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Abstract

Naturald-(+)-camphor represents a privileged and structueedatile motif originating from
the chiral pool and is often employed for the depeient of novel ligands and catalysts,
which are broadly applicable in asymmetric synthesiatalysis and separation science.
Besides their use as chiral auxiliaries, as lewid-aatalysts and ds-heterocyclic ligands in
asymmetric transformations they are known to be gvw selectors for the separation of
enantiomers and stereoisomers of various compoubidstimination of enantiomers can be
realized in homogeneous and heterogeneous systamyphor-based NMR-shift reagents are
well established auxiliaries for enantiomer anayisi the liquid-liquid phase, but camphor
derivatives can also be employed for chromatogaplparations in gas-liquid (GC, CGC),
liquid-liquid phases (LC) and super-critical-pha¢8&C). This thesis is intended to further
extend the scope of camphor and camphor-derivddibgiblocks in the synthesis of chiral
ligands, catalysts and selectors, their successfpplication in catalysis and in
enantioseparation sciences.

The thesis is divided into four chapters each fogu®n the development of novel
camphor-based compounds and their applicationtagysts or selectors. A short introduction
is given in each chapter dealing with recent pregram the field of interest as well as
providing essential basics of the affected chemisitte Pd-catalysis, polymer and separation
science.

In chapter 1, after an introduction about genespkats of chiral stationary phases (CSPs) and
their application in complexation gas chromatogyap8GC), the total synthesis of novel,
extended CSPs derived fronS-(+)-camphorsulfonic acid is presented. The dewedop
Chirasil-MetalOC; phases are synthesized with overall high yieldmty six steps. Two
different approaches towar@hirasil-Metalsfeaturing either an oxypropyl- or propylsulfanyl
linker is presented. Furthermore, a new protocoltie fluoroacylation, which is one of the
key steps in synthesis of 3-(perfluoroalkanoylRttamphorate metal complexes, is
presented to improve the isolation and overalldyi@esides synthesis of the polysiloxane
CSPs, this chapter focuses on the immobilizatiep &irnishing the polymer-supported chiral
ligand. Therefore, a detailed study for three défe selector-concentrations on the polymer
is given for the immobilization step and for the tadencorporation to the target metal-
selectors using IR- and NMR spectroscopy. Overaler differentChirasil-Metal polymers
with different separation capabilities are reporteg metal-incorporation of nickei,
oxovanadiumy ), europiumi), lanthanum() and variation of the amount of ligand content
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on the polymer (3.5%, 10.2% and 20.0%). Their pembnce in enantioselective
complexation gas chromatography (CGC) is studiederms of selector-type, selector-
concentration, polymer film thickness, polymer casigon and column length. Superior
activity and separation of 29 small-sized compourglsecompassingnter alia epoxides,
derivatized alkenes and alkynes as well as alcamudsamides, is presented, throughout with
high separation factore. The thermal stability and the broad applicahiligynthetic
versatility and efficiency of the newly derive@hirasil-Metal-OG phase is reported.
Furthermore, the separation of enantiomers and epinof the four stereoisomers of
chalcogran, the principle component of the aggregapheromone of the bark beetle
pityogenes chalcographuss reported and the kinetic datA@, AH' and AS) for the
interconversion barrier for the epimerization psxef chalcogran obtained by temperature-
dependent measurements using dynamic complexat&n chromatography (DCGC) is
presented. By comparison with results obtained ynahic inclusion GC ofhirasil-5-Dex
stationary phases an explanation for the differenice activation parameters is given.
Moreover, a unique, novel approach to an efficesgignment of enantiomer configuration
and determination of enantiomeric excesses via a@anmn gas chromatographyynamic
elution profiles by CSP-couplingls developed and presented. The advantages of this
approach concerning sample purity, injection quistiand accessibility to enantiopure
compounds is discussed. Furthermore, the separatiothe major components of an
interconversion plateau into separated peak angasupling of different separation columns
is presented. Finally, the synthetic value and atdity of the camphor building block is
demonstrated by a two-step procedure with sterec$et introduction of two new chiral
centers &, R-) by coupling of two camphor molecules — an apphodowards the
development of acyclic chiral stationary phasgs3cheme 1).
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Scheme 1 Development of novel, immobilized CSPsfoamphor and their application in
complexation gas chromatography.
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The 29 chapter deals with the synthesis of a novel bated,N-heterocyclic ligand motif
derived fromd-(+)-camphor. After a short introduction into isomation reactions and the
Wacker-oxidation of olefins, the synthesis anddtrtal analysis of overall 11 new ligands is
reported and the coordination to palladium, cogpet cobalt is investigated. As the synthesis
initially involves the preparation of diastereopwi@ral camphortetraketones the focus was
set on the investigation of the isomer distributéard configuration thereof, giving evidence
for a new proto-chelate type, keto-enol tautomerssipported by X-ray crystallographic and
VT proton NMR analysis. The preparation and the eoolar structure of two, chiral
bihomometallic transition-meta)(complexes is described as well. The performaridaree
representative palladium catalysts exhibiting défe electronic properties in the palladium-
catalyzed copper-free Wacker oxidation of differaiitenes is described and the obtained
results are discussed in detail. A detailed stuflyalb 11 Pd-catalysts in the selective
isomerization of a series of substituted termimglpgopenoids is presented. The influence of
catalyst loading and the impact of acid and basktiads is addressed. An extensive solvent,
catalyst and finally substrate screening is unétertaand the results are discussed concerning
steric and electronic effects of the ligands anglegyed solvents. The reaction mechanism
involved is studied in detail using deuterium laaketolvents and substrates and the reaction
rate orders of catalyst, substrate and solventdatermined by GC, GC-MS and NMR
measurements. The integrity and stability of thialgat system is demonstrated by multiple
addition reaction cycles, successive filtration &uadation experiments. Finally, an extension
of the bidentate 3,3-bipyrazole ligand patternumish 2° generation tetradentate ligands and
their palladium-complexes featuring either pyridoremethylpyridine as wingtip substituents
is presented and their structural characteriséit®isomerism) are discussedf. Scheme 2).

—3» : central distortion

2 flexibility
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Scheme 2 Synthesis and catalytic application oEhcamphor derived,
bidentate 3,3’-bipyrazole palladium complexes.
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Chapter 3 of this thesis focuses on the synthdsasabiral NHC-pincer ligand derived from
camphoric acid as the chiral building block. Thepgaration is presented in overall five steps
in moderate to good overall yield. Two NHC-pincggahds with differing counter ions and
one dibenzotriazole ligand are described. The dpeel procedure allows the regioselective
monosubstitution of the central chiral building ¢kaas validated by NMR spectroscopic and
X-Ray crystallographic analysis. The molecular cites of the NHC- and triazole pincer
ligand is presented and the structural charadiesistre discussed in detail. The results are
supported by X-ray crystallographic measurementd an explanation for the observed
coordination properties is giveof(Scheme 3).
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Scheme 3 Target palladium pincer-compl@&derived from camphoric acid.

Chapter 4 of this thesis focuses on the structeaetivity relationship in the asymmetric
intramolecular oxindole synthesis using Pd-NHC iste catalysts {00 — 102 featuring
increasing steric demand while maintaining the safmeal substitution pattern (camphor).
After a short introduction into chiral NHCs usedr fthese transformations, three six-
membered hexahydropyrimidine core based, camphorede (bornylamine) NHC-Pd-
isonitrile complexes are presented and their agfdin in the enantioselective-amide
arylation to form 3,3-disubstituted oxindoles issci#bed. The preparation of five different
substrates bearing benzyl-and naphthyl-substituem§N-alkylation and the influence of the
NHC-substitution pattern on enantioselectivity Ire tasymmetrica-arylation of amides is
reported. Different enantioselectivities and a ¢feam the reaction profile is observed. The
results are discussed taking steric effects at#étayst metal-center and steric demand of the

el

// Cl

substrates into accourdf(Scheme 4).
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Scheme 4 Asymmetric oxindole synthesis using PdHisie complexesl00 — 102
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Ar = CgHs, 1-Naphthyl-



Zusammenfassung Vii

Zusammenfassung

Naturlicherd-(+)-Campher stellt — dem chiralen Pool entnommerein privilegiertes und
strukturell vielseitiges Motiv dar. Es wird fur diéntwicklung von neuen Liganden und
Katalysatoren verwendet und besitzt ein breitess&é#spektrum in der asymmetrischen
Synthese, Katalyse und in der Enantiomerentrennilietpen der Verwendung als chirales
Auxiliar, als Lewis-Saure und als Baustein fikheterozyklische Liganden findet es auch
Einsatz in Form potenter Selektoren in homogenehhaterogenen Systemen. In der flussig-
flissig Phase haben sich Campher-basierte NMR-sHieagenzien fur die
Enantiomerenanalytik erfolgreich etabliert und g@iDerivate sind ebenfalls in der gas-
flissig (GC, CGC), flussig-flissig (LC) und Ubetlsthen Phase (SFC) einsetzbar. Die
vorliegende Arbeit beschaftigt sich auf der Grugdlavton Campher mit der Entwicklung
neuer chiraler Liganden, Katalysatoren und Selektosowie deren Anwendung in der
Katalyse und Trennanalytik.

Die vorliegende Arbeit ist in vier Kapitel untefteivon denen sich jedes mit der
Entwicklung neuer Campher basierter Zielstruktusewie deren Einsatz als Katalysatoren
oder Selektoren beschaftigt. Zu Beginn eines jeHapitels wird dabei auf den Stand
aktueller Entwicklungen und die notwendigen Grugdlader betreffenden Themengebiete,
beispielsweise der Palladium-Katalyse, der Polynmss@nschaft und der Trennanalytik
eingegangen.

In Kapitel 1 wird, nach einer kurzen Einleitung dBrundlagen chiraler Stationarphasen
(CSPs) und deren Anwendung in der Komplexierungse@@amatographie betreffend, die
Totalsynthese einer neuen CSP ausgehend S8d¢#)iCamphersulfonsdure prasentiert. Die so
genannten Chirasil-Metall-OG" Phasen sind in hohen Gesamtausbeuten lber stafen S
zuganglich. Insgesamt werden zwei Vorgehensweidan die Chirasil-Metall Phasen,
basierend entweder auf einem oxypropyl- oder eipeopanylsulfanyl Linker, vorgestellt.
Fur den Schlisselschritt in der Synthese — einer&tylierung — wird ein neues Verfahren
vorgestellt, welches eine entscheidende Verbesgeder bestehenden Routen darstellt.
Neben der Synthese der Polysiloxan CSPs liegt aupthugenmerk auf der Immobilisierung
des Selektors am Polymer. Mittels IR- und NMR spm&opischen Untersuchungen wird die
Immobilisierung anhang dreier variierender Ligan#@mzentrationen auf dem Polymer
sowie der Metalleinbau zu den fertigen Selektoremfolgt und eine detaillierte Studie
dargelegt. Mit der Wahl der Selektorkonzentratiarf dem Polymer (3.5%, 10.2% und
20.0%) sowie dem Einbau von Nickel{ Oxovanadium(), Europium(i) und Lanthan()
werden insgesamt siebé&fhirasil-Metall Phasen mit unterschiedlichen Trenneigenschaften
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vorgestellt. Der Einflul3 des Metalls, der Selektmkentration, der Saulenlange sowie der
Schichtdicke und der Zusammensetzung des Polymers dee Effizienz in der
Komplexierungs-Gaschromatographie wird untersuérhand der Auftrennung von 29
kleinen Substraten, bestehend aus derivatisieppexiften, Alkenen, Alkinen, Alkoholen und
Amiden wird die hohe Effizienz der neuen chrialetati®nédrphasen aufgezeigt. Die
thermische Belastbarkeit, das breite Einsatzspektder Phasen und die vielfaltigen
Maglichkeiten in der Synthese neuer CSPs wird da&okiutert. Darliber hinaus wird die
Auftrennung der Enantiomere und Epimere der viere&disomeren von Chalcogran, dem
Hauptbestandteil des Aggregationspheromons deseBkéferspitogenes chalcographus
vorgestellt und die kinetischen Datex®, AH' andAS) der Interkonversionsbarriere fiir den
Epimerisationsprozess von Chalcogran durch tempatatdngige Messungen mittels
dynamischer Komplexierungs-Gaschromatographie (DC&®ittelt. Die erhaltenen Daten
werden mit den Ergebnissen der Chalcograntrennuiitelsn dynamischer Einschluf3-
Gaschromatographie aGhirasil-p-Dex verglichen und eingehend diskutiert. Weitenvird
eine einzigartige, neu entwickelte Methode zurzeffiiten Konfigurationsbestimmung von
Enantiomerenpaaren sowie optional der Ermittlung #&mantiomerenliberschusses einer
konfigurativ unbekannten Probe mittels on-columnsébaomatographie vorgestellt. Die
Generierung dynamischer Elutionsprofile durch Kupgl chiraler Stationédrphasen vereint
hierbei Vorteile der Gaschromatographie (kleine bBrwvolumina, Analyse verunreinigter
Proben und Schnelligkeit) mit der Mdoglichkeit denaatiomerdifferenzierung in einer
Methode und erlaubt erstmals eine reale, physi{aisTrennung der einzelnen Bestandteile
eines Interkonversionsprofils (Plateaus) in zditlieeparierte Peakflachen. Am Ende des
Kapitels wird die stereoselektive Synthese einem@erdimers durch selektive Einfihrung
zweier chiraler Zentrer, R-) und dessen Verwendung als azyklische chiraleodtirphase
fur die GC besprochems.(Schema 1).
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Schema 1 Entwicklung neuer, angebundener, chigtgionarphasen ausgehend von
Campher und deren Anwendung in der Komplexierurgggamatographie.



Zusammenfassung IX

Das zweite Kapitel der vorliegenden Arbeit hat 8iynthese einer neuen, bidentabeiN-
heterozyklischen Ligandenklasse ausgehenddvr)-Campher zum Ziel. Nach einer kurzen
Einleitung zu Isomerisierungsreaktionen und der kga©xidation von Olefinen wird die
Synthese und Strukturanalyse von insgesamt 11 néiganden beschrieben und die
Komplexierungseigenschaften zu Palladium, Kupfet Hiobalt untersucht. Die Darstellung
diastereomerenreiner, chiraler Camphertetraketdelt slabei den ersten Schritt in der
Synthese dar, weshalb zu Beginn speziell auf dimésenverteilung sowie auf die Isolierung
und Identifizierung der generierten Diastereomenel dwleren Konformation eingegangen
wird. Hierbei zeigt sich ein dynamisches Verhalterglches durch temperaturabhangige
Protonen NMR Spektroskopie und Kristallstrukturtgege Analysen Hinweis auf eine neue
Art von Protonen-Chelat Keto-Enol Tautomerie gibAuf die Darstellung zweier
bihomometallischer Ubergangsmetallkomplexe des akdnr Tetraketons ist ebenfalls
hingewiesen. Nach erfolgreich fortgefuhrter Synémesverden representativ drei Palladium
Komplexe der neuen Ligandenklasse ausgewahlt uhdhea Effizienz in der kupferfreien
Wackeroxidation hin untersucht und die Ergebnisskutiert. Eine weitaus detalliertere
Studie zur Palladium Kkatalysierten Isomerisierungrminaler Arylpropanoide wird
anschlieBend prasentiert. Hierzu werden insgesar®alladium Katalysatoren eingesetzt und
der Einflul3 von Sauren und Basen als Additive inRieaktion untersucht. Ein ausfihrliches
Screening von Losungsmitteln, Substraten und Ksaédyen gibt Aufschluss Uber den
Mechanismus und den Einflul3 von Sterik und eleksaren Faktoren der Liganden auf die
Katalyse. Mittels GC-, GC-MS- und NMR- sowie Deuten Markierungsexperimenten
werden die Reaktionsordnungen bezlglich Katalys&obstrat und Losungsmittel ermittelt
und ein plausibler Isomerisierungsmechanismus pedtuDie Integritdt und Stabilitdt des
Katalysatorsystems ist anhand multipler Substratzag, Feinfiltration und
Isolierungsexperimenten adressiert. Im letzten Teé Kapitels wird die 3,3-Bipyrazol
basierte, bidentate  Ligandenklasse  durch  Einflhrungon  Pyridin  und
Methylpyridinsubstituenten zu einer tetradentategabdenklasse ausgebaut, deren
Palladiumkomplexe dargestellt und deren struktemelCharakteristika (Atropisomerismus)
diskutiert 6. Schema 2).
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Schema 2 Synthese von neuen Palladium 3,3’-Bipyrazo
Komplexen und deren katalytische Aktivitét.
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Das dritte Kapitel der Arbeit beschreibt die Syst#haeuer chiraler NHC-pincer Liganden
basierend auf Camphersaure als zentralen Brickénkegiche in moderaten bis guten
Ausbeuten in 5 Stufen zuganglich sind. Zwei NHCddden mit unterschiedlichen
Gegenionen und zuséatzlich ein Dibenzotriazol-Ligavetden prasentiert. Die entwickelte
Syntheseroute erlaubt dabei die regioselektive Mobstitution des zentralen chiralen
Camphermotifs, was sowohl durch NMR spektroskogsdliessungen als auch durch
Kristallstrukturanalyse aufgezeigt wird. Weiterhinrd die molekulare Struktur des NHC-
pincer Liganden sowie die des Dibenzotriazol-Ligam@ufgeklart und eingehend diskutiert.
Die Ergebnisse der Strukturen und die der Syntloekayfer liefern hierbei eine plausible
Erklarung fur die beobachteten Komplexierungseigeaien §. Schema 3).

A
G 8 140 o= Joor
X X

87 88
Schema 3 Palladium-Pincer Zielkompl&&ausgehend von Campherséure.

Im vierten Kapitel der vorliegenden Arbeit werdetruBtur-Reaktivitatbeziehungen in der
asymmetrischen, intramolekularen Oxindolsynthesgetai Pd-NHC Isonitril Katalysatoren
untersucht, welche bei gleichbleibendem chiralenstéiu (Campher) einen Anstieg des
sterischen Anspruchs aufweisen. Nach einer kurzewiltung chiraler NHCs, welche
Verwendung in dieser Katalyse finden, wird die ®wse sechsgliedriger
Hexahydropyrimidine NHC-Pd Katalysatoren ausgeheod Campher (Bornylamin) und
deren Anwendung als Katalysatoren fir die enarietige Synthese von 3,3-disubstituierten
Oxindolen beschrieben. Die Synthese von funf uokeesllichenN-alkylierten Substraten
(Benzyl-, Naphthyl-substituiert) und der EinfluR sdeSubstitutionsmusters in der
enantioselektiven, asymmetrischesArylierung von Amiden wird untersucht. Eine
Veranderung der Enantioselektivititen und eine Amig des Reaktionsprofils gibt dabei
Aufschluss Uber den Einflul3 sterischer Beladung Kaslysators als auch des sterischen

Anspruchs des Substrats auf die Katalgs&¢hema 4 ). ~ :

P4
N\
Q

X catalyst R],, i'\l' :
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Schema 4 Asymmetrische Oxindolsynthese mit Pdiisiodiomplex 100 — 102
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iIn Complexation Gas Chromatography
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1.1 Introduction

1.1.1 Separation of Enantiomers on Chiral Stationary Phass (CSP) in
Chromatography

Many of the biomolecules produced and processexhiare are chiral or prochiral and most
metabolic transformations are stereospecific. A dbteffort is necessary for nature to
introduce chirality or transfer chiral informatiamnto a molecule or from one to another.
During evolution of nature the J-configuration of small molecules (amino acidsptes
and proteins) and thé®§-configuration of sugars prevailed and are upanrttost dominant
configurations” For chiral induction enzymes are used, for insta#s most of the environs
in nature are chiral, enantiomers show differeféa$ in biological systems. For example the
two enantiomers of limonene exhibit a different odommonly known as orange aroni (
limonene) or the off odor of turpentin&limonene). Especially in therapeutically medical
science, drug discovery and drug evaluation, a$ agelpresent in pesticides and synthetic
flavors the different effects of enantiomers incduiral environment (as in nature) are known.
In many cases the targeted effects is only limii@done enantiomer, whereas the other
enantiomer shows either reduced activity or nocef¢ all. Different effects and considerable
toxic behavior can be observed as well. This didraoeive attention until the disaster with
the chiral drug Thalidomid®. Sold as its racemate (Conter§abetween 1957 and 1961 the
(9-enantiomer had the desired property as treatrf@mimorning sickness for pregnant
women €f. Figure 1). But it turned out that the other enam&r was teratogenic causing
congenital deformations of children born from womnesated with this drug. Therefore the
determination of configuration of a chiral compountie stereospecific introduction of
chirality and the determination of enantiomeric esg €.e) is of great interest in
pharmaceutical and related industffésEven though the need for enantiomerically pure
compounds (drugs) is obvious and also increasifigbed by the legislative authority, many
of the substances on the market are still soldeamate$’ Reasons are high costs either due
to low bioavailability of natural sources (agriauk or fermentation), their isolation or
purification, as well as separation of enantionfeve their racemate by classical resolution
via crystallizatiof” of diastereomeric salts or kinetic/ dynamic reSotuusing enzymes (or
chiral catalystsﬁs.] Intensive synthetic procedu[%s and the generally time-consuming
methods, necessary for their evaluation in druguledgry affairs renders these processes
challenging.
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(S)-Thalidomide (R)-Thalidomide

seditative teratogen

Figure 1 Thalidomide enantiomers present in Coatétgs
sold by Griinenthal in Germany (1957 — 1961).

Efforts are made to develop novel, enantioselecnaytical methods and techniques, which
are fast, cheap and precise and therefore moreciegifi than established ones.
Chromatography is beside chiroptical methods @hgcular dichroism) or nuclear magnetic
resonance spectroscopy (NMR) utilizing shift redagerdeal combining fast analysis,

flexibility and efficiency within the same method.

For the chromatographic separation of enantiomigngredirect or indirect methods can be
applied. By derivatization with a chiral reagentastereomers with different physical
properties are formed from the racemate, which ¢&n separated by conventional
chromatography on an achiral stationary phaser@ntimethod). More straightforward is the
direct separation of enantiomers without derivaitraof the compounds prior to separation.
An additional chiral information, related to thenmmon “key-lock-principle” in biochemistry
is needed as well, but this problem is solved lpfliegtion of chiral stationary phases (CSPs)
in GC, SFC, HPLC, CE on which enantiomers can bhears¢ed. For HPLC and CE
applications chiral additives in the eluent strezan be used as well. CSPs, the state-of-the-
art technology' for chromatographic separations of enantiomerdyéte basically five types,
which are classified by the type of selector—seledtinteractionaf. Table 1)\"

The first CSP-type features protein based statiopduwases, which are usually of natural
origin, bonded to a silica matrix with many chi@nters present, forming strong analyte
(selector—selectand) interactions. Generally, prgdal retention times are observed due to the
large number of active sites (unselective contrdruto retention of analyte and eluent). Also
macrocyclic glycopeptides developed by Armstrongl&t ¥ can be used and a high number
of chiral centers and active sites combined withitiesss are present within these phases, The
level of intrusion into this cavities and thus fheximity to the selector is influenced by the
character of selectand and eluent, which deternmiimemagnitude of observed retention.
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Table 1 Common chiral, stationary phases usechtchromatographic separation of
enantiomers.

class type of interaction common selectors
I PROTEINS hydrophobic and polar, mesophase az-acidic glycoprotein, bovine
interactions serum albumin, vancomycin
Il PIRKLE attractive and p-p-interactions, hydrogen- | various ionic or covalent bonded

bonding, charge-transfer-complex formatigrselectors

Il | OkAMOTO attractive interactions, selector—selectand | derivatives of cellulose and
(polymeric helices)| complexes amylose

IV | CAVITIES inclusion and selector-selectand complexes  cycloides, crown ethers,
(inclusion phases) polyacrylamides,
polymethacrylates

V | DAVANKOV ligand exchange, ionic interactions amino acid-fnsdanplexes

(ligand-exchange)

The second CSP-class are Pirkle-Bfp¥! stationary phases featuring only small, limited
chiral centers present at the selector. Thereforsyanted unselective contributions and
retention of eluent is reduced and chiral selestdectand selectivity become more dominant,
which enhances the resolution. Okamoto-pH&$espresent the third type of CSPs. They are
based on polymeric helices of cellulose and amylele appropriate modifications (ester,
carbamate and ether derivative&}? The fourth group of CSPs are used in inclusionaB€
consist of cyclodextrinsa( — y type, depending on the ring siz&)> crown ethers,
polyacrylamide$® or polymethacrylatés! and derivatives thereof. The cone-shaped barrel
form of cyclodextrins, the degree of substitutiard &he type of modification determines
resolution and retention time of the analyte. Moeeently, also acyclic dextrins were
developed and successfully applied for the semaratf enantiomers. Finally, ligand-
exchange chromatography introduced by Davalikd¥ can be used as well. The selectors
consist of chiral amino acid metal complexes, fikeline combined with copper, for instance.
For the sake of completeness cinchona alkaloidedvimmic CSPs developed by Linder et al.
for the separation of (amino) acids have to be mpad as well.
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For volatile, thermally stable compounds gas chitography is the method of choice, since
determination of appropriate separation conditiemstraightforward, the parameter-set is
generally small, resolution and sensitivity is highd results are easily reproducible (due to
the absence of solvent interactions in LC systdéarsnstance}** ** Today, numerous chiral
stationary phases for GC are availdBfeThey are based on amino acid derivatives (diamide
phases), on polysiloxane polymers and most notablgyclodextrin derivatives. The first
enantioseparation using GC was obtained Withifluoroacetyl-derivatizedL()-isoleucin&®

|26 37 derived from §)-valinetert-butylamide,

and later with polysiloxane-basé&hirasil-Va
as the chiral selector in 1977. Amino acids wersssfully separated by hydrogen-bonding
interactions between selector and selectand. Kénigl. widened the scope of analytes by
derivatization with isocyanates and other reagéft#inother method was introduced by
Schurig et al. who developed the concept of enarg@rodiscrimination by complexation gas
chromatography”’ (CGC) utilizing coordination interactions betweemselectand
functionalities and chiral-metal complexes as drgedector. Despite the early successes with
polysiloxane based CPSs, cyclodextrine based C&Rsaped in 1983 by Koscielski et'&}.

(a-, p-pinene enantiomer separations in gas-liquid GC wiBD) became impressively
predominant. Inspired by these results the syrghesil successive improvement furnished a
steadily growing number of cyclodextrin derivatiV&$ Native and modified cyclodextrins,
like permethylategs-cyclodextrins developed by Schurig et*ar¥, by Koénig et al. (liquid

cyclodextrin derivative$y “® and Mosandl et al. (diluted modified cyclodext)itfs in

polysiloxanes are nowadays state-of-the-art CSekimal gas chromatographgf(Figure 2).
R1
\

HN
>_2:0 .
NH 0 . o=
0 R! %‘ R
/R1 A OF?RO «
O RO
d A4 J& y )’{y
/I.O'IO'IIA 'II\ %\r
n m 0 OOR ORCC:R °

R' = -Alkyl
R? = -Alkyl or -Perfluoroacetyl

Figure 2 Polymer-supported chiral selectors foméindiscrimination in gas chromatography.
Chirasil-Val (left) andChirasil-Cyclodextrins & — v, right).
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1.1.2 Complexation Gas Chromatography

Despite first results in 1972, the tereofnplexation GC'was introduced by Schurig et al. in
197783 Inspired by the previous work of Gil-Av, Freibuahd Charles-Siegler with amino
acid alkyl esters in enantioselective Gs&. Chapter 1.1.1) and their capability for hydrogen-
bonding combined with the resemblance to peptidssme complexes led to the development
of a completely new type of selectors. Relatedhiesé selector—selectand interactions an
abiotic enantioselective system displaying a metghnic framework was considered. Key
feature of the system is the coordination betwd®n metal and an analyte exhibiting
functional groups, which are prone to enantioredagn Therefore, the discrimination of
enantiomers with CSPs by metal-organic coordinatimas called enantioselective
complexation gas chromatographys the use of silvefcontaining CSPs utilizing-
interactions for the separation of olefins wasadsedemonstrated decades before, the use of
chiral transition metal complexes was quite inueiti

HsC H H CHj

SRR
0]
(S) (R) (\ |
O--Rh'-CO
air OC/
® ®)
E
FJ. IS
0 I I I 1.|5 I I I 3I.0
time / [min]

Figure 3 First example of enantiomer separatioa @00 m column by
complexation GC using Ri(hfc)(CO), reported in 1972.
Conditions: 200 m (1.D. 500m) column embedded with Rh(i)(hfc)(CO)2. 0.04 nestdr

concentration in squalane at 22 °C.

Whereas optically active phosphines and phosppitesfed to be unsuccessful, complexes of
chiral pg-diketonates obtained from natura-(+)-camphor showed promising results.
Previously known as ligands for rare earth méfaf§! and for their utilization as chiral shift
reagentS®” 3-trifluoroacylated d-(+)-camphor g-diketonate was used for this purpose.
Embedded in a squalane matrix rhodign&-(trifluoroacyl)-(1IR)-camphorate was able to
separate racemic 3-methylcyclopentene demonstratinguccessful discrimination of
enantiomers via complexation gas chromatographytHerfirst time ¢f. Figure 3)°Y This
approach was limited to a number of very few, delbccompounds under optimized
conditions. However, as resolution of chiral unsatied hydrocarbons, ethers and ketones
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were found to be difficult, especially for small lacules, but the important applications in
the field of chiral analysis became immediatelyappt.

CsF7

Figure 4 Mono- and bicyclic monoterpeneketoneshasigs-diketonates.
Chiral building blocks (left to right and top totham): camphor, 3-pinone, 4-pinone, §)-
thujon, (-)#-thujon, (-)-menthone, (-)-isomenthone. Metal (W)(I11).

S
&S —
75 o
7 0><0
A
(B

O><°
\‘)_J
S

rel. int.

CH,

I
| .
e ,njLULL_L.JL_MJLJL__

0 5 10 15
time / [min]

Figure 5 Enantiomer separation of aliphatic di@tanides using diluted Ni(hfcin
OV 101 by complexation GC.
Conditions: 0.1# Ni(hfc),, 40 m glass capillary (I.D. 250 nm) in OV 101 8t€.
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Consequently, a broader approach was considereddiffiedent chiral ligand frameworks
were developed and the metal-coordinated to trentigvas altered. As shown in Figure 4
natural starting materials related to camphor, @n@opinone), thujone and menthone were
envisaged. Obtained from the chiral pool, these ermeds were modified to their
corresponding 3-perfluoroacylatgetiketones and metals, like manganes&¢ cobalt(i)®*
and nickel(11),®* * were incorporated. Experiments showed that nickelomplexes of 3-
(trifluoroacyl)-(1R)-camphorate exhibited the best separation capahipon all metals and
ligand patterns and the scope of separable compgonas extended to oxygen-, nitrogen- and
sulfur containing selectands. However, oxygen-aairtg compounds showed good
separations, whereas nitrogen- or sulfur-functiaedl analytes still proofed to be
challenging. Utilizing this approach the type ofyggn-containing compounds was restricted
to cyclic ethers and acetdld underivatizedsecalcohol$® " and a few ketonesf( Figure
5)57 %8 However, the reproducibility and stability was atisfactory.

1.1.3 Immobilization of Selectors and Choice of Supportgn GC

Several requisites have to be considered to deved@pchemically-bonded chiral stationary
phases for gas chromatographic applications aratatpn of enantiomers;® 34

— thermal stability (>150 °C required) and long lifre

— broad applicability over a broad temperature rainggarding melting points)

— expanded scope of enantiorecognition and functigralp tolerance

— reproducibility (separations and column prepargtion

— high degree of versatility (selector-modifications)

— non-volatile selectors (column-bleeding, leachihgelector, MS-compatibility)

— high enantiopurity of the selector

— efficient selector concentration and limits (upped lower)

— temporary interactions (selector re-liberation fime

— efficiency, retention tendency and resolution facto

— stereointegrity (aggregation and degradation tecyen

— physical properties of the (polymeric) support aetéctor compatibility

— synthetic value (commercial available starting malg, short synthesis and high
yield)

— optional: compatibility with other separation syste like SFC (supercritical fluid
chromatography), (HP)LC ([high pressure] liquid aimatography), CE (capillary
electrophoresis)
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For the development and successful application abwel (CB)CSP for the resolution of
enantiomers these considerations have to be takenaccount. The application of high-
resolution glass and later the fused-silica colueumnology greatly improved the progress in
(complexation) gas chromatography. Overall highrtted stability and selector integrity over
a broad temperature range combined with a broagesob enantiorecognition and a long,
constant column life-time performance are upon rhest critical aspects. For a suitable
selector support the initially applied squalane weslaced by dimethylpolysiloxane as a
unique solvent. Diluted in the polymer the seletsoembedded in the matrix of the support,
with the advantage of isolated selector sites (idaae). This is beneficial for selector life-
time and enantiodiscrimination, since degradatibrihe selector is suppressed by simple
separation though space and the exposition of teelés the environment (air, moisture,
carrier gas and sample impurities) is reduced. ddwegation tendency, a commonly known
source for inactivation or decomposition, is deseel the enantioselective recognition step
stays intact and is not influenced by neighborielg&or-selectand interactions.

A major drawback of the application of camplfediketonates of rhodium(
manganesa( and cobalt() in enantioselective complexation GC is their tation to
temperatures between 25 — 90 °C and their shettitiie®™® Leaching and degradation of the
complexes were generally observed resulting in deproducibility and reduced life-time of
these columns.

Immobilization Strategies

To overcome these problems the selector has tétéehad to a suitable (polymeric) support
(immobilization). Overall four different basic stegies were developed, which will be
discussed briefly. The compound (selector/ligandtalgst or the preassembled metal
complex) can either be attached covalently or imiizgal via non-covalent interactions
(entrapping, electrostatic interactions, adsorptanto the supporct. Figure 6).

Alternatively, the synthesis of the ligand can berfgrmed on the support or the
monomers of the ligand containing building blocken doe synthesized and polymerized
afterwards. The latter approach enjoys the adventi#ga straightforward synthesis and
comfortable characterization of each product ptwopolymerization. However, a controlled
polymerization or copolymerization as well as theification and characterization of the
final polymer is challenging. Especially, the usk dmalkoxysilane precursors, generally
employed for polymerization, is not possible, sintteeir derivatization is extremely
challenging or not possible at all, due to themssigvity to acid and base. Therefore, the
synthesis of the compound for immobilization islikto be performed in advance holding
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the advantage of standard characterization tecksiga a final step immobilization can be
carried out employing defined, pre-fabricated patysnof known properties.

Cova[ent Adsorption I_Electros_tatlc
tethering interactions

O & O &
: s @ ‘/*A
OICEN ).+

support support support support

Entrapped/ diluted

Figure 6 Basic immobilization strategies for homuogaus selector-systems.

By an immobilization approach leaching of seledan be prevented and aggregation effects
are reduced. Noteworthy for chiral induction, erm@etognition can be influenced by the
geometry and electronic properties of the linket e physical properties of the support.

For embedded or encapsulated phases, like in mesgponaterials, compounds of
well-defined properties can be trapped without Hert modifications. Despite the ease of
preparation, this approach is prone to leachingabélyst, selector or active species during
operation. For electrostatic trapping the choiceainter ions and their interactions with the
environment (analytes, substrates and productgritigs and the eluting moiety) is of main
interest and might change the performance. Alsoobilization by simple physisorption onto
a surface viavVan-der-Waalsinteractions displays an attractive approach handitions
regarding the chemical environment, the interastiand the physical properties employed are
crucial for success. However, the tendency to geaaveakly-bound and non-stable phases is
a major drawback. Finally, and doubtless most ehgihg is the direct, covalent linkage of
the ligand or preassembled metal-compfeonly few reports deal with a direct or close
attachment of the compounds to the support. Théopnenant strategy focuses on the use of
flexible linker systems (spacers) of different lgngThis method opens the possibility and
versatility to adjust and tune the accessibilityite immobilized active sites. For this purpose
the electronic and steric properties of the sphesrto be considered carefully and the choice
of ligand, selector or catalyst loading and solsegrmployed will influence the stability and
performance of the phasé$ ®"
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Supports for Immobilization

The types of catalyst supports can be classifiéal $o0lid and liquid organic materials, like
organic polymers, ionic liquids and carbon nano$yband in inorganic materials, like
mesoporous materials, inorganic polymers and siladamina and inorganic oxides. The
physical properties of the support are very impurtior the application and separation
performance of the chemically bonded (CB)CSPs mrtsduMechanical strength, thermal
stability, solubility, swelling properties and thesence of functional groups have to be
considered and numerous problems can arise dunngpbilization, which alter the desired
performance profile in different ways: (i) limiteglector accessibility, (ii) undesired selector-
support interactions, (iii) change or reversal ohamtioselectivity, (iv) reduced
enantiodiscrimination and (v) stability problemghim the polymeric selector-linker support,
leading to decomposition or leaching. Thereforertgbt geometry and electronic properties
of the support, the linker and the selector haveeteahosen properly.

Polysiloxanes, being widely used as fluids, memégh and lubricant®®! showing
excellent thermal (usually -100°C te350 °C), oxidative, biological and good chemical
stability (pH 4 — 9}

Immobilization at Polysiloxanes via Hydrosilylation

Since 1990, several techniques to achieve a cavalemding of selectors to polysiloxane
backbones were develop&®® Their physical properties, like polarity and séléty, can be
tuned to furnish tailor-made chiral stationary msas a very efficient way. However, it
should be noted that the enantioseparation chaigtate of polysiloxane containing diluted
and linked selectors can significantly differ aswh for cyclodextrin derivative’s?!

A comfortable way of attaching a selector to thiygiloxane moiety is the addition of
a carbon-carbon-double bond to a Si-H functionalitydridomethyldimethylpolysiloxane,
HMPS, 1) to form an alkylsilane2). This hydrosilylation reactidt¥! allows the installation of
various types of residues producing polymers wafinged properties. Among a large family
of catalysts employed for this type of transformati (rhodium-silanol¥® cobalt-
carbonyld/” e.g.), the Pt-catalyzed hydrosilylation is mosmittant!’? Hexachloroplatinic
acid (H,PtCk) in alcoholic media §peiers’ catalyst,3)!"®! can be used, but is sometimes
accompanied by the precipitation of small amoumtinely dispersed Pt(0). For purpose of
complete metal-free (CB)CSPs catalysts, like Pingitetramethyldisiloxane complexd)
(Karstedt's catalyst}’¥ dichlorodigyclopentadienyl)platinumi) (CLPtdcp}’® " (5) or the
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Karstedtrelated Pt(0)-carbene comple®){(”! can be used in toluene or tetrahydrofurane at
elevated temperatures ranging from 25 to 120ctCScheme 5).

1
! 5
& S| a1l Pteatayst L[ AT U1 L
/llo_ll O'IIO’II\ + ORI —m /llo_ll O,IIO_II\
n
1 2
| \ I R
sf sseol ™ o
HaPtClg o} ,Pt--ﬂ P{_ o Pt ]
Si— / Cl Si— / N
TN d AN K
2
3 4 5 6

Scheme 5 Pt-catalyzed hydrosilylation reaction @atdlysts.

If needed, ultrasonification can help permitting thydrosilylation reaction of challenging
substrates, even at room temperatiffeHowever, by using Pt-divinyl catalysts and 6
without addition of inhibitors (dimethyl fumaratechmaleate), the dilution of reactants plays
an important role and premature crosslinking ofypwrs may be observed at high
concentrations or elevated temperatdfes most of the linear polysiloxanes are soluble in
organic solvents they can be fully characterizédgi NMR and?°Si NMR measurements
to determine purity, average polymer length anddSientent (resp. ligand loading). The
reaction progress is typically monitored By NMR measurements and change in the IR
stretching frequencies. This straightforward apphoaallows the efficient, covalent
immobilization of tailor-made chiral selectors tolysiloxanes, as reflected in the following
examples for leemically onded_tiral gationary hases (CB)CSPs derived from camphor.

Chemically Bonded Chiral Stationary Phases — (CB)USs in Complexation GC

After the pioneering work of Gil-Av, Freibush andha@les-Sieglé¥ with embedded
selectors in 1966 the concept of complexation GG walidated by Schurig in 1972
Regarding the versatility of these compounds, logps change of metal-coordination or
choice of chiral ligand, it is somewhat surpristhgt little effort was undertaken to improve
and investigate this class more deeply. Reasonghfertrend are located at the thermal
lability of coordination type CSPs. Embedded irtaignary phases a limiting factor was the
hitherto low temperature range of operation andviescks as outlined in chapter 1.1.3. In a
pioneering advance, a strategy to link a chiraledel to a polymeric backbone for
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application in conventional GC was reported by Krasicholson and Bayer. Linkage of the
valine diamide selector, developed by Freibush@ihd\v, to a polysiloxane support resulted
in the first_chir& polysiloxane containing vde phase, abbreviated &irasil-Val?® This
(CB)CSP proofed to be efficient in the gas chromegphic resolution of amino acid
enantiomers. Both antipode phases are nowadays eiatly available and thermally stable
up to 200 °C Chirasil-D/L-Val®).[’” A few related polymeric CSPs with different sugpor
were also reportef® 8! A strategy to link the chiral metal-containing esgtbr for
complexation GC to a polymeric backbone was firshieved by Schurig et al. on a
hydridomethylpolysiloxane (HMPS) support by Pt-tatad hydrosilylation. By this
approach thermal stability was improved to (100 20 iC), but by operation at these
temperature-limits a decrease in efficiency, resmtuand life-time was still observed after
prolonged use®?®¥ In particular, two main routes towards camphoiixaet (CB)CSPs were
pursued. Chirapolysiloxanes with metal-containing stationary phagésirgsil-Metals) are
obtained either by total synthesis of the chirgdatgmer-block followed by copolymerization
(RouteA) ¥ or preferentially by synthesis on the polymerl§t&2 (cf. Scheme 6).

CaF7 multiple C3F7
A - steps
(¢}
N\ © O

HSi(OMe)3 H.llo. | ol H

HzptC|e Sll SII SII HszC|s
CgF7 C3F7
(0] (0]

Scheme 6 Total synthesi&)(and polymer-analogous synthedt3 6f Chirasil-Nickel7 and8.
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The (CB)CSP< showed fast separation of 2-methyl substitutedicyathers. AChirasil-
Nickel phase, with the metal-selector as the terminagrmup of the polymer8) was
prepared as welf¥ Unfortunately, these oligomers suffered from shohain-length
(decamers) leading to aggregation, insolubility ahetomposition. The use of higher
molecular weight polymers was limited in this amio since the selector-concentration in
the polymer (at the polymer termini), necessary dfficient resolution, is successively
lowered with higher molecular weightf(RouteB, Scheme 6).

However, besides the pioneering and inspiring wadri§churig and coworkers witBhirasil-
Metal CSPs one major drawback of all camphor and mopeter related (CB)CSPs prepared
so far was the selector-synthesis prior to immadiion €f. Scheme 7).

C3F7 CaF7
socl, CHaN, |\/|(0Ac)2
F7Cg,COCI P
SOsH SO, C|

}Si' O 4

n n n=9
M = Ni, Mn, Zn

Scheme 7 Preparation Ghirasil ligand12, immobilization and metal incorporation step.

Up to now the shown synthetic procedure represémsonly literature report for the
preparation of chiral, met#-diketonates useful for polymerization at a polyrbackbone.
For this purpose, modifications at the chiral bimdd block are necessary and suitable
functional groups have to be selected, installeti@nserved during synthesis. As illustrated
in Scheme 7 commercially available§4(+)-camphorsulfonic acid was used as starting
material. The olefin necessary for the hydrosilgiatstep was introduced using equimolar
amounts of diazomethane to yield a metastable meu capable of sulfur dioxide
elimination to yield methylencamphat1.®® ® Besides the need for freshly prepared
cancerinogenic and potentially explosive diazomathand the moderate yield obtained the
major drawback of this route is the perfluoroadglatstep to12.%8 The preparation of the
fluoroacylated 1,3-diketonatE2 was achieved by deprotonation of the acigiiceto proton
with strong bases to form the enolate-nucleophilergo acyl chloride addition. By using
lithium diisopropylamide the yield was low (max. 35%), becauseampeting reactions
between acyl chloride, remaining acidic camphotgre and base. The use of sodium amide
and dimethoxyethane as solvent combined with higkaction temperatures to facilitate
ammonia liberation (driving force beneficial foratate formation) slightly increased the
yield up to 50% (ideal case). However, the reactias accompanied by various side-
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reactions and by-products (e@-acylation, bisacylation and acylamide formatiowhich
required tedious multi-step work-up proceduresrgjuise to low yield. The route furnished
3-heptafluorobutanoyl-10-methylencamphot2 (prior to metal incorporation and
immobilization) in yields ranging from 9% to 24%gpi®: 9491, 921

1.2 Objectives

Immobilized transition metal complexes derived fraamphor are especially useful for
asymmetric induction. Besides the use as chiralysts in heter®iels-Alderreactions with
oxovanadiumg)®® % “or europiumg),®® " asymmetric induction in cyclopropanation
reactionS® were reported with homogeneous as well as imnesuli chiral metalp-
camphordiketonates. Moreover, the immobilizationtleé chiral metal-complexes onto a
suitable support, like polysiloxanes to prod@erasil-Metals offer advantages in terms of
catalyst recycling and their use as immobilizedralhstationary phases (CSP) in (gas)
chromatographic applications. Being unreactive towacarbon dioxide, even application in
supercritical fluid chromatography (SFC) is possibThey can be employed as stationary
phases for chromatographic resolution of enantismasrwell as for catalytic active CSPs in
classical bench reactions followed by recovering ag-use. Upmost, by combination of
catalytic activity, separation selectivity and amatographic analysis at the same time within
the same capillary the ultimate method for deteatiom of reaction profiles, kinetic catalyst
parameters, identification and analysis of dynapfienomena and product identification and
distributions is realized. Bearing this in mindraral and immobilized stationary phase being
either used as selectors for the resolution of @or@ers or being active catalysts themselves,
by simple metal- exchange at the polymer the enasmange of applications becomes
evident.

Reconsidering these opportunities and the piongeviork on chiral metal chelates this
chapter focuses on the development of novel, chaaiphor-derived stationary metal phases
with improved thermostability, resolution and eféiecy. The use of high molecular-weight
polysiloxanes (M, ~3000 g/mol) is considered to guarantee thermadlciremical stability of
the backbone and the selector. Key to an enharféecbiecy and enantioselectivity will be
the development of a selector-to-support spaceveditdefined length, which has proofed to
be beneficial for immobilized systeris. % Furthermore, an straightforward, modular and
high yielding access to (CB)CSPs of varying spdeegth is emphasized. The challenging
fluoroacylation step and purification procedurelddde improved as weltf. Scheme 8).
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Selectors for Enantioresolution

in Complexation Gas Chromatography \ (CF,),CF
2/n~"3
%
Investigation of Dynamic |
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Scheme 8 Development of novel, immobilized CSPsfoamphor and their applications.

Chemically bonded chiral stationary phases (CB)CBiesrporating different metals and
their performance in the gas chromatographic réieoluof compound libraries will be

investigated. Furthermore, the influence on thdoperance of the novel camphor-derived
(CB)CSPs in complexation gas chromatography wilinvestigated regarding:

— metal-coordination

— degree of selector perfluoration

— selector-concentration

— selectand/ analyte composition (functional grodpramce and separation capability)
— temperature, stability and life-time

— polymer film-thickness

— polymer composition (mixed-phases)

— column length

— column conditioning

Finally, in order to revisit the great potentialmétal-coordinated (CB)CSPs, the versatility of
this approach and their use in asymmetric on-colueerction chromatography will be
addressed and an novel approach towards a faseféicgent assignment of enantiomer
configurations via dynamic complexation gas chrageiphy will be presented, called
dynamic elution profiles by coupling of CSPs
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1.3 Results and Discussion

1.3.1 Selector Synthesis and Immobilization

The results obtained by Schurig and coworkexd. (Chapter 1.1.2) using 10-
methylidenecamphor for a “direct” attachment (shiomker) were promising. However,
separation quality and synthesis suffered mainbynftwo aspects. As outlined in chapter
1.1.3 the choice of spacer (flexibility and linkength) is crucial for the performance of the
derived polymers and therefore a different approsab developed. Instead of a short two-
carbon-membered linker with restricted flexibilityy research focused on the design of a
versatile ligand pattern allowing variation of ty@acer length in the late steps of the synthesis
(cf. Figure 7).

n m
n = 3%, 10.2%, 20%
m=1-n

7 15 8

Figure 7 Camphor-derived selector pattern by Sghileit), Fluck (right) and targeted,
linker-variable selector pattern (middle).

Secondly, the synthesis @f and 8 give the opportunity for improvement as the need f
freshly prepared cancerinogenic and potentiallylesipe diazomethane is unfavorable.
Therefore a different synthetic approach was cameml Moreover, the challenging
perfluoroacylation step had to be drastically inyeeh regarding yield and purification
procedure as outlined in chapter 1.1.3.

Synthesis of 1,3-Diketonato Camphor Ligands

Overall two different routes towards the camphanivael chiral, fluorinated compounds prior
to immobilization were developed. Starting from eoercially available, enantiopure
(+)-camphorsulfonic acid the strategies eitherighran ether or thioether spacer, which were
then subjected to immobilization onto the polysdog supportaf. Scheme 9).
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For the preparation oR1 (19-(+)-camphorsulfonic acid1@) was first converted to its
potassium sulfonatel{), which was reacted to its acid bromide derivatiyereaction with
phosphorus pentabromide, freshly prepared from gitmsis tribromide and bromine in
carbon disulfide. Elimination of sulfur dioxide @ixylene with catalytic amounts of calcium
dichloride yielded (%, 4R)-10-bromocamphorl®) in 35% yield. Further reaction with excess
potassium acetate and acetic acid under molten itcamsl (>175 °C) resulted in the
corresponding 10-acetatocamphor derivatt@in quantitative yield (>97%). &, 4R)-10-
hydroxycamphor Z0) was prepared from of the acetate derivative kactien in 10wt%
methanolic solution of potassium hydroxide at refeonditions and was obtained in good
yield (92%). This route furnished RL4R)-10-hydroxycamphor in four steps with an average
yield of 31%. Ether synthesis to yield 10-allyloayephor 21 was achieved using 10-
hydroxycampho®0 and allyloromide under classical conditions (miilg sodium hydride in
tetrahydrofurane, 84% vyield). With an overall yiedfl 10% in 6 steps synthesis had to be
further improved.

—_— —_— —_— —_—
0 0 9 )
SOR Br 0 OH 0
o:< §

|: 16,R=H 18 y
17, R=K 19 20 21

Scheme 9 Synthesis of 10-allyloxycampBar
Reaction conditions for the preparation allyleth&ra) KOH, HO, r.t., quant. b) PByEtO, 35 °C, 48 h,
41% (18). c) KOAc, HOAc, 175 °C, 12 h, 93%49). d) KOH, MeOH, 65 °C, 6 h, 9292(). €) NaH,
CsHsBr, THF, 0 — 50 °C, 2 h, 84%20).

The preparation of enantiopure R1 4R)-10-hydroxycamphor by construction of a
spirocyclopropanated camphor skeleton \Deels-Alderreactions in 7 steps was not
considered due to the use of thiophosgen and teaiblow yield of 20%41°Y An alternative
enantioselective preparation ofR14R)-10-hydroxycamphor20 in a three-step synthesis
starting from natural-(+)-camphor via regioselective tandafagner-Meerwein(W.-M)
rearrangements was quite appealirg. Scheme 100°? In a first Wagner-Meerwein
rearrangement triflic anhydride is used to furnmkthylencamphor-derivativ@3 starting
from d-(+)camphor. This compound can be directly oxidized their cyclopropanone
diastereomers and subjected to base-induced rieghop followed by regioselective
Wagner-Meerweinrearrangement to enantiopure 10-hydroxycampBOr Alternatively,
camphen-1-yl-triflate?23 is converted into its alcohol derivati2d, which is then subjected to
cyclopropanation wittmetachloroperoxybenzoic acid (MCPBA) and regioselezivagner-
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Meerweinrearrangement. However, by following this routeifation appeared challenging
due to various side-products and the overall yietsbped from 70% (literature repdtif to
15%. Even though an access of enantiopure 10-hydamxphor20 was stated by the authors
and enantiopure camphor99%) was used as starting material the investigatiof this
approach showed that the obtained 10-hydroxycammlew not diastereomerically pure
(max. 93%d.e) as determined by GC.

E
OH2 -H*
Me
Me E o
fwa | 20
e e
Me E :
o IEf  LAH, OH | e+ IEfOHJ 5
@ | +
/Bu)3 Me Me :
"L e 0
! 25
22 23 24 %N. E (major) (minor)
OH [6,2]- OH OH
Me Shift Me w.-m. Me
Me H Me \'®M9E
“ W.-M.
E
OH OH OH Me—"Me
Me . ﬁ Me W -M. b Me | <0
R Me =—— Me =
@ E
Me E E
W.-M.: Wagner-Meerwein rearrangement N.: Nametkin migration (exo migrations) E: -OH (in case of mCPBA)

Scheme 10 TandelVagnerMeerweinrearrangement as reported (tdgametkinmigration
(bottom) and observed products (dashed line).

A closer, more deeply look into literature reveatmveral papef$3*t® dealing with side-
products and side-reactions pointing out the needtfict temperature control and moreover
the necessity ofN,N-diisobutyl-2,4-dimethylpentylamine (DTBMP27),*%! which is
nowadays not anymore commercially available. Utitiztriisobutylamine as the base, as
suggested by the authBP8 proofed to be not appropriate. This is in linehwthe observation
that the diastereomeric distribution between camghgl-triflate 23 and camphen-4-yl-
triflate 26 strongly depends on the base employed for thesebgctiveWagner-Meerwein
rearrangement (33%l.e. for camphen-4-yl-triflate26 with sodium carbonate, 65%.e.
without base and 90%l.e. with DTBMP favoring camphen-1-yl-triflate3).**” with
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generation of26 Nametkinrearrangement becomes predominant leading to concp2b.
Furthermore, it was observed that traces of triicid catalyses the isomerization of
camphen-1-yl-triflate in camphen-4-yl-triflate aiom temperature (and at -15 ¥¢Y — a
second reasonable source for the observed rediastéréoselectivitycf. Figure 8, 9).

OTf

X
Me Me | _
Me TO  Jte 'Bu” "N~ "Bu

23 26 27

Figure 8 Camphen-1-yl-triflate (left), camphen-4tiyflate (middle]
andN,N-diisobutyl-2,4-dimethylpentylamine (DTBMP, right).
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Figure 9 Gas chromatographic determination of drastmeric purity of (R, 4R)-10-

hydroxycamphor derived in three steps by the metiid@erero and Martinez et &t
Separations were carried out after purificatiorflagh-column chromatography using a 25 m HP-5 calum
(250 nm film-thickness) and helium as inert cargas; conditions: 50 °C to 180 °C, 4K@120 kPa meliu

Finally, a change to @&, 4R)-10-iodocamphor 48) proofed to be the ideal strategy. 10-
iodocamphor was prepared directly frors-()-camphorsulfonic acid1@) in quantitative
yield (>98%), thus saving two steps. Noteworthyerlture favors purification of 10-
iodocamphor 28 by column chromatograpiy?°*?® but due to involvement of
triphenylphospine and side products purificationsiplimation is recommended, since high
amounts of 10-iodocamphor can be readily obtainesblately pure and in short time.
Following the procedures outlined before the syintheathway was shortened andR(U4R)-
10-allyloxycamphor Z1) was prepared in overall 4 steps in very good aVgreld of 73%
(compared to 10%). Since the ligand pattern featareether group as spacer and functional
groups are of significant influence in complexatigas chromatography, another strategy
involving a thioether moiety was considered as we&herefore, the 10-hydroxycamphor
analogue (% 4R)-10-thiocamphorZ9) was prepared fromSk(+)-camphorsulfonic acidl@)
directly in a one-step procedure. Using thionylcide and triphenylphosphine 10-
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thiocamphor29 was obtained directly in 94% vyield. Following te@me strategy, as applied
for ether synthesis, § 4R)-10-allylmercaptocamphor3Q) was obtained in 81% vyield.
Utilization of this shortened two-step approactyltdiocamphor30 was prepared in good
overall yield of 76% ¢f. Scheme 11).

él/? a él% b él% e él%
—_— e —_—

0 0} (o] 0O
SO;H I R X

16 28 19, R=0Ac
e[ /
20,R=0OH 21,x=0
d
~ 29,R=SH 30,X=5

Scheme 11 Improved access t&,(4R)-10-allyloxycamphorZ1) and preparatic
of (1S, 4R)-10-allylmercaptocamphoB0).
Reaction conditions: a),PPh, toluene, 111 °C, 16 h, 98%8). b) KOAc, HOAc, 175 °C, 12 h,
97% (19). c) KOH, MeOH, 65 °C, 6 h, 9292(). d) SOC}, 80 °C, 4 h; PPhH,0, dioxane, 4 h,
100 °C, 94%29). e) NaH, GHsBr, THF, 0 — 50 °C, 2 h, 84%2() and 84% 30).

Noteworthy, during the endeavor to further short#e synthetic pathway to 10-
allyloxycamphor21, 10-iodocamphoR8 was directly subjected to conditions, which were
intended to furnistin situ displacement of iodine by an allylic alcohol. ked of the desired
product21 formation of R)-all-7-yl 2-(1,2,2-trimethyl-3-methylenecyclopehcetate 31)

as the major product was detected. Early literatprecedent®* %! account for a
transformation consisting of regioselective reageanents initiated under basic conditions
followed by in situ etherification. The enantiopure, newly deriveddarct was isolated in
54% vyield. This one step-procedure and relatedstoamations may be of valuable interest in
natural product synthesisf(Scheme 2)

a /\/o 0,
% — 7 Y'é&
O
I
28

31

Scheme 1Regioselective, base induced, camphor clee
to methylenecyclopentylestad.
Raction conditions: NaH, £1s0H, DMF, 80 °C, 24 h, 54%.
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The key step in synthesis — the introduction oédlporoalkanoyl group at the selector — is a
necessary prerequisite for enhanced enantiorecognéind to generate stable diketonate
metal complexes. The general procedure involvesotiepation of camphor or related
monoterpene derivatives at tlecarbonyl position by lithium @opropyl amide at low
temperatures (-70 °C) to furnish enolate formaaon suppress side-reactions. Even though
low temperatures can be applied, the reaction orapanied by side-reactions, liKe-
acylation, bisacylation, decomposition or incomglebnversions, which renders purification
of the product quite challenging involving multigeeps ¢f. Chapter 1.1.3)? Therefore
different bases for enolate formation were firgtéd. Sodium hydride in tetrahydrofurane
showed only moderate conversions over four dayefatx temperature, but remarkably no
O-acylation and only minor side products were detkcfmcluding methyl ethers as
anomalous sodium hydride reduction by-produté) Encouraged by this result potassium-
and lithium hydride for enolate formation were istigated. Whereas potassium hydride
showed almost no conversions, lithium hydride wasnfl to be the base of choice.
Deprotonation of either 10-allyloxycamphor or l@dahercaptocamphor was achieved at
reflux conditions (8 — 24 h) and addition of theditinated alkyl esters yielded the desit&d
fluoroacylation in an unexpected, extremely clesaction! Due to different melting points of
the employed perfluorinated starting materialsjfimation in case of trifluoroacetylation can
be achieved simply by evaporation of excess tnflutethylester (bp. 43 °C) to yield the
analytically pure product. By introduction of a l#xorobutyl moiety (ethyl
heptafluorobutyrate, bp. 95 — 98 °C) the pure pecbdan be distilled at elevated temperatures
(120 °C) under reduced pressure. Following thic@dare (R, 45)-3-trifluoromethanoyl-10-
allyloxycamphor 82, 94%), (R, 49-3-heptafluorobutanoyl-10-allyloxycamphd3 75%),
(1S, 49-3-trifluoromethanoyl-10-allylmercaptocamphor34( 94%) and ($ 49-3-
heptafluorobutanoyl-10-allylmercaptocamph@®5,( 77%) were obtained in very good to
excellent isolated yields (colorless, viscous oilReasons for lower yields in case of
heptafluoroacylation are observed due to dist&apurification of small product quantities
(cf. Scheme 13).

R
aorb aorb ZNoH
o 0]
S
32, R=CF, § 21,X=0 § 34, R=CF,
/ 33, R=CsF, / 30,x=5 / 35, R=C;F,

Scheme 13 Perfluoroacylation step of 10-allyloxyd allylmercaptocamphors
to furnish allylcamphog-diketonate precursors prior to immobilization.
Reaction conditions: a) LiH, GEO,Me, THF, 0 — 67 °C, 14 h, 94% {82, 94% for34. b) LiH,
CsF,CO,Et, THF, 0 — 67 °C, 14 h, 75% {88, 77% for35.
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1.3.2 Preparation of Chirasil-Metal Phases

Ligand Immobilization and Metal Incorporation

To investigate the potential of the newly derivediiral ligands (R, 49-3-
heptafluorobutanoyl-10-allyloxycamphoB83) with a high degree of perfluorination being
beneficial for enantiorecognition and polysiloxarassa suitable support (high thermal and
chemical stability) were chosen. Thereforegydifidomethylpolysiloxane (HMPS, N,
~3000 g/mol) with varying content of free silan@gps were synthesized, characterized and
the silane content determined by NMR spectroscopgasurements (SiH content 3.5%,
10.2% and 20.09%4§%®!

borc /
> O- -Nij, or V(O)/,
C3F7 C3F7
_ _ for Ni: for V(O):
OH a OH n=35%(39) n=3.5% (42)
5 _— o — n=10.2% (40) n=10.2% (43)
0 o ",'. lo. o) n=20.0% (41) n=20.0% (44)
§ Me;Si SI| SI| SiMe3 (m =1- n)
n m
% | dore
 —
33 Me;Si O‘sli ‘s|i O\SiMes
n m
n=3.5% (36) M = Eu (45)
n=10.2% (37) M = La (46)
n=20.0% (38) (n =20.0%)
(m=1-n) (m=1-n)

Scheme 14 Synthesis of polymer-bound camphor Igaéd- 38 andChirasil-Metal-OG
preparation by metal incorporatiaB9(—46, M = Ni, V(O), Eu, La).
Reaction conditions: a) HMP&arstedt'scat., toluene, sonic, r.t. — 110 °C, 10 h, 88%3@r73% for37, 73% fol
38. b) Ni(OAc),x4H,0, H,O-heptane (2:3), 100 °C, 2 h, 92% &%, 89% for40, 85% for41. c) V(0)SQ xH.,0,
NEts, H,O-heptane (2:3), 100 °C, 5 h, 79% #, 70% for43, 74% for44. d) Eu(OAc}xH,O, NEg, H,O-heptant
(2:3), 100 °C, 5 h, 80% fat5. e) La(OAcYxH,0O, NE&, H,O-heptane (2:3), 100 °C, 5 h, 86% ##:

Immobilization was achieved by platinum-catalyzegddosilylation reaction of 10-
allyloxycamphor and HMPS using Pt-divinyltetramédthsiloxane Karstedt'scatalysty* in
anhydrous toluene under ultrasonification over 1&helevated temperatures. Purification
thereof resulted in the chemical-bonded ligand$ \&itH contents of 3.5%36, 88% yield),
10.2% @7, 73% vyield) and 20.0%3B, 73% vyield) in good yields along with increased
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viscosity. Immobilization of ($ 45)-3-trifluoromethanoyl-10-allylmercaptocamph@j and
(1S 49-3-heptafluorobutanoyl-10-allylmercaptocamph®f)(failed usingKarstedt'scatalyst
and hexachloroplatinic acid ¢AtCk, Speiers’catalyst)”®! The results are in line with the
observation that stereoelectronic properties ofssuients at the reactalitd (and at the
silicon atom)* strongly influence the reactivity of the carbombmn double bond and
account for the general more challenging hydrcaigh of allylthioethers. However, an

appropriate choice of catalyst generally allowsrbgdylation reactions of thiocompounds as
[72, 75-77, 131]

well.

(miscible)

Figure 10 Color-change as observable indicatostiocessful metal-incorporation.
Preparation o€hirasil-Nickel-OG 41 shown, top layer (heptane), bottom layer (methamMb{OAc),x4 H,O
and ligand polymeB88 prior to reaction (left), reaction mixture uporakiag (middle) andChirasil-Nickel-OG

41 separation upon cooling (right, top layer).

Metal incorporation was accomplished using a medifiprocedure of Schurig and
coworker€?l. In a two-phase liquid-liquid reaction between ahgprecursor and chira
polysiloxanes Chirasil) takes place. For the preparation @hirasil-Nickel-OG, nickel(r)
acetate tetrahydrate dissolved in methanol andhdigaolysiloxanes36 — 38dissolved in
heptane were reacted in a two-phase mixture, whiebomes miscible at elevated
temperatures. Re-separation upon cooling and patifin resulted in nickel] bis[(1R, 4S)-
3-heptafuorobutanoyl-10-ppoxy@mphorates, hfpc] immobilized on polysiloxane atep
greenish to deep greenish 0i89,(3.5% Ni(hfpc)@PS, 92% yield40, 10.2% Ni(hfpc)@PS,
89% vyield;41, 20.0% Ni(hfpc)@PS, 85% vyieldef. Scheme 14). The reaction progress can
be easily monitored since the metal-precursor (goedor) is only soluble in the methanolic
(bottom) solvent and the colorless polymer (HMRPESjissolved in the aliphatic heptane layer
(top). Decolorization of the methanolic layer amdioc change of the aliphatic (heptane) layer
to green is indicative for successful metal-incogpion f. Figure 10).
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Incorporation of oxovanadiumw) was achieved using oxovanadiuv)(sulfate pentahydrate
and triethylamine to vyield theChirasil-VanadylOC; polysiloxanes 42, 3.5%
V(O)(hfpch@PS, 79% vyield; 43 10.2% V(O)(hfpgy@PS, 70% yield; 44, 20.0%
V(O)(hfpcr@PS, 74% vyield) as purple-reddish oils. A changehm color-depth of the
polymers is observed for varying selector-conceioinaand can be visualized by dissolution
of small quantities in dichloromethan&.(Figure 11). Following this procedure europium(
acetate and lanthanum) acetate hydrate furnishe@hirasil-EuropiumOC; (45, 20.0%
Eu(hfpcy@PS, 80% vyield) as a yellow an€hirasil-LanthanurOC; (46, 20.0%
La(hfpck@PS, 86% yield) as an orange aif. Scheme 14).

'v\,
@-

Figure 11 Selector-content Ghirasil-Vandyl-OG visualized by
dissolution 042, 43 and44 in dichloromethane.
Selector concentration (left to right): 20.0%, 28.2nd 3.5% V(O)(hfpc@PS.

Validation of Immobilization and Characterization of (CB)Chirasil-Metal phases

Immobilization of (R, 49-3-heptafluorobutanoyl-10-allyloxycamphor 33) onto

polysiloxanes and metal incorporations were moadoby IR and NMR spectroscopic
measurements. This is crucial for the determinatiothhe true nature of immobilized product
and complexes present and indeed potential souimeserrors or wrong conclusions.

Therefore, the following detailed study is intended contribute to this field of broad
interest® 132138

Ligand Immobilization and Metal Incorporation Monit ored by IR Spectroscopy

Immobilization of the (R, 49-3-heptafluorobutanoyl-10-allyloxycamphor1Qj on
polysiloxanes can be detected and considered >@®#plete by fading of the silane band at
V(sin) = 2160 crit and detection of two sets of bands resulting feymmetricvc=c) and
V(c=0) stretching frequencies and asymmejcn) deformations of the camphordiketone
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ligand (f. Figure 1). By comparison of polysiloxanes of diffet silane content and their
hydrosilylated (CB)CSP%4 — 16a characteristic increase in the intensities alwitly higher
degree of SiH content (resp. degree of ligand imhzaltion) is observed for the SiH as well
as for the carbonyl-, carbon-carbon stretching @artbon-hydroxyl deformation frequencies.
Finally metal incorporation of nickel] and oxovanadium({) was monitored. A pronounced
change towards lower frequencies is observed fockef(il) bis[(1R, 49-3-
heptafluorobutanoyl-10-propoxycamphorate] on pdtysines 17 — 19 Ni(hfpcr@PSs.
200% Chirasil-NicketOGCg], regarding the vi=c) Vc=0) and Vvo.wew) frequencies.
Disappearance of the bands at 1701'cand 1642 cm of the diketone ligand and
appearance of two new bands at 1647 cand 1627 cni validate the successful nickel
incorporation ¢f. Figure 12).

3.5% SiH
10.2% SiH
20.0% SiH

e et s b sk g
L

Chirasil-hfpc

ol
T

Chirasil-Nickel(1)-hfpc
3.5% Ni(hfpc),@PS

10.2% Ni(hfpc),@PS

20.0% Ni(hfpc),@PS

4000 3500 3000 2500 2000 1500 1000
v/ [cm?]

Figure 12 Immobilization of camphordiketone liga8®lon hydridomethylpolysiloxanes wi
varying SiH-content and Nij incorporation monitored by IR-spectroscopic measients —

Chirasil-Nickel-OG 39, 40 and41.
3.5%, 10.2%, 20.0% SiH-content; overlay of 9 sgeatharacteristic absorption bands marked withvasro

Although less pronounced, this change in frequenisi@lso observed for the incorporation of
oxovanadium{) with bands at 1686 cmand 1635 cmi’ (Chirasil-Vanady] 20 — 22 cf.
Figure 13). With varying ligand content in the polsr the intensities change, like discussed



Chapter 1 — Camphor-derived Stationary Phasesdorpglexation GC 27

for the nickel (CB)CSPs. Characteristic IR spefdrahe europium and lanthanum (CB)CSPs
(not shown) related t@hirasil-NicketOGCs;, resp.Chirasil-VanadylOGC;, were obtained.

T 3.5% SiH
10.2% SiH

(Si-H) 20.0% SiH

Y W‘?”-‘-'MMW_

/ Vic=0)tVic=0) .__

| 1 0HytVaic=c)tV2(c-0)

| 77 V1 ac=c)tV1.2(c=0) V101 2(0-niy_b]
3.5% V(O)(hfpc),@PS

10.2% V(O)(hfpc),@PS

Chirasil-
oxovanadium(iv)-hfpc

20.0% V(O)(hfpc),@PS

:

4000 3500 3000 2500 2000 1500 1000
v/ cm?]

Figure 13 Immobilization of camphordiketone ligé8®lon hydridomethylpolysiloxanes wi
varying SiH-content and oxovanadiuxr)incorporation monitored by IR-spectroscopic
measurements €hirasil-Vanadyl-OG 42, 43 and44.
3.5%, 10.2%, 20.0% SiH-content; overlay of 9 sggatharacteristic absorption bands marked withvesro

Ligand Immobilization and Metal Incorporation Monit ored by *H NMR Spectroscopy

The immobilization progress was also studied andified by NMR spectroscopic
measurements. Figure 14 shows the NMR spectra of starting material§hirasil and
Chirasil-Metals Due to detection limits only the spectra for ghhsilane (resp. ligand/ metal-
camphorate) content of 20.0% are depictédHigure 14).

In spectruma the signal for the silane protons at 4.68 ppm arahyl moieties of
HMPS (0.2 to -0.3 ppm) can be easily detecteds I(1LR, 49-3-heptafluorobutanoyl-10-
allyloxycamphor 83) prior to immobilization is displayed and can blentified by its allylic
protons at 593 - 5.86 (m, 1H), 5.28 (dd, 1H, miethgCHzrand, 5.18 (dd, 1H,
methylenel,.s) ppm and its characteristic singulets for the @veexanethyl groups at 1.07



28 Chapter 1 — Camphor-derived Stationary PhasegSdmplexation GC

and 0.96 ppm. In spectrumimmobilization onto the polysiloxane and complet&version
>99% can be verified by fading of all allylic ligasproton signals in the range between 6.00
and 5.00 ppm as well as vanish of the silane sighte polymer at 4.68 ppm.

S T e |

allylic-CH

l\. rd
/ e LLM
C -OH soly.  Moallio-Ch no SiH nnfe?Ps
VAR i
/

.
fo -OH sew —OCHQ—sh\ﬁ SI(CHa) K

e

| - . o MMK
o

T T T T T T
12 11 10 9 8 7 ppm

B -CH S0l CH,

Figure 14 Immobilization 083 on polysiloxane and incorporation of EJ(and Laf()
monitored by"H NMR spectroscopy €hirasil-Europium/ Lanthanum-Qf5 and46.
Characteristic signals highlighted with arrows;cpema) HMPS (20.0% SiH content)g) free ligand [(R,
49)-3-heptafluorobutanoyl-10-allyloxycamph@3j], (c) hfpc@PS 88) (immobilization step),)
Eu(hfpck@PS (metal incorporation step46), (€) La(hfpck@PS (“ to46).

The lack of signals in this region (5 — 6 ppm) asaworthy, since ether-cleavage of the ligand
and side reactions during hydrosilylation are gassiwhich makes purification as well as
any further application of these polymers diffic(dtg. remaining SiH functionalities as a
source for metal-reduction or remaining free complepecies altering the selector
performance). While these signals disappearedchiaeacteristicC7-methyl groups of the
camphor moiety (1.07 and 0.96 ppm) and the broaguset at 11.69 ppm for the hydroxyl
group of thes-diketonate is still present, validating successfuhobilization of the ligand on
the polymer. Furthermore, its remarkably that itswmssible to identify a triplet-signal at
0.91 ppm for the newly formed ligand-to-polymeaasibmethylyl bond (t, 2H, -Sidd,-linker)
and a multiplet at 0.56 — 0.46 ppm for the silanethyl groups directly attached to the
opposite location of the silicon atom where immizbiion took place. Finally, metal
incorporation is proven by disappearance of therdwg-signal at 11.69 ppm as well as a
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characteristic shift of the camphor-methylene dgymetween 3.1 and 3.9 ppm fGhirasil-
Europium(p) and Chirasil-Lanthanum(g, cf. Figure 14). The results are in agreement with
the *C and'°F NMR signals obtained for the free- and immobifizefpc-ligand33 (not
shown,cf. Experimental Sectign

1.3.3 Enantioselective Complexation Gas Chromatography

1.3.3.1 Selector Concentration in the Discrimination of Chral Epoxides

After characterization of the newly derived CSPsirttpotential was investigated in the
separation of enantiomers using complexation gesntitography. Therefore, the CSP&—
24 exhibiting different hfpc-metal contents (3.5%,.29% and 20.0%) were coated onto the
inner surface of fused-silica capillaries (0.25 mih) each using the static method described
by Grob**? giving a defined polymer film-thickness’ of 250 nithe column-capillaries were
conditioned (for conditioning of columrm$. Experimental Sectipninstalled into the GC and
tested. After promising first results wit@hirasil-NicketOC; in complexation GC, their
potential by separation of the smallest classeshofl compounds, namely alkyl- and halo-
substituted oxiranes on this novel (CB)CSP is preeskf. Figure 15). The prerequisite for
any successful chromatographic application, inigaldr the stability and integrity of the
selector-system, was validated. Wi&hirasil-NickelOC; operating at 160 °C thermostability
was proven over a period of two weeks and no logke quality of resolution was observed.
The maximum operation temperature seems to beglaehtemperature and was not probed.
Chlorohydrin, methyloxirane, butyloxirane and evectyloxirane were successfully
baseline-separated. To investigate the influenale@amount of selector immobilized at the
polysiloxanes on the resolution of enantiomers, sdparations were conducted with
capillaries of same film-thickness’ under equalochatographic conditions, but with varying
hfpc-content. The results are depicted in FigureQrbthe CSP with 10.2% selector only the
smallest selectand (methyloxirane) was partiallyasated. Chlorhydrin was separated to the
baseline with a selector content of 20.0%. Methybme, epoxyhexane and epoxydecane
were completely separated into their enantiomershenCSPs containing 10.2% and 20.0%
selector. Retention-times as well as resolutiomarhpounds increased with higher selector
concentrations. The results are in accordance Wigrature®® correlating prolonged
chemical retention of enantiomers of the selectaitid an increase of activity (concentration)
of the selectordf. Figure 15).
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Figure 15 Resoltuion of oxiranes usi@birasil-Nickel-OG stationary phase89 — 41
with varying selector concentration.
A: 3.5% (L7), B, 10.2% (8) andc: 20.0% (9); enantiomeric pairs highlighted with arrowseparations
were preformed using Chirasil-metal coated fusédascapillaries, 25 m, 250 nm film-thickness with
helium as the inert carrier gas; conditions (topattom): 30 °C, 85 kPa; 40 °C, 85 kPa, 100 °CkB&
and 110 °C, 120 kPa.

1.3.3.2 Chirasil(hfpc)x@PS of Ni(), Eu (1), La (1) and Oxovanadium(v)

Since enantiorecognition in complexation gas chtography is based on metal-organic
coordination, the type of metal present and thectional group of the selectand has
significant influence on the chromatographic regsotu Noteworthy, there is no general
relationship between strength of molecular compleraof selectands and the magnitude of
enantiorecognition as proofed for relatethirasil-Nickel stationary phasé¥® The
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enantioselectivity, AAG and the related separation factwronly depend on the energy
difference of the transient enantiomer-selector glemes. In regard to the results obtained
from selector-concentration-tests witthirasil-NickelOGC; stationary phases39 — 41 cf.
Chapter 1.3.3.1) the corresponding coated colunfn€harasil-EuropiumOC; (45) and
Chirasil-LanthanurOC; (46) were prepared containing 20.0% selector and adatd
polymer film-thickness of 250nm and 25m length.acBmic 2-[(prop-2-yn-1-
yloxy)methyl]oxirane 47) was chosen as model substrate for the resoluBeparation of
enantiomers occurred on both (CB)CSPs but prolomgeshtion times were observed with
Chirasil-Lanthanumand Chirasil-Europiumwithout improvement of separation. By metal-
coordination of europium() and lanthanum() the electronics as well as the coordination
geometry is significantly changed. In bo@hirasil-Metals three ligands are placed in the
coordination sphere of the metal centre (two in tase of nickel and oxovanadium).
Therefore, an approach of the incoming selectatitaly/ to be hampered and interaction via
coordination is reduced on europium)( and lanthanum() phases. Noteworthy, the
discrimination of the enantiomers might be higheithim rare earth metal-selectors
considering their success as chiral shift reageldtg. in fact, the detected resolution is
reduced compared hirasil-NickelOC; 41 (20% selectorgf. Figure 16).
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Figure 16 Influence of metal-chelate on the enaefaration of compount¥ using
Ni(hfpc),@PS 41), Eu(hfpcy@PS 45) and La(hfpc)@PS 46).
Chirasil-Metal-OG columns (25 m, 250 nm film-thickness) with heliasithe inert carrier gas; conditions:
80 °C, 85 kPa.

Complexation GC requires coordinative selectoredaled interactions as well as fast
equilibration between mobile and coordinating atesyn the liquid polymer (and gas) phase.
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The observed longer retention time for both ramtheanetal phases account for strong
selector-selectand interactions with an almost bllbetention time and extensive peak-
broadening orChirasil-EuropiumOCs;, compared to the lanthanum phase. These reselts ar
indicative for the formation of stable rare ear#lestor-selectand associates, which are
incapable of adopting a sufficient distribution #éua. Therefore, no enhanced
enantiorecognition was obtained for europium amthiahum (CB)CSPs and thus application
of the corresponding nickel-containing (CB)CSPoamplexation GC is most efficient.

trans-exo-48 cis-48 trans-endo-48

Figure 17 Possible geometriesGtirasil-Vanadyl-OG adopted in the polymer.
Approach vectors for incoming substrates showrti®d8 and highlighted with arrows (grey).

Due to the strong coordination capability of nigkgweakened interactions between selector
and selectand are expected by a change to oxowen@d). Moreover, significant changes in
enantiorecognition and complexation are repofted™ % 1By applications ofChirasil-
Vanady}OC; phases (3.5%, 10.2% and 20.0% selector contenlyy lmw separation
tendencies were obtained and discrimination of wom@ers diminished completely for
analytes exhibiting strong coordinative functiogabups, like alcohols, amides and ketones.
These observations are in agreement with the seshtained by Web€#? and Fluc¥® with
camphor-derivecChirasil-VanadylCSPs. Reasons for this observations may be theafan

of different diastereomeric oxovanadiuw)(complex geometries and the resulting varying
approach vectors for incoming selectands.Gairasil-VanadylOGC; the analytes are likely to
enter the complex from the opposite site to thegeryatom. Even though the real structure of
the camphor selector oxovanadium-complexes at tblymer is subject of current
investigationd®® **! and their diastereomeric distribution is still lez, three different
complex-structures can be envisaged. The approashshown to occuransto the oxygen
atom for benzaldehyde aruils for N-benzylidene-benzylamine thus proofing that différe

complexation geometries are possibl€mirasil-Vanadylphases.df. Figure 17)8 909394
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1.3.3.3 Extending the Scope of Chirasil-Ni(hfpc)@PS — Separation of Enantiomers
using Compound Libraries with Differing Functional Groups

As displayed in Figure 15 oxiranes were successhodiseline separated on tkhirasil-
NickelOC; phasetl with a selector concentration of 20.0% and a pelyfilm-thickness of
250 nm. To further extend the scope of enantiomt®wis the film-thickness was increased to
500 nm (20.0% selector) and a mixed phase congisfii25 nm polydimethylsiloxane (GE-
SE 30) and 125 nnChirasil-NickelOC; (20% selector) were prepared and tested in
complexation GC. Screening of various racemic camgs exhibiting different functional

groups showed separation of enantiomers of a braage of compounds with overall high
separation factors.
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Figure 18 Baseline separation of (+/-)- Figure 19 Nearly complete resolution of
menthol after <1min on 5 m &hirasil- methyloxirane after 47 seconds onr@®f
Nickel-OG. Chirasil-Nickel-OG mixed CSP.
Chirasil-Nickel-OG column (5 m, 500 nm film- Chirasil-Nickel-OG column mixed phase (25 m,
thickness, 20% selector) with helium as the inert 250 nm film-thickness with 50% (125 nm)
carrier gas; conditions: 140 °C, 85 kPa. polydimethylsiloxane, 20% selectaxjth helium a:

the inert carrier gas; conditions: 60 °C, 85 kPa.

The resolution includes halogen-, alkyl- and andsituted oxiranes, primary, secondary and
tertiary alcohols, substituted internal and terrhalkenes, alkynes, cyclic ethers, ketones and
allenes. Not only oxiranes but also alcohols (est8, 15a — 173 28) were successfully
separated witlu-values between 1.10 and 1.12 using the standard 250 nmChirasil-
NickeltOCs column were obtained. Excellent resolutions webseoved for methyloxirane
(entry1c, o = 1.32) on the mixed phase and the highest sepasfaictor« was observed for
the separation of TMS-alkynylbenzylalcohol enangosn(entryl8) with o = 1.66 after only

6 minutes on an 8 m column (250 nm). Moreover, atraerdinary and extremely fast
separation after only 47 seconds (30 sec. adjustedtion time!) was obtained using a 5 m
(500 nm)Chirasil-NicketOC; column for methyloxiranea(= 1.21, entrylb, cf. Figure 19)!
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(+/-)-menthol was also separated to the baselinesa than 1 mina(= 1.10, 46 sec. ad;.
retention time) at 140 °C using the same coluroh Kigure 18). For diethyl-1,3-allene
dicarboxylate (entr9) a high separation factor of 1.33 was obtainedc@&wyparison of the
resolution for mono-alkylated oxiranes on a staddz6 m and on a mixed 25 @hirasil-
NicketOCs;-GESE-30 phase (entrids, 1c, 2a, 2b; 3a, 3c and4a, 4¢) the separation factor on
both phases is decreasing along with higher oxitemmologues (as expected). Furthermore,
all four stereoisomers of chalcogran, the princigahponent of the aggregation pheromone
of the bark beetlpityogenes chalcographusonsisting of a set of two interconverting epimer
pairs (R,5R-, 2S5S., 2S5R- and R )5S, entries25a,band26a,b were baseline separated as
well. All columns employed, the measured and cakewdl values of each enantiomeric pair (
and B), like 1y, corrected retention timew(h/B)’, separation factors, resolution R and
effective plates M) are listed in table 2. The observation of effecseparations combined
with the broad versatility of this novel chemicabbpndedChirasil-Nickel phase underlines
the advantage of this elegant approadhTable 2,shown after the following brief excursus
concerning GC data evaluation for interpretatiorrposes.

Interpretation of GC Data — Concise Theory, Basic Masures & Values

For comprehensive fundamentals in GC separati@nseireference is made to other sources
in the literaturd****") For sake of interpretation the basic key descriptéollowing the
international ASTM-standards, will be outliné! The quality of a separation of two
analytesa ands depends on their net retention titae(corrected by the solvent dead-titge

tr = tr - tg) and is expressed by the selectivity Generallya-values greater 1.10 afford

excellent separations and values exceeding 1.26rdyeoccasionally reportedf 5 14

__ tr(®)’

== (a> 1 andir(B) > tr(A))

The peak profile is very important, especially geak-width (sharpness) and is expressed by
the effective plate-numbe¥e taking the peak-width at half peak-heighg s,into account
(this value is more significant than the standdrebtetical plate number). High effective
plate numbers are beneficial but not necessariy determining factor for efficient

separations since no measure of selector-efficiaacincluded. Therefore, with “good
selectors baseline-separations can be achievedmgtrereduced effective plate numbers.

tr\2
N = 5545 x ( R )
0.5h
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The capacity factok = tg /to is an indicator of the distribution of the anafyteetween the gas
and liquid phase. Therefore the effective plate loewrs approaches zero for analytes
exhibiting a small capacity factor k 0 and no separation will be observed. The resoilRi
represents a third descriptor for the separati@iitywof two analytes ands. It combines the
peak-width at half peak-heighty spand the uncorrected retention tinig®f the analytes and
displays another useful indicator. Noteworthy, fpaussian-shaped peaks (ideal case) a
resolutionRs = 1.00 is sufficient for a complete baseline sapan of analytes.

e s

Table 2 Data for baseline resolutions of enanti@noéracemic compounds using
(CB)Chirasil-NicketOC; (41) as the CSP (column and conditions given befdw).

# compound tr(A)  tr(B)  k(A)  k(B) a Rs | New(A)  Neg(B) T p
[min]  /[min] /K] /[kPa]
la

O *
A% 1.51 1.92 0.69 0.87 | 1.27 | 1.13 291 403 313 85

bW
0.41 0.49 1.46 1.76 | 1.21 | 0.64 202 163 313 85

c [[e]]
2.00 2.64 0.97 1.28 | 1.32 | 1.38 546 299 303 85

2a o
Am*\L/\/ 11.86 13.6 5.76 6.61 | 1.15 | 1.40 | 2920 1077 363 85

bo|w©
2.93 3.38 1.53 1.77 | 1.15 | 1.47 | 3307 1055 353 85

3a o
A:¢/C7H15 10.07 10.57 6.80 7.14 | 1.05 | 1.40 | 21058 8815 383 120

b |
11.51 12.15 8.23 868 | 1.06 | 1.35 | 14730 7006 393 120

c |w©
13.61 1449 945 10.06 | 1.06 | 1.20 | 11942 3438 373 120

4a o
A”*»L/CQHW 35.08 36.93 23.67 2492 | 1.06 | 1.65 | 24278 11422 | 373 120

bW
10.77 11.34 56.3 59.69 | 1.05| 0.77 | 6994 2180 373 120

c |w©
28.46 30.04 19.63 20.72 | 1.06 | 1.40 | 23177 5952 383 120

5 0.
”( 10.78 12.13 3.11 350 | 1.12 | 0.74 | 1028 431 318 100
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6 [0}
£l 9.28 10.09 4.27 4.64 | 1.09 | 0.66 | 1247 796 | 313 | 85
7a o
e 29.14 3283 757 853 | 113|260 |11792 5234 | 318 | 45
b le]
6.37 689 329 356 |1.08|1.16 | 5189 2396 | 343 | 85
8 [0}
£, _OH 8.07 890 393 4.34 |1.10|0.52| 559 368 | 393 | 85
9a o
‘3, _OoTBDMS | 12,72 13.21 7.40 7.68 | 1.04 | 1.43 | 31663 16565 | 363 | 100
b le]
9.62 10.00 595 6.18 | 1.04 | 1.90 | 41116 33638 | 383 | 100
c Ul
717 756 3291 34.69 | 1.05 | 0.90 | 7500 3094 | 343 | 100
d 19]
11.28 1159 6.78 6.96 | 1.03 | 1.00 | 32786 15147 | 363 | 100
10 | o
S Ph 417 437 506 531 |1.05|1.00 |11481 4516 | 373 | 120
11 |
" Ospp 9.59 10.12 14.13 1491 |1.06 | 1.15 | 11748 4770 | 373 | 120
12a o
B~z 19.99 24.04 1365 16.41 | 1.20 | 1.03 | 823 345 | 318 | 120
b 19]
15.77 1853 890 1046 | 1.17 | 1.03 | 332 1374 | 318 | 120
13a o
0 724 768 505 536 |1.06|0.92 | 4529 3069 | 353 | 120
b le]
539 563 3.89 4.05 |1.06 | 118 | 9783 5862 | 373 | 120
c lu}
743 835 3505 3942 |1.12|0.76 | 604 684 | 323 | 120
1l4a o
.07 | 930 971 465 486 | 104|051 | 3413 1579 | 353 | 85
b le]
640 670 346 362 |1.05|0.91| 7421 5071 | 373 | 85
c lu}
6.66 7.21 31.46 34.05 | 1.08 | 0.50 | 998 440 | 323 | 120
15a OH
///S/\A 374 417 255 285 |1.11|200| 5711 4924 | 393 | 120
b le]
258 275 1.83 195 | 1.07 | 1.83 | 14773 11637 | 413 | 120
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C Ul
135 152 733 825 | 113|122 | 1983 1429 | 383 | 120
16a OH
///&( 053 062 037 043 |1.18|1.34| 983 1078 | 383 | 120
b le]
069 073 050 056 |1.13|1.47 | 2171 2311 | 403 | 120
C 19]
511 564 264 291 |1.11|342|25717 13758 | 403 | 85
17a OH
///ﬁh 11.92 1339 832 935 |1.12|155| 2437 3112 | 373 | 120
18a | ™ OH
. / Ph | 313 525 1194 19.83 | 1.66 | 2.16 | 2827 147 | 416 | 120
19a /\%Ph
OH 12.85 1373 888 949 |1.07 | 137 | 6176 6992 | 383 | 120
b Ul
478 528 2543 2810 | 1.11 | 099 | 1614 1448 | 368 | 120
20a . ph
8 2009 21.79 2587 2805 |1.08 | 1.25| 3791 3613 | 363 | 240
2la 0
/\/0 . N,fBu
4 910 926 510 519 |1.02|0.69 | 28612 21594 | 413 | 100
b le]
2100 21.33 11.3 1150 | 1.02 | 0.78 | 47556 31048 | 413 | 85
22a Q
/\/OVH‘*)J\N/IBU
N 15.10 1544 7.37 753 |1.02|0.94 | 29115 26098 | 393 | 85
b le]
1450 1478 7.82 7.97 | 1.02 | 0.96 | 42807 35384 | 413 | 85
23a ><
o 0
L L_on 16.13 1934 559 6.70 | 1.20 | 2.78 | 3984 3408 | 403 | 120
24a ><
o 0
\L_omms 730 7.61 220 230 |1.04| 228 |46167 44487 | 383 | 100
252 | ,R 5R),(2R55)
_chalcogran 5.89 6.04 287 294 |1.03|1.00 |24656 23231 | 373 | 85
b Ul
10.06 1057 38.72 4067 | 1.05 | 1.15 | 8981 7997 | 323 | 85
262 | 55 55) (25 5R)-
chalcogran 793 841 386 410 |1.06 | 2.66 | 31663 32429 | 373 | 85
b Ul
13.65 1539 52.53 5920 | 1.13 | 2.09 | 5179 4364 | 323 | 85
27a
(+/)-camphor | 5853 2987 19.91 21.06 | 1.06 | 0.96 | 5333 3905 | 353 | 120
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b 19]
41.01 43.05 2829 29.69 | 1.05 | 0.95 | 6489 5445 | 343 | 120
28a
(+/-)-menthol 373 416 178 1.99 |1.12|3.05|15006 9929 | 413 | 85
b le]
372 402 258 280 |1.08| 2.4 | 18145 11955 | 423 | 120
C Ul
069 076 3.09 340 |1.10|1.40 | 3773 3224 | 413 | 85
29a | ¥
Eoc” OF | 534 702 981 1289 | 1.31 | 350 | 850 13622 | 393 | 120

@ Separations were carried out using a 26Mhirasil-NicketOC; (41) column (20% selector, 250 nm) unless
otherwise indicated and helium as inert carrier gas

1 40 m, 250 nnChirasil-NicketOGC; (41) column (20% selector, 250 nm).
[l 15 m, 250 nnChirasil-NicketOC; (41) column (20% selector, 250 nm).
[ 8 m, 250 nnChirasil-NicketOGC; (41) column (20% selector, 250 nm).
el 25 m, 500 nnChirasil-NicketOC; (41) column (20% selector, 500 nm).
M 5 m, 500 nnChirasil-NicketOGC;, (41) column (20% selector, 500 nm).

9 25 m, 250 nm mixe€hirasil-Nicke;OGC; (41) phase (125 nmig), 20% selector and 125 nm GE-SE 30).
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1.3.4 Resolution of Chalcogran on Chirasil-Europium-/Lanthanum- and
Nickel-OGC; by Dynamic Complexation GC (DCGC)

Chalcogran [(RS 5R9-2-ethyl-1,6-dioxaspiro[4.4]nonane}9) is a spiroketal consisting of
four stereoisomel§°**? found to be the principal component of the aggieggpheromone

of the bark beetlpitogenes chalcographusfesting the Norway spruce and causing serious
damage to the forests. Spiroketals represent aortam class of chiral compounds and are
widely distributed in nature as microbacterial rbeldes of antiproliferative potency, as
antibiotics, cell growth inhibitors, as highly teximetabolites of marine wildlife and as
volatile pheromones for communication between its&%! The stereoisomers consist of two
pairs of epimers and two pairs of enantiomefsHigure 20).

mirror plane epimers
2R5R-49 . 1 7 255549
-------------------- ZAdom-mn-mn-m----------- diastereomers
e %
~2S5R-49 ; 2R55-49™
' epimers

Figure 20 Epimeric, diastereomeric and enantionyaics of chalcogramg).
Stereochemistry indicated by dotted lines. Top [@}(2R, 5R)-2-ethyl-1,6-
dioxaspiro[4.4]nonane; R 5R)-49. Top right: @)-(2S, 59-2-ethyl-1,6-dioxaspiro[4.4]nonane;
(2S, 5R)-49. Bottom left: E)-(2S, 5R)-2-ethyl-1,6-dioxaspiro[4.4]nonane;$25R)-49. Bottom
right: (E)-(2R, 59-2-ethyl-1,6-dioxaspiro[4.4]nonane;R255)-49.

Dynamic complexation gas chromatography (DCGC) wd# used to separate all four
stereoisomers of chalcogran on the novel, camplovet Chirasil-Metal stationary phases
of nickel, europium and lanthanum. Since chalcogsgorone to interconversion at the spiro
center (tertiary carbon-atom) by zwitterionic amiblic ether/alcohol intermediatgs? as
validated during enantio-and diastereoselectiveadyc GC onChirasil-5-Dex, the novel
Chirasil-phases will be used to determine the epimer-intefexsion barriers and rate
constants using the DCGC approach.
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Influence of Metal-Coordination (Eu" ™, La" * and Ni"")

Initially, the influence of the metal-incorporatatitheChirasil-phase was investigated using
Chirasil-Europium/Lanthanunand NicketOC; as the chiral stationary phase. To achieve
maximum efficiency a column length of 25m with stde-concentrations of 20.0% and a
standard film-thickness of 250 nm was selected thedcolumns prepared as describefl (
Chapter 1.3.3.1). After determination of approgriaeparation conditions (100 °C, 85kPa
helium) the chalcogran mixture was subjected to &@lysis. OnChirasil-NicketOC; 41
both epimeric pairs (8.2 min, 11.5 min average &plwere separated after 12 minutes. A
remarkable long retention of the enantiomers otheaair was observed with the second
enantiomer eluted six minutes (average time) later the first enantiomer (operating at
100 °C!, not showncf. Table 2). Noteworthy, the challenge on the resmtubf chalcogran
stereoisomers is the structural relationship ohlegimer pairs rather than the separation of
each enantiomeric pair. However, a remarkably teggol of the enantiomeric pairsR25R)-

49, (25 5R)-49 and (&5 5R)-49, (2R, 59-49 was possible, with & 5FR)-49 eluting
2.04 min and (R, 59-49 eluting 2.37 min later than their correspondingrdgiomers at
110 °C and 85 kPa inlet pressure@imrasil-NicketOC; 41 (cf. Figure 21 and Table 3).

enantiomeric pairs
I 1

rel. int.

6.0 7.5 9.0 115
time / [min]
Figure 21 Stereoresolution of the epimeric and gameric pairs of chalcograd ).
Chirasil-Nickel-OG (41) column (25 m, 250 nm film-thickness, 20% selgctdth helium as the inert carrier
gas; conditions: 110 °C, 85 kPa.

12.0 13.5 15.0

Table 3 Resolution of all four stereoisomers oficbgran onChirasil-NickelOC; 41.

# epimer pairs k(a) k(B)' a Rs Nes(A) Net(B)

(2R,5R)-, (2R,5S)-chalcogran 2.87 294 | 1.03 | 1.00 24656 23231

(25,55)-, (2S,5R)-chalcogran | 3.86  4.10 | 1.06 | 2.66 | 31663 32429

Chirasil-NickelOGC; column (20% selector-content, 25 m, 250 nm filnckhess) with helium as the
inert carrier gas; conditions: 110 °C, 85 kPa.
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After successful resolution of all chalcogran sb&semers on th€hirasil-NicketOC; phase
the efficiency of Chirasil-Europium and LanthanumOC; as the stationary phases was
investigated. Using the same conditions, regardergperature, selector-loading, polymer
film-thickness and column length, as described floe separation of the chalcogran
stereoisomers with the nickel-selector, a pronodrioluence of the metal was foundf.(
Figure 22).

; CaF7 ; CaF7

O La Eu
/3 o 3

g (n= 2000/ g (n=20.0%)
(m=1-n) (m=1-n)

time / [min] I

Figure 22 Prolonged enantiomer retention obserueithgl chalcogran49) resolutior
on Chirasil-Lanthanum-Og46 (top) andChirasil-Europium-OG 45 (bottom).
Chirasil-columns (25 m, 250 nm film-thickness, 20% seldotéth helium as the inert carrier gas;
conditions: 100 °C, 85 kPa.

Whereas, all components were eluted within elevenutas on the&hirasil-NicketOC; phase
the epimeric pair was retained on the column ejufi min later on the lanthanum and even
31 min later on the europium-phase. This effecteimarkably, bearing in mind that the
enantiomers are eluted with a time-gap of 25, mspdy 31 minutes. There is only one
single report of an enantiomer retention over aopeof 30 minutes. An extraordinary high
separation-factor otx ~ 10 was observed for resolution of the methamabdposition
product of the inhalational anesthetic sveoflurdnye GC on Lipodex E (pentylateg
cyclodextrin derivative) dissolved in polysiloxanés m column, 26 °C, 120 kPa
hydrogen)**! This represents also the highest separation-factobserved so far. No
retention in this order of magnitude was ever reggbfor chalcogran isomers. @hirasil-
Europiumas derived by Schuffj' (cf. Chapter 1.1.3) exhibiting &2-linker the retention
time for the chalcogran epimers almost doublednl87 °C, 1000 kPa helium). As a
common phenomenon longer retention times are acaoi®g by peak broadening. With the
novel (CB)CSPs of lanthanum and europium this éffes also observed. However, peak
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broadening did not exceed elution over a period.6fminutes — an order of magnitude that
was also observed witBhirasil-Europiumby Schurig and coworkers (overloaded conditions
and reduced mobile-phase flow rates did not accéamnthis observationf> **! Besides
these remarkable results with the novel (CB)CSBstiservations are in agreement with the
explanations given in chapter 1.3.3.2 for the rolethe coordinated metaEuropium(ir)
exhibits the strongest selector-selectand comptaxgtroperties compared to lanthanun(
and nickel() within the novel CSPs and therefore prolongeentdn times and peak-
broadening is observed @hirasil-EuropiumOGC; 45. Furthermore, the second epimeric pair
of chalcogran, eluted after 44 min and 49 minikisly to be separated more efficiently on the
europium-based than on the lanthanum-based (CB)C&Rhapter 1.3.3.2 and Figure 22).

Resolution of Chalcogran Stereoisomers o@hirasil-Nickel-OC; — Influence of Selector-
Loading, Temperature, Polymer Film-thickness and Cmposition

As Chirasil-NickelOGC; proofed to be the ideal, chiral stationary phasetlie separation of
chalcogran stereoisomers, columns with varyingcsateconcentrations (3.5%, 10.2% and
20.0%) and 250 nm film-thickness were selectedntcestigate the influence of selector-
loading on the quality of separation. By applicatia pressure of 85 kPa the operating
temperature was raised to 110 °C to force peaklayerhe second epimer pair of chalcogran
is generally more easily separated on @tarasil-NickelOC; phase. Even with selector-

Selector-

content:
3.5% —n_ |
102% 7]
20.0% ——0 )

6.0

7.0
8.0

time / [min] 10.0

Figure 23 Chalcogran separation@hirasil-Nickel-OG with varying selector concentration.
Chirasil-columns (25 m, 250 nm film-thickness, 3.5 —208lector content) with helium as the inert carrier
gas; conditions: 110 °C, 85 kPa.
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loadings of 3% partial separation of these peaks emserved. Although different selector-
concentrations were employed, retention times efdtereoisomers were almost equal and
faster elution on columns exhibiting less selectmmeentration was not observed. Selector
concentrations of 10.2% were sufficient to basebeparate the second epimeric pair and
partial resolution of the first pair. The resolutitactor Rs drastically improved from 0.75 to
1.83 (3.5%- 10.2% selector-loading). With 20.0% metal-selethar resolution of the first
epimeric pair was further improved as can be sean the chromatogram, by change of the
a-values from 1.01 to 1.02 and improvement of thsokgion-factorRs from 0.64 to 0.70 for
each epimeric paih{ghlighted with arrowsentries 2a, 3a, 2b, 3tf. Figure 23 and Table 4).

Table 4 Influence of the selector-concentratiortr@nquality of epimer-resolution.

# epimer pairs k(A)' k(B)' a Rs | Nes(A)  Neg(B)
la (2R,5R),(2R,5S)

-chalcogran 2.26 - - - 20269 -
b (2S,5S),(2S,5R)-

chalcogran 2.52 257 - 1.02,1 0.75 | 21804 21186
2a (2R,5R),(2R,59)

-chalcogran 2.00 2.02. r 1.011 0.64 | 29403 20723
b (2S,5S),(2S,5R)-

chalcogran 2.51 2.62 % -1.04%1.83 | 28300 29587
3a (2R,5R),(2R,5S) L

-chalcogran 2.00 2.03 % 1.02%0.70 | 18389 16753
b

(2S,5S),(2S,5R)-

chalcogran 2.66 2.80 [»1.05 [»1.99 | 25292 24794

Epimeric pairs connected with arrows for resolufiactora and resolutiorRs,
Separations were carried out using a 268hmrasil-Nickeloc; column (250 nm
film-thickness) at 110 °C and 85 kPa helium astinarrier gas (selector-
concentrations: 3.5%, entry 1; 10.2%, entry 2 ah@%, entry 3).

The observation that selector-concentrations 0D%0Chirasil-NicketOC; still improve
separation quality is very important for furthewvd®pments ofChirasil-MetatOC; derived
chiral stationary phases! This is noteworthy, siselector-selector interactions might lead to
reduced efficiency by the formation of unselectiBmplex-species and decomposition
products. Therefore, complexation GC is more semsiio selector-content than inclusion
GC. For permethylateg-cyclodextrin dissolved in OV-1701 (cyanopropylpkien
methylpolysiloxane) the selector-concentration liaged to a maximum of 25%. Exceeding
this concentration did not lead to any further @ase in the separation factor, resp. quality of
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90°C 100°C 120°C

/ 125nm 41 + 125nm GE-SE30 / 125nm 41+ 125nm GE-SE30 / 125nm 41 + 125nm GE-SE30

/ 500nm 41 / 500nm 41 r 500nm 41

L

|
T
9.0 T _
15.0 9.0 30
210 27.0 14.0 19.0 ‘ 70

time / [min] time / [min] time / [min]

Figure 24 Influence of film-thickness and temperaton the enanticand epimerresolution
chalcogran isomergl9) usingChirasil-Nickel-OG.
(A) 25 mChirasil-Nickel-OG (41) phase (20% selector, 500 nnB) (25 m mixedChirasil-Nickel-OG phase
(125 nm41, 20% selector and 125 nm GE-SE 30).

resolution, because of crystallization of the delecesulting in low selector concentration
accessible for analyt&S® After the findings that a nickel-selector contefit20.0% is still

beneficial for the quality of resolution, the polgrilm-thickness and composition was
altered. Separation columns (20.0% selector-coratgon) of 250 nm, 500 nm and a mixed

Table 5 Quality of stereoresolution of Table 6 Separation quality of chalcogran
chalcogran isomers on a 500 &hirasil- isomers on a mixe@hirasil-NickelOGC3/
NickelOCGC; phase. polydimethylsiloxane phase.
# | epimer a Rs | Ne(A)  New(B) # | epimer a Rs | Ne(A)  New(B)
1a | orsR), 1a | orsR),

(2R,58) | 1.03 | 1.74 | 60635 53614 (2R,58) | 1.02 | 1.03 | 40452 42090

b (2S,59), b (25,59),
(2s,5R) | 1.06 | 4.07 | 56688 58643 (2S,5R) | 1.05 | 2.58 | 42547 39619

28 | HRsR), 28 | HRsR),
(2R,58) | 1.02 | 1.33 | 50642 43063 (2R,58) | 1.01 | 0.73 | 34647 26128

b (2S,59), b (2S,59),
(2S,5R) | 1.06 | 3.19 | 48246 48296 (2s,5R) | 1.04 | 2.10 | 38776 38856

38 | rsR), 38 | RsR),
(2R5S) | 1.02 | 0.78 | 33905 27588 (2R,5S) - - 9303 24132

b (2S,59), b (25,59),

(2S,5R) | 1.04 | 2.33 | 50571 52295 (2s,5R) | 1.03 | 1.12 | 21364 26128
Conditions: 25 nChirasil-NickelOGC; (41, 500 nm, Conditions: 25 nChirasil-NickelOGC; (41, 125 nm,
20% selector) column at 90 °C (entry 1), 100 °C 20% selector) and 125 nm GE-SE30 column at
(entry 2) and 120 °C (entry 3) and 85 kPa helium. 90 °C (entry 1), 100 °C (entry 2) and 120 °C (entry

3) and 85 kPa helium.
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phase consisting of 125 n@hirasil-NicketOC; and 125 nm polydimethylsiloxane (GE-SE
30) were prepared. Three different temperature@ {2 100 °C and 90 °C) were applied. For
comparison, the results obtained for the mixed #redChirasil-Metal phase with 500 nm
polymer thickness are displayed (constant heliuesgure of 85 kPaf. Figure 24, Table 5
and Table 6). Throughout good separations wererebdeon all phases and temperatures
applied, especially for the second epimeric paereat 120 °C. The 500 n@hirasil-Nicke}
OGC; phase showed the best results observed so fathtorseparation of chalcogran
isomerst®>¥ with respect to a four times lower selector-comegion of the mixed phase
(app. 5% selector-content) compared to 20.0% irb@enm column the results obtained with
the mixed (CB)CSP at all temperatures are remaekabice almost no separation was
achieved on the pure phase with 3.5% selector-ctorateon at 100 °C (as elucidated for the
investigations regarding selector-loading). Theedffe plates are reduced frobs =
60k/56k to 40k/43k (entries 1a and b), but aré Isigh considering four times lower selector-
concentrations. Therefore, the presence of selé@erpolymer within theChirasil-Metal
phase is beneficial for separation quality. Thiseylation becomes plausible, if complexation
GC is reconsidered as an discriminating processdegt free selectands, selector-selectand
complex formation and selectand-liberation. Afigection all analytes will be present in the
liquid polymer phase 99% of the time competingdad interacting with the selector bound
to the polymer. The presence of selector-free petymmight therefore add unselective
contribution to separation by offering free spac® fncoming selectands and thus
guaranteeing selection and fast equilibration betweomplexation and liberated substrates.
This approach is not uncommon and in fact are matgtionary phases for gas
chromatographic applications are polymer-dilutednored phases consisting of different
compoundé‘r?' 144, 149, 157]

Determination of the Interconversion Barriers of Chalcogran by Dynamic Complexation
Gas Chromatography (DCGC) onChirasil-Nickel-OCs

The epimerization of chalcogran during dynamic @igen- and enantioselective DCGC gives
rise to two independent interconversion peak psfileach featuring a plateau between the
epimer pairs being currently interconverted. Redsoithis observation is the time-depended
interconversion and thus change of the physicgbgnt@es of each epimer within the chiral
environment (CSP). Therefore, either a prolongddnten or an accelerated elution of a
certain amount of epimers is detected during expamt. By overlay of both contributions
(areas) of each interconverted epimers a plateatorimed and superposition of both
interconversion processes leads to a charactepsék-profile, as illustrated in Figure 25.
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Figure 25 Schematic representation of the interemsion
peak profile of chalcogran dbhirasil-$-Dex.
Isolated interconversion processes (black andaed)observed overall
peak-profile (dotted line).

The rate-constants for the epimerization procdsgy) (by DCGC were obtained by
consecutive measurements at temperatures betwedh &@d 130 °C ofhirasil-NickelOCs

(cf. Figure 26). A constant, standard inlet pressur850kPa was chosen, since the observed
interconversion process will be influenced by thetalrcomplex on the CSP and therefore has

90°C 100°C 105°C 110°C

1 L W N L L L L 1

41 46 51 47 52 58 52 57 62 59 6.9

115°C 120°C 125°C 130°C

I JL L oL L

60 70 80 70 80 90 85 105 104 124

Figure 26 Epimerization of chalcograd®y at different temperaturéd.
Experimental chromatograms as obtained on a Zhirasil-Nickel-OG (41, 250nm, 20%
selector) column between 90 °C and 130 °C at 85hidiam.
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to be considered to be catalytic. Therefore, casivarwill depend on the retention time of the
analytes on the CSP and thus depend on the prapadfilbeing present at the catalytic
center, which is strongly influenced by the intérpgessure — a significant difference to the
determination of interconversion barriers by in@ns GC on Chirasil-8-Dex™* The
pressure-dependency and therefore the influencehefChirasil-Metal phase on the
interconversion process was validated as differeattion-rate-constantgp, were observed
at constant temperature with varying inlet pressi8® — 180 kPaf. Table 7, Figure 27).

Table 7 Pressure depended interconver- .
sion of chalcogran epime/fs.
cs *
pIkPa] | Kupp [s] pIkPal | kapls] & %90 .
85 498x10* 140 | 435x10% < 1000
100 4.69x10™ 160 4.20x10™
50.01 . -
120 | 4.36x10* 180 | 3.63x10* 4.00 4.50 5.00

-4 g1
Reaction-rate-constanks,, observed at 413.15 K kapp /10%s

for varying helium inlet pressures on a 25 m Figure 27 Graphic representation of pressure-

Chirasil-NicketOG, (41, 250 nm, 20% selector) ~ dependend chalcogran epimerization (plotted
column. data from table 7).

The reaction-rate-constaki,, and activation parameters@', AH', AS) at constant pressure
of 85 kPa were obtained by data evaluation usimgtid models and th&nified Equation
approach as previously described by Trapp éP&%1® The activation enthalppH' was
obtained from the slope and the activation entro@yfrom they-axis intercept of the Eyring
plot [In (kapdT)] as a function of 1/T of. Figure 28) at constant pressure. The standard
deviation of the activation parameteds’ andAS has been calculated by error band analysis
with a level of confidence af = 99% and a residual deviation of 10%, regardmay érror
band. The Eyring activation parameters of the arpartal interconversion profiles between
100 and 120 °C in the presencediiirasil-NicketOC; 41 were determined to be:

AG' (289.15 K, 85 kPa) = 107.7 kJ/mol
AH' = 66.7 + 7.9 kJ/mol
AS = -137.4 +52.2 kJ/mol
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Figure 28 Eyring plot [Inks,/T)] as function of 1/T for the epimerization of
chalcogran oi€Chirasil-Nickel-OG.
Conditions: 25 nChirasil-Nickel-OG (49, 250 nm, 20% selector) column between 100 °C 20 C
at 85 kPa helium.

By comparison of the results obtained by literattagorts on the interconversion barrier of
chalcogran onChirasil-f-Dex using dynamic gas chromatography (DGC, inolusi
chromatography) a reasonable explanation for atetgretation of the results obtained from
DGC and DCGC-experiments was possible. The overdlivation Gibbs free energies,
standardized to 298.15 K using either complexawoninclusion gas chromatography is
almost equal (0.6 kJ/mol deviation). However, theameters for the activation enthalyl’
and activation entropxS differ significantly and can be directly interpedtin this case. The
overall highly negative activation entropia§ observed in both cases account for a highly
ordered state for the epimerization process. Aodissive mechanism involving bond
breakage at the spiro center at C5 and formatica ofitterions/enol ether/alcohol structure

was stated and supported by computational chen{isftrgcheme 15)->*
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Scheme 15 Interconversion mechanism of the empirparr (R, 5R)49Y
(2R, 59-49 via a zwitterions/enol ether/alcohol intermediates
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Considering the strong electrostatic attractiones@nt at intermediate structures, both
pathways represent a highly ordered system thusuatiag for the highly negative value of
the activation entroppS. As the activation free Gibbs energies are alneosial a similar
reaction-pathway can tentatively be envisaged. A®wnve in Table 8, the entropy of the
epimerization process at 20 °C increases by 68rbdtJon Chirasil-NicketOC; compared to
Chirasil-s-Dex, thus implying a more ordered structure duremmerization. Being still
highly negative 4S = -137.4) an ordered-structure featuring elecatisinteractions and the
coordination to the chiral selector, in close proity to the metal-center, may be envisaged
and account for this decrease in order by 66.5d&J/As a matter of fact, reconsidering the
Gibbs free activation energies, the enthalpy isedito a certain extend (+19.2 kJ/mol) — a
phenomenon related to enthalpy—entropy compensdtiogpresents a fundamental principle
ubiquitously found in the chemistry of living syste, but hardly attracted interest in
literature™®® The message ofWin some, lose sorifenthalpy < entropy), as stated by
Dunitz ' applies for the observations made for the epiraticm process of chalcogran on
different CSPs as validated wi@hirasil-NicketOC; andChirasil-f-Dex CSPs exhibiting the
same polymer-backbone (polysiloxane).

Table 8 Activation parameters at 298.15A4G{, AH', AS) for chalcogran epimerization in
DGC and DCGC.

# stationary phase (CSP) AG* AH* AS* AAGHD! AAH P! AASHM!
1
Chirasil-B-Dex 108.3 47.6 -203.5
5 -0.6 +19.2 +66.5
Chirasil-Nickel-OC, 107.7 66.7 -137.4

Data in kd/mol; entry 1: 50 @hirasil-5-Dex (300 nm) column between 70 °C and 120 °Cyye2t25 m
Chirasil-NicketOGC; (19, 250 nm, 20% selector) column between 100 °C @0d°C at 85 kPa heliurf! AAX' =

AX chirasiiNicketoc3 = AX (Chirasilp-Dex)

1.3.5 Dynamic Elution Profiles by CSP-Coupling — A NovelApproach
Towards Efficient Assignment of Enantiomer Configu@ations via On-
Column GC

Chiral compounds are throughout present in natncease highly important compounds for
global industry, including the pharmaceutical argtiaultural sectors, for instancecf(
Chapter 1.1.1). As a prerequisite for any researthis area, the structure and the enantiomer
configuration has to be identified. A lot of effast necessary to determine the enantiomeric
composition (enantiomeric excesse) either from racemic, enantiomer enriched or inepur
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mixtures. Therefore, the compounds are initiallyduced in their racemic forms, followed by

enantioselective synthesis of each enantiomeraetn from natural sources or selective
crystallization, for instance. The necessity of ihgvthe racemate and both enantiomers in
their isolated forms at hand, renders this appradnomically unfavorable. Therefore, the

development of new techniques for an efficient deieation and assignment of enantiomer
configurations is and will be pursued on a contiraibasis"

For this purpose a new process using a gas chrgnagtac dynamic on-column approach by
coupling of chiral-stationary phases was develoddek idea is based on the principles of
discrimination of enantiomers by chromatographyariiomers exhibit, while present in a
symmetric environment identical chemical and phalsproperties (except optical activity).
However, by introduction of additional chiral infoation, like with chiral-stationary phases,
marked differences regarding retention-times, ps&a&pe, distribution or reactivity of the
enantiomers can be observed because each enantmmweinteracts differently with its
environment. Therefore, the question, which letheodevelopment of this method, arised:

“What happens by a change of the chiral informatmwasent in the environment
during an enantiodiscriminating step?”

(instead of varying the chiral information of theadyte by derivatization or by displacement of ¢théral
environment to another after each successinefor instance).

Two different, chiral stationary phases combinihg separation strategies of complexation
and inclusion gas chromatography were chosen towan$is question. The novel, camphor-
derived (CB)CSRChirasil-NicketOC; (complexation GC) and a standard cyclodextrin phas
(Chirasil-p-Dex, inclusion GC) were selected. Initially, th#icency of the CSPs in the
stereoresolution of chalcogran isomers was evaludter this purpose, chalcogran was
injected on both phases (5 m column length eadiy.dbtained chromatograms are displayed
in Figure 29. Besides the extraordinary resolubarthe novel, polysiloxane diluted (mixed)
Chirasil-NicketFOC; phase, the chromatograms shows that all stereeirsotend to separate
on theChirasil-5-Dex phase as welt{. Figure 29).
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Figure 29 Chalcogran resolution @hirasil-Nickel-OG (A) andChirasil-p-Dex (B).
Separations were carried out either usimgy mChirasil-Nickel-OG (41) column (125 nm, 20%
selector and 125 nm GE-SE 30) as)i§ mChirasil-5-Dex column (500 nm film-thickness) at 60 °C
and 85 kPa helium as inert carrier gas.

A temporarychange of the chiral environmedtiring the separation process was achieved by
direct coupling of both phases within one gas clatmgraph. For a maximum effect the
column length was increased to 25 m each to furaisfused” 50 m separation column of
unique properties. First, the stereoseparationhalcogran was performed on each single
Chirasil column. The temperature was raised to 90 °C aagtbssure to 110 kPa to force a
faster elution of the analytes. The single chrom@ms A and B) show distinct
interconversion profiles of chalcogran dependindhenchiral, stationary phase employed. By
injection of chalcogran onto the coupled phase rthén temperature increase of 10 °C to
100 °C was found to be sufficient enough for elutad all analytes within appropriate times
(30 min) on the 50 m column. The obtained chrontamg showed distinct peak-profiles,
which have never been reported before. Besideataanl formation, due to interconversion of
chalcogran epimers, as outlined in 1.3.4, two &mthl “hump-shaped” peak areas were
observed, with one located in front and one atethe of some peaks. Measurements were
repeated and the same results showing this chastictgattern were obtained. Furthermore,
by reverse coupling of the (CB)CSPs a differentkgeattern exhibiting these additional
fronting/retracing peak areas was observed. Thesponding chromatograms are depicted in
the following €f. Figure 30, Figure 3}
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Figure 30Distinct interconversion profiles for chalcograersibisomers observed on coug
CSPs ofChirasil-p-Dex andChirasil-Nickel-OG.
Separations were carried out using coupled, fuiied sapillaries ofChirasil-3-Dex (500 nm film-thickness)
andChirasil-Nickel-OG (41, 125 nm, 20% selector and 125 nm GE-SE 30) witbwamall column length of
50 m at 100 °C and 100 kPa helium) 25 mChirasil-5-Dex coupled to 25 rehirasil-Nickel-OG (left) and 8)
25 mChirasil-Nickel-OG coupled to 25 n€hirasil-8-Dex (right).

23.0 250  27.0 290 310 330 35.0 370 390

time / [min]

Figure 31 Interconversion profiles for chalcogrdserved orChirasil-f-Dex and
Chirasil-Nickel-OG.
Separations were carried out either usimg25 mChirasil-5-Dex column (500 nm film-thickness)
coupled to 25 nChirasil-Nickel-OG column at 90 °C and 110 kPa helium as inert cagas.

Both results obtained from normal or reverse colwoapling show characteristic regions of
peak-fronting and “retracing’c{. Figure 31). None of these regions are detectecktwesp.

in odd numbers, and the peak areas can be congidgual in both cases. The explanation for
the occurrence of these additional, abnormal-shapedk areas is based on the
interconversion process of the chalcogran isomiergrinciple, the characteristic plateau
formation observed during interconversion resutamf the interconversion between the
epimers of chalcogran (epimerization). Since thiscess is time-dependent and since each
epimer interacts differently with the CSP, the métn of the parts currently being
interconverted into the opposite epimer will befatiént and unselective to a certain extend.
Due to enhanced or reduced interactions with th® @& elution of small amounts is
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therefore retained or accelerated. In particulao, interconversion profiles, each featuring a
plateau between the interconverting epimers wilbbserved.

Figure 32 Schematic illustration of the basic comgas during interconversion process of
two compounds A and B.
A and B represent interconverting species highlighih different colors (non gaussian-shaped dedativa).

The observed plateau is formed by an overlap betwee parts of interconverting structures
originating from each epimer. Therefore, a theogttseparation of the plateau into its basic
components would result in four independent areadwo plateaus (two contributions for
each plateau).

By coupling of Chirasil-NicketOC; and Chirasil-p-Dex two stationary phases of
different separation capabilities either featurmegention by complexation or retention by
inclusion were combined. The interconversion presess divided into its basic contributions
and a real physical separation of the plateau coenis was made observable. The detection
of one pair of fronting/retracing peak areas shtvesseparation of one plateau, whereas the
other plateau of epimerization stays intact witheeparation. A total reversal of the elution
order of each part of the plateau, as observedtiordard and reversal CSP-coupling, can
only be detected, when the enantioselectivity @ thiral selector changes completely in
favor of the opposite enantiomer during CSP-chanyth a CSPs selecting the same
enantiomers but exhibiting different enantioselattia step-wise plateau formation would be
expected and the order of eluted enantiomers wiltdtained. A schematic representation of
the interconversion process and its basic compsneiitustrated in Figure 32.

This novel approach provides a fast and efficieethod for the assignment of enantiomer
configurations and their distribution present inusaknown mixture of enantiomers. A typical,
straightforward determination of compound purityilizes gas chromatography, which
combines selectivity, efficiency, high resolutiomdathe need of only small sample quantities
within a fast method. The standard analytical pdoce for the gas chromatographic
determination of the enantiomeric purity of an opél impure sample consists of three steps:
(a) initial injection and analysis of a test-mixtupeeferentially racemicgj single analysis of



54 Chapter 1 — Camphor-derived Stationary PhasegSdmplexation GC

each enantiomer anct)( analysis of the sample of interest followed bymparison of
retention-times and elution-orders under equalrsgioa conditions.

Generally, a transfer of results, regarding esjlgaietention times, to the own results
lacks due to sample preparation and compositioghtst differing separation conditions,
column properties and varying technical equipm&hus, without having both enantiopure
compounds in hand or at least in their enantiobedcforms, a successful validation is not
possible. Furthermore, the elution-order within #@ne class of compounds can change
unexpectedly by passing iisoenantioselective temperatur@sg),”™® *°” which represents a
potential source for errors and wrong conclusioiiserefore each enantiomer has to be
isolated and analyzed independently for an exaadatagon. In case of the novel developed
approach by CSP-coupling only the sample is andlyrel three chromatographic runs are
sufficient enough for an efficient assignment oamiiomer configuration, determination of
enantiomeric composition and enantiopurity. Furtiare, three independent methods can be
used for the validation of the correct enantiom&signment after one measurement on the
coupled phase thus increasing the level of contiden

A) Total Retention Mode} Additive/ Subtractive Separation Tendenigy(P)+tra(A)+...]

B) a-Model—- Decrease/ Increase of Separation-Factfrthe Analytes

C) Interconversion-Modet Generation of Dynamic Elution Profiles (in CadeStereolabile

Stereoisomers)

Assignment of Chalcogran Enantiomers via CSP-Coupig -— A Case Study

The prerequisite necessary for the applicationhed tmethod is the existence of literature
reports, dealing with the enantiomer configuratma the elution order of its enantiomers, as
given for chalcogralt®” The assignment of all chalcogran stereocisomersa o@SP of
unknown properties represents a challenging taskowi having the isolated isomers in
hands and is not possible by standard state-ofutheechniques. In the following section all
three methods for validation will be demonstratdthe elution-order of chalcogran on
Chirasil-5-Dex was reported® to follow (E)-(2R, 59-2-ethyl-1,6-dioxaspiro[4.4]nonane;
(2R, 59-49 (bottom right), Z)-(2R, 5R)-2-ethyl-1,6-dioxaspiro[4.4]nonane; R25R)-49 (top
left), (2)-(2S 59-2-ethyl-1,6-dioxaspiro[4.4]Jnonane; §5R)-49 (top right) and E)-
(2S, 5R)-2-ethyl-1,6-dioxaspiro[4.4]nonane;§25R)-49 (bottom right) latestof. Scheme 16).
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Scheme 16 Elution order (illustrated by arrow) laflcogran
stereoisomers o@hirasil-f-Dex as the chiral stationary phase.

By simple injection only intoChirasil-p-Dex and Chirasil-NicketOC; columns no
pronounced differences are observed and the elotder on the novelChirasil-NickeltOGC;
phase remains unknowief( Figure 30, Figure 31). However, by injection or ttoupled
CSPs different retention times, varyisgalues and the peculiarities, regarding the sejoara
of the interconversion plateau-components, arergbde The observables directly point to the
three models for validation of enantiomer assigrim8imce the elution order ddhirasil-f-
Dex is known, beside the fact that the overall et time for all stereocisomers will be
increased, the following considerations are aceurat

Total Retention Model

— increased retention times for enantiomers are dgdealong with similar
enantioselectivity orChirasil-NicketOC; and the distance between enantiomers will
be lengthened (linear relationship!)

— a change of enantioselectivity @hirasil-NickeltOC; will influence retention times
of enantiomers

— areversal of enantioselectivity @hirasil-NickelOC; will lead to accelerated elution
of unfavored and prolonged retention of selectonfad analytes (enhanced complex
formation)

— areversal of enantioselectivity @hirasil-NickelOGC; shortens the distance between
enantiomers and might lead to a reverse elutioaratlenantiomers
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o-Modet

increased a-values will be observed along with similar and reased
enantioselectivity orChirasil-NickelOC; and the distance between enantiomers will
be lengthened

a change of enantioselectivity @hirasil-NicketOC; will influence the separation-
factora and the quality of resolution

a reversal of enantioselectivity @hirasil-NicketOC; will lead to reduced-values
(pure time-dependency aj

a reversed elution order will led to an decreaghemw-value ¢ < 1) after passing the
peak coalescence @hirasil-NickelOGC;. Resolution quality might be increased even
thougha-values < 1 are generated. For sake of definitio&,order of division has to
be changed frontk(B)/tr(A) to tr(A)/tr(B) and in this case-values ¢ > 1) will be
obtained again for sufficient separation.

Interconversion Model

a stepwise plateau formation is expected along withilar enantioselectivity on
Chirasil-NickelOG;, the distance between enantiomers will be lengitiesnd the
plateau will be stretched

a change of enantioselectivity dbhirasil-NicketOC; will influence the plateau
formation, the shape and the positioning of thengdpal components of the
interconversion plateau

a reversal of enantioselectivity o€hirasil-NicketOC; separates the principal
components of interconversion plateaus

a reversal of enantioselectivity @hirasil-NicketOC; shortens the distance between
epimer pairs and might lead to a reverse elutioleroof enantiomers characterized by
frontening and retracing peak areas

All the aspects elucidated are realized for theetaependent resolution of chalcogran

isomers on the coupled stationary phases! To irgerfhe novel peak-profiles some

considerations and illustrations will briefly besdussed: By coupling of two CSPs of same

length and identical enantioselectivity two enamigos will be separated to equal extend and

retention of will be doubled (linear relationshifBame is true for two interconverting

enantiomers and thus the plateau will be elong@ase A). Changing only the selectivity of

the selector (in favor of the opposite enantionmr)one of the two CSPs a step-shaped

plateau is expected (due to interconversion on pbt#ses), but again the linear relationship
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of retention will be retained (case B). Reversathaf enantioselectivity on one phase results
in converging peaks and an increased plateau h&gbhibserved (case C). With increasing
enantioselectivity of the selector present on tlkeosd CSP each enantiomer and its
corresponding, interconverted enantiomer (as onegbahe plateau) will first superpose the

others (point of coalescence, case D) and passtihgenerate a novel peak-profile, featuring
additional fronting and retracing peak areas (Eg®é. Scheme 17).

Scheme 17 Peak-profiles observed for an intercamweprocess on coupled CSkish different
and enantioselectivity (case A — E, non gaussiapeth deconvolution).

By comparison of the results a change in the elutiaer is observed for chalcogran on the
coupled-CSPs. However, the complete and correagrasent of all peaks to this complex
chromatographic pattern is challenging. As both €8#hibit the same polysiloxane-based
backbone diastereoselectivity is retained and tbhe¥eno change in the elution order of both
epimeric groups is possible! This is validated hyirecrease in the overall retention times for
both epimeric pairs (29 and 32 min). The retentiore has to be at least as long as the sum of
the retention times observed on both separatedeph@hirasil-f-Dex: trrange= 8 — 9 min;
Chirasil-NickelOGs: tr-range= 8 — 10 min, linear relationship of retentionheTdeviation form
the theoretical expected retention range (16 — it9 to 29 — 32 min for chalcogran on the
coupled-CSP is originated at the pressure decagredés along with increasing column
length leading to prolonged retention times.

Highly pronounced is the change in enantioseldgtifor the first epimeric pair (related to
study case E) and evidenced by plateau separatiorebn (R, 5R)-49 (top left), (R, 59-49
(bottom right,cf. Scheme 18). A change in the diastereoselectivitybfiith interconverting
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25,5R-49 2R55-49 2S,5R-49 | 2R55-49

Scheme 18 Different elution orders Ghirasil-p-Dex (left) andChirasil-
Nickel-OG (right) efficiently determined by the developedRE&upling
method (elution order illustrated by black arrowsach case).

epimeric pairs is not likely to happen reconsidgrihe linear retention relationship (equal
polysiloxane backbone equals similar diastereoseisg. This is validated since the second
plateau between 855)-49 (top right) and (3, 5R)-49 (bottom left) remained intact and
therefore no change in diastereoselectivity is iptssnor by changing the order of coupled
CSPs. The novel method allowed the determinatioenaintiomer configuration and peak
assignment to all four chalcogran stereocisomerghemovelChirasil-NicketOGC; stationary
phase. The different elution orders Ghirasilf-Dex andChirasil-NickelOGC; are illustrated
in Scheme 18.

The novel approach allows the transfer of existingtandardized elution-orders from
reference columns to other columns. Furthermooanaparative determination of the relative
configuration and validation of the absolute coufggion by a reference compound is
possible. This is very important for the analysit enantiomers, especially for the
determination of the enantiomeric excess €%) in asymmetric catalysis as transfer of
otherwise incomparable ligand-systems of unknowangaoselectivity becomes possible. The
overall expenditure of measurement periods is redand the set-up is simple. The need for
one chiral reference column for the comparison Mitrature reports is not necessarily a
drawback of this approach as the columns can be fasestandard separations as well. Plus,
only a small number of chiral columns are commanhployed for separations and therefore
excessive investment in different chiral CSP colanmlimited. In fact, this approach opens
the way for an additional application of alreadyisérg columns. Furthermore, and also
likely to be the major advantage beside the sttboghard approach and simple set-up is the
injection of only the sample of interest, insteafl lmaving all isolated compounds
(enantiomers) at hands. Since only small amountemnafytes are necessary for GC analysis
any bench-upscale and purification procedures bedess important. By installation of a set-
up with increased separation-performance (respeteerbresolution quality), peaks can be
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further separated from each other allowing therdatetion of very high as well as very low
enantiomeric excess’ at the detection limits — allehging task even with state-of-the-art
Chirasil-p-Dex phases. Elution-orders of related compounds ampound-classes can be
validated and changes thereof can be detectedhwkiemportant for the pharmacologic
spectrum of activity within compound libraries @tdd to QSAR, QSPR). The method allows
also a qualitative comparison between differentassgon columns. The direct detection of
the selectivity-profile allows the user a fast afticient determination of the benefit of a
separation column, which helps to decide whetheolamn may be suitable for a given
resolution-problem or not. As today high pressurase already been realized within LC-
systems the compatibility aZhirasil-MetalOC; phases to carbon dioxide even renders this
application suitable for sub- and supercriticaldlahromatography (SFC). The usefulness of
CSP-coupling is finally underlined by direct compan of the experimental chromatogram
with the theoretical expected chromatogram for theparation of enantiomers and
stereoisomers of all chalcogran components whilaepzation takes place (Figure 33).

(25,58)-

(2R, 5R)- (35 5R)-

(2R, 55)-

S

270 290 310 330

time / [min]

Figure 33 Experimental (left) and theoretical chadbogram splitted into its basic

components (right) showingth chalcogran intercosieer under CSP-coupling conditions.
Experimental chromatogram (left) as observed omplanl) fused silica capillary of 25 @hirasil-8-Dex

(500 nm film-thickness) and 25 m a@girasil-Nickel-OG (19, 125 nm, 20% selector and 125 nm GE-30)

column with an overall column length of 50 m at°@and 110 kPa helium. Schematic representatight(ri

non gaussian-shaped deconvolution): Epimeric peégislighted in red (resp. in black). The peak gesfifor
both interconversion processes and interconvepants are displayed by a continuous line. The ddite
shows the overall expected chromatogram. Basic coms corresponding to each other are of the same

color and color-depth .
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1.3.6 Camphordimers with Two Centers of Chirality — Towards New
Acyclic, Metal-free Selectors for (CB)CSPs

During the endeavor towards the developmentChbfrasil-Metalphases, the synthesis of
acyclic, stationary phases for inclusion GC wassaged. Naturall-(+)-camphor was chosen
as the chiral building block. To increase the stdemand and enhance the chiral information
present coupling of two camphor moieties was ainf@dlowing the developed procedure,
10-hydroxycamphor was used as starting materialatow allylether formation and
immobilization by Pt-catalyzed hydrosilylation dretpolysiloxane support in the late steps of
synthesis. The synthetic pathway pursued is shav@ctheme 19.

OR ©
|
21,R=H OH OH Lo
50, R=bn K g k g
'y 51, R = CH,(p-'BuPh) %N/jj ; %NN‘* %Na
H H
OH OH %
N
¢ 56 57 58
. e NH, —
N~OH
R OH
52,R=H 55
53, R=bn

54, R = CHy(p-BuPh)

Scheme 19 Synthetic approach towards acyclic sel&8tfor (CB)CSPs.
Reaction conditions: &1, NaH, THF, r.t.,, 3 h then arylbromide, THF, 67 ZX, r.t. 16 h, 96% fda50, 98%
for 51. b) NH,OHxHCI, pyridine, EtOH, 78 °C, 5 h, 84% fbR, 88% for53, 96% for54. c) see Table 9.

The most challenging step in synthesis was thegoagipn of camphor-derivesecamine57
from commonly available or readily accessible stgriaterials. Corey et &% reported the
formation of a related, unfunctionalized camplsscamine dimer by condensation of
enantiopureiscbornylamine withd-(+)-camphor in the presence of titanium tetraddier
followed by reduction in two steps. However, theechefor pure 10-hydroxyR(-)-
isobornylamine 95) as starting material made this method impossilidgen though
unfunctionalizedR(-)-isobornylamine can be obtained pure by reduction aflitg available
camphor oxime over Pd/C with hydrogen the prepamatf pure 10-substitutedr(-)-
isobornylamine 9$5) proofed to be challenging. Reduction of the cgpomding 10-



Chapter 1 — Camphor-derived Stationary Phasesdorglexation GC 61

hydroxycamphor oxime52, reduction of the corresponding benzyl- t@rt-butylbenzyl
protected oxime alcohols3 and54 did not furnish pure 10-hydroxgobornylamine %5, cf.
Table 9). 10-hydroxycamphor oxim&2 was prepared by reaction with hydroxylamine
hydrochloride and pyridine in ethanol and obtaime@2% yield. The protected ketoalcohols
50 and 51 were prepared by Williamson ether synthesis witidiem hydride and
arylbromide&® in tetrahydrofurane at reflux temperature andaia in 96%, respectively
98% vyield. The corresponding oximes were prepasitigustandard methods and obtained as
colorless liquids%3, 88% andb4, 96%).

Table 9 Conditions intended to furnish p&(e)-10-hydroxyisobornylamines5.

# Substrate Reagent Reaction conditions Product ratioeyo engor
1 52 LiAIH,4 Et,0,5d,35C 29:1(48% d.e.)
2 52 Raney-Ni®, H, MeOH, Hy, 48 h, r.t. 1.1:1 (5% d.e.)

3 52 L-Selectride® THF, r.t, 15h upto 3d, 67 T no rct.

4 52 K-Selectride® THF, r.t, 15h upto 3d, 67 T no rct.

5 52 DIBAL THF, r.t, 15hupto3d, 67 C complex mixture

6 52 9-BBN THF, r.t, 15hupto3d, 67 C side products, 1: 1

7 53 LiAIH, Et,0,35C,1-6d mixture (>3 products)

8 54 LiAIH, Et,0,35C,1-6d mixture (>4 products)

9 ethyl acetate Ti(O-iPr)4, NH3 EtOH, .., 24 h then 100% acetamide
NaBH,, 3h,0Cto 12 h, r.t.

10 50 Ti(O-iPr)s, NHs EtOH, .., 24 h then 11.5:1 (84% d.e)™
NaBH,, 3h,0Cto 12 h, r.t.

11 51 Ti(O-iPr)s, NHs EtOH, r.t. 24 h then 7.3:1(76% d.e.)d
NaBH,, 3h,0Cto 12 h, r.t.

Conditions 0.3 mmol substrate, 1 — 2 eq. reagemgitions as reporte® as determined by NMR spectroscopic
measurements and chiral, gas chromatography omaairasil-s-Dex (500 nm film-thickness) column using
a temperature gradient (80 °C, 2 min hold and 50°C80 °C@120 kPa heliun} The corresponding alcohols
were obtained.

Even thoughjn-situ conversion of ethyl acetate to acetamide was plessm a promising
clean and high yielding reaction with ammonia ia gresence of titanium tetisepropoxide
and subsequent reduction with sodium borohydritke yéaction failed to work with camphor-
ketones50 and51 even under hydrogenation conditidH&: 1™ After an extensive screening
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it was possible to directly couple two camphor thumidy blocks via one central nitrogen atom
in two steps. The corresponding imiBé was first generated over Raney®Ni situ and
reduced to the target amiB& with lithium aluminiumhydride over a period of d& daysdf.
Scheme 20). The camphor-deriveecamine57 was isolated in 74% yield and its structure
was unequivocally determined by X-ray crystallodriapanalysis of its carbonate satff.(
Figure 34). Unexpectedly, the structure proofedhe¢ol00% diastereopure. To validate these
results the isolation of the imine intermediate wassued. As no crystals from the
hydroxylimine derivative56 were obtained and to investigate the reaction ar@sm more
deeply the corresponding unfunctionalized natuihghor derivedsecimine dimer (-
isobornylcamphor imine59) was synthesized, isolated and crystallized oveersod of four
month. The structure &9 was determined by X-ray crystallographic analgsid showed the
expected, target imine intermediate to be 100%eliespure R-configurationcf. Figure 35)!
Noteworthy, the configurations reported by Coreyaéf®® [(R- R-)-diisobornylamine]
differs from the one obtained by this novel applo@and a more complex proton NMR
spectrum, resulting fromRf) and &) configured camphor substructures is obtained$oF
bornyl-(R-) -isobornylamines7.

R OH
a b
—— P - - *
O * N * N\ *
R H OI_Il-IN
R OH

21,R=0H 56,R=0H

57
58, R=H 59 R=H

Scheme 20 Synthesis of target, functionalized camgdcamine dimeb7.
Reaction conditions: @1, Raney-NP, H,, EtOH, r.t., 24 h then 50 °C, 4 d for 5658 Pd/C, NHOAc, MeOH
rt., 5d, 6% foi59. b) LIAIH,, THF, 0 °C to 67 °C, 60 h, 74% f67.

In conclusion, it was shown that both reactionsendinstereoselective to furnish 100% pure
bornylisobornyl 57. The configuration was determined to B for the imine derivative and
the second stereocenter is installed selectiv&igo(figuration), while the camphor chirality
is preserved. The obtained products give evideonce freaction mechanism, in which one
camphor monomer approaches the nickel surface themess hinderedndoface followed
by condensation with a second camphor moleculeesamination. In this particular case, the
resulting imine dimer$6 and59 are unreactive even under hydrogenation conditoves
Raney-Nf and can therefore be isolated, whereas Corey esatl platinum on charcoal for
hydrogenation of an imine tosgcamine.
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Figure 34 Molecular structure of target, 10-

hydroxycamphor-derive-
bornylisobornylcamphob7 (diastereopure
with preserved chirality).

Thermal ellipsoids are plotted at 50% probability
level and hydrogen atoms are omitted for clarity.
Selected bond lengths and angles5arC3—
N1 153.6(10) pm, N1-C3’ 149.8(9) pm, C1-
01 142.5(1) pm, C1'-01’ 143.8(9) pm, C2-C3-

Figure 35Structure of camphor-derived
ketimine dimei59 (diasteropure with
preserved chirality) as determined by X-
ray crystallographic analysis.

Thermal ellipsoids are plotted at 50% probability
level and hydrogen atoms are omitted for clarity.
Selected bond lengths and angles5@rC3—
N1 122.3(9) pm, N1-C3’ 133.1(10) pm, C2-C3-
N1 123.8°, C3-N1-C3' 117.6°.
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N1 115.0°, C2’-C3'-N1 115.5°, C3-N1-
C3'115.5°,

The reductive coupling af-(+)-camphor tb6 was reported to take place either on ruthenium
and palladium with ammonium chloride as additivedemhydrogenation conditions at 200 °C
and pressures of 8 MPYP Literature proposed a reaction mechanism runniiag four
step§ > consisting of a reduction to the amine, followsdadimine formation (due to
loss of molecular hydrogen) and condensation toirtiae dimer under loss of ammonia.
Finally, the ketimine is reduced to furnish theresponding sec-aminef(Scheme 21).

Raney-Ni
_orPdiC_ , LiAH,
w —— *
NH - NH3 HN
NwOH OH

I
aldimine R=H, OH
Scheme 21 Proposed mechanism for the formatioargéted, camphor-derivédtt(S)-
bornyl-(R-)-isobornylamines7.

ketimine

Interestingly, the reaction might be consideredeaialytic, since the reaction consumes the
hydrogen generated through aldimine formation &g tvorks without an external hydrogen
source. The mechanism was further supported byliservation that aniline artdrt-butyl
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amine are completely unreactive as aldimine foromais not possible in these cases. The
results obtained within this study validates thehamism running via imin-amin formation in
two steps with 100% diastereoselective introductibohirality.

The central gec)amine is chemically inert, even under harsh caomuoit
(methyllithium—HMPA, n-butyllithium-TMEDA at 60 °C) and methylation is hobserved
for diisobornylamine as reported from Corey et'&. A related behavior is expected for the
novel, camphor-derived hydroxyl substituted boisgdornylamine 57 thus allowing
synthesis of the corresponding allyl ether derisegtiunder classical conditions. By following,
the synthetic strategy and immobilization stepsoasiined in chapter 1.1.2 fo€Chirasil-
MetalOGC; the study and the successful preparation of tlaatespure key-fragmeri6 and
59 are supposed to contribute to the developmenbweéin hhemically-tound, @yclic, diral
stationary hases (CB)ACSPs for gas chromatographic application
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1.4 Conclusion

In summary, the total synthesis and an improvedhgfit access to novel camphor-derived
and _temically lound (CB), tiiral, gationary_fhases (CSPs) for gas chromatography were
presented. The strategy involved the synthesishefchiral-selector with an extraordinary
improvement of the trifluoroacylation-step. The es¢br was chemically bonded onto a
polysiloxane support. The immobilization step andetah incorporation of nickel,
oxovanadium{/), europium(i) and lanthanum() was studied in detail b¥H, *°F and*3C
NMR and IR spectroscopic measurements and verifeedligand, resp. metal-selector
loadings of 3.5%, 10.2% and 20.0%. This allowed uker to validate immobilization and
conversions >99% to the desir€thirasil-phases. The novel, so call€hirasi-MetalOC;
phases were coated on the inner surface of fusied sapillaries (I.D. 250 nm) and their
performance in complexation gas chromatographyrdagag the nature of the metal, selector-
content, column length, polymer film-thickness aminposition on the quality of separation
of various racemic compounds was investigated. dgssfindings that a selector-content as
high as 20% is still beneficial for separation dyalit was shown thaChirasil-Nicketphases
exhibit the highest separation performance. An aaxttinary, large retention difference
between the enantiomers of chalcogratkéeunipciz@prs= 30 Min, Atr@Lanipc)z@ps= 25 Min)
was observed for Chirasil-Europiumand LanthanumOC; phases. An enhanced
thermostability up to >160 °C was achieved with tievel Chirasil-NicketOC; CSP — a
major drawback for the applicability of ti@hirasil-Metal phases in the past. Furthermore,
the resolution of overall 29 racemic compounds reitey the scope of complexation GC to
different substitution patterns and group functidies was presented. Throughout high
separation factors as high as = 1.66 were obtained and all compounds were i&sel
separated. The development of thioether-linkdrasil-MetalOC; phases was addressed as
well. All four stereoisomers of chalcogran, thenpiple component of the aggregation
pheromone of the bark beetyogenes chalcographusiere successfully separated using
the novel Chirasil-NicketOC; phases. The interconversion barrier for the epzagon
process was determined A& (289.15 K, 85 kPa) = 107.7 kJ/malH’ = 66.7 + 7.9 kJ/mol,
AS = 137.4+ 52.2kJ/mol by temperature-dependent soreaents using dynamic,
complexation gas chromatography (DCGC). By comparigith results from dynamic GC on
Chirasil-p-Dex a reasonable explanation for the differenapeaters was given. In particular,
it proofed the influence of the stationary phasesttee chalcogran interconversion process
either via a coordination(complexation)-driven netenversion process or via an uncatalyzed
(pressure independent) interconversion processughrohighly ordered electrostatic
intermediates. The thermodynamic data obtainedvaliofor the first time the validation of
the fundamental principle of enthalpy—entropy congagion in the liquid phase of polymer
bound selectors in dynamic gas chromatographyhEurtore, a unique, novel approach to an
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efficient assignment of enantiomer configurations @n column gas chromatography was
developed. The generation diynamic elution profiles by CSP-coupliradlows the easy
determination of enantiomeric excess, sample coim@os@and enantiomer assignment within
only three injections without the need of isolagthntiomers (only the a sample mix has to
be injected). Combined with the need for only smakhntities and the innecessity of having
the isolated enantiomers in hand this approach pvasen for the stereoresolution and
assignment of all four stereocisomers of chalcogféas method represents also an useful tool
for the determination of the “direction” of enard#bectivity of chiral, stationary or
catalytically active phase of known handednessiblihown selectivity! The individual peak-
profiles obtained indicate changes in the enargosgity and the “direction” of enantiomer
selection as well as diastereoselectivity. Theotsf@bserved by coupling of different CSPs
were discussed in detail and compared to theorythidynovel approach it was possible to
physically separate the principal components oinégrconversion plateau into two parts of
fronting and retracing peak areas! The developmoéan acyclic CSP using linked-camphor
building blocks, featuring two centers of chirallby successive enantioselective synthesis,
was addressed as well. The overall great vergatlitd potential of metal-coordinated
(CB)CSPs, their capability of enantioseparatiosmfllest classes of chiral compounds (e.g.
epoxides) in complexation gas chromatography (C@Qj the development afynamic
elution profiles by CSP-couplingas highlighted. The studies are also intendeé-nvision
their great potentidf®*"® and imply future applications for asymmetric réaug®® % 94 1791
and moreover to point to their compatibility to lman dioxide used for supercritical liquid
chromatography (SFCF?: 82 1%
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Chapter 2
Bi- and Tetradentate Pd-Bicamphorpyrazole
Heterocycles (bcpz) — Synthesis, Characterization

and Their Application in Catalysis
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2.1 Introduction — Wacker Oxidation and Isomerizaton of
Olefins

Recent Developments in the Wacker Oxidation of Olafs — Overview and Motivation

The Wacker proce8&” for the production of acetaldehyde from ethylend axygen is well
known and represents an industrial process of nthtiusands metric tons capacity per
year!® The industrial process proceeds by homogeneouslysit on palladiumi)
dichloride or heterogeneous on molten, eutecticpegp) dichloride/potassium chloride
catalyst-containing silica phases or [Jp@u"]-zeolites in the presence of watEf In situ re-
oxidation of the palladium is achieved via catalytbppen{)/copper() reduction-oxidation
cycles with oxygen. Even though, known since th8a}d?! the reaction still receives a lot of
interest and has been studied in detail in theepies of chlorid&'®38"! However, for a
laboratory scale version for the oxidation of tetatialkenes Wacker-Tsuiji conditidt?é! are
commonly employed utilizing water-miscible solverlike dimethylacetamide (DMA),
dimethylformamide (DMF) or dimethyl sulfoxide (DM3@s additive§®® DMSO and DMA
were stated to stabilize the situ generated Pd(0) species plus promoting the dirddation

of Pd(0) to Pd() in the presence of oxygéfi® 88 ¥lseveral inorganic compounds, like
manganese dioxide, sulfuric acid or other coppeglts and also organic peroxides or
benzoquinone can be used. Alkyl nitrate/nitriteteys'*” are occasionally used even in
industrial processes. More importantly, Pd(OAp)ridine (1 : 2) was found to be a simple
and effective catalytic system for direct oxidatiwith oxygen without employing other co-
catalystd’® The proposed mechanism was likely to run via a0fpy), complex being
peroxidized to a peroxopalladium)(bispyridine complex followed by conversion to (P
complex and hydrogen peroxide by protonolysfs§cheme 22192 19!

0, 0 2HX
(py)Pd(0) —— (PY)de(O)\é —> (py)2PdXy + HyO,

Scheme 22 Pd(OAg}pyridine system for oxidation reactions
using molecular oxygen as the sole oxidant.

Takas et al. reported the copper and chloride\ivaeker oxidation using phenanthren as the
N-heterocyclic ligand and envisaged an peroxopaltadi) species, which is then converted
by protonation. In this case, a disproportion reactetween the oxopalladium(phen)
species and the initially present Pd(0)(phen) viatgnolysis was considered. The resulting
hydroxylated, dimer complex was assumed to be thigeacatalyst, which is then cleaved
upon nucleophilic attacked by the incoming olefitherefore, the re-oxidizing step with
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molecular oxygen will ingeniously proceed via fotroa/disproportion reactions between
peroxopalladium() and Pd(0) speciesf( Scheme 24). For sparteine, as Mbeterocyclic
ligand, Anderson et al. reported a third-order deleacy on water and proposed a catalytic
system without formation of dimeric catalyst-spefi&® Starting with a palladiumj
chloride sparteine complex, the mechanism was kel run via positively charged,
monomeric species. The oxidation step is explaibgda nucleophilic attack of a water
molecule and believed to run via an outerspherénam@sm due to the third-order dependency
on water. However, they noted that the controvessgrounding the mode of attack is
challenging to determine, as the reaction is seegiv the conditions employed. But by using
relatively strong coordinating ligands, like DMA didentate,N-heterocyclic ligands the
outersphere mechanism might be favorgfdgcheme 23}>4

N
Pd =
Cu
+ 2+
cl o+ cl| +L L
CNde\ e (Npg 7| —= CNde‘
N“cl o | N L] o | TN L
R 2+
R ) 3H,0
AN (Npa ! | 225
-L N L
H\
R -O\H 2+
~ -L, +2CI Cl
. _H : N
(Nde'\” Q —— (Pd
N™ > H — N g
H-0O{ ')OL
H
R

Scheme 23 Outersphere mechanism as Scheme 24 Co-catalyst and chloride-free,
proposed by Anderson et*&f. innersphere Wacker oxidation mechanism
reported by Takas et &’

These reports combined with the number of incregsiecent publications dealing with
related Pd-catalyst complexes for oxidation reastioith N-heterocyclic ligand&™: 19°-20%
triggered the development of camphor-derived bitent N-heterocycles and their
investigation in the state-of-the-art co-catalysefWacker oxidation reaction. Since the Pd-
sparteine system was also used in asymmetric, igemyclization reactiot¥® and for
separation of racemic alcohd?é by enantioselective oxidation, the use of camp®oa
sterically bulky, readily available and chiral conynd as building block for the development
of a well defined and modular, bident&téneterocyclic ligand was appealing.
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Isomerization of Olefins with Palladium Catalysts -Overview and Motivation

The catalytic isomerization of olefins is an imp@ort and widely established process in
industry and broadly employed in petrochemicalniaefy processes (mostly in combination
with heterogeneous catalystsY: - 2*IThere is a large variety of existing synthetic noels

for the construction of carbon-carbon double boodghe introduction of an unsaturated
functionality of which many deal with mixtures oE){ and g)-isomers. The controlled
migration of a pre-existing unsaturated functidiyals a very elegant, alternative route of
transformatior’?®” In particular, the isomerization of carbon-carltwuble bonds obeys the
sustainability criteria in that it is a 100% atofficgent reaction with widespread application,
either for interconversion of Ej- and @)-alkene¥%?°! or  for stereo-controlled
rearrangement of functionality along the carbonirth@his reaction is extensively deployed
in the preparation of commodities for polymer swsik, pharmaceuticals and fine chemicals,
such as fragranc&8®2 The selective isomerization of terminal allylbenes into their
internal counterpart represents a benchmark reatiothis kind of transformation, since the
latter are common starting materials in the flasod fragrance industry. Sincg){isomers
are mostly characterized by an unpleasant odortastd and are even toxic in some cases,
processes with high yields, as well as higf-gelectivity, are an attractive goal, but still
remain a challenge. Nowadays, procedures range fret@rogeneous catalysts on suitable
supports at high temperatures to simple base ea@igomerizations, used for the conversion
of estragol tde-anethol in KOH at 200 °Cc{. Scheme 25). The low yields of below 60% and
only moderatd=/Z selectivities (82:18, 64%.e) of this process requires additional separation
steps and therefore many fragrances such as eygsi@gol and safrol, as well as their
internal alkenesare still obtained by classical extraction teclkwe from natural sources with

several million metric tons capacity per y&at.>*?

Z KOH X N
il .
0 ? i
E z

| 200 °C

Scheme 25 Base-catalyzed, industrial process éopitiparation of fragrances.

Despite the popularity of heterogeneous catalystéch are known to be critically affected
by the presence of water at high temperattifés'®! the use of homogeneous catalysts
presents an attractive alternati¥® The isomerization of terminal alkenes can be
accomplished by employing various transition metalg. Pd?32!71 p[218-2201 g [221-224]
Rh/[215: 225, 226] ) [227-229] o Nj[203. 230] \which generally afford significant amounts tife

thermodynamically more stableE)¢isomers. Since olefin isomerization is a Kkinetic
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phenomenon, the thermodynamic driving forces, migadar the steric and electronic factors
that control thep-H elimination process, can be investigated by feihg the kinetic
distribution ofcis andtrans isomers early in the reaction process for varicatslysts. The
thermodynamic equilibrium ratio betweds) @nd ¢) may be tuned, especially by running the
reactions at higher temperatures and using casayish long lifetimed?3* 22 Unfortunately,
when transition metals catalyze the isomerizatioocgss, side-reactions with the carbon-
carbon double bond occur, the kinetics and the yarodistribution is affected and hence the
selectivity of the reaction changes. Examples,wbrch such side-reactions occur, include
Grubbs-type hydride complexes, which can be madllifia alcoholic solutions, with
hydrogen, inorganic hydrides or alkoxides. Theyum ffvery active isomerization catalysts,
which are wusually accompanied by olefin self-dimation, cross-metathesis and
hydrogenation of the terminal alkene functiondfit§>*® Transition metals in combination
with additives, such as trialkylsilan&&’ boro- or aluminium-hydrides are used as W&fl.
233,234, 23R asides isomerization, these reactions also eathhificant amounts of undesired
hydrogenated side-products. To date there is rectdpathway for isomerization reactions,
owing to the large variety of different catalystsetals and ligands available for this kind of
transformation?**! This being said, Pd catalysis, is an area worth pursuing, since upon
complexation with the appropriate ligands®Pdompounds are generally air and moisture
stable.

Why Bipyrazoles as Ligands? — Structural and Electonic Properties

2,2’-Bipyridines are well-known and establishedahgs and upon one of the most explored

chelate systems in coordination chemi§ty and due to its redox stability and ease of

functionalization commonly used as cataly&®d, i.e. for allylic oxidationd?®® 24°!

substitutiong2***3 cyclopropanation&* 2*®! and transfer hydrogenatioi&” Surprisingly,

3,3"-bipyrazoles have been less used and investiga potential ligand&’ 24!

N=—
7 N\ — /N N = N

H M = metal
— N\N — / — S
HN_Z TN\ HN </ N HNo” N _NH
N NN “N__ N~
M

Scheme 26 2,2’-Bipyridines (top) and 3,3’-bipyra=o(bottom) as
structural motif.
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Intrigued by the converse electronic nature of thexcessive 3,3-bipyrazolgg 2%

compared to 2,2’-bipyridines, which areacceptors, a more deeply investigation of this
ligand class was envisaged.(Scheme 26).

The 3,3'-bipyrazole pattern was selected due ters¢\advantages regarding structural
and electonical properti&s? Besides the steric bulk, enhanced within the Big{razole
core compared to 2,2’-bipyridines, a complete,driggand structure was not considered as
retention of a certain degree of flexibilf” might be beneficial for later applications and
transfer of the ligand system to other areas adra@st. The protic structure is synthetically
valuable as modifications might be more, readilyieeed compared to transformations at the
pyridine core. Furthermore, the protons are in elgsoximity to the metal-center and
transformations, like the installation of flankisgbstituents, are expected to enhance steric
congestion around the metal center thus influencaialysis more efficiently. Generally,
N,N-bidentate ligand pattern are of good thermal stgbitompared to ordinaryN-
monodentate ligands, like simple nitrile or ami@rlination. This is especially interesting,
since sparteine represents a puradonor and stabilizing effects due to any
bonding/backbonding interactions are impossiblee Thexcessive nature of the 3,3'-
bipyrazoles pattern, compared to bipyridines, ph#dmans, indoles and indazoles is supposed
to increase the electrophilicity of the metal-ceriteis enhancing catalytic performancé. (
Figure 36).

X" < NC < py < NH3 < en < pyrazole < indole < indazole < phen < NO, < CN

Figure 36 Electronic properties of 3,3-bipyrazo{sgectrochemical series).

Tetraketones — Preparation, Scope, Structure Propd#ies and Catalytic Activity

The most simple tetraketone can be derived frortoaeeand was reported already in 1888 by
Claisen et af*" using sodium methanolate to condensate the obkainetone enolaté0
with diethyl oxalate. Acidic workup with acetic dcfurnished 1,3,4,6-tetraketorél (cf.
Scheme 27). In general, side products due to ssiweepolymerization or monosubstitution
are observed, which strongly depend on the reactmulitions, the procedure and the work-

O NaOEt ona (COEp, O @
B — ANy
Et,O days o o0

60 61

up process.

Scheme 27 1,3,4,6-acetone tetraketone first reghorte
by Clasien et &>
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Even though, the catalytic activity gfidiketonate complexes in asymmetric transformations
and their use as CSPs for GC and SFC was repornted apntinuous basis since the early
1960s ¢f. Chapter 1), literature reports on catalyticallytivae 1,3,4,6-tetraketone metal
complexes is extremely rare. With the chiral, feemoyl derived tetraketon@3 the yttrium-
catalyzed, asymmetric silylcyanation of benzaldehgtowed promising results (95% vyield,
90% e.e.). However, a decrease in the enantionextess was observed with electron-

deficient benzaldehyde derivatives. Scheme 28}f>5 ¢!

. O O 1
o) 63, Y5(O)OPr)yy  OTMS %
RJ\H TMSCN R/L'”CN ©F.
e
-4
62 63

Scheme 28 Yittriuntatalyzed asymmetric silylcyanation of benzaldel
using ferrocenyl-tetraketor&8 and TMSCN>" 28
Reaction conditions: XO)(OPr)s, DCM, r.t., 1 h. DCM, r.t., 3 min. TMSCN, DCM, -
78 °Ctor.t.

The difluoroborine incorporated 1,3,4,6-tetraketoderived from acetophenone was
successfully used for the preparation of semi-comg®™” and in environmental
geochemistry 1,3,4,6-dimethyltetraketone was reploid be a sensor for iron and used for the
determination of iron concentrations in water awd.$® ?*° The structures of 1,3,4,6-
tetraketones were issued several times and ditfex@mformations and tautomeric isomers
(keto-enol-tautomerism) were observed in the safid liquid state. It was stated that 1,3,4,6-
diphenyltetraketone, which exhibits a pure bisenfirm in chloroform y1), tautomerizes in
dimethyl sulfoxide to its keto-formiv(, ratioeio-enot = 1:1)?®” However, the fully enolized
structure is present in the solid stétd. Semi-acetal structuresi() were observed as well to
a certain extenf®>2%4 On the other hand it was shown that 1,3,4,6-digittiaketone does
adopt a bisenolic form in chlorofornvi( 96%) and in dimethyl sulfoxide a mixture of the
semi-acetalic (Il , 59%), the bisenolic\{, 36%), the mono-enolicv( 45%) and the pure
tetraketone fromiy, 1%) exists. Semi-acetal formatiowni() was even increased to 90% in
case of the corresponding 2,4-dimethylphenyl dékied®® The dynamic, structural
behavior and the challenges arising due to isalatibthe compounds may account for the
limited research reported in this fielef.(Scheme 30).
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Scheme 30 Structure dynamics of 1,3,4,6-tetrakstone

Camphortetraketon@5 was first reported as an unwanted side produghgyreparation of
ethylcamphor oxalateéé4 at elevated temperaturesf.(Scheme 29). In addition to the
described structural behavior two diastereomernimfowere detected by NMR-spectroscopic
measurements and were assigned from the authd@rartdE-isomers (ratig,= 1.0 : 3.4
Hart et al. postulated the existence of overall gliferent isomers of 1,3,4,6-
camphortetraketon®5, in particular cisoid and transoid structures, enol-tautomers and
rotamers due to the large bulk of the camphor mgoi€emi-acetal structures were not
considered by the authors but have to be takeraittount as wellcf. Figure 37)2¢"!

(@)
CO,Et
aorb 2 OH /
—_— = YOH + =
OH
O @) o

64 65

Scheme 29 First report on 1,3,4,6-camphortetralks8biy Noe et af®®
Reaction conditions: a) NaH, (GEX),, xylene, 50 °C, 95% fd#4. b) NaH, (CQEt),, xylene, 90 °C, 59%
for 65.

® 0

o-H"
Vib trans

Vib cis Vic cis VIl endo
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Figure 37 1,3,4,6-Camphortetraketone isomers asilptesd by Hart (including semi-acetals).
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From Tetraketones to Bipyrazoles — Preparation andtructure Properties

Doubtless the most employed and straightforwarchatetor the preparation of the pyrazole
heterocycle is the condensation of 1,3-diketonatiéls hydrazine derivative$®® The same

strategy can be applied for the preparation of faipgies from tetraketones. However, for the
preparation of 3,3-bipyrazoles from 1,3,4,6-tegtmnes regioselectivity has to be
considered. Despite a few examples, the use otituted hydrazine derivatives in this case is
of low synthetic value as a mixture of several aargition products are generally obtained
(cf. Scheme 31¥% 269 Therefore, a two-step process featuring hydrazyerate

condensation with 1,3,4,6-tetraketones followeddéhgctive functionalization was envisaged.

R1
N7 N O+ enol-forms
O R2 ~N ~N
R1
R R2
N-N
R N =

0 R!
O +
R’ R2
R2
1 \ R1
w %
/ | + /
2 N‘N \ R’ R2 ~N

Scheme 31 3,3-bipyrazoles and isomers obtainezbhgensation with hydrazine
derivatives?®’

R' = alkyl, aryl
R'" R2=alkyl, aryl
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2.2 Objectives

The second part of the present thesis focuses emdalielopment of a novel, bidentadde
heterocylic ligand pattern derived from camphor3{@camphorgrazle, bcpz), its
coordination properties towards palladiui( cobalt(l)) and coppen) and its catalytic
activity considering the influence of steric as med electronic effects. Therefore, a new
ligand pattern was envisaged fulfilling the follawgi criteria: (i) short synthesis from readily
available starting materials, (ii) steric bulkinaeggh the possibility of introducing different
moieties, (iii) a modular ligand system with a stally and electronically diverse substitution
pattern. Furthermore, this ligand system should pbeliminarily screened for catalytic
activity, so enabling further insights for develogmm of stereoselective transformatios. (
Figure 38). Noteworthy, there is no literature abmackbone fused 3,3’-bipyrazoles and their
use as potential ligands in metal mediated catabifar.

—3» : central distortion

2 : flexibility
R M R .
Ly Substitution: R = Alkyl-, Aryl-, Pyridyl-,
M = Pdq, Co, ...

L = halogen (Cl-, Br-, ...)
or acetate

Figure 38 Target, camphor derived, bidentate 3i@utazole complex pattern.

Furthermore, the synthetic approach includes thmdtion of chiral camphortetraketones in
the first step, which were of considerable intefestthe development ofharal, lewis-aid
catalysts (CLAs®*"® In general, their synthesis is reported to belehging, regarding
yields, isolation and especially characterizatidntlee obtained products. Therefore, an
improved synthetic access to and the unequivodgtgrmination of the tetraketone structure
and reaction products was pursued. The identifioatiand isolation of pure
camphortetraketone is the prerequisite for any héurt synthetic steps to the
bicamphorpyrazole ligand pattern as well as foparation and any catalytic application of
camphor-derived CLA catalysts. The structure dymamof chiral tetraketones will be
discussed and defined rhodiujnéand iridium() CLA-catalysts prepared. Afterwards, the
synthesis, characterization and structural analg$ishe chiral, _camphorgyrazol (bcp?
ligands and metal complexes will be refocused. Taglytic activity of a series of bcpz-
palladium catalysts in the copper-free Wacker axidaand in the selective isomerization of
terminal alkenes, regarding influence of electramd steric properties, the role of the solvent
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and starting materials will be investigated. Theureaof active catalyst and insights into the
isomerization mechanism deploying the novel cataly®re of main interest.

2.3 Results and Discussion

Natural d-(+)-camphor proofed to be the building block obwe in the design of the new
bicamphorgrazole (bcpz) ligand class, sinck(+)-camphor fulfills all the above mentioned
criteria and furthermore enables the user to extbigdstrategy to the majority of bicyclic
monoterpenes commonly found in catalyst desltfis?® 245 270272The retrosynthetic

approach towards the newly, camphor-derived ligaattern is depicted in Scheme 32.

R = alkyl, aryl
--- = retrosynth. cut

Scheme 32 Retrosynthetic analysis of target, bawdiosed camphor 3,3’-bipyrazole
ligand pattern.

The synthetic route features the formation of l@gamphortetraketone in the first step,
followed by tandem condensation to theheterocyclic bipyrazole core, which is then
subjected to conditions intended to furnish winmg-tsubstitution, and finally metal

incorporation to the desired catalysts.

2.3.1 Synthesis and Structural Dynamics of Chiral Tetrakéones and Their
Metal Complexes

Tetraketone Formation — Preparation, Isolation andStructure Determination

The first step towards 3,3’-bicamphorpyrazolessia®wvn in Scheme 32, is the preparation of
the 1,3,4,6-camphortetraketo6&. This compound was prepared using a slightly medlif
procedure of Noe et &® As outlined in chapter 2.1 the reaction is sewsito reaction
conditions, reactant quantities, the synthetic gmot and work-up procedure. However,
sodium hydride in boiling tetrahydrofurane was fdua furnished complete camphorenolate
formation over a period of three days prior to &ddi of diethyl oxalate and after several
recrystallization steps 1,3,4,6-camphortetraket@fievas isolated in 93% vyielcc{, Scheme
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33). NMR-spectroscopic measurements in deuteratamlaform showed the formation of
only two independent isomers as indicated by twaratteristic singletts at 11.6 ppm and
14.6 ppm (enolate-protons) and two signals at @rf frespectively 3.2 ppm) for the isolated,
tertiary CH-proton of the camphor backbone. Théte the assumption that in deed at least
two diastereomeric froms are present in solutianidentify the true nature of the isomers all
six structure isomers postulated by Hift plus two possible semi-acetal structures were
taken into account. Whereas acetalization isomeegsewnot observed, a differentiation
between the six isomers remained challenging Uty crystal structure analysis revealed
the existence of an unprecedented, isomeric 1;8t#&ketone structurecf{ Figure 39).
Overall two independent enolate-structures, eithetating the enol-proton via a 6-membered
or a 7-membered chelate structure, were found. BhmemberedE-diastereomer as
postulated by Haff” was verified by X-ray analysis and represents afie isomers. The
result is in line with thetransiod structure observed for 1,3,4,6-diphenyltetrakeftite
regarding the orientation of the 153diketonate substructures. The 7-membered, chtpte-
tetraketone isomer instead has not been postubatiede.

0
— //
OH
0 0

22 65

Scheme 33 Preparation of 1,3,4,6-camphortetraké&tne
Reaction conditions: a) NaH, THF, 67 °C, 3 d thé®4Et),, THF, 67 °C, 1 d, 93%.

Figure 39 Solid state structure of camphortetrakeé® showing the
unprecedented, 7-membered, proton chelate structure
X-Ray crystal structure of 1,3,4,6-camphortetrake®b, thermal ellipsoids are plotted at 50%
probability level and hydrogens are omitted forritja Selected bond lengths f66: C1—
01 123.1(4) pm, C1-C2 145.4(4) pm, C2—C3 134.94) §3—C4 147.4(4) pm, C4—03 135.3(4)
pm, C4—C5 135.7(4) pm, C5-C6 146.0(5) pm, C6—04Q(8%H pm.
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A correct classification of this isomer was possijlidut several aspects have to be elucidated:
(i) by application of the same stereodescriptoesudbr both isomers d#configuration has to
be assigned to the 7-membered chelate structurgelds(since it's atransoid structure),
therefore the structures are ag-transisomers, (ii) by superposition of both structuedis
three characteristic methylsubstituents of the daarypackbone (general a useful indicator to
differentiate between isomers) point to the samectn, (iii) the positioning of all oxygen
atoms of the 1,#-diketonate substructure in the overlay is (almestjilar, (iv) the isomers
are no constitutional (structural) isomers asdife)-configuration of enantiopure camphor is
retained, (v) the structures are stereoisomerieaith other but no enantiomers, (vi) due to
“fixation” of the structures via chelatization thegpresent no rotamers of each other, (vii) the
Newman-projection commonly used for the determamatiof conformer configuration
(gauche anti, eclipsed is not valid, since both isomers are in plane t#md the isomers are
no simple conformers, (viii) stereodescriptorseliR-, L- (carbohydrates, anomers);, j-
(steroid/ terpene nomenclatur®),, M- (helicity) are not suitable and the isomers canhlbre
differentiated by the coordinated proton (equal enofl coordination, e.gc-, #-, i-, ...), (iX)

the structures are no protomers and the isomerslaieusly not a mesomeric representation
of each other, (x) in conclusion the structureseasent keto-enol type diastereomeric isomers.

Figure 40 Solid-state structures shown for 6-mewtbér3,4,6-camphor- (left) and 7-
membered 1,3,4,6-norcamphorteraketone (right) apdrposition thereof (bottom).
X-Ray crystal structure of camphortetraket@adleft), thermal ellipsoids are plotted at 50% pabttity level

and hydrogens are omitted for clarity (except dieefaotons): 6-membered proto-chelate isomer @ty &nd
superposition of both isomers (bottom left). X-Raystal structure of 1,3,4,6-norcamphortetraketgiggt),
thermal ellipsoids are plotted at 50% probabilidydl and hydrogens are omitted for clarity (exadyiate-

protons): 7-membered proto-chelate isomer (toptyighd superposition of both isomers (bottom right)
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To proof the formation of 6- and 7-membered chelads a general property of sterical
hindered, backbone-fused 1,3,4,6-tetraketones, ¢beesponding norcamphor-derived
1,3,4,6-tetraketone was prepaled. Crystal structure analysis of this compound shothed
same structural properties as seen with campfidfigure 40).

Considering the isomers as simple tautomers is wthiaeinaccurate as by IUPAC
definition tautomers representeadily interconvertible (frequently very rapid)somers
(keto-enol-, lactam-lactim-, amine-imine- and amickdic acid-tautomerism, for
instance}.m] Isolation of one tautomer is generally hampereithouit stabilizing effects, like
aromatization. Prototropy is observed for bothatrres of 1,3,4,6-(nor)camphortetraketones,
but a clear assignment to a known phenomenon,dikaular tautomerism (e.g.H31, 2H-
pyrazole) or ring-chain tautomerism (e.g., pyramah structures of glucose/ fructose) is not
possible. In particular, the present isomers magyesent a unknown type of chelate-
prototropy tautomerism accompanied by tandem-ketd-eearrangements and rotation of
two carbon-carbon bonds. Interconvertability isexassary prerequisite for tautomers and
therefore the influence of temperature on the ibhistion of isomers was investigated using
VT proton NMR spectroscopy. 1,1,2,2-tetrachlorethdn(bp. 146 °C) was chosen as solvent
and the results obtained from consecutive, temperatependent measurements (-10SC
90 °C,AT =10 °C and 90 °C» 0 °C,AT = 20 °C) showed the selective conversion of the 6
membered proto-chelate to the 7-membered isomerp@eature driven). For comparison
reasons, regarding signal-broadening and integratedues, the sample was heated, then
cooled again and spectra of the same temperatuee amalyzed and compared. The isolated
CH-proton at the camphor backbone (2.9 ppm, 3.2)ppath corresponding to one chelate-
isomer, was found to be an ideal internal standBinis approach allowed the observation of
any small changes in isomer-distribution and alldweoss-validation by integration of two
sets of signals for each isomer. A increase of 40%vor of the 7-membered isomer upon
heating was detected by freezing of the hydroxiggral for the 6-membered isomer. Cross-
validation using the backbone as internal standhmved an increase of 42% again in favor
of the 7-membered isomer. The results are in gagpdeanent (cross validated) and account
for a temperature driven conversion of the 6-membet,3,4,6-camphortetraketone isomer
into its thermodynamically more stable 7-membewaimier. No change in this distribution
ratio was obtained over a period of four weeks umstiEndard conditionsf{, Scheme 34). To
evaluate, whether the camphor- and norcamphortttvaks are suitable ligands for any
application in transition-metal catalysis, the esponding dirhodiun and diiridum() metal
complexes were prepared in 54%, resp. 94% yldSCheme 35).

Unexpectedly, by metal incorporation the complegnal pattern of the mixed isomers
observed via NMR spectroscopy were significantigueed giving evidence for a selective
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Scheme 34 VT proton NMR showing the conversion-ofénbered chelate isomés via to
7-membered chelate isom@5 viil a.l!
[ Recorded in 1,1,2,2-tetrachlorethaebetween 263 K and 353 K

formation of only one transition-metal complex frahe ligand mixture. This behavior was
found for both metal complexes of camphor and rmopteor. Whereas all camphor-derived
dirhodium() and diiridium() transition-metal complexes were obtained as wello
microcrystalline, air and moisture stable solid® torresponding diiridium-norcampﬁ&?]
complex decomposed in anhydrous dichlorometldaraexd benzendg within 30 min or over
prolonged exposure to air. Howevéif NMR measurements showed selective formation of
only one transition-complex species for all chité8,4,6-tetraketones from the diastereomeric
mixtures €f. Scheme 35 and Scheme 36)!

After numerous attempts crystals of bis(norbormagle dirhodiumi)-1,3,4,6-
dicamphortetraketonaté7 suitable for X-ray crystallographic analysis usisgnchrotron
radiation were obtained. Noteworthy, the structmalysis confirmed the selective formation
of one transition-metal complex diastereomer amuvgld the selective formation of the 6-
membered rhodium)chelate isomer from the diastereomeric ligandtamex The rhodium)
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Scheme 35 Metal-mediated, selective formation ofeBnbered bisfyclooctadiene) and
bis(norbornadiene) metgKl,3,4,6-dicamphortetraketonate comple&éand67.
Reaction conditions for complex preparation: ajcpd)ClL, KO'Bu, THF, r.t., 16 h, 94%. b) [Rh(nbd)G]]
KO'Bu, THF, r.t., 16 h, 54%.
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Scheme 36 Selective formation@ and67 from the diastereomeric ligand mixture.
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S-diketonates are distorted to each other due tatioot of the central C3—C3’ bond with a
02-C3-C3'-02’ torsion angle of 127.3° formingt@nsoid structure (52.7° deviation from
planarity). An almost planar conformation for eatiodium() g-diketonate substructure is
observed with a maximum out-of-plane deviation &f Moteworthy, the distorted transoid
structure is indicative for the steric demand & damphor backbones and chirality might be
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transferred to the metal center via two ways: ronf the adjacent, fused camphor-backbone
of the rhodiumi) g-diketonate substructure itself and (ii) from eawhghboring camphor-
backbone group being in close proximity to the metanter (in fact the neighboring
camphor-backbone is 30 pm closer to the rhodiuntecen the solid state than the adjacent,
fused one). Therefore, both rhodiujng-diketonate substructures are expected to “support”
each other, regarding chiral induction, blocking amftants and approaching vectors for
incoming substrates and thus enhancing asymmatticction €f. Figure 41).

Figure 41 Solid state structure of bis(horbornag)jetirhodium()-1,3,4,6-
dicamphortetraketonat.
Thermal ellipsoids are plotted at 50% probabilgydl and hydrogen atoms are omitted for claritye&ed
bond lengths: Rh1-01 204.5(19) pm, Rh1-02 2058(2)01-C1 126.7(4) pm, C1-C2 140.9(4) pm, C2—
C3 137.6(5) pm, C3-02 129.2(4) pm, C3—C3’ 150.9(1) Rh2—01’ 204.9(2) pm, Rh2—02’ 205.7(19) pm,
01'-C1' 127.0(4) pm, C1'-C2’ 141.5(4) pm, C2'-C38.0(4) pm, C3'-02’ 129.1(4) pm.

For preliminary catalytic tests, the iridiutn@nd rhodium{) complexes66 and 67 were

embedded in GE-SE 30 (polydimethylsiloxane) andem@nto the inner surface of fused-
silica capillaries (0.25 mm I.D.) using the statiethod described by Gro®’ resulting in a

defined polymer film-thickness’ of 250 nm. The awolu-capillaries were conditioned (for
conditioning of columngf. Experimental Sectigninstalled into the GC and tested in the
asymmetric hydrogenation of monoterpenéy:({)-Carvon was partially hydrogenated on
the rhodiumi)-1,3,4,6-dicamphortetraketonaté67 containing column but a clear
differentiation between hydrogenation of terminabtternal double bond or carbonyl
functionality was not possible due to substantisisi of catalytic activity as determined by
chiral GC-MS on a standard 25 @hirasil-f-Dex column (50 °C to 120 °C, 4K@85 kPa
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helium). By injection of $-(+)-carvon products exhibiting a characteristiamphor
fragmentation pattern were detected and evaluaiiothe GC-MS data obtained suggests
decomposition of the complex under reaction coodgi Competitive coordination in the
catalyst between chelating tetraketone and carwdmbiing a keto- and two olefinic
positions may account for the observation. Howeteg, successful preparation of chiral,
defined dirhodium and diiridium() catalysts via selective metal-incorporation ahd t
unequivocally determination of the complex strueturand isomers is remarkably as
identification of the true nature of catalyst isndlamental for application in catalysis.
Continuous research is going on to extend the socbpkiral 1,3,4,6-tetraketones, their metal-
complex preparation and application in asymmethodium()- and iridium()-mediated
catalysis.

2.3.2 Palladium-bipyrazoles derived from Camphortetraketmes

2.3.2.1 Synthesis and Characterization

The bipyrazole ligand69a—k were readily synthesized in a three step procestarting from
enantiopurel-(+)-camphor ¢f. Scheme 37).

0)
IE OH
a —
— 7 - _—
OH

22 65

R = Me, (69a); 1,1-Me, (69b); "butyl, (69c);

(4-MeO)CeH,, (69d); CoHs, (69€): (4-Me)CeH,, (691): ) _@’CFs
(3-Me)CeHy, (699): (4-Bu)CaHy, (69h): (2,4,6-Me)CeHy, (69i):

Scheme 37 Synthetic pathway to novel, camphor-dér8;3’-bipyrazole ligands.
Reaction conditions for the preparation of 3,3'ybgzoles69a-69k a) NaH, THF, 65°C, 3 d then (GEX),,
65°C, 1 d, 93%; b) MsOH, EtOH, 78°C, 2 d, 91%; c) NaH, THF, 65°C, 2hrtfRCHX, 65°C, 4h (16h for

69cand69i), 79 — 98%.

1,3,4,6-tetraketon®5 was obtained in two tautomeric enol forntd. (Chapter 2.3.1) by
double Claisen condensation with diethyl oxalate 98% vyield. A second tandem
condensation with hydrazine hydfate 2*° furnished the key intermediate 3,3'-
bicamphorpyrazole (bcp£8 as an insoluble powder in 91% vyield. After seveatampts to
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solubilize68 it was found that prolonged heating under basiditmns resulted in complete
solvation of the 3,3'-bipyrazolate, which in turnopides a useful indicator of the reaction
progress. Furthermore, dialkylation was achieveduskvely at theN-1,1’-pyrazole positions
without formation of regioisomeric mixtures, whidften hampers synthesis and requires
additional separation stepsf.(Chapter 2.1%">?"" This was attributed to steric congestion
and metal (sodium) complexation with tNe2,2’-atoms in the center of the ligand under the
experimental conditions. It should be emphasizedt, tdue to the here developed and
optimized synthetic protocol and crystallizabilibty the intermediates, the synthesis of the
ligands69a — iwas achieved in only three steps in excellent al/grelds between 67 and
82% and without the need for tedious work-up procesl or chromatographic separations.
Single crystals of the free ligands were obtaingdlbw evaporation of saturated solutions in
ethanol and revealed a-8ymmetrictransoid structure state with respect to the pyrazole
nitrogen atoms, which were obtained for all ligastductures reported here (solid states of
69e —). The crystal structures of the sterically mosteading ligands mesitylen-3,3'-
bicamphorpyrazol&9i and naphthalene-3,3’-bicamphorpyraz6® are depicted in Figure
42 with an N-C-C-N torsion angle of 172.&9() and 165.0769j), respectively.

Figure 42 X-Ray crystal structures of ligad@i (left) and69j (right) showing the

transoidstructure.

Thermal ellipsoids are plotted at 50% probabilitydl and hydrogen atoms are omitted for clarity.
Selected bond lengths f6Bi: N1-N2 136.6(4) pm, N1'-N2’ 135.8(4) pm, N2—C3 135) pm, N2'—
C3' 134.8(5) pmB9j: N1-N2 139.0(10) pm, N1'-N2’ 135.6(10) pm, N2—C3615(11) pm, N2'—C3’

136.7(10) pm.

The monomeric palladium complexes of all eleven rigands70a — k were obtained by
ligand exchange with bis(acetonitrile)palladiumn(dichloride in acetonitrile at room
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a e bca
R( CI?qCI Z FsC

N~N

R = Me, (70a); 1,1-Me, (70b); "butyl, (70¢c); (4-MeO)CgHy, (70d); CgHs, (70€);
(4-Me)CgH,, (70f); (3-Me)CgHy, (70g); (4-Bu)CgH,, (70h); (2,4,6-Me)CgH,, (70i)

Scheme 38 Preparation of palladium(bcpz) compléges— k
Reaction conditions: Pd(MeCpgl,, MeCN, r.t.,, 12 — 16 h, 91 — 98%.

temperature in good yieldsf( Scheme 38). To confirm the ability of complex fatmon of
the novel ligands, the monomeric bidentate coppenid cobali() complexes of ligandé9h
and 69j were prepared an89h“? crystallized from ethanol containing solutions.eTh
copper() complex of69h shows a distorted structure between tetrahedihlsgnare planar
conformation, with an N-Cu-N plane twisted about731to the CI-Cu-Cl plane, which is a
known phenomena fok®*LCuCl, complexes, but less pronounced in relakgeN2,N2'-
copper() compound$’® and hardly visible i*N2,N2"bipyridine coppern() complexe$’®:
2801 (cf. Figure 43). The two crystal structures represeeside 8complexes of Ru, the first
examples for Y (Pd) and 8 (Cu) 3,3 -bipyrazole complexes coordinating thNe,N2-
nitrogens through?2*" 284 All complexes were characterized by elemental aig\NMR
(except paramagnetic Cu, Co complexes), IR and MS.

Figure 43 Distorted geometry observed in coppecomplex of69h.
Thermal ellipsoids are plotted at 50% probabilktydl and hydrogen atoms are omitted for clarity.
Selected bond lengths f68h“Y: Cu—Cl1 220.3(4) pm, Cu—CI2 221.3(4) pm, Cu—N2.2QIR) pm,
Cu-N2’ 201.5(12) pm, N1-N2 138.5(16) pm, N1'-N2417(16) pm, N2—-C3 139.9(19) pm, NZ3
133.0(18) pm, C3—-C3’ 141.0(2) pm, Cu—Cl1 135.6(i0)
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In contrast to the free ligands, the palladium claxgs scarcely crystallized. However, small
single crystals o70h suitable for X-ray analysis using synchrotron aiidn were obtained by
slow diffusion of pentane into a saturated diegtyler solution. As shown in Figure 44, two
molecules of the complex Pd[(bcpz)l,1'BuCsHa),] adopt a cage like structure with its
benzyl wingtips encapsulating one single diethlgeeimoleculedf. Figure 44).

Figure 44 X-ray crystal structure of palladium 3y8dyrazole complex0h showing the
cisoidstructure.
Thermal ellipsoids are plotted at 50% probabilitydl and hydrogen atoms are omitted for clarity.
Selected bond lengths: Pd1-N2 206.4(3) pm, Pd120825(3) pm, N1-N2 136.5(4) pm, N1'-N2’
137.3(4) pm, N2—C3 133.6(5) pm, N2'—C3’ 136.8(5).pm

The Pd1 atom lies 49.8 pm above the mean bipyrgdalee (Pd1 coordination plane 20.5°
out of bipyrazole plane; for Pd2 41.7 pm and 16t&Spectively) and the bite andie-Pd—N

is 78.3° for Pd1 and 78.9° for Pd2. The complexbibtg in solution, integrity of thecisoid
structure and the feasibility to rotate the wingtgre the prerequisite for any application as a
catalytic system in homogeneous catalysis. Thezedolutions of the palladium) complexes
70d — k were studied by temperature dependehtNMR spectroscopy. The two protons of
each wingtip methylene group at C1 and C1’ of tlee figands show a characteristic singlet
between 5.0 and 5.6 ppm for arylated structuresexaected for two sets of enantiotopic
protons, whereas complexation with Pdfesults in a distinct pattern for teesoid structure.
Splitting of the methylene signals with a downfigtift to 5.8 and 6.3 ppm is generally
observed for the two sets of diastereotopic protowinarylated bcpz compounds including
geminale®Jey couplings (13.8 — 14.1 ppm for alkyl-; 15.6 — 1ppM for benzylic protons).
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Scheme 39 DistinctivH NMR pattern o69aand69j showing splitting
of wingtip methylene signals into a set of two teasotopic protons upc
complexation to affordO0aand70j (recorded after 16h).

This is observed for the proton spectraNgfN’-alkylated ligands69a — cas well, which
undergo downfield shifts between 4.3 ppm and 6.6h pppmbined with more complex
splitting patterns df. Scheme 39). The geminale coupling of the dibrongdenplex of
69?82 (2Jcy = 15.9 Hz) and a downfield shift to 5.8 and 6.2npis in agreement with the
range and shift observed for the chloride complexes

VT proton NMR spectra ofOh — jin 1,1,2,2-tetrachloroethartk-between 243 K and 363 K
did not indicate the presence of further conforovei in solution. The starting spectra
remained unchanged, hence proving complex stakititya broad temperature range. To
investigate the influence of solvent, the CD-spedf Pd-complex7Oh were recorded in
various solvents. The CD-spectra show two strongpigdtions with a maximum positive
Cotton effect at 266 — 271 nm and a negative Co#fiact at 225 — 227 nm in both
tetrahydrofurane and dichloromethane solutionsclviaire larger than in the free ligand. The
zero crossings in the CD-spectra are in satisfpagreement with the maximum absorptions
of the complexes, as can be seen in the UV-spédtrBxperimental SectigriFigure 65. In
contrast, in acetonitriie a more disordered randoomformation seems to dominate.
Surprisingly, evaluation of the CD-spectra of tltii-complexes revealed a reverse solution
behavior exclusively for the 3,5-trifluorobenzylbstituted complex’ 0k, with a pronounced
broad positive Cotton effect between 275 — 283 cinf(gure 45).
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Figure 45 CD-spectra of free liga68h and Pd-compleX0h in different solvents (left) and
Pd-complexed0h — jin THF (right, recorded at room temperature idetgnt solvents).

2.3.2.2 Wacker-Oxidation of Terminal Olefins

With these ligands and complexes in hand theirlygitapotential was screené® in the
copper-free catalytic oxidation of terminal alkeH&% 2°% 24170h was arbitrarily chosen as
the model complex for preliminary catalytic scredf®™ For comparison, Pd(3,3-
bpy)ChL?%®! was synthesized and tested in parallel as a beshonder the same reaction
conditions. After optimizing reaction conditionsiet oxidations of alkenes with molecular
oxygen showed overall good conversions to the spmeding ketones (72 — 87%f, Table
10). These results are noteworthy, even thoughopgald reaction times were required, since
no or very low conversions were observed using oubée oxygen combined with Pd(3,3'-
bpy)CL (71) as catalyst. Much shorter reaction times of 17whre obtained with
benzoquinone (BQ) as the internal oxidant with allazonversions of 89 — 99%. In order to
evaluate the performance of the catalysts witheets their substitution pattern a test set of
three catalysts7Qh—k) as representatives fd,N’-arylated Pd(bcpz)-compounds was chosen.
The most electron deficient 3,5-bis(trifluoromedhglbstituted complex0k showed only
low conversions of 1-octene and vinylcyclohexan@greas catalystgoh (p-'butylbenzyl
substituted)and 70i (mesitylene substituted) were much more activahViQi yields of 83 —
99% of the corresponding ketones were obtained. éMdain this by the higher redox
potential of the 3,3-bipyrazoles, which are bestertronic effects also strongly influenced
by sterics, which may be enforced by the ligandkbane. While still maintaining the
structure, framework and coordination cavity higher reactestiand conversions with
increasing electronic donating properties of afyidituted bcpz-type catalysts in the range of:
mesitylene >p-Butylbenzyl >> 3,5-bis(trifluoromethyl) benzgte observedNo conversion
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was achieved using the corresponding palladiyratetates of0h and71 as catalyst&®!
Secondary alcohols as starting materials were xidized!**® 2°? The formation of Pd black
was not observed and all catalysts showed actvign after two cycles, which underlines the
stability and recyclability of the here investightatalysts.

Table 10 Summarized results of the copper-free \&tagkidation of alkenes using Pd-
complexes70h, 70i, 70kand71.2%

70h 70j 70k 7
# Substrate Catalyst Oxidant Yield [#6] Conversion [%4f!
aldehyde ketone

1 1-octene 71 0, - 35 36
70h (o} - 80 o4

2 4-methylstyrene 71 0, 25 1 34
70h 0, 33 27 87

3 | vinylcyclohexane 71 0, - 3 5
70h 0, - 67 72

4 1-octene 71 benzoquinone - 2 2
70k benzoquinone - 19 19
70h benzoquinone <1 99 >99
70i benzoquinone 2 97 >99

5 | vinylcyclohexane 71 benzoquinone - 3 3
70k benzoquinone - 6 6
70h benzoquinone - 61 62

6 1-octene 71 0, - 35 36

Reaction conditions: catalyst (5 mol%), alkene @018M), O, (1 atm) or benzoquinone (3.00 equiv.) and
undecane (10.0 pL) as internal standard in a DMadewmixture (6:1) at 70 °C stirred for 17 h insgpsealed
vial (3d with Q). Pd(bpy)C} 71 was prepared by S. Stocking&f! ! Reactions were monitored and yields
determined by GC- and GC-MS analysis using a 25R¥6MIS column and He as the inert carrier &5.

[l 119% of 1-octene isomers detected.

To this point it was shown that these palladium plaxes showed higher activities with
increasing electron donating properties inducedyropriate wingtip substitution (-GR:
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Mes >p-'BuBn >> 3,5-(CE),Bn) in the copper-free Wacker oxidation of termiatidenes ¢f.
Scheme 40).

Scheme 40 Influence of flanking substituents orrdaetivity in the Cu-free Wacker
Oxidation of terminal alkenes
Color scheme: red to green (increasing reactivity).

2.3.2.3 Isomerization of Allylbenzenes — Insights into Catlyst Design and
Activity, Role of Solvent, pH Effects and Mechanist Considerations

In the following, the results in the Rid{catalyzed isomerization of alkenes for the sysithe
of fragrances under very mild conditions, employmegdia that did not need to be purified or
dried, and using low catalyst loadings is descrilbe@ddition, the role of the solvent in terms
of electronic and steric factors, as well as tifeuamce of the halide concentration and the
pH-value on the reaction progress when using basdsacids as additives was investigated
and a possible reaction mechanism based on thevalisas and the results of deuterium
labeling studies is discussed.

R = Me (70a); 1,1-Me (70b); n-butyl (70c)

N P S
7(6 70g Z 7&
R R P
70i 70k? 7& 70h 7
FsC CF,

Figure 46 Catalysts for investigations of theiPdfatalyzed
isomerization of terminal allylic compounds.

As shown in Figure 46 all catalysts are mononucleautral Pd() soft Lewis acids, with the

N2,N2'-nitrogen atoms of the 3,3’-bipyrazole unit coim@ted viax®. The catalysts can be
divided into two distinctive groups depending om thature of wingtip substitution, either
alkyl or benzylic residues. The ligands were chosenrder to be able to investigate and
compare catalytic performance with steric factard alectronic properties within the group,
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while maintaining the same ligand geometry and hkutardination cavity. Overall eleven
ligands of this family were tested in the isometiaareactions of allylpropenoids. In order to
evaluate the performance of the catalysts in th@)Rdediated selective isomerization of
terminal alkenes a set of two arylpropenes (allyleme, entry 1; estragol, entry 2) were
chosen as starting materials. Initially, the reaxi were carried out using 5 mol% of Pd-
catalyst70h, substrate (0.0®1) in iso-propanol and undecane (10 pL) as internal standard.
The reactions were monitored and yields determibgd GC, GC-MS and'H NMR
spectroscopy of isolated products. All starting enats were readily isomerized under very
mild conditions in air at room temperature givirg tE)-isomers in high yields with high
E/Z-selectivities of 97 : 3 fotransallylbenzene andrans-anethol (94 %d.e). Reactions
were complete after 26 h at the latest by raisiregtemperature to 70 °C. All reactions were
carried out in unpurified solvent. Allylbenzene wasmerized in three hours in 98 % yield
with an E/Z ratio remaining almost constant at 96:4 (921%), which is noteworthy since
isomerizations are known to be critically affecteyl water and impuritiesc{. Table 11
Figure 47).

Table 11 Pd()-catalyzed selective isomerization of allylbenzeand estragol.

_—~ (5 mol%) 70h X
7 e 7 I
R ProH, rt. R R
72,73 E-(72, 73) Z-(72,73)
R = H (72); OMe (73)

# Substrate (R =) time [h] Yield of E-Isomer™ Product ratio (E/ Z)[b]
1 H 5 80 97:3
26 96 97:3
2 OMe 5 57 95:5
26 93 97:3
3" H 3 98 96 : 4

Reaction conditions: catalygdh (5 mol%), substrates (89w, undecane (10.0 pL) as internal
standard in a cap sealed vial at r.t. Average ankcof two repetitiond” Reactions were
monitored and yields determined by GC analysis 26 en HP-5MS column. Product assignment
determined by GC-MS arfth NMR analysis of isolated productd.Reaction at 70 °C.

Promising conversions were even observed on logdha catalytic amount of palladium to
1 mol%. After the encouraging results the roleled solvent was investigated more deeply.
Interestingly, under the chosen reaction conditialmost no conversions were obtained in
non-polar solvents (diethyl ether, toluene) as vasllin aprotic polar solvents (acetonitrile,
tetrahydrofurane, acetone, chloroform). Therefdre influence of the alcohol in terms of
steric as well as electronic factors was considevistal-hydrides are known to be generated
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Figure 47 Isomerization of allylbenzene (x) andaggil @) in
iso-propanol at room temperature.

in situ by the use of additives, such as inorganic hydrimle more recently, by weak acids, in
particular alcohols, as is the case in the presamty!??!! Only absolute solvents of high

purity were used for these tests and no conversimre observed without the addition of
Pd(i)-catalysts, as proven by blank samples. Besidesilj monofunctional alcohols, such as
methanol, ethanol and-propanol, and secondary alcohols, suchisaspropanol, cyclo-
hexanol as well agert-butanol, 1,5-pentanediol,-dropanthiol and 1-aminoheptane and
glycerol, as a trifunctional alcohol, were empldydo complete the set also fluorinated
alcohols were used, because remarkable effects e reported for these substarit®s.
2% The results are depicted in Figure 48. Besideséteel for a protic solvent, the electronic
character is highly important as there is cleadence for rate acceleration in the range of:
methanol > ethanol >n-propanol >iso-propanol >tert-butanol This result is in line with the
pKvalues of the alcoholsf, Table 12)29% 292

Table 12 pK-values of selected solvents.

EtOH 'PrOH 'BuOH glycerol "PrSH TFE HFB
159 | 165 | 170 | 44 | 132 | 124" | 1149
As determined in kO, compiled and listed as reported by R. Willidffs >*?significant digits left uncorrec-ted.

12 2,2-trifluoroethanol (TFE), pkof 11.3 in 50% aq. EtOR*2 2,2 3,3 4,4 septafluorobutanol (HFB),
measured in 50% aq. MeOf

ésolventé H20 MeOH
Cpka® | 157 | 155
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— B Heptafluorobutanol (HFB) - o= 22 2-Triflucroethanol (TFE)

Figure 48 Solvent influence on the Pd¢atalyzed isomerization of allyloenzene.
Time-resolved formation dfansmethyl styrene over time as determined by GC aneMBZ% Reaction
conditions: 1 mol% cataly3tOh, substrate (98 mn) underair at r.t. {-BuOH at 70 °C).

Nevertheless, besides inductive effects, sterik dolubtless also has a significant influence
on the pK, values (due to disturbance of solvation &kdonding). A drop of about 45% yield
when comparingiso-propanol and cyclo-hexanol underlines these aspects, although the
electronic properties of these two compounds tendbd quite similar. Whereas all other
solvents and solvent mixtures led to almost eqoalersions over time, a reaction progress
analysis revealed a significant retardation ofremection rate as the reaction proceeded (50%
conversion after 24 h ioyclo-hexanol and 27% conversion after 23 hart-butanol, both at
room temperature). Although decomposition of thealgat provides an inadequate
explanation, since only the type of alcohol for tieen reaction conditions was changed,
unknown inhibition effects of the catalyst cannetroled out. Surprisingly, no conversions
were observed in more acidic 1-propanthiol {d8) and, as expected, no reaction occurred
when using the more basic 1-aminoheptane as argolkhough, no isomerization occurred
in pure acetonitrile due to its coordination capghino inhibition was observed in methanol
when adding 0.5 — 10 mol% acetonitrile, showing tba concentrations are still tolerated by
the catalyst system. Two hydroxyl functionalitiess present in 1,5-pentanediol, had no
significant effect and rates similar to those fthagmol were obtained. Even an increased
acceleration compared to methanol was observed vh2r2trifluoroethanol (TFE) and
2,2,3,3,4,4,septafluorobutanol (HFB) were used as solventsclwiig consistent with the
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higher pke-values of fluorinated alcohols. By a closer lookhe time-resolved conversion, a
slightly different ascending slope bisecting theobl-mediated isomerization rate after an
average of three hours, depending on the alcohalpe detected for the fluorinated solvents.
However, very high conversions and consistent eiasselectivities are still maintained. It is
worth mentioning, that by further optimization dfet reaction conditions, fast conversions,
similar to the results in fluorinated solvents, ¢e@nachieved using a 1:2 mixture of methanol
and toluene. Since all catalysts are easily soliflalcohols as well as in most aliphatic
solvents, this observation is attributed to matgleffects between solvent, starting materials
(allylbenzene) and catalyst shape (bipyrazole-eoikwingtip-arylation). Operating with this
solvent mixture, allylbenzene conversion to thennalE-isomer was still very effective with
catalyst loadings as low as 0.5 mol% Pd (92% yieR¥%od.e. after 6 h at r.t.) and even 0.1
mol% Pd (35% vyield, 92%.e.at r.t.; 70% vyield, 90%.e.at 60 °C; both measured after 6 h)
with almost no decrease in diastereoselectivityn&&ably, by using a solvent mixture (1:1)
of glycerol and methanol at room temperature anthlgst loadings of 1 mol% the
isomerization rate was even further accelerateébo(9ield, 91%d.e. after 45 min) compared
to the reaction in the toluene-methanol (2:1) saiveixture (64% vyield, 93%l.e. after
45 min). This is again in agreement with the low,pilue of glycerol, but may also be
affected by the pronounced mesomeric stabilizatiapability within glyceric aldehyde. In
summary, rate acceleration was obtained in the eraofy glycerol/methanol (1:1)>
2,2,3,3,4,4,4-heptafluorobutanok  2,2,2-trifluoroethanol = methanol/toluene (1:2)>
methanol> 1,3,-pentanediob ethanol> n-propanol> iso-propanol > cyclo-hexanob tert
butanol(cf. Scheme 41).

Scheme 41 Solvent influence on theiRedfatalyzed isomerization of allylbenzene in the
order of increased efficiency
Color scheme: red to green (increasing efficiency).
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Substrate Screening

With the optimized conditions in hand we focusedtiu® scope of the isomerization reaction
deploying different starting materials, as weltlaes previously developed catalysts.

-.I||| -.L_ P | |

substrate cis-isomer trans-isomer

100 1

A

80

ﬂ)
-
R
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40

conversion / %

20

Figure 49 Conversion of allylbenzenes to interiet@es after 3 h using cataly&ah.
Reaction conditions: 1 mol% cataly&h, substrate (98 m) in MeOH/ toluene (1:2) at r.t. under air.
Conversions monitored and product assignment datethby GC and GC-M&? Average outcome of
three runs. Substrate order (left to right): 4{akynzene, 2-allylanisol, 2-allylphenol, estrageal, 4
(trifluoromethyl) allylbenzene, eugenol, eugenyétate, 4-allyl-1,2,-dimethoxybenzene.

In order to get reliable results before varying ttegalyst, the previous set of tests was
extended to allylbenzenes with different functiogedups at the aryl terminus (-g;FOH, -
OAc, -OMe). Applying the optimized reaction condits (1 mol% Pd, 1:2 mixture methanol/
toluene, air, room temperature) samples were takedranalyzed after 3 h. It has to be pointed
out that the reactions were not allowed to runamgletion in order to be able to evaluate the
catalyst performance on the substrates regardiecirehic properties and functional group
tolerance. Several functionalities proved compattblthe catalytic conditions and after three
hours 90% of allylbenzene and 4-hydroxy allylberezesmre converted to their corresponding
E-isomers, followed by 2-allylanisol (80%), eugenydetate (75%), estragol (50%). 4-
(trifluoromethyl) allylbenzene (20%) and eugenadb¥d, cf. Figure 49). Low conversions of
challenging, electron deficient starting materialg. for fluorinated compounds, is a common
phenomenoff}”! As evidenced by the substrates the catalyst ispatible with donor
heteroatoms, such as phenols and acetates anddral digh selectivities of 93 — 98%e.
are among the highest ratios comparable to othé¢stuelied system&® 217: 221, 223, 226, 231,
2% The excellent selectivity fotrans4-hydroxy allylbenzene (exclusively, >99%) is
particularly remarkable and represents the higtiestereoselectivity reported so F&f: 24
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This effect may be attributed to theh@droxyl functionality being in close proximity the
reaction center. A similar effect was observed mdgeand led to increased product formation
and high selectivities in the RJ{catalyzed double bond isomerization of 2-(but-3-
enyl)phenols over two carbon-atoffrg!

Catalyst Screening

On the basis of the results obtained from the satest, the influence of the electronic and
steric properties of the catalysts on the isomaamareaction was of interest. With-1,1'-
alkylated bipyrazole catalysi®a — 70cand their arylated counterpai®®d — 70kin hand,
two types of Pd()-catalysts characterized by different steric detngatkylated/ arylated) and
with different electronic properties within eaclogp were deployed.

100 - - PR P
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substrate trans-isomer

Figure 50Catalyst performance evaluated in the selectiveéatior
of less reactive eugenyl acetate.
Reaction conditions: 1 mol% catalyst, eugenyl geg@8 mm) in methanol/ toluene
(1:2) at r.t. under air. Conversions monitored pratiuct assignment determined by
GC and GC-MS®? Average outcome of two repetitions. Catalyst ofgkt to right):
70b, 70¢ 704a 70i, 70h, 70f, 70j, 70e 70g 70k, 70d

To obtain meaningful data for evaluation of theabat performance less reactive eugenyl
acetate was chosen as a benchmark. The reactioms peeformed under the optimized
reaction conditions (0.081, 1:2 mixture methanol/ toluene, 1 mol% Pd, roomgerature)
and samples were taken after three and six hoorsthieé N-1,1’-alkylated catalysts7Qa —
700 increased activity was observed @b (R =isoJropyl), followed by70c (R =n-pentyl)
and the lowest conversions to tBesomer was obtained by using catalyda (R = methyl).
The results are indicative of a trend correlatinghbr electron-donating properties and
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catalyst activity, since oxidative addition of strhtes should be enhanced by higher electron
density located at the metal cerft&t For further evaluation, catalyst®d — 70k were tested
under equal conditions and showed a similar trexwdatds higher activity with increased
electronic-density at the 3,3’-bipyrazole core.ekfsix hours Pd()-catalyst70i (R = mesityl)
showed the overall highest conversion of eugengtade (96%), followed byOh (R =para-
(tert-butylphenyl), 90%),70f (R = para-tolyl, 87%), 70j (R = 2-naphthyl, 79%)70e (R =
phenyl, 65%),70g (R =m-+ol-, 62%) and70k (R = 3,5-di(trifluoromethyl)phenyl, 4%). This
is in good agreement with the electron-donor cdipalaf aryl substituents and verifies the
results obtained for th&l-1,1’-alkylated Pd()-catalysts. Surprisingly, catalyst0d (R =
methoxy), with the most activating substituent @att did not fit into the trend (5% vyield),
but it represents the only catalyst exhibiting a@ehmatom functionality at the wingtip-
position. However, the reason is still unclear. Witthe given ligand pattern a significant
steric influence on the isomerization reaction wasobserved and the hidtiZ-selectivities
(94 — 97%d.e) achieved for eugenyl acetate were comparativatyyas and remained almost
constant during the reaction progress, as showwmabwtion of the catalysts. In summary,
increased catalyst activity was obtained fonipghcpz)-catalysts exhibiting a higher electron-
density within the 3,3’-bipyrazole core inducedthg substituents in the range ofy(Rip =):
isofpropyl > npentyl> methylandmesityl> para-(tertbutylphenyl > paratolyl > 2-naphthyl

> phenyl> metatolyl >> 3,5-di(trifluoromethyl)pheny(cf. Figure 50 and Scheme 42).

min-cr3-p-ove SR ) pisu ) ves 4

Scheme 42 Influence of flanking substituents orréaetivity in the Pd()-catalyzed
isomerization of eugenyl acetate.
Color scheme: red to green (increasing efficiency).
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Mechanistic Studies

Generally, two main reaction pathways for the isonagion of alkenes can be envisaged. The
transition-metal catalyst can operate viar-allyl mechanism (A) or a hydride addition-
elimination mechanism (BXf. Scheme 43).
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Scheme 43 Isomerization of terminal alkeneswadlyl intermediate
(A) and hydride addition elimination (B) reactiorecmanism.

The metal-hydride complex can be initially presastcatalyst or generatéd situ, whereas
the other mechanism features a rearrangement thradgansitoryz-allyl intermediate upon
alkane coordination, which is followed by a revelsihydride transfer to form theallyl
metal-hydride species. Overall olefin isomerizatitmllows the thermodynamic driving
forces, reaching an equilibrium distribution, witie thermodynamic more staleisomer
being favored?®® 215 233 2944 particular, the kinetic distribution of the isers depends on
the electronic and steric factors controlling thelimination process. Moreover the kinetics
and product distribution, and thus the selectiwofy the reaction, is affected, when the
transition metal catalyzes the isomerization ad agreaction at the double bond. Generally,
the z-allyl intermediate mechanism has a dramatic effecthe distribution of isomers giving
rise to highE/Z-selectivities, andE/Z ratios greater 4:1 will be generally obsert8d.An
interesting class of catalysts capable of this typrminal olefin isomerization was derived
from [(allyl)PdCI], a triarylphosphine and silver triflate. Althougje transformation was
successfully achieved with the substrates emplayet:Z ratio of the newly formed olefins
were only moderaté’™® Recently, ruthenium-hydride species, derived fromermally
modified Grubbs ¥ generation metathesis catalysts have been devklmpe successfully
applied in the isomerization of terminal oleffid! However, the reactions are commonly
accompanied by unwanted side reactions, such asctied or self-dimerizatioff?> 2*°
Palladium(j)-hydride complexes are known to be generatedtinisy addition of alcohols,
which undergo oxidation upopi-H-elimination!*®* %! Some peculiarities regarding the
metal-hydride formation should be noted. Alcohaaiding ngs-H atom, such as methanol or
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phenol, are dehydrated-H atom) to their corresponding carbonyl derivagiveuggesting
that s-elimination of water is not involved, whereas tieaction intert-butanol is likely to
proceed vigs-H atom- and hydroxyl group-elimination forming ater molecul&®® Since
the solvent screening revealed the necessity ahalx additives for the catalytic cycle to
operate and the fact that Pd-assisted proton nograia az-allyl mechanism is favored in
non-polar aprotic media, as shown for PGPhCN),?°® a hydride addition-elimination
mechanism seems to be most conceivable for the iheestigated catalyst system. The
robustness of the catalysts is also in agreemetfit this mechanism, becauseallyl type
based Pd-isomerization reactions usually requiréfied, anhydrous aprotic solvefft& 3!
and this catalyst system performed very well everumpurified, non-anhydrous solvents
under air. A complete lack of methoxylated and algeed side products, which may arise
from nucleophilic attack of the solvent at the carldouble bond is a further indication for a
mechanism involving a hydride addition-eliminationechanism, instead of a-allylic
pathway!>%3 304

To get further insight into the reaction mechanigutopic labeling studies were performed.
Even though both the metal-hydride addition-elintima and ther-allyl hydride mechanism
result in the same product, the two mechanistibyays can be distinguished by looking at
the hydrogen shift of deuterium labeled startingtemals upon isomerization and at
incorporation of deuterium into the substrates wiie@ reactions are run in deuterated
solvents. Ther-allyl mediated mechanism initially involves hydride-freé metal precursor
featuring two empty coordination sites. Coordinatad the free olefin followed by oxidative
addition of the allylic carbon-hydrogen bond wotitdm the z-allyl metal-hydride catalyst,
which transfers the hydride to the terminal positimy reductive elimination yielding the
isomerized alkene. Therefore, a formal [1,3-H] tshithin the substrates should be observed
for az-allyl mechanism. If one considers the hydride whiciginates from the approaching
olefin, the active catalyst is thus generated byngmamolecular reaction. The metal-hydride
mechanism on the other hand involves a distinctakistdride complex being initially
present before entering the catalytic cycle andtlarefore be calleshtermolecular, because
hydrides are successively displaced between catalyd new incoming substrates during
catalysis. In this case, the olefin coordinatefotm a hydridoz-alkene complex, followed by
S-addition, generating a-alkyl intermediate (hydropalladation) and finaiyH-elimination
furnishes the isomerized olefin. The Markovnikowd anti-Markovnikov hydropalladation
step across the double bond are both reversibleoatydMarkovnikov addition leads to the
isomerized product. This process results in a dbariatic [1,2-H] shift when the metal-
hydride mechanism is active. Although both reactmathways proceed along different
hydrogen-shifts, only the observation of a [1,24fjift is sufficient proof of the hydride
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addition-elimination mechanism, because deuteriuonarsbling between the alkene-
hydrogens and subsequent isomerization thereof bydade addition-elimination reaction
results in a formal [1,3-H] shift as well, and thpreventing distinction. For this investigation
o,0-t-allylbenzene was prepaféd’ by Wittig-reaction of ds-methyl iodide and
phenylethanal. Applying the standard reaction cbos using 1 mol% catalystOh in a
0.9M solution of deuterium labeled allylbenzene in raethl afforded the isomerizel-
isomer as the major-product. By constant, carefahitoring of the starting materials, the
reaction progress and the products by GC-MS meamnes, a characteristic key fragment of
the deuterated starting material and the produikide identified¢f. Figure 51).
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Figure 51 Mass spectra showing the characterigtgnients ok,a-d,-allylbenzene (left) an
S-th-(E)-propenyl benzene (right).

This allowed a clear differentiation, as to whetbeuterium incorporation at C-2 took place
or not. Even though starting materials and prodeetsibit the same molecular ion in the
higher, and benzyl fragmentation in the lower nr&ggon, the initial fragmentation af,a-
d-allylbenzene generates fragmenliz 104.1 by loss of thd,-methylene group whereasz
103.1 is expected for the product, regardless ofme-configuration. This fragment
originates froma-methyl cleavage of the terminal methyl group witkthie product. Contrary
to this am/z 104.1 for the initial fragment of the- and theZ-product was detected, which
clearly demonstrates deuterium incorporation atGke position of propenyl benzene. It has
to be pointed out that during fragmentation of ladlystems in the gas phase, metastable ions
induce carbon skeleton rearrangements and hydraggrations, which lead to complex
mixtures of interconverting structures prior to thar decomposition. Consequently, the
identification of characteristic fragments and igonassignment is quite challenging, as
shown for the molecular ions of linear octene isamélowever, it has been previously
demonstrated that scrambling of terminal hydrogdass not occur over the entire time
range’*®® Furthermore, it is important to check, whether ¢agalyst employed is capable of
trans{isomerization. During multiple addition-reactionctys a constant amount ak-isomer
was produced (kinetic distribution). On the accoofnthis, the observed initial fragmemtv/g
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104.1) oftranspropenylbenzene originates from a [1,2-H] shiftstiproving that only the
hydride addition-elimination mechanism is acticé Scheme 43). Fragmentation patterns of
undeuterated starting material and isolated preduere cross validated in methanol and
methanold,;. Deuterium scrambling between starting materialsl substrates was not
observed and at low catalyst loadings in methaigoho deuterated-/Z{propenylbenzenes
arising from initial deuterium transfer from thdwsmt to the catalyst, were detected.
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Figure 52 Effect of the concentration of catal§8h (left) and allylbenzene (right)
on the rate of isomerization.
Conditions: [sulk] 89 nmM, resp. [ca] 0.089 v (1 mol%) in MeOH/toluene mixture (1:2) at room
temperature. Reaction rate orders were determipedivelation of catalyst, resp. substrate
concentration and product formation over time @tawn)?*

To gain further insight into the catalytic cycléetkinetics and the reaction-order of the
isomerization was investigated using catalyéh. Performing the reactions at catalyst
loadings of 0.1 mol%, 0.5 mol% and 1 mol% and datieg catalyst concentration with
product formation over time showed a first-orderp@ledence on the initial catalyst
concentrationdf. Figure 52, left). With constant catalyst loadirngsl mol% a sub-first-order
dependence on the initial (high) substrate conagaotr of about 0.20 was observed. During
reaction progress the sub-first-order dependendbemitial substrate concentration changes
and approximates 1.0 at very low substrate conagoitr, which indicates substrate inhibition
(cf. Figure 52,right). For the solvent combination Inaetol/toluene, employing
concentrations of 1:2, 1.1 and 1:0, a negative fgsab-order dependence of -0.51 was
obtained, leading to the following rate expression:

) [Pd]*° [substrate] 2~ 0 =)

rate = k(T
( [MeOH] ***
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The results are indicative of an inhibition effedtthe starting materials and methanol at
higher concentrations, or at least point towards@elerating effect. The reaction order on the
products was not assigned, but no rate deceleratiamibiting effects were observed by the
external addition of pur&ans- nor cispropenylbenzene to the reaction. Increased product
concentration over time by performing the reactimer multiple substrate addition-reaction
cycles had no effect on the conversion rates. Tdialyst activity remained constant, thus
proving catalyst stability and the inhibitive effeof the starting material (allylbenzene)
concentration. No kinetic isotope effect was de@cwith undeuterated allylbenzene in
methanol and methandkleading to comparable reaction rates, yields &hecsvities. Thus,
generation of the metal-hydride complex is notréte-limiting step, if one assumes that the
formation of only small amounts of active hydriqeesies is insufficient for catalysis. In
contrast, usingr,a-d-allylbenzene as starting material in methanol sr&ihanole, resulted

in a large kinetic isotope effect. No H/D-exchangas observed between starting materials
and solvent at low catalyst loadings suggesting) tth@ isomerization mechanism is an inner
sphere interconversion after initial metal-hydrimation®®® With catalyst 70h and
allylbenzene or allylanisol th&H NMR spectra did not show the presence of any Pd-H
species up to -100 ppm, which is usually obsentddgh-field resonance® (< 0 ppm). The
same was true under substrate inhibition condititmdeed, many hydride catalysts are too
reactive to be observed by spectroscopic measutsmen

Scheme 44 suggests a possible reaction pathwajstimaaiccordance with the spectrometric
and kinetic evidence given above. Initially theadlal present in the reaction media is
oxidized and thus generates the active palladiudritly species\’, which then enters the
catalytic cycle. Upon oxidation of the alcohol, acant coordination site is exposed at the
electron-deficient palladium center owing to lideya of HX, which may be occupied by
solvent molecules. The hydride then moves to thal gosition of the metal complex to
furnish a cis-coordination-site for the incoming olefin, a ne@gsprerequisite for the
hydropalladation step.

Whereas inii the catalytic cycle begins with the entering amdrdination of the
electron-rich olefin, compled’ is thought to be capable of losing its seconddeain a
reversible process, forming the cationic IBelfydride complexA, which may be stabilized
under protic polar conditiof®* %® This intermediate offers a second vacant cooritinat
site for incoming substrates. Considering cy¢l@efin-addition to hydridesalkene complex
B occurs.-Addition, either in a Markovnikov oanti-Markovnikov fashion, results in the
hydropalladatedr-alkyl intermediate<C andCsjge, Which are reversible steps and the reason
for the [1,2-H] shift as previously described. TMes1-C(f)-intermediate undergoesyn{*
hydride elimination and the palladium-hydride spe® is regenerated, which liberates the
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E-, andZ-isomers, respectively. Apart from retention of dvadide coordinated to the metal
center in cyclal, both mechanisms are equal and all catalytic spe@ported run through

alternating 18 and 16VE complexes. The transittates for both hydride-transfers involve a
syncoplanar arrangement of the two carbon atoms, tke&alntenter and the hydrogen
participating and reductive elimination require®mbnative unsaturation of the Pd-complex
(16VE, Scheme 4413
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Scheme 44 Proposed mechanism for the isomerizagaartion of terminal allylaryls t&-
andZ-propenylaryls in alcoholic media using (bcpz)-typ#Ch-catalysts.

Although rhodiumB®” 3%! and iridium-dihydrid€°® complexes have been reported for
isomerization reactions, a palladium-dihydride spgt® 3'%is improbable under the reaction
conditions, since dihydride species are prone tmagosition and capable of hydrogenation
reactions, which were not detected. To rule out ghesence of Pd(0) species within the
catalytic cycle, Pgdba) was tested as precursor, which is not a catalydemuthe reaction
conditions reported here. Furthermore, the catadystem was still active after multiple
addition-reaction cycles (10x) without any loss aftivity, conversion or selectivity.
Palladium-black was not formed over prolonged lieadimes, even at elevated temperatures
(343 K). This was verified by careful monitoringtbie reaction progress and fine-filtration of
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the solution after each reaction cycle. When be&t@@utrile)palladiumif) dichloride was
employed as catalyst, fast isomerization was abs®iwved under the reaction conditions, but
a substantial loss of activity was observed, aly earafter seven cycles (53%lsomer, 90%
d.e) and almost no conversions were detected aftary2les (11%E-Isomer, 88%d.e, cf.
Experimental Sectign Liberation of HX from metal-hydride compleX to form a Pd(0)
complex can be ruled out, since reductive elimoratis likely to occur from drans-
configuration, which is not favored for our neutbédlentateN-ligand as it is coordinated at
the equatorial positions. This together with thelating properties and theback-bonding
character of the bipyrazole ligands may accountth& observed integrity of the bcpz-
alcohol-catalyst system and explain the observedipitation of palladium black by using
bis(acetonitrile)palladium( dichloride as catalyst trans-coordinated acetonitrile and
chloride). Since no kinetic isotope effect was obsé in deuterated solvents the rate-limiting
step is thought to be th@&H-elimination reaction and not the initial fornati of the metal-
hydride complex, nor regeneration thereof. If thie-Brst order on substrate and methanol
concentration is taken into account, inhibition tbe catalytic cycle may take place by
trapping of a catalytic species. As found, decontjwsto Pd(0) does not occur and therefore
cannot account for this observation. Poisoninghef ¢atalyst by impurities within substrates
or methanol can also be ruled out, since the cgttafaintained its activity through multiple
substrate addition-reaction cycles and with the ol@bsolute solvents. Reasons for the
observed rate-deceleration may either originatenfformation of inactive complexes, which
would result in removal of catalytic species frohe tcatalytic pool, or be caused by a
competitive reaction, because simple saturatioraliplaryls would not account for the
prolonged reaction times. Deactivation of a certammount of catalyst is improbable, since the
catalyst recovers its previous activity after ataiertime. More conceivable, seems to be
another reversible pathway, which becomes comypetiit higher substrate and methanol
concentrations. This may operate by occupation &eeondary vacant coordination site
offered by the metal center leading M4 (cf. Scheme 44, route, bottom). Related
mechanisms, involving positively charged complegcsps due to loss of a secondary halide
prior to olefin complexation, were recently propbég Sigman et al. under Wacker oxidation
conditions!® and for the Pd-catalyzed reductive cross-coupdihstyrenes iriso-propanol,
also involving Pd-hydrider-alkene intermediatd®:?’ However,*H-NOESY, *C- and**N-
HMBC NMR measurements did not show additional caxptpecies present in solution,
giving no evidence for a competitive pathway.
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pH-Influence on the Reaction Progress and Role ohé Halide

The results show a strong solvent effect on thee@ation, regarding first of all the plénd
the steric encumbrance as well as electronic affeaginating from ligand design. Bearing
the envisaged reaction mechanism (royia mind, the role of the pH value and the hatie
the catalyst was investigated. Clearly, a hydrideeth reaction mechanism would be
influenced by the external addition of acid andeb@é Figure 53)3% 314
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Figure 53 Influence of additives in the isomeriaatof allylbenzene catalyzed B9h.
Reaction conditions: 1 mol% catalyst, 10 mol% &adeiiblank ), NaOMe ¢), p-toluenesulfonic acid
(A), acetic acidq)], allylbenzene (98 m) in methanol/ toluene (1:2) at r.t. under air. Gansions
monitored and product assignment determined by BOGC-MS?° Data points represent the mean of
two repetitive experiments.

Therefore the standard reaction with 1 mofah, allylbenzene (89 m) in a mixture of
MeOH/toluene (1:2) at room temperature, combineth wli0 mol% of an additive, was
performed. As expected, the addition of sodium ruetihate significantly slowed down the
reaction rate, leading to lower conversions (4B%omer after 24 h, 93%.e) and with
caesium carbonate no reaction was observed.)fi{cetate and the corresponding 1Pé(
diacetate of bcpz ligandOh did not promote the reaction either, regardlessligdnd
substitution, owing to the lack of metal-hydridenf@ation. The addition of toluene sulfonic
acid monohydrate did not accelerate the reactiah aiter prolonged reaction times (days)
equal conversions as without additive were obtaireterestingly, the observed reaction
progress was almost identical with the results iobth for catalyst loadings between
0.5 mol% and 0.1 mol%. This is indicative of pdrtatalyst poisoning, which is generally
attributed to sulfur containing substanfés,***3*land may account for no isomerization in
1-propanethiol (g, 13.24) as well. Noteworthy, 10 mol% acetic acid dot have a positive
influence on the outcome of the reaction and simreaction rates, conversions and
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selectivities were observed as without additiveisTibrings to mind the facile, mild and
effective catalyst preparation, which occurs withtlue formation of typical by-products
arising from acid-catalyzed dehydration reactiaikgnes, ethers).

For evaluation of the influence of the halide cooated to the metal center on the
isomerization, the dibromide palladium complex #h was prepared and tested under
standard conditions (1 mol% catalyst, 8@ nsubstrate, 2:1 toluene/methanol at room
temperature). In order to effectively compare thtalyst performance, less reactive eugenyl
acetate was chosen as the model substrate. Only diffierences in the yield ofrans-
products were observed (77% fodh and 70% for the dibromide complex after 3 h; 92%,
resp. 86% after 6 h). Selectivity was not affectad, expected, and finally almost equal
conversions were obtained with both catalysts (98%70h, resp. 96% after 24 h). The
decreased isomerization rate can be understoodrimstof the lowetr-donation ability of
bromide compared to chloride. Although less promewal) the effect is in agreement with the
results obtained for the iridium-hydride drivennserization of allylbenzene, whereby higher
reaction rates were observed by stabilization cfaturation at the metal center originating
from more effectiver-donation of the halide in the order: | < Br < CIGH < F!*% Even
further increased isomerization rates may therdberesalized with this novel catalyst system
by fluoride substitution, an aspect that is stiltiarestimated as a tunable parameter.

2.3.2.4 2"-Generation (Tetradentate) Camphorbipyrazole Ligand and Their
Palladium Complexes

The modular synthetic approach of the bcpz-ligahdwad further modifications on the
flanking substituents and an extension of the doatbn number to four was envisaged.
Pyridine was found to be an ideal substituent farying the coordination number plus
changing the electronic properties. The (pyridirgaethyl)pyrazole structure represents an
ambiguous, bidentate ligand pattern featuring aagolyl (z-donor) and a pyridyl a-
acceptorf°! subunit for metal coordination. Complexes of pdillan(i/ 0)38323
platinum(1),?* ruthenium(),’?*" 325321 nickel(1)=?® 3**and copper( 1)5?% ** are known
for related pyrazole-pyridine motifs. Nicke){®?® and palladium()®*® 3% 3%lcomplexes are
reported to be active catalysts for ethylene oligod polymerization reactions. Successive
metal alkylation-dehalogenation steps are necedsargctivation of the catalyst, which is
either employed in a preactivated form (as methgtitle complex, e.gd3'® followed byin
situ dehalogenation (with silvej( triflate, e.g.) or a dihalide complex combinedthwi
methylaluminoxane (MAGYY or ethylaluminium dichlorid&® for directin situ activation

can be used. However, cationic Pdg>-allyl complexes of (pyrazol-1-ylmethyl)pyridine



108 Chapter 2 — Palladium-Bicamphorpyrazole Hetgres

were also reported to be active catalysts in asymnallylic alkylations of arylated
acetoxypropanes with dimethylmalonate (25 — &18).1%2"!

Preparation of Tetradentate 3,3'-bicamphorpyrazole Ligands and Pd-Complex
Formation

The 3,3-bicamphorpyrazole core was prepared faligwhe standard proceduref.(Chapter
2.2.3.1). For introduction of pyridine-2-ylmethyligtips under basic conditions the 2-
(bromomethyl)pyridine {4) and 2-(bromomethyl)-6-methyl-pyridin@%) hydrobromide salts
were first converted to the free bromopyridineshwiriethylamine over a period of 18 h and
added to the sodium 3,3'-bipyrazolate. The pyridare 6-methylpyridine derived bcpz
ligands were obtained in moderate yields betweer 9% for76 and 48 — 70% foi77,
depending on the reaction scale. In the solid dbatd ligands exhibit a £symmetric
transoid structure (not shown) with respect to the pyrazoleogens similar to the structures
observed for bcpz-ligand®39d — 69k(cf. Chapter 2.3.2.1). The bihomometallic palladiujn(
dichloride complexes of both ligands were prepabgdligand exchange reaction with
bis(acetonitrile)palladiunm( dichloride and were obtained in 97%8), respectively 94%
yield (79, cf. Scheme 45).

|\
z Br
RN
=
74 ,R=H 68 R 76 ,R=H
75,R=Me 77,R=Me

Scheme 45 Synthesis of tetradentate 3,3’-bicamphazple ligands6, 77 and their
palladium complexeg8 and79.
Reaction conditions. &4 or 75, NEt3, THF, molecular sieve 3A, slow stirring,,r18 h. b)68, NaH, THF,
65°C, 2h then addition of free bromomethylpyridia¢s.t., 1 h, then 65°C for 5h, then r.t., 12 $%@8for 76
(70% for77). c) Pd(MeCN)Cl,, DCM, r.t., 24 h, 97% fo¥8 (94% for79).

The free ligands show a characteristic doubletterprotons at the wingtip methylene group
with germinal couplings ofJcy of 16.7 Hz for both ligands indicative for a dexse in
rotational freedom of the flanking substituentsthe liquid state (diastereotopic protons).
Complexation with Pdl() results in a distinct pattern and an upfield tsbff the methylene
signals from 5.52 — 5.43 ppm to 5.28 — 5.38 pprmde complex signal pattern is observed
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after complexation due to formation of two atropmews ¢f. Scheme 46). The proton signal
attached to C1 of the pyridine substructure proofedbe an excellent indicator for

free ligands: free Ilgands
-
J’( Né ‘
| J
86 85 84 83 82 81 BU 79 78 77 76 75 74 73 72 71 7U 69 68 67 66 65 ppm ‘ 79 78 7.7 7.5 74 73 7.‘2 7‘1 70 69 68 6.‘7 6‘6 ppm‘
a [N J { k k [N
J(bcpz)Cly; 1§ R sz(bcpz)CIZ 8
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Scheme 46 Observed proton shifts in the aromagiomeupon complexation with Pd.

'H NMR proton shifts in the aromatic region of liglsn(in CDC}) and Pd complexes (in GDI,) recorded at
room temperature.

determination of the atropisomeric ratio. By bigggt both 3,3-camphorbipyrazole
atropsiomers into their (pyridine-2-ylmethyl)pyréeosubstructures overall two sets of
resonance shifts are expected. Therefore, the \wdabesignal intensities of the pyridine
protons of 1.0 : 2.0 account for one atropisoméndé&vored under the reaction conditions,
which was attributed to the bulkiness of the camphackbone ¢f. Scheme 47). No
significant change in distribution was observedmyiand after product isolation of reaction
at -80 °C to room temperature nor at 96 °C in hgiliacetonitrile and account for the
formation of stable atropisomers.

For determination of the atropisomeric ratio of tG&-methylated bihomometallic
palladium(l) complex mixture, the neighboring proton signajgjtted into two independent
doublets at 7.0 ppm and 6.9 ppm, was selected. tDugartial overlap of the signals a
intensity ratio of approximately 1.0 : 1.2 was fdundicating an almost similar distribution
of atropisomers and might be caused by the insitadlaf an additional methyl group at the
pyridine substituent. The molecular structures athbcomplexes were determined by X-ray
crystallographic analysis. Crystals 88 were obtained by slow diffusion of hexane into a
saturated diethyl ether/ dichloromethane solutiid)(of 78. Unexpectedly, with the sterical
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less demanding pyridine substituted in palladiummglex 78 a conformation, related to the
cisoid structure of the monometallic Pd(bcpz) complex@s — 70jwith a N-C-C-N torsion
angle of 51.6 for atropisom&BA (38.1° for78B) was found. Note, that in the free complex
of the sterical more demanding 6-methylpyridinaig a quasiplandransoidstructure with

free ligand: -, Pd,(bcpz)Cl,:
/’-;

upon 2 1

complexation

T T T T T T T T T T T T T T T T
8.75 8.70 865 860 855 850 845 9.95 9.90 9.85 9.80 9.75 9.70 9.65 9.60  ppm
[ — L )

Scheme 47 Determination of the atropisomeric ratiBd complex78.
'H NMR proton shifts of ligand@6 recorded in chlorofornds and Pd compleX8in dichloromethaneh, at r.t.
Splitting into a set of two independent signalsvehdor the selected pyridine proton (highlighted-éal).

a N2-C3-C3’- N2’ torsion angle of 176.7° is reatizd he methylene linker of the (pyridine-
2-ylmethyl)pyrazole structure is distorted and adop boat-conformation to furnish a
quadratic planar coordination sphere of palladitNgyfz0eCHo-Car = 111.2° and 112.6° for
78A, 110.0° and 113.0° fof8B). Both complex-substructures are in plane to edbbr with
the chloride substituents ahsubstituents being staggered and a Pd-Pd distdr&&.6 pm

in 78A and 331.3 pm i78B (cf. Figure 54). Single crystals suitable for X-ray lgsis of the
sterical more demanding bihomometallic palladiuyr@-methylpyridine derived complex9
were obtained by slow evaporation of a saturatddraform solution. Interestingly and
contrary to78, the solid state of79 revealed atransoid structure. Moreover, only one
atropisomer proofed to be present in the crystdijclwv accounts for a stereoselective
crystallization of one atropisomer, which is a farmental prerequisite for any application of
the complexes for asymmetric catalysis. In thensoid structure both metal centers are
coordinated quadratic planar with the (pyridinel®gthyl)pyrazole adopting a boat
configuration (MyrazoleCH2-Car = 111.2° and 110.2°, Figure 55). Preliminary teststhe
activity of both complexes for ethylene polymeriaatwith MAO revealed less reactivity and
only small amounts of products were obtained. H@ugethese results might be in accordance
to the sterical demand of the complexes as illtefraby the solid state structures.
Nevertheless, the first results regarding selectivgstallization from the atropisomeric
mixture of 78 as well as the approach of combining chirality atr@pisomerism within one
chiral ligand pattern are promisingf(Figure 56). The possibility of introducing differte
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metals to generate bihomometallic complexes, tlepagation of heterobimetallic complexes
(with cooperative metal-metal centers) or incorfiora of preactivated complexes, like

palladium allylic species is expected to be paldidy useful for (asymmetric) catalytic
transformations.

Figure 54 Solid state structure and overlay stmgotd atropisomeric palladium complexes
78A (left) and78B (shown in overlay as unfilled structure).
Thermal ellipsoids are plotted at 50% probabilgydl and hydrogen atoms are omitted for claritye&ed
bond lengths fo78A: Pd1-N2 202.8(14) pm, Pd1'-N2’ 197.4(14) pm, Pd1288.0(14) pm, Pd1-N3’
208.3(14) pm, Pd1-Cl1 227.6(5) pm, Pd1'-Cl1’ 228)J{m, Pd1-CI2 228.1(5) pm, Pd1'—CI2’ 227.1(4) pm,
N1-N2 139.9(8)mpm, N1'-N2’ 137.0(9) pm, N2—C3 13@)pm, N2'—C3’ 138.0(2) pm, C3—C3’ 150.0(2) pm.

top view: /@ side view:

(sim,
Figure 55 Solid state structure of palladium compl@ after selective crystallization.
Thermal ellipsoids are plotted at 5@%®bability level and hydrogen atoms are omittedctarity. Selected bot
lengths for79: Pd1-N2 201.8(5) pm, Pd1'-N2’ 202.8(6) pm, Pd1-203.1(6) pm, Pd1-N3’ 205.9(6) pm, Pd1-
Cl1 229.0(17) pm, Pd1'-CI1’ 228.7(18) pm, Pd1-C2BB(18) pm, Pd1'—CI2’ 228.1(19) pm, N1-M37.2(8)
pm, N1'-N2’ 136.8(7) pm, N2—C3 135.1(8) pm, N2'-A36.1(9) pm, C3-C3’ 146.9(10) pm.

camhor- M = PdCl,

backbone
; § boat-conf.

boat-conf. w (flipped)
M M M M cambhor-

M = PdCl, backbone

Figure 56 Schematic representation of the confaonatin78A, 78B and79.
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2.4 Conclusion

In summary, a novel class (bcpz) of a stericallikypligand system was described, which
features a rigid, bulky backbone, while still maining flexibility and diversity through
different substitution patterns (wingtips), thusoaing electronic and steric tuning of the
ligands. Since redox potentials of transition metahplexes are strongly influenced by steric
effects, which may be enforced by the ligand baokbdhe constant ligand sphere combined
with variable and tunable substituents and the lemehvity of 3,3’-bipyrazoles compared to
the widely used 2,2-bipyridines may help develgpinew catalysts. The ligands are
accessible in a three step procedure by condensatib diethyl oxalate followed by tandem
condensation with hydrazine hydrate and finallyabyl- or alkylation exclusively at thi-
1,1-pyrazole  positions. X-ray crystallographic bBisés of the synthesized
camphortetraketone precursors revealed an unpneiesee7-membered proto-chelate
tetraketone structure and combined with the pragggend within this study validated)
mixture of isomeric structures their dynamic bebawvas studied giving evidence for a new
proto-chelate type, keto-enol tautomerism. The athidirhodium() and diiridium()-
tetraketone complexes were prepared, the struatnegjuivocally determined by X-ray
crystallographic analysis (Rh-complex) showing skeéective formation of the 6-membered-
metal chelate structure and preliminary experimestsg the chiral dirhodium(complex in
on-column gas hydrogenation chromatography of méefias addressed.

By condensation of camphortetraketone with hydeatigdrate and selectivé-1,1'-
pyrazole wingtip substitution overall eleven negalds with different electronic properties
were obtained. The corresponding Qu( Co(l)- and a series of Pd( complexes were
prepared and their conformational behavior wasistuevith regard to substitution in the
solid, as well as in solution state using X-ray,-Gihd VT proton NMR analyses. These
complexes of70h represent the first examples of ¢Pd) and 8 (Cu) 3,3 -bipyrazole
complexes coordinating througk® Initial catalytic investigations revealed that taes
palladium complexes showed higher activities withreasing electron donating properties
induced by appropriate wingtip substitution (&4 Mes >p-BuBn >> 3,5-(CE),Bn) in the
copper-free Wacker oxidation of terminal alkenes.

In the second part of this chapter a detailed expgtal investigation into the activity of
these novel backbone-fused bipyrazole (bcpz) dérpadladium catalysts, which are highly
effective in the selective isomerization of arylpenoids in alcoholic media was presented.
Catalyst screening revealed that the donor-capabol the wingtip substituents of the
bidentate ligand has a strong influence on theviggtiCatalyst integrity, a prerequisite for
any application in homogeneous catalysis, was shtmvbhe maintained, even at elevated
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temperatures (363 K) and over multiple additiorctiem cycles, with neither loss of activity
nor degradation or decomposition to metallic pallad Deuterium labeled mechanistic
investigations revealed the formation of palladibygride species under the reaction
conditions, as evidenced by a characteristic [1,Zbft detected by MS fragmentation
experiments, and indicated that these speciesharadtive catalysts. Taking the observed
reaction orders into account, a catalytic cycleicwiproceeds via a metal-hydride addition-
elimination mechanism, is propose@utcat]= 1 (0.94),Kobs [substrate™ 0.27 antkobs [MeoH] = -
0.51, for allylbenzene isomerization). Solvent sareg revealed that the gpkias a strong
influence on the reaction rate. The impact of @nd base additives was also addressed. The
absence of side-reactions, such as reduction owrerdiations and no precipitation of
palladium-metal, compared to reported catalystesygstemploying acids or metal-hydrides as
co-reactants, highlights the mildness and effentgs of the catalyst system, which operates
in various alcoholic media at low catalyst loadirgdsl mol%. The investigation also show
how the bcpz class of ligands can be used for ystalesign. The effect of substitution
pattern, combined with substrate and solvent sargeand a discussion of electronic and
steric factors, as well a solvent polarity, pkalue, the coordinated halide and additives,
provide valuable information for future developneand improvements of related catalytic
systems.

Finally, the 3,3-bipyrazole ligand pattern was egted to furnish two novel tetradentate
ligands featuring either pyridine or methylpyridias flanking substituents. Coordination to
palladium(l) yielded the corresponding bihomometallic comptexEor both ligands two
atropisomeric complexes were obtained, their digtion was determined and studied using
VT proton NMR and their solid state structures wenequivocally determined using X-ray
crystallographic analysis. The structures revealadhly crowded system sensitive to methyl
substitution at the pyridine (evidence by strudtaetenge:cisoid - transoid conformation)
and selective crystallization of one atropisomes &ehieved.

At this point the general features of the new, @mi chiral bcpz ligand class are briefly
outlined:

— They exhibit a modular ligand pattern, which can dssy modified by wingtip
substitution providing catalysts with different @l@nic and steric (e.g. alkyl vs. aryl
substitution) properties, together witls-coordination?*”

— The central coordination cavity and ligand pattefrithe 3,3-bipyrazole core structure
is maintained, avoiding direct interference betwdegand shape and catalyst
performancé??¥
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— The N,N-bidentate ligand pattern exhibits good thermal ibtgkand integrity up to
363 K compared to ordinafy-monodentate ligands (e.g. simple nitrile coordm i

— The bulkiness of the ligand (backbone and wingtipglble to suppress single-side
decoordination and out-of-plane rotation of thatid, as well as avoiding any catalyst
dimerization processes, whether as the catalyyicaitive species or as causing the
catalyst termination stép” 2%

— Flexible wingtip substituents and extended backbiaeditate excellent solubility in
most solvents including ethers, alcohols, nitrileefones and hydrocarbons (e.qg.
compared to 2;2bipyridines).

— The high electron donor capability andexcessive nature of 3;Bipyrazoles,
combined with a straightforward, high yielding paegtion of catalysts and facile
ligand synthesis provides an entirely new approach.

Therefore, it can be envisaged that the short agid yielding synthetic protocol, combined
with the versatility of the system, allowing a &msatic screening of steric as well as
electronic effects, will give rise to a number @&wntypes of fused and even optional chiral
3,3-bipyrazoles in the near future.
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Chapter 3
Chiral, N-heterocyclic Carbene (NHC) Pincer
Ligands using Camphoric Acid

as Chiral Building Block
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3.1 Introduction — N-heterocyclic Carbene (NHC) Pincer
Ligands

N-heterocyclic carbene (NHC) ligands have been studitensively during the last decades
and are still of considerable interest due to thaique electronic properties and the ability to
form shell-shaped ligands by appropriakésubstituents, which renders them useful
alternatives to tertiary phosphine ligad8. *° Their metal complexes are generally air and
moisture stable and they can be employed as ctdtysa variety coupling reactioff&* 334
With a second ancillary NHC ligand present in tbenplex thermal stability and reactivity of
the catalysts, as observed under classical Suzuawtva and Mizoroki-Heck coupling
reactiong®*?33"I More recently, NHC-pincer complexes have attractecth attention, as it
was found that steric hindrance is an importantofafor chemo- and stereoselectiityf’ In
particular, throughout higher reactivities were afed for the palladiumj-catalyzed
hydroarylation of alkynes using pincer catalg8 for instancé>*® The authors stated, that
increased steric demand aids the reductive eliminmatep during catalysis and complexes of
higher steric encumbrance may allow the synthesd stabilization of low coordination
complexes to facilitate oxidative addition. Howeude preparation of defined, pincer-chelate
complexes proofed to be more challenging than iatied during the last years. Besides the
change of substituents the structure of tRec€nnc bridge has a pronounced influence on
the complex formation, either leading to the despancer complexes, dimeric structures, 2:1
(metal/ ligand) complexes or to no complex formatet all. The formation of kinetically
stable di- or multinuclear complexes in which tigahd itself behaves solely as thgue
Cnuc bridge is a common phenomenon. Figure 57 represstatte-of-the-art Pd-pincer
complexes, in which the NHCs can be bridged via methylene group8Q) for Pd*® or
higher homologues, like a butylene linker, as shésvrthe corresponding Rh-complex&s:

31 |Introduction of a 1,3-benzyl bridg81) or 2,6-dimethylpyridine&2)** is also possible.
Imidazolannulatiof®*? in particular a change to more electron donatiagzbmidazole was
found to be beneficial for catalyst integrity arehctivity, as observed for the palladiura(
catalyzed hydroarylation of alkyne83.**® The C3-bridged palladium) dibenzimidazole
complex B4) was also reported*®! Most recently, chiral Pd-chelating pincer NH@S5)(
featuring an optically active binaphthyl-2,2’-diami (BINAM) bridge and their use in
asymmetric catalysis is emergifitf>*® However, the choice of the chiral bridge motif has
significant impact on complex formation and willtelenine whether a certain geometry is
feasible or not. In case of 1,2-diaminocyclohexéDACH) only the dimeric complex was
observed, since both benzimidazoles are posititraes to each other making the formation
of a monometallic pincer complex impossibté Figure 57)2*"
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Figure 57 State-of-the-art pincer complexes of &gayed in homogeneous catalysis.

In short terms, sterically demanding (regardingssitdeents and backbone) benzimidazole
based dicarbenes with short bridge lengths seerbetdavorable for the preparation of
effective palladium()-NHC catalysts. Furthermore an introduction ofraliy by appropriate
choice of substituents and a chiral bridge is rposinising.

3.2 Obijectives

The third section of this thesis is intended to destrate the versatility of camphor, in
particular by using ®, 3S-camphoric acid as a chiral-building block. Thentkesis of a
chiral, camphor derived NHC pincer ligand pattesnihcorporation of different metals and
investigations in asymmetric catalysis is aimedcdRsidering the results in homogeneous
catalysis of modern palladium-pincer complexet Chapter 3.1) the use of a camphor
pattern as the chiral\Gc-Cnnc bridge was reasonablef (Figure 58).

e Qo0 Qf O
NN 5 | x/ \x | | P I/ \I §

X .
83 : 87 ! 84
Figure 58 Target, chiral pincer NHC Ri{complex87 in structural relationship to
complexes83 and84.
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Inspired by a recent publicatiéii® dealing with the synthesis of a chiR&tmcep [(1S3R)-
1,3-diamino-1,2,2-trimethylcyclopentane] derived nmodentate NHC-ligand and its
application in asymmetric homogeneous catalysi® $ynthesis of compleX7 was
considereddf. Figure 58). Due to the limited humber of chiramines from the chiral pool,
the use of diamin&9 (R,Stmcp), only rarely found in literature, was quéappealing. By
comparison to the geometries and distances of NiHCep complexes83 and 84, the
formation ofR,.Stmcp NHC pincer comple&7 was envisaged and a related structure between
C1- and C3-bridged geometry was expected.

3.3 Results and Discussion

Retrosynthetic analysis of the target ligand systesulted in a synthetic pathway furnishing
the ligand93 and94 in five steps¢f. Scheme 48).

"43‘ NO, c
COz NHz b, NH HN —
co NH \[ j

No2
88 89 90

S oIN @W@ e «J@

93 X=1
94 X = OTf

Scheme 48 Synthesis of targeted chiral NHC pingantds93 and94 derived from
camphoric aci@8.
Reaction conditions: a) NaNadded over 5 h), conc,80,, CHCL, 50 °C, 18h, 94%. b) 1-fluoro-2-
nitrobenzene, KCO;, DMSO, r.t., 30 min then 90 °C, 4 h then 110 °@, #2%. c¢) Pd/C, 1 MeOH, r.t.,
4 h, 97%. d) HC(OE$) HCOH, 105 °C, 18 h, 49%. e) Mel, MeCN, 82 °C, r.th then 55 °C, 1 h, 93%. f)
MeOTf, MeCN, r.t., 3 h, 89%.

Starting from readily available camphoric ac88 was converted to the diamird® (RS

tmcep, [1S,3R]-1,3-diamino-1,2,2-trimethylcyclopentafié}’ by Schmidt degradation-reaction
using concentrated sulfuric acid and sodium azide gafety instructions see Experimental
Section). A modified procedut&® ** utilizing dichloromethane for extraction before pH
adjustment to 12 instead of chloroform as the sulweas developed and furnished the



Chapter 3 — ChiraN-heterocylic Pincer Ligands 119

analytically pure diamine building block in 94% ide(literature 57%}*% The obtained
diamine, stable for month at -20 °C under argors wbjected to arylation reaction with 1-
fluoro-2-nitrobenzene. It was found that only hacsimditions furnish double aminoarylation
to 90 at both nitrogen atoms &Stmcp 89). Therefore, fresh powdered potassium carbonate
and reactants suspended in anhydrous dimethyhxsdéfavere vigorously stirred in a small
vessel at 110 °C for 4 days (yield 38 — 72% dependn the reaction scale). The
correspondingara-nitrobenzene derivativ@7, obtained fronR,Stmcp 89) and 1-fluoro-4-
nitrobenzene was also prepared, but in this cassiwa carbonate proofed to be more
effective and improved the yield 87 from 19% to 79%. Interestingly, both reactions ever
found to yield the mono arylated compour@sand96 initially during the reaction progress
or by employing insufficient reactant (1 equiv. dionitrobenzene) and the mono
aminoarylated compound is formed selectively andigh yields (92% fo©5 and 78% for
96, cf. Scheme 49).

95 89 96 97

Scheme 49 Regioselective aminoarylatioR@&tmcp @9).
Reaction conditions: a) 1-fluoro-2-nitrobenzengCRs;, DMSO, r.t., 30 min then 90 °C, 4 h then 110 °@, 2
92%. b) 1-fluoro-4-nitrobenzene ,&0;, DMSO, r.t., 30 min then 90 °C, 4 h then 110 °@, 28%. c¢) 1-fluoro-4-
nitrobenzene, KCO;, DMSO, r.t., 30 min then 90 °C, 4 h then 110 °d, 49% (79% by using @80s).

The crystal structure of the mono aminoarylgtada-nitrobenzene derivativeé is displayed

in Figure 59 and validates the regioselective moylation at the sterically less hindered
nitrogen atom at C1 under the here reported expeertah conditions. The solid state structure
revealed a straightened up motif (envelope confaonmprelated to the conformation of the
camphor bicycle with a pronounced hydrogen bondo®gween both nitrogen atoms.
Noteworthy, the envelop points upwards (not in planth theN-substituents) resulting in a
positive out of plane distortion of 39.0° to be able of hydrogen bonding. In analogy to the
reported NHC derived frorR, Stmcp*® in which the C1 building block was successfully
introduced fusing both nitrogens to a 7-memberelderee, the crystal structure @ (Figure
59) shows that theyclopentene-structure is easily tightened up even btdciing forces
forming a N1H1-NQ hydrogen bond pattern deviating 6.7° from plagaiitydrogen bonding
length, H1-NQ = 234.4 pm). Noteworthy, isolation and crystaliaa of a side product
revealed that even incorporation of carbon monoxitte RStmcp B9 to form a 7-
membered bornylurea derivative is possible underdaction condition{. Figure 59). The
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results are important indicators for bringing bdainzimidazole units together in the final
palladium complex.

Figure 59 Molecular structures of regioselectivenmaminoarylate® Stmcp to96 and
incorporation of carbon monoxide ByS-tmcp derived bornylurea derivati@d.
Hydrogen bond indicated (dashed bond). Thermalsids are plotted at 50% probability level andrbgen
atoms are omitted for clarity, except for NH pratoSelected bond lengths 8 (left): N2—C4 147.7(3) pm,
C1-N1 145.4(3) pm, C4-C5 155.4(3) pm, C5—-C1 15568 N2—H1 234.4(9) pm. Selected bond lengths for
97 (right): N1-C9 135.9(4) pm, N2—C9 135.1(3) pm, N1-88.0(3) pm, N2—H2 85.0(3) pm, C9—-01 125.1(2)
pm, C4—C5 154.8(4) pm, C5—C1 154.0(4) pm.

The regioselective monoarylation 8&Stmcp is of particular interest, since the selextiv
transformation of the diamine allows someone taeoh the chiral motif by introduction of a
nitroaryl group first, followed by successive trioimations at the C2 amino group to
secondary diamines, which may be useful for theamegtion of unsymmetrical NHCs as well.
In contrast, th@rtho-dinitrocompoun®0 showed a more stretched structure in the solid,sta
regarding the central bornyl moiety. This can bel@xed by effective hydrogen bonding
between the secondary amine and the adjam#imd-nitro functionalities (bond lengths, H1-

Figure 60 X-Ray crystallographic structure of diaoarylated?,Stmcp90.
Hydrogen bonds indicated (dashed bonds). Therripseids are plotted at 50% probability level andifogen
atoms are omitted for clarity, except for NH prato8Selected bond lengths fa®: N1-C4 146.4(5) pm, CNL’

145.4(5) pm, N1-H1 87.0(5) pm, N1'-H1’ 82.0(4) p8#—C5 155.0(6) pm, C5—-C1 155.0(6) pm
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02 = 194.7 pm and H1-O2' = 199.3 pri, Figure 60). Instead of a positive out of plane
distortion of the dimethytyclopentane bridgehead (envelope conformation), ptasetie
solid states structures 86 and97 (Figure 59), a negative distortion of -39.9° isetved,
resulting in a more planarized structure with acreased distance of 484.8 pm between the
adjacent bornyl nitrogens (compared to 289.0 pnBén caused by effective hydrogen-
bonding,cf. Figure 59 and Figure 60).

By following the synthetic pathway, the dinitro cpaund90 was reduced with molecular
hydrogen on Pd/C in anhydrous methanol to yieldftee tetramine1 in 97% yield. This
compound proofed to be instable and was readilydipad in minutes upon isolation.
However, for sake of completeness and to validagestructure a complete characterization
was carried out with small samples freshly prepat@dntrarily, small amounts of the
compound are stable over hours in solution undgsraand therefore synthesis was continued
using the purified solution of tetrami®d. However, the corresponding redugeta-aniline
derivative of 97 proofed to be too instable for isolation and cheazation and
decomposition was already observed under the ewpatal conditions and thus further
investigation on this particular compound was albaed. However, at this point two
different approaches towards a chiral, pincer NH&eapursued. The successful preparation
of the tetramine compourfil allowed the incorporation of a C1 or N1 buildinigdk. Tert-
butyl nitrite in degassed tetrahydrofurane at 400@r four days furnished the chiral
dibenzotriazole99 as orange, needle-shaped crystals (60%). By catbm of tert-butyl
nitrite and aqueous hypophosphorous acid in dedasseahydrofurane the reaction was
completed within 16 h an®9 isolated in 74% vyiel#* A two-step mechanism is
proposed involving initial didiazonium salt formati followed by intramolecular tandem

- ©/NH HN\© — @[Ng HN\© — Noy N
N,* QN N
91 98 99

Scheme 50 Proposed mechanism for the formatiohicdlcdibenzotriazol©9.
Reaction conditions: 8)BUONO, HPO,, degassed THF, 40 °C, 16 h, 74% (60% withojR®)).

electrophilic substitution by the secondary amife§cheme 50).

After preparation of the camphor-derived dibenzawie99, C1 incorporation to furnish the

desired chiral pincer NHC was aimed. Under classical catalyzed conditions employing
triethyl orthoformiate and catalytic amounts ofrfoc acid, condensation to dibenzimidazole
was achieved at reflux heating and the productis@lated as an off white powder in 49%



122 Chapter 3 — ChiraN-heterocylic Pincer Ligands

yield. Methylation of the imidazole was carried oatanhydrous acetonitrile using methyl
iodide. One hour at reflux heating was sufficiemt¢domplete conversion and the target chiral
pincer NHC ligand was obtained as the diiodide $alh 93% yield. As the choice of counter
ions may be a crucial factor for the formation oth@ pincer complex the corresponding
ditriflate salt 94 of the target ligand was prepared as well. Metigma with
trifluoromethanesulfonate was achieved after thheerrs at room temperature and the
ditriflate 94 was obtained in 89% yield as a white, hygroscgpit and was therefore stored
at -20 °C under argoncfi Scheme 48). The use dlleerwein’s reagent (trietyloxonium
tetrafluoroborate) is not recommended for prepanatif the ditetrafluoroborate salt due to its
low solubility leading to product mixtures.

Crystal structures of both ligandd3( 99) were obtained by slow diffusion of hexane
into a saturated diethyl ether-dichloromethanetswiwf the ligandsdf. Figure 61).

Figure 61 Molecular structure of target, chiralahhimidazole diiodid®3 (left) and
dibenzotriazol®9 (right).
Thermal ellipsoids are plotted at 50% probabiktydl and hydrogen atoms are omitted for claritye@ed bon
lengths for93: N2—C9 133.0(2) pm, N2'-C10 128.0(2) pm, N1-C9.082) pm, N1'-C10 140.0(2) pm, N1—
C1 145.0(2) pm, N1'-C4 149.0(2) pm, N2—C11 146.Qf@) N2'-C12 144.0(3) pm. Selected bond lengths for
99: N3—-N2 130.9(6) pm, N3'-N2’ 130.1(6) pm, N1-N2 1#) pm, N1'-N2’ 136.2(4) pm, N1-C1 145.5(5)
pm, N1'-C4 147.6(5) pm.

In the solid state two benzotriazol@@are positioned pseudo symmetrical to each othéran
unit cell and can be considered equal with onlygimal structural variations. In contrast to
the envelop-conformation pointing away from thesubstituents (positive out of plane
distortion) observed for the monoarylated compofafidrigure 59), the centralyclo-pentane
moiety 0of99 adopts an envelop-conformation with the dimethddpehead positioned in the
center between thg-substituents, and are therefore competing forespacessary for metal-
incorporation. The benzotriazole substituents aseoded out of plane (distortion angle for
pseudo symmetric molecules in the unit cell: -10-24.3° and -37.7°/ -30.6°) in respect to
the cyclo-pentane moiety as expected and generally obsdovetie bridging unit in pincer-
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type NHC complexescf. Figure 57)33% 339 341-343. 3%4irha molecular structure of the chiral
dibenzoimidazole diiodide sa®3 shows characteristics similar to the solid statecture of
dibenzotriazole99. Two molecules are placed in the unit cell and ¢katral bridgehead
adopts an envelope-conformation with the methylenm#gehead being negatively distorted -
38.1°, resp. -40.1° out of theyclopentane plane (same direction Mssubstituents). In
contrast, to thecis conformation observed for the benzotriazole ligand99, a trans
configuration of the benzimidazole substituenteadized in93 (cf. Figure 61).

After successful preparation of the diiodide andifthte salt preliminary studies were
undertaken to investigate their coordination propsrtowards palladiumj. The formation
of a palladium pincer complex proofed to be chaleg and various conditions were
applied?*>2*® including standard conditions and metal precursarscombination with
respect to the counter ions present at the ligandvell as transmetallation reactions with
silver()**® and conditions intended to furnish, less steridaianding carbon dioxide
incorporation ¢f. Table 13).

Table 13 Conditions intended to furnish palladiupyincer complexes of NHC
ligand salt®93 and94.

# Ligand Metal-Precursor Reaction Conditions!®
1 93 Pd(OAc), MeCN, r.t. t0 82 C
2 93 Pd(OAc), THF, r.t. to 67 T
3 93 Pd(OAc), DMSO, 50 €/ 75 €/ 105 €/ 189 T.
4 93 Ag,CO;3 THF, r.t., in the dark
5 93 Ag,CO;3 MeCN, r.t., in the dark
6 93 Ag,CO; DCM, r.t., in the dark
7 93 Ag,CO; DMSO, r.t., in the dark™
7 93 Ag,CO; DMSO, 75 T, in the dark !
8 93 Ag,0O MeCN, r.t., in the dark
9 94 Pd(MeCN)Cl, LIHMDS, THF, r.t.
10 94 CO, NaH, THF, -35 T tor.t.
11 94 CcO, NaH, MeCN, -20 T tor.t.

Reactions (150 — 20@mol scale) were monitored over a period of at |d&sh, no complex
formation observetf®® ™! Target Pd-pincer complex 88 identified by HRMS.

The palladiumi() diiodide complex of dibenzimidazol®3 was only detected by MS
measurements. Certainly, geometric strain andcstigmand of the ligands obtained from
camphoric acid strongly influences complex formatidhe geometric change, in particular
the flip of the bridgehead dimethyl group of thenttal cyclopentane moiety and central
positioning of the methylene bridgehead observedife solid state structures of liga@8,
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99 and for the dinitroprecurs®0 in contrast to the monoaminoarylated structafefigure

59) may account for this observation. By havindoser look into the structural properties of
the dibenzimidazole ligand it was found, that toe formation of a pincer ligand, a complete
flip of the central dimethyl bridgehead through thgclo-pentane plane is necessary.

/torsion angle a
||C n
“CZH . P 2
. N - .
1

Scheme 51 Schematic representation of the geomgbriaperties of
dibenzimidazole ligan@3.
Cis-configuration of dibenzimidazole ligar®8 shown. Direction of flanking\-substituents fc
complex formation and impact of torsion angle higifled.

Consequently, the torsion angtebetween thexomethyl group and the bridgehead methyl
group of the 5-memberedyclopentane unit is changed with the methyl substigien
approaching each other. They adopt first a staggevaformation, finally sweeping through
the eclipsed positioning{. Scheme 51). Since a stepwise complex formatidikes/ to run
through a monodentate NHC complex first, the distabetween the Pd-NHC and the free
NHC, considering the energetically more favoteghs-configuration observed in the solid
state of the free ligan@i3, might be improper as well.

3.4 Conclusion

In Summary, it was shown thatR;13S)-camphoric acid is a useful chiral starting mateior

the preparation of chirdll-heterocyclic ligands. Synthesis was accomplisinefive steps to
yield dibenzoimidazole diiodide sa@3 in good overall yield (30%). The corresponding
ditriflate salt94 was prepared in 29% yield. It was found, that aarmglation ofR,Stmcp
[(1S3R)-1,3-diamino-1,2,2-trimethylcyclopentane] can bearried out regioselectively
furnishing the monoarylategara- and ortho-nitro compounds The regioselective formed
product was unequivocally determined by X-ray @lysitructure analysis and proofed
substitution to occur at the sterically less hirdemMN2-position of the camphor motif.
Furthermore, chiral dibenzotriazo89 was prepared in four steps in 74% vyield. Under the
applied reaction conditions a two step mechanismm praposed, featuring didiazonium salt
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formation followed by tandem intramolecular cyctipa to form the benzotriazole core
exclusively. Nitrodefunctionalization was not obsst under the reaction conditions
indicating the formation of benzotriazoles beingoi@d. Investigations on the molecular
structures of benzimidazole diiodi@8 and dibenzotriazol89 revealed a configuration of the
bridging unit believed to be disadvantageous fer ftrmation of a pincer metal-chelate. In
particular, the dimethyl bridgehead of tbgclo-pentane substructure is located in between,
occupying space necessary for complex formationer@fbre, approaching of the
benzimidazole substituents becomes difficult. Caxplormation may be possible as the
solid state structure of the regioselective monlaéegd compound shows a pronounced
hydrogen bonding pattern leading to a tightenedstupcture with the dimethyl bridgehead
being flipped. However, the torsion angle and tose proximity of theexamethyl group to
the dimethyl group of theyclo-pentane structure might be disadvantageous fanarsion
(flip) of the camphor-related dimethyl bridgeheacf. (Scheme 51). Reconsidering the
successful preparation of the ligands, the obtaswl state structures and the ability for
regioselective transformations RiStmcp, the development of chiral, pincer-type coempbk

is promising. An approach combinifi@Stmcp and regioselectivisonitrile formation ¢f.
Chapter 4) for the preparation of chiral NHC-pailawl(il)-complexes may be particularly
interesting ¢f. Scheme 52).

@ @
NH, NH, RZ,NQ/N\@ o G/NQ/N ~
R,S-tmcp o DR T o Ty
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Scheme 5R,Stmcp and regioselective aminofunctionalized denes as versatile starting
materials for the development of novel, chiral moad bidentate NHC ligands.
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Chapter 4 Six-Membered, Chiral Pd-NHCs
Derived from Camphor — Structure-Reactivity

Relationship in the Asymmetric Oxindole Synthesis



128 Chapter 4 — Chiral Pd-NHCs of Camphor in Asyitnim€atalysis

4.1 Introduction — NHC-Palladium Catalysts in Asymnetric
Oxindole Synthesis

Known since the late 1963% 3! N-heterocyclic carbenes (NHCs) attracted little iasein
the beginning, until Arduengo et al. reported tbelation of the first stable carbene in
19915 pue to their unique electronic and steric propsrtNHCs revolutionized todays
organometallic chemistry and homogeneous transitietal catalysi&®’3"" NHCs are
strong o-donors with only weale-acceptor capability/* and their structural properties are
best described by theuried volumemodel developed by Nolan and Cavallo €6412"® In
short terms, it gives a measure of the space oedup an organometallic ligand in the metal
NHC complex coordination sphere and is relate@idbmans cone angl®,*’* which is used
as descriptor for the steric demand of phosphienlis. The mature of théN-heterocyclic
carbene donor is responsible for their unique steroperties, which are described by the
buried overlap volumg%Vs,). It represents a useful steric parameter indieafor the
accessible metal surface, but noteworthy completghores ligand anisotropy (ligand
rotation). The resulting complexes are typicallyattterized by a high stabilf{”’ of the
NHC-metal bond, making them highly attractive foetal-complex formation and catalysis.
Particularly, the preparation of chiral ligands ahdir potential in asymmetric catalysis are
receiving growing attentioti’®8% various approaches towards the synthesis of chikC-
ligands were establishé§?3®"! Besides the need for a short access to chirandiga
frameworks and evaluation of their coordination gandies, focus on modular synthetic
pathways, preferable convergent and high yieldimggmerging to investigate the impact of
ligand design on catalysis. Besides electroniccedfesteric demand of the ligand is an
important factor for enhanced chirality transfemasl as for stabilization of low-coordinated
metal complexes during catalysis. Latter are neddedhallenging transformations, such as
cross-coupling reactions of non-activated aryl dikes!®! 3883 Ajthough increased steric
encumbrance of the metal center in the complexiisygd for effective chirality transfer, the
retention of certain flexibility within the catalyseems to be a beneficial factor as Wefi.

The intramoleculara-arylation of amides represents an ideal reaction the
investigation of ligand design in catalysis as bghctants are present within the substrate
and concentration effects of reactants and theuenfie of the degree of dilution are
significantly reduced. The reaction provides eéfiti and direct access to chiral 3,3-
disubstituted oxindoles, a common structural matiesent in many natural products.
Currently, there are various routes towards enawia@ally enriched 3,3-disubstituted
oxindoles with overall moderate succE8Y.In a pioneering work Hartwig et &P used
chiral phosphines and NHCs for this type of transftion but it was shown that,C
symmetric NHC ligands gave better results with aantiomeric exces(e) up to 76% in



Chapter 4 — Chiral Pd-NHCs of Camphor in Asymme@atalysis 129

comparison to those obtained with potent chiralgpwnes (BINAP, PHOX, DuPhos, Salen-
Phosphines 2 — 53%.e). Gloriug®*®, Dortd*** and more recently Kiindig et &>
managed this challenging type afamide arylation with moderate to high enantiomeric
excess and yields. In 2011 Murak&il reported a complete rigid chiral NHC ligand system
for chirality transfer in the asymmetric oxindolgnthesis. Commonly ligands based on 5-
membered imidazolé®? 3°*2**"limidazolines or oxazol€&* *** are employed. Noteworthy,
and this is true for all ligands employed for tteyrametric oxindole synthesis, the highest
enantiomeric excess is obtained for 1-naphthyl vdéities as substrate. The privileged
ligands, the reaction conditions employed as wsllpaoduct yield and enantiopurity are
summarized in chronological order in Table 14.

Table 14 Privileged ligands for the Pd-catalyzeghrasetric oxindole synthesis.

Br Pd-cat.,
©: Ilgand
base

# Ligand (and Year) Synth. Steps Conditions Yield e.e. [%]
1 2001
N N 0
— @ 3 Pd(dba), (10 mol%) 5 26
NaOtBu (1.5 equiv.)
BF4
2 2002
Pd(dba), (10 mol%)
3 95 43
S~N /N—7 OT? NaOtBu
3 2007
N .>tB‘:@ . Pd(OAC), (5 mol%) . 2
:< Yo >: NaOtBu (1.5 equiv.)
4 2009
o] o\
= [Pd(ally)CI], (2.5 mol%)
N__N 7 . 99 96
) NaOtBu (1.5 equiv.)
otf
> 2011
0,
Sl TMEDA, PdMe, (5 molﬁ)) 98 97
NaOtBu (1.5 equiv.)

Synthesis requires optical resolution with tartaci !
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All ligands employed for this type of transformatiexclusively feature £symmetry, but the
idea of chirality transfer is realized in differemttys. Whereas the first ligandf(Table 14,
entry 1) exhibits two bulky, chiral camphor buildiblocks each being attachedNwbornyl
substituents to the imidazoline core, bisoxazoliwese intended to benefit from complete
rigidity of the tricyclic system thus enhancing etiaselectivity €f. Table 14, entry 2). In
fact, a lower enantioselectivity was observed \bigoxazolines thus indicating that ttest-
butyl substituents induce chirality less effectime implying that complete rigidity of the
ligand is not a crucial factor. More recently, Glgret al. enhanced the chiral information
present at the bisoxazoline core by changingténiebutyl groups into (-)-menthyl as chiral
building block ¢f. Table 14, entry 5). Contrary to this approach, #ignet alf®**>3%"
developed a flexible, chiral ligand pattern likébycombine aspects of chirality and restricted
flexibility in the catalyst and reported conversoand enantioselectivities similar to the
results with IBiox [(-)-menthylf®® (cf. cf. Table 14, entries 3, 4). Most recently in 2011,
Murakami reported excellent enantioselectivitiethve complete rigid, backbone-fused NHC
(cf. Table 14, entry 5¥°® However, still seven steps were needed for syigttafsthe most
efficient ligands employed for this type of transf@tion €f. Table 14, entries 4, 5).

4.2 Objectives

Inspired by the work of Hartwif? and Gloriu§®® a ligand pattern featuring two camphor
chiral building blocks related to Hartwig’s dibotimgidazoline ligand ¢f. Table 14, entry 1)
was envisaged. In regard to the recent proceedmdé-heterocyclic ligand design in the
Hashmi group, a collaboration with Dominic Riedettdising on the development of novel,
expanded chiral camphor derived palladiujgatalysts was launched. Expanded NHCs and
furthermore unsymmetrical substituted chiral NHCtahecomplexes have rarely been
reported or investigated in the asymmetoearylation of amides. As rather different
properties are reported for di2: 4004951 seyenf383: 40640990 q most recently 8-membeled
NHCs, in particular increased basicity (nucleogitif),*%> *°* *®lgreater steric demand and

higher congestion around the metal-center (larg&Ne-N angle)*®® the evaluation of a
series of ligands featuring successive increasiaggyic demand, while maintaining the same

chiral substitution pattern (camphor), was aimgfdKigure 62).

With these catalysts the impact of substitution argdic hindrance on catalyst reactivity and
selectivity in the asymmetric oxindole synthesidl wie investigated. For observation of

maximum effects of the catalyst substitution alyatgpattern and substrates intended to yield
moderate enantiomeric excess was envisaged. Trelgle insights natural-(+)-camphor
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(resp. bornylamine) was chosen as the chiral mgidlock and arylbromides as well as
arylchlorides with different substitution pattermgere employed in the asymmetrig-
arylation of amides.

M Q\(\
TCI l:‘ @ Tcn

// CI // CI // CI

% 100 @ 101 @ 102

Figure 62 Target, chiral hexahydropyrimidine NHQPetatalysts 100—102) with
increasing steric demand for the asymmedtri@mide arylation.

4.3 Results and Discussion

Note: The preparation and characterization of the tipeadium catalysts100 — 102) was
accomplished by Dominic Ried&f! and will therefore be discussed in brief. Prepanaof
the substrates for the asymmetric oxindole synshesireening of the reaction conditions,
evaluation of their catalytic performance of thevelocatalysts and determination of the
enantiomeric excess and the configuration was dpnéhe author and is subject of this
chapter.

4.3.1 Six-Membered, Chiral Pd-NHC-Camphorisonitrile Complexes

Overall a set of three chiral palladium catalystatéiring a 6-membereN-heterocyclic
hexahydropyrimidine core was realized by modificatiof the flanking substituents and
finally by installation an additional group at th#HC-backbone. The steric demand and the
chiral information of the catalyst was successivelgreased. The synthesis of the 6-
membered, chiral NHC-complexes was achieved uigiz straightforward synthetic protocol
developed in the Hashmi grotiy>**® The modular and quite convergent pathway allowed
the unprecedented short synthesis of three bormytaderived palladium-catalysts with
varying types of backbone- and wingtip-substitution

Bornylisonitrile 105 was prepared by neat reaction of ethyl formate @RRS)-
bornylaminel03in an autoclave at 200 °C for 12 h and additi@hlat 250 °C. This reaction
furnished pure bornylformamid&04 as colorless crystals in 87% yield. Dehydratiomhwi
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phosphorous trichloride and excess triethylaminesdeornylisonitrile1l05in 83% yield as an
off white solid. The chiral palladiumy isonitrile precursof06 was obtained in 83% vyield by
ligand exchange reaction of bis(acetonitrile)pallad{il) dichloride and bornylisonitril& (cf.
Scheme 53). Aminoalkylchlorides were used as syrgHor the installation of the NHC-
backbone. Therefore, RI2S)-bornylamine {03 was reacted with 1-bromo-3-proparid?7
and 108 to furnish 3-hydroxypropylbornylamine 1§9 and 3-phenyl-3-hydroxy-
propylbornylamine 110) as colorless liquids. The chloride saltsl6® and110were prepared
in very good yields using thionyl chloride. To egseérification and handling in further
synthetic stepd11and112were isolated as their corresponding chloridesq@% forl11,
88% for112). Thecyclo-dodecanone derivative @fl1 was prepared in a similar mannef. (
Scheme 54).

—  —  — Pd
cl” C,
NH, HN\”/H N )

C

0]
103 104 105 106

Scheme 53 Synthesis of chiral bornylisonitfi®s and Pd-bis(isonitrile) compledO6.
Reaction conditionsa) HCGEt, 200 — 250 °C, 12 h, 87%. b) PQM\IEt;, DCM, -60 °C, 20 min, r.t., 1B, 83%.
c) Pd(MeCN)Cl,, toluene, r.t., 12 h, 83%.

N R a b CI@
—_— —_—
Br/\/I\OH R R
©)
NH, HN OH H,N M)\CI
2 2

103 107, R=H 109, R=H 111, R=H
108,R=C5H5 110,R=C5H5 112,R=C5H5

Scheme 54 Preparation of NHC-backbone synftidrand112
Reaction conditions: a) PhCN, 95 °C, 12 h, no yiejgbrted. b) SOGIDCM, 40 °C, 12 h, 94% fat11 (88%
for 112).

The bornyl-derived Pd-isonitrile complex&80—102were prepared by situ intramolecular
cyclization with the appropriate aminoalkylchlorigdepresence of excess base and obtained
in 67% (00), 64% (01) and 41% 102) yield (cf. Scheme 55).
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@ "N
R 100, R" = ¢yclo-dodecane-1-yl; R?= H

S N N
N H2CI Yo R
Cl, C” Cl N_ a 1 1= - A i-
o - ONoNee Pd 101, R' = (1R2S,4R)-1,7,7 tnmethylb2|
cr 3 N// Cl cyclo[2.2.1]heptane-2-yl; R?=H
or111 or 112 102, R' = (1R,2S,4R)-1,7, 7-trimethylbi-
@7 cyclo[2.2.1]heptane-2-yl; R? = Ph

106

Scheme 55 Formation of chiral Pd-isonitrile compkeb00— 102 by intramolecular
cyclization.
Reaction conditions: a) Pd(MeCJ)),, NEt;, DCM, r.t., 12 h, 67% fot00 (64% for101, 41% for102).

The molecular structures of palladium comple2@® and 102 were determined by crystal
structure analysis. In palladium-isonitrile compme® 00 the dihedral torsion angle between
N(2)-C(1)-Pd-C(5) of -79.0° with 11° deviation frotihe orthogonality is indicative for
steric congestion around the quadratic planar nosater and generally observed for NHC
complexes exhibiting bulky substituents. The sdlidte structure of complek0l, bearing
two chiral bornylamine building blocks is in accante to the structural features observed for
complex100. Due to the higher steric demand due to the atemt of theexomethyl groups
at C25 and C27 of the bornyl substituents, a deere&the dihedral torsion angle N(2)-C(1)—
Pd—C(5) to -73.5° is observed. In relation to théNaxis the isonitrile ligand points towards
the sterically less crowded camphor backbone (€248 and C19). The bornylisonitri®is
almost linearly coordinated to the palladium centand a significant change of the Pd-
carbene bonds and Pd-isonitrile distances is ne¢rld ¢f. Figure 63).

Figure 63 Solid state structures of Pd-NHC-compex®(left) and101(right).
Selected bond lengths fa00 C1-Pd 198.0(2) pm, Pd—C5 191.0(2) pm, C5-N3 X3%jim, N3-C6 149.0(3)
pm, C1-N1 132.0(2) pm, C1-N2 137.0(2) pm, N1-C30.0&) pm, N2—C16 146.0(2) pm. Selected bond
lengths forl01: C1-Pd 201.4(4) pm, Pd—C5 191.7(5) pm, C5-N3 16§ im, N3—-C6 143.6(6) pm, C1—
N1 134.9(7) pm, C1-N2 133.2(7) pm, N1-C26 146.p(6) N2—C24 148.6(6) pm.
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4.3.2 Asymmetric Oxindole Synthesis

For a representative evaluation of the catalyticfgpmance of the palladium-isonitrile
complexes 100—102 overall 5 different substrates were synthesizedomtng to
literature®°> #7420 gybstrates bearing benzyl-and naphthyl-substisuantN-methylation
were chosen to study the influence of the subsiitutpattern on selectivity. The
corresponding bromide and chloride analogues anel ayclo-butylated substrate were
prepared as welt{. Scheme 56).

HO,C HO,C
O, ‘5 " “
NH, H/ OO
17 118

113, X =Br 115, X =Br 1
114, x=ClI 116, X =ClI
HOZCi I; Hozz ;R J\/‘
119, R'= 115, X =Br 121, R" = Me, X = Br 124 R'=Me, X =Br
120, R" = ¢cyclo-C4Hg 116,X=Cl 122, R"=Me, X =ClI 125 ,R"=Me, X =Cl

123, R" = ¢cyclo-C4Hg, X = Br

Scheme 56 Synthesis of substrates for the Pd-zathlgsymmetria-amide arylation.
Reaction conditions: a) BuLi, THF, -50 °C, 1 h thdal, -60 °C, 1 h then r.t., 16 h, 49% fbt5 (50% for116).
b) BuLi, LDA, THF, -78 °C, 1 h then Mel, 0 °C, 1thenr.t., 18 h, 91%. ¢) SOCpropanoic acid, 75 °C, 3 h
then 2-haloN-methylaniline, NE4, r.t., 16 — 24 h, 43% fdr21 (41% for122, 72% for123 89% for124, 93%
for 125

Therefore the corresponding 2-haloanilines wergt finonomethylated usingrbutyllithium
and methyl iodide at -60 °C and the products wdatained after purification in 49%94.05),
respectively 50% yield 116). The arylpropanamided21 — 125 were prepared by
condensation of 2-phenylpropanoitl@) and naphthalenpropanoic acid chlorid&$8] with
2-haloN-methylanilines 115 116). The carboxylic acid chlorides were preparedrbsitu by
neat reaction with thionyl chloride. Monomethylat2gnaphthalen-1-yl)propanoic acid.8
was synthesized by reaction with freshly prepangduim disopropylamide and methyl
iodide at -78 °C and obtained as a colorless sdtet purification (91%).

An initial solvent screening using tetrahydrofuraathanol,iso-propanol, diglyme, dioxane,
dimethoxyethane and dimethyl sulfoxide revealedydrdus dimethoxyethane combined with
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sodiumtert-butylate as base to be ideal. Catalyst loading® waccessively decreased and
loadings of 2.5 mol% were found to be sufficient éatalysis. Alcohols were not suitable
solvents even though related Pd-isonitrile comdexere reported to be highly-active
catalysts in alcoholic media for Suzuki cross-coupbf boronic acid§** All reactions were
performed at 50 °C to furnish complete conversiwittin a maximum of 18 h

Table 15 Asymmetric oxindole synthesis using Pahitsile NHC-complexe400—-102

catalyst R! Ar

X DE H
@[ 0 100,101 0r 102 @ES:O . @[ 0
NJ\*(Ar (2.5 mol%) N\ NJ\*(Ar
A B I R1

| R’ NaOtBu, DME, 50 °C

#  Catalyst X R! Ar A B Yield [1%]™  ee [A; /%]“

1

100 Br Me 1-naphthyl 100 - quant. rac.
2

101 Br c-C4Hg Ph 100 - 95 55
3

101 Br Me Ph 100 - 90 58
4

101 Cl Me Ph 100 - 98 63
5

101 Br Me 1-naphthyl 100 - 92 68
6

101 Cl Me 1-naphthyl 100 - 95 72
21

102  Br  Me Ph 36 64 89t 8
gl

102 Br Me 1-naphthyl - 100 91 -

Reaction conditions: 0.3 mmol scale, NaOtBu (0.4bat) , catalyst (2.5 mol %) in DME (5 mL) at 50 °C} —
18 h.™ |solated yields reporteff! Determined by chiral HPLC (Chiralpak IA). Produchfiguration: R-),
determined by chiral HPLC (Chiralpak IB) of knowompounds'” Reaction at 80 °CG® solated yield ofA
andB.

With chiral catalystlOQ, featuring a flexiblecyclo-dodecanyl substituent at ofeterminus,
the desired 3,3-disubstituted oxindole was obtaiaed isolated in quantitative yieldsf.(
Table 15, entry 1). After purification of the react mixture enantioselective HPLC-analysis
of the product showed a racemic mixture of oxindm@ntiomers and proofed that no chiral
induction takes place within a system bearing @amg chiral substituent. Therefore, catalysis
was continued using NHC-Pd-isonitrile compEXL featuring two chiral bornyl substituents.
With this catalyst all substrates were converteth&r (R)-oxindole derivatives in very high
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yields (f. Table 15, entries 2 — 6, as determined by chirBLEl). Benzyl-substituted
substrates were obtained with an enantiomeric exoé$H8%e.e. (bromide derivativecf.
Table 15, entry 3) and 63&b6e.(chloride derivativecf. Table 15, entry 4). The corresponding
naphthyl substrates showed higher enantioselaegv(68%e.e.and 72%e.e, cf. Table 15,
entries 5 and 6). The results are noteworthy, diecgerature has a pronounced influence on
the enantioselectivity. The related 5-membered Nbltbwed 70%.e, however only
58%e.e.at 0 °C with catalyst loadings of 10 mol% cataly¥ The higher enantioselectivity
of 72%e.e.(cf. Table 15, entry 6) at higher temperatures istatted to the NHC-metal angle
being enlarged within a 6-membered NHC, thus irgingn steric congestion and chiral
induction compared to the 5-membered derivativen hite same chiral ligand pattern. A
slight increase of 5% in enantioselectivity wasestied for the chloro derivative in each case
(cf. Table 15, entries 3, 4 and 5, 6). This data sugdbat the halide is present on or at least
in close proximity to the catalytic active specigsring the enantiodiscriminating step.
Introduction of acyclo-butyl substituent at thE-terminus of the substrate had no significant
influence on enantioselectivity compared to Mnethylated substratef( Table 15, entry 2
and 3).

(S)-B

rel. int.

15 20 25 30 35
time / [min]

Figure 64 HPLC-chromatogramm showing the enantas$i@e oxindole and
dehalogenation products using the sterically mestahding catalysit02
Determined by chiral HPLC (Chiralpak 1A). Elutionder: racemic arylpropanamides (14.6 min and
16.2 min), &)-oxindole (17.7 min),R-)-oxindole (29.6min). Product configuration determined by refere
measurements on chiral HPLC (Chiralpak IB) of knaempounds.

Interestingly, palladium-isonitrile cataly$02 bearing the same chiral bornyl-ligand pattern at
the N-substituents but exhibiting an additional phenystituent at the NHC-backbone in
close proximity to the chiral-substituents showedifeerent reactivity. High conversions were
observed by employing the bromo-phenyl derivativl (cf. Table 15, entry 7), but
enantioselectivity dropped almost completely to 8%eside small amounts of 3,3-
disubstituted oxindole product dehalogenation ef skarting material was observed in 64%
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yield leading to racemic arylpropanamides, as aaiid by NMR spectroscopic and chiral
HPLC-MS measurementf( Figure 64). By changing the substrate to the enwre
sterically demanding bromo-naphthyl derivative otig racemic dehalogenation products
were observed. The change in reactivity leadingebalogenation of the substrates may be
explained by the high sterical demand of cataly@® but moreover reasonable might be
freezing of the C-N-rotation of one chiral bornyiam substituent to a certain extend. By
increasing the sterical demand within the subsiilatealogenation via reductive elimination
prior to insertion of the amide subunit becomes petitive and dominates the reaction profile
of catalystl02 by using bromo-naphthyl substrdi24 leading exclusively to dehalogenation.

4.4 Conclusion

In summary, the synthe&®&' of three six-membered hexahydropyrimidine coreebas
camphor-derived NHC-Pd-isonitrile complexes andirttapplication as catalysts in the
asymmetric a-amide arylation was shown. The structure of two-cBahplexes was
determined by X-ray crystallographic analysis. higkadvantage of a convergent, modular
synthetic pathway the preparation of NHC ligandariogy different structural motifs present
at the N-termini was accomplished. By successive increaséh@fchiral information and
congestion within the catalyst pattern — while iretag the chiral motif (bornylamine) at the
same time — their influence on enantioselectivigswlemonstrated. All catalysts showed very
good conversions of bromo- as well as chloro-sabesr bearing aryl and naphthyl residues
with catalysts loadings of 2.5 mol%. Whereas, gatal00 (exhibiting only one chiral
bornylamine NHC- and one cyclododecyl substitushwed no enantiodiscrimination in the
oxindole synthesis, cataly401 bearing two bornylamine NHC substituents proofedé
more effective. Higher enantioselectivities comparéo the related, 5-membered
bornylamine-derived imidazoline ligand was obserataven higher temperatures than the
reported ones. With the sterically most demandiatalgst 102 exhibiting an additional
phenylsubstituent at the NHC backbone in close ipribx to the chiralN-bornyl substituent a
reaction profile leading either to an arylation dghalogenation product depending on the
employed substrate was observed. Furthermore,alcelated buried overlap volutig: 3"

of catalyst101 (%Vy,r = 40.9) exceeds the value of HBfl-adamantyl)-imidazol-2-ylidene
(IAd, %Vp, = 36.1§*" and represents the second highest volume repsader for chiral
N,N-heterocyclic carbene ligands (IBiox[(-)-menthyl] M, = 47.7 (Au-complex¥®® The
results obtained show that higher hindrance ofntle¢al by substituents is still beneficial for
enantioselectivity but at a certain level of corigesor restriction of flexibility a further
improvement of chiral induction within a given syst is limited!
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Experimental Section

General Methods and Materials

All reagents and solvents were obtained from ACABCR, Alfa Aesar, Sigma-Aldrich or
VWR and were used without further purification sdeotherwise noted. Dichloromethane
was freshly distilled from calcium hydride undeg@amn atmosphere and tetrahydrofurane was
freshly distilled from sodium under argon atmosphddeuterated solvents were purchased
from Euriso-Top. Acetonitrile was dried by a MB SB® with the aid of drying columns.
Handling of air- and moisture-sensitive materialswearried out in flame dried flasks under
an atmosphere of argon using Schlenk-techniquem [Blyer chromatography (TLC) was
performed using Polygrafprecoated plastic sheets SIL G/UV254 (Si@20 mm thickness)
from Macherey-Nagel. NMR spectra were recorded ank& Avance 500, Bruker Avance
300 and Bruker ARX-250 spectrometers at RT. Chensicits (in ppm) were referenced to
residual solvent protort&? Signal multiplicity was determined as s (singlet)(doublet), t
(triplet), q (quartet) or m (multiplet}>C assignment was achieved via DEPT135 spectra and
HSQC experiments. GC- and GC-MS measurements vefermed on a Thermo PolarisQ
Trace GC-MS, equipped with split injector (250°@3me-ionization detector (250°C) and a
guadrupole ion-trap MS (Thermo, San Jose, CA). érsdlica capillaries (0.25 mm 1.D.) were
coated with polysiloxanes (GE SE 30, GE SE 52) mudiified, stationaryChirasil-Metal
phases and combinations thereof by the static rdedlescribed by Grob®® For on-column
experiments and separations helium or nitrogenwsasl as carrier gas. Exact conditions for
the measurements are reported in detail in theesponding experimental sections. MS
spectra were recorded on a Finnigan MAT TSQ 70QEOL JMS-700 spectrometer. IR
spectra were recorded on a Bruker Vector 22 FTAB- and UV-Vis spectra were recorded
on a JASCO J-810 spectropolarimeter. Crystal siracinalysis was accomplished on Bruker
Smart CCD and Bruker APEX diffractometers. Meltipgints were determined on a Bichi
melting point apparatus and temperatures were uveded. Elemental analysis was
performed on an Elementar Vario EL. Crystallographata is available in electronic form on
CD attached to this manuscript.



Experimental Section — Chapter 1 139

Experimental Section — Chapter 1

Potassium-(15)-camphor-10-sulfonate (17):

(19-camphorsulfonic acid (350.0g, 1.51 mol) was sudpdnin 150 mL water and
neutralized by slow addition of a solution of psiasn hydroxide (84.5g, 1.51 mol) in
200 mL of water at 0 °C. The solvent was removedeunmeduced pressure and under high
vacuum. The product was powdered and dried twostiower phosphorus pentoxide for 48 h
to yield sulfonatel7 (395 g, 1.46 mol, 97%) as a white salt. Mp. 32828 °C. IR (KBr):v
3454, 2954, 2232, 2082, 1740, 1728, 1469, 1414418284, 1217, 1186, 1166, 1103, 1040,
973, 934, 936, 851, 780, 710.

Phosphorus pentabromide:

To a dilution of phosphorus tribromide (499.5 g35Lmol, 173.4 mL) in 220 mL carbon
disulfide placed in a three-necked flask equipp&ti @ mechanical stirrer was slowly added
bromine (294.7 g, 1.84 mol, 94.5 mL) via a droppifumnel at 0 °C under an argon
atmosphere under vigorous stirring. The solvent aisislled off under reduced pressure after
three hours. After 48 h under high vacuum phosphgrentabromide (796.3 g, 1.84 mol,
guant.) was obtained as a bright yellow solid. Tweduct was stored under an argon
atmosphere.

(1S, 4R)-10-camphorsulfonic acid bromide and (8§, 4R)-10-bromocamphor (18):

(1S, 4R)-10-camphorsulfonic acid bromide was prepared aaogrdo
literature!*®® Potassium-(%)-camphor-10-sulfonatelf, 200.0 g, 0.74 mol)
was suspended in 1.1 L anhydrous diethyl ether ithrae-necked flask
Br equipped with a mechanical stirrer under an argamosphere. Phosphorus
pentabromide (326.4 g, 0.76 mol) was added rapidlyer vigorous stirring
at 0 °C. The red solution was allowed to warm uprdom temperature and stirring was
continued for 30 min, followed by 30 min at 30 “&br reasons of handling onbg of the
reaction mixture was submitted to the work-up pdure at once. Thereforg, of the solution
was poured onto 1 kg ice and was immediately etdcawith 3x250 mL diethyl ether, to
minimize decomposition to § 4R)-camphorsulfonic acid. Finally, the organic layersrev
combined, washed with 100 mL water and dried ovagmesium sulfate. Evaporation of the
solvent and drying under high vacuum yielde& @R)-10-camphorsulfonic acid bromide
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(90.9 g, 0.31 mol, 41%) as microcrystalline, bropowder.*H NMR (300.13 MHz, CDG):
50.93 (s, 3H, -Ch), 1.14 (s, 3H, -Ch), 1.43 — 1.52 (m, 1H), 1.74 — 1.83 (m, 1H), 1.69 (
1H, J=18.3 Hz), 2.04 — 2.16 (m, 2H), 2.39 — 2.53 (H)),23.90 (d, 1H,J=14.7 Hz, -
CH,SO:Br), 4.50 (d, 1H,J=14.7 Hz, -CHSO:Br) ppm. **C NMR (75.46 MHz, CDG):
019.7,19.6, 25.4, 26.8, 42.2, 42.7, 48.0, 60.51,622.4 ppm. MS (EI)m/z(%) 41 (41), 81
(80), 109 (82), 151 (100) [M-(SBr)]*, 187 (7), 229 (10). IR (KBr)v 2954, 2891, 1739,
1456, 1414, 1392, 1376, 1279, 1182, 1127, 10943,19:7, 933, 853, 794, 764, 710.

(1S, 4R)-10-Bromocamphorl8 was prepared according to literatfifd (1S)-10-
camphorsulfonic acid bromide (45.0 g, 0.152 molsw&solved in 1.2 L of fresh distilled,
anhydrouso-xylol in a three-necked flask equipped with an qpeih filled valve for the
extrusion of gas. Then a small amount of calciunoradle was added and the mixture was
stirred for 48 h under the exclusion of light. Aftards calcium chloride was filtered off and
the filtrate was heated to 144 °C under an argonosphere and the temperature was
maintained, till the generation of sulfur dioxideased. The solvent was removed by rotary
evaporation resulting in a dark brown oil, whichsnsubmitted to steam distillation (oilbath
temperature 150 °C) over a period of four days idy(1S, 4R)-10-bromocamphor1g,
12.30 g, 0.053 mol, 35%) as colorless, needle-shapgstals.Mp. 66 — 69 °CH NMR
(300.51 MHz, CDGJ): ¢ 3.61 (d, 1H,J=11.2 Hz, -CHBr), 3.40 (d, 1H,J=11.2 Hz, -
CH,Br), 2.45 — 2.36 (m, 1H), 2.17 — 1.97 (m, 3H), 1(801H,J = 18.3 Hz), 1.59 — 1.51 (m,
1H), 1.44 — 1.36 (m, 1H), 1.10 (s, 3H, -§H0.94 (s, 3H, -Ck) ppm.**C NMR (75.56 MHz,
CDCl): 6 20.3,20.4, 26.7, 27.7, 29.3, 43.0, 43.9, 48023,8215.5 ppm. MS (El)n/z(%) 41
(37), 53 (18), 67 (41), 81 (72), 93 (20), 109 (7¥)3 (38), 133 (7), 151 (100) [M-B]173
(1), 230 (7) [M]. IR (KBr): v 2967, 2935, 2884, 1744, 1465, 1451, 1421, 13828,18287,
1234, 1215, 1195, 1167, 1071, 1043, 1018, 961,984,873, 851, 809, 775, 745, 708.

(1S, 4R)-10-iodocamphor (28)20: 121 123, 169]

Synthesis of this compound was accomplished aaugrth a procedure of
Mulholland et al'*?? Instead of column chromatography, purification by
sublimation proofed to be the method of choice.alsuspension of §-10-

' camphorsulfonic acidlg, 65.0 g, 0.280 mol) in 500 mL toluene was added

iodine (142.0 g, 0.560 mol) and triphenylphosph{@83.5 g, 1.120 mmol)

and the mixture was heated at reflux for 16 h. Afeeds the solvent was removed under
reduced pressure and ethyl acetate (500 mL) wasdadthe mixture was washed with
saturated sodium thiosulfate solution (3x100 mLatew (3x50 mL) and brine (2x50 mL).
The solvent was removed and the residue dried ungkrvacuum. Successive sublimation of
small amounts of crude product yielded pur§ @R)-10-iodocamphor (76.3 g, 0.274 mol,
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98%) as colorless crystals.Mp. 79 — 82 *8.NMR (300.51 MHz, CDGJ)): 6 3.29 (d, 1H,
J=10.6 Hz, -CHl), 3.10 (d, 1H,J=10.6 Hz, -CHll), 2.43 — 2.34 (m, 1H), 2.16 — 2.13 (m,
1H), 2.05 — 1.94 (m, 2H), 1.89 (d, 18= 18.3 Hz), 1.63 — 1.56 (m, 1H), 1.41 — 1.35 (id),1
1.06 (s, 3H, -Ch), 0.89 (s, 3H, -Ck) ppm.**C NMR (75.56 MHz, CDG): 6 0.7, 20.1, 20.3,
26.7, 30.5, 42.9, 44.0, 28.3, 59.0, 215.0 ppm. KRBr{: v 2962, 2931, 1744, 1454, 1417,
1391, 1375, 1324, 1298, 1290, 1273, 1214, 11904,11664, 1038, 766. Anal. calcd for
CioH1510, C: 43.18 H: 5.44. Found, C: 43.19 H: 5.47.

(1R, 4R)-10-acetatocamphor (19):

Method A: A mixture of (19-10-bromocamphorl@, 12.0 g, 0.052 mol),
potassium acetate (35.7 g, 0.363 mol) and acetdt @©.3 g, 0.338 mol,
19.3 mL) were stirred at reflux heating (175 °C) &2 h. Afterwards the

o crude mixture was allowed to cool down (10 min) amals dissolved in
_ﬁo 20 mL of water, while being hot. The solution wasefully neutralized

with sodium carbonate and extracted with 4x50 méthdil ether. The

organiclayers were combined, washed with 50 mL ebramd dried over
magnesium sulfate. Evaporation of the solvent urrdeuced pressure followed by high
vacuum yielded (B, 4R)-10-acetatocamphor (10.2 g, 0.048 mol, 93%) asalesk oil.

Method B: (19-10-iodocamphor (20.0 g, 0.072 mol) was used instedd (1S)-10-
bromocamphor. Reaction conditions and work-up pioceis similar to method A. PureR1
4R)-10-acetatocamphor (14.7 g, 0.070 mol) was obtairird 97% yield'H NMR
(500.13 MHz, CDGJ): 6 0.98 (s, 3H, -Ch), 1.05 (s, 3H, -Ch), 1.37 — 1-41 (m, 2H), 1.88 (d,
2H,J=18.4 Hz), 1.94 (dd, 1H = 2.9 Hz,J = 12.8 Hz, -G4,CH,-), 1.98 — 2.02 (m, 1H), 2.04
(s, 1H, -OCH), 2.07 — 2.09 (m, 1H), 2.40 — 2.45 (m, 1H), 4.28 {H, 2=12.4 Hz, -
CH,OCOH), 4.27 (d, 1H?J = 12.4 Hz, -&,O0COH) ppm.>*C NMR (125.76 MHz, CDG):
019.8, 20.7, 20.9, 25.5, 26.6, 43.3, 43.9, 47.01,680.5, 170.9, 216.1 ppm. MS (EM/z (%)
43 (100), 55 (14), 67 (18), 79 (43), 95 (49), 16B)( 122 (16), 135 (11), 150 (78) [M-
(CO,CHs)]", 167 (5) [M-(COCH)]", 192 (8), 210 (10) [M] IR (KBr): v 2964, 2887, 1746,
1454, 1417, 1392, 1366, 1322, 1242, 1200, 1034, &&1, 605.
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(1R, 4R)-10-hydroxycamphor (20):

This is a known compourff¥ (19-10-acetatocamphor19, 10.2 g,

0.048 mol) was dissolved in a methanolic solutidrpotassium hydroxide

(175 mL, 10wt%) and heated at reflux for 6 h. Aftards the solution was

OH allowed to cool down to room temperature and 200ahivater was added.

The solution was extracted with 3x100 mL diethylezt The organic layers
were combined, washed with 50 mL brine, dried ovexgnesium sulfate and the solvent
evaporated under reduced pressure. Recrystalizatioom pentane yielded 10-
hydroxycamphor 20, 7.55 g, 0.045, 92%) as colorless crystals. M 2218 °C*H NMR
(300.51 MHz, CDGJ): ¢ 3.87 (d, 1H,J = 11.8 Hz, -®,0H), 3.63 (d, 1HJ =11.8 Hz, -
CH,OH), 2.54 (bs, 1H, -OH), 2.08 — 2.05 (m, 1H), 2-04.93 (m, 1H), 1.89 — 1.78 (m, 2H),
1.64 — 1.55 (m, 1H), 1.42 — 1.32 (m, 1H), 1.003H, -CHs), 0.97 (s, 3H, -Ch ppm.
%C NMR (75.56 MHz, CDG)): ¢ 19.3, 20.8, 26.0, 26.6, 43.4, 43.9, 46.7, 60.66,6221.0
ppm. MS (El):m/z (%) 29 (20), 41 (48), 55 (28), 67 (33), 81 (40, (85), 108 (100), 125
(13), 137(8) [M-(CHO)]", 153 (39) [M-(CH)]*, 168 (18) [M]. IR (KBr): v 2955, 2876,
1729, 1610, 1457, 1417, 1390, 1370, 1323, 13008,1P872, 1217, 1201, 1178, 1162, 1143,
1107, 1060, 1028, 1009, 997, 950, 930, 919, 872, 838, 769, 753, 710.

(1R, 4R)-10-allyloxycamphor (21):

To a suspension of sodium hydride (1.20 g, 50 mnmo)50 mL anhydrous
tetrahydrofurane was slowly added a solution ofh§@roxycamphor Z0)
(8.00 g, 48 mmol) in 30 mL anhydrous tetrahydroferat O °C. After 30 min

0 © the mixture was allowed to warm up to room tempeetand was then
§ heated at reflux for 30 min. Afterwards the reddmixture was cooled to
% 0 °C and allyloromide (6.04 g, 50 mmol, 4.32 mL)ssolved in 30 mL

anhydrous THF, was added dropwise. The reactiortung@ixwas stirred for
30 min at room temperature and was then heate@ € sand maintained at this temperature
for two hours. The mixture was cooled down to 0 §@enched with small amounts of ethanol
(10 mL) and 200 mL of water was added. The soluvas extracted with 4x50 mL pentane,
the organic layers were combined, washed with 2rnROwater and brine and dried over
sodium sulfate. Evaporation of the solvent undduced pressure, followed by high vacuum
yielded analytical pure @&, 4R)-10-allyloxycamphor (8.31 g, 40 mmol, 84%) as a deks
oil. *H NMR (500.13 MHz, CDG): §5.92 — 5.85 (m, 1H, -OC#€H-), 5.26 (dd, 1H,
J=17.4 Hz,%=1.6 Hz, methylene-Cldan), 5.14 (dd, 1H,J =10.3 Hz,2=1.6 Hz,
methylene-Chtis), 3.98 (d, 2H,) = 5.3 Hz, -OG,CH-), 3.60 (d, 1H2J) = 10.6 Hz, -CE&,0),



Experimental Section — Chapter 1 143

3.56 (d, 1H,2J=10.6 Hz, -C#,0-), 2.60 — 2.64 (m, 1H, 4@C(CHs),), 2.07 (d, 1H,
J =18.0 Hz), 2.42 — 2.37 (m, 1H), 2.12 — 1.96 (m, 3H$4 (d, 1H,J = 18.3 Hz), 1.38 — 1.34
(m, 2H), 1.07 (s, 3H, -C8), 0.96 (s, 3H, -Ck) ppm**C NMR (125.76 MHz, CDG): ¢ 20.3,
20.7, 25.2, 26.7, 43.5, 43,8, 47.0, 61.3, 66.45,7P16.3, 135.0, 217.6 ppm. MS (E#)z (%)
41 (52), 55 (17), 67 (24), 81 (25), 95 (38), 100Q)l 123 (20), 151 (52) [M-(§Es0)]", 167
(6) [M-(CsHs)] ", 208 (13) [M]. HR-MS (EIl, m/z): calc. for @H200, [M]: 208.1463, found:
208.1451 ATR-FTIR: v 2959, 2879, 1732, 1647, 1454, 1417, 1389, 1362818274, 1234,
1193, 1169, 1134, 1093, 1046, 1016, 988, 917, 869, 723. Anal. calcd for gHz¢O2, C:
74.96 H: 9.68. Found, C: 75.10 H: 9.74.

(R)-allyl 2-(1,2,2-trimethyl-3-methylenecyclopentyl)aetate (31):

Sodium hydride (2.88 g, 120 mmol) was suspendezDimL

/\/OY”'J&% anhydrous dimethylformamide in a three-necked flaskler

o H argon equipped with a reflux condenser and allglicohol

(10.22 g, 176 mmol, 12.0 mL), dissolved in 20 mlhyarous

diemthylformamide, was added dropwise. The mixtwes stirred at room temperature for
two hours. To this mixture @ 4R)-10-iodocamphor28 (33.38 g, 120 mmol) dissolved in
60 mL anhydrous dimethylformamide was added dropvaed stirred at 80 °C for 24 h.
Afterwards water (100 mL) was added and the mixtuas extracted with 3x100 mL diethyl
ether. The organic layers were combined, dried owagnesium sulfate and the solvent
carefully evaporated under reduced pressure (rfevaguum!) to yield the title compourd
as a colorless oil (14.4 g, 65 mmol, 54%).NMR (300.13 MHz, CDG): J 6.01 — 5.88 (m,
1H, -OCHCH-), 5.34 (dt, 1H,J = 17.3 Hz,2) = 1.5 Hz, methylene-Chdan), 5.26 (dt, 1H,
J=10.3 Hz, 21 =1.3 Hz, methylene-Cids), 3.80 (dt, 2H,J=6.4 Hz, 2J=2.1 Hz, -
CH,CC(CHg)-), 4.60 (dt, 2HJ =5.8,3 = 1.3 Hz, -CHO-), 2.53 — 2.39 (m, 4H, {&CHCH>-
), 2.21 — 2.12 (m, 1H, -Ci€HCH,-), 2.08 — 1.98 (m, 1H, -(CO)GBHCH,-), 1.44 — 1.34
(m, 1H, -(CO)CHCHCH,-) 1.09 (s, 3H, -Ch), 0.86 (s, 3H, -ChH ppm. *C NMR
(75.47 MHz, CDQJ): 0 23.4, 26.5, 28.3, 30.4, 35.2, 43.8, 46.5, 65.(3.6,0118.2, 132.2,
161.2, 173.3 ppm. LR-MS (EIl, m/z): 41 (35), 55 @7,(17), 79 (12), 93 (30), 108 (100), 121
(20), 133 (4), 150 (7), 167 (32) [M-§8s)]", 193 (10) [M-(CH)]", 208 (4) [M]. HR-MS (EI,
m/z): calc. for GsH2002 [M]: 208.1463, found: 208.1462.
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(1R, 45)-3-trifluoromethanoyl-10-allyloxycamphor (32):
To a suspension of lithium hydride (160 mg, 20.1atymn 50 mL

CF
° anhydrous THF in a three-necked flask under argpnpped with a
OH reflux condenser was dropwise added a solutiorOedlllyloxycamphor
ol 0 21 (2.000 g, 9.6 mmol) in 30 mL anhydrous tetrahydrafhe at 0 °C.
§ The mixture was stirred for 15 min at this tempamat was then
/ allowed to warm up to room temperature and stifoedurther 15 min.

Afterwards the mixture was heated at reflux temjpeeafor 8 h until
the color of the solution turned to pale orangee ftixture was cooled to room temperature
and trifluoromethyl ester (2.828 g, 22.1 mmol, 2n2P) dissolved in 40 mL anhydrous THF
was added dropwise over a period of 30 min. Afteriisg for 20 min the mixture was heated
at reflux temperature for 12 — 14 h. Progress & tleaction was monitored by gas-
chromatography of p neutral samples and if necessary additional twflmethyl ester (bp:
316 K) was added. After completion of the reactidhmL of conc. hydrochloric acid was
added, followed by addition of water (500 mL) whsk&rring. The mixture was extracted with
3x100 mL diethyl ether, the organic layers were bm@d, washed with 2x200 mL water and
brine. The organic phase was dried over sodiunatutind the solvent was evaporated under
reduced pressure. Drying vacuo at elevated temperatures over a period of thrges da
yielded analytical pure &, 49-3-trifluoromethanoyl-10-allyloxycamphor32, 2.75 g,
9.0 mmol, 94%) as a colorless, viscous 4il. NMR (500.13 MHz, CDG): ¢ 11.4 (bs, 1H,
OH), 5.93 — 5.86 (m, 1H, -OGBH-), 5.28 (dd, 1H,J = 17.4 Hz,%) = 1.6 Hz, methylene-
CHoyang), 5.18 (dd, 1H, = 10.5 Hz,2J = 1.5 Hz, methylene-Cds), 4.00 (d, 2H,J = 5.4 Hz,
-OCH,CH-), 3.65 (d, 1H?J = 10.4 Hz, -C®,0-), 3.63 (d, 1H% = 10.5 Hz, -C&,0-), 2.85
— 2.82 (m, 1H, -BIC(CH),), 2.16 — 2.08 (m, 2H), 1.50 — 1.39 (m, 2H), 1.673H, -CH),
0.97 (s, 3H, -Ch) ppm.**C NMR (125.76 MHz, CDG): § 19.4, 21.5, 25.7, 26.5, 47.9, 49.2,
61.6, 65.4, 72.6, 116.1, 116.7, 117.8J6 2.5 Hz, €CCF), 119.4 (q,J = 276.6 Hz, -CB),
134.7, 148.5 (g) = 37.2 Hz, €CF), 212.2 ppm!F NMR (282.76 MHz, CDG): ¢ -70.2
ppm. MS (EI):m/z(%) 177 (21), 191 (17), 205 (17), 233 (100) [M#430)]", 247 (15) [M-
(CsHs0)]", 263 (6) [M-(GHs)]", 304 (7) [M]. HR-MS (EI, m/z): calc. for GH1gF303 [M]:
304.1286, found: 301.1288. ATR-FTIR:2963, 2874, 1702, 1648, 1703, 1648, 1507, 1476,
1454, 1419, 1393, 1374, 1363, 1348, 1313, 12936,12822, 1188, 1140, 1067, 1004, 989,
924, 891, 854, 816, 809, 753, 717. Anal. calcddgi,0F303, C: 59.20 H: 6.29. Found, C:
59.24 H: 6.44.
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(1R, 45)-3-heptafluorobutanoyl-10-allyloxycamphor (33):
To a suspension of lithium hydride (160 mg, 20.1atymn 50 mL

CsF
7 anhydrous tetrahydrofurane in a three-necked flaskler argon
OH equipped with a reflux condenser was dropwise addsaolution of 10-
o 0 allyloxycamphor 21 (2.000g, 9.6 mmol) in 30 mL anhydrous
§ tetrahydrofurane at 0 °C. The mixture was stirred XI5 min at this
/ temperature, was then allowed to warm up to roompeature and

stirred for further 15 min. Afterwards the mixtunas heated at reflux
temperature for 10 h until the color of the solattoirned to pale orange. The mixture was
cooled to room temperature and ethyl heptafluonpiate (5.346 g, 22.1 mmol, 3.83 mL)
dissolved in 40 mL anhydrous tetrahydrofurane witted dropwise over a period of 30 min.
After stirring for 20 min the mixture was heatedreflux temperature for 14 — 18 h. Progress
of the reaction was monitored by gas-chromatographypH neutral samples. After
completion of the reaction 10 mL of conc. hydrocid@cid was added, followed by addition
of water (500 mL) while stirring. The mixture wastacted with 3x100 mL diethyl ether, the
organic layers were combined, washed with 2x200waker and brine. The organic phase
was dried over sodium sulfate and the solvent wap@ated under reduced pressure. Drying
in vacuoat elevated temperatures over a period of thres,dallowed by distillation at
120 °C under high vacuum (small-sized distillatiapparatus equipped with a short
connecting tube) yielded pure R1 49-3-heptafluorobutanoyl-10-allyloxycamphoi33
2.898 g, 7.2 mmol, 75%) as a colorless, viscous'diNMR (500.13 MHz, CDG): 6 11.69
(bs, 1H, OH), 5.93 — 5.86 (m, 1H, -OgEH), 5.28 (dd, 1HJ =17.3 Hz,2J = 1.5 Hz,
methylene-Chiang), 5.18 (dd, 1H,J = 10.5 Hz,2J = 1.5 Hz, methylene-Cigs), 4.00 (d, 2H,
J=5.2 Hz, -O®,CH), 3.66 (d, 1H2J = 10.7 Hz, -C®,0-), 3.63 (d, 1H2 = 10.7 Hz, -
CCH;0-), 2.82 — 2.79 (m, 1H, #C(CHs),), 2.15 — 2.09 (m, 2H), 1.49 — 1.42 (m, 2H), 1.07
(s, 3H, -CH), 0.96 (s, 3H, -Ck) ppm.**C NMR (125.76 MHz, CDGJ): 6 19.4, 21.4, 25.6,
26.4, 48.2, 49.3, 61.5, 65.4, 72.6, 116.7, 12084,7,148.7 (dd,J = 29.5 Hz,J = 29.7 Hz, -
CCRCRCF), 212.0 ppm.'F NMR (282.76 MHz, CDQJ): §-127.3 — -127.4 (m, -
CF,CF.CR;), -119.4 (qdd,) = 8.8 Hz,J = 2.0 Hz,J = 283.4 Hz, -C[CF,CF), -117.9 (qdJ =
8.8 Hz,J = 283.4 Hz, -CiCF.CR), -119.4 (t,J = 8.8 Hz, -CECFR.CF3) ppm. MS (El):m/z
(%) 177 (7), 235 (5), 291 (9), 305 (10), 333 (1P@)(CsH;0)]*, 347 (14) [M-(GHsO)]", 363
(4) [M-(CsHs)]", 404 (16) [M]. HR-MS (El, m/z): calc. for GHiF/O3 [M]: 404.1222,
found: 404.1212. ATR-FTIRy 2963, 2874, 1699, 1642, 1479, 1454, 1422, 13984,18345,
1315, 1292, 1215, 1185, 1165, 1118, 1097, 10673,1928, 920, 897, 886, 855, 813, 780,
743, 724 Anal. calcd for G7H19F703, C: 50.50 H: 4.74. Found, C: 51.05 H: 5.01.
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(1S, 4R)-10-thiocamphor (29):

(19-10-camphorsulfonic acidlg, 50.0 g, 0.215 mol) and thionyl chloride
(51.21 g, 0.430 mol, 31.3 mL) were placed in adhmecked flask equipped
with a condenser under argon atmosphere and amusixiv@e for direct gas-
SH discharge into the fume hood. The reaction mixtuas heated at 80 °C for
4 — 5 h until the evolution of hydrochloric aciddasulfur dioxide ceased.
Afterwards thionyl chloride was removed under remtligressuren vacuo at elevated
temperature. To the crude 10-camphorsulfonic a@d added triphenylphosphine (169.2 g,
0.645 mol) together with a 1:4 mixture of water @nokane and the suspension was stirred at
reflux for 4 h. The suspension was allowed to cdolvn to room temperature, water
(600 mL) was added and the mixture was extractdd wx100 mL pentane. The organic
layers were combined, washed several times withewé&x100 mL), followed by brine
(2x25 mL) and dried over sodium sulfate. Evaporatib the solvent under reduced pressure
and high vacuum yielded pureS¥R)-10-thiocamphor49, 42.1 g, 0.228, 94%) as colorless
crystals.Mp. 55 — 57 °CH NMR (300.51 MHz, CDG): 6 2.88 (d, 1H,) = 6.8 Hz, -GH,SH),
2.83 (d, 1HJ = 6.8 Hz, -GH,SH), 2.39 — 2.30 (m, 2H), 2.08 — 2.05 (m, 1H), 2-08.83 (m,
4H), 1.72 — 1.65 (m, 1H), 1.41 — 1.35 (m, 1H), 1(613H, -CH), 0.90 (s, 3H, -Ck) ppm.
¥C NMR (75.56 MHz, CDG)): ¢ 19.8, 20.3, 21.4, 26.6, 27.0, 43.2, 43.6, 47.86,6P17.8
ppm. MS (El):m/z (%) 55 (18), 67 (30), 81 (47), 95 (42), 109 (5023 (37), 141 (34),
151(23) [M-(SH)], 169 (5) [M-(CH)]*, 184 (100) [M]. Anal. calcd for GgH160S, C: 65.17
H: 8.75. Found, C: 65.40 H: 8.76.

(1S, 4R)-10-allylmercaptocamphor (30):

To a suspension of sodium hydride (2.74 g, 114 qima250 mL anhydrous

tetrahydrofurane was slowly added a solution of maonthiol 9, 20.00 g,

109 mol) in 50 mL anhydrous tetrahydrofurane aiCO After 30 min the
S mixture was allowed to warm up to room temperaauré was then heated at

§ reflux for 30 min. Afterwards the reddish mixtureasvcooled to 0 °C and

/ allyloromide (13.39 g, 111 mmol, 9.58 mL), dissalvem 50 mL anhydrous

tetrahydrofurane, was added dropwise. The reactidture was stirred for
30 min at room temperature and was then heate@ t€ sand maintained at this temperature
for two hours. The mixture was cooled down to Q g@enched with small amounts of
ethanol (15 mL) and 400 mL of water was added. Sdiation was extracted with 4x100 mL
pentane, the organic layers were combined, washiad2%50 mL water and brine and dried
over sodium sulfate. Evaporation of the solventauneduced pressure, followed by high
vacuum yielded analytical pure§14R)-10-allylmercaptocamphor (19.74 g, 88 mmol, 81%)
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as a colorless ofH NMR (500.13 MHz, CDG): 6 5.84 — 5.75 (m, 1H, -SGiBH-), 5.15 —
5.09 (m, 2H, methylene-G#f 3.20 — 3.12 (m, 2H), 2.74 (d, 1#,= 13.1 Hz, -C®,S-), 2.47
(d, 1H,%) =13.0 Hz, -C®,S-), 2.39 — 2.34 (m, 1H), 2.08 — 1.96 (m, 3H), 1(86 1H,
J=18.4Hz), 1.53 - 1.48 (m, 1H), 1.39 — 1.35 (m, 1HD4 (s, 3H, -Ch), 0.90 (s, 3H, -Ch)
ppm. *C NMR (125.76 MHz, CDG): ¢ 20.20, 20.2, 26.8, 26.9, 27.7, 37.0, 43.1, 43758 4
60.9, 117.1, 134.4, 217.5 ppm. MS (H1)/z(%) 55 (28), 67 (30), 81 (39), 95 (14), 109 (39),
123 (20), 151 (16) [M-(eHsS)]", 168 (13), 183 (62) [M-(¢Hs)]", 224 (100) [M]. HR-MS
(El, m/z): calc. for G3H200S [M]: 224.1325, found: 224.123ATR-FTIR: v 3080, 2958,
2887, 1725, 1634, 1469, 1453, 1416, 1389, 13727,18198, 1281, 1227, 1197, 1159, 1128,
1101, 1062, 1049, 1026, 989, 964, 914, 866, 854, ABal. calcd for &H»0S, C: 69.59 H:
8.97. Found, C: 69.54 H: 8.97.

(1S, 49)-3-trifluoromethanoyl-10-allylmercaptocamphor (34).
Lithium hydride (149 mg, 18.7mmol) in 60mL anhgds

CFy
__ tetrahydrofurane was placed in a three-necked flasler argon
OH . . .
equipped with a reflux condenser and a solution D®-
o)
S allylmercaptocamphoB0 (2.000 g, 8.9 mmol) in 40 mL anhydrous
} tetrahydrofurane was added dropwise at 0 °C. Atiering for 15 min

the suspension was allowed to warm up to room teamype and

stirred for further 15 min. Afterwards the mixtumas heated at reflux
temperature for 24 h until the color of the solattoirned to pale orange. The mixture was
cooled to room temperature and trifluoromethyl est2.630 g, 20.5 mmol, 2.07 mL)
dissolved in 30 mL anhydrous tetrahydrofurane witked dropwise over a period of 30 min.
After stirring for 20 min the mixture was heatedreflux temperature for 12 — 14 h. Progress
of the reaction was monitored by gas-chromatograghys neutral samples and if necessary
additional trifluoromethyl ester (bp: 316 K) wasdad. After completion of the reaction
10 mL of conc. hydrochloric acid was added, follow®y addition of water (500 mL) while
stirring. The mixture was extracted with 3x100 miethyl ether, the organic layers were
combined, washed with 2x200 mL water and brine. ditganic phase was dried over sodium
sulfate and the solvent was evaporated under redpissure. Dryingn vacuoat elevated
temperatures over a period of three days vyieldedlydcal pure (B 49-3-
trifluoromethanoyl-10-allylmercaptocamph@4( 2.693 g, 8.4 mmol, 94%) as a colorless oil.
'H NMR (300.08 MHz, CDG)): § 11.43 (bs, 1H, OH), 5.87 — 5.74 (m, 1H, -SCH-), 5.17
— 5.11 (m, 2H, methylene-GH 3.26 — 3.13 (m, 2H), 2.87 — 2.83 (m, 1H), 2.80 IH,
2) =13.3 Hz, -C®,S-), 2.51 (d, 1H2) = 13.2 Hz, -C®#,S-), 2.17 — 2.03 (m, 2H), 1.67 —
1.58 (m, 1H), 1.50 — 1.44 (m, 1H), 1.04 (s, 3H, LH.91 (s, 3H, -Ch ppm.**C NMR
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(75.46 MHz, CDGJ): 6 19.3, 20.9, 26.5, 26.8, 27.4, 36.9, 47.6, 50.13,6117.4, 121.1 (-
CR), 134.2, 148.4 (m) = 37.0 Hz, €CFy), 212.4 ppm*F NMR (282.76 MHz, CDG): ¢ -
70.1 ppm.MS (El): m/z (%) 191 (15), 219 (21), 233 (24) [M-{B;S)]", 247 (34) [M-
(CsHsS)[', 261 (27), 279 (56) [M-(€Hs)]*, 320 (100) [M]. HR-MS (El, m/z): calc. for
C1sH19F30,S [M]: 320.1058, found: 320.1068. ATR-FTIR:2962, 2915, 1702, 1652, 1479,
1453, 1428, 1405, 1393, 1975, 1316, 1267, 12247,11823, 1112, 1055, 1021, 1004, 990,
973, 952, 916, 869, 888, 748, 710. Anal. calcddpi1oF:0.S, C: 56.24 H: 5.98. Found, C:
56.28 H: 6.09.

(1S, 45)-3-heptafluorobutanoyl-10-allylmercaptocamphor (35:
Lithium hydride (149 mg, 187 mmol) in 50 mL anhgds

/C3F7 tetrahydrofurane was placed in a three-necked flaskler argon
OH equipped with a reflux condenser and a solution 1®-

S ° allylmercaptocamphoB0 (2.000 g, 8.9 mmol) in 40 mL anhydrous
> tetrahydrofurane was added dropwise at 0 °C. Aftiering for 15 min

the suspension was allowed to warm up to room teatyoe and stirred

for further 15 min. Afterwards the mixture was leshtat reflux
temperature for 24 h until the color of the solatioirned to pale orange. The mixture was
cooled to room temperature and ethyl heptafluonpbte (4.963 g, 20.5 mmol, 3.56 mL)
dissolved in 30 mL anhydrous tetrahydrofurane witted dropwise over a period of 30 min.
After stirring for 20 min the mixture was heatedeflux temperature for 14 — 18 h. Progress
of the reaction was monitored by gas-chromatographypH neutral samples. After
completion of the reaction 10 mL of conc. hydrocid@cid was added, followed by addition
of water (500 mL) while stirring. The mixture wastcted with 3x100 mL diethyl ether, the
organic layers were combined, washed with 2x200waker and brine. The organic phase
was dried over sodium sulfate and the solvent wap@ated under reduced pressure. Drying
in vacuo at elevated temperatures over a period of thrgs,dallowed by distillation at
120 °C under high vacuum (small-sized distillatiapparatus equipped with a short
connecting tube) yielded pu(&S 49)-3-heptafluorobutanoyl-10-allylmercaptocamphas, (
2.893 g, 6.9 mmol, 77%) as a colorless, viscoudrbiNMR (500.13 MHz, CDG)): 6 11.68
(bs, 1H, OH), 5.84 — 5.76 (m, 1H, -S&¥H-), 5.16 — 5.12 (m, 2H, methylene-gH3.24 —
3.16 (m, 2H), 2.83 — 2.81 (m, 1H), 2.80 (d, 14,=13.2 Hz, -C®,S-), 2.51 (d, 1H,
2) =13.2 Hz, -C®,S-), 2.14 — 2.06 (m, 2H), 1.65 — 1.60 (m, 1H), 1-49.46 (m, 1H), 1.04
(s, 3H, -CH), 0.89 (s, 3H, -Ch) ppm.**C NMR (125.76 MHz, CDG): ¢ 19.3, 20.8, 26.5,
26.8, 27.4, 37.0, 43.3 (d,= 47.7 Hz), 47.9, 50.1, 61.2, 117.4, 120QF;), 134.2, 148.8 (dd,
J = 29.4 Hz,J = 29.5 Hz, ECR,CR,CF), 212.2 ppm°F NMR (282.46 MHz, CDG): 6 -
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127.4 (s, -€,CHCFs), -119.4 (qdJ = 9.0 Hz,J = 283.1 Hz, -CKCF,CFs), -117.9 (qdJ =
9.0 Hz,J = 283.5 Hz, -CECF,CFs), -80.6 (1,J = 8.8 Hz, -CECF.CF3) ppm. MS (El):m/z(%)
251 (7), 291 (12), 305 (9) 319 (16), 333 (19) [MKGS)', 347 (32) [M-(GHsS)T', 379 (53)
[M-(C3Hs)]", 420 (100) [M]. HR-MS (El, m/z): calc. for GH19F0,S [M]: 420.0994, found:
420.0999. ATR-FTIRy 2963, 2916, 1743, 1700, 1639, 1479, 1454, 142095,141394, 1375,
1338, 1312, 1292, 1258, 1215, 1183, 1162, 11109,10868, 1025, 1007, 991, 973, 946, 918,
881, 813, 742, 729. Anal. calcd foiAH,9 FO,S, C: 48.57 H: 4.56. Found, C: 48.81 H: 4.86.

General procedure for the hydrosilylation of (R, 4S)-3-heptafluorobutanoyl-10-
allyloxycamphor on polysiloxanes:Hydridomethylpolysiloxane (HMPS, 0.17 — 0.36 mmol
polymer, 3.5, 10.2 or 20.0% SiH content) was digslin 40 mL anhydrous toluene under an
argon atmosphere. To the solution was adde®, (49-3-heptafluorobutanoyl-10-
allyloxycamphor 83) (for exact amountsf. experimental details of each compound) and five
drops (app. 50 mg, 0.1 mg “Pt”, 5.1%1fMmmol “Pt’, 0.05mol%) of platinum-1,1,3,3-
tetramethyl-1,3-divinyldisoloxaneK@rstedt's catalyst, 2%wt “Pt” in toluene). The solution
was stirred for 5 h at room temperature under sinéc (control of temperature!) followed by
36 h starting at room temperature reaching 70 °@r &0 h. The reaction progress was
monitored by'H NMR measurements and additionaR(149-3-heptafluorobutanoyl-10-
allyloxycamphor 83) or HMPS was added until all SiH- and all allylpgoton signals
disappeared indicating full conversions of startingterials. After completion of the reaction
the solvent was evaporated under reduced pres$uee.crude product was dissolved in
25 mL of dichloromethane, filtered (pore size g.450um) and 5 mL of methanol and active
charcoal were added. The mixture was stirred foh 24 reflux temperature, filtered (pore
size g = 0.45um) and the solvents were evaporateter reduced pressure. Column
chromatography (silica, heigljt= 19.0 cm, diameter g = 1.5 cm, dichloromethahafetl =
98:2) of the crude polymer yielded the analyticatep (IR, 49)-3-heptafluorobutanoyl-10-
allyloxycamphor immobilized on polysiloxane. Forseaof reproduction the following
amounts of starting materials proofed to be necgdsa complete immobilization and full
consumption of starting material [23, 49 and 92 (A&, 49)-3-heptafluorobutanoyl-10-
allyloxycamphor 83) per 100 mg of HMPS (3.5%, 10.2%, 20.0% SiH cobien
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[(1R, 45)-3-heptafluorobutanoyl-10-propoxycamphorkg os-polysiloxane (38):

CaF The compound was prepared according to the general
37

—

OH

procedure for immobilization of & 49-3-
heptafluorobutanoyl-10-allyloxycamphor  33) on
o} polysiloxane. Therefore, hydridomethylpolysiloxane
(523 mg, 0.174 mmol polymer, 20.0% SiH content) and
(480 mg, 0.129 mmol) @, 49-3-heptafluorobutanoyl-
10-allyloxycamphor 33) were reacted and purified by the
n= 20.0% given procedure to yield 735 mg (73%) R149-3-
(m=1-n) heptafluorobutanoyl-10-propoxycamphorko.oupolysil-
oxane 88) as a colorless, viscous diH NMR (500.13 MHz, CDG)): 6 11.70 (bs, 1H, OH),
3.63 (d, 1H,J=10.5 Hz, -CCHO-), 3.61 (d, 1HJ=10.5 Hz, -CCHO-), 3.40 (dt, 2H,
J=1.8Hz,J =6.6 Hz, -O®,CH,-), 2.82 — 2.78 (m, 1H, 48C(CHg),), 2.15 — 2.08 (m, 2H, -
OCH,CH,-), 1.61 — 1.54 (m, 2H, -CH@)-), 1.47 — 1.39 (m, 2H, -CHG}EH,-), 1.06 (s, 3H, -
CHg), 0.95 (s, 3H, -Ch), 0.91 (t, 2HJ = 7.4 Hz, -SiCH-), 0.56 — 0.46 (m, 0.4H, -Sif€)[1-
q-), 012 — 0.04 (m, 19H, -O)unSi(CHa)un(CHa)m(hfcy) ppm. °C NMR
(125.76 MHz, CDGJ): 6 0.8, 1.0, 1.8, 1.6, 19.4, 21.4, 22.8, 25.5, 26342, 49.3, 61.6, 65.9,
73.5,111.0 (ddJ = 32.0 Hz,J = 29.8 Hz, -CECF,CF;), 116.6 (dJ = 32.0 Hz, €EF,CF,CF),
118.6 (d,J = 32.0 Hz, -CECF,CF3), 120.7, 148.6 (ddJ = 26.1Hz,J = 26.2 Hz, -
CCRCFCR), 212.0 ppmATR-FTIR: v 2963, 2867, 1735, 1701, 1642, 1507, 1580, 1457,
1392, 1378, 1344, 1315, 1259, 1229, 1216, 11864,11@568, 1091, 1015, 979, 957, 920, 896,
886, 841, 795, 744, 723, 707.

[(1R, 4S)-3-heptafluorobutanoyl-10-propoxycamphor} 2e-polysiloxane (37):

o The compound was prepared according to the general
o procedure for immobilization of & 4S)3-

OH heptafluorobutanoyl-10-allyloxycamphor  33) on

o © polysiloxane.  Therefore  hydridomethylpolysiloxane
(1092 mg, 0.364 mmol polymer, 10.2% SiH content] an
(532 mg, 1.316 mmol) @&, 49-3-heptafluorobutanoyl-10-
sli{ SH Sq Sli allyloxycamphor 83) were reacted and purified by the
IO TP 1
n m (m=1-n)  heptafluorobutanoyl-10-propoxycamph@riepolysilox-
ane B7) as a colorless oilAnalytical data is in agreement to polymer-bountR[(4S)-3-
heptafluorobutanoyl-10-propoxycamphor] on polysdog (hfc content 20.0%). ATR-FTIR:

2962, 2879, 1734, 1700, 1654, 1643, 1457, 13934,18344, 1315, 1258, 1231, 1218, 1185,

n= 102% given procedure to yield 605 mg (73%) R149-3-
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1164, 1067, 1011, 959, 921, 897,793, 744, 724, 704.

[(1R, 49)-3-heptafluorobutanoyl-10-propoxycamphork s«-polysiloxane (36):

The compound was prepared according to the general

CsF
o procedure for immobilization of R 49-3-

—

OH heptafluorobutanoyl-10-allyloxycamphor  33) on

o polysiloxane.  Therefore, hydridomethylpolysiloxane
(560 mg, 0.187 mmol polymer, 3.5% SiH content) and
(131 mg, 0.324 mmol) @& 49-3-heptafluorobutanoyl-

) 10-allyloxycamphor 3) were reacted and purified by the

n= 3.5% given procedure to yield 605 mg (88%) R149-3-

n m (m=1-n) heptafluorobutanoyl-10-propoxycamphgyj, -polysilox-

ane B6) as a colorless oilAnalytical data is in agreement to polymer-bountR[(4S)3-
heptafluorobutanoyl-10-propoxycamphor] on polyséog (hfc content 20.0%). ATR-FTIR:
2962, 2905, 1735, 1700, 1415, 1353, 1257, 12316,17111, 833, 788, 699.

General procedure for the preparation of nickel()-bis[(1R, 4S)-3-heptafluorobutanoyl-
10-propoxycamphorate}o oo-polysiloxane —Chirasil NickelOGCs: Metal incorporation was
accomplished using a modified procedureMf Fluck®® A two phase solution of ligand
polymer (100- 390mg, 3.5, 10.2 or 20.0% R,(14S)3-heptafluorobutanoyl-10-
propoxycamphor content) in a mixture of anhydradseptane/methanol (3:2, 100 mL) was
stirred for 1 h at room temperature and an addititvour at reflux temperature upon which
the solvents became miscible. The ligand polymesalved and cooling back to room
temperature resulted in separation of the two habkis step is recommended to furnish
clean polymer dissolvation and polymer-purificatiprior to metal incorporation. To the
solutions was added nicke)(acetate tetrahydrate (for exact amounts cf. exyenrtal details

of each compound) and the mixture was stirred @nreemperature for 1 h and an additional
hour at reflux temperature. The solution was alkbwe cool down to room temperature
resulting in phase reseparation. Metal incorponatian be monitored by color change of the
polymer-containingnh-heptane phase from colorless to green as well eslatezation of the
nickel-salt containing methanol phase. Théweptane phase was decanted off and the
methanol layer was extracted once with 30 mAheptane. The organic layers were combined,
the solvent was evaporated under reduced pressaréha residue dissolved in 50 nm-
pentane. The organic phase was washed with 5x10&atér and dried over small amounts
of magnesium sulfate. Evaporation of the solvemt drying in vacuo for three days yielded
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nickel(i)-bis[(1R, 49)-3-heptafluorobutanoyl-10-propoxycamphorate]-pidbysanes Chirasil
NickelOGC;) as green, viscous oils.

Nickel(i1)-bis[(1R, 45)-3-heptafluorobutanoyl-10-propoxycamphorate} so.-polysiloxane —

Chirasil Nickel-OGC; 350 (39):

n= 3.5%
n m (m=1-n)

This compound was prepared according to the general
procedure for the preparation @hirasil NickelOGCs.
Therefore, 298 mg ligand polymer and 15mg
(0.060 mmol) nickel() acetate tetrahydrate were reacted
and purified by the given procedure to yield 277 mg
(92%) nickel(1)-bis[(1R, 49-3-heptafluorobutanoyl-10-
propoxycamphorategke-polysiloxane as a pale green oil.
ATR-FTIR: v 2962, 2905, 1737, 1654, 1637, 1481,
1447, 1413, 1344, 1257, 1231, 1216, 1182, 1010, 835
788, 700.

Nickel(i)-bis[(1R, 4S)-3-heptafluorobutanoyl-10-propoxycamphorate]o 2o-polysiloxane

— Chirasil NickeI-OC3 10.2% (40)

n m (m=1-n)

This compound was prepared according to the general
procedure for the preparation @fhirasil NickelOGs;.
Therefore, 390 mg ligand polymer and 56 mg
(0.225 mmol) nickel() acetate tetrahydrate were
reacted and purified by the given procedure todyiel
360 mg (89%) nickel()-bis[(1R, 49)-3-
heptafluorobutanoyl-10-propoxycamphorage}spoly-

n= 10.2% siloxane as a pale green oil. ATR-FTHR2962, 2906,

1739, 1640, 1627, 1576, 1512, 1481, 1445, 14123,137
1345, 1258, 1230, 1216, 1183, 1075, 1010, 828, 788,
751, 702.
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Nickel(i)-bis[(1R, 4S)-3-heptafluorobutanoyl-10-propoxycamphorate}o oo-polysiloxane

— Chirasil NickeI-OC3 Y 20.0% (41)

n= 20.0%
n m (m=1-n)

This compound was prepared according to the general
procedure for the preparation Ghirasil NickelOCGCs;.
Therefore, 190 mg ligand polymer and 53 mg
(0.060 mmol) nickel() acetate tetrahydrate were
reacted and purified by the given procedure todyiel
173 mg (85%) nickel()-bis[(1R, 49)-3-

heptafluorobutanoyl-10-propoxycamphoragg}spoly-
siloxane as a green oil. ATR-FTIR:2962, 2878, 1739,
1641, 1627, 1481, 1457, 1413, 1388, 1373, 13448125
1229, 1215, 1183, 1163, 1075, 1015, 918, 833, 7809,
703.

Lanthanum(in )-tris[(LR, 4S)-3-heptafluorobutanoyl-10-propoxycamphorate}o oo-poly-

siloxane —Chirasil Lanthanum-OGC; 20,09 (46):

n= 20.0%
n m (m=1-n)

Incorporation of lanthanum was accomplished folloyvi
the standard procedure fo€Chirasil VanadyOGs;.
Vanadylf{v) sulfate pentahydrate was replaced by
lanthanumifl ) acetate hydrate (87.6 mg, 0.226 mmol) and
200mg ligand polymer and 0.50mL (685 mg,
6.772 mmol) anhydrous, distilled triethylamine were
used. Incorporation of lanthanum is indicated by
colorchange of the-heptane phase from colorless to an
orange-red color. Work-up and purification incluglin
column chromatography as described f@&@hirasil

VanadylOGC; yielded 199 mg (86%)lanthanumifi)-tris[(1R, 49)-3-heptafluorobutanoyl-10-
propoxycamphoratg] osspolysiloxane as an orange to red viscous oOil.ATRRE v 2962,
2879, 1687, 1684, 1645, 1525, 1480, 1455, 1413718872, 1344, 1258, 1229, 1214, 1197,
1184, 1161, 1074, 1014, 918, 838, 791, 748.
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Europium(in)-tris[(1R,  4S)-3-heptafluorobutanoyl-10-propoxycamphorate}o oo-poly-
siloxane —Chirasil Europium-OGCs; 20,09 (45):

Europium was incorporated following the standard
procedure foChirasil VanadyOGC;. Vanadyl(v) sulfate
pentahydrate was replaced by europiumn(acetate
hydrate (78.8 mg, 0.196 mmol) and 212 mg ligand
polymer and 0.50 mL (685 mg, 6.772 mmol) anhydrous,
distilled triethylamine were used. Incorporation of

Si lanthanum is indicated by color change of thlkeeptane
n= 20.0% phase from colorless to a yellow color. Work-up and

n m (M=1-n) " purification including column chromatography as
described for Chirasil VanadyOGC; vyielded 193 mg
(80%) lanthanumifl)-tris[(1R,  49-3-heptafluorobutanoyl-10-propoxycamphoraiels
polysiloxane as an orange to yellow to pale oravigeous oil. ATR-FTIR:v 2962, 2877,
1738, 1702, 1685, 16447, 1577, 1575, 1530, 14797,1¥413, 1389, 1372, 1345, 1258, 1229,
1214,1198, 1182, 1161, 1075, 7014, 917, 833, 743, 703.

General procedure for the preparation of oxovanadim(v)-bis[(1R, 4S)-3-
heptafluorobutanoyl-10-propoxycamphoratepo ouw-polysiloxane —Chirasil VanadytOGCs:
Incorporation of oxovanadium was accomplished usimgodified procedure dfl. Fluck®®!
Ligand polymer (200 — 450 mg, 3.5, 10.2 or 20.09%R, (49-3-heptafluorobutanoyl-10-
propoxycamphor content) was dissolved in a mixafranhydrous-heptane/methanol (3:2,
100 mL) and was stirred for 1 h at room temperasun@ one hour at reflux temperature upon
which the solvents became miscible. This step t®memended to furnish clean polymer
dissolvation and polymer-purification prior to mletacorporation. Excess oxovanadiuw(
sulfate pentahydrate was added at room temperahdehe mixture was stirred for 1 h (for
exact amounts cf. experimental details of each cumg@). Afterwards the solution was
heated at reflux temperature, anhydrous, distiltexthylamine was added and the solution
was stirred for 3 -4 h at this temperature. Reacprogress can be monitored by color
change of then-heptane phase from colorless to purple as well eadldrization of the
vanadyl sulfate-salt containing methanol phaseifiPation was accomplished following the
work-up procedure including column chromatograpBydascribed for the preparation of
Chirasil NicketOC;. The oxovanadiunn)-bis[(1IR, 49-3-heptafluorobutanoyl-10-
propoxycamphorate]-polysiloxaneSHirasil VanadylOC;) were obtained as reddish-purple,
viscous oils.
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Oxovanadium(v)-bis[(1R, 4S)-3-heptafluorobutanoyl-10-propoxycamphorate} so.-poly-
siloxane —Chirasil VanadytOGC; 350 (42):

The compound was prepared according to the general
procedure for the preparation Ghirasil VanadyOGs;.
Therefore, 200mg ligand polymer, 270 mg

(2.067 mmol, excess) vanadyll sulfate pentahydrate
and 0.10 mL (138 mg, 1.364 mmol) triethylamine were
reacted and purified by the given procedure todyiel

/Si\O,Si O,Sl,i O’Si\ 157 mg (79%, corresponding to polymer starting
| | | | n= 3.5% material) oxovanadium()-bis[(1R, 49)-3-
n m (m=1-n) heptafluorobutanoyl-10-propoxycamphorate]sespoly-

siloxane as a pale reddish-purple oil. ATR-FT¥R2962,
2905, 1739, 1639, 1446, 1412, 1352, 1257, 12316,121
1182, 1011, 834, 789, 701.

Oxovanadium(v)-bis[(1R, 4S)-3-heptafluorobutanoyl-10-propoxycamphorate] 2os-poly-
siloxane —Chirasil VanadytOGCs; 19,29 (43):

The compound was prepared according to the general
procedure for the preparation Ghirasil VanadyOG;.
Therefore, 450mg ligand polymer, 1.750¢g

(6.917 mmol, excess) vanadyl) sulfate pentahydrate

and 0.33 mL (455 mg, 4.504 mmol) triethylamine were
reacted and purified by the given procedure todyiel
Si 314 mg (70%, corresponding to polymer starting

n= 102% material) oxovanadium()-bis[(1R, 49)-3-
n m (m=1-n)

heptafluorobutanoyl-10-propoxycamphorage}spoly-
siloxane as a reddish-purple oil. ATR-FTIR:2962,
2905, 1739, 1685, 1638, 1576, 1560, 1517, 14463,141
1373, 1346, 1258, 1231, 1217, 1184, 1197, 1011, 828
789, 701.
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Oxovanadium(v)-bis[(1R, 4S5)-3-heptafluorobutanoyl-10-propoxycamphorate} go-poly-
siloxane —Chirasil VanadytOGC; 20,09 (44):

The compound was prepared according to the general
procedure for the preparation Ghirasil VanadyOGC;.
Therefore, 230mg ligand polymer, 1.760¢g

(6.957 mmol, excess) vanadyl( sulfate pentahydrate
and 0.33 mL (455 mg, 4.504 mmol) triethylamine were
reacted and purified by the given procedure todyiel

/Si\O’Si O,Sli O/Si\ 170 mg (74%, corresponding to polymer starting
P WP TP T n= 200% material) oxovanadium()-bis[(1R, 49)-3-
n m (M=1-n)  heptafluorobutanoyl-10-propoxycamphorage}spoly-

siloxane as a reddish-purple, viscous oil. ATR-FTIR
2962, 2875, 1737, 1702, 1700, 1686, 1635, 15219,147
1457, 1414, 1389, 1373, 1346, 1258, 1230, 12177,119
1185, 1165, 1013, 917, 829, 792.

General procedure for the preparation of oximes fron ketones: To a solution of ketone
(1.00 eq.) and pyridine (1.2 eq.) in ethanol wasealchydroxylamine hydrochloride (1.75 eq.)
and the mixture was stirred at reflux temperatare4f — 5 h. The solvent was evaporated
under reduced pressure, 10 mL of aqueous hydracldoid () was added and the mixture
was extracted with 3x50 — 100 mL dichloromethanke Ttombined organic layers were
washed with 25 mL brine, the organic layer was s#pd and the aqueous layer was
extracted with 2x50 — 100 mL dichloromethane. Tovlsined organic layers were dried over
sodium sulfate and the solvent was evaporatedeld jte desired oximes.

(1S, 4R)-10-hydroxycamphor oxime (52):

The title compound was synthesized using the gémeethod for the
preparation of oximes. §-10-hydroxycamphor?l, 2.36 g, 14.0 mmol),
hydroxylamine hydrochloride (1.70 g, 24.5 mmol) gngidine (1.33 g,
16.8 mmol, 1.36 mL) were used and(4R)-10-hydroxycamphor oxime
(52, 2.15 g, 11.7 mmol, 84%) was obtained as an offayhowder. Mp.
193 — 195 °C*H NMR (300.51 MHz, CDGJ): 6 0.91 (s, 3H, -Ch), 0.95 (s, 3H, -Ch), 1.31
—1.08 (m, 1H, -ChICH,-), 1.93 — 1.61 (m, 4H, -Ci&H,-, -CH,CH,-, CH;CCH>-), 2.05 (d,
1H, J=17.8 Hz), 3.20 (bs, 0.6H, -OH), 3.65 (d, 1H7 11.6 Hz, -G4,0H), 3.91 (d, 1H,
J =11.6 Hz, -®4,0H), 8.01 (bs, 0.7H, NOH) ppm*C NMR (75.56 MHz, CDG)): § 18.9,

\
N~OH
H
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20.4, 26.9, 28.9, 33.0, 44.6, 48.1, 56.3, 61.8 pd®.(El): m/z(%) 41 (31), 55 (16), 67 (22),
79 (13), 94 (19), 107 (9), 122 (15), 140 (100), 180 166 (32) [M-OH]J, 183 (53) [M]. HR-
MS (El, m/z): calc. for GH17NO, [M]: 183.1259, found: 183.1259. IR (KBn:3278, 2959,
2873, 1745, 1685, 1604, 1443, 1384, 1370, 13229,1P281, 1259, 1239, 1221, 1199, 1181,
1165, 1098, 1076, 1054, 1040, 1017, 1002, 984, 953, 924, 865, 854, 839, 809, 783, 765,
709.

(1R, 4R)-camphor oxime (58):

This is a known compoulf@® and was synthesized using the general

method for the preparation of oximesRjiamphor 22, 2.36 g, 14.0
\N«»OH mmol), hydroxylamine hydrochloride (1.70 g, 24.5 oijmand pyridine
(1.33 g, 16.8 mmol, 1.36 mL) were used an®, (4R)-camphor oxime
(58, 2.15 g, 11.7 mmol, 84%) was obtained as an ofteypowder. Mp.
110 — 114 °C*H NMR (300.08 MHz, CDG)): 6 0.80 (s, 3H, -Ch), 0.91 (s, 3H, -Ch), 1.00
(s, 3H, GH3CCH,-), 1.19 — 1.28 (m, 1H, -Ci€H,-), 1.41 — 1.50 (m, 1H, -Ci€H,-), 1.70 (dt,
1H, J=4.2 Hz,J=12.5 Hz, CHCCH,), 1.78 — 1.88 (m, 1H, GI€CH,>-), 1.91 (t, 2H,
J=4.2 Hz), 2.05 (d, 3.91] =18.0 Hz), 2.55 (dt, 1H] =4.0 Hz,J =18.0 Hz, -CCH), 7.76
(bs, 1H, NOH) ppm*C NMR (75.56 MHz, CDG)): 6 11.1, 18.5, 19.4, 27.2, 32.6, 33.1,
43.7, 48.3, 51.8, 170.0 ppm. MS (EMy/z (%) 69 (29), 79 (25), 94 (28), 110 (41), 124 (81),
150 (34) [M-OH, 151 (5), 167 (100) [M} Anal. calcd for GoH17NO, C: 71.81 H: 10.25 N:
8.37. Found, C: 71.81 H: 10.35 N: 8.21. The anedytdata are in accordance to the reported

onel*?

(1R, 4R)-10-benzyloxycamphor (50):

This compound was prepared by a method describe@hgjucci et al®

Sodium hydride (0.24 g, 10.00 mmol) suspended i® iQ anhydrous
tetrahydrofurane was placed in a three necked rbottdm flask and &)-10-

0 hydroxycamphor 41, 1.50 g, 8.92 mmol) dissolved in 50 mL anhydrous
tetrahydrofurane was added dropwise and the mixua® stirred for 3 h at
room temperature. A solution of benzyl bromide Qlg6 9.35 mmol)
dissolved in 30 mL anhydrous tetrahydrofurane wiasvly added to the
mixture over a period of one hour. The mixture waged for two hours at

reflux temperature and additional 16 h at room terajre. 300 mL water was added
followed by extraction with 3x50 mL diethyl ethefhe organic layers were combined,
washed with brine and dried over sodium sulfateagévation of the solvent under reduced
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pressure yielded the title compound as a colotigsid (2.22 g, 8.58 mmol, 96%JH NMR
(500.13 MHz, CDGJ): 6 0.89 (s, 3H, -Ch), 1.01 (s, 3H, -Ch), 1.27 — 1.33 (m, 2H), 1.78 (d,
1H,J = 17.7 Hz), 1.91 — 2.00 (m, 2H), 2.02 — 2.07 (m, 1433 (dt, 1H,) = 18.3 Hz,J =3.5
Hz, CHCCH-), 3.54 (d, 1H%J = 10.3 Hz, -CHOBN), 3.58 (d, 1H%J = 10.3 Hz, -CHOBN),
4.47 (s, 2H, -CHAr), 7.19 — 7.34 (m, 5H, ArH) ppm:*C NMR (125.75 MHz, CDG):

0 20.3, 20.8, 25.3, 26.7, 33.5, 43.5, 43.8, 47113,666.5, 73.5, 127.3, 128.2, 138.7, 217.5
ppm. MS (El):m/z(%) 55 (17), 64 (23), 67 (19), 77 (20), 79 (19,@7), 91 (100), 107 (7)
[CH,OBN]", 152 (26), 258 (4) [M] HR-MS (El, m/z): calc. for GH»0, [M]: 258.1620,
found: 258.1633. IR (KBr)y 2961, 2879, 1743, 1496, 1470, 1453, 1416, 13865,18274,
1199, 1169, 1104, 1047, 1027, 738, 700.

(1R, 4R)-10-(4tert-butylbenzyl)oxycamphor (51):

This compound was prepared by a method describeghijucci et af*®®
Sodium hydride (0.24 g, 10.00 mmol) suspended i6 rhQ anhydrous
tetrahydrofurane was placed in a three necked rbottdm flask and &)-

O ° 10-hydroxycamphor21,1.50 g, 8.92 mmol) dissolved in 50 mL anhydrous
tetrahydrofurane was added dropwise and the mixtaie stirred for 3 h at
room temperature. A solution of tért-butylbenzyl bromide (2.13 g,
Bu 9.40 mmol) dissolved in 30 mL anhydrous tetrahydrafie was slowly

added to the mixture over a period of one hour. Mipdure was stirred for
two hours at reflux temperature and additional 1 hoom temperature. 300 mL water was
added followed by extraction with 3x50 mL diethtther. The organic layers were combined,
washed with brine and dried over sodium sulfateagévation of the solvent under reduced
pressure yielded the title compound as a colotigsi (2.75 g, 8.74 mmol, 98%3IH NMR
(500.13 MHz, CDGJ): 6 0.96 (s, 3H, -Ch), 1.08 (s, 3H, -Ch), 1.32 (s, 9H, -(CH)3), 1.36 (d,
J=9.0 Hz), 1.84 (d, 1H) =17.9 Hz), 1.99 — 2.04 (m, 2H), 2.08 — 2.16 (m, 137 — 2.42
(m, 1H), 3.59 (d, 1H2J = 10.4 Hz, -CHOBN), 3.64 (d, 1H2J = 10.4 Hz, -CHOBN), 4.47 —
4.53 (m, 2H, -CHAr), 7.25 — 7.37 (m, 4H, ArH) ppm-3C NMR (125.75 MHz, CDGJ):
0 20.4, 20.8, 25.3, 26.8, 31.2, 31.4, 33.6, 343%,443.8, 47.1, 61.4, 66.5, 73.4, 125.1, 125.8,
127.1, 128.8, 135.7, 150.2, 21'ppm. MS (El):m/z (%)69 (6), 81 (6), 109 (100), 117 (13),
132 (17), 147 (47), 152 (32), 163 (84)BOBN]", 257 (6) [M*Bu]*, 314 (24) [M]. HR-MS
(El, m/z): calc. for GiH300, [M]: 314.2246, found: 314.2265. IR (KBR:3285, 3264, 3242,
2962, 2869, 1743, 1621, 1468, 1362, 1210, 11087 ,18¥8.
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(1S, 4R)-10-benzyloxycamphor oxime (53):

The title compound was synthesized using the gémeethod for the
preparation of oximes. R,4R)-10-benzyloxycamphoi5Q, 730 mg, 2.83
mmol), hydroxylamine hydrochloride (236 mg, 3.40 aljrand pyridine
(268 mg, 3.39 mmol, 0.27mL) were used andS (14R)-10-
benzyloxycamphor oxime (681 mg, 2.49 mmol, 88%) alsimined as an
colorless liquid.*H NMR (500.13 MHz, CDG)): § 0.89 (s, 3H, -Ch),
1.02 (s, 3H, -Ch), 1.25 — 1.30 (m, 2H), 1.45 — 1.20 (m, 1H), 1.86.91
(m, 2H), 2.06 (d, 1HJ) =17.8 Hz), 2.10 — 2.13 (m, 1H), 2.54 — 2.60 (m,
1H, CHCCH-), 3.61 (d, 1H% = 10.0 Hz, -CHOBN), 3.70 (d, 1H%J = 10.0 Hz, -CHOBN),
4,51 (d, 1H2) = 12.2 Hz, -CHAr), 4.55 (d, 1H2) = 12.2 Hz, -CHAr), 7.24 — 7.35 (m, 5H,
ArH), 7.82 (bs, 1H, NOH) ppm-3C NMR (125.75 MHz, CDG): 6 20.1, 20.2, 27.0, 28.3,
33.0, 44.5, 48.6, 55.3, 67.8, 73.5, 127.3, 1274,(228.2 (2x), 138.8, 168.3 ppm. MS (EI):
m/z (%) 79 (9), 91 (100), 111 (7), 124 (14), 150 (187 (56) [M-CHOBNJ", 182 (27) [M-
tolyl]*, 230 (5), 256 (5) [M-OH], 274 (1) [M]. HR-MS (EIl, m/z): calc. for GH23NO, [M]:
273.1729, found: 273.1731. IR (KBnr:2950, 2878, 2802, 1723, 1610, 1495, 1452, 1388,
1366, 1201, 1111, 1096, 1073, 1027, 927, 836, 730,

\
N~OH

(1S, 4R)-10-(4+tert-butylbenzyl)oxycamphor oxime (54):

The title compound was synthesized using the gémeeshod for the
preparation of oximes. R 4R)-10-(4tert-benzyl)oxycamphor 1,
1.00 g, 3.18 mmol), hydroxylamine hydrochloride2{0g, 3.81 mmol)
and pyridine (0.30 g, 3.82 mmol, 0.31 mL) were uaed (T, 4R)-10-(4-
tert-benzyl)oxycamphor oxime (1.01 mg, 3.05 mmol, 96%ay obtained
as an colorless liquidH NMR (500.13 MHz, CDG): 6 0.90 (s, 3H, -

fBu CHs), 1.04 (s, 3H, -ChH), 1.24 — 1.92 (m, 2H), 1.31 (s, 9H, -(¢)k), 1.44

—1.49 (m, 1H), 1.85 — 1.91 (m, 2H), 2.06 (d, I+ 17.7 Hz), 2.09 —

2.15 (m, 1H), 2.54 — 2.60 (m, 1H, GECH-), 3.61 (d, 1H?J = 10.1 Hz, -CHOBN), 3.70 (d,
1H,2J = 10.1 Hz, -CHOBnN), 4.50 (d, 1H2J = 12.5 Hz, -CHAr), 4.53 (d, 1H?J = 12.6 Hz, -
CHAr), 7.26 — 7.28 (m, 2H, ArH), 7.34 — 7.36 (m, 2&tH) ppm.*C NMR (125.75 MHz,
CDCl): ¢ 20.1, 20.2, 27.0, 28.2, 31.4 (3x), 33.0, 34.55448.6, 55.4, 61.9, 67.8, 73.4,
125.1 (2x), 127.1 (2x%), 135.8, 150.2, 168.6 ppm. ([@EB: m/z(%) 79 (5), 91 (130), 105 (12),
111 (20), 117 (20), 124 (38), 132 (23), 138 (130 {12), 147 (77), 150 (64), 167 (100) [M-
(4-tert-butylbenzyloxy)[, 182 (7) [M-(4tert-butyl)tolyl]*, 312 (45) [M-OH], 329 (2) [M].
HR-MS (El, m/z): calc. for gH31NO, [M]: 329.2355, found: 329.2383. IR (KBry: 3162,
2960, 2869, 1451, 1391, 1363, 1268, 1109, 10944197, 844, 738.

\
N-~OH
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N-Bornylisobornylcamphor amine (57):

(1S 4R)-10-hydroxycamphor oxime5@, 9.07 g, 0.050 mol) was
dissolved in 100 mL anhydrous ethanol and Ranekeic

thoroughly washed several times with absolute ethamas added
under nitrogen and hydrogenation was allowed t@ged at 50 °C

over a period of three days. The mixture was #&ider(pore
size 0.45 um), the solvent was evaporated and doeadne day
under high vacuum to yield a yellow oil. Lithiunuatinum hydride
was suspended in 250 mL anhydrous tetrahydrofumaddiltered carefully. The solution was
cooled to 0 °C and the obtained oil dissolved inmB0anhydrous tetrahydrofurane was added
over a period of one hour. The mixture was allowed/arm up to room temperature and was
stirred for 36 h at reflux temperature. The reacttwas quenched at 0 °C with anhydrous
methanol and the % of the solvent was evaporateel ciude product was taken up in 300 mL
dichloromethane, 200 mL of saturated, aqueous sgdwotassium tartrate was added and the
mixture was vigorously stirred for 24 h. The orgalalyer was separated, the pH was adjusted
to one with & hydrochloric acid and extracted three times wilBhnmL water. The aqueous
layers were combined, basified witiv 3odium hydroxide and 10 ml of aqueous, saturated
sodium carbonate and extracted three times witmbQdichloromethane. The combined
organic layer was dried over sodium sulfate, thivest was evaporated under reduced
pressure and the crude product was purified byhflaslumn chromatography (silica,
chloroform/ methanol = 20:1 to 7:1). Evaporation tfe solvent yielded theN-
bornylisobornylcamphor amine carbonate salt as colorless crystals (6.44 g, 0.0184 mol,
74%).*™H NMR (500.13 MHz, MeODd,): 6 0.89 — 0.92 (m, 1H), 0.93 (s, 3H, -gH0.94 (s,
3H, -CHs), 0.95 — 1.02 (m, 4H, -Ci€H,-, -CHs), 1.04 (s, 3H, -Ch), 1.08 — 1.26 (m, 2H),
1.30 — 1.40 (m, 2H), 1.54 — 1.60 (m, 1H), 1.63 A91(m, 4H), 1.82 — 1.93 (m, 4H), 2.36 —
2.43 (m, 1H), 3.03 — 3.10 (m, 1H), 3.60 (d, 1H,= 10.3 Hz, -®,0OH), 3.65 (d, 1H,

2) =11.2 Hz, -®4,0H), 3.81 (d, 1H2J = 10.3 Hz, -G1,0H), 3.83 — 3.91 (m, 1H, NH), 3.94
(d, 1H,%J = 11.3 Hz, -G1,0H) ppm.**C NMR (125.75 MHz, MeOD,): § 19.6, 20.3, 21.1,
21.3, 25.2, 27.5, 28.9, 33.5, 47.2, 7.3, 48.1, 48288, 54.0, 62.1 (2x), 64.5 (2%), 65.7, 65.8
ppm. MS (Cl, pos. modéso-butane):m/z (%) 322 (100) [M-H], 364 (11) [M+GHg]*. MS
(E): m/z (%) 67 (30), 79 (30), 81 (26), 93 (41), 111 (3885 (27), 152 (22) [M-
(isobornylamin)yl, 168 (37) [M-bornyl], 182 (32), 196 (23), 234 (74), 290 (25), 304 (100)
321 (100) [M]. HR-MS (El, m/z): calc. for gHzsNO, [M]: 321.2668, found: 321.2695.
ATR-FTIR: v 3385, 2986, 2934, 2876, 1653, 1448, 1384, 12799,12273, 1225, 1211,
1183, 1128, 1100, 1088, 1053, 1022, 984, 967, 820, 875, 860, 845, 788, 768, 741.
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N-Isobornylcamphor imine (59):

(1R)-camphor oxime %8, 5.07 g, 0.030 mol) was dissolved in
100 mL anhydrous methanol, palladium on charcoadd a
ammonium formate (5.66 g, 0.120 mmol) was addee finxture

was stirred for five days at room temperature,effdtd (pore
size 0.45 um) and the solvent was evaporated umeéduced
pressure. The crude product was dissolved in 10@rthyl ether
and washed twice with 25 mL aqueous $odium hydroxide solution. The organic layer was
acidified to pH 2 with 1 hydrochloric acid and washed two times with 25 diéthyl ether
to remove the starting material. The pH was adgugie7 with I sodium hydroxide solution
and extracted three times with 50 mL diethyl etfidre combined organic layers were dried
over sodium sulfate and the crude product was dkggosn celite and purified by flash
column chromatography (silica, hexane/ ethyl aeetafl5:1 to 1:1) to yield a small fraction
of the desired bornyl ketimine condensation prodbd&tsobornylcamphor imine59 was
obtained as an colorless oil (255 mg, 0.89 mmol). 8ystals suitable for X-Ray diffraction
were obtained over a period of 9 month from a satar diethyl ether/ pentane solutidhl
NMR (500.13 MHz, CDQ): ¢ 0.64 (s, 3H, -CH), 0.67 (s, 3H, -Ch), 0.76 (s, 3H, -Ch),
0.81 (s, 3H, -CH), 0.84 (s, 3H, -Ch), 1.04 — 1.10 (m, 4H, -Ci€H,-, -CHg), 1.06 — 1.21 (m,
1H, -CH,CH2-), 1.43 — 1.56 (m, 4H, var. -GBH>-), 1.59 — 2.24 (m, 3H, var. -GBH,-, -
CCHamin substructuds 1.69 — 1.77 (m, 1H), 1.80 (t, 1H) =4.5 Hz,J=7.5 Hz, -CCHhin
substructurdy 2.22 (dt, 1HJ = 16.7 Hz,%J = 3.9 Hz, -N=C®,-), 3.02 (dd, 1H?J = 5.4 Hz =N-
CH- 1H) ppm.**C NMR (125.75 MHz, CDG): ¢ 11.4, 12.3, 19.1, 19.6, 2.4, 20.9, 27.6,
27.8, 32.3, 34.9, 36.4, 38.8, 44.1, 45.7, 46.20,449.2, 53.3, 68.4, 175.9 ppm. MS (H)/z
(%) 67 (9), 81 (29), 95 (16), 137 (28) [Ms@bornylamin)yl], 152 (97) [M-bornyl], 178
(20), 218 (11), 244 (6), 259 (31), 272 (14) [M-§H 287 (100) [M]. HR-MS (EI, m/z): calc.
for CyoH33N [M]: 287.2613, found: 287.2610.
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Bis((1R4S)-7,7-dimethyl-3-oxobicyclo[2.2.1]heptan-2-ylideng)yoxal, camphor tetrake-
tone (65):

o) This compound was prepared using a modified praeedi
OH/ the reported on€°® To a solution of (R)-camphor 22,
OH 5.00 g, 0.033 mol) in 150 mL anhydrous tetrahydrarfie was

O slowly added sodium hydride (0.87 g, 0.036 mol).eTh
suspension was stirred at reflux temperature ()5f6€ 3 d

until the mixture turned into a yellow, clear sabut The solution was allowed to cool down
to room temperature and half of the volume of diketixalate (2.4 g, 0.016 mol) dissolved in
100 mL of anhydrous tetrahydrofurane was addedvdsgp After 2 h the remaining diethyl
oxalate solution was added dropwise and the oraolggion was stirred at reflux temperature
for one day. The red solution was cooled down tnrdemperature and the solvent was
evaporated under reduced pressure. 200 mL of dahnlethane was added and the
suspension was extracted three times with 200 miatér. The aqueous layer was acidified
with agueous { hydrochloric acid and extracted with diethyl ethtil the aqueous layer
remained almost colorless. The organic layers werebined, washed with brine, dried with
sodium sulfate and the solvent removed under relpoessure to obtain an orange powder.
Purification by washings with a small amount of tace and drying under high vacuum
yielded 5.47g (0.015 mmol, 93%) 66 as a bright yellow powder. Mp. 178 — 186 %€},
NMR (500.13 MHz, CDG, TMS): 6 0.84 (s, 6H, 2x(-ChJ), 0.93 (s, 6H, 2x(-CkJ), 0.99 (s,
6H, 2x(-CHCCH3)), 1.40 1.51 (m, 4H, 2x(-CCH), 1.69 — 1.79 (m, 2H, 2x(-CHg;-)),
2.01 — 2.10 (m, 2H, 2x(-CH&3-)), 3.28 (d,J=4.0 Hz, 2H, 2x(-CH)), 11.83 (bs, 2H, 2x(-
OH)); °C NMR (125.75 MHz, CDG| TMS): 6 8.7, 18.6, 20.6, 27.1, 30.5, 48.5, 48.9, 57.9,
120.6, 155.3, 214.7 ppm. MS (EH/z (%) 151 (15), 179 (100) [H1:0]", 247 (94), 330
(54), 358 (34) [M]. HRMS (EI): m/z calcd for GoH30O4: 358.2144. Found: 358.2158. IR
(KBr): v 3442, 2960, 2871, 1661, 1579, 1456, 1390, 13787,13269, 1225, 1179, 1155,
1146, 1106, 1069, 1027, 826, 815. Anal. calcd feiHesO4, C: 73.71 H: 8.44. Found, C:
73.22 H: 8.40.
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Bis (3-oxobicyclo[2.2.1]heptan-2-ylidene)glyoxal, oxcamphor tetraketone, mixture of
three isomers (65b):

oH 0 Synthesis was accomplished using racemic norcamplor

- starting material and overall three diastereomersrew

OH obtained RR-, RS and SSdiastereomer). The title

o compound was prepared by Golo Stoféfl.To a suspension
(RR-, RS-, S,S-)

of 2.90 g (0.121 mol, 2.05 eq.) sodium hydride miydrous

tetrahydrofurane (500 mL) was dropwise added noptemn
(13.00 g, 0.118 mol) dissolved in 50 mL tetrahydrahe and stirred under reflux heating
over night. Additional 0.28 g (11.8 mmol) sodiumdhige was added to ensure complete
deprotonation and stirring was continued for anof#eh. To the mixture 8.19 g (56.1 mmol)
diethyl oxalate diluted in 60 mL tetrahydrofuraneresadded dropwise over a period of three
hours at room temperature and stirring was continiee 6 h under reflux heating. After
evaporation of the solvent under reduced pressudehggh vacuum the crude product was
dissolved in 800 mL of water and washed three timiés diethyl ether (overall volume 1 L).
The pH of the aqueous layer was adjusted to 3 S«thydrochloric acid and extracted two
times with 300 mL dichloromethane. The organic taywere combined, dried over sodium
sulfate and the solvent was evaporated under rdduessure to yield the product as a dark,
yellow oil. further purification was achieved by-dessolution in a dichloromethane-water
mixture (1:1), pH adjustment to 1 and extractiomhwdichloromethane. Drying over sodium
sulfate and evaporating of the solvent yielded aqghor tetraketone 5.07 g (29.9 mmol,
52%) as an yellow to orange diH NMR and**C-NMR data and a detailed discussion due to
formation of diastereomers are reported elsewRE¥MS (EI): m/z(%) 67 (26), 91 (25), 137
(31) [Mz2]*, 145 (30), 174 (99), [M-CO-C£C,H,]", 201 (100), [M-2CO-0OH], 202 (97) [M-
CO-CQjJ, 229 (79) [M-CO-OH], 246 (12) [M-CO], 274 (2) [M]. HR-MS (EIl, m/z): calc.
for CieH1804 [M]: 274.1205, found: 274.1201. ATR-FTIR:3400, 2954.4, 2874.4, 1785.8,
1716.3, 1656.6, 1450.2, 1299.8, 1243.9, 1197.641181148.4, 1088.6, 1071.3, 1024.98,
942.1.
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General procedure for the preparation of Rh- and Ir tetraketone complexes derived
from camphor- or norcamphor tetraketones:

To a solution of enantiopure tetraketod® (camphor)

or 65b (norcamphor) (150 mg, 0.42 mmol, 1.00 eq.) in
anhydrous tetrahydrofurane was added potassarth
butylate (94 mg, 0.84 mmol, 2.00 eq.) in one porix
room temperature. After 20 min 0.42 mmol metal
precursor (1.00 eq.) was added and the mixturesdtir
over night. The solvent was evaporated under retluce
pressure, the residue is dissolved in a small dyaoit

dichloromethane and filtered through a short pad of
@l _ norbornadiene celite. Evaporation of the solvent and recrystatian

1,8-cyclooctadiene from a dichloromethane-petrolether mixture (1:20)10
M = Rh(l), Ir(])

R = CHj; (for camphor-) and
H (for norcamphor-derivatives)

by evaporation of the solvents followed by preepdn
at low temperatures (-60 °C) vyields the rhodiume an
iridium chelate-complexes as bright, yellow powders

Preparation of enantiopure dirhodium(i)-camphor tetraketone complex (67):

This compound was prepared according to the gemee#thod
for tetraketone metal complex formation using eioguire
camphor tetraketoné5 (150 mg, 0.42 mmol), potassiutart-
butylate (94 mgq, 0.84 mmol) and dichloro-
bis(norbornadiene)dirhodium((193 mg, 0.42 mmol). Reaction
was stirred at 50 °C for one day after metal premugaddition.
Purification was accomplished following the gengyadcedure

to yield the title compound as a bright, yellow romrystalline
powder (294 mg, 0.39 mmol, 94%). Mp. >210 °C (depdniH
NMR (500.13 MHz, CDGJ, TMS): 6 0.70 (s, 6H, 2x(-CH)),
0.78 (s, 6H, 2x(-CH)), 0.83 (s, 6H, 2x(-Chj), 1.17 — 1.21 (m, 6H, 2x(-CFnpg, 2%(-CH2-)),
1.25 — 1.30 (m, 2H, 2x(4d,-)), 1.48 — 1.53 (m, 2H, 2x({d3-)), 1.83 — 1.88 (m, 2H, 2x(-
CHy-)), 2.38 (d, 2HJ= 3.4 Hz, 2x(-CCH-)), 3.76 (d, 2H,= 19.0 Hz, 2x(-CCH)g), 3.87 (d,
8H, J=16.8 Hz, 4%(-®&ICH-)nng ppm. *C NMR (125.75 MHz, CDG| TMS): 6 9.5, 19.3,
20.4, 27.5, 30.9, 49.1, 49.5, 51.4, 51.8, 51.90,582.1 (2x), 52.7 (2x), 57.9, 60.3, 60.4,
112.6, 172.4, 201.1 ppm. HR-MS (FAB)/z (%) calcd for GeHasRhO4 [M]™: 746.1350,
found: 746.1335. ATR-FTIRy 2991, 2948, 2906, 1602, 1580, 1437, 1397, 13882,18B373,
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1319, 1364, 1304, 1301, 1278, 1242, 1217, 11928,11¥64, 1152, 1104, 1073, 1054, 966,
938, 926, 916, 881, 848, 829, 808, 795, 776, 788, 723.

Preparation of enantiopure diiridium(1)-camphor tetraketone complex (66):

> This compound was prepared according to the gemeetthod
g\lro for tetraketone metal complex formation using elogufre
é\) camphor tetraketon€5 (150 mg, 0.42 mmol), potassiutert-
butylate (94 mgq, 0.84 mmol) and bis(1,5-
(\o cyclooctadiene)diiridium) dichloride (281 mg, 0.42 mmol) to
O*~~|{-\ yield the title compound as a bright, yellow mianstalline
& powder (216 mg, 0.23 mmol, 54%). Mp. >225 °C (depdntH

NMR (500.13 MHz, CBCl,, TMS): 6 0.68 (s, 6H, 2x(-CH),
0.84 (s, 6H, 2x(-CH), 0.93 (s, 6H, 2x(-CH)), 1.23 — 1.28 (m,
2H, 2x(-tH2-)), 1.33 — 1.38 (M, 2H, 2x(4d-)), 1.52 — 1.64 (M, 10H, 8x(+&-)coq 2%(-CHo-

), 1.93 — 1.99 (m, 2H, 2x(4d3-)), 2.13 — 2.28 (m, 8H, 8x(4-)coq), 2.59 (d, 2HJ= 3.6 Hz,
2x(-CCH-)), 3.86 — 3.90 (m. 2H. 2xGk), 3.94 — 4.01 (m. 6H. 6xCkl) ppm. *C NMR
(125.75 MHz, CBCl,, TMS): 6 9.2, 19.0, 19.9, 27.5, 30.8 (2x), 30.9, 31.2, 34986, 51.7,
58.4 (2x), 59.0, 59.2 (2x), 116.2, 170.5, 202.6).2ppm. HR-MS (FAB)m/z(%) calcd for
CagHs2 Mr*%3ro, [M] *: 956.3102, found: 956.3069. ATR-FTIR:2959, 2875, 2828, 1606,
1582, 1464, 1447, 1399, 1383, 1373, 1364, 1318,1P879, 1262, 1242, 1220, 1196, 1180,
1164, 1156, 1108, 1102, 1077, 1057, 1009, 999, 938, 913, 891, 867, 845, 828, 813, 779,
748, 724.

Preparation of dirhodium(i)-norcamphor tetraketone complex (67b)?"*!

This compound was prepared according to the gemeetthod
for tetraketone metal complex formation using norphor
(rac.) tetraketone 66b, 48 mg, 0.17 mmol), potassium tert-
butylate (39 mg, 0.35mmol) and dichlorobis(norlzatin
ene)dirhodium) (193 mg, 0.17 mmol). Purification was
accomplished following the general procedure tddytbe title
compound as a bright, yellow powder (114 mg, 0.hiamn
98%). Mp. >200 °C (decomp.)H NMR (300.51 MHz, CDG]|,
TMS): 0 1.21 (s, 4H, 2x(-ChJnbd), 1.21 — 1.35 (m, 6H, 2x(-
CH2-), 2%(-CHy-), 2x(-CH2-)), 1.55 — 1.56 (m, 2H, 2x({d3-)),
1.65 — 1.80 (m, 4H, 2x(4d-), 2x(-CHy-)), 2.69 (s, 2H, 2x%(-

(RR-, RS-, S,S)



166 Experimental Section — Chapter 2

CCH-)), 2.98 (s, 2H, 2x(-CCH-)), 3.77 (d, 4Kz 45.1 Hz, 4x(-CCH+)g, 3.92 (d, 8H,
J=86.7 Hz, 4x(-BICH-)np9 ppm. *C NMR (75.48 MHz, CDGJ, TMS): 6 24.4, 29.0, 40.5,
43.1, 49.5, 50.0 (4x), 52.1 (2x), 52.2, 52.3, 5887 (2x), 52.9, 60.5, 60.6, 113.1, 173.1,
200.6 ppm. HR-MS (FAB)m/z (%) calcd for GoHzRh04[M] *: 662.0411, found: 662.0392.
IR (KBr): v 2947.7, 2915.8, 2866.7, 1578.5, 1435.7, 1382.7982 1097.3, 930.5.

Preparation of diiridium( 1)-camphor tetraketone complex (66b)?"*!

> This compound was prepared according to the gemeesihod
g\lro for tetraketone metal complex formation using norphkor (rac.)

é tetraketone 5b, 29 mg, 0.10 mmol), potassiutert-butylate

(24 mg, 0.21 mmol) and bis(1,5-cyclooctadiene)diinm()
0 dichloride (70 mg, 0.10 mmol) to yield the titlengpound as a

0“~I{'\ bright, yellow powder (38 mg, 0.04 mmol, 41%). The

<’//r redissolved compound is not stable and decomposgsnw

60 min in solution (dichloromethane, chloroform amehzene).
Mp. >200 °C (decomp.)H NMR (300.51 MHz, CBCl,, TMS):
01.25 — 1.40 (m, 6H, 2x(48-), 2%(-CHy-), 2x(-CH-)), 1.56 —
1.69 (m, 10H, 2x(-Bl2-), 2x(-CH2CH2-)cog, 2X(-CH2CH2-)coq), 1.80 — 1.83 (m, 4H, 2x(44:-
), 2%(-CH2)), 2.21 — 2.25 (m, 8H, 2x(#CH2)cos, 2%(-CH2CH2-)cod), 2.86 (S, 2H, 2x(-
CCH-)), 3.23 (s, 2H, 2x(-CCH-)), 4.00 (s, 8H, 4X(4CH-)nnd ppm. HR-MS (FAB):m/z (%)
calcd for GoHsg ™ir*%3ro, [M]*: 871.2085, found: 871.2110. IR (KBn):2936.1, 2866.7,
2830.0, 1583.3, 1446.4, 1375.0, 1220.7, 1100.2,8975

(RR-, RS- S,S)

4,8,8'-trimethylbicyclo[2.2.1]-4,4',5,5',6,6',7,7'ectahydro-1H,1'H-3,3'-bipyrazole (68):

To a boiling solution of65 (3.50 g, 9.76 mmol) in 200 mL
absolute ethanol was added hydrazinium hydroxi&er. g
(9.22 g, 0.184 mol) at once through a short reftordenser.
After heating for two days at this temperature phmecipitate

was collected by hot filtration. The filtrate wasncentrated

under reduced pressure at 70 °C and the formedpjietes
were successively collected. Washings with ethytate and drying under high vacuum
yielded 3.13 g (8.93 mmol, 91%) of pué® as a fluffy, insoluble white powder. Mp. >
250 °C; MS (EIl):m/z (%) 55 (15), 77 (16), 67 (22), 121 (23), 133 (3139 (35), 176 (20)
[C11H1eN2]", 177 (69), 187 (19), 220 (19), 307 (32) [M-(3xgH, 350 (17) [M]. HRMS
(El): m/z calcd for GoHszoN4: 350.2470, found: 350.2442. IR (KBn: 3428, 3262, 2957,
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2871, 1632, 1473, 1453, 1418, 1388, 1375, 13670,12237, 1180, 1170, 1129, 1083, 969,
950. Anal. calcd for &H3gN4, C: 75.39 H: 8.63 N: 15.98. Found, C: 75.18 H88\B 15.77.

General procedure for alkylation and arylation of ©8): Compound68 (1.00 eq.) and
sodium hydride (2.30 eq.) were suspended in anlngdtetrahydrofurane (10 — 50 mM,
referred to2), stirred for 30 min at room temperature and heeatereflux temperature for 2 h
until it turned into a clear colorless solution. eTtsolution was then cooled to room
temperature and the appropriate amount of arylleaiiolg (2.05 eq.) was added. The solution
was stirred at room temperature for 30 min andefiix temperature for 4 — 16 h. The
precipitate was filtered off and the solvent waspmrated under reduced pressure. The
residue was taken up in dichloromethane, washeud g® and brine. The organic phase was
separated, dried with sodium sulfate and the sbh@s evaporated under reduced pressure to
yield the corresponding arylated compounds as &oally pure solids. In case of alkylation
2.20 eq. of alkylhalogenides were added. Standamtt-wp procedure and drying at elevated
temperatures under high vacuum vyielded pure alglabmpounds. Whenever necessary the

compounds were washed with small amounts of pentane

1,1'-diethyl-4,8,8'-trimethylbicyclo[2.2.1]-4,4',55',6,6',7,7'-octahydro-1H,1'H-3,3'-
bipyrazole (69a):

Compound69a was prepared following the standard procedure
using 68 (150 mg, 0.427 mmol), sodium hydride (25 mg,
1.024 mmol) and ethyl bromide (116 pL, 0.938 mnmol$0 mL

anhydrous tetrahydrofurane. The solution was stiae reflux

temperature for 16 h. Extensive drying at elevaesdperature
under high vacuum yielded puB8a (229 mg, 0.542 mmol, 97%) as a yellowish powdep. M
132 — 148 °C*H NMR (300.13 MHz, CBCN): 6 0.73 (s, 6H, 2x(-CH}), 0.93 (s, 6H, 2x(-
CHs)), 1.02 — 1.10 (m, 2H, 2x(-G€-)), 1.16 — 1.20 (m, 2H, 2x(-G€-)), 1.24 (t, 6H,
J=7.2 Hz, 2%(-@1,CHg)), 1.34 (s, 6H, 2x(-CHCCH3)), 1.82 — 1.90 (m, 2H, 2x(-CH&-)),
2.08 — 2.17 (m, 2H, 2x(-CH&-)), 2.90 (d, 2H,J=3.9 Hz, 2x(-CCH)), 4.01 (q, 4H,
J=7.2 Hz, 2x(-®,CHs)) ppm.**C NMR (75.46 MHz, CRCN): § 11.9, 17.7, 20.2, 21.1,
28.7, 34.7, 46.1, 49.5, 53.7, 63.9, 127.3, 13858.4. ppm. MS (El)m/z (%) 73 (26), 133
(14), 355 (13), 377 (75), 406 (14), 420 (33) [Mgentyl)[, 434 (11) [M-0-butyl)]*, 447 (73)
[M-(3xCH3)]*, 420 (9) [M-(ethyl)], 475 (9) [M-(CH)]*, 490 (62) [M]. HRMS (El): m/z
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calcd for GoHsoN4: 490.4035, found: 490.4018. IR (KBr):3428, 2957, 2870, 1632, 1504,
1451, 1386, 1378, 1365, 1352, 1310, 1282, 12473,11B307, 1082, 1060, 1049, 1029.

1,1'-diisopropyl-4,8,8'-trimethylbicyclo[2.2.1]-4,4',5,5',6,6,7,7'-octahydro-1H,1'H-3,3'-

bipyrazole (69b):

Compound69b was prepared following the standard procedure

using 68 (200 mg, 0.571 mmol), sodium hydride (33 mg,
1.376 mmol) andso-ropyl bromide (215 pL, 2.29 mmol) in
90 mL anhydrous tetrahydrofurane. After 2h at wefl
temperature another 215 pisopropyl bromide was added.

Extensive drying at elevated temperature under kgtuum

yielded pure69b (236 mg, 0.542 mmol, 95%) as a yellowish powdep. W65 — 162 °C*H
NMR (300.13 MHz, CDGJ, TMS): § 0.74 — 0.68 (m, 2H, 2x(-CH&-)), 0.78 (s, 6H, 2x(-
CHy)), 0.91 (s, 6H, 2x(-CH), 1.02 — 1.10 (m, 2H, 2x(-CH&-)), 1.36 (s, 6H, 2x(-
CH,CCHg)), 1.50 (d, 6H,J=6.9 Hz, 2x(-NCH@®3)), 1.53 (d, 6H,J=6.9 Hz, 2x(-
NCHCHg)), 1.90 — 1.73 (m, 2H, 2x(-CH&-)), 2.02 — 2.15 (m, 2H, 2x(-CH&-)), 2.85 (d,
2H, J=5.0 Hz, 2x(-CCH)), 4.47 (q, 2Hl= 6.8 Hz, 2x(-G&CHs)) ppm.**C NMR (125.75
MHz, CDCk, TMS): § 12.5, 19.9, 20.6, 23.2, 23.4, 27.6, 34.1, 48.49,532.8, 62.4, 126.5,
137.7, 152.7 ppm. MS (Eljn/z (%) 307 (11), 349 (60) [M-(2xPr)]", 355 (9), 377 (8), 391
(55) [M-(i-Pr)]*, 405 (8), 419 (20) [M-(CH]", 434 (58) [M]. HRMS (EI): m/z calcd for
CagHa2N4: 434.3409, found: 434.3405. IR (KBK):3394, 2954, 2869, 1627, 1474, 1452, 1386,
1373, 1366, 1269, 1250, 1234, 1082, 1058, 1020, 874, 915.

1,1'-dipentyl-4,8,8'-trimethylbicyclo[2.2.1]-4,4' 55',6,6',7,7'-octahydro-H,1'H-3,3'-

bipyrazole (69c):

Compound 69c was prepared following the standard
procedure using8 (150 mg, 0.427 mmol), sodium hydride
(25 mg, 1.024 mmol) andn-pentyl bromide (116 pL,
0.938 mmol) in 80 mL anhydrous tetrahydrofurane.e Th
solution was stirred at reflux temperature for 1&ktensive
drying at elevated temperature under high vacuueidgd
pure 69c (229 mg, 0.542 mmol, 97%) as a yellowish,
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insoluble powder. Mp. > 250 °C; MS (Ein/z (%) 73 (26), 133 (14), 355 (13%), 377 (75),
406 (14), 420 (33) [Ms(-pentyD], 434 (11) [M-0-butyl)]", 447 (73) [M-(3xCH)]", 420 (9)
[M(-ethyD]*, 475 (9) [M-(CH)]", 490 (62) [M]. HRMS (EI): m/z calcd for GyHsoN4:
490.4035, found: 490.4018. IR (KBn:3431, 2956, 2871, 1627, 1511, 1454, 1387, 1375,
1366, 1286, 1277, 1260, 1135, 1109, 1084, 10583,102115, 1000.

1,1'-di(4-methoxybenzyl)-4,8,8'-trimethylbicyclo[22.1]-4,4',5,5',6,6',7,7'-octahydro-
1H,1'H-3,3'-bipyrazole (69d):

MeO Compound69d was prepared following the standard procedure
using 68 (300 mg, 0.856 mmol), sodium hydride (45 mg,
1.883 mmol) and 4-methoxybenzyl chloride (246 uL,
1.75 mmol) in 100 mL anhydrous tetrahydrofuranee $hlution
was stirred at reflux temperature for 4 h. Afteystallization

from ethanol and washings with acetoré®d (398 mg,

0.676 mmol, 79%) was obtained as a yellowish powder 151
OMe — 154 °C:*H NMR (500.13 MHz, CDGJ, TMS): 6 0.78 (s, 6H,

2x(-CHg)), 0.87 (s, 6H, 2x(-Ch)), 1.07 — 1.09 (m, 2H, 2x(-
CCHy)), 1.10 (s, 6H, 2x(-CKCCHa)), 1.18 — 1.23 (m, 4H, 2x(-G4-)), 1.65 — 1.70 (m, 2H,
2%(-CHCHy-)), 2.06 — 2.08 (m, 2H, 2x(-CH®&-)), 2.92 (d, 2HJ = 3.7 Hz, 2%(-CCH)), 3.73
(s, 6H, 2x(-OGls)), 5.32 (d, 2H,2Jy.n = 15.9 Hz, -NCH-), 5.36 (d, 2H,2J4.4= 16.0 Hz, -
NCH,-), 6.68 (s, 2H, 2x(ArH)), 6.73 — 6.77 (m, 4H, 2A#)), 7.17 — 7.20 (m, 2H, 2x(ArH))
ppm. *C NMR (125.75 MHz, CDG| TMS): § 11.3, 19.6, 20.4, 27.3, 33.4, 48.4, 52.4, 54.0,
55.2, 62.6, 112.0, 13.0, 119.1, 127.2, 129.3, 13810.2, 154.0, 159.7 pprklS (EI): m/z(%)
121 (44) [GHeO]", 469 (94) [M-(methoxybenzylj] 483 (17) [M-(GH.O)]", 547 (48), 575
(7) [M-(CH3)]", 590 (100) [M]. HRMS (EIl): m/z calcd for GgH4eO.N4: 590.3621, found:
590.3585.IR (KBr): v 3436, 2955, 2871, 1602, 1587, 1491, 1455, 14387,18365, 1348,
1281, 1261, 1147, 1117, 1085, 1045, 999.
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1,1'-dibenzyl-4,8,8'-trimethylbicyclo[2.2.1]-4,4',55",6,6',7,7'-octahydro-H,1'H-3,3'-
bipyrazole (69e):

Compound69e was prepared following the standard procedure
using 68 (700 mg, 1.997 mmol), sodium hydride (115 mg,
4.792 mmol) and benzyl bromide (484 pL, 4.093 mmiol)
110 mL anhydrous tetrahydrofurane. The solution stased at
reflux temperature for 4 1&9e (1.002 g, 1.888 mmol, 94%) was
obtained as a yellowish powdevlp. 151 — 161 °CH NMR
(500.13 MHz, CDG, TMS): 6 0.76 (s, 6H, 2x(-Chj), 0.86 (s,
H, 2x(-CH)), 1.07 (s, 6H, 2x(-CkCCH3)), 1.18 — 1.23 (m, 4H, 2x(-G4-)), 1.63 — 1.68 (m,
2H, 2x(-CHMH,-)), 2.02 — 2.07 (m, 2H, 2x(-CH&-)), 2.91 (d, 2HJ = 4.0 Hz, 2x(-CCH)),
5.35 (d, 2H,23.1= 16.0 Hz, -NCH), 5.39 (d, 2HJ4.4= 16.0 Hz, -NCH), 7.13 — 7.22 (m,
10H, 2x5(ArH)) ppm*C NMR (125.75 MHz, CDG| TMS): § 11.4, 19.8, 20.6, 27.5, 33.6,
48.6, 52.6, 54.2, 62.8, 126.9, 127.4, 128.5, 1388,8, 154.2 ppm. MS (Elin/z (%) 91 (95)
[C;H7]", 439 (77) [M-(benzyl)], 453 (14) [M-(GHs)]", 487 (86) [M-(3xCH)]", 515 (8) [M-
(CH>)]", 530 (100) [M]. HRMS (EI):m/zcalcd for GeHaoN4: 530.3409, found: 530.3420. IR
(KBr): v 3430, 2955, 2870, 1496, 1473, 1454, 1421, 13886,13364, 1308, 1279, 1244,
1118, 1086, 1047, 1029, 999.

1,1'-di(4-methylbenzyl)-4,8,8'-trimethylbicyclo[2.21]-4,4',5,5',6,6',7,7'-octahydro-
1H,1'H-3,3'-bipyrazole (69f):

Compound69f was prepared following the standard procedure
using 68 (440 mg, 1.255 mmol), sodium hydride (72 mg,
3.014 mmol) and 4-methylbenzyl bromide (476 mg,
2573 mmol) in 100 mL anhydrous tetrahydrofuranehe T
solution was stirred at reflux temperature for 68t (690 mg,
1.235 mmol, 98%) was obtained as a yellowish poweligx. 71

— 92 °C:'H NMR (300.13 MHz, CDGJ, TMS): § 0.77 (s, 6H,
2x(-CHg)), 0.86 (s, 6H, 2x(-Ch)), 1.09 (s, 6H, 2x(-CECCHy)),
1.16 — 1.31 (m, 4H, 2x(-Q€-)), 1.61 — 1.70 (m, 2H, 2x(-CH&;-)), 2.00 — 2.10 (m, 2H,
2x(-CHH,-)), 2.30 (s, 6H, ArCh), 2.91 (d,J =3.6 Hz, 2H, 2x(-CCH)), 5.30 (d, 2HJy.
h=15.7 Hz, -NCH-), 5.36 (d, 2H2J 1.y = 15.9 Hz,-NCH-), 7.03 — 7.09 (m, 8H, 4x2(ArH))
ppm. *C NMR (75.46 MHz, CDG| TMS): 6 11.4, 19.8, 20.6, 21.2, 27.5, 33.5, 48.6, 52.5,
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54.0, 62.7, 126.8, 127.3, 129.1, 135.7, 136.9,2,36854.0 ppm. MS (ENm/z (%) 105 (100)
[CeHs]*, 453 (90) [M-p-xyleny]*, 467 (14) [M-(GH-)]*, 515 (18) [M-(3xCH)]*, 543 (3)
[M-(CH53)]", 558 (65) [M]. HRMS (EIl):m/zcalcd for GgHasN4: 558.3722, found: 558.3704.
IR (KBr): v 3433, 2956, 2868 1515, 1472, 1453, 1422, 13865,18364, 1352, 1309, 1298,
1280, 1118, 1085, 1046, 1020, 998.

1,1'-di(3-methylbenzyl)-4,8,8'-trimethylbicyclo[2.21]-4,4',5,5",6,6',7,7'-0ctahydro-
1H,1'H-3,3'-bipyrazole (699):

Compound69g was prepared following the standard procedure
using 68 (500 mg, 1.427 mmol), sodium hydride (82 mg,
3.424 mmol) and  3-methylbenzyl bromide (541 mg,
2.923 mmol) in 100 mL anhydrous tetrahydrofuranehe T

solution was stirred at reflux temperature for 468g (730 g,

1.306 mmol, 92%) was obtained as a yellowish powder 132

— 140 °C:*H NMR (300.13 MHz, CDG, TMS): 6 0.78 (s, 6H,
2x(-CHg)), 0.87 (s, 6H, 2x(-CK)), 1.07 (s, 6H, 2x(-CKCCH3)), 1.09 — 1.26 (m, 4H, 2x(-
CCHy)), 1.63 — 1.71 (m, 2H, 2x(-CH&>)), 2.01 — 2.11 (m, 2H, 2x(-CH&-)), 2.28 (s, 6H,
ArCHs), 2.92 (d, 2HJ = 3.6 Hz, 2x(-CCH)), 5.34 (s, 4H, 2x(-NGH), 6.92 — 7.16 (m, 8H,
2x4(ArH)) ppm.**C NMR (75.46 MHz, CDG} TMS): § 11.4, 19.8, 20.6, 21.5, 27.5, 33.6,
48.6, 52.6, 54.2, 62.8, 124.0, 127.4, 127.6, 12R8,4, 138.1, 138.2, 138.6, 154.1 ppm. MS
(EI): m/z(%) 105 (92) [GHq]*, 453 (100) [M-tnxylenyl)]*, 467 (14) [M-(GH-) ]*, 515 (19)
[M-(3xCHz)*, 543 (4) [M-(CH)]", 558 (94) [M]. HRMS (EI): m/z calcd for GgHaeNa:
558.3722, found: 558.3690. IR (KBn:3435, 2952, 2869, 1609, 1504, 1493, 1455, 1435,
1424, 1386, 1374, 1365, 1347, 1275, 1117, 10815.104
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1,1'-di(4-tert-butylbenzyl)-4,8,8'-trimethylbicyclo[2.2.1]-4,4',55',6,6',7,7'-0ctahydro-
1H,1'H-3,3'-bipyrazole (69h):

tBu Compound69h was prepared following the standard procedure
using 68 (500 mg, 1.427 mmol), sodium hydride (82 mg,
3.424 mmol) and 4ert-butyloenzyl bromide (534 pL,
2.906 mmol) in 100 mL anhydrous tetrahydrofuranehe T
solution was stirred at reflux temperature for £8h (887 mg,
1.380 mmol, 97%) was obtained as a yellowish powder 214
— 226 °C;*H NMR (300.13 MHz, CDGJ, TMS): 6 0.78 (s, 6H,
tBu 2x(-CHg)), 0.87 (s, 6H, 2x(-Ch)), 1.12 (s, 6H, 2x(-CKHCCHy)),
1.17 — 1.30 (m, 22H, 2#Bu, 2x(-Cy")), 1.63 — 1.71 (m, 2H, 2x(-CH&-)), 2.00 — 2.10
(m, 2H, 2x(-CH®4-)), 2.91 (d,J=3.1 Hz, 2H, 2x(-CCH)), 5.28 (d, 2H) y.y = 15.7 Hz, -
NCH,-), 5.36 (d, 2HJ .y = 15.8 Hz, -NCH-), 7.08 — 7.11 (m, 4H, 2x2(ArH)), 7.27 — 7.29
(m, 4H, 2x2(ArH)) ppm>*C NMR (75.46 MHz, CDGJ, TMS): 6 11.5, 19.8, 20.6, 27.5, 31.5,
33.6, 34.6, 48.5, 52.6, 53.9, 62.7, 125.3, 12627,.24, 135.6, 138.3, 150.2, 154.1 ppm. MS
(EN): m/z(%) 147 (78) [GiH1g]", 495 (100) [M-(GiH1s)]", 509 (13) [M-(GoH13)]", 599 (19)
[M-(3xCH3)]*, 627 (5) [M-(CH)]", 643 (91) [M]. HRMS (El): m/z calcd for GHsgNy:
642.4661, found: 642.4662. IR (KBN:3455, 2952, 2869, 1609, 1504, 1493, 1455, 1435,
1424, 1386, 1374, 1365, 1347, 1275, 1117, 10815.104

1,1'-di(2,4,6-trimethylbenzyl)-4,8,8'-trimethylbicyclo[2.2.1]-4,4',5,5",6,6',7,7'-0ctahydro-
1H,1'H-3,3'-bipyrazole (69i):

Compound 69i was prepared following the standard
procedure usin®8 (244 mg, 0.695 mmol), sodium hydride
(40 mg, 1.667 mmol) and 2,4,6,-trimethylbenzyl ciue
(240 mg, 1.423 mmol) in 50 mL anhydrous
tetrahydrofurane. The solution was stirred at rpeflu
temperature for 16 69i (398 mg, 0.647 mmol, 93%) was
obtained as a yellowish foarlp. 153 — 179 °C*H NMR
(500.13 MHz, CDCJ, TMS): 6 0.78 (s, 6H, 2x(-Ck)), 0.85
(s, 6H, 2x(-CH)), 0.96 (s, 6H, 2x(-CHCCH3)), 1.06 — 1.16 (m, 4H, 2x(-G6-)), 1.60 — 1.65
(m, 2H, 2x(-CHQH,-)), 1.98 — 2.03 (m, 2H, 2x(-CH-)), 2.27 (s, 6H, 2x(ArCH)), 2.29 (s,
12H, 4x(ArCH)), 2.88 (d,J = 3.5 Hz, 2H, 2x(-CCH)), 5.32 (s, 4H, 2x(-N&¥), 6.85 (s, 4H,
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4x(ArH)) ppm.**C NMR (125.75 MHz, CDG| TMS): 6 11.5, 19.9, 20.6, 21.1, 27.4, 33.6,
48.2, 49.3,, 53.3, 62.4, 127.1, 129.4, 130.6, 13138.1, 153.7 ppm. MS (Eljn/z (%) 133
(100) [GioH13", 481 (86) [M-(GoHia)]", 495 (22) [M-(mesityl)], 571 (24) [M-(3xCH)]",
599 (5) [M-(CHy)]", 614 (71) [M]. HRMS (EI): m/z calcd for GoHssN4: 614.4348, found:
614.4359. IR (KBr):v 3442, 2956, 2869, 1614, 1487, 1463, 1425, 13885,18365, 1284,
1261, 1237, 1118, 1080, 1050, 1032, 997.

1,1'-di(naphthalene-2-ylmethyl)-4,8,8'-trimethylbicyclo[2.2.1]-4,4',5,5',6,6',7,7'-
octahydro-1H,1'H-3,3'-bipyrazole (69j):

Compound69j was prepared following the standard procedure
using 68 (300 mg, 0.856 mmol), sodium hydride (49 mg,
2.043 mmol) and 2-(bromomethyl)naphthalene (382 mg,
1.728 mmol) in 80 mL anhydrous tetrahydrofuranee $hlution
was stirred at reflux temperature for 4 B9j (519 mg,
0.823 mmol, 96%) was obtained as a white powhlgr. 200 —
223 °C;'H NMR (300.13 MHz, CDG, TMS): ¢ 0.81 (s, 6H,
2x(-CHg)), 0.86 (s, 6H, 2x(-Ch), 1.08 (s, 6H, 2x(-CKCCH3)),
1.10 — 1.30 (m, 4H, 2x(-G€3-)), 1.61 — 1.70 (m, 2H, 2x(-
CHCH3-)), 2.03 — 2.13 (m, 2H, 2x(-CHf{}-)), 2.96 (d,J =3.7 Hz, 2H, 2x(-CCH)), 5.57 (s,
4H, 2x(-NCH>-)), 7.31 — 7.35 (m, 2H, 2x (ArH)), 7.42 — 7.47 (&, 2x2(ArH)), 7.59 (s, 2H,
2x%(ArH)), 7.75 — 7.82 (m, 6H, 2x3(ArH)) ppttC NMR (75.46 MHz, CDGJ, TMS): § 11.5,
19.8, 20.6, 27.5, 33.6, 48.6, 52.6, 54.4, 62.8,1,2B25.4, 125.9, 126.2, 127.6, 127.8, 128.0,
128.3, 132.9, 133.4, 136.3, 138.4, 154.3 ppm. M$ (&/z(%) 141 (100) [GHg]", 489 (71)
[M-(C11Ho)]*, 503 (8) [M-(2-naphthyl)], 587 (8) [M-3x(CH)]*, 615 (2) [M-(CH)]*, 630
(44) [M]". HRMS (El):m/zcalcd for GsHaeN4: 630.3722, found: 630.3679. IR (KBK)3425,
2956, 2870, 1509, 1453, 1438, 1419, 1387, 13766,1B%78, 1261, 1117, 1085, 1046, 1019,
999, 810.
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1,1'-bis(3,5-di(trifluoromethyl)benzyl)-4,8,8'-trimethylbicyclo[2.2.1]-4,4',5,5',6,6',7,7'-
octahydro-1H,1'H-3,3'-bipyrazole (69Kk):

CFs Compound69k was prepared following the standard
procedure using68 (300 mg, 0.856 mmol), sodium
hydride (45 mq, 1.88 mmol) and 3,5-
di(trifluoromethyl)benzyl chloride (322 pL, 1.75 noih
in 90 mL anhydrous tetrahydrofurane. The soluti@sw

stirred at reflux temperature for 4h. After

CF3

crystallization from diethyl ether and washings hwit
pentane69k (289 mg, 0.360 mmol, 42%) was obtained
as a white powdeMp. 155 — 158 °C*H NMR (500.13 MHz, CDGJ, TMS): 6 0.80 (s, 6H,
2x(-CHg)), 0.90 (s, 6H, 2x(-Ch)), 1.08 — 1.25 (m, 8H, 2x-GIECH3, 2x(-CCH,-)), 1.19 —
1.25 (m, 2H, 2x(-C8.-)), 1.75 — 1.80 (m, 2H, 2x(-CH&-)), 2.08 — 2.14 (m, 2H, 2x(-
CHCH,-)), 3.00 (bs, 2H, 2x(-CCH)), 5.46 (d, 2.4 = 16.5 Hz, -NCH-), 5.52 (d, 2H2J..
h=16.3 Hz, -NCH-), 7.58 (s, 4H, 4x(ArH)), 7.77 (s, 2H, 2x(ArH)) pp*°*C NMR (125.75
MHz, CDCk, TMS): 6 11.28, 19.5, 20.1, 27.1, 33.6, 48.4, 52.6, 5329,6121.5, 122.0,
124.2, 126.9, 128,1. 131.9, 140.9, 154.7 ppm. M® (f/z (%) 227 (11) [GHsFg]", 575 (23)
[M-(3,5-di(trifluormethyl)benzyl)], 589 (4) [M-(GHsFs)]", 759 (100), 787 (7) [M-(CH]",
803 (24) [M]. HRMS (El):m/zcalcd for GoHagF1oN4: 802.2905, found: 802.2914. IR (KBr):
v 3447, 2964, 2874, 1624, 1505, 1464, 1437, 13848,13323, 1277, 1245, 1178, 1134,
1084, 1045, 906, 888.

1,1'-di(pyridine-2-ylmethyl)-4,8,8'-trimethylbicycl 0[2.2.1]-4,4',5,5',6,6',7,7'-octahydro-
1H,1'H-3,3'-bipyrazole (76):

For the preparation of compouni® 2-(bromomethyl)pyridine
(444 mg, 1.755 mmol) was suspended in 20 mL antwgro
tetrahydrofurane, freshly distilled triethylamine230QuL,
1.799 mmol) and molecular sieve (3A) was added. Mheure
was stirred slowly for 18 h at room temperature.

Triethylammonium bromide was filtered off and thelusion

was transferred to sodium 3,3-bicamphorpyrazolate
anhydrous tetrahydrofurane, as prepared followidge tstandard procedure (3,3-
bicamphorpyrazole, 300 mg, 0.856 mmol and sodiurdridg, 42 mg, 1.75 mmol). The
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solution was stirred for one hour at room tempeeative hours at reflux temperature and
additional 12 h at room temperature. Workup, pcatiion and isolation of the compound was
achieved following the standard procedure for blagamd preparation and washing with
acetone once. Compourb (409 mg, 0.761 mmol, 89%) was obtained as whiezdfe-
shaped crystalddp. 213 — 218 °C*H NMR (500.13 MHz, CDG|, TMS): 5 0.78 (s, 6H, 2x(-
CHj3)), 0.88 (s, 6H, 2x(-C})), 1.11 (s, 6H, 2x(-CKHCCH3)), 1.12 — 1.16 (m, 2H, 2x(-G&-

), 1.21 — 1.25 (m, 2H, 2x(-G-)), 1.69 — 1.74 (m, 2H, 2x(-CH{;-)), 2.06 — 2.12 (m, 2H,
2x(-CHH-)), 2.94 (d, 2H,J=3.7 Hz, 2x(-CCH)), 5.48 (d, 2HJ4.;= 16.6 Hz, -NCH-),
5.52 (d, 2H,%Ju.4=16.7 Hz, -NCH-), 6.94 (d, 2H,J=8.1 Hz, 2xArH), 7.14 (dd, 2H,
J=5.1 Hz,J=1.9 Hz, 2xArH), 7.56 (dd, 2H)=7.7 Hz,J=1.7 Hz, 2xArH), 8.50 (d, 2H,
J=4.3 Hz, 2xArH) ppm*C NMR (125.75 MHz, CDG| TMS): § 10.9, 19.6, 20.4, 27.3,
33.4, 48.5, 52.5, 55.8, 62.7, 121.3, 122.2, 1217/34,8, 138.5, 148.8, 154.7, 158.5 ppm. MS
(ED): m/z (%) 398 (10), 412 (9), 440 (79) [M-¢BeN)]*, 454 (17) [M-(GH4N)]", 489 (26),
503 (12), 517 (9) [M-(CH)]", 532 (100) [M]. HRMS (El):m/zcalcd for G4H4oNe: 532.3314,
found: 532.3312. IR (KBr)y 3439, 2954, 2870, 1591, 1572, 1507, 1474, 1438718376,
1365, 1348, 1279, 1245, 1117, 1083, 1046, 997, B3P,

1,1'-di[(6-methylpyridine-2-yl)methyl]-4,8,8'-trime thylbicyclo[2.2.1]-4,4',5,5",6,6',7,7'-
octahydro-1H,1'H-3,3'-bipyrazole (77):

This compound was synthesized following the procedar
\ _N the preparation of 1,1-bis(pyridine-2-ylmethylB3,
bicamphorpyrazole 7(7). 2-(bromomethyl)-6-methylpyridine
(319 mg, 1.715 mmol), triethylamine (280, 1.799 mmol),
3,3-bicamphorpyrazole (300 mg, 0.856 mmol) and wwaodi
hydride (42 mg, 1.75 mmol). Workup, purification dan

isolation of the compound was achieved followinge th

standard procedure for bcpz-ligand preparation vaashing
with acetone once. Compouid (335 mg, 0.597 mmol, 70%) was obtained as whiedle-
shaped crystalddp. 186 — 192 °C*H NMR (500.13 MHz, CDG|, TMS): 5 0.78 (s, 6H, 2x(-
CHsy)), 0.88 (s, 6H, 2x(-CH), 1.12 (s, 6H, 2x(-CECCH5)), 1.14 — 1.25 (m, 4H, 4x(-Q&-
), 1.69 — 1.74 (m, 2H, 2x(-G€>-)), 1.69 — 1.74 (m, 2H, 2x(-CH&;-)), 2.05 — 2.12 (m, 2H,
2x(-CHCHy-)), 2.52 (s, 6H, 2xArCh), 2.93 (d, 2H,)= 3.6 Hz, 2x(-CCH)), 5.43 (d, 2HJx.
h=16.7 Hz, -NCH-), 5.48 (d, 2H2J4.1 = 16.7 Hz, -NCH-), 6.69 (d, 2H,)= 7.8 Hz, 2xArH),
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6.98 (d, 2H,J=7.3 Hz, 2xArH), 7.43 (dd, 2H)=7.8 Hz,J=7.8 Hz, 2xArH) ppmC
NMR (125.75 MHz, CDG, TMS): 6 10.9, 19.6, 20.4, 24.3, 27.4, 33.4, 48.5, 52.9,58%.7,
118.2, 121.6, 127.3, 136,9 138.5, 154.6, 157.5,8.pFm. MS (El)m/z(%) 412 (8), 426 (8),
454 (75) [M-(GHgN)]", 468 (21) [M-(GHgN)]", 517 (27), 531 (12), 545 (9) [M-(GNH", 560
(100) [M]". HRMS (EIl): m/z calcd for GeHasNg: 560.3627, found: 560.3642. IR (KBN:
3425, 2954, 2870, 1594, 1577, 1506, 1457, 14386,1B875, 1365, 1332, 1278, 1244, 1116,
1094, 1083, 1046, 1000, 776.

General procedure for the preparation of bcpz pallaium(il) chloride complexes.To a
solution of the appropriate bipyrazole ligand (1)eg anhydrous acetonitrile was added
Bis(acetonitrile)dichloropalladiumj (1 eq.) and the solution was stirred for 16h am
temperature. The solvent was evaporated under edduessure; the product was taken up in
a small amount of chloroform and filtered thougtsteort plug of silica. Evaporation and
drying under high vacuum vyielded the correspondibigamphorpyrazole palladium

complexes as deep orange to red microcrystallindsso

1,1'-diethyl-4,8,8'-trimethylbicyclo[2.2.1]-4,4',55',6,6',7,7'-octahydro-1H,1'H-3,3'-
bipyrazole palladium(ii) chloride (70a):

Compound70a was prepared following the standard procedure
using 69a (94 mg, 0.231 mmol) and bis(acetonitrile)di-
N\N/ \N;N chloropalladiumif) (60 mg, 0.231 mmol) in 10 mL anhydrous
( CI\’PdfCI 7 acetonitrile to yield70a (132 mg, 0.226 mmol, 98%) as a ocher
red powderMp. 147 — 158 °C*H NMR (500.13 MHz, CDGJ,
TMS): 6 4.84 (dddd, 2H,)=7.1 Hz,J=7.0Hz,J=7.0 Hz,%Jy.n=14.1 Hz, 2x(-NEy-)),
4.61 (dddd, 2H) = 7.1 Hz,J=7.0 Hz,J = 7.0 Hz,?Jy.u = 14.1 Hz, 2x(-N®,-)), 2.86 (d, 2H,
J=3.4 Hz, 2x(-CCH)), 2.11 — 2.16 (m, 2H, 2x(-CHE)), 1.87 — 1.92 (m, 2H, 2x(-CH&-
), 1.41 (dd, 6HJ=7.0 Hz,J=7.0 Hz, 2x(-CHCCH3)), 1.35 (s, 6H2x(-CH,CHy)), 1.26 —
1.31 (m, 2H, 2x(-CEy)), 1.12 — 1.17 (m, 2H, 2x(-G43-)), 0.96 (s, 6H, 2x(-CC¥)), 0.76
(s, 6H, 2x(-CCH)) ppm.*C NMR (125.75 MHz, CDG| TMS): § 11.2, 17.5, 19.4, 20.4,
27.1, 33.6, 45.5, 47.9, 54.0, 63.2, 124.5, 13&6,3 ppm. MS (FAB)M/z(%) 511 (100) [M-
(HCI), -(CN]", 546 (8) [M-(CN]", 953 (51) [M+(L),-(C1)]*, 1129 (13) [2xM-(C}]*. HRMS
(FAB): m/z (%) calcd for GgHsN4Pd" [M-(HCI), -(CI)]*: 511.2053, found: 511.2042. IR
(KBr): v 3443, 2964, 2872, 1635, 1559, 1508, 1466, 13980,13306, 1287, 1276, 1247,
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1206, 1182, 1137, 1100, 1082, 1063, 1015. Anaktdcédr GeH3sCIoN4Pdx1/5 CHG, C:
51.37 H: 6.28 N: 9.13 ClI: 15.44 Pd: 17.38. Foundb 25 H: 6.46 N: 9.28.

1,1'-diisopropyl-4,8,8'-trimethylbicyclo[2.2.1]-4,4',5,5',6,6,7,7'-octahydro-1H,1'H-3,3'-
bipyrazole palladium(ii) chloride (70b):

Compound70b was prepared following the standard procedure
using 69b (101 mg, 0.231 mmol) and bis(acetonitrile)di-
Wan\ chloropalladium() (60 mg, 0.231 mmol) in 10 mL anhydrous
7/ acetonitrile to yield70b (134 mg, 0.219 mmol, 95%) as a ocher
red powderMp. 170 — 179 °C!H NMR (500.13 MHz, CDGJ
TMS): 6 0.77 (s, 6H, 2x(-CC}h)), 0.96 (s, 6H, 2x(-CC¥)), 1.10 — 1.15 (m, 2H, 2x(-G%-)),
1.27 — 1.33 (m, 2H, 2x(-Q43-)), 1.40 — 1.47 (m, 18H, , 2x(-GB(CH3),), 2x-(CH,CCHy)),
1.83 — 1.90 (m, 2H, 2x(-CHy-)), 2.11 — 2.16 (m, 2H, 2x(-CH&-)), 2.87 (d, 2H,
J=3.7 Hz, 2x(-CCH)), 5.84 (q, 2H = 6.9 Hz, 2x(-NG&-)) ppm.**C NMR (125.75 MHz,
CDCl;, TMS): 6 15.0, 19.8, 20.5, 22.5, 23.1, 27.0, 47.4, 54.45,552.9, 126.8, 137.8, 157.6
ppm. MS (FAB):m/z (%) 539 (25) [M-(HCI), -(C)]*, 1010 (14) [M+(L),-(C)]*. HRMS
(FAB): m/z (%) calcd for GgHaiN4Pd" [M-(HCI), -(CI)]*: 539.2377, found: 539.2407. IR
(KBr): v 3444, 2966, 2872, 1628, 1559, 1438, 1389, 13691,13288, 1277, 1259, 1207,
1181, 1136, 1104, 1083, 1049, 998. Anal. calcdCgH,.Cl,N,Pdx1/3 CHCJ, C: 50.96 H:
6.38 N: 8.34. Found, C: 50.93 H: 6.47 N: 8.55.

=
N\ N—N

N\ Ve
T e

Cl Cl

1,1'-dipentyl-4,8,8'-trimethylbicyclo[2.2.1]-4,4',55',6,6',7,7'-octahydro-H,1'H-3,3'-
bipyrazole palladium(ii) chloride (70c):

Compound 70c was prepared following the standard
\- S procedure using 69¢ (114 mg, 0.231mmol) and
N\N/\ /\N—N bis(acetonitrile)di-chloropalladium) (60 mg, 0.231 mmol)
Crpd\q in 10 mL anhydrous acetonitrile to yieldOc (134 mg,
))/ \i 0.211 mmol, 91%) as a ochre red powddp. 149 — 154 °C;
'H NMR (500.13 MHz, CDGJ, TMS): 6 0.76 (s, 6H, 2x(-
CCHg)), 0.89 (t, 6HJ = 7.4 Hz, 2x(-CHCHSa)), 0.96 (s, 6H, 2x(-CC¥j), 1.13 — 1.17 (m, 2H,

2%(-CHCH-)), 1.26 — 1.37 (m, 16H, 2x(-CHGEH,-), 2x(-CHCHCHy-), 2x(-CHCCHa)),
1.78 — 1.89 (M, 4H, 2x(48,CH,CHg)), 2.00 (s, 2H, -ChCH-), 2.11 — 2.16 (m, 2H, 2x(-
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CH,CH,-)), 2.85 (d, 2H,J = 3.8 Hz, 2x(-CCH)), 4.52 (ddd, 2HJ= 9.4 Hz,J = 6.0 Hz,%J.
h=13.8 Hz, -NCH-), 4.73 (ddd, 2H, J=9.4 Hz,J = 6.3 Hz,%J4.4 = 14.0 Hz -NCH-) ppm.
3C NMR (125.75 MHz, CDG| TMS): 6 11.3, 14.2, 19.4, 20.4, 22.5, 27.1, 28.8, 32.06,33
47.9, 50.4, 54.0, 63.2, 124.3, 138.6, 158.4 ppm.(WB): m/z (%) 595 (84) [M-(HCI), -(Cl
)%, 631 (4) [M-(CN]*, 1121 (1) [M+(L),-(CN]*, 1297 (7) [2xM-(C)]*. HRMS (FAB): m/z
(%) caled for GoHagNA™®Pd" [M-(HCI), -(CI)]": 595.2992, found: 595.2990. IR (KBN:
3445, 2959, 2931, 2871, 1627, 1465, 1390, 13787,1BP87, 1276, 1247, 1206, 1184, 1137,
1105, 1086, 1067, 1015, 1000. Anal. calcd fesHg,Cl,N,Pdx5/6 CHCJ, C: 51.38 H: 6.68
N: 7.63. Found, C: 51.42 H: 6.62 N: 7.72.

1,1'-di(4-methoxybenzyl)-4,8,8'-trimethylbicyclo[22.1]-4,4',5,5',6,6',7,7'-octahydro-
1H,1'H-3,3'-bipyrazole palladium(ii) chloride (70d):

» @ Compound70d was prepared following the standard procedure
“ = using 69d (114 mg, 0.193 mmol) and bis(acetonitrile)di-
N\N/\ /\N—N chloropalladiumi) (50 mg, 0.193 mmol) in 10 mL anhydrous
ot acetonitrile to yield70d (145 mg, 0.189 mmol, 97%) as a deep
orange powderMp. 218 — 222 °CH NMR (500.13 MHz,
OMe MeO CDCl;, TMS): 6 0.74 (s, 6H, 2x(-CC¥)), 0.92 (s, 6H, 2x(-

CCHy)), 1.06 — 1.15 (m, 4H, 2x(-Gi8Hy-), 2x(-CH,CHy-)),
1.23 (s, 6H, 2x(-CbhCCH3)), 1.72 — 1.76 (m, 2H, 2x(4&CH,-)), 2.08 — 2.13 (m, 2H, 2x(-
CH,CH,-)), 2.87 (d, 2H,J = 3.7 Hz, 2%(-CCH)), 5.83 (d, 2HJy.1= 15.9 Hz, -NCH-), 6.18
(d, 2H, 2Ju.y=15.9 Hz, -NCH-), 6.78 — 6.87 (m, 4H, 2x2(ArH)), 6.86 — 6.87 (&H,
2x%(ArH)), 7.20 — 7.23 (m, 2H, 2x(ArH)) pprtC NMR (125.75 MHz, CDG| TMS): § 11.1,
19.2, 20.3, 26.8, 32.7, 47.7, 53.3, 54.0, 55.32,6812.8, 113.3, 119.3, 125.5, 129.6, 138.3,
139.0, 159.5, 159.7 ppm. MS (FABJ/z (%): 695 (96) [M-(HCI), -(C)]*, 733 (24) [M-(CI
)17, 1323 (19) [M+(L), -(CD]*. HRMS (FAB):m/z (%) calcd for GgHae>"CIN,O, %P d" [M]*:
733.2347, found: 733.2348. IR (KBR):3427, 2962, 2874, 1602, 1586, 1491, 1456, 1437,
1390, 1369, 1349, 1305, 1284, 1261, 1148, 11233,11046, 1017.Anal. calcd for
CagH46CloN4O,Pdx1/11 CHGQ, C: 57.93 H: 5.88 N: 7.07. Found, C: 57.43 H: 8\D6.84.
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1,1'-dibenzyl-4,8,8'-trimethylbicyclo[2.2.1]-4,4',55",6,6',7,7'-octahydro-H,1'H-3,3'-
bipyrazole palladium(ii) chloride (70e):

Compound4e was prepared following the standard procedure

using 69e (123 mg, 0.231 mmol) and bis(acetonitrile)di-
N\N/\ /\N;N chloropalladiumi) (60 mg, 0.231 mmol) in 10 mL anhydrous

é CI’Pd\CI é acetonitrile to yield70e (158 mg, 0.223 mmol, 96%) as a deep

orange powderMp. 164 — 170 °CH NMR (500.13 MHz,

CDCl;, TMS): 6 0.72 (s, 6H, 2x(-CCh)), 0.90 (s, 6H, 2x(-
CCHg)), 1.00 — 1.14 (m, 4H, 2x(-GI8H-), 2%(-CH,CH,-)), 1.19 (s, 6H, 2x(-CHCCHs)),
1.68 — 1.73 (m, 2H, 2x(46,CH,-)), 2.06 — 2.12 (m, 2H, 2x(-G8H,-)), 2.86 (d, 2H,
J=3.6 Hz, 2x(-CCH)), 5.85 (d, 2H).: = 15.8 Hz, -NCH-), 6.23 (d, 2H?J.y=15.9 Hz, -
NCH,-), 7.23 — 7.32 (m, 10H, 2x(ArH)) ppriC NMR (125.75 MHz, CDG| TMS): 6 11.2,
19.4, 20.4, 26.9, 32.8, 47.9, 53.6, 54.2, 63.4,1,2627.3, 127.9, 128.7, 137.1, 139.1, 159.7
ppm. MS (FAB):m/z(%): 635 (82) [M-(HCI), -(C)]*, 671 (26) [M-(CD]", 1203 (4) [M+(L),
-(CNJ*, 1381 (6) [2xM-(C)]*. HRMS (FAB): m/z (%) calcd for GeHa>"CINSPd" [M]™:
671.2143, found: 671.2164. IR (KBn:3442, 2962, 2871, 1626, 1606, 1497, 1454, 1391,
1379, 1369, 1315, 1287, 1276, 1247, 1182, 11243.1A0al. calcd for gsH4.Cl,N4Pdx1/11
CHClI;, C: 60.22 H: 5.89 N: 7.78. Found, C: 60.17 H: aND&.87.

1,1'-di(4-methylbenzyl)-4,8,8'-trimethylbicyclo[2.21]-4,4',5,5",6,6',7,7'-0ctahydro-
1H,1'H-3,3'-bipyrazole palladium(i) chloride (70f):

» Compound70f was prepared following the standard procedure
\- using 69f (129 mg, 0.231 mmol) and bis(acetonitrile)di-
N\N/\ /\N— chloropalladiumif) (60 mg, 0.231 mmol) in 10 mL anhydrous
CI’Pd\CI acetonitrile to yield70f (166 mg, 0.226 mmol, 98%) as a deep

orange powderMp. 151 — 160 °C:H NMR (500.13 MHz,

CDCls, TMS): 6 0.72 (s, 6H, 2x(-CCh)), 0.90 (s, 6H, 2x(-

CCHy)), 1.02 — 1.11 (m, 4H, 2x(-G8Hy-)), 1.22 (s, 6H, 2x(-
CH,CCHy)), 1.69 — 1.74 (m, 2H, 2x(1§CH;,-)), 2.06 — 2.11 (m, 2H, 2x(-G8H")), 2.31 (s,
6H, 2x(ArCHs)), 2.85 (d, 2H,J = 3.7 Hz, 2x(-CCH)), 5.77 (d, 2HJy.4 = 15.6 Hz, -NCH-),
6.18 (d, 2H,%.1=15.5Hz, -NCH-), 7.11 (d, 4H,J=8.0 Hz, 2x(ArH)), 7.18 (d, 4H,
J=8.0 Hz, 2x(ArH)) ppm**C NMR (125.75 MHz, CDG| TMS): § 11.3, 19.4, 20.4, 21.3,
26.9, 32.8, 47.9, 53.4, 54.1, 63.3, 125.6, 12728,4, 134.0, 137.6, 139.1, 159.5 ppm. MS



180 Experimental Section — Chapter 2

(FAB): m/z(%) 663 (91) [M-(HCI), -(C)]*, 699 (30) [M-(CI)]*, 1258 (19) [M+(L), -(C)]",
1438 (6) [2xM-(CI)]*. HRMS (FAB):m/z (%) calcd for GgHas>CIN4*Pd" [M]*: 699.2457,
found: 699.2419. IR (KBr)y 3432, 2963, 2872, 1617, 1516, 1457, 1390, 13696,18287,
1276, 1248, 1205, 1184, 1124, 1103, 1072, 10508.18Mal. calcd for GsHseCloN4Pdx1/8
CHCls, C: 60.83 H: 6.19 N: 7.44. Found, C: 60.89 H: @\877.30.

1,1'-di(3-methylbenzyl)-4,8,8'-trimethylbicyclo[2.21]-4,4',5,5",6,6',7,7'-0ctahydro-
1H,1'H-3,3'-bipyrazole palladium(ii) chloride (70g):

» Compound 70g was prepared following the standard

“ procedure using 69g (129 mg, 0.231 mmol) and

N~N/\ /\N/N bis(acetonitrile)di-chloropalladium) (60 mg, 0.231 mmol)
Cl/Pd\CI in 10 mL anhydrous acetonitrile to yield0g (166 mg,

0.224 mmol, 97%) as a deep orange powhlgr. 143 — 147

°C; 'H NMR (500.13 MHz, CDG TMS): 6 0.73 (s, 6H,
2x(-CCHy)), 0.91 (s, 6H, 2x(-CCh)), 1.04 — 1.14 (m, 4H, 2x(-Gi&H,-)), 1.19 (s, 6H, 2x(-
CH,CCHs)), 1.70 — 1.75 (m, 2H, 2x({&CH,-)), 2.08 — 2.13 (m, 2H, 2x(-Gi8H>-)), 2.31 (s,
6H, 2x(ArCHs)), 2.87 (d, 2H,J = 3.7 Hz, 2x(-CCH)), 5.84 (d, 2HJy.4= 15.9 Hz, -NCH-),
6.16 (d, 2H,2J4.4= 15.9 Hz, -NCH-), 7.01 — 7.06 (m, 6H, 2x(3ArH)), 7.17 — 7.20 (@H,
2x(ArH)) ppm.**C NMR (125.75 MHz, CDG| TMS): § 11.2, 19.4, 20.4, 21.6, 26.9, 32.8,
47.9, 53.5, 54.1, 63.3, 124.2, 125.6, 127.8, 12®8,7, 137.0, 138.3, 139.1, 159.6 ppm. MS
(FAB): m/z (%) 663 (25) [M-(HCI), -(C)]*, 699 (30) [M-(CI)]*, 1259 (2) [M+(L),-(C)]*,
1439 (3) [2xM-(CD]*. HRMS (FAB): m/z (%) calcd for GgHas>"CIN,*%Pd" [M]*: 699.2457,
found: 699.2478. IR (KBr)y 3453, 2963, 2871, 1609, 1490, 1456, 1390, 13769,18348,
1306, 1287, 1276, 1248, 1184, 1123, 1104, 1092l. Aakcd for GgHaeCloN4Pdx1/8 CHGY,
C: 60.83 H: 6.18 N: 7.44. Found, C: 60.69 H: 6.367M 1.
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1,1'-di(4-tert-butylbenzyl)-4,8,8'-trimethylbicyclo[2.2.1]-4,4',55",6,6',7,7'-octahydro-
1H,1'H-3,3'-bipyrazole palladium(i) chloride (70h):

“ @ Compound70h was prepared following the standard procedure
\- < using 69h (149 mg, 0.231 mmol) and bis(acetonitrile)di-
N\N/\ /\N—N chloropalladiumi) (60 mg, 0.231 mmol) in 10 mL anhydrous

o 8y acetonitrile to yield70h (187 mg, 0.224 mmol, 97%) as a deep
orange powderMp. 203 — 205 °CH NMR (500.13 MHz,

{Bu tBU CDCl;, TMS): 6 0.74 (s, 6H, 2x(-CC¥)), 0.92 (s, 6H, 2x(-

CCHy)), 1.05 — 1.14 (m, 4H, 2x(-G8Hy-)), 1.24 (s, 6H, 2x(-
CH,CCHa)), 1.29 (s, 18H, 2x(-C(Chk)), 1.72 — 1.76 (m, 2H, 2x({&CH,-)), 2.08 — 2.13
(m, 2H, 2x(-CHCH,-)), 2.87 (d, 2H,J = 3.7 Hz, 2%(-CCH)), 5.81 (d, 2HJ,.n=15.8 Hz -
NCH,-), 6.18 (d, 2H2J4.n=15.8 Hz, -NCH-), 7.19 (d, 4H,J=8.3 Hz, 2x(ArH)), 7.32 (d,
4H, J=8.4 Hz, 2x(ArH)) ppmX>C NMR (125.75 MHz, CDG| TMS): 6 11.1, 19.2, 20.3,
26.8, 32.7, 34.5, 47.8, 53.0, 54.0, 63.2, 125.4.92133.7, 139.0, 150.7, 159.4 ppm. MS
(FAB): m/z (%) 747 (45) [M-(HCI), -(C)]*, 783 (19) [M-(CI)]*, 1427 (3) [M+(L),-(CI)]*.
HRMS (FAB): m/z (%) calcd for GsHss>"CINS%Pd" [M]*: 783.3398, found: 783.3434. IR
(KBr): v 3445, 2961, 2871, 1622, 1514, 1458, 1415, 13967,13316, 1276, 1247, 1205,
1193, 1125, 1050, 1019, 1001. Anal. calcd fasHgsCl,N,Pdx1/9 CHCJ, C: 63.45 H: 7.01
N: 6.71. Found, C: 63.47 H: 7.19 N: 6.82.

1,1'-di(4-tert-butylbenzyl)-4,8,8'-trimethylbicyclo[2.2.1]-4,4',55',6,6',7,7'-0octahydro-
1H,1'H-3,3-bipyrazole palladium(i) acetate (70*):

» g Compound 70h©*® was prepared following the standard
procedure usingg9h (100 mg, 0.156 mmol) and palladium(
acetate (35mg, 0.156 mmol) in 12mL anhydrous

é (OAc)2 é dichloromethane to yiel@oh©A9 (129 mg, 0.149 mmol, 96%)
as a white powdeDecomp. >170 °C*H NMR (399.89 MHz,
CD.Cly: 6 0.75 (s, 6H, 2x(-CC#)), 0.90 (s, 6H, 2x(-CCH)),
1.08 (s, 6H, 2x(-CBHCCHg)), 1.12 — 1.20 (m, 4H, 2x(-Gi8H,-
), 1.30 (s, 18H, 2x(-C(CH)), 1.49 (s, 6H, 2x(-OAc)), 1.69 —1.75 (m, 2H{BH,CH,-)),
2.07 — 2.14 (m, 2H, 2x(-CiH,-)), 2.92 (d, 2H,J = 3.6 Hz, 2x(-CCH)), 5.35 (d, 2H .

h=16.1 Hz -NCH-), 5.47 (d, 2H,%Jy.4=16.2 Hz, -NCH-), 7.06 (d, 4H,J=8.3 Hz,
2x(ArH)), 7.37 (d, 4HJ=8.3 Hz, 2x(ArH)) ppm*C NMR (125.75 MHz, CDG| TMS):
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§11.0, 19.3, 20.4, 22.7, 27.0, 31.5, 32.9, 34.79,482.5, 53.9, 63.1, 125.7, 126.3, 133.4,
138.0, 150.8, 158.3, 179.1 ppm. MS (FAB)/z (%) 747 (100) [M-(HOAC), -(OAY]*, 1391
(15) [M+(L), -2%(OAC)]*. HRMS (FAB):m/z (%) calcd for GsHsN42Pd" [M]*: 747.3634,
found: 747.3631. IR (KBr)y 3432, 2961, 2871, 1638, 1581, 1515, 1458, 14149],18367,
1288, 1262, 1206, 1184, 1128, 1108, 1017. Anakdcédr CgHeiN4O4Pdx1/9 CHCY, C:
66.46 H: 7.44 N: 6.46. Found, C: 65.41 H: 7.47 1396

1,1'-di(2,4,6-trimethylbenzyl)-4,8,8'-trimethylbicyclo[2.2.1]-4,4',5,5",6,6',7,7'-octahydro-
1H,1'H-3,3'-bipyrazole palladium(i) chloride (70i):

» Compound 70i was prepared following the standard
procedure using 691 (142mg, 0.231 mmol) and
7 \N’N bis(acetonitrile)di-chloropalladium) (60 mg, 0.231 mmol)

N\N

N, -
N /

Pd

A in 10 mL anhydrous acetonitrile to yield0i (173 mg,

0.218 mmol, 95%) as a ochre red powddp. 162 — 172

°C; 'H NMR (500.13 MHz, CDG} TMS): § 0.60 (s, 6H,

2x(-CCHy)), 0.68 (s, 6H, 2x(-CCh)), 0.81 (s, 6H, 2x(-
CH,CCHj3)), 0.85 — 0.91 (m, 2H, 2x(-Gi8Hy-)), 1.05 — 1.10 (m, 2H, 2%(-GH,-)), 1.47 —
1.52 (m, 2H, 2x(-G,CH,-)), 2.02 — 2.07 (m, 2H, 2x(-Gi8H>-)), 2.10 (s, 12H, 2x(ArCH),
2.24 (s, 6H, 2x(ArCH)), 2.81 (d, 2HJ = 3.6 Hz, 2x(-CCH)), 5.74 (d, 2HJ,.n= 16.6 Hz, -
NCH,-), 6.35 (d, 2H?J4.n = 16.6 Hz, -NCH-), 6.78 (s, 4H, 2x(ArH)) ppm*C NMR (125.75
MHz, CDCk, TMS): ¢ 10.5, 19.5, 20.4, 20.5, 21.0, 27.2, 32.2, 47.78,585.3, 63.1, 126.7,
130.0, 137.3, 137.7, 137.8, 159.0 ppm. MS (FABJz (%) 719 (59) [M-(HCI), -(C)]*, 754
(5) [M-(CN]*, 1371 (8) [M+(L), -(C)]*. HRMS (FAB): m/z (%) calcd for
CaHs°CINSPd" [M]*: 755.3084, found: 755.3137. IR (KB):3447, 2960, 2874, 1613,
1483, 1457, 1423, 1390, 1379, 1323, 1288, 12771,1PB46, 1182, 1125, 1099, 1031, 1016,
850. Anal. calcd for &Hs4ClbN4Pdx1/4 CHC, C: 61.11 H: 6.58 N: 6.73. Found, C: 61.01 H:
6.66 N: 6.85.
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1,1'-di(naphthalene-2-ylmethyl)-4,8,8'-trimethylbicyclo[2.2.1]-4,4',5,5',6,6',7,7'-
octahydro-1H,1'H-3,3'-bipyrazole palladium(i) chloride (70j):

Compound 70j was prepared following the standard

procedure using 69 (150 mg, 0.238 mmol) and
\N/ /\N;N bis(acetonitrile)di-chloropalladium) (62 mg, 0.238 mmol)
CI/Pd\CI in 10 mL anhydrous acetonitrile to yield0j (173 mg,

O O 0.225 mmol, 95%) as a deep orange powhlgr. 158 — 170
O O °C:; '"H NMR (500.13 MHz, CBCl,, TMS): 6 0.78 (s, 6H,

2x(-CCHy)), 0.91 (s, 6H, 2x(-CCh)), 1.03 — 1.19 (m, 4H,
2x(-CH,CHy)), 1.21 (s, 6H, 2x(-CKCCH3)), 1.69 — 1.77 (m, 2H, 2x(#:CH,-)), 2.07 —
2.17 (m, 2H, 2x(-ChCH-)), 2.96 (d, 2H,J=3.7 Hz, 2x(-CCH)), 6.05 (d, 2H%J..
4=16.2 Hz, -NCH-), 6.40 (d, 2H2J4.n= 16.2 Hz, -NCH-), 7.41 — 7.52 (m, 6H, 2x(ArH)),
7.62 (s, 2H, 2x(ArH)), 7.81 — 7.87 (m, 7H, 2x(ArHpm.**C NMR (125.75 MHz, CECl,,
TMS): § 11.4, 19.5, 20.6, 27.2, 33.3, 48.5, 63.8, 12525.0, 126.4, 126.7, 126.9, 128.2,
128.4, 129.0, 133.4, 133.8, 135.4, 139.7, 160.4. 8 (FAB): m/z (%) 735 (63) [M-(HCI),
-(CN]*, 771 (8) [M-(C]*, 1402 (4) [M+(L), -(C)]*. HRMS (FAB): m/z (%) calcd for
CuaHae CINS2Pd" [M]*: 771.2459, found: 771.2455. IR (KBn):3446, 3115, 2963, 2872,
1654, 1634, 1602, 1509, 1457, 1424, 1390, 1378),18329, 1286, 1275, 1248, 1124. Anal.
calcd for GgH4oCl,N4Pdx1/8 CHGY, C: 64.25 H: 5.64 N: 6.79. Found, C: 64.06 H: 5\¢4
6.87.

1,1'-di(3,5-di(trifluoromethyl)benzyl)-4,8,8'-trime thylbicyclo[2.2.1]-4,4',5,5',6,6",7,7'-
octahydro-1H,1'H-3,3'-bipyrazole palladium(i) chloride (70Kk):

» Compound70k was prepared following the standard
procedure usingg9k (102 mg, 0.127 mmol) and bis-
N-y NN (acetonitrile)dichloropalladium{ (33 mg, 0.127 mmol)
P
cl’

N
d\(:| in 10 mL anhydrous acetonitrile to yiekDk (120 mg,
0.122 mmol, 96%) as a yellow powddtp. 145 — 148
F3C CF3 F3C CF3 1
°C; '"H NMR (500.13 MHz, CDGl TMS): 6 0.78 (s,
6H, 2x(-CCH)), 0.96 (s, 6H, 2x(-CC¥)), 1.14 (s, 6H, 2x(-CKHCCH3)), 1.16 — 1.25 (m, 4H,
2x(-CHCHy-), 2%(-CH,CHy-)), 1.84 — 1.89 (m, 2H, 2x(¥8>CH,-)), 2.17 — 2.23 (m, 2H, 2%(-
CH,CH>-)), 2.97 (d, 2HJ = 3.7 Hz, 2x(-CCH)), 6.10 (d, 2HJ4.+= 16.7 Hz, -NCH-), 6.32
(d, 2H,%J4.1= 16.7 Hz, -NCH-), 7.52 (s, 4H, 4x(ArH), 7.80 (s, 2H, 2x(ArH) ppfiC NMR
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(125.75 MHz, CDG, TMS): 6 10.9, 19.1, 20.0, 26.7, 33.0, 47.9, 52.5, 54.16,6319.7,
121.7, 124.1, 126.3, 126.5, 132.1, 132.0, 139.8,0.4159.9 ppm. MS (FAB)N/z (%): 907
(100) [M-(HCI), -(CN]*, 945 (26) [M-(CD]*. HRMS (FAB): m/z (%) calcd for
CaoH3s CIF1N,Pd' [M]*: 945.1632, found: 945.1594. IR (KBr):3446, 2965, 2026, 1973,
1624, 1457, 1382, 1351, 1280, 1175, 1136, 1017,, 9845. Anal. calcd for
CaeH42CloN4Pdx1/13 CHGJ, C: 48.63 H: 3.88 N: 5.66. Found, C: 48.39 H: 4D5.54.

1,1'-di(pyridine-2-ylmethyl)-4,8,8'-trimethylbicycl 0[2.2.1]-4,4',5,5',6,6',7,7'-octahydro-
1H,1'H-3,3'-bipyrazole di(palladium(ii) dichloride) (78):

To a solution of ligand 76 (28 mg, 0.053 mmol) in
dichloromethane was added a solution of
bis(acetonitrile)palladium( chloride (27 mg, 0.104 mmol) and
stirred for 24 h at room temperature. The solutioms
concentrated under reduced pressure and the pratiowted to

crystallize. Washings with pentane furnished thie tompound

78 as a dark, orange microcrystalline powder (45 mg,
0.051 mmol, 97%). Mp. 99 — 106 °C (decomp.); migtusf atropisomers™H NMR
(600.13 MHz, CRCl,, TMS): 6 0.76 — 0.79 (m, 0.7H), 0.87 — 0.96 (m, 8H), 1.0Z.£L (m,
0.7H), 1.30 — 1.56 (m, 13.7H), 1.72 — 1.82 (m, 3,4H96 — 2.01 (m, 1.4H), 2.15 — 2.20 (m,
1.3H), 2.65 — 2.71 (m, 2H), 5.28 — 5.34 (m, 4HR76— 6.39 (m, 2H, ArH), 7.35 — 7.38 (m,
2H, ArH), 7.46 — 7.49 (m, 2H, ArH), 7.86 — 7.90 (&H, ArH), 9.86 — 9.92 (m, 2H, ArH)
ppm.*3C NMR (150.90 MHz, CBCl,, TMS): 6 11.1, 11.2, 18.6, 19.1, 19.6, 19.9, 25.9, 27.4,
29.7, 33.0, 33.9, 47.3, 48.0, 54.3, 55.1, 55.26,685.1, 122.4, 122.8, 125.2, 125.3, 129.9,
130.4, 136.7, 138.1, 139.8, 139.9, 150.6, 150.53,,185.4, 156.2, 157.9, 158.0 ppm. MS
(FAB): m/z (%) 673 (77) [M-(PdG), -(CN]", 816 (10) [M-(HCI), -(C)]*, 851 (70) [M-(CI
)]'. HRMS (FAB): m/z (%) calcd for G4H4ClsNgPc™ [M]™: 851.0452, found: 851.0505.
ATR-FTIR: v 2953, 2884, 1602, 1479, 1445, 1410, 1392, 13791,13310, 1287, 1270,
1210, 1183, 1151, 1120, 1104, 1098, 1047, 1022,948® 931, 841, 780, 761, 735, 701.
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1,1'-di[(6-methylpyridine-2-yl)methyl]-4,8,8'-trime thylbicyclo[2.2.1]-4,4',5,5",6,6',7,7'-
octahydro-1H,1'H-3,3'-bipyrazole di(palladium(i) dichloride) (79):

To a solution of ligand77 (67 mg, 0.120 mmol) in
dichloromethane was added a solution of
bis(acetonitrile)palladium( chloride (62 mg, 0.239 mmol) and
stired for 24 h at room temperature. The solutioms
concentrated under reduced pressure and the pratiosied to

crystallize. Washings with pentane furnished thie tompound

79 as a dark, orange microcrystalline powder (193 m
0.113 mmol, 94%).Mp. 161 — 168 °C (decomp.); mixture of atropisomeiid NMR
(600.13 MHz, CCl,, TMS): 6 0.68 — 0.71 (m, 1.3H), 0.83 — 0.97 (m, 13H), 13247 (m,
8H), 1.70 — 1.74 (m, 1H), 1.78 — 1.82 (m, 0.9H}¥71- 2.01 (m, 1.4H), 2.14 — 2.18 (m, 1H),
2.62 — 2.65 (m, 1.7H), 3.92 — 3.93 (m, 5H), 5.38.38 (m, 2H), 6.97 — 7.02 (m, 2H, ArH),
7.28 — 7.30 (m, 2H, ArH), 7.35 — 7.37 (m, 2H, ArH)75 — 7.78 (m, 2H, ArH) ppnt3C
NMR (150.90 MHz, CRCI,, TMS): 6 10.8, 18.3, 18.7, 19.2, 19.8, 27.0, 29.3, 29.5%,230.4,
33.5, 47.2, 48.0, 54.0, 55.8, 55.9, 61.2, 65.0,8,1920.1, 126.7 (2x), 131.0, 136.6, 139.2,
151.4, 151.7, 155.8, 166.0 ppm. MS (Ei)z (%) 703 (32) [M-(PdG), -(CN]", 843 (9) [M-
(HCI), -(CD]", 879 (23) [M-(CD]*. HRMS (FAB):m/z (%) calcd for GsH4oClsNePdh" [M] ™
879.0766, found: 879.065ATR-FTIR: v 2961, 1608, 1572, 1529, 1457, 1418, 1391, 1310,
1273, 1244, 1226, 1208, 1185, 1155, 1125, 11041,10%34, 1020, 1003, 947, 910, 844, 805,
762, 756, 716, 701.

General procedure for the preparation of bcpz cobd(il)- and copper(l) complexesTo a
solution of the appropriate bipyrazole ligand (1) eq absolute ethanol was added coloalt(
chloride hexahydrate, respectively coppghloride dihydrate (1 eq.). The solution lightens
up and becomes cloudy. After 16 h at room temperatie solvent was evaporated, the
residue was dissolved in a small amount of chlorofand filtered through a short plug of
neutral aluminium oxide. The filtrate was evapodasand the product dried under high
vacuum to yield the bipyrazole cobalt(complexes as fluffy, pale purple solids and the

bipyrazole coppen() complexes as red solids, respectively.
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1,1'-di(4-tert-butylbenzyl)-4,8,8'-trimethylbicyclo[2.2.1]-4,4',55',6,6',7,7'-0ctahydro-
1H,1'H-3,3"-bipyrazole cobalti) chloride (70H<%):

» Compound70h©® was prepared following the standard procedure
_ @ using 69h (49.9mg, 0.078 mmol) and cobalt( chloride

N\N/ \N—N hexahydrate (18.5 mg, 0.078 mmol) in 3 mL absokiteanol to
CI’\CO:CI yield 70h°® (54.2 mg, 0.070 mmol, 90%) as a fluffy, pale parpl

solid. Mp.170 — 178 °C; MS (FAB)m/z (%) 700 (2) [M-(HCI), -
(CI)]*, 736 (100) [M-(CD]*, 1378 (11) [M+(L), -(C)]*. HRMS
(FAB): m/z (%) calcd for G4Hss CIN,Cao" [M]*: 736.3682, found:
736.3704. IR (KBr)v 3434, 2963, 2871, 1619, 1516, 1455, 1427,
1391, 1366, 1337, 1319, 1273, 1248, 1204, 11839,11407, 1017. Anal. calcd for
CasHssCl,CoNyx1/15CHC, C: 67.75 H: 7.49 N: 7.17. Found, C: 67.87 H: MNBF.19.

tBu tBu

1,1'-di(naphthalene-2-ylmethyl)-4,8,8'-trimethylbicyclo[2.2.1]-4,4' 5,5',6,6',7,7'-
octahydro-1H,1'H-3,3"-bipyrazole cobalt(i) chloride (70{“°):

i(Co)

» Compound 70j
‘

was prepared following the standard

) < procedure using69j (47.8 mg, 0.076 mmol) and cobal(

\N/\ ,\N;N chloride hexahydrate (18.0 mg, 0.076 mmol) in 3 afdsolute
CI/\CO/\CI ethanol to yield70j“? (53.7 mg, 0.071 mmol, 93%) as a fluffy,

O O pale purple solidMp. 145 — 151 °C; MS (FAB)m/z (%) 688

O O (6) [M-(HCI), -(CD)]*, 724 (93) [M-(CN]*, 1354 (1) [M+(L), -

(CN]*. HRMS (FAB): m/z (%) calcd for GsHae CIN,>Co’
[M]*: 724.2743, found: 724.2808. IR (KBn):3434, 3052, 2963, 1689, 1635, 1558, 1542,
1509, 1455, 1372, 1329, 1287, 1274, 1248, 11263.1A0al. calcd for GyH4Cl,CoNyx1/5
CHCl;, C: 67.66 H: 5.94 N: 7.14. Found, C: 67.52 H: 8\07.11.
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1,1'-di(4-tert-butylbenzyl)-4,8,8'-trimethylbicyclo[2.2.1]-4,4',55",6,6',7,7'-octahydro-
1H,1'H-3,3"-bipyrazole copper(1) chloride (70HY):

» Compound70h“? was prepared following the standard procedure
B @ using 69h (50.9 mg, 0.079 mmol) and coppeérchloride dihydrate
N\N/\ /\N/N (13.5 mg, 0.079 mmol) in 3 mL absolute ethanol ieldy70h“Y
é CI’CG\CI é (53.7 mg, 0.071 mmol, 89%) as a fine, red powdar. 174 — 181
°C; MS (FAB): m/z (%) 704 (11) [M-(HCI), -(C)]*, 740 (49) [M-
(CN]7, 1382 (9) [M+(L), -(CD]*. HRMS (FAB): m/z (%) calcd for
CuaHss"CIN,CU™ [M]*: 740.3646, found: 736.3624. IR (KBry:
3439, 2963, 2872, 1626, 1558, 1542, 1515, 14561 18365, 1339, 1319, 1275, 1248, 1183,

1129, 1017. Anal. calcd forsHssClo.CuNysx1/6CHCE, C: 66.53 H: 7.35 N: 7.03. Found, C:
66.64 H: 7.46 N: 7.05.

1,1'-di(naphthalene-2-ylmethyl)-4,8,8'"-trimethylbicyclo[2.2.1]-4,4',5,5',6,6',7,7'-
octahydro-1H,1'H-3,3"-bipyrazole copper() chloride (70{“"):

Compound 70j“ was prepared following the standard
e procedure using69j (54.1 mg, 0.086 mmol) and copper(
\N/\ ,\N;N chloride dihydrate (14.6 mg, 0.086 mmol) in 3 mLsalote
ol ethanol to yield70j“") (59.5 mg, 0.078 mmol, 91%) as a fine,
O O red powder. Mp. 131 — 138 °C; MS (FAB)/z (%) 692 (9) [M-
O O (HCI), -(CN)]*, 728 (44) [M-(CD]*, 1358 (1) [M+(L), -(CI]".

HRMS (FAB): m/z (%) calcd for GsHas CIN,SCu’ [M]™:
728.2707, found: 728.2678. IR (KBr): 3431, 3053, 2963, 2873, 1634, 1510, 1455, 1390,
1370, 1330, 1287, 1275, 1248, 1185, 1126, 1102, 7.10Anal. calcd for
CasHssCl,.CuNyx1/3CHCE, C: 64.78 H: 5.68 N: 6.79. Found, C: 64.91 H: 5\/%.97.

General procedure for the copper-free Wacker oxidabns of terminal alkenes:

Cat. 4h or 5 (5 mol%), 0] (0]
R g D
DMAH,0 (6:1),70C R R™ TH

The catalyst(5 mol%) was dissolved in a mixture of 2.5 mL @hdthyl acetamide and water

(6:1) in a cap sealed vial, which was in turn ewted at -78 °C and refilled with oxygen
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three times. The solution was allowed to warm upotam temperature and the appropriate
alkene (0.89 m) and 10 pL of internal standard (undecane) wededdReaction control
samples were taken from the solution, extracteth wiethyl ether, filtered through a short
plug of neutral aluminum oxide to remove the calgnd analyzed by GC- and GC-MS
using a 25 m standard HP-5 MS column (film thiclen2S0 nm). Observed retention times of
starting materials and products are depicted ilethbFor the oxidation without oxygen three
equivalents of benzoquinone were added followethbystandard procedure.

" Pd(1)-2,2-bipyridine chloridés was synthesized from Pd@eCN),*?* following the literature

preparation*?”’

Table 1: Observed retention times on a Agilent 25 m HP-5¢4%imn using a temperature
program (40 °C for 5 min, ramp 4 °C/min to 180 °C8@kPa He).

Substrate RT [min] Product RT [min]
1-octene 8.3 octane-2-one 25.7
4-methylstyrene 17.8 4-methylbenzaldehyde 21.4
1-(4-tolyl)ethanone 25.7
vinylcyclohexane 9.6 1-cyclohexylethanone 19.4

General procedure for the selective IsomerizationfcAllylbenzene and -anisole:

_~  Cat. 70h(5mol%), N
R 'PrOH, r.t. R R

E- Z-

R =-H, -OMe

Catalyst 70h (5 mol%) was dissolved imso-propanol and the appropriate allylbenzenes
(0.89 mm) and 10 pL of internal standard (undecane) wede@dReaction control samples
were taken from the solution, diluted with diethgther, filtered through a short plug of
neutral aluminum oxide to remove the catalyst andly@ed by GC- and GC-MS using a
25 m standard HP-5MS column (film thickness 250.m@t)served retention times of starting

materials and products are depicted in table 2.
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Table 2: Observed retention times on a Agilent 25 m HP-584%imn using a temperature

program (100 °C for 5 min, ramp 4 °C/min to 180@C80kPa He).

Substrate RT [min] Product RT [min]
allylbenzene 15.2 cispropenylbenzene 17.3
transpropenylbenzene 18.8
allylanisole 115 cis-anethole 13.4
trans-anethole 14.6

Preparation of authentic samples were carriedalawing the standard procedure using 1H,

1H-Heptafluoro-1-butanol as solvent. After the teat was complete, the solution was

extracted twice with pentane. The pentane layene wembined, filtered through neutral

aluminum oxide and the solvent was allowed to exefipoat room temperature to yield the

correspondingE-lsomers and traces of th&lsomers as shown idH- and “*C-NMR

spectroscopic measurements.

trans-propenylbenzene (72):

'H NMR (300.08 MHz, CDG, TMS): 6 1. 83 (dd, 3H,J=6.5 Hz,*J = 1.3 Hz, (-CH)), 6.18
(dg, 1H,Jgem= 15.6 Hz,J = 6.5 Hz, (-GHCHS3)), 6.35 (dd, 1HJgem=15.7 Hz,"J = 1.3 Hz, (-
CHCHCH)), 7.11 — 7.15 (m, 1H, ArH), 7.20 — 7.29 (4H, 4x)) ppm.*°C NMR (75.46
MHz, CDCk, TMS): 6 18.5, 125.7, 125.8, 126.7, 128.4, 131.0, 137.9.ppm

trans-anethole (73):

'H NMR (300.08 MHz, CDG, TMS): 6 1. 86 (dd, 3H,=6.5 Hz,*J = 1.6 Hz, (-CH)), 3.80
(s, 3H, (-OCH)), 6.09 (dg, 1H,Jgem=15.7 Hz,“J=6.5 Hz, (-GHCHs)), 6.35 (dd, 1H,
Jyem= 15.8 Hz,%J = 1.5 Hz, (-GHCHCH)), 6.82 — 6.85 (m, 2H, 2x(ArH)), 7.26 — 7.28 (2H,
2x(ArH)) ppm.**C NMR (75.48 MHz, CDGJ TMS): § 18.4, 55.3, 113.9, 123.5, 126.9,

130.3, 130.8, 158.6 ppm.
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UV-Vis spectra of palladium complexes 70h, 70j, 70and 70k:
The solution spectra (c = 0.03 mM) of the palladisomplexes were recorded in distilled

tetrahydrofurane.

2.0 4

——70h

— 70j
70d

—— 70k

rel. absorbance

0.0 ; , : :
200 300 400

wavelength /nm

Figure 65 UV-Vis spectra of palladium complexésh,
70j, 70d and70k in tetrahydrofurané’
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(1R,39)-1,3-Diamino-1,2,2-trimethylcyclopentane R,S-tmcp, 89):

Caution: The reaction has to be performed very carefully sudanger of

NH, explosion. Strict control of the reaction condispraddition cycles and
NH2 monitoring of the reaction progress is crucial.sltexplicitly advised to
perform the reaction several times in a (sub-)gracale prior to the
amounts reported herein. Protecting equipment, Bkecial gloves, a
leather apron, a chest protector, a face shieldaadl as a bullet proof protective wall are
recommended as welllhis compound was prepared using a modified praeedd the
reported on&*® 3*° Camphoric acid §8, 36.0 g, 0.180 mol) and 1.2 L of ethanol-free
chloroform were placed in a five liter round bottdfask under argon equipped with a
mechanic stirrer and a 100 mL dropping-funnel. @udf acid (90.0 mL, 98%) was slowly
added and the mixture heated to 50 °C. A white gyrprecipitate forms and after 30 min
sodium azide (35.1 g, 0.540 mol) was added slowlyary small amounts starting with 1 g
and later up to 3 g over a period of five houraufion: hydrazoic acid generation). The
mixture was stirred under argon for 18 h, cooled t&C and poured slowly into 1 L of ice
water. The chloroform layer was separated and disda the water layer adjusted to pH 12
with 3v sodium hydroxide (caution: carbon monoxide gemam§t and extracted four times
with dichloromethane (500 mL). Addition of sodiumlaride may ease phase separation. The
organic layers were combined and washed with briffe organic layer was dried over
sodium sulfate, the solvent evaporated and theugtodried for 24 h under high vacuum to
yield the title diaming9 (24.1 g, 0.170 mol, 94%) as a white foam. The pcbdan be stored
under argon at low temperatures for several monthowt degradationMp. 127 — 129 °C;
'H NMR (500.13 MHz, CDG, TMS): 8 0.77 (s, 3H, -Ch), 0.78 (s, 3H, -Ch), 0.99 (s, 3H, -
NH,CCHj3), 1.23 — 1.31 (m, 1H, -CH&}-), 1.29 — 1.39 (bs, 4H, -Nj 1.54 — 1.66 (m, 2H, -
CHCH,-, -CH;CCH2-), 1.96 — 2.04 (m, 1H, -GJ&€CH,), 2.95 (dd,J=8.5 Hz,J=9.0 Hz,
1H,-CHNH,) ppm. **C NMR (125.77 MHz, CDG| TMS): 6 16.3, 22.2, 25.9, 30.3, 38.3,
46.2, 53.4, 60.8, 61.0 ppm. MS (Ch/z (%) 71 (3), 83 (1), 110 (9) [M-2xNJ#", 143
[M+H] . IR (KBr): v 3282, 2960, 2869, 1594, 1472, 1371, 1316, 12085,11093, 1043,
1018, 984, 877.
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N,N’-Di(2-nitrophenyl)-(1R,3S)-diamino-tmcp (90):

To a solution ofR,Stmcp B9, 6.00 g, 42.2 mmol) and freshly

I NO2 powdered potassium carbonate (11.67 g, 84.4 mmolsD mL
©: anhydrous dimethyl sulfoxide in a small reactionsssd
NO, (100 mL) was added 1-fluoro-2-nitrobenzene (12.50¢g

88.5 mmol) under vigorous stirring. The mixture nwr

immediately yellow and after stirring for 30 miretimixture was
heated to 90 °C. At 2 h and 4 h freshly powderethgsium carbonate (11.67 g, 84.4 mmol)
was added in one portion each. After stirring & iQ for 4 d the black, hot mixture was
poured into 1.5 L water. The orange solid was riéite washed five times with water,
collected, dissolved in dichloromethane and drigdrcsodium sulphate. The solvent was
evaporated and the residue was dried at 80 °Crferday and one day under high vacuum.
The crude product was washed three times with dietther to obtain the analytically pure
product90 (11.72 g, 30.5 mmol, 72%) as a bright orange-meidrocrystalline powder. Mp.
160 — 164 °CH NMR (300.13 MHz, CDG], 25 °C):6 1.18 (s, 3H, -Ch), 1.24 (s, 3H, -
CHs), 1.51 (s, 3H, -NHC8&j3), 1.67 — 1.79 (m, 1H, -CH@3-), 2.20 — 2.30 (m, 1H, -CH®}-),
235 — 2.48 (m, 2H, -C4€CH,-), 4.02 (ddd,J=8.4 Hz, J=8.1Hz, J=8.1 Hz, 1H, -
CH,CHNH-), 6.60 - 6.67 (m, 2H, 2xArH), 7.35 - 7.45 (nH,22xArH), 8.17 - 8.22 (m, 2H,
2xArH), 8.34 (bd, 1H,) = 8.4 Hz, -CHMH), 8.79 (bs, 1H, -CECNH) ppm.**C NMR (75.47
MHz, CDCk, TMS): ¢ 18.38, 21.6, 22.1, 29.1, 35.1, 49.7, 59.0, 64131.@, 115.2, 115.3,
115.8, 127.2, 127.6, 132.1, 132.7, 135.5, 136.2,614145.5 ppm. MS (El)n/z (%) 69 (23),
122 (13), 188 (29), 191 (13), 231 (16), 247 (10@)(R-nitroanilinyl-)]*, 384 (9) [M]. HR-
MS (El, m/z): calc. for GH24N4O4 [M]: 384.1798, found: 183.1771. IR (KBn:3361, 2975,
1614, 1576, 1506, 1440, 1420, 1355, 1326, 12652,12857, 1069, 1039, 1009, 857, 780,
742. Anal. calcd for H24N4O4, C: 62.49 H: 6.29 N: 14.57 O: 16.65. Found, CO82H:
5.81 N: 13.76.

(1R,39)-1,2,2-trimethyl-N3-(2-nitrophenyl)cyclopentane-1,3-diaming95):

"4% This compound was prepared according to the proeeflor the
NO diarylation but with one equivalent of 1-fluoro-#&robenzene (0.99 g,

7.0 mmol), RStmcp @89, 1.00g, 7.0 mmol) and freshly powdered

potassium carbonate (1.95g, 14.1 mmol) in 40 mlLhydrous

dimethyl sulfoxide in a small reaction vessel (50)mAfter reacting
for 2 d work-up followed according to the synthesfsthe diarylation producN,N’-di(2-
nitrophenyl)-(R,39)-diamino-tmcp to yield the title compour@b as a bright, yellow solid
(1.70 g, 6.4 mmol, 92%). Mp. 90 — 98 °& NMR (300.13 MHz, CDG| TMS): § 0.96 (s,
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3H, -CHs), 0.99 (s, 3H, -Ch), 1.16 (s, 3H, -NHCHj3), 1.56 (bs, 3H, -Nb), 1.62 — 1.72 (m,
2H, -CH;CCH,-, -CHCH,-), 1.75 — 1.86 (m, 1H, -CHE}-), 2.24 — 2.37 (m, 1H, (-C}ECH)),
3.80 (ddd,J=8.5Hz, J=8.5Hz, J=3.7 Hz, 1H, -CHCHNH-), 6.85 (d, 1H, ,%J pa-

har = 8.7 Hz, ArH), 6.55 - 6.50 (m, 1H, ArH), 7.40 - 7.82, 1H, ArH), 8.13 (d, 1H ya-

har = 8.6 Hz,*Juarnar = 1.6 Hz, ArH), 8.15 (bd, 1H] = 8.2 Hz, -NH-) ppm>*C NMR (75.47
MHz, CDCkL, TMS): § 17.2, 24.2, 26.3, 29.4, 38.2, 47.5, 61.2, 62.8.8,1114.1, 127.1,
131.5, 135.9, 145.3 ppm. MS (Et/z (%) 69 (17), 109 (8), 126 (100) [MHnitroanilinyl]’,

231 (2), 246 (1) [M-NH]*, 263 (23) [M]. HR-MS (El, m/z): calc. for GH21NsO, [M]:
263.1634, found: 183.163ATR-FTIR: v 3361, 2959, 1611, 1573, 1498, 1416, 1438, 1383,
1353, 1325, 1260, 1224, 1155, 1068, 1037, 948, 896, 836, 780, 776, 739.

N,N’-Di(4-nitrophenyl)-(1R,3S)-diamino-tmcp (97):

Method A:The compound was prepared similar to the
diarylation toN,N’-di(2-nitrophenyl)-(R,39)-diamino-
/©/NH HN\@\ tmcp ©@0) using RStmcp @9, 1.00 g, 7.0 mmol), 1-
O,N NO, fluoro-4-nitrobenzene (2.28 g, 16.2 mmol) and fhgsh
powdered potassium carbonate (3.89 g, 28.1 mmol) to
yield the title compoun®7 (506 mg, 1.3 mmol, 19%)
as a bright yellow microcrystalline powder.

Method B: The compound was prepared using powdered caesannorate (9.16 g,
28.1 mmol) instead of potassium carbon&gtmep @89, 2.00 g, 14.1 mmol) and 1-fluoro-4-
nitrobenzene (4.36 g, 30.9 mmol) to yield the titempound97 as a bright yellow
microcrystalline powder (4.27 g, 11.1 mmol ) in 79feld. Mp. 79 — 82 °C;'H NMR
(300.13 MHz, CDG, TMS): 61.08 (s, 3H, -CH, 1.12 (s, 3H, -CH), 1.43 (s, 3H, -
NHCCH3), 1.56 — 1.70 (m, 1H, -CH&}-), 2.06 — 2.16 (m, 1H, -CH&3-), 2.33 — 2.46 (m,
2H, -CHCCH>-), 3.89 (dddJ =8.4 Hz,J=8.1 Hz,J= 8.1 Hz, 1H, -CHCHNH-), 4.62 - 4.65
(m, 2H, 2xNH), 6.58 - 6.64 (m, 4H, 2x2ArH), 8.08.07 (m, 4H, 2x2ArH) ppm-*C NMR
(75.47 MHz, CDCJ, TMS): 0 17.5, 21.1, 22.8, 29.2, 34.5, 49.6, 60.5, 64.6,.4,1113.4,
126.1, 126.5, 137.9, 151.9, 153.2 ppm. MS (Bi)z (%) 69 (20), 109 (12), 321 (14) [M-
CHs]", 247 (100) [Mp-nitroanilinyl]”, 384 (8) [M]. HR-MS (EIl, m/z): calc. for gH24N4O04
[M]: 384.1798, found: 183.18168R (KBr): v 2967, 1596, 1504, 1472, 1377, 1309, 1187,
1114, 998, 835, 754, 700. Anal. calcd forksN4O4, C: 62.49 H: 6.29 N: 14.57 O: 16.65.
Found, C: 61.88 H: 6.24 N: 13.88.
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(1R,395)-1,2,2-trimethyl-N3-(4-nitrophenyl)cyclopentane-1,3-diamine (96):

This compound was prepared according to the praeefdu the
‘H% diarylation but with one equivalent of 1-fluoro-#robenzene
NH2 HN\@ (0.50 g, 7.0 mmoR Stmcp @89, 0.50 g, 3.50 mmol) and freshly
NO, powdered potassium carbonate (2.29 g, 7.0 mmol40mmL
anhydrous DMSO in a small reaction vessel (50 mAfter
reacting for 2 d work-up followed according to thynthesis of
the diarylation produciN,N’-di(2-nitrophenyl)-(R,39-diamino-tmcp 90) to yield the title
compound96 as a bright, yellow solid (0.93 g, 2.7 mmol, 78%p. 90 — 98 °C;H NMR
(300.13 MHz, CDG, TMS): 6 0.95 (s, 3H, -CH, 0.97 (s, 3H, -CH), 1.16 (s, 3H, -
NHCCH3), 1.29 (bs, 2H, -Nb), 1.58 — 1.71 (m, 2H, -G&€CH,-, -CHCH,-), 1.18 — 1.93 (m,
1H, -CHH,), 2.18 — 2.32 (m, 1H, -G&CH,-), 3.66 (dd,J=8.1 Hz,J=7.8 Hz, 1H, -
CH,CHNH-), 6.43 - 6.47 (m, 2H, 2ArH), 4.64 (bd=7.5 Hz, 1H, -CHM-), 8.01 - 8.04 (m,
2H, 2ArH) ppm.**C NMR (75.47 MHz, CDG] TMS): 6 17.0, 25.5, 26.6, 29.4, 38.1, 47.9,
62.0, 63.3, 110.7, 126.7, 136.5, 153.5 ppm. MS: (&@lx (%) 69 (12), 109 (10), 126 (100)
[M-p-nitroanilinyl]”, 164 (17), 231 (14), 246 (8) [M-N#H, 263 (23) [M[. HR-MS (EI, m/z):
calc. for G4H21N30, [M]: 263.1634, found: 283.1650. ATR-FTIR:3319, 2964, 2872, 1594,
1581, 1527, 1492, 1459, 1390, 1382, 1368, 12952,1PP82, 1148, 1105, 1060, 1060, 996,
951, 926, 889, 822, 753.

N1,N1'-((1R,39)-1,2,2-trimethylcyclopentane-1,3-diyl) di (benzylt,2-diamine) (91):

To a solution of diaminoarylated-tmcp nitro compd@® (1.00g,
NH, 2.60 mmol) in 50 mL anhydrous methanol under n#rogvas
NH HN added palladium on charcoal (10% Pd, 277 mg). Aftilition the
@ENHZ atmosphere was replaced by hydrogen two times. ddyar was
constantly bubbled through the stirred mixture asismall syringe
for two hours and the reaction progress monitoredhin-layer
chromatography. The catalyst was removed by fitira{pore size 0.45 pum) and the solution
was immediately evaporated to yield the tetramitie tompound91 (818 mg, 2.52 mmol,
97%) as a white foam. The product can be storeacmuacgon and lower temperatures for
some weeks. Decomposition of the compound due idab®n is accompanied by a color-
change from white to pale browfH NMR (300.13 MHz, CDGJ, TMS): § 1.10 (s, 3H, -
CHs), 1.20 (s, 3H, -CH), 1.33 (s, 3H, -NHCES3), 1.53 - 1.65 (m, 1H, -CHE,-), 1.75 — 1.85
(m, 1H, -CHMH,-), 2.30 — 2.42 (m, 1H, -G}€CH,-), 2.50 — 2.62 (m, 1H, -C4€CH,-), 3.53 -
3.93 (m, 7H, 2x-NH, 2x-NH-, -CHNH-), 6.62 - 6.89 (m, 8H, 2x4ArH) ppnt’C NMR
(75.47 MHz, CDG4, TMS): 6 17.3, 19.6, 25.1, 30.3, 32.6, 49.8, 62.1, 65.€.1,1116.7,
117.1, 117.6, 118.2, 119.3, 120.0, 120.5, 134.5,113.37.6, 137.7 ppm. MS (E/z(%) 69
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(20), 109 (12), 321 (14) [M-CH", 247 (100) [Mp-nitroanilinyl]*, 384 (8) [M]. HR-MS (ElI,
m/z): calc. for GoH24N4O4 [M]: 384.1798, found: 183.1816. IR (KBry: 3054, 2968, 2872,
1620, 1597, 1504, 1454, 1391, 1371, 1342, 12946,12838, 1148, 1101, 1059, 860, 821,
742.

1,1'-((1R,39)-1,2,2-trimethylcyclopentane-1,3-diyl)di(H-benzimidazole) (92):

Tetramine compound91 (844 mg, 2.60 mmol) and triethyl
‘AA\ orthoformiate (7.0 mL, 42.1 mmol) were placed in short

@77 «@ distillation apparatus, two drops of formic acidrev@dded and the
N N reaction heated at 105 °C over night for distidiatiof ethanol.

Triethyl orthoformate was decanted off, the residigsolved in a

small amount of dichloromethane and the productipitated by
addition of diethyl ether. The product was colle¢tevashed with diethyl ether and the
procedure repeated three times to yield 442 m@ (thol, 49%) of the title compour® as
an off white powderMp. 120 — 127 °C*H NMR (500.13 MHz, CDGJ, TMS): 6 0.60 (s, 3H,
-CHj3), 1.36 (s, 3H, -Ch), 2.00 (s, 3H, -NHCHj3), 2.31 — 2.36 (m, 1H, -CH&3-), 2.60 —
2.69 (m, 2H, , -CHE,-, -CH;CCH-), 3.37 — 3.50 (m, 1H, -G3€CH,-), 4.90 (ddJ=9.0 Hz,
J=9.0 Hz 1H, -CHCHNH-), 7.25 - 7.35 (m, 4H, 4ArH), 7.45 - 7.47 (m, 1ArH), 7.71 -
7.72 (m, 1H, ArH), 7.82 - 7.83 (m, 2H, 2ArH), 8.@8, 1H, CHNG-), 8.19 (s, 1H,
CH3CNCH-) ppm.®*C NMR (125.77 MHz, CDG| TMS): 6 19.9, 23.6, 24.2, 26.0, 34.8, 50.5,
62.7, 69.3, 110.1, 113.9, 120.7, 120.9, 122.1,4,222.7, 123.1, 123.6, 133.7, 134.7, 141.7,
141.8, 143.4, 144.8 ppm. MS (Elz (%) 69 (16), 109 (5), 119 (21), 145 (24), 159 (63)3
(43), 211 (6), 227 (100) [M-benzimidazoly[329 (7) [M-CH]", 344 (58) [M]. HR-MS (ElI,
m/z): calc. for GoH24N4 [M]: 344.2001, found: 344.1989. IR (KBry. 2976, 1734, 1636,
1559, 1540, 1506, 1490, 1457, 1386, 1284, 12293,1894, 779, 744. Anal. calcd for
CooH24Ny, C: 76.71 H: 7.02 N: 16.27. Found, C: 76.12 H5MD 16.06.

1,1'-((1R,39)-1,2,2-trimethylcyclopentane-1,3-diyl)di(benzotriaole) (99):
The tetramine9l (395 mg, 1.22 mmol) was dissolved in 25 mL
ﬁLIA\ anhydrous tetrahydrofurane, hypophosphorous acié3(@L,
NN/ 12.2 mmol) was added and the solution heated téC4Tert-
@N N@ butyl nitrite (377 mg, 3.66 mmol) dissolved in 5 nanhydrous
tetrahydrofurane was added dropwise over a pefiidd enin and

the reaction was stirred for 16 h at 40° C. Theutsmh was
allowed to cool down to room temperature and thHgesd was evaporated under reduced
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pressure. The residue was taken up in dichlorometlamd washed two times with 10wt%
aqueous sodium hydroxide solution. The organicrlayeere separated, combined and dried
over sodium sulfate. The solvent was evaporatedthadcrude product purified by flash
column chromatography (silica, hexane/ ethyl aeetat 10:1 to 1:1) to yield the title
compound99 as orange, needle-shaped crystals (314 mg, 0.94l,n7d%). Mp. 205 — 209
°C: *H NMR (300.13 MHz, CDG| TMS): 6 0.47 (s, 3H, -CH), 1.50 (s, 3H, -CH), 2.01 (s,
3H, -NHCH3), 2.48 — 2.57 (m, 1H, -CH&}-), 2.58 — 2.71 (m, 1H, -CH4;-), 3.33 — 3.45
(m, 1H, -CHCCH>-), 3.88 — 3.99 (m, 1H, -CG}€CH,-), 5.26 (ddJ=8.1 Hz,J=10.0 Hz, 1H,
-CH,CHNH-), 7.33 - 7.40 (m, 2H, 2xArH), 7.43 - 7.53 (nH,2xArH), 7.59 - 7.62 (m, 1H,
ArH), 7.79 - 7.82 (m, 1H, ArH), 8.06 — 8.09 (m, 2&ArH) ppm.’*C NMR (75.47 MHz,
CDCl;, TMS): 6 19.7, 23.6, 24.9, 25.1, 34.4, 51.7, 66.6, 79.10.4,1112.2, 120.2, 120.5,
123.5, 123.9, 127.1, 127.3, 133.1, 133.9, 146.6,51gpm. MS (El):m/z (%) 76 (52), 118
(62), 158 (46), 184 (100), 198 (71), 227 (11), 839) [M-CH4]", 346 (77) [M]. HR-MS (ElI,
m/z): calc. for GoH2oNg [M]: 346.1906, found: 344.1915. ATR-FTIR: 2962, 1610, 1582,
1481, 1447, 1466, 1390, 1373, 1352, 1313, 12864,1PP85, 1163, 1133, 1072, 1051, 1034,
1009, 1001, 989, 945, 920, 900, 850, 779, 110, 160, 740. Anal. calcd for &gH»:Ng, C
69.34 H: 6.40 N: 24.26. Found, C: 68.92 H: 6.442Bl89.

1,1'-((1R,39)-1,2,2-trimethylcyclopentane-1,3-diyl) di (3-methit1H-benzimidazole-3-
ium)iodide (93):

Dibenzimidazole92 (400 mg, 1.16 mmol) was suspended in 25 mL
‘AA‘ anhydrous acetonitrile and methyl iodide (988 mg66nmol) was
added dropwise via syringe. After stirring for twours the mixture
Q‘@\ /@ was stirred at reflux temperature at 55 °C for baer. The product

93 (675 mg, 1.07 mmol, 93%) was obtained as yelloystals after

evaporation of the solvent in vacuuMp. 201 — 209 °C*H-NMR
(500.13 MHz, DMSO-g): 6 0.65 (s, 3H, -Ch), 1.26 (s, 3H, -Ch), 2.09 (s, 3H, -NHCH,),
2.35-2.41 (m, 1H, -CH), 2.66 — 2.77 (m, 2H, -CH), 3.35 — 3.42 (m, 1H, -CH), 4.12 (s,
3H, -CH), 4.13 (s, 3H, -Ch), 5.53 (t,J = 9.2 Hz, 1H, -CH-), 7.68 — 7.77 (m, 4H, ArH), 8.0
—8.09 (m, 2H, ArH) 8.24 — 8.30 (m, 2H, ArH), 1031 1H, -(CH)N-), 10.19 (s, 1H, -(CH)N-
) ppm.*C-NMR (125.77 MHz, DMSO-¢: § 19.1, 22.1, 24.0, 25.49, 33.5, 33.8, 49.6, 63.4,
73.2,113.7,113.9,114.1, 117.1, 126.2, 126.4,5,266.6, 130.9, 131.7, 132.0, 132.7, 142.8,
142.8 ppm. MS (ESI, pos. mode, arginin, mfajz (%) 373 (8) [M-HI, -1]*, 487 (8) [M-CH,
-17%, 501 (100) [M-T*. HR-MS (ESI, pos. mode, arginin, m/z): calc. fouzNs" [M™]:
501.1515, found: 501.1513. IR (KBn):3138, 2966, 1609, 1567, 1461, 1393, 1348, 1320,
1263, 1212, 1143, 1100, 1023, 853, 758. Anal. cébcdC,4H30l,N4, C: 45.88 H: 4.81 N:
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8.92. Found C: 44.69 H: 4.99 N: 8.78.

1,1'-((1R,39)-1,2,2-trimethylcyclopentane-1,3-diyl) di (3-methit1H-benzimidazole-3-
ium)triflate (94):

Dibenzimidazole92 (400 mg, 1.16 mmol) was suspended in 25 mL
‘H% anhydrous acetonitrile and methyl trifluormethatiesnate (391 mg,
2.38 mmol) was added dropwise via syringe. Uporitiaidthe solid
Q@\ /@ dissolved and the solution turned brown. Afterrstg for three hours

at room temperature the solvent was removed in wacand the
product 94 (694 mg, 1.03 mmol, 89%) was obtained as a white
hygroscopic solid, which was stored at -20%8-NMR (300.13 MHz, DMSO)5 0.64 (s, 3H,
-CHg), 1.25 (s, 3H, -Ch), 2.07 (s, 3H, -NHCEs3), 2.31 — 2.40 (m, 1H, -CH), 2.63 — 2.71
(m, 2H, -CH-), 3.29 — 3.40 (m, 1H, -CH), 4.10 (s, 3H; -Ch), 4.11 (s, 3H; -Ch), 5.49 (t,J

= 9.3 Hz, 1H; -CH-), 7.66 — 7.78 (m, 4H; ArH), 8:889 (m, 2H; ArH) 8.20 — 8.26 (m, 2H;
ArH), 9.93 (s, 1H; -(CH)N-), 10.05 (s, 1H; -(CH)Nepm.**C-NMR (75.48 MHz, CDG)): &
18.8, 22.0, 23.9, 25.4, 33.4, 33.7, 49.6, 63.32,7813.7, 117.0, 126.3, 126.4, 126.6, 126.7,
131.0, 131.7, 132.2, 132.7, 142.8 ppm. HR-MS (E@®k. mode, arginin, m/z): calc. for
CasH30FsN40sS [M]*: 523.1985, found: 523.1984. IR (KBK):3415, 3157, 3092, 2986, 2576,
1708, 1651, 1572, 1466, 1408, 1258, 1226, 116,18, 759, 639, 573, 541, 517.

ot oo
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2-Bromo-N-methylaniline (115)#2°!

Br The compound was prepared following a procedureBafluengé™”
@[ P Therefore 2-bromoanilinel{3 6.74 g, 0.039 mol) was dissolved in 40 mL
H distilled, anhydrous tetrahydrofurane and as smtutof n-butyllithium

(2.2m in cyclo-hexane, 9.80 mL, 0.039 mol) was slowly added at°&
(1 h). The resulting red mixture was stirred formi at this temperature, cooled to -60 °C
and iodomethane (1.22 mL, 0.039 mol) was added aveeriod of 30 min. The reaction
mixture was allowed to warm up to room temperatand stirred for additional 16 h at room
temperature. The reaction was quenched with 20 rlwater, the organic phase was
separated and the aqueous phase extracted theewiith 30 mL ethyl acetate. The organic
layers were combined, washed with 50 mL aqueousiratad sodium hydrogencarbonate
solution, dried over sodium sulfate and the solweas evaporated under reduced pressure.
Purification by flash column chromatography (siiteexane/ ethyl acetate = 100:1 to 50:1)
yielded pure 2-bromd-methylaniline {15 as a colorless liquid (3.59 g, 0.019 mol, 49%).
'H NMR (300.13 MHz, CDGJ, TMS): 6 2.90 (d, 3HJ=5.1 Hz, -CH), 4.35 (bs, 1H, NH),
6.55 — 6.60 (m, 1H, ArCH), 6.61 — 6.65 (m, 1H, ArCH.18 — 7.24 (m, 1H, ArCH), 7.40 —
7.44 (m, 1H, ArCH) ppm*3C NMR (75.47 MHz, CDGJ, TMS): 6 30.6, 109.6, 110.7, 117.55,
128.6, 132.2, 145.9 pprMIS (EI): m/z (%) 111 (2) [M-(-NHCH)]", 140 (100) [M-HJ, 141
(31) [M]*. HRMS (EI): m/z calcd for GHg**CIN: 141.0345. Found: 141.031ATR-FTIR: v
3417, 3063, 2986, 2907, 2816, 1596, 1508, 1458314219, 1317, 1291, 1251, 1168, 1154,
1105, 1073, 1036, 1017, 923, 832, 802, 737, 706.

2-Chloro-N-methylaniline (116)#*#!

cl 2-ChloroN-methylaniline was prepared following the same procedure
@[ P described for 2-Bromdd-methylaniline by using 2-chloroanilinelX4,
H 5.00 g, 0.039 mmol),n-butyllithium (2.2m in cyclo-hexane, 9.80 mL,

0.039 mmol) and iodomethane (1.22 mL, 0.039 mmBWrification by
flash column chromatography (silica, hexane/ etondtate = 100:1 to 50:1) yielded the title
compound116 as a colorless liquid (2.78 g, 0.020 mmol, 564)NMR (300.13 MHz,
CDCls, TMS): 6291 (d, 3H,J=5.0 Hz, -CH), 4.34 (bs, 1H, NH), 6.61 — 6.66 (m, 2H,
ArCH), 7.14 — 7.20 (m, 1H, ArCH), 7.24 — 7.44 (nh},JArCH) ppm.*C NMR (75.47 MHz,
CDCls, TMS): 0 30.4, 110.6, 117.0, 119.0, 127.8, 128.9, 145.0.p¥8 (EI): m/z (%) 105
(18) [M-**CI]*, 184 (85) [M-HJ, 185 (100) [M]. HRMS (El): m/z calcd for GHg °BrN:
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184.9840. Found: 184.9803. ATR-FTIR3432, 3067, 2991, 2934, 2911, 2873, 2818, 1601,
1516, 1461, 1426, 1322, 1295, 1251, 1168, 1114,10033, 742.

2-(Naphthalen-1-yl)propanoic acid (118)#°

HO,C Following the procedure of Thompsti, modified by Gloriu§®®, n-
. butyllithium (2.2m in cyclo-hexane, 47.85 mL, 0.190 mol) was added
OO dropwise to a solution of freshly, distilledigtpropylamine (29.54 mL,

0.190 mol) in 150 mL tetrahydrofurane at -78 °Ce®olution was stirred

for 40 min at the same temperature and a solutfomaphthylacetic acid
(117, 8.10 g, 0.044 mol) in tetrahydrofurane was adsledly at -78 °C over a period of one
hour. The solution was allowed to warm up to O ¥@red for one hour at the same
temperature and iodomethane (4.06 mL, 0.065 moB added in one portion. The deep
yellow reaction mixture was allowed to warm up ¢@m temperature overnight becoming a
white suspension. Quenching by addition of 30 mLwafter resulted in a clear yellow
solution, which was concentrated under reducedspres The residue was taken up in
100 mL water, acidified with M hydrochloric acid (50 mL) and extracted six timesgh
diethyl ether. The organic layers were combinetgddover sodium sulfate and the solvents
evaporated under reduced pressure. Purificatiorfldsh column chromatography (silica,
hexane/ ethyl acetate = 10:1 to 1:1) yielded pufeaphthalen-1-yl)propanoic acidi8) as a
colorless solid (7.94 g, 0.040 mol, 91%) NMR (300.13 MHz, CDGJ TMS): 6 1.68 (d, 3H,
J=7.1Hz, -CH), 4.54 (q, 1HJ = 7.1 Hz, -GHCHs), 7.43 — 7.57 (m, 4H, ArCH), 7.78 — 7.89
(m, 2H, ArCH), 8.08 — 8.11 (m, 1H, ArCH) pprttC NMR (75.47 MHz, CDGJ, TMS):
017.8, 41.0, 123.0, 124.6, 125.5, 125.7, 126.4,0,2829.0, 131.3, 133.9, 135.9 ppMS
(ED): m/z (%) 155 (100) [M-CGH]", 200 (45) [M]. HRMS (EI): m/z calcd for GaH1,05:
200.0837. Found: 200.0843. ATR-FTIR3511, 3422, 3201, 3067, 3038, 2985, 2937, 2719,
2623, 1703, 1452, 1411, 1395, 1376, 1321, 12512,1932, 794, 77&eneral procedure
for the arylpropanamide synthesis: The carboxylic acid (1.2 eq.) and thionyl chloride
(2.4 eq.) were stirred at reflux temperature for 2h until gas evolution had ceased. The
mixture was cooled to room temperature, excessyhiohloride was removed under high
vacuum the residue was dissolved in dichlorometh@mp. 0.28v). Freshly, distilled
triethylamine (2.0 eq.) and the appropriate 2-haloee derivative (1.0 eq.) were added and
the mixture was stirred for 16 — 24 h at room terapge. The reaction mixture was diluted
with diethyl ether (70 mL), quenched with saturatagueous ammonium chloride (100 mL)
and the organic layer was separated. The aqueges Veas extracted with diethyl ether
(2x20 mL), the layers were combined, washed withraged, aqueous sodium carbonate and
brine and dried over sodium sulfate. The pure apylpnamides were obtained after flash
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column chromatography (silica, hexane/ ethyl aegtaf the crude products. Enantiomeric
excess was determined using chiral HPLC on a @akalA column. Product configuration
was determined by retention times and elution oodaeported compounds and referenced
using chiral HPLC on a Chiralpak IB column.

N-(2-Bromophenyl)-N-methyl-2-phenylpropanamide (121)2?

BrO The title compound was obtained following the gaher
O: . procedure for the arylpropanamide formation by tieacof 2-

T phenylpropanic acid1(l9 with thionyl chloride, treatment with

1, 2-bromoN-methylaniline {15 and triethylamine. Purification

by flash column chromatography (silica, hexanekletitetate = 50:1) yielded puie-(2-
bromophenyl)N-methyl-2-phenylpropanamidelZl) as a colorless, viscous oil (909 mg,
2.86 mmol, 43%)*H NMR (300.13 MHz, CDG)): 6 1.41 — 1.46 (m, 3H, -CHE3), 3.18 —
3.20 (m, 3H, NHEl3), 3.36 (g, 0.72H,)=6.8 Hz, -GHCHs), 3.55 (g, 0.25HJ =6.9 Hz, -
CHCHs), 6.70 — 6.73 (m, 0.72H, ArCH), 6.94 — 7.04 (m,, Z4CH), 7.15 — 7.30 (m, 4.75H,
ArCH), 7.35 — 7.47 (m, 0.64H, ArCH), 7.57 — 7.61, @26H, ArCH), 7.70 — 7.74 (m, 0.69H,
ArCH) ppm.®*C NMR (75.47 MHz, CDG): ¢ 20.1, 20.6, 36.1, 36.1, 43.2, 44.0, 123.6, 124.2,
126.6, 126.7, 126.9, 127.3 (3x), 127.4, 127.5, @,2828.1, 128.2 (5x), 128.3 (2x), 128.4
(2x), 128.5 (5x), 128.6 (2x), 129.6, 129.7, 13@80.7, 130.8, 133.5, 134.0, 140.5, 141.6,
142.2, 142.5 ppmMS (FAB): m/z (%): 136 (18), 154 (21), 212 (12) [M-§89)]", 238 (31)
[M-"Br]*, 318 (100) [M+H]. HRMS (FAB): m/z (%) calcd for GeHi7 "BrNO" [M+H]":
318.04880. Found: 318.0435. ATR-FTHKR3060, 3026, 2929, 2869, 1660, 1601, 1583, 1475,
1435, 1453, 1417, 1375, 1315, 1278, 1246, 11820,11366, 1046, 1029, 1019, 988, 910,
866, 488, 764, 727.

N-(2-Chlorophenyl)-N-methyl-2-phenylpropanamide (122):

cl o The title compound was obtained following the gaher
©i . procedure for the arylpropanamide formation by tieacof 2-
T phenylpropanic acid1(l9 with thionyl chloride, treatment with
1, 2-chloroN-methylaniline 116) and triethylamine. Purification
by flash column chromatography (silica, hexaneyletitetate =
50:1) yielded pureN-(2-chlorophenyl)N-methyl-2-phenylpropanamidd Z2) as a colorless,
viscous oil (794 mg, 2.90 mmol, 41%H NMR (500.13 MHz, CDG)): § 1.40 — 1.43 (m, 3H,
-CHCHg), 3.17 (s, 3H, NHE3), 3.35 (g, 0.69HJ=6.8 Hz, -GHCHg3), 3.55 (g, 0.29H,
J=6.8 Hz, -GHCHj3), 6.71 — 6.73 (m, 0.65H, ArCH), 6.96 — 6.97 (n88H, ArCH), 7.11 —
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7.19 (m, 3.57H, ArCH), 7.29 — 7.37 (m, 2H, ArCH)5Z — 7.54 (m, 0.66H, ArCH) pprtiC
NMR (125.77 MHz, CDG): § 20.0, 20.5, 36.0, 36.2, 43.3, 43.9, 126.7, 12124,8, 127.8,
127.9, 128.2, 128.4, 129.4, 129.5, 130.0, 130.4.813133.1, 133.9, 140.6, 140.8, 141.0,
141.7, 173.9, 174.0 pprMS (El): m/z (%) 77 (10), 105 (45) [§Hs]*, 141 (28) [M-
(CoHgO)]", 168 (42) [M-(GHg)]*, 238 (100) [M¥*CIl]*. HRMS (El): m/z calcd for
C1eH16°CINO: 273.0920. Found: 273.092ATR-FTIR: v 3061, 3028, 2978, 2931, 1667,
1610, 1482, 1453, 1442, 1379, 1281, 1128, 1057, 755, 700.

N-(2-Bromophenyl)-N-methyl-2-(naphthalen-1-yl)propanamide(124) 3%

Br The title compound was obtained following the gaher
@[ 0 X O procedure for the arylpropanamide formation by tieacof 2-

T O (naphthalen-1-yl)propanoic acid X8 with thionyl chloride,
treatment with 1, 2-brombFmethylaniline (15 and
triethylamine. Purification by flash column chromgtaphy

(silica, hexane/ ethyl acetate = 50:1) vyielded pWg2-bromophenyl)N-methyl-2-
(naphthalen-1-yl)propanamid&24) as a colorless solid (2.30 g, 6.27 mmol, 89%d) NMR
(300.13 MHz, CDGJ): 6 1.51 — 1.54 (m, 3H, -CHE3), 3.19 — 3.20 (m, 3H, NH@3), 4.17 (q,
0.82H,J=6.9 Hz, -GHCHg), 4.46 (q, 0.19HJ =6.9 Hz, -GHCHj3), 6.06 — 6.09 (m, 0.76H,
ArCH), 6.45 — 6.50 (m, 0.78H, ArCH), 6.85 — 6.90, @i79H, ArCH), 7.03 — 7.23 (m, 2.45H,
ArCH), 7.31 — 7.40 (m, 2.41 H, ArCH), 7.44 — 7.5, (1H, ArCH), 7.58 — 7.62 (m, 0.84H,
ArCH), 7.64 — 7.69 (m, 1H, ArCH), 7.73 — 7.76 (niJ,JArCH) ppm.**C NMR (75.47 MHz,
CDCly): 6 20.0, 36.2, 39.6, 121.9, 123.3, 124.5, 124.9, 2,2825.5, 125.6, 125.7, 127.1,
128.1, 128.5, 128.6, 129.2, 129.3, 130.0, 130.9.63133.2, 133.7, 133.9, 138.5, 141.7,
174.1 ppmMS (EI): m/z(%) 77 (8), 155 (100) [GH11]", 212 (58) [M-(GH4"°Br)]", 288 (87)
[M-"Br]*, 367 (48) [M]. HRMS (EI): m/z calcd for GgHig'°BrNO: 367.0572. Found:
367.0576 ATR-FTIR: v 3055, 3013, 2974, 2932, 1657, 1584, 1475, 14542 18430, 1412,
1396, 1381, 1275, 1129, 1049, 808, 799, 790, 798, 724.
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N-(2-Chlorophenyl)-N-methyl-2-(naphthalen-1-yl)propanamide(125): %

cl The title compound was obtained following the gaher
@[ i . ‘ procedure for the arylpropanamide formation by tieacof 2-

T O (naphthalen-1-yl)propanoic acid X8 with thionyl chloride,
treatment with 1, 2-chlordF-methylaniline (116 and
triethylamine. Purification by flash column chromgtaphy

(silica, hexane/ ethyl acetate = 50:1) vyielded pWg2-bromophenylN-methyl-2-
(naphthalen-1-yl)propanamid&25) as a colorless solid (2.13 g, 6.58 mmol, 93%) NMR
(300.13 MHz, CDGJ): 6 1.50 — 1.54 (m, 3H, -CH@z), 3.20 (s, 3H, NHE3), 4.16 (g, 0.75H,
J=6.9 Hz, -GHCH3), 4.47 (q, 0.23H,)=6.9 Hz, -GHCHs3), 6.07 — 6.10 (m, 0.70H, ArCH),
6.42 — 6.47 (m, 0.72H, ArCH), 6.78 — 6.81 (m, 0.22AHCH), 6.93 — 7.00 (m, 0.73H, ArCH),
7.01 - 7.10 (m, 0.72H, ArCH), 7.14 — 7.44 (m, 5.9@¥CH), 7.48 — 7.51 (m, 0.80H, ArCH),
7.64 —7.69 (m, 1H, ArCH), 7.73 — 7.76 (m, 1H, Argipm.**C NMR (75.47 MHz, CDG)):
019.9, 20.1, 36.1, 36.2, 38.8, 39.4, 121.9, 1242419, 125.2, 125.4, 125.5, 125.6, 125.7,
127.0 (2x), 127.3, 127.8, 128.5, 128.6, 129.0, 1,2929.8, 130.1, 130.5 (2x), 130.6, 132.7,
133.7, 136.8, 138.5, 140.3, 174.2, 174.3 ppi8. (El): m/z (%) 77 (5), 155 (100) [GH14]",
167 (48), 182 (8), 288 (36) [MFCI]*, 323 (36) [M]. HRMS (El): m/z calcd for
CooH16°CINO: 323.1077. Found: 323.1098TR-FTIR: v 3053, 3020, 2994, 2972, 2933,
1659, 1586, 1480, 1458, 1440, 1413, 1396, 1380418877, 1261, 1130, 1059, 809, 799,
791, 117, 156, 728.

N-cyclopentyl-N-(2-bromophenyl)-2-phenylpropanamide (123):

BrO The title compound was obtained following the gaher
@[N /U\(© procedure for the arylpropanamide formation by tieacof 120
| with thionyl chloride, treatment with 1, 2-bronmdémethylaniline
Q (115 and triethylamine. Purification by flash column
chromatography (silica, hexane/ethyl acetate =)5felded pure
N-cyclopentylN-(2-bromophenyl)-2-phenylpropanamidel2p)
as a colorless, viscous oil (274 mg, 0.76 mmol, Y2#6 NMR (300.13 MHz, CDG)): 6 0.84
- 0.98 (m, 1.34H, -CyCH,CH-), 1.20 — 1.27 (m, 1.34H, -GBH,CH-), 1.36 — 1.58 (m,
3.46H, -CGH,CH,CH-), 1.63 — 1.73 (m, 2.10H, HGCH,CH-), 2.04 — 2.15 (m, 1.22H, -
CH,CH-), 2.60 — 2.80 (m, 1.04H, -GBH-), 2.90 — 2.30 (m, 0.74H, -GBHCH-), 3.14 —
3.18 (m, 0.30H, -CbCHCH-), 3.24 — 3.28 (m, 3H, NHd3), 6.58 — 6.62 (m, 0.73H, ArCH),
7.00 — 7.05 (m, 2H, ArCH), 7.18 — 7.44 (m, 5.24HCH), 7.51 — 7.57 (m, 0.34H, ArCH),
7.64 — 7.67 (m, 0.27H, ArCH), 7.79 — 7.82 (m, 0.734CH) ppm.**C NMR (75.47 MHz,
CDCls): 024.4, 24.9, 30.3, 30.4, 32.0 (2x), 35.9 (2x), 444.9, 55.0, 56.2, 123.1, 124.5,
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126.5, 127.9, 128.0 (2x), 128.1(3x), 128.2, 12833.4, 128.5, 129.5, 129.6 (2x), 130.7,
131.5, 133.5, 133.9, 138.9, 139.9, 141.9, 142.2,9,7173.0 ppmMS (FAB): m/z (%): 154
(31) [GsH4®Br]*, 212 (16), 292 (16) [M®Br]*, 303 (11) [M-(GHg)]*, 372 (100) [M+H].
HRMS (FAB): m/z (%) calcd for GoHo3 BrNO* [M+H]*: 372.0958. Found: 372.0968. ATR-
FTIR: v 3060, 3025, 2950, 2865, 1658, 1600, 1583, 14752,14417, 1371, 1294, 1240,
1180, 1117, 1074, 1052, 1031, 949, 911, 815, 763, 727, 718.

General procedure for the Pd-catalyzed, asymmetrioxindole synthesisTo a solution of
starting material (0.3 mmol) and catalyst (2.5 mpi#loanhydrous dimethoxyethane (6 mL)
was added sodiutert-butoxide (0.45 mmol) in one portion. The mixturesvgdirred at 50 °C,
resp. 80 °C until all starting material was consdr(f8 — 24 h). The mixture was diluted with
50 mL ethyl acetate, filtered and the solvent evajgal under reduced pressure. The crude
product was absorbed on silica and purified by hfla®lumn chromatography (silica,
hexane/EtOAC).

(R)-1,3-Dimethyl-3-phenylindolin-2-oné**®! (Table 15, entry 4):

Following the general procedure for oxindole systbethe title
compound was obtained after flash column chromafadgr (silica,
hexane/ ethyl acetate = 15:1 to 7:1) as pale dlrig, 0.29 mmaol,
98%). *H NMR (500.13 MHz, CDG): 6 1.75 (s, 3H, -EICHs), 3.20
(m, 3H, -NH3), 6.87 — 6.88 (m, 1H, ArCH), 7.04 — 7.07 (m, 1H,
ArCH), 7.14 — 7.16 (m, 1H, ArCH), 7.19 — 7.20 (nt},JArCH), 7.21 —
7.30 (m, 5H, ArCH) ppm™C NMR (125.77 MHz, CDG): J 23.7, 26.4, 52.1, 108.3, 122.7,
124.2, 126.6, 127.2, 128.1, 128.5, 134.8, 140.8,214179.4 ppmMS (EI): m/z (%) 77 (3),
165 (8), 194 (14), 208 (7) [M-2x(GH", 222 (100) [M-CH]", 237 (99) [M]. HRMS (EI):
m/z calcd for GeH1sNO: 237.1154. Found: 237.1135. ATR-FTHKR3055, 3024, 2969, 2931,
2870, 2245, 1708, 1610, 1491, 1470, 1444, 141818342, 1302, 1258, 1157, 1144, 1115,
1099, 1078, 1054, 1023, 1002, 911, 860, 803, 728, 3% ee[Chiralpak IA column,n-
hexanafPrOH = 99:1, 1.0 mL/min, 210.5 nmg = 17.21 min (minor) and 25.65 min
(major)].
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(R)-1,3-Dimethyl-3-(naphthalen-1-yl)indolin-2-on&°? (Table 15, entry 6):

Following the general procedure for oxindole sysibehe title
compound was obtained after flash column chromafagy (silica,
hexane/ ethyl acetate = 10:1 to 5:1) as pale @ilngg, 0.29 mmol,
95%). *H NMR (300.08 MHz, CDG)): 6 1.92 (s, 3H, -EICH),
3.45 (m, 3H, -NH®El3), 6.83 — 6.88 (m, 3H, ArCH), 7.04 — 7.07 (m,
1H, ArCH), 7.14 — 7.20 (m, 1H, ArCH), 7.29 — 7.3&,(2H,
ArCH), 7.53 — 7.58 (m, 1H, ArCH), 7.80 — 7.88 (nt},3ArCH) ppm.**C NMR (75.46 MHz,
CDCl): 6 26.7, 26.8, 52.4, 108.6, 122.8, 123.1, 123.4,Q,2525.2, 126.2, 127.9, 129.0,
129.1, 131.3, 134.3, 135.1, 136.7, 142.2, 180.4.p¢8 (El): m/z (%) 83 (11), 136 (7), 160
(6) [M-naphthyl], 215 (11), 244 (14), 272 (59) [M-GH, 287 (100) [M]. HRMS (El): m/z
calcd for GoH17NO: 287.1310. Found: 287.1293. ATR-FTIR:3051, 2969, 2933, 2874,
2245, 1705, 1610, 1511, 1489, 1569, 1418, 14001,18338, 1301, 1257, 1245, 1211, 1157,
1142, 1167, 1105, 1090, 1072, 1050, 1025, 983, 908, 791, 72572% ee[Chiralpak 1A
column,n-hexanatPrOH = 99:1, 1.0 mL/min, 210.5 nrti = 36.43 min(minor) and 56.04
min (major)].

(R)-1-cyclopentyl-3-methyl-3-phenylindolin-2-one(Table 15, entry 2):

Following the general procedure for oxindole sysibethe title
compound (0.25 mmol scale) was obtained after flasiiumn
chromatography (silica, hexane/ ethyl acetate 2 #9:10:1) as pale oll
(69 mg, 0.24 mmol, 95%)H NMR (500.13 MHz, CDG): 6 0.74 —
0.84 (m, 1H), 1.28 — 1.61 (m, 7H), 2.97 — 3.07 {iH), 3.11 (s, 3H, -
NHCH3), 6.80 — 6.82 (m, 1H, ArCH), 7.00 — 7.05 (m, 1HCA), 7.10

— 7.26 (m, 4H, ArCH), 7.27 — 7.37 (m, 3H, ArCH) ppfC NMR (125.77 MHz, CDG):
025.2, 25.3, 26.2, 27.4, 29.7, 47.3, 57.8, 10822.2, 125.8, 126.6, 127.0, 127.5, 128.1,
128.3, 129.5, 130.9, 139.8, 144.3, 178.4 ppM8B. (El): m/z (%) 91 (15), 107 (12), 134 (7),
159 (7), 194 (11), 223 (100) [Myclogpentyl[", 291 (22) [M]. HRMS (EIl): m/z calcd for
CooH21NO: 291.1623. Found: 291.1615. ATR-FTHR3085, 3056, 3029, 2937, 2866, 1701,
1655, 1609, 1596, 1609, 1596, 1492, 1464, 1445014367, 1347, 1317, 1255, 1182, 1160,
1131, 1099, 1078, 1028, 1004, 952, 932, 914, 885, 857, 839, 816, 752, 744, 721. 55% ee
[Chiralpak IA column,n-hexangfPrOH = 99:1, 1.0 mL/min, 210.5 nntg = 17.74 min
(minor) and 19.68 min (major)].
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N-phenyl-N-methyl-2-(naphthalen-1-yl)propanamide(Table 15, entry 8):

o Following the general procedure for oxindole sysithethe
©\ O dehalogenated title compound was obtained afteh ftalumn
T O chromatography (silica, hexane/ethyl acetate = 1®%A3:1) as
colorless oil (69 mg, 0.24 mmol, 91%)'H NMR
(300.13 MHz, CDGJ): 61.48 — 1.50 (m, 3H, -CH43), 3.27
(s, 3H, NHM3), 4.41 (g, 1HJ=7.0 Hz, -GHCHj3), 6.73 (bs, 2H, ArCH), 7.02 — 7.08 (m, 3H,
ArCH), 7.18 — 7.21 (m, 1H, ArCH), 7.25 (s, 1H, ArH.34 — 7.41 (m, 2.42H, ArCH), 7.54
— 7.55 (m, 1H, ArCH), 7.68 — 7.69 (m, 1H, ArCH)76.— 7.77 (m, 1H, ArCH) ppm-C
NMR (75.47 MHz, CD{): 6 19.9, 29.7, 37.8, 38.8, 122.3, 124.7, 125.2, 12828.1, 127.4,
127.6, 128.6, 129.3, 133.7, 143.4, 174.3 pM8B. (EI): m/z (%) 77 (9), 107 (16) [@HsN]",
127 (7) [M-naphthyl], 134 (87), 155 (100) [GH11]", 182 (8), 289 (88) [M} HRMS (EI):
m/z calcd for GoH1gNO: 289.1467. Found: 289.146US (ESI): m/z (%) 290 (23) [M+H],
312 (27) [M+Na], 601 (100) [2M+Na]. HRMS (ESI, pos. mode, Arginin) m/z calcd for
CaoH20NO [M+H]™: 290.1539. Found: 290.154ATR-FTIR: v 3058, 2967, 2928, 2868,
1652, 1594, 1510, 1495, 1452, 1418, 1378, 13510,1B469, 1245, 1167, 1124, 1096, 1071,
1031, 1002, 980, 903, 860, 796, 773, 733. (rad)rfpak IA columnn-hexaneatpropanol =
99:1, 1.0 mL/min, 210.5 nntg = 17.47 min and 18.56 min].
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HPLC-Data:

1 DADRT A, Sig=210,5 Ref=3605 (SPA-SB-771\SPA-SB-773-02ED_IA_93-1.0)

mau ] 7 g Cl
F O®
N *

T T T T T T
10 15 20 25 30 35 min

Chiralpak 1A columnn-hexanetpropanol = 99:1, 1.0 mL/min. DAD 1 A, Sig = 210&,
Ref = 360.5 nmtg = 16.22 min and 17.57 min.

[ [AD1 A, Sig=2105 Ref=3605 (SPA-SB-77 \SPA-SB-773-04ED_IA_99-1.00
o

mAL I
3.0
N *
G0 I

20

1219

21182

|'7 f=1-1:]

T T T T T T
10 15 20 25 30 35 minf

Chiralpak 1A columnn-hexanegtpropanol = 99:1, 1.0 mL/min. DAD 1 A, Sig = 210&,
Ref = 360.5 nmig = 16.47 min and 17.83 min.

1,3-Dimethyl-3-(naphthalen-1-yl)indolin-2-one(Table 15, entry 6):

3 DADR1 A, Sig=2105 Ref=3605 (SPA-SB-F7 NSPA-SB-773-02_1A_90-1.1v

(R)-

S

T
30

36427

T T T T T T
40 45 a0 55 &0 &5 minf

Chiralpak 1A columnn-hexaneatpropanol = 99:1, 1.0 mL/min. DAD 1 A, Sig = 2108,
Ref = 360.5 nmtg = 36.43 min (minor) and 56.04 min (major), 72% ee.

Peak Area Height Width Area% Symmetry
36.427 20300.8 249.7 1.1806 14.214 0.345
56.042 122013.4 1101.2 1.6467 85.432 0.46
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1,3-Dimethyl-3-(naphthalen-1-yl)indolin-2-one(Table 15, entry 5):

1 DADR1 A, Sig=210.5 Ref=3605 (SPA-SB-77IN\SPA-SB-773-01_1A_98-1.0)
mAl

(R)- ¢

150 +

100 +

36.456

T
30

T T T T T T
40 45 a0 55 =[] =] min

Chiralpak 1A columnn-hexanegtpropanol = 99:1, 1.0 mL/min. DAD 1 A, Sig = 2108,
Ref = 360.5 nmtg = 36.46 min (minor) and 55.25 min (major), 68% ee.

Peak Area Height Width Area% Symmetry
36.456 4602.4 62.9 1.0756 15.759 0.474
55.249 24258.1 248.1 1.4846 83.063 0.615

1,3-Dimethyl-3-phenylindolin-2-one(Table 15, entry 4):

3 DAD1 A, Sig=2105 Ref=380 5 (SPA-5B-77 1\SPA-5B-773-04_|A_99-1.0)
mal (=]

(R)-

300

17.212

250 H

i) F

T T T T T T T T
] 10 18 20 25 20 26 mi

Chiralpak 1A columnn-hexaneatpropanol = 99:1, 1.0 mL/min. DAD 1 A, Sig = 210,
Ref = 360.5 nmtg = 17.21 min (minor) and 25.65 min (major) 63% ee.

Peak Area Height Width Area% Symmetry
17.213 5647.4 224.3 0.3777 18.673 0.578
25.650 24595.8 356.9 1.0161 81.327 0.433
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1,3-Dimethyl-3-phenylindolin-2-one(Table 15, entry 3):

I DADT A, Sig=210.5 Ref=360,5 (SPA-SB-77 1\SPA-5B-773-03_1A_D9-1.00
mall 8

(R)-

250
200

2
150 b4
o

T T T T T T
16 18 20 22 24 26 minf

13 688

Chiralpak 1A columnn-hexanetpropanol = 99:1, 1.0 mL/min. DAD 1 A, Sig = 210&,
Ref = 360.5 nmig = 16.63 min (minor), 21.54 min (major) and 16.05n{8% substrate),
58% ee.

Peak Area Height Width Area% Symmetry
16.633 3018.9 118.2 0.3779 19.169 0.597
21.535 11294.2 325.5 0.5209 71.717 0.514

1-cyclopentyl-3-methyl-3-phenylindolin-2-one(Table 15, entry 2):

3 DAD1 A, Sig=210,5 Ref=380 5 (SPA-5B-77 1\SPA-SB-776-01_LA_99-1.0)
mal o

(R)-f

200 o

17738

T T T T T T T 1
16 12 20 22 24 26 28 mi

Chiralpak 1A columnn-hexaneatpropanol = 99:1, 1.0 mL/min. DAD 1 A, Sig = 210,
Ref = 360.5 nmtg = 17.74 min (minor) and 19.68 min (major), 55% ee.

Peak Area Height Width Area% Symmetry
17.738 14436.6 479.2 0.4575 22.376 0.632
19.675 50080.7 950.1 0.715 77.624 0.321
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Determination of product configuration: 293 39 3%

1,3-Dimethyl-3-(naphthalen-1-yl)indolin-2-one (refeence on Chiralpak 1B column equal
to elution order reported):

O LADR1 A, Sig=210,5 Ref=35805 (SPA-SB-77 \SPA-SB-773-02_IB_99-1.0)
mAU

(R)- £
(S)-

200 o

22420

100 A

o

T T T T T T T
10 20 30 40 50 &0 70 mi

Chiralpak IB columnn-hexanefpropanol = 99:1, 1.0 mL/min. DAD 1 A, Sig = 210/,
Ref = 360.5 nmtg = 28.49 min (minor) and 61.67 min (major).

Peak Area Height Width Area% Symmetry
28.489 23956.6 335.2 1.0859 14.297 0.259
61.673 143607 538.8 3.3677 85.703 0.14

1,3-Dimethyl-3-phenylindolin-2-one (reference on Cinalpak IB column equal to elution
order reported):

3 DAD1 A, Sig=2105 Ref=380 5 (SPA-5B-77 1\5PA-5B-773-04_IB_99-1.0)
mAL

(R)-

200 o
G000 -
400 -

0] (S)

o4

11.914

16.593

T T T T T T
g 10 15 20 25 mi

Chiralpak IB columnn-hexanefpropanol = 99:1, 1.0 mL/min. DAD 1 A, Sig = 210/,
Ref = 360.5 nmtg = 11.91 min (minor) and 13.95 min (major).

Peak Area Height Width Area% Symmetry
11.914 6582. 1 339.9 0.2859 18.177 0.452
13.949 29241.3 1054 0.3977 80.753 0.271




210 Experimental Section — Chapter 4

Dehalogenation products: N-methyl-N-diphenylpropanamide (A) and 1,3-Dimethyl-3-
phenylindolin-2-one (B)(Table 15, entry 7):

1 DADR1 A, Sig=210.5 Ref=3605 (SPA-SB-77INSPA-SB-F7403_2_|A_99-1.0)
mAl

400 -

300

200 o

100 +

17.243

x)

2 [10.0?1

T T T T T T
15 20 25 30 35 min

Chiralpak 1A columnn-hexaneatpropanol = 99:1, 1.0 mL/min. DAD 1 A, Sig = 210&,
Ref = 360.5 nmtg o = 14.63 min A), 16.16 min A) andtg g = 17.72 min B), 29.60 min B).

Peak Area Height Width Area% Symmetry
14.630 9700.3 468 0.3118 26.772 0.604
16.163 9517.1 426.1 0.3366 26.267 0.592
17.715 5933.7 180.6 0.4713 16.377 0.57
29.601 5011.1 60.1 1.3246 13.830 0.827

N-phenyl-N-methyl-2-(naphthalen-1-yl)propanamide(Table 15, entry 8):

I DADR1 A, Sig=210,5 Ref=360,5 (SPA-SB-77 \SPA-SB-775-01_2_|A_29-1.00

: "
sWbs
100 4 N .

75 4 |

50 o

T
- Spoo
[=] —
2] ﬁc"?wﬂ
- iy S

0 e

@
Ire)
0y

35666

&23.180

12.204
T1Z2756
14.625
15726

18321
1 p10.0s7

T T T T T T T
=) 10 15 20 25 20 35 min

Chiralpak 1A columnn-hexanetpropanol = 99:1, 1.0 mL/min. DAD 1 A, Sig = 2108,
Ref = 360.5 nmtg = 17.47 min and 18.56 min and 23.16 min (3% sutesttariv.).

Peak Area Height Width Area% Symmetry
17.471 4750.8 190.5 0.3769 44.904 0.671
18.559 5078.6 182.7 0.4163 48.004 0.618
23.16 371.7 11.7 0.4838 3.514 0.759

35.666 57.8 0.89 0.7718 0.546 0.869
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