Ir(cod)(OMe)], (79) (3.37 mg, 0.005 mmol)

Ligand (0.0112 mmol)

THF (1.2 mL)

Time: 48 h

Temperature: 80 °C

Analysis: Quantification by GC-FID

|||||||
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Results
Entry Ligand ?;Eggand) F‘;oe ]ld F;o] (enantiomer) ((ljg:lt;llﬁ)
1 Bn-box (5h) 3.48 24 29 (1) S
2 Pr-box (5b) 2.44 35 <1 (1)
3 Pr-quinox (20b) 2.61 33 44 (1) S
4 "Bu-box (5f) 2.74 29 3(1) S
5 Ph-box (5g) 3.18 38 <1(2) R
6 Ph-quinox (20g) 2.98 32 15(2) R
7 Pr-pybox (36) 3.28 n.d. 40 (2) R
8 "Bu-mepyrox (19f)  2.37 32 3(1) S
9 "Bu-quinox (20f) 2.77 32 13 (1) S
10  Ph-mepyrox (x9g)  2.59 39 10 (2) R
11  Ph-phox (40) 4.43 94 10 (1) S
12 ‘Bu-pyrox (10c) 2.22 35 26 (1) S

13.4 Hydrogenation

13.4.1 General Procedure La and Lb for Hydrogenations.

Substrate (0.484 mmol) and catalyst (0.0145mmol, 3 mol%) were added to a 2 mL glass vial which
was equipped with a teflon coated magnetic stirring bar and a cap with small holes. The reaction was
performed in neat substrate (LLa) or in CD,Cl, (0.1 mL) as solvent (Lb). The glass vial was placed in an
autoclave, which was sealed. The air present in the autoclave was replaced by argon before applying a
hydrogen pressure of approximately 5 bar. The hydrogen was released carefully and the procedure
repeated for three times. Afterwards, the autoclave was pressurized to 40 bar. The reaction mixture was
stirred at room temperature for at least 15 hours. The reaction mixtures were analyzed by 'H-NMR

spectroscopy or GC-FID.
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13.4.2 (E)-1,2-Diphenylethene (113)

(4048, 4088, 4124, 4186, 5018)

\‘ Hy O

113 114

According to general procedure La with 113 (87.1 mg, 0.484 mmol) and varying catalyst loadings (see
table for results below). The reaction mixture was analyzed without any purification. 'H-NMR (CDCl,,
400 MHz): 6 = 2.97 (s, 4H, 114-CH,), 7.21-7.34 (m, 10H, 114 -H,,), 7.14 (s, 2H, 113-HC=CH), 7.26 (t,
J=17.7Hz, 2H, 113 -H,,), 7.36 (t, J=7.9 Hz, 4H, 113 -H,,), 7.53 (d, J=7.2 Hz, 4H, 113 -H,;) ppm. The
signals at 6 = 2.97 ppm (4H, x114) and 7.14 ppm (2H, 113) were used for quantification.

Results:
Catalyst Cat-loading Reaction time Yield 114
30c 5 mol% 16 h 100%
30c 5 mol% 16 h 85%
30c 3 mol% 15h 100%
30c 3 mol% 15h 37%
30c 1 mol% 15h 45%
30c 1 mol% 15h 15%
30f 3 mol% 15h 100%
30g 3 mol% 15h 100%
30h 3 mol% 15h 100%
30i 3 mol% 15h 37%
30j 3 mol% 15h 100%
30h 3 mol% 15h <1%
30k 3 mol% 15h <1%
301 3 mol% 15h 100%
[Ir(iPr-pyrox)(cod)]PFG 5 mol% 24 h 2%
[Ir(cod)Cl],, Pr-box (5b), 1 mol% 15h <1%
AgBAr"*
[Ir(cod)Cl]z,iPr-quinox (5b), 1 mol% 15h <1%
AgBAr"*

 [Ir(cod)Cl], (23) (0.00242 mmol) was mixed with AgBAr (34) (0.00484 mmol) in CD,Cl,
(0.1 mL) and stirred under exclusion of light for 20 min. The ligand (0.005 mmol) was added and the
mixture stirred under exclusion of light for another 10 min. The substrate (0.484 mmol) was added
and the hydrogenation started in the autoclave as described in general procedure Ea and Eb.
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13.4.3 (Z)-1,2-Diphenylethene (115)

SO ——

115 114

According to general procedure Lb with 115 (0.086 mL, 0.484 mmol) and a rection time of 15 h. The

(5034)

reaction mixture was analyzed without any purification.

"H-NMR (CD,Cl,, 400 MHz): J = 3.01 (s, 4H, CH,), 7.26-7.30 (m, 6H, H,,), 7.33-7.38 (m, 4H, H,,)
ppm. No starting material present.

Result for catalyst 30c: 100% 114; catalyst 30d: 24% 114.

13.4.4 Cyclooctene (116)

(4184)

According to general procedure La with 116 (0.63 mL, 0.484 mmol) and a reaction time of 15 h. The
reaction mixture was analyzed without any purification.

"H-NMR (CDCl;, 400 MHz): 6 = 1.52 (s, 16H, 117-CH,). Starting material 116 'H-NMR (CDCl;,
400 MHz): 6 = 1.48-1.53 (m, 8H, 116 -CH,), 2.10-2.16 (m, 4H, 116 -CH,), 5.57-5.64 (m, 2H, 116 -
HC=CH), Since the signal of 117 is completely incorporated in the multiplett of 116 at 1.48-1.53 ppm,
the amount of 117 was calculated by comparing the integral of this area with the integral of the signal
at 5.57-5.64 ppm which belongs to 2H of 116.

Result for catalyst 30c: 42% 117, result for catalyst 30d: 5% 117

13.4.5 Cyclohex-2-enol (118)

(5042)
OH OH

O —2— O

118 119

According to general procedure Lb with 118 (0.047 mL) and a reaction time of 15 h. The reaction
mixture was analyzed without any purification.

'"H-NMR (CD,Cl,, 400 MHz): 6 =1.09-1.30 (m, 5H, 119-CH,), 1.47-1.54 (m, 1H, 119 -CH,),
1.63-1.74 (m, 2H, 119 -CH,), 1.78-1.87 (m, 2H, 119 -CH,), 3.49-3.56 (m, 1H, 119 -CH) ppm. Starting
material 118 'H-NMR (CD,Cl,, 400 MHz): = 1.49-2.05 (m, 6H, CH,), 4.12, (s, 1H, CH-OH),
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5.66-5.71 (m, 1H, HC=CH), 5.75-5.80 (m, 1H, HC=CH)ppm. The absence of the signals at § =4.12
(1H, 118), 5.66-5.71 (1H, 118) and 5.75-5.80 (1H, 118) indicated full conversion of starting material.
Results for catalyst 30c: 100% 119. No conversion was observed when catalyst 30d was applied.

13.4.6 Cyclohexanone (120)

(4130)
0 OH
O——0
120 119

According to general procedure La with 120 (0.05 mL, 0.484 mmol) and a reaction time of 16.5 h. The
reaction mixture was analyzed without any purification. 'H-NMR (CDCls;, 400 MHz): § = 1.09-1.31
(m, 4H, 119), 1.47-1.55 (m, 1h, 119), 1.64-1.73 (m, 2H, 119), 1.80-1.89 (m, 2H, 119), 2.11 (s, 1H,
119), 3.51-3.59 (m, 1H, 119 -CH), 1.62-1.69 (m, 2H, 120) ppm. Starting material 120 '"H-NMR
(CDCl;, 400 MHz): 6 = 1.76-1.83 (m, 4H), 2.27 (t, J= 6.5 Hz, 4H). The signals at ¢ = 2.27 (4H, 120)
and 3.51-3.59 (1H, 119) ppm were used for quantification. Result for catalyst 30c: 87% 119, result for
catalyst 30d: 33% 119.

13.4.7 4-(tert-Butyl)cyclohexanone (121)

o OH OH
Hp
T N
121

122a 122b

(5046)

According to general procedure Lb with 121 (74.65 mg, 0.484) and a reaction time of 15 h. The
reaction mixture was analyzed without any purification.

"H-NMR (CD,Cl,, 400 MHz): d = 0.82 (s, 9H, 122b-C(CHjs)3), 0.84 (s, 9H, 122a -C(CHj)3), 0.90-1.52
(m, 122a, 122b), 1.72-1.80 (m, 122a, 122b), 1.91-1.97 (m, 122a, 122b), 3.44 (tt, J=4.4, 10.9 Hz, 1H,
122b -C*H-OH), 3.96 (distorted t, J= 2.6 Hz, 1H, 122a -C*H-OH). Starting material 121 "H-NMR
(CD,Cl,, 400 MHz): J = 0.89 (s, 9H, C(CHj3);), 1.34-1.51 (m, 3H), 2.01-2.08 (m, 2H), 2.25-2.32 (m,
4H), The assignment of the signals for diastereomers is consistent with data reported in the
literature.'”* The signals at 6 = 2.25-2.32 (4H, 121), 3.44 (1H, 122b) and 3.96 (1H, 122a) were used
for quantification.

Results for 30c: 57% 122a, 43% 122b, results for 30d: 7% 122a, 8% 122b.
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13.4.8 Acetophenone (123)

(4170, 4188)
O OH
QI o
123 124

According to general procedure L with 123 (0.056 mL, 0.484 mmol) and a reaction time of 22 h and
varying catalyst loadings (see table below). The reaction mixture was analyzed without any
purification.

"H-NMR (CDCls, 400 MHz): ¢ = 1.49 (d, J= 6.5 Hz, 3H, 124-CH3), 2.05 (s, 1H, 124 -OH), 4.88 (q,
J=6.5Hz, 1H, 124 -C*H), 3.25-7.31 (m, 1H, 124 -H,), 7.32-7.39 (m, 4H, 124-H,,) ppm. Starting
material 123 "H-NMR (CDCl;, 400 MHz): 6 = 2.57 (s, 3H, CHy), 7.43 (t, J= 7.0 Hz, 2H, H,,), 7.53 (dt,
J=1.4,7.4 HzI1H, H,)), 7.93 (d, J= 7.2 Hz, 2H, H,,) ppm. The signals at 1.49 (3H, 124) and 2.57 (3H,
123) ppmwere used for quantification.

Results:

Catalyst Cat-loading Procedure Yield 124

30c 3 mol% Ea 13%
30d 3 mol% Ea 10%
30c 3 mol% Eb 5%
30d 3 mol% Eb <1%
30c 1 mol% Eb 1%
30d 1 mol% Eb <1%

13.4.9 Ethyl cinnamate (125)
(5036)

o (0]
©/\)J\OE'[ L. WOEt . ©/\/\OH . ©/\/\OH
125 126 127 128

According to general procedure La with 125 (0.081 mL, 0.484 mmol) and a reaction time of 15 h. The
reaction mixture was analyzed without any purification.

"H-NMR (CDCl;, 400 MHz): 6 = 1.23 (t, J= 7.2 Hz, 3H, 126-CH,), 2.63 (t, J= 7.4 Hz, 2H, 126-CH,),
2.96 (t, J= 8.1 Hz, 2H, 126-CH,), 4.13 (q, J= 7.2 Hz, 2H, 126-CH,), 7.19-7.24 (m, 3H, 126-H,,),
7.27-7.32 (m, 2H, 126 -H,), , 2.31 (t, J= 8.1 Hz, 128-CH) ppm. Starting material 125 'H-NMR
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(CDCl;, 400 MHz): 6 = 1.33 (t, J= 7.0 Hz, 3H, CH3;), 4.25 (q, J= 7.2 Hz, 2H, CH,), 6.44 (d, J= 16 Hz,
1H, CH), 7.35-7.54 (m, 3H, H,,), 7.50-7.54 (m, 2H, H,,), 7.68 (d, J= 16 Hz, 1H, CH) ppm. The signals
at 6 =2.96 (2H, 126), 2.31 (2H, 128) and 6.44 (1H, 125) ppm were used for quantification.

Results for catalyst 30c: 92% 126, 0% 22b, 8% 128, results for catalyst 30d: 97% 126, 0% 127, 0%
128.

13.4.10(E)-4-Phenylbut-3-en-2-one (129)
(5040)

(0] (0] OH OH
©/\/U\ H2 ©/\)J\ w ©/\)\
_— + +

129 130 131 132

According to general procedure Lb with 129 (70.8 mg, 0.484 mmol) and a reaction time of 15 h. The
reaction mixture was analyzed without any purification.

"H-NMR (CD,Cl,, 400 MHz): 6 = 2.13 (s, 3H, 130-CH3), 2.75 (t, J= 7.2 Hz, 2H, 130-CH,), 2.89 (t, J=
7.7 Hz, 2H, 130 -CH,), 7.16-7.22 (m, 3H, 130-H,,), 7.25-7.30 (m, 2H, 130 -H,,), 1.54 (s, 3H, 132-CHs),
2.60-2.73 (m, 4H, 132-CH,), 3.72-3.79 (m, 1H, 132-C*H), 7.25-7.32 (m, 3H, 132-H,,), 7.25-7.32 (m,
2H, 132-H,,) ppm. Starting material 129 'H-NMR (CD,Cl,, 400 MHz): 6 = 3.33 (s, 3H, CH3), 6.69 (d,
J=16.5Hz, 1H, CH), 7.37-7.41 (m, 3H, H,), 7.48 (d, J= 16.2 Hz, 1H, CH), 7.54-7.57 (m, 2H, H,,
ppm). The signals at 6 =2.13 (3H, 130), 1.54 (3H, 132), 2.89 (2H, 130) and 6.69 (1H, 129) ppm were
used for quantification.

Results for catalyst 30c: 80% 130, 0% 131, 20% 132, results for catalyst 30d: 93% 130, 0% 131, 0%
132.

13.4.11(E)-2-Methyl-3-phenylacrylaldehyde (133)

(o] (0] OH OH
133 134 135 136

According to general procedure La with 133 (0.067 mL, 0.484 mmol) and a reaction time of 25 h. The

(4178)

reaction mixture was analyzed without any purification.

GC-FID (Agilent CP-Sil 8 CB, 30 m x 0.25 mm, 0.25um; split injector (1:50), T= 270 °C, FID
detector, carrier gas: N,, 5 bar; 100-250 °C, 15 °/min): tg = 8.5 min (135), 9.4 min (136), 9.9 min (133),
10.3 min (134).
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Results for catalyst 30c: 17% (134), 6% (135), 6% (136), results for catalyst 30d: traces 134, no 135,
136.

13.4.12(E)-Hex-4-en-3-one (137)
(5032)

O O OH OH
Hy + +

137 138 139 140

According to general procedure Lb with 137 (0.055 mL, 0.484 mmol) and a reaction time of 15 h. The
reaction mixture was analyzed without any purification.

"H-NMR (CD,Cl,, 400 MHz): § = 0.87 (t, J= 7.5Hz, 3H, 138-CHs), 0.98 (t, J= 7.2 Hz, 3H, 138-CH),
1.50-1.58 (m, 2H, 138-CH,), 2.32-2.40 (m, 4H, 138-CH,), 3.44-3.50 (m, 140-CH), 3.66 (distorted t, J=
6.6 Hz, 139-CH) ppm. No starting material present. The signals at ¢ = 2.32-2.40 (4H, 138), 3.44-3.50
(1H, 140) and 3.66 (1H, 25b) ppm were used for quantification.

Result for catalyst 30c: 86% 138, 5% 139 and 9% 140.

13.4.13Cyclohex-2-enone (141)
0] e} OH OH
O0—=—Q0 -0 -0
141 120 118 119

According to general procedure La with 141 (0.046 mL, 0.484 mmol) and a reaction time of 15 h. The

(5044)

reaction mixture was analyzed without any purification.

"H-NMR (CDCl;, 400 MHz): § = 1.63-1.70 (m, 2H, 120), 1.76-1.83 (m, 4H, 120), 2.25 (t, J= 6.5 Hz,
4H, 120), 1.08-1.30 (m, 5H, 119-CH,), 1.47-1.54 (m, 1H, 119-CH,), 1.65-1.73 (m, 2H, 119-CH,),
1.79-1.87 (m, 2H, 119-CH,), 2.57 (s, 1H, 119-OH), 3.49-3.56 (m, 1H, 119-CH-OH) ppm. Starting
material 141 '"H NMR (CDCls, 400 MHz): J = 1.96 (quin, J= 6.0 Hz, 2H, CH,), 2.27-2.33 (m, 2H,
CH,), 2.37 (t, J= 7.0 Hz, 2H, CH,), 5.95 (dt, J= 1.9, 10.2, 1H, CH), 6.95 (dt, J= 4.2, 10.2, 1H, CH)
ppm. The absence of the signals at 5.95 (1H, 141) and 6.95 (1H, 141) ppm, indicates full conversion of
starting material when catalysts 30c or 30d were used.

GC-FID (Agilent CP-Sil 8 CB, 30 m x 0.25 mm, 0.25um; split injector (1:50), T=270 °C, FID
detector, carrier gas: N, 5 bar; 100-250 °C, 15 °/min): tg = 4.7 min (119), 4.9 min (120), 5.4 min (141).
Results for catalyst 30c: 100% 119, results for catalyst 30d: 5% 118, 94% 120.
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Experimental Section

13.4.143,5,5-Trimethylcyclohex-2-enone (142)

O (0] OH OH
7@\ & %fj\ Q\ 7@\
_— P + "
142 143 144 145

According to procedure L with 142 (0.076 mL, 0.484 mmol). The reaction mixture was analyzed

(4176, 5020)

without any purification. GC-FID (Agilent CP-Sil 8 CB, 30 m x 0.25 mm, 0.25um; split injector
(1:50), T=270 °C, FID detector, carrier gas: N,, 5bar; 100-250 °C, 15 °/min): tg = 5.9 min (134),
6.1 min (145), 7.3 min (142). Chiral GC-FID (Chrompack CP-Chirasil-Dex CB, 25 m x 0.25 mm,
0.25 pum; split injector (1:80), T= 225 °C; FID detector, carrier gas: N,, 5 bar; 40-120, 8 °/min, 120 °C
3 min): tg = 9.8 min (134-enantiomer 1), 10.0 min (134-enantiomer 2), 11.2 min (145-diastereomer 1),
11.5 min (145-diastereomer 2), 11.9 min (142).

Catalyst Reaction time Procedure conversion Ratio 134: 144: 145 er. 134 d.r. 145
30c 23h Ea 100% 89:0:10 1:1 1:1
30c 23h Ea 94% 97:0:10 12:10 11:10
30f 15h Eb 100% 83:0.10 1:1 10: 11
30g 15h Eb 100% 118:0: 10 10:12 10:12
30h 15h Eb 100% 94:0:10 11:10 10: 11
30i 15h Eb 72% 141:0:10 1:1 1:1
30j 15h Eb 100% 79:0:10

30h 15h Eb <1% 1:0:0

30k 15h Eb <1% 1:0:0 1:1 11:10
301 15h Eb 100% 92:0:10 1:1 1:1
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Appendix A: Crystallographic Data

Crystal structur analysis of complex [Ir(iPR—box)(CO)z]BF4 (43) including measurement,

structure determination and refinement was performed by Prof. Dieter Lentz. Crystal data was

provided by Prof. Dieter Lentz as well.

Table 1. Crystal data and structure refinement for pk3106a.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z
Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 30.90°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(])]
R indices (all data)

pk3106a
C14 H20 B F4 Ir N2 04
559.33

100(2) K

0.71073 A

Trigonal

P3(1)21

a=9.184(3) A 1=90°.
b=9.184(3) A 1=90°.
c=19.117(10) A 71 =120°.
1396.4(9) A3

3

1.995 Mg/m3

7.231 mm-~!
804

0.49 x 0.08 x 0.07 mm?3
2.56 to 30.90°.

-13<=h<=11, -12<=k<=13, -27<=1<=26

22344

2932 [R(int) = 0.0407]

99.7 %

Semi-empirical from equivalents

0.746 and 0.435

Full-matrix least-squares on F2

2932/0/119

1.169
R1=0.0242, wR2 =0.0396
R1=0.0295, wR2 =0.0412

A3



Absolute structure parameter 0.011(10)

Largest diff. peak and hole 2.186 and -1.792 e.A"3

Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Azx 103)

for pk3106a. U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

X y z Uleq)
Ir(1) 0 -3424(1) 1667 11(1)
B(1) 6664(7) 6664(7) 0 22(1)
C(1) 1639(5) -4066(4) 1524(2) 14(1)
C(2) 914(4) 103(4) 1571(2) 12(1)
C(3) 3598(4) 2108(5) 1368(2) 16(1)
C(4) 3410(4) 316(4) 1282(2) 13(1)
C(5) 3737(4) -128(4) 535(2) 15(1)
C(6) 2637(5) 73(5) 31(2) 20(1)
C(7) 5645(5) 938(5) 357(2) 20(1)
F(1) 7058(4) 8075(3) 420(1) 45(1)
F(2) 6317(4) 5302(3) 439(2) 52(1)
N(1) 1607(4) -817(4) 1498(2) 14(1)
O(1) 2664(3) -4424(3) 1437(2) 22(1)
0(2) 1821(3) 1762(3) 1486(1) 17(1)

Table 3. Bond lengths [A] and angles [°] for pk3106a.

Ir(1)-C(1)#1 1.891(4)
Ir(1)-C(1) 1.891(4)
Ir(1)-N(1)#1 2.117(3)
Ir(1)-N(1) 2.117(3)
B(D)-F(2) 1.404(4)
B(1)-F(2)#2 1.404(4)
B(1)-F(1) 1.409(4)
B(1)-F(1)#2 1.409(4)
C(1)-0(1) 1.154(4)
C(2)-N(1) 1.295(4)
C(2)-0(2) 1.331(4)
C(2)-C(2)#1 1.498(6)

C(3)-0(2) 1.515(4)



C(3)-C4)
C(3)-H(3A)
C(3)-H(3B)
C(4)-N(1)
C4)-C(5)
C(4)-H(4)
C(5)-C(6)
C(5)-C(7)
C(5)-H(5)
C(6)-H(6A)
C(6)-H(6B)
C(6)-H(6C)
C(7)-H(7A)
C(7)-H(7B)
C(7)-H(7C)

C(1)#1-Ir(1)-C(1)
C(L)#1-Ir(1)-N(1)#1
C(D)-Ir(1)-N(1)#1
C(L)#1-Ir(1)-N(1)
C(D)-Ir(1)-N(1)
N(D#1-Ir(1)-N(1)
F(2)-B(1)-FQ)#2
F(2)-B(1)-F(1)
F(2)#2-B(1)-F(1)
F(2)-B(1)-F(1)#2
F(2)#2-B(1)-F(1)#2
F(1)-B(1)-F(1)#2
O(1)-C(1)-Ir(1)
N(1)-C(2)-0(2)
N(1)-C(2)-C(2)#1
0(2)-C(2)-C(2)#1
0(2)-C(3)-C(4)
0(2)-C(3)-H(3A)
C(4)-C(3)-H(3A)
0(2)-C(3)-H(3B)
C(4)-C(3)-H(3B)
H(3A)-C(3)-H(3B)

1.575(5)
0.9900
0.9900

1.508(5)

1.555(5)
1.0000

1.553(5)

1.559(5)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800

89.6(2)
96.74(11)
173.53(17)
173.53(17)
96.74(11)
77.01(18)
112.0(5)
108.57(16)
109.81(18)
109.81(18)
108.57(16)
108.0(5)
178.7(3)
120.2(3)
116.1(2)
123.76(17)
104.6(3)
110.8
110.8
110.8
110.8
108.9

AS



N(1)-C(4)-C(5) 111.1(3)

N(1)-C(4)-C(3) 101.6(3)
C(5)-C(4)-C(3) 115.8(3)
N(1)-C(4)-H(4) 109.3
C(5)-C(4)-H(4) 109.3
C(3)-C(4)-H(4) 109.3
C(6)-C(5)-C(4) 112.7(3)
C(6)-C(5)-C(7) 111.5(3)
C(4)-C(5)-C(7) 109.9(3)
C(6)-C(5)-H(5) 107.5
C(4)-C(5)-H(5) 107.5
C(7)-C(5)-H(5) 107.5
C(5)-C(6)-H(6A) 109.5
C(5)-C(6)-H(6B) 109.5
H(6A)-C(6)-H(6B) 109.5
C(5)-C(6)-H(6C) 109.5
H(6A)-C(6)-H(6C) 109.5
H(6B)-C(6)-H(6C) 109.5
C(5)-C(7)-H(7A) 109.5
C(5)-C(7)-H(7B) 109.5
H(7A)-C(7)-H(7B) 109.5
C(5)-C(7)-H(7C) 109.5
H(7A)-C(7)-H(7C) 109.5
H(7B)-C(7)-H(7C) 109.5
C(2)-N(1)-C(4) 107.9(3)
C(2)-N(1)-Ir(1) 115.4(2)
C(4)-N(1)-Ir(1) 136.6(2)
C(2)-0(2)-C(3) 104.5(3)

Symmetry transformations used to generate equivalent atoms:

#1 -X,-x+y,-z+1/3  #2y,X,-z



Table 4. Anisotropic displacement parameters (A2x 103)for pk3106a. The anisotropic

displacement factor exponent takes the form: -27?[ h2a*2U! + ... + 2 h k a* b* U2 ]

Ul y22 U33 U23 U3 U2
Ir(1) 10(1) 10(1) 12(1) 0(1) 1(1) 5(1)
B(1) 17(2)17(2) 26(4) -4(1) 4(1) 4(2)
C(l) 11(2)9(1) 21(2) 1(1) 0(2) 3(D)
C(2) 14(2)10(1) 11(2) 0(1) -1(1) 5(1)
C(3) 11(2)10(2) 24(2) 2(D) 2(1) 2(1)
C4) 8(1) 10(1) 18(2) 0(1) -1(1) 2(1)
C(5) 13(2)11(2) 21(2) -1(1) -1(1) 5(1)
C6) 21(2)19(2) 19(2) -1(2) -1(1) 9(2)
C(7) 15(2)22(2) 22(2) -1(2) 3(2) 9(1)
F(1) 75(2)37(2) 34(2) -12(1) -17(2) 36(2)
F(2) 74(2)23(1) 42(2) 8(1) 12(2) 12(1)
N(1) 13(2) 14(1) 13(2) 0(1) 0(1) 6(1)
O(l) 15(1) 19(1) 35(2) 0(1) I(1) 10(1)

0(2) 14(1)11(1) 26(2) 1(1) I(1) 6(1)




Crystal structur analysis of complex [Ir(iPr-box)(CO),]PF¢ (28¢) including measurement,

structure determination and refinement was performed by Prof. Dieter Lentz. Crystal data was

provided by Prof. Dieter Lentz as well.

Table 1. Crystal data and structure refinement for sw3148a.

Identification code

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions
b=9.1168(10) A
c=19.5654) A

Volume

Z 3

Density (calculated)

Absorption coefficient

F(000) 888

Crystal size

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

Completeness to theta = 30.57°

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [[>2sigma(I)]

R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

sw3148a

C14 H20 F6 Ir N2 O4 P
617.49

100(2) K

0.71073 A

Trigonal

P3(1)21

a=9.1168(10) A a=90°.

b= 90°.
g =120°.
1408.3(4) A3

2.184 Mg/m3
7.277 mm!

0.24 x 0.22 x 0.07 mm3
2.58 to 30.57°.

-12<=h<=13, -13<=k<=13, -27<=1<=26

22810

2859 [R(int) = 0.0377]

99.6 %

Semi-empirical from equivalents
0.746 and 0.477

Full-matrix least-squares on F2
2859/0/130

1.136

R1=0.0199, wR2 = 0.0468
R1 =0.0205, wR2 = 0.0470
-0.015(8)

2.025 and -0.897 e.A3

A8



Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A% 103)

for sw3148a. U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

X y z U(eq)
Ir(1) 3527(1) 3527(1) 0 11(1)
N(1) 2539(4) 945(3) 170(1) 12(1)
C(1) 5782(5) 4161(5) 75(2) 16(1)
C(2) 925(4) 23(4) 97(2) 15(1)
C(3) 1605(4) -1936(5) 332(2) 18(1)
C4) 3192(4) -157(4) 412(2) 14(1)
C(5) 3909(4) 334(4) 1140(2) 16(1)
C(6) 4760(4) -688(5) 1344(2) 21(1)
C(7) 2571(5) 127(5) 1664(2) 23(1)
F(1) 5431(5) 867(5) 7899(2) 104(2)
F(2) 4580(3) 1556(3) 8859(1) 29(1)
F(3) 2127(5) -871(5) 8772(2) 98(2)
O(1) 7185(3) 4548(4) 95(2) 28(1)
0(2) 187(3) -1608(3) 200(1) 18(1)
P(1) 3786(1) 0 8333 16(1)

Table 3. Bond lengths [1&] and angles [°] for sw3148a.

Ir(1)-C(1) 1.842(4)
Ir(1)-C(1)#1 1.842(4)
Ir(1)-N(1) 2.085(3)
Ir(1)-N(1)#1 2.085(3)
N(1)-C(2) 1.287(4)
N(1)-C(4) 1.478(4)
C(1)-0(1) 1.145(4)
C(2)-0(2) 1.305(4)
C(2)-C(2)#1 1.474(7)
C(3)-0(2) 1.489(4)
C(3)-C(4) 1.550(5)
C(3)-H(3A) 0.9900

C(3)-H(3B) 0.9900

C(4)-C(5) 1.537(5)



C4)-H4) 1.0000

C(5)-C(7) 1.532(5)
C(5)-C(6) 1.534(5)
C(5)-H(5) 1.0000
C(6)-H(6A) 0.9800
C(6)-H(6B) 0.9800
C(6)-H(6C) 0.9800
C(7)-H(7A) 0.9800
C(7)-H(7B) 0.9800
C(7)-H(7C) 0.9800
F(1)-P(1) 1.553(3)
F(2)-P(1) 1.602(2)
F(3)-P(1) 1.566(3)
P(1)-F(1)#2 1.553(3)
P(1)-FQ3)#2 1.566(3)
P(1)-FQ)#2 1.602(2)
C(D)-Ir(1)-C(D)#1 88.7(2)
C(D)-Ir(1)-N(1) 97.23(13)
C(L)#1-Ir(1)-N(1) 172.09(16)
C(D)-Ir(1)-N(1)#1 172.09(16)
C(L)#1-Ir(1)-N(1)#1 97.23(13)
N(1)-Ir(1)-N(1)#1 77.33(16)
C(2)-N(1)-C(4) 108.0(3)
C(2)-N(1)-Ir(1) 115.3(2)
C(4)-N(1)-Ir(1) 136.5(2)
O(1)-C(1)-Ir(1) 177.3(3)
N(1)-C(2)-0(2) 119.8(3)
N(1)-C(2)-C(2)#1 116.06(19)
0(2)-C(2)-C(2)#1 124.17(18)
0(2)-C(3)-C(4) 104.9(3)
0(2)-C(3)-H(3A) 110.8
C(4)-C(3)-H(3A) 110.8
0(2)-C(3)-H(3B) 110.8
C(4)-C(3)-H(3B) 110.8
H(3A)-C(3)-H(3B) 108.8
N(1)-C(4)-C(5) 110.9(3)
N(1)-C(4)-C(3) 101.3(3)

Al0



C(5)-C4)-C(3)
N(1)-C(4)-H(4)
C(5)-C(4)-H(4)
C(3)-C(4)-H(4)
C(7)-C(5)-C(6)
C(N-C(5)-C4)
C(6)-C(5)-C(4)
C(7)-C(5)-H(5)
C(6)-C(5)-H(5)
C(4)-C(5)-H(5)
C(5)-C(6)-H(6A)
C(5)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
C(5)-C(6)-H(6C)
H(6A)-C(6)-H(6C)
H(6B)-C(6)-H(6C)
C(5)-C(7)-H(7A)
C(5)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
C(5)-C(7)-H(7C)
H(7A)-C(7)-H(7C)
H(7B)-C(7)-H(7C)
C(2)-0(2)-C(3)
F(1)-P(1)-F(1)#2
F(1)-P(1)-F3)#2
F(1)#2-P(1)-F(3)#2
F(1)-P(1)-F(3)
F(1)#2-P(1)-F(3)
F(3)#2-P(1)-F(3)
F(1)-P(1)-FQ)#2
F(1)#2-P(1)-FQ)#2
F(3)#2-P(1)-F(2)#2
F(3)-P(1)-FQ)#2
F(1)-P(1)-F(2)
F(1)#2-P(1)-F(2)
F(3)#2-P(1)-F(2)
F(3)-P(1)-F(2)
F(2)#2-P(1)-F(2)

115.9(3)
109.5
109.5
109.5
111.4(3)
112.8(3)
109.6(3)
107.6
107.6
107.6
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
104.5(3)

89.4(4)
90.7(3)
179.9(4)
179.9(3)
90.7(3)
89.2(4)
88.86(15)
90.43(15)
89.51(15)
91.21(16)
90.43(16)
88.86(15)
91.21(16)
89.51(16)
179.00(19)

All



Symmetry transformations used to generate equivalent atoms:

#1 y,x,-z

#2 X-y,-y,-z+5/3

Table 4. Anisotropic displacement parameters (A2x 103)for sw3148a. The anisotropic

displacement factor exponent takes the form: -27?[ h2a*2U! + ... + 2 h k a* b* U2 ]

ull y22 U33 U23 U3 U2
Ir(1) 10(1) 10(1) 12(1) 0(1) 0(1) 6(1)
N(1) 12(1) 14(1) 13(1) 1(1) 0(1) 7(1)
C() 17(2) 12(1) 18(2) 1(1) I(1) 8(1)
C(2) 16(2)13(2) 16(2) 0(1) -2(1) 7(1)
C(3) 19(2)11(2) 23(2) 0(1) -5(1) 7(1)
C4) 14(2)13(2) 17(2) 1(1) -1(1) 9(1)
C(5) 16(2)12(1) 19(2) 2(1) -1(1) 7(1)
C(6) 22(2)22(2) 22(2) 4(1) -4(1) 13(2)
C(7) 29(2) 24(2) 17(2) 0(1) 2(1) 14(2)
F(1) 59(2)71(3) 106(3) -59(2) 57(2) -26(2)
F(2) 31(1)24(1) 27(1) -11(1) 2(1) 10(1)
F(3) 47(2)95@3) 63(2) -46(2) 31(2) -33(2)
Oo(l) 12(1)25(2) 47(2) 2(1) 0(1) 9(1)
02) 14(1)12(1) 26(1) 2(1) -2(1) 4(1)
P(1) 17(1) 17(1) 15(1) -1(D) -1(1) 8(1)

Al2



Crystal structur analysis of complex [Ir(iPr-quinox)(cod)(CO)z]PF6 (26m) including

measurement, structure determination and refinement was performed by Dr. Jelena Wiecko.

Crystal data was provided by Dr. Jelena Wiecko as well.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000) 888

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 29.28°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(I)]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

sw3154

C24 H28 Ir N2 02, F6 P
713.65

200(2) K

0.71073 A
orthorhombic
P21212
a=11.3150(10)A
b =12.8807(8)A
c=17.3441(1DA
2527.8(3)

4

1.875 Mg/m3
5.414 mm’!

0.50 x 0.20 x 0.05 mm?
3.36 t0 29.28°.

-15<=h<=15, -17<=k<=14, -23<=1<=22

18764
4108 [R(int) = 0.0386]
98.7 %

Semi-empirical from equivalents

0.746 and 0.477

Full-matrix least-squares on F?
6812/0/325

0.761

R1=0.0796 wR2 = 0.0556
R1=0.0386,, wR2 = 0.0631
-0.018(10)

1.418and -3.351e.A3

Al3



Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A% 103)

for sw3154. U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

X y Z U(eq)

C(1) 6686(6) 6920(8) 1322(5) 45(2)
H(1) 6249 6898 1810 54
C(2) 6058(6) 6229(11) 726(6) 66(4)
H(2) 5434 5831 969 79
H(2) 5715 0.6649 319 79
C(3) 7899(7) 5670(7) 903(5) 32(2)
C4) 8981(6) 5096(6) 755(5) 306(19)
C(5) 9095(8) 4371(7) 163(5) 46(3)
H(5) 0.8440 4181 -128 55
C(6) 10155(8) 3949(7) 16(5) 47(3)
H(6) 10240 3466 -379 57
C(7) 11150(7) 4246(7) 468(5) 40(2)
C(8) 12278(9) 3846(9) 317(6) 63(3)
H(8) 12397 3389 91 76
C(9) 13184(9) 4132(8) 769(6) 54(3)
H(9) 13925 3845 679 65
C(10) 13053(7) 4858(8) 1381(6) 49(3)
H(10) 13702 5050 1678 59
C(11) 11948(7) 5276(7) 1530(5) 37(2)
H(11) 11843 5752 1927 44
C(12) 10978(7) 4964(7) 1064(5) 31(2)
C(13) 6896(9) 8043(8 1096(6) 61(3)
H(13) 7369 8368 1503 73
C(14) 7606(8) 8106(8) 337(5) 61(3)
H(14A) 8346 7751 399 91
H(14B) 7751 8821 211 91
H(14C) 7163 7787 -71 91
C(15) 5722(10) 8633(12) 1039(7) 115(5)
H(15) 5873 9343 0902 172
H(15) 5323 8609 1528 172
H(15) 5233 8317 0652 172
C(16) 10318(7) 7443(7) 1663(4) 32(2)
C(17) 9694(7) 7292(6) 3210(4) 34(2)

Al4



H(17) 10087 7962 3133 41

C(18) 8478(7) 7280(6) 2993(5) 36(2)
H(18) 8169 7947 2811 44
C(19) 7568(7) 6581(8) 3382(5) 44(3)
H(19) 6831 6630 3098 53
H(19) 7423 6842 3898 53
C(20) 7921(8) 5432(8) 3438(6) 42(3)
H(20) 8278 5303 3938 50
H(20) 7219 5003 3398 50
c@l) 08785(6) 5131(6) 2809(6) 283(18)
HQ21) 08536 4530 2503 34
C(22) 10045(7) 5202(7) 2921(6) 34(2)
H(22) 10489 4650 2663 41
C(23) 10641(10) 5605(7) 3634(4) 45(2)
H(23) 11482 5668 3534 55
H(23) 10539 5103 4046 55
C(24) 10169(7) 6661(7) 3907(5) 44(3)
H(24A) 10798 7045 4159 53
H(24B) 9540 6555 4279 53
N(1) 7826(4) 6336(7) 1411(3) 320(14)
N(2) 9887(6) 5376(6) 1233(4) 264(18)
o(1) 6982(5) 5525(5) 407(3) 517(18)
0(2) 10897(5) 8038(5) 1327(3) 499(18)
P(1) 13663(2) 7983(3) 31725(17) 537(8)
F(1) 13863(5) 9177(5) 3025(5) 90(2)
F(2) 12328(4) 8245(7) 3390(5) 132(4)
F3) 13431(6) 6793(5) 3362(5) 101(3)
F(4) 14988(4) 7762(6) 2988(6) 122(3)
F(5) 14007(6) 8153(6) 4062(4) 100(2)
F(6) 13293(7) 7844(7) 2333(4) 126(3)
Tr(1) 94162(2) 63984(3) 214134(17) 2577(6)

AlS5



Table 3. Bond lengths [1&] and angles [°] for sw3154

C(1)-N(1)
C(1)-C(13)
C(1)-C(2)
C(1)-H(1)
C(2)-0(1)
C(2)-H(2A)
C(2)-H(2B)
C(3)-N(1)
C(3)-0(1)
C(3)-C4)
C(4)-N(2)
C4)-C(5)
C(5)-C(6)
C(5)-H(5)
C(6)-C(7)
C(6)-H(6)
C(7)-C(12)
C(7)-C(8)
C(3)-C(9)
C(8)-H(8)
C(9)-C(10)
C(9)-H(9)
C(10)-C(11)
C(10)-H(10)
C(11)-C(12)
C(11)-H(11)
C(12)-N(2)
C(13)-C(15)
C(13)-C(14)
C(13)-H(13)
C(14)-H(14A)
C(14)-H(14B)
C(14)-H(14C)
C(15)-H(15A)
C(15)-H(15B)
C(15)-H(15C)
C(16)-0(2)
C(16)-Ir(1)

1.502(9)
1.517(13)
1.538(13)
0.9800
1.490(12)
0.9700
0.9700
1.232(11)
1.360(9)
1.453(11)
1.366(9)
1.394(11)
1.341(11)
0.9300
1.424(11)
0.9300
1.401(12)
1.401(11)
1.343(13)
0.9300
1.423(13)
0.9300 .
1.386(11)
0.9300
1.421(11)
0.9300
1.375(9)
1.534(13)
1.545(12)
0.9800
0.9600
0.9600
0.9600
0.9600
0.9600
0.9600
1.165(9)
1.881(9)

Al6



C(17)-C(18)
C(17)-C(24)
C(17)-Ir(1)
C(17)-H(17)
C(18)-C(19)
C(18)-Ir(1)
C(18)-H(18)
C(19)-C(20)
C(19)-H(19A)
C(19)-H(19B)
C(20)-C(21)
C(20)-H(20A)
C(20)-H(20B)
C(21)-C(22)
C1)-Ir(1)
C(21)-H(21)
C(22)-C(23)
C(22)-Ir(1)
C(22)-H(22)
C(23)-C(24)
C(23)-H(23A)
C(23)-H(23B)
C(24)-H(24A)
C(24)-H(24B)
N(1)-Ir(1)
N(2)-Ir(1)
P(1)-F(6)
P(1)-F(4)
P(1)-F(1)
P(1)-F(3)
P(1)-F(2)
P(1)-F(5)
N(1)-C(1)-C(13)
N(1)-C(1)-C(2)
C(13)-C(1)-C(2)
N(1)-C(1)-H(1)
C(13)-C(1)-H(1)
C(2)-C(1)-H(1)
0(1) C(2)-C(1)
0(1) C(2)-H(2A)

1.427(11)
1.554(11)
2.204(7)
0.9800
1.525(11)
2.144(8)
0.9800
1.537(13)
0.9700
0.9700
1.516(12)
0.9700
0.9700
1.443(8)
2.126(8)
0.9800
1.501(13)
2.170(9)
0.9800
1.536(12)
0.9700
0.9700
0.9700
0.9700
2.202(5)
2.121(7)
1.526(7)
1.559(5)
1.575(6)
1.589(8)
1.593(6)
1.606(7)
111.7(7)
100.1(7)
116.8(8)
109.3
109.3
109.3
106.1(6)
110.5

Al7



C(1)-C(2)-H(2A)
0(1)-C(2)-H(2B)
C(1)-C(2)-H(2B)
H(2A)-C(2)-H(2B)
N(1)-C(3)-0(1)
N(1)-C(3)-C(4)
O(1)-C(3)-C(4)
N(2)-C(4)-C(5)
N(2)-C(4)-C(3)
C(5)-C4)-C(3)
C(6)-C(5)-C4)
C(6)-C(5)-H(5)
C(4)--C(5)-H(5)
C(5)-C(6)-C(7)
C(5)-C(6)-H(6)
C(7)-C(6)-H(6)
C(12)-C(7)-C(8)
C(12)-C(7)-C(6)
C(8)-C(7)-C(6)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8)
C(7)-C(8)-H(8)
C(8)-C(9)-C(10)
C(8)-C(9)-H(9)
C(10)-C(9)-H(9)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11)
C(12)-C(11)-H(11)
N(2)-C(12)-C(7)
N(2)-C(12)-C(11)
C(7)-C(12)-C(11)
C(1)-C(13)-C(15)
C(1)-C(13)-C(14)
C(15)-C(13)-C(14)
C(1)-C(13)-H(13)
C(15)-C(13)-H(13)
C(14)-C(13)-H(13)

110.5
110.5
110.5
108.7
119.7(8)
122.4(7)
117.5(8)
123.7(7)
113.0(7)
123.3(7)
119.6(8)
120.2
120.2
119.5(8)
120.2
120.2
120.5(9)
118.3(7)
121.2(9)
119.0(10)
120.5
120.5
122.5(9)
1188
118.8
119.2(9)
120.4
120.4
118.8(8)
120.6
120.6
122.5(7)
117.6(8)
119.9(7)
110.7(9)
110.6(8)
111.7(8)
107.9
107.9
107.9

Al8



C(13)-C(14)-H(14A)
C(13)-C(14)-H(14B)
H(14A)-C(14)-H(14B)
C(13)-C(14)-H(14C)
H(14A)-C(14)-H(14C)
H(14B)-C(14)-H(14C)
C(13)-C(15)-H(15A)
C(13)-C(15)-H(15B)
H(15A)-C(15)-H(15B)
C(13)-C(15)-H(15C)
H(15A)-C(15)-H(15C)
H(15B)-C(15)-H(15C)
0(2)-C(16)-Ir(1)
C(18)-C(17)-C(24)
C(18)-C(17)-Ir(1)
C(24)-C(17)-Ir(1)
C(18)-C(17)-H(17)
C(24)-C(17)-H(17)
Ir(1)-C(17)-H(17)
C(17)-C(18)-C(19)
C(17)-C(18)-Ir(1)
C(19)-C(18)-Ir(1)
C(17)-C(18)-H(18)
C(19)-C(18)-H(18)
Ir(1)-C(18)-H(18)
C(18)-C(19)-C(20)
C(18)-C(19)-H(19A)
C(20)-C(19)-H(19A)
C(18)-C(19)-H(19B)
C(20)-C(19)-H(19B)

H(19A)-C(19)-H(19B)

C(21)-C(20)-C(19)
C(21)-C(20)-H(20A)
C(19)-C(20)-H(20A)
C(21)-C(20)-H(20B)
C(19)-C(20)-H(20B)

H(20A)-C(20)-H(20B)

C(22)-C(21)-C(20)
C(22)-C(21)-Ir(1)
C(20)-C(21)-Tr(1)

109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
175.1(7)
122.3(7)
68.6(5)
115.5(5)
1142
1142
1142
122.7(8)
73.1(5)
109.1(6)
114.8
114.8
114.8
114.9(7)
108.5
108.5
108.5
108.5
107.5
111.6(7)
109.3
109.3
109.3
109.3
108.0
121.6(9)
72.1(5)
114.4(6)
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C(22)-C(21)-H(21)
C(20)-C(21)-H(21)
Ir(1)-C(21)-H(21)
C(21)-C(22)-C(23)
C(21)-C(22)-Ir(1)
C(23)-C(22)-Ir(1)
C(21)-C(22)-H(22)
C(23)-C(22)-H(22)
Ir(1)-C(22)-H(22)
C(22)-C(23)-C(24)
C(22)-C(23)-H(23A)
C(24)-C(23)-H(23A)
C(22)-C(23)-H(23B)
C(24)-C(23)-H(23B)

H(23A)-C(23)-H(23B)

C(23)-C(24)-C(17)
C(23)-C(24)-H(24A)
C(17)-C(24)-H(24A)
C(23)-C(24)-H(24B)
C(17)-C(24)-H(24B)

H(24A)-C(24)-H(24B)

C(3)-N(1)-C(1)
C(3)-N(1)-Ir(1)
C(1)-N(1)-Ir(1)
C(4)-N(2)-C(12)
C(4)-N(2)-Ir(1)
C(12)-N(2)-Ir(1)
F(6)-P(1)-F(4)
F(6)-P(1)-F(1)
F(4)-P(1)-F(1)
F(6)-P(1)-F(3)
F(4)-P(1)-F(3)
F(1)-P(1)-F(3)
F(6)-P(1)-F(2)
F(4)-P(1)-F(2)
F(1)-P(1)-F(2)
F(3)-P(1)-F(2)
F(6)-P(1)-F(5)
F(4)-P(1)-F(5)
F(1)-P(1)-F(5)

114.1
114.1
114.1
125.3(10)
68.7(5)
114.5(6)
113.5
113.5
113.5
113.8(8)
108.8
108.8
108.8
108.8
107.7
110.1(7)
109.6
109.6
109.6
109.6
108.2
109.5(6)
112.5(5)
137.9(6)
116.2(7)
115.2(5)
128.5(6)
92.7(5)
89.9(5)
90.4(4)
92.2(5)
91.5(4)
177.1(5)
89.4(4)
177.4(6)
88.2(4)
89.9(4)
177.8(5)
89.4(5)
89.3(5)
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F(3)-P(1)-F(5) 88.5(4)

F(2)-P(1)-F(5) 88.5(4)
C(16)-Ir(1)-N(2) 88.9(3)
C(16)-Ir(1)-C(21) 166.4(3)
N(2)-Ir(1)-C(21) 90.7(3)
C(16)-Ir(1)-C(18) 101.1(3)
N(2)-Ir(1)-C(18) 164.7(3)
C(21)-Ir(1)-C(18) 82.3(3)
C(16)-Ir(1)-C(22) 127.2(3)
N(2)-Ir(1)-C(22) 86.6(3)
C21)-Ir(1)-C(22) 39.2(2)
C(18)-Ir(1)-C(22) 96.3(4)
C(16)-Ir(1)-N(1) 102.5(3)
N(2)-Ir(1)-N(1) 75.8(3)
CQ1)-Ir(1)-N(1) 90.6(3)
C(18)-Ir(1)-N(1) 90.6(3)
C(22)-Ir(1)-N(1) 126.9(3)
C(16)-Ir(1)-C(17) 85.4(3)
N(2)-Ir(1)-C(17) 155.9(3)
C1)-Ir(1)-C(17) 89.5(3)
C(18)-Ir(1)-C(17) 38.3(3)
C(22)-Ir(1)-C(17) 78.4(3)
N(1)-Ir(1)-C(17) 128.3(3)

Symmetry transformations used to generate equivalent atoms:

#1 y,x,-z  #2 X-y,-y,-z+5/3

Table 4. Anisotropic displacement parameters (A2x 103)for sw3154The anisotropic

displacement factor exponent takes the form: -272[ h2a*2U'! + ... + 2 h k a* b* U12]

Ull U22 U33 U23 Ul3 Ul2
C(1) 0.029(4) 65(7) 43(5) 16(5) 5(4) 14(4)
C(2) 0.031(4) 103(11) 65(7) 18(8) 0(4) 3(6)
C(3) 0.034(4) 32(5) 29(5) 3(4) 7(4) -10(4)
C4) 0.039(4) 25(5) 27(4) -4(4) -8(3) -5(3)
C(5) 0.073(8) 38(6) 26(5) 3(4) -6(4) -7(5)
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C(6)
c(7)
C(@8)
C©9)
C(10)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
c@1)
C(22)
C(23)
C(24)
N(1)
N(2)
o)
0(Q2)
P(1)
F(1)
F(2)
F(3)
F(4)
F(5)
F(6)
Ir(1)

0.083(7)
0.054(5)
0.078(7)
0.053(6)
0.033(5)
0.037(5)
0.034(4)
0.070(6)
0.073(6)
0.102(8)
0.042(5)
0.067(6)
0.046(5)
0.041(4)
0.043(5)
0.043(4)
0.054(5)
0.057(5)
0.061(6)
0.030(3)
0.037(4)
0.036(3)
0.067(5)
0.0394(14)
0.095(4)
0.045(3)
0.120(5)
0.050(3)
0.137(6)
0.154(6)
0.02908(10)

35(6)
29(5)
59(9)
52(7)
58(7)
33(5)
28(5)
54(7)
60(7)
111(10)
36(5)
19(4)
32(5)
52(8)
46(7)
23(4)
27(5)
49(6)
45(8)
46(4)
22(4)
75(5)
45(4)
64(2)
61(4)
171(10)
58(5)
147(7)
91(6)
148(8)

2530(11)

24(5)
36(5)
52(6)
59(7)
56(6)
41(5)
30(5)
58(7)
49(6)

132(11)

18(4)
17(4)
31(6)
39(5)
37(6)
19(4)
21(5)
30(4)
26(5)
20(3)
20(4)
44(4)
38(4)

574(18)

116(7)
179(8)
126(6)
168(8)
71(4)
75(6)

2293(10)

-6(4)
12(4)
7(6)
21(6)
16(6)
8(4)
2(4)
13(6)
21(5)
78(10)
-11(4)
-2(3)
1(4)
10(5)
9(5)
-1(5)
-4(5)
34)
-5(4)
6(4)
-4(3)
8(4)
13)

148(15)

38(5)
83(7)
12(4)
-25(7)
17(4)
10(5)
14(19)

5(4)
22(4)
18(5)
28(5)
13(4)
17(4)
11(3)
-6(5)
-12(5
35(9)
-13)
24
0(4)
17(4)
15(4)
24
-2(5)
-13(5)
94
-1(2)
6(3)
-14(3)
18(3)
-94(12)
5(4)
24(4)
-24(5)
8(4)
-25(4)
-54(5)
-0.19(16)

34)
13(4)
33(6)
29(5)
-4(4)
05(4)
4(3)
24(5)
-10(5)
57(11)
10(4)
-3(4)
8(4)
10(5)
-14)
3(3)
7(4)
-12(6)
-44)
44)
2(3)
-10(3)
23(3)
45(13)
-5(3)
10(4)
11(4)
44(3)
44)
23(5)
-0000.3(17)
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Appendix B: NMR Spectra

2,2'-Bi((4S, 4°S)-4,4'-dimethyl)-oxazolin (5a)
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2,2°-Bi((45,4°S)-4,4"-diisopropyl)-oxazolin (5b)
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2,2'-Bi((45,4°S)-4,4'-di-tert-butyl)-oxazolin (5¢)
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2,2'-Bi((4S, 4'S)-4,4'-di((S)-sec-butyl)-oxazolin (5d)
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2,2'-Bi((4S, 4'S) -4,4'-diisobutyl)-oxazolin (Se)
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2,2'-Bi((4S, 4'S) -4,4'-dibutyl)-oxazolin (5f)
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2,2'-Bi((4R, 4'R)-4,4'-diphenyl)-oxazolin (5g)
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2,2'-Bi((4R, 4'R)-4,4'-dibenzyl)-oxazolin (Sh)
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2.2'-Bi ((4R. 4'R)-4.4'-dibenzvl)-oxazolin (5h) (5)-4.4"-diisopropvl-thiazolin (7b)
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(10a)
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(S)-4-Butyl-2-(pyridine-2-yl)-oxazolin (10b)
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(R)-4-Benzyl-2-(pyridine-2-yl)-oxazolin (10c)
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(R)-4-Phenyl-2-(pyridine-2-yl)-oxazolin (10d)
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(R)-2-(6-Methylpyridin-2-yl)-oxazolin (19g)
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(R)-4-Benzyl-2-(6-methylpyridin-2-yl)-oxazolin (19h)
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(R)-4-Phenyl-2-(quinolin-2-yl)-oxazolin (20k)
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1,5-Cyclooctadiene[ (2,2 -Bis((4S,4°S)-4,4 -diisopropyl)-oxazolin)]Jiridium(1) tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (30b)
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1,5-Cyclooctadiene[(2,2'-Bis((4S, 4'S)-4,4'-di((S)-sec

bis(trifluoromethyl)phenyl]borate(30f)
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1,5-Cyclooctadiene[(2,2'-Bis((4S, 4'S) -4,4'-diisobutyl)-oxazolin) Jiridium(1) tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (2)
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1,5-Cyclooctadiene[(2,2'-Bis((4R, 4'R)-4,4'-diphenyl)-oxazolin)Jiridium(I) tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (xx)
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1,5-Cyclooctadiene[((S)-4-Isopropyl-2-(pyridine-2-yl)-oxazolin) Jiridium(1) tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate (30i)
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1,5-Cyclooctadiene[((S)-4-Butyl-2-(pyridine-2-yl)-oxazolin)Jiridium(1) tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate (30j)
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1,5-Cyclooctadiene[((S)-4-Isopropyl-2-(6-methylpyridin-2-yl)-oxazolin)Jiridium(1) tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (30e)
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1,5-Cyclooctadiene[((R)-2-(6-Methylpyridin-2-yl)-oxazolin)]iridium(I) tetrakis[3,5-
bis(trifluoromethvl)nhenvllborate (30k)
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1,5-Cyclooctadiene[((S)-4-Isopropyl-2-(quinolin-2-yl)-oxazolin

bis(trifluoromethyl)phenyl]borate (30d)
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1,5-Cyclooctadiene[((S)-4-Butyl-2-(quinolin-2-yl)-oxazolin) Jiridium(I) tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (301)
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1,5-Cyclooctadiene[ (4,4 -di-tert-butyl-2,2 -bipyridine)Jiridium(1) chlorid, [Ir(dtbpy)(cod)]Cl (24a)
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1,5-Cyclooctadiene[((S)-4-Isopropyl-2-(quinolin-2-yl)-oxazolin)]iridium(1) chlorid, [Ir(iPr-
quinox)(cod)]Cl (24b)
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1,5-Cyclooctadien[(S)-4-isopropyl-2-(pyridin-yl-)-oxazolin]iridium(I) chlorid, [Ir(iPr-pyrox)(cod)]Cl

(24¢)
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Cyclooctadien[2,2 -bioxazolin]iridium(1) chlorid, [Ir(H-box)(cod)]Cl (42d)
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1,5-Cyclooctadiene[ (2,2 "-bioxazole)]iridium(1) hexaflourophosphate, [Ir(H-box)(cod)]PFg (25a)
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1,5-Cyclooctadiene[(2,2'-Bis((4S, 4°S)-4,4'-dimethyl)-oxazolin) Jiridium(1) hexaflourophosphate,

[Ir(Me-box)(cod)]PF¢ (25b)
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1,5-Cyclooctadiene[(2,2"-Bis((4S,4°S)-4,4 -diisopropyl)-oxazolin)Jiridium(1) hexaflourophosphate,

[Ir(iPr-box)(cod)]PF6 (25¢)
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1,5-Cyclooctadiene[(2,2'-Bis((45,4°S)-4,4'-di-tert-butyl)-oxazolin)Jiridium(1) hexaflourophosphate,
[Ir(H-box)(cod)]PFg (25d)
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abundance

1,5-Cyclooctadiene[(2,2'-Bis((4S, 4'S) -4,4'-dibutyl)-oxazolin)iridium(1) hexaflourophosphate, [Ir("Bu-
box)(cod)]PFg (25¢)
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1,5-Cyclooctadiene[(2,2'-Bis((4R, 4'R)-4,4'-diphenyl)-oxazolin) Jiridium(1) hexaflourophosphate,
[Ir(Ph-box)(cod)]PFg (25f)
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1,5-Cyclooctadiene[(2,2°-bis((4S,4°S)-4,4"-diisopropyl)-oxazolin) Jiridium(1) hexaflourophosphate,
[Ir('Pr-pyrox)(cod)]PF¢ (25h)
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1,5-Cyclooctadiene[((S)-4-(tert-butyl)-2-(pyridine-2-yl)-oxazolin)]iridium(1) hexaflourophosphate,
[Ir(tBu-pyrox)(cod)]PF6 (251)
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1,5-Cyclooctadiene[((S)-4-isopropyl-2-(quinolin-2-yl)-oxazole)Jiridium(1) hexaflourophosphate,
[Ir('Pr-quinox)(cod)|PF¢ (25m)
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1,5-Cyclooctadiene[((R)-4-Phenyl-2-(quinolin-2-yl)-oxazolin)]iridium(1) hexaflourophosphate, [Ir(Ph-
quinox)(cod)]PF¢ (250)
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1,5-Cyclooctadiene[((S)-4-Butyl-2-(quinolin-2-yl)-oxazolin) Jiridium(1) hexaflourophosphate, [Ir(iPr-

quinox)(cod)]PF¢ (25n)
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1,5-Cyclooctadiene[((S)-4-Isopropyl-2-(6-methylpyridin-2-yl)-oxazolin)Jiridium()
hexaflourophosphate, [Ir(iPr-mepyrox)(cod)]PF¢ (25j))
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1,5-Cyclooctadiene[((S)-4-butyl-2-(6-methylpyridin-2-yl)-oxazolin)]iridium(1) hexaflourophosphate,
[Ir("Bu-mepyrox)(cod)|PFg (25K)
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1,5-Cyclooctadiene[((R)-2-(6-methylpyridin-2-yl)-4-phenyl-oxazolin) Jiridium(1) hexaflourophosphate,
[Ir(Ph-mepyrox)(cod) |PFg (251)
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1,5-Cyclooctadiene[((S)-2-(2-(diphenylphosphanyl)phenyl)-4-phenyl-oxazolin) Jiridium()
hexaflourophosphate, [Ir(Ph-phox)(cod)]PFg (25u)
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1,5-Cyclooctadiene[((4S5,4'S)-4,4'-diisopropyl-2,2'-bithiazolin)]iridium(r) hexaflourophosphate, [Ir(‘Pr-
bta)(cod)]PFg (25g)
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1,5-Cyclooctadiene[(2-(3,5-dimethyl-1H-pyrazol-1-yl)pyridine) Jiridium(1) hexaflourophosphate,

[Ir(pypyraz)(cod)]PFg (25v)
]
L |z | =
£ s B
a7 | 3 |“ %:
s | | S
| [
=] - | | = =
ol + PFq | . " o
«] | e /
J A | : ;
LE N ‘ - /
N \Ir/ & /.
=] N | =
5 \N/ \ | : /
2] (o r N
= = - 2
ki ‘ P
= i®
2 jo
157
3
= B AW LA T L0 195 LAE LAD LSD L6115 1A
|
i ' ER
=] st i
=]
37 ‘
2
;?_
~]
- |
=
. \
g ( (2
w] [“;:_ |5 < |
]I |
| | |
|
4 | |
g |
g |
3 |
F \ f
E / b\’l_/h |
3
AL R A .
T T T T T T T T r T
9.0 80 7.0 6.0 50 40 30 20 10 0
ggasos sy 8 2 8 52253333
§g530% &8 g g I H33Eciic
prs e 1o RO b < d AddAA333
X : parts per Million : 1H
ad
=
=
Wy
2
5
K
S
H
H
2
ﬂ\ T T T T T T T T T T T T T T T T T T T T
2200 210.0 200.0 190.0 180.0 170.0 160.0 150.0 140.0 130.0 120.0 110.0 100.0 0.0 80.0 70,0 60.0 50.0 40.0 30.0 20.0 10.0 0 =10.0
4 2 onm e =2 = & §...
8 gt e 5
B2 EER BBz z g £ A73
B O 5%Y i Eg) 2 E Tei
X : parts per Million : 13C




1,5-Cyclooctadiene[ (2,2 "-bipyridine)]Jiridium(1) hexaflourophosphate, [Ir(dtbpy)(cod)]PF¢ (25q)
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1,5-Cyclooctadiene[ (4,4 -di-tert-butyl-2,2 -bipyridine)Jiridium(r) hexaflourophosphate,
[Ir(dtbpy)(cod)]PF¢ (25r)
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1,5-Cyclooctadiene[(1,10-phenanthroline)]iridium(1) hexaflourophosphate, [Ir(phen)(cod)]PFg (25s)
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1,5-Cyclooctadiene[(3,4,7,8-tetramethyl-1,10-phenanthroline)Jiridium(1) hexaflourophosphate,

[Ir(TMphen)(cod)]PF (25¢)
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1,5-Cyclooctadiene[2-(pyridine-2-yl)-1H-benzo[d]imidazole]iridium(1) hexaflourophosphate,
[Ir(TMphen)(cod)]PF¢ (25v)
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Bis-carbonyl[(2,2°-bioxazole)]iridium(I) hexaflourophosphate, [Ir(H-box)(CO);]PFg (28a) (spectrum in

CDyCly)
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Bis-carbonyl[(2,2 -bioxazole)]iridium(1) hexaflourophosphate, [Ir(H-box)(CO),]PF, (28a) (spectrum in
Acetone-dg, from crude reaction mixture)
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Bis-carbonyl [(S)-4-isopropyl-2-(pyridin-yl-)-oxazolin]iridium(1) hexaflourophosphate, [Ir(Pr-
pyrox)(cod)]PFg (28b) (spectrum in CD,Cl,)
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Bis-carbonyl [((S)-4-isopropyl-2-(quinolin-2-yl)-oxazole)]iridium(1) hexaflourophosphate, [Ir(‘Pr-
quinox)(cod)]PF¢ (28m) (spectrum in CD,Cl,)
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Bis-carbonyl [(2-(3,5-dimethyl-1H-pyrazol-1-yl)pyridine)Jiridium(1) hexaflourophosphate,

[Ir(pypyraz)(cod)]PFg (28v) (spectrum in Acetone-de, from crude reaction mixture)
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Bis-carbonyl [(4,4"-di-tert-butyl-2,2°-bipyridine)Jiridium(1) hexaflourophosphate, [Ir(dtbpy)(cod)]PF¢

(28r) (spectrum in CD,Cl,)
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Bis-carbonyl [((S)-4-(tert-butyl)-2-(pyridine-2-yl)-oxazolin)Jiridium(1) hexaflourophosphate, [Ir(‘Bu-
pyrox)(cod)]PFg (28i) (spectrum in Acetone-ds, from crude reaction mixture)
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Bis-(13C-carb0nyl)[((S)-4-(tert-butyl)-2-(pyridine-2-yl)-oxazolin)]iridium(l) hexaflourophosphate,
[Ir(tBu-pyrox)(cod)]PF6 (13C-28i) (spectrum in Acetone-ds, from crude reaction mixture)
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[[(2,2’-Bis((4S,4’S)-4,4’-diisopropyl)-oxazolin)]-chloro-(nﬁ-p-cymol)-ruthenium(lI)]chloride; [Ru(*Pr-
box)(cymene)CI1]Cl (48a)
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Dichloro(2,2’-bipyridyl)bis((s-)dimethyl-sulfoxid)ruthenium(II);[ Ru(bpy)(dmso),Cl,] (56)
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Dichloro(2,2':6',2""-terpyridyl)((s-)dimethyl-sulfoxid)ruthenium(Il);[ Ru(tpy)(dmso)Cl,] (57)
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Dichloro(2,2’-bis[oxazolin-2-yl])bis(dimethyl-sulfoxid)ruthenium(II);[ Ru(H-box)(dmso),Cl,] (49a)
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Chloro(2,2'-bis[oxazolin-2-yl])(2,2’'-bipyridyl)(dimethyl-sulfoxid)ruthenium(II)-chlorid; [Ru(H-

box)(bpy)((s)-dmso)CI]*CI'(61)
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2-(4-(tert-butyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (68a)
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2-(3-(tert-butyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (67a)
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4,4,5,5-tetramethyl-2-(4-(trifluoromethyl)phenyl)-1,3,2-dioxaborolane (68b)
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4,4,5,5-tetramethyl-2-(3-(trifluoromethyl)phenyl)-1,3,2-dioxaborolane (67b)
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ethyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (68c)
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ethyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (67b)

X : parts per Million : 13C

23 2 o o F 48
N I ~~ |
: f & — f"/{
g | Panl I |
Ehl ] / u‘( ‘KI“ .“.\ B/O
1 / \
i | | | | %
N ‘
<] | | |
B 1 | |
| |
| ‘ i
=2 : | S o l . N xl\_7
"""" L T ST R S S R R "R T
| I [N
LI I
H e L] fhi]
...........
g
E, o
I}
'z
]
H ("5 [# '
z \ | £ - |
. BT Y M ;
s |
—_——— — — B IR A B L LA W A
10.0 9.0 70 60 50 40 30 2.0 10 0
| yl M | I
AR A A A
EEEREST S 2B 27
iR i R e - Hea
X : parts per Million : 1H
Ch
e
=
=
2
s
=
-
a]
-
R
=
&
S
£
J J
i L gt ki L b ol n il e ki .,
o e G it # it W ) Wiplon Y A
180.0 170.0‘ 160.0 150.0 W:T ‘ BTn| 120.0 110.0 100.0 9.0 | 800 70.0 60.0 50.0 40.0 30.0 | 200 ‘ 100 0 -10.0
£ £ 3 fg g H 2 g
E ER AT z : Az

A96



4,4,5,5-tetramethyl-2-(p-tolyl)-1,3,2-dioxaborolane (68d)
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2-(4-cyclohexylphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (67d)
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2-(4-methoxyphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (68f)
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2-(3-methoxyphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (67f)
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2-(4-chlorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (68g)
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2-(3-chlorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (67g)
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diethyl(tert-pentyloxy)silane (103c)
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((3,7-dimethyloctan-3-yl)oxy)diethylsilane (103b)
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diethyl((2-methylheptan-3-yl)oxy)silane (103b)
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diethyl(pentan-3-yloxy)silane (107b)
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(benzhydryloxy)diethylsilane (107e)
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2,2,5-triethyl-1,2-oxasilolane (108c)
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Appendix C: IR Spectra of Carbonyl Complexes

[Ir(H-box)(CO);]PF¢ (28a) — solid IR
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[Ir(‘Bu-box)(CO),]PF, (28d) — solid IR
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[Ir(‘*Pr-bta)(CO),]PFs (28g) — solid IR
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[Ir(‘Bu-pyrox)(*CO),]PFs (*C-28i) — solid IR
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[Ir(Ph-mepyrox)(CO),]PF¢ (281) — solid IR
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[Ir(‘*Pr-pybox)(CO),]PF; (28p) — solid IR
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[Ir(TMphen)(CO),]PF¢ (28w) — solid IR
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[Ir(bpy)(cod)(CO)]PFg (26q) — solid IR

100
90 -
Lo \
R |
I‘I
\
I‘i
80 \
. T T g T ¥ T T
2200 2150 2100 2050 2000 1950 1900
Wavenumber [cm™]
[Ir(phen)(cod)(CO)]PF¢ (26s) — solid IR
100 —————
90 -
- \ “-‘;
> /
L
70 -
60 T T T T T T T T T
2200 2150 2100 2050 2000 1950 1900
Wavenumber [cm’ﬂ]
[Ir(TMphen)(cod)(CO)]PFg (26t) — solid IR
100 4
'_
ES
T T T T T T T T
2200 2150 2100 2050 2000 1950 1900

\Wavenumber [cm’1]

7 N/ N
z

All6



[Ir(H-box)(cod)(CO)]PF¢ (26a) — solid IR
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ATR-IR of [Ir(box)(CO);]PF¢ in THF solution
box = H-box (28a), Ph-box (28f), ‘Bu-box (28d), Pr-box (28¢), Me-box (28b), "Bu-box (28e),

"Pr-bta (28g)
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ATR-IR of [Ir(pyrox)(CO);]PFg ,[Ir(mepyrox)(CO),]PFs and [Ir(pybox)(CO),]PF in THF solution
pyrox = Pr-pyrox (28h), ‘Bu-pyrox (28i)

mepyrox = iPr—mepyrox (25j), "Bu-mepyrox (28k), Ph-mepyrox (281)

pybox = 'Pr-pybox (28p)
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ATR-IR of [Ir(quinox)(CO);]PF¢in THF solution

quinox = iPr—quinox (28m), "Bu-quinox (28n), Ph-quinox (280)

Transmission
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ATR-IR of [Ir(ligand)(cod)(CO)]PF; in THF solution
ligand = bpy (26q), phen (26s), H-box (26a), dtbpy (26r), TMphen (26t), iPr—quinox (26m),
"Pr-mepyrox (26j)
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