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OZET

KiRAL METAL KOMPLEKSLERI VE OZELLIiKLERI

DENIZALTI, Serpil

Doktora Tezi, Kimya Anabilim Dali
Tez Danmismani: Dog. Dr. Hayati TURKMEN
Ikinci Tez Danigmani: Prof. Dr. Bekir CETINKAYA

Haziran 2012, 126 sayfa

N-Heterosiklik karbenler (NHCs) giiglii o-donériidiir ve metallerle kuvvetli
bag olustururlar. Bu nedenle fosfin anologlarina goére 1siya, havaya ve neme karsi
daha kararli kompleksler meydana getirirler. Sahip olduklar1 bu 6zelliklerinden
dolay1 NHC kompleksleri, olefin metatezi, hidrosilasyon, hidrojenasyon, Heck ve
Suzuki eslesme gibi bircok tepkimede katalizor olarak kullanilmaktadir.
Dolayisiyla, asimetrik katalizde bu ligantlarin kiral tiirevlerinin gelisimi de
kaginilmaz olmustur. Asimetrik alken hidrojenasyonu, asimetrik alken metatezi
gibi Kkatalitik reaksiyonlarda iyi se¢imlilik gosteren kiral NHC kompleksleri
sentezlenmekle birlikte bunlarin sayisi sinirlidir. Bu nedenle yiiksek se¢imlilik

gosteren kiral katalizorlerin gelistirilmesine ihtiya¢ duyulmaktadir.

Bu tez kiral NHC kompleksleri ile ilgilidir ve ii¢ boliimden olusmaktadir.
Birinci boliimde, kirallik ve 6nemi, NHC hakkinda temel bilgiler, kiral NHC
ligantlar1 ve komplekslerinin asimetrik katalizdeki uygulamalarina iliskin
calismalar &zetlenmistir. Ikinci boliimde, deneysel ¢alismalara yer verilmistir.
Ucgiincii boliim, kiral yardimer ligant iceren NHC ve kiral NHC komplekslerinin
sentezi, karakterizasyonu ve katalitik aktivitelerinin incelenmesini kapsamaktadir.
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Kiral oksazolin ligandi iceren NHC-Pd(II) kompleksleri (13-18),
sentezlenen dimerik NHC-Pd(Il) komplekslerinin kiral oksazolin liganti ile
boliinmesi sonucu elde edilmistir. Elde edilen bu kompleksler alilik alkilasyon
reaksiyonunda katalizor olarak denenmistir. Kompleksler aktivite gostermelerine

ragmen elde edilen iiriinde se¢imlilik gézlenmemistir.

EtO,C.__CO,Et

OAc
SN 13-18 (2.5% mmol) X
O O + Et0,C7 O CO,Et O O
Cs,CO3, THF, 50 °C, 48 h

Rasemik

Kiralitenin azota bagl siibstitiiyentte oldugu, kiral NHC-Ru(Il) ve Rh(l)
kompleksleri (25-28) ile heterosiklik halkada kiraliteye sahip kiral NHC-Ru(ll)
kompleksi (32) sentezlendi. Elde edilen komplekslerin asetofenonun transfer
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hidrojenasyondaki aktiviteleri arastirildi. Transfer hidrojenasyonda en iyi sonug
katyonik rodyum komplekslerinden (27, 28) alinmustir.
O OH

25-28 (1% mmol)
KOH, IPA, 75°C, 19 h

Ayrica rodyum kompleksleri aldehitlerin arilasyon reaksiyonunda da

katalizor olarak kullanilmistir. Arilasyon reaksiyonunda ise komplekslerin

tamaminin aktif oldugu ve 15 dakikada reaksiyonun tamamlandig1 gézlenmistir.

0 OH

H 26-28 (1% mmol)
+ PhB(OH), O O
t
R R KO'Bu, DME/,0 (3/11) g R

2

Anahtar kelimeler: Kiral N-heterosiklik karben, alilik alkilasyon, transfer
hidrojenasyon, aldehitlerin arilasyonu.
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ABSTRACT

CHIRAL METAL COMPLEXES AND THEIR PROPERTIES

DENIZALTI, Serpil

PhD Thesis in Chemistry
Supervisor: Assoc. Prof. Dr. Hayati TURKMEN
Co-Supervisor: Prof. Dr. Bekir CETINKAYA

June 2012, 126 pages

N-Heterocyclic carbenes (NHCs) are excellent s-donors and form strong
metal-carbon bonds, therefore these complexes have better thermal and air
stability than phosphine analogues. N-Heterocylic carbene complexes have
proved to be more effective catalysts in many catalytic reactions including olefin
metathesis, hydrosilylation, hydrogenation, transfer hydrogenation, Heck and
Suzuki C-C cross coupling reactions. Accordingly, development of chiral NHC
ligands for enantioselective catalysis is a logical extension in this field. Although
chiral NHC complexes, having good enantioselectivity in the asymmetric catalytic
reactions such as hydrogenation, olefin metathesis were synthesized, the number
of them is limited. Thus, it is still desirable to develop or find more active chiral

catalysts and efficient catalytic systems for asymmetric catalysis.

This thesis is related with chiral NHC complexes and consists of three parts.
The first part is a concise review about chirality and its importance, the
applications of chiral NHC ligands and complexes in asymmetric catalysis. In part
two, the experimental details were explained. Part three covers the synthesis,
characterisation, and catalytic activities of NHC bearing chiral ligand and chiral

NHC complexes.
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Ar = -CgHy(CHz)3-2,4,6; -CgH(CH3)4-2,3,5,6;
-Cg(CH3)5-2,3,4,5,6

Y =H, CH,

Chirality in backbone

13-18

Chirality in ligands
attached to metal atom

25-28

Chirality in subtituents
attached to N- atoms

NHC-Pd(I) complexes bearing chiral oxazoline ligand (13-18) were
obtained from dimeric NHC-Pd(Il) complexes, which can readily be cleaved by
chiral oxazoline. These palladium complexes were tested in the allylic alkylation
reaction. All of the new palladium complexes were found to be active catalysts,
however no enantioselectivity could be observed.

EtO,C._ _CO,Et
OAc

. - 13-18 (2.5% mmol) N
O O + EtO,C7 “CO,Et O O

Cs,CO3, THF, 50 °C, 48 h

Racemic

Chiral NHC-Ru(ll) and Rh(l) complexes (25-28), which bear the chirality
on the nitrogen atom, and chiral NHC-Ru(Il) complex (32), in which the chirality

is on the backbone, were prepared. All of the new rhodium and ruthenium
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complexes were found to be effective catalysts for both reactions. Cationic
rhodium complexes (27, 28) gave the best result for the transfer hydrogenation of
acetophenone.

o) OH

25-28 (1% mmol) : 1.
KOH, IPA, 75°C, 19 h

In arylation reaction, it was observed that all complexes were active and the
reaction was completed in 15 minutes.

O OH

H 25-28 (1% mmol)
+ PhB(OH), O O
t
R, R KO'Bu, DME/H,0 (3/1) g R

2

Keywords: Chiral N-heterocyclic carbene, allylic alkylation, transfer
hydrogenation, arylation of aldehydes.
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1. INTRODUCTION

1.1 Chirality

Chirality, also known as handedness, is used to describe an object that
cannot be superimposable on its mirror image. In such a case, there are two
possible forms of the same object. Two mirror images of a chiral molecule are
named enantiomers or optical isomers (Figure 1.1) (Lin et al., 2001; Chirality,
2011).

®5®

W "y,

"OH HOY CCHj )

(S) (R)

Figure 1.1. Enantiomers of lactic acid.

Enantiomers have the same chemical and physical properties. For example,
they have the same melting point, chromatographic retention time, infrared
spectroscopy and nuclear magnetic resonance. However, enantiomers interact
differently in the presence of another chiral molecules and rotate plane polarized
light in opposite direction. Enantiomer that rotates the plane of polarized light
clockwise is denoted as dextrorotatory enantiomer (d) or (+). Its mirror image is
denoted as levorotatory enantiomer (I) or (-). A mixture of equal amounts of
enantiomers is called racemic that do not rotate plane polarized light (Lin et al.,
2001; Chirality, 2011).

1.1.1 Importance of chirality

Chirality plays an important role for the existence of life. Many biologically
active molecules are chiral, including proteins, sugars. Enzymes, which are
biocatalysts in living organisms, are made from proteins. They distinguish
between the two enantiomers of a chiral substrate. Enantiomers react with
receptors in different ways, depending on their absolute configuration. One



enantiomer will fit inside and be bound, whereas the other enantiomer will not fit
and is unlikely to bind (Figure 1.2) (Stereochemistry, 2011; Chirality, 2011).
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Figure 1.2. The binding specificity of a chiral receptor site for a chiral molecule.

The usage of enantiopure compounds is increasing especially in
pharmaceutical industry. Drugs can exist as a pair of enantiomers. However, both
enantiomers may not be biologically active. One enantiomer may have beneficial
effect while the other may lead serious side effects or beneficial but definitely
different effects. This showed that chirality plays an important role in biological
systems. A well-known example of different biological activity of enantiomers is
thalidomide disaster. Thalidomide was administered to women for treating
morning sickness in pregnancy. Unfortunately, the (R)-enantiomer has the desired
effect, whereas the (S)-enantiomer is teratogen, causing mutation in human
embryos. Figure 1.3 presents a number of examples of different effects of
enantiomers (Enantiopure drug, 2011).
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Figure 1.3. Examples of different effects of chiral drugs.
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(S)-Ketoprofen
(toothpaste additive to prevent
periodontal disease)
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(R)-Ketamine
(halucinogen)

Figure 1.3. Examples of different effects of chiral drugs (continue).



1.1.2 Asymmetric Synthesis

The chemists have tried to develop efficient synthetic methods to obtain
pure enantiomer because the preparation of enantiomerically pure compounds has
increased especially in pharmaceutical industry. There are three main ways to
obtain enantiopure compounds: (i) resolution of racemates, (ii) chiral pool
synthesis (includes the usage of chiral starting materials), (iii) asymmetric
synthesis.

Asymmetric synthesis, also known as enantioselective or stereoselective
synthesis, is the most frequently used method for obtaining chiral molecules. In
this method, an achiral substrate is converted into a chiral substrate. The first
methods were carried out by William S. Knowles and Ryoji Noyori. In 1968,
Knowles developed chiral phosphine ligand modifying Wilkinson's catalyst. This
catalyst was employed in Monsanto's production of L-DOPA, which is an
important anti-Parkinson's drugs (Scheme 1.1) (Knowles et al., 1968; 2002).

H,COC NHCOCH, [Rh{(R.R)}-DIPAMP}CODI'BFy”  14,coC NHCOCH;

OCI A H3O+
41
E\/ —\ P~
P
- HO COOH
SJ" ; " |
(R{R)-DIPAM L-DOPA

95% ee

Scheme 1.1. Synthesis of L-DOPA.

A few vyears later, Ryoji Noyori published a chiral BINAP ligand that was
successfully used in enantioselective hydrogenation of C=C bonds and ketones
(Scheme 1.2) (Miyashita et al., 1980; Ohta et al., 1987; Noyori et al., 1987; Tani,
etal., 1984).
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Scheme 1.2. Synthesis of (S)-Naproxen.
1.2 N-Heterocyclic Carbenes (NHCs) as Alternative to Phosphines

N-Heterocyclic carbenes (NHCs), also called Arduengo carbenes, are
neutral compounds with a divalent carbon atom located between the two
heteroatoms, at least one of which is typically a nitrogen in a position a to the
carbene carbon (Roland and Mangeney, 2005; Schuster et al., 2009). The first
isolation of a stable NHC was reported by Arduengo in 1991 (Arduengo et al.,
1991). Since then, a wide range of NHCs have been synthesized (Figure 1.4)
(Diez-Gonzalez et al., 2009; Frémont et al., 2009).
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Figure 1.4. Structures of the most common NHCs.



There are several methods to allow the formation of free NHCs: i)
deprotonation of an azolium salt, ii) desulfurization of thioureas with molten
potassium, iii) vacuum pyrolysis under removal of volatiles, iv) treatment of
chloro amidinum and azolium salts with bis(trimethylsilyl)mercury (Scheme 1.3)
(Nair et al., 2004; Droge and Glorius, 2010).

Hg(SIMe3)2 N N
~— RNLNR

S Cl X
ATiii
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@: -CH:CH, -CH2CH2-, CH2-CH2-CH2-, -C6H4-, etc.

Scheme 1.3. Methods for the formation of free NHCs.

Due to the fact that NHCs are excellent o-donors, which allows for very
strong NHC-metal bonds and prevents decomposition of the catalyst, they have
become the focus of intense study in organometallic chemistry (Cavallo et al.,
2005; Diez-Gonzalez et al., 2009; Jacobsen et al., 2009; Radius and Bickelhaupt,
2009).

1.3 NHC Complexes

N-Heterocyclic carbenes (NHCs) have been used as ligands for transition
metal complexes by Wanzlik and Ofele in 1968 (Wanzlik, 1968; Ofele, 1968). In
the early 1970s, Lappert and co-workers investigated their organometallic
chemistry using electron-rich olefins i.e. the NHC dimers as precursors (Cardin et
al., 1972; 1973; Cetinkaya et al., 1993; Cetinkaya et al., 1994; Lappert, 2005).



NHC complexes can be prepared by diverse methods (Scheme 1.4): i) the
commonly used method is deprotonation of the azol(in)ium salts by a strong base
such as NaH, KO'Bu, KN(SiMes), etc. to generate the carbene which is then
transferred onto the metal precursor. In this method, free carbene can be used
without being isolated (in situ) or isolated. The in situ complexation of the ligand
has the advantage of not requiring to prepare and isolate the free NHC. Moreover,
a base can be added directly to the reaction media or Brenstedt basic anions (such
as OMe-, OAc-, acac-) on the metal precursor that can form the desired ligand in
situ by deprotonation (Frémont et al., 2009); ii) the second method is
transmetallation. Basic silver(l) oxide is a convenient precursor for silver(l)-NHC
complexes (Wang and Lin, 1998; Bildstein et al., 1999). These complexes can be
used as an attractive NHC transfer agents in the presence of an organometallic
fragment bearing a metal more electronegative than silver. Also, these complexes
do not have to be isolated during transmetallation reaction (Garrison and Youngs,
2005; Lin et al., 2009); iii) the third one is the cleavage of electron-rich olefins.
They have been used as a source of carbene for transition metal complexes
(Lappert et al., 1971; Cetinkaya et al., 1993; Cetinkaya et al., 1994); iv) the fourth
method is oxidative addition of an azolium salt by activation of C2-X (X = Me,
Halogen) bond.
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Scheme 1.4. Synthetic pathways for the generation of transition metal-NHC complexes.



NHCs show many interesting properties that make them valuable as ligands.
They are excellent o-donors and form strong metal-carbon bonds, therefore these
complexes have better air and thermal stability than phosphine analogues. N-
Heterocylic carbene complexes have proved to be more effective catalysts in
many catalytic reactions including olefin metathesis, C-C coupling reactions,
hydrosilylation reactions (Perry and Burgess, 2003; Mauduit and Clavier, 2006;
Nolan, 2006).

Development of chiral NHC ligands for enantioselective catalysis is a
logical extension in this field. Asymmetric reactions using chiral NHCs are an
efficient method to optically active compounds (Nair et al., 2004; Mauduit and
Clavier, 2006). The first chiral carbene complexes were synthesized by Lappert in
1983 (Coleman et al., 1983). None of them, however, was tested in asymmetric
catalysis. Several years later, in 1990s, Herrmann (Herrmann et al., 1996) and
Enders (Enders et al., 1997) synthesized chiral NHC complexes for asymmetric
catalysis. Later on, the first effective chiral NHC complex was synthesized by
Burgess in 2001. The complex was used for asymmetric hydrogenation of alkenes
which gave high stereoselectivity (Powell et al., 2001; Perry and Burgess, 2003)
(Figure 1.5).
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Figure 1.5. Chiral NHC complexes.

1.4 Classification of Chiral NHC Ligands

1.4.1 Chiral NHC ligands bearing chiral N-substituents and their
applications

The method which was followed at first in the design of chiral NHCs was
based on the introduction of N-substituents bearing a chiral center located on the
carbon atoms adjacent to the nitrogen atoms within the ring. Their general
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structure are showed in Figure 1.6 (César et al., 2004, Gade and Bellemin-

Laponnaz, 2007).
N A = -CH,CH,-
s AR
>_ -CH=CH-,
A\ N MLn -CH,CH,CH-,

-C6H4 etc.

Figure 1.6. General structure of chiral NHC bearing chiral N-substituents.

The first chiral NHC ligand of this type were synthesized by Herrmann and
Enders. Herrmann's group reported the usage of chiral NHC-Rh complexes in
asymmetric hydrosilylation for the first time. Catalyst including naphthyl gave
more than 90% conversion but low stereoselectivitiy (32% ee) in the
hydrosilylation of acetophenone. It was stated that the optical induction is
temperature-dependent. It decreases at higher temperatures (Herrmann et al.,
1996). Enders and co-workers synthesized chiral triazolinylidene rhodium and
palladium complexes. In the hydrosilylation of metyl ketones, they obtained the
alcohols in 40-90% vyield and up to 44% ee using rhodium complexes. Palladium
complexes were tested for the Heck reaction which gave a product in only 8% ee.
The reaction conditions were not specified (Enders et al., 1996; 1998). The group
first prepared immobilised chiral carbene rhodium complexes (Enders and Gielen,
2001). The catalysts displayed good catalytic activities, although very low ee were
obtained (24% ee).
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Hartwing's group made an important contribution in the design of this type
chiral NHC ligands. The imidazolinum salts were prepared from (-)-
isopinocamphenylamine and (+)-bornylamine and used in the palladium catalyzed
asymmetric oxindole reaction. They obtained 76% ee (Lee and Hartwing, 2001).

—/\
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BF,

Peris, Fernandez and co-workers developed chiral NHC-Ag and Ir complex
(Ramirez et al., 2005; Corberan et al., 2006; 2007). These catalysts were applied in
the catalytic diboration of olefins providing the products high yield with very low
enatioselectivities (ee's up to 10%).
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Among the ligands of these types, polydentate ligands which combine the
NHC unit with an anionic functional group have been developed recently. Thus,
the rotation of the chiral substituents around the C-N axis is hindered (Gade and
Bellemin-Laponnaz, 2007). Arnold's group reported the synthesis of the chiral
copper complex. This complex was tested in the asymmetric conjugate addition of
diethylzinc to cyclohexenone. They obtained moderate enantioselectivity (51%
ee) (Arnold et al., 2004).
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Afterwards, several groups prepared chiral alkoxy NHC ligands and their
catalytic activities were investigated in the reactions catalyzed by copper such as
asymmetric conjugate addition to cyclic enone, diethylzinc addition to aldehydes,
asymmetric allylic alkylation and 1,4-addition of Grignard reagents to cyclic
enones (Rix et al., 2005; Clavier et al., 2005; Jurc¢ik et al., 2006; Gilani et al.,
2008; Jennequin et al., 2010; Fengjun et al., 2011; Tissot et al., 2011).
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Clavier et al. synthesized chiral imidazolinum salts bearing alkoxy group.
These salts were tested in the copper catalyzed conjugate addition reaction. The
place of the stereogenic center is of crucial role in this reaction (Figure 1.7). The
stereogenic center in the alkoxymethylene side chain must be placed in the C2
position, near the NHC backbone (Clavier et al., 2005).

A el A

47% ee 86% ee 17% ee

Figure 1.7. The importance of the position of the stereogenic center.

Chiral imidazolium ligands, prepared by Kiinding and co-workers, were
tested in the Pd-catalyzed asymmetric a-arylation of amides (Kiinding et al.,
2007). When the ligand bearing ortho methoxy substituent was used, the best
enantioselectivity was gained (89% ee). Using the other ligand, which includes
ortho methyl group, oxindoles were obtained in excellent enantioselectivities
(95% ee). The authors further developed chiral NHC ligands and used them in the
asymmetric intramolecular a-arylation of amide enolates containing heteroatom
substituents to furnish optically active 3-alkoxy or 3-aminooxindoles, which are
useful and important intermediates for the synthesis of biologically active chiral
oxindoles, in high yields and enantioselectivities (97% ee) (Jia et al., 2008).
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Roland's group developed chiral amino NHC-Ag(l) complexes and used
them to generate in situ chelating NHC-amino palladium(ll) complexes. These
complexes were evaluated in the asymmetric allylic alkylation using (E)-1,3-
diphenyl-3-en-yl acetate and dimethyl malonate (80% ee). They also investigated
the effect of addition of PPhs to preformed NHC-amino palladium complexes in
this catalytic reaction. In the absence of PPhs, conversion was 33% with 76% ee.
By adding PPhs, the reaction was completed after 1 h with 10% ee. They assumed
that decrease of the enantioselectivity could be due to the replacement of the
chiral chelating amino side chain on the palladium by PPh; (Flahaut et al., 2006;
2007a; 2007b). Toselli et al. synthesized NHC ligands containing chiral 1,3,2-
diazaphospholidenes and they investigated their catalytic activities in asymmetric
allylic alkylation reaction. The association of a strong o-donor ligand with chiral
1,3,2-diazaphospholidines led to an improvement of enantioselectivity (89% ee)
(Toselli et al., 2008).
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In 2006, Li et al. reported chiral NHC ligands derived from naturally
occuring podophylotoxin (Li et al., 2006). These chiral ligands and their
palladium allyl complexes were found to be active catalyst in the asymmetric
alkylation of (E)-1,3-diphenyl-3-en-yl acetate with diethyl malonate which gave a
product in high yield and enantioselectivities (87% ee). Fernandez and co-workers
published a family of thioether functionalized chiral NHC-Pd complexes (Ros et
al., 2006; Roseblade et al., 2007). Studies on the catalytic behavior of the Pd
complexes revealed that these complexes were suitable catalysts in the
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asymmetric allylic alkylation (ee's up to 91%). They also prepared Rh complexes
of monodentate and bidentate NHC ligands. These complexes were active
catalysts in the asymmetric hydrosilylation of acetophenone with diphenylsilane.
When R was i-Pr and X was | in monodentate rhodium complex, it was obtained
in modarete yield (40%) and low enantioselectivity (8% ee). The selectivity was
slightly dependent on the nature of NHC and strongly dependent on the solvent
and reaction temperature. The most active catalyst gave the desired product in
88% yield with 62% ee (Ros et al., 2009).
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The authors have also published pincer type S/IC(NHC)/S ligands and their
silver and palladium complex (lglesias-Sigiienza et al., 2009). Silver complexes
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were used for the first time in the asymmetric 1,3-dipolar cycloaddition of
iminoglycinates (ee's up to 80%).
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Diez and Nagel described the synthesis of chiral bis(NHC) iridium(l)
complexes and their application in the asymmetric transfer hydrogenation of
ketones, affording the corresponding chiral alcohols in high yields and moderate
to good enantioselectivities of up to 68% (Diez and Nagel, 2010).

Douthwaite's group developed a series of chiral NHC ligands derived from
trans-1,2-diaminocyclohexane and their complexes (Bonnet et al., 2003; Bonnet
and Douthwaite, 2003; Bonnet et al., 2004; Hodgson and Douthwaite, 2005).
Chiral di-NHC-Pd complexes were tested in the asymmetric intramolecular
cyclization of amide. However, only 11% ee was observed (Bonnet et al., 2003).
NHC-imine ligands were applied to asymmetric allylic alkylation reaction giving
a maximum ee of 92% (Bonnet and Douthwaite, 2003). NHC-P ligands
synthesized by this group were also used for the asymmetric allylic alkylation
reaction (45% ee) and asymmetric transfer hydrogenation of acetophenone (ee's
up to 37%) (Hodgson and Douthwaite, 2005). Comparison with NHC-imine
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ligands indicate that the presence of phosphine increases the yield of allylic
alkylation reaction although NHC-P ligands displayed lower enantioselectivity.
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In 2009, Douthwaite's group reported the synthesis of NHC-amine- Rh and
Ir complexes and investigation of their catalytic application to ATH (Dyson et al.,
2008; 2009). Complexes of NHC-amines were found to be inactive catalysts for
ATH (Dyson et al., 2009). The best result (56% ee) was obtained from Ir
complex, when R is 'Pr group. The enantioselectivity is sensitive to the N-
substituent. When R is Et group, they could not observe ee value (Dyson et al.,

2009).
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Very recently, Shigeng et al. synthesized palladium complex of chiral di-
NHC ligand derived from chiral 1,2-cyclohexanediamine (Shigeng et al., 2012).
This complex was used to catalyze the enantioselective Suzuki-Miyaura couplings
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of aryl bromides with arylboronic acids in good yields and moderate

e

O

Gade, Bellemin-Lapponaz and co-workers reported the evaluation of NHC-

enantioselectivities (up to 61% ee).

Rh complexes bearing oxazoline units in the asymmetric hydrosilylation of
ketones (Gade et al., 2004; César et al., 2005; Schneider et al., 2009). The best
results were obtained at -60 °C giving 92% vyield and 90% ee for the
hydrosilylation of acetophenone in the presence of the first catalyst and a slight
excess of AgBF,. It is important the use of AgBF, since the same reaction
performed without it gave both poor yield (53%) and enantioselectivity (13%).
Although the other two systems were found to be active at room temperature they
did not gave significant enantioselectivities. In comparison with the ligands in
which the two heterocycles are connected by CH, or CMe; bridge, highly rigid
type remains the most efficient system for the hydrosilylation reaction. This group
also prepared chiral ruthenium complex and tested it in various asymmetric
reactions such as transfer hydrogenation, hydrogenation of ketones or
isomerization of allylic alcohols. This chiral complex did not show catalytic

activity in none of these reactions (Poyatos et al., 2006).
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Burgess' group synthesized several chiral NHC-Ir complexes containing
oxazoline ligands (Powell et al., 2001). Their catalytic properties were
investigated in asymmetric hydrogenations of alkenes. They obtained good
enantioselectivities (98% ee). The substituent on the oxazoline ring (R;) affected
both enantioselectivity and yield of the reactions. The best yield and ee were
gained from Ry = 1-Ad. Other substituents, such as Ry = Ph, CHPh; and 'Bu, were
also studied. The complexes, however, gave lower yield and selectivity than R; =
1-Ad. In 2006, Pfaltz's group developed NHC-oxazoline Ir complexes for
asymmetric hydrogenation of alkenes which gave moderate to high
enantioselectivities (Nanchen and Pfaltz, 2006). For catalysts, which oxazoline
linked to NHC from 4-position, the choice of R; is crucial for activity as well as
enantioselectivity.  When R; = tert-butyl was replaced by an isopropyl group,
enantioselectivity decrease. Complex which bears the least bulky substituent on
the NHC ring, was the most selective catalyst. For other catalysts,
enantioselectivity and activitiy strongly depend on the oxazoline substituent. High
conversions were obtained for R; = tert-butyl and 1-adamantyl. Good
enantioselectivities were obtained by catalysts with a smaller methyl or isopropyl

group at the NHC moiety.
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Nanchen and Pfaltz also prepared enantiomerically pure phosphino- and
phosphinooxy-substituted NHC-Ir complexes (Nanchen and Pfaltz, 2006).
Although they displayed low conversions for unfunctionalized olefins, these
catalysts proved to be suitable for hydrogenation of the o,B-unsaturated ester,
allylic alcohol and imine. However, they obtained moderate enantioselectivities.
NMR analyses of Ir complexes showed fluxional behavior of the chelate ring
(Figure 1.8). For this reason, asymmetric induction is effected such lack of
rigidity (Nanchen and Pfaltz, 2006).
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Figure 1.8. Two conformations of Ir complex.

Crudden's group reported the synthesis of chiral NHC-Rh and Pd complexes
bearing oxazoline goup (Ren et al., 2004). The rhodium complex was investigated
in the hydrosilylation of acetophenone and the hydroboration of styrene.
However, they obtained poor enantioselectivities (< 10% ee).
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In 2011, Passays et al. synthesized chiral phosphine-carbene Rh complexes
and investigated their catalytic properties in asymmetric hydrogenation of
dehydroalanine and dehydrophenylalanine derivatives. Catalysts Ib-111b were
totally inactive in the hydrogenation of dehydrophenylalanine however catalyst
I11b gave the product with 47% conversion and 60% ee. Catalysts containing
DiPP (Ib-111b) led to lower conversions, but higher ee, than catalysts bearing
mesityl (la-111a). Catalyst Illb gave the product with 60% ee and 42%
conversion, and catalyst Il11a gave 37% ee and 90% conversion (Passays et al.,
2011). Kallstrom and Andersson have developed chiral NHC-Ir complex bearing
thiazole (Kaéllstrom and Andersson, 2006). This complex evaluated in the
asymmetric hydrogenation of olefins and is able to reduce various tri-substituted
olefins with good enantioselectivities with ee's ranging from 34% to 90%.
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Yoo et al. reported chiral monomeric and dimeric tridentate NHC-Pd
complexes tested in the asymmetric oxidative Heck-type reactions of aryl boronic
acids with alkenes. Dimeric complexes gave higher enantioselectivity than the
monomeric ones (ee's up to 94%). It was implied that the "counter axial groups”
(isopropyl and borate) effected the enantioselectivity (Yoo et al., 2010).
Chiyojima and Sakaguchi synthesized chiral hydroxy-amide functionalized NHC
ligands and Rh(IIT) and Ir(1I1) complex (Sakaguchi et al., 2010; Chiyojima and
Sakaguchi, 2011). They used complexes in the asymmetric transfer hydrogenation
of acetophenone using 4% mol catalyst at room temperature. After 20 h, they
obtained 46% yield and 18% ee from Ir complex. In contrast to Ir complex, Rh
complex did not showed any catalytic activities. They also tested
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benzimidazolium salt (R = Me, R' = 'Bu) in the same reaction and gained 41%
yield and 18% ee. Therefore, they performed this reaction using chiral ligands
without isolating complexes. They obtained 58% yield and 60% ee using KPFg as
additive.
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Herrmann and co-workers reported the synthesis of the chiral partially
reduced biisoquinoline- or 2,2'-bipiperidine-based NHC ligands and their rhodium
and iridium complexes (IV-1X) (Herrmann et. al., 2006; Baskakov et al., 2007).
Complexes 1V-VI were tested in asymmetric hydrosilylation and transfer
hydrogenation of acetophenone giving the desired product with very low
enantioselectivities (2-28% ee). However, complexes VII-1X were catalytically
active in the asymmetric hydrogenation of methyl 2-acetamidoacrylate; iridium
complexes gave moderate enantioselectivities (67% ee) (Baskakov et. al., 2007).
Neutral and cationic iridium complexes bearing chiral phenanthroline-derived
benzimidazolylidene ligands (X-XII) were synthesized by Metallinos and Du
(Metallinos and Du, 2009). These complexes were tested hydrogenation of
acetamidoacrylates, the best results were obtained using 2,9-diphenyl-substituted
(X1), which afforded the desired product in 97% yield and 81% ee.
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Seo et al. designed chiral biisoquinoline-based NHC-Cu complexes (Seo et
al., 2008) to evaluate them in the enantioselective allylic alkylation reaction. The
corresponding products were obtained in moderate enantioselectivities (77% ee).
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Glorius et al. designed imidazolium triflates and palladium complex
prepared form bioxazolines and oxazolineimines (Glorius et al., 2002). These
ligands and palladium complex were tested in the Pd-catalyzed intramolecular a-
arylation of amides, giving oxindole in high yield with 43% ee. Glorius and co-
workers further developed a highly sterically demanding chiral NHC ligand
(Wiirtz et al., 2009). This ligand was applied to intramolecular o-arylation of
bromides and chlorides, providing highly enantioselective formation of oxindoles

in up to 99% ee.
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1.4.2 Chiral NHC ligands bearing chiral elements within the
heterocycle and their applications

The second strategy for the generation of chiral NHCs is to use
imidazolinium salts containing substituents in the 4- and 5-position of the

heterocycle (Figure 1.9).
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Figure 1.9. General structure of chiral NHC bearing chiral elements within

the heterocycle.

The chiral NHC-Ag complexes prepared by Mangeney and Alexakis was
used in the copper catalyzed asymmetric addition of diethylzinc to cyclohexenone
(69% ee) (Pytkowicz et al., 2001; Guillen et al., 2001; Alexakis et al., 2003; Winn
et al., 2005).
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Chiral imidazolinylidene-Ru complexes (X111, XI1V) have been also used
by Grubbs and co-workers in the stereoselective ring-closing metathesis reaction
and they obtained high enantioselectivity (91% ee) (Seiders et al., 2001).
Replacement of the o-Me groups by the 'Pr groups in the complex, the
enantioselectivity was increased. Grubbs' group further prepared several chiral
NHC-Ru complexes (XV-XVII) for improving enantioselectivity. These
complexes were tested in asymmetric ring-closing metathesis reaction of (E)-
trisubstituted olefins providing the corresponding products with five- to seven-
membered rings in up to 92% ee (Funk et al., 2006). Fournier et al. synthesized
Grubbs-type catalysts (XVII1) and evaluated them in triene desymmetrisation
reaction with up to 94% ee (Fournier et al., 2006; 2008).
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Hoveyda and co-workers reported a series of chiral NHC-Ag complexes.
They used them in allylic alkylation reaction using various vinyl reagents, aryl-
and heteroaryllithium reagents affording the corresponding products in high
enantioselectivities (Lee et al., 2008; Akiyama et al., 2010; Gao et al., 2010a;
2010b). Hoveyda's group has also synthesized chiral NHC ligands and
investigated their catalytic activities such as enantioselective conjugate additions
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of aryl and alkenyl groups to cyclic enones affording the desired B-aryl or B-
vinylcycloalkanones in up to 98.5% ee (Lee and Hoveyda, 2009); and catalytic
enantioselective conjugate boronate additions to cyclic and acylic a,p-unsaturated
compounds (98% ee) (O'Brien et al., 2010).
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Faller and Fontaine reported neutral and cationic chiral NHC-Rh complexes
(Faller and Fontaine, 2006). These complexes were active catalysts for
hydrosilylation of acetophenone but the products were obtained with poor
enantioselectivities (ee's up to 58%).
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Becht et al. showed that NHC-Rh complexes were found to be active
catalysts in the asymmetric conjugate addtion of arylboronic acids to a,pB-
unsaturated esters with up to 98% yield and 99% ee (Becht et al., 2005). Chiral
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NHC ligands, as shown below, reported by several groups were tested in divers
catalytic reactions. Alexakis' group published an efficient way to create all-carbon
quaternary centers by applying the first asymmetric conjugate additions with
Grignard reagents to trisubstituted enones using chiral ligands including aryl
groups (Martin et al., 2006). Matsumoto et al. synthesized chiral NHC ligands
derived from 1,2-diamino-1,2-diphenylethane, which aryl groups were directly
linked to nitrogen atom or via methylene bridge, and examined their catalytic
activities in the asymmetric conjugate additions of Grignard reagents to 3-
substituted cyclohexenones, affording the products in good yield and up to 80%
ee (Matsumoto et al., 2008). The last chiral NHC ligands illustrated below were
developed by Arao et al. (Arao et al., 2006a; 2006b), which were used in both
intramolecular a-arylation of amides (ee's up to 67%) and asymmetric arylation of
aldehydes with phenylboronic acid (ee's up to 27%) (Arao et al., 2006b).
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Fiirstner's group synthesized chiral NHC-Pd complex containing trans-1,2-
cyclohexanediamine backbone or phenyl group on the heterocycle (Fiirstner et al.,
2003; Kremzow et al., 2005), however, there has no application of this complex in
any asymmetric catalytic reaction.
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Lai et al. has used chiral NHC-Rh complex in the asymmetric
hydroformylation of styrene. However, enantioselectivity never excceeds 12.5%
(Lai et al., 2009). Yigit et al. synthesized 1,3-disubstituted-
perhydrobenzimidazolium salts and their rhodium and palladium complexes
derived from racemic cyclohexanediamine. Both ligands and complexes were
tested various catalytic reactions such as hydrosilylation of acetophenone,
arylation of benzaldehydes, Heck and Suzuki coupling reactions (Yigit et al.,
2005a; 2005b; Yigit and Ozdemir, 2007; Ozdemir et al., 2006; Yigit, 2009).
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A series of chiral NHC bearing alkoxy ligands have been reported by
several groups (Rix et al., 2005; Jurcik et al., 2006; Gilani et al., 2008; Uchida
and Katsuki, 2009; Kehrli et al., 2010) and they was tested in the copper catalyzed
asymmetric conjugate addition of dialkylzincs to acyclic enones (up to 97% ee),
conjugate addition of dialkylzincs to enones (up to 66% ee), or diethylzinc
addition to aldehydes (up to 66% ee).
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1.4.3 Chiral NHC ligands bearing an element of axial chirality
and their applications

The term of axial chirality used to express a special case of chirality in
which a molecule does not possess a stereogenic center but an axis of chirality-an
axis about which a set of substituents is held in a spatial arrangement that is not
superposable on its mirror image. This chirality is most commonly observed in
atropisomeric biaryl compounds wherein the rotation about the aryl-aryl bond is
restricted, for example, binaphthyls, biphenyls (Axial chirality, 2011). In
asymmetric catalysis, the 1,1'-binaphthyl unit is one of the most widely used
structural motifs in ligand design (Gade and Bellemin-Laponnaz, 2007).

The first chiral NHC ligand containing a 1,1'-binaphthyl unit was published
by Rajanbabu et al. (Rajanbabu et al., 2000). Shi and co-workers synthesized
chiral NHC-Rh(III) derived from 1,1'-binaphthalenyl-2,2'-diamine (BINAM or
Hg-BINAM) and 6,6'-dimethoxybiphenyl-2,2'-diamine.  Differently  from
Rajanbabu’s ligand, in this ligand, 1,1'-binaphthyl group was directly linked to
NHC. These rhodium complexes were applied in the asymmetric hydrosilylation
of methyl ketones (up to 98% ee) and 3-oxo-3-arylpropionic acid methyl or ethyl
esters (up to 99% ee) (Duan et al., 2003; Xu et al., 2007; Chen et al., 2007a; Liu et
al., 2009a). Shi and co-workers also prepared di-rhodium and iridium complexes
but they not tested them in any catalytic reaction (Duan et al., 2003; Shi and
Duan, 2005).


http://en.wikipedia.org/wiki/Chirality_(chemistry)
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Shi's group has also developed a family of axially chiral bis(NHC)-Pd
complexes bearing 1,1'-binaphthalenyl and 1,1'-biphenyl scaffold. These
complexes displayed high chiral induction and catalytic activities in oxidative
kinetic resolutions (94% ee) (Chen et al., 2007b; Liu et al., 2009b); conjugate
addition of arylboronic acids to cyclic enones (97% ee) (Zhang and Shi, 2008a);
and arylation of N-tosylimines with arylboronic acids (94% ee) (Ma et al., 2009).
Neutral Pd(Il) complexes synthesized from 1,1'-binaphthalenyl-2,2'-diamine
(BINAM) or Hg-BINAM were used in the allylation of aldehydes with
allyltributyltin to give the corresponding products in high yields (Zhang et. al.,
2008b). Moreover, palladium complex synthesized from BINAM-bearing weakly
coordinating acetate or trifluoroacetate counterions was tested in the in the allylic
alkylation of (E)-1,3-diphenylprop-3-en-yl acetate. The reaction mixture was
heated at 50 °C and stirred for 24 h. They found that complex was not effective in
this reaction and the desired product was formed only in 13% vyield with 7% ee
(Zhang et al., 2008b). However the same complexes was also used in the
enantioselective arylation of aldehydes and displayed moderate enantioselectivity
(ee' up to 65%) (Zhang et al., 2010).
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In recent years, Shi and co-workers reported chiral NHC-Au complexes
using the same scaffold (Liu et al., 2011; Wang et al., 2011). These complexes
have been used to catalyze asymmetric cyclization of 1,6-enynes or allene, giving
the desired product in up to 70% ee and 44% ee, respectively.
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Hoveyda's group has synthesized chiral ruthenium complexes (Van
Veldhuizen et al., 2002; 2003; 2005). These complexes were tested ring opening
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cross metathesis and the second complex, which X is Cl, was more active than the
first complex. Hoveyda was also used this ligand in the copper catalyzed
enantioselective formation of tertiary or quaternary carbon centers. Silver
complex, containing this ligand, displayed good activity and enantioselectivity
(98% ee) (Larsen et al., 2004). They also synthesized copper complex to gain
insight to the identify of the active catalyst, which displayed highly effective
catalytic activity. Moreover, Hoveyda and co-workers reported the first examples
of copper-catalyzed asymmetric conjugate addition of alkyl- and arylzinc reagents
to simple unactivated [B-substituted cyclic enones using silver and copper
complexes (Lee et al., 2006). They obtained the desired product in 67-98% vyield
and up to 98% ee. Chianese and Crabtree published chiral NHC rhodium and
iridium complexes and applied these complexes in the asymmetric hydrosilylation
of acetophenone (Chianese and Crabtree, 2005). Although rhodium complex gave
low enantioselectivity, iridium complex displayed moderate enantioselectivity
(60% ee).
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1.4.4 Chiral NHC ligands bearing an element of planar chirality
and their applications

Planar chirality is used for chiral molecule lacking of an asymmetric carbon
atom, but possessing two non-coplanar rings that are each dissymmetric and
which cannot easily rotate about the chemical bond connecting them (Planar
chirality, 2011). Ferrocene derivatives are the most encountered ones.


http://en.wikipedia.org/wiki/Asymmetric_carbon
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http://en.wikipedia.org/wiki/Planar_chirality
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Bolm et al. reported the first planar chiral NHC ligand (Bolm et al., 2002).
Its rhodium complex was tested in the hydrosilylation of ketones to give the
corresponding alcohols, but it was only obtained racemic alcohols. Afterwards,
Togni's group published chiral NHC bearing two ferrocenyl units linking to
nitrogen atoms but they did not test this ligand in asymmetric catalysis (Broggini
and Togni, 2002). In 2004, Gischig and Togni synthesized chiral tridentate PCP
ligand and its palladium, ruthenium and copper complexes (Gischig and Togni,
2004; 2005).
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Different ferrocene based chiral NHC complexes were prepared by several
groups (Seo et al.,, 2003; Yuan et al., 2005; Jiang et al., 2009). In the
hydrosilylation of 4'-metyl acetophenone, the racemic product was obtained in
55% yield wusing the imidazol-2-ylidene rhodium complex bearing 1-
ferrocenylethyl substituent, which R is methyl group, after 72 h. Seo et al. also
investigated the use of (benz)imidazol-2-ylidene Rh complexes bearing mono-
and bis-ferrocenylethyl groups in the asymmetric transfer hydrogenation (ATH)
reaction but they obtained low enantioselectivities. The best result was obtained
from benzimidazolylidene Ir complex (Seo et al., 2003). Chelated ferrocene
based-NHC complexes were also tested in the hydrosilylation of acetophenone.
Although these complexes showed high catalytic activity, none of them displayed
a significant enantioselectivity (up to 6% ee) (Yuan et al., 2005). The complex,
which ferrocene substituent was directly linked to nitrogen atom, compared with
Bolm's catalyst, the enantioselectivitiy increased (30-53% ee). It was suggested

that this may be because of more rigid backbone of the ligand (Kuang et al.,
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2009). This complex was also applied to ATH of acetophenone to give (S)-1-
phenylethanol with 88% yield and 60% ee (Jiang et al., 2009).
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In 2010, Debono et al. synthesized chiral ferrocenyl phosphine-imidazolium
salts and their palladium complexes. They showed very good activites and
moderate enantioselectivites (up to 42% ee) in the reaction of aryl bromides with
arylboronic acids. This is the first example of asymmetric Suzuki-Miyaura
reactions with NHC complexes. In this reaction, neutral palladium complexes
showed better enantioselectivities than the cationic ones. Reducing temperature
did not effect the enantioselectivity (Debono et al., 2010). Bolm et al. synthesized
NHC-Ir complexes with a planar chiral [2.2] paracyclophane. These complexes
have been applied as catalysts in the asymmetric hydrogenations of alkenes (Bolm
et al., 2003).
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Song et al. prepared chiral bis-paracyclophane NHC ligands (XIX) and
tested them ruthenium catalyzed asymmetric hydrosilylation of ketones. They
obtained 97% ee from the reactions performed using 1% mol catalyst in the
presence of silver(l) triflate at room temperature (Song et al., 2005). In 2010, Ma
et al. also reported a series of planar chiral NHC ligands (XX-XXII) (Ma et al.,
2010). By using these ligands, they gained moderate enantioselectivities from the
reaction of Rh-catalyzed 1,2-addition of arylboronic acids to aldehydes (ee's up to
52%). The best result was obtained from XXI when R is Br and X is OTf.
However, ligands XX showed very low yield and ee in this reaction.
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XIX

R = Br, 0-MeO-CgHs, Ph, m-MeO-CgHs, 1-Naphthyl, H

X=CI, OTf
XXI1 XXl

1.4.5 NHC ligands bearing chiral ligands attached to metal and
their applications

In other classification about chiral NHCs, chiralty is located in another
ligand attached to metal atom instead of NHCs (Figure 1.10). There are a few
reports in the literature in relation to this type of NHCs.

A

Figure 1.10. General structure of NHC bearing chiral ligand attached to metal atom.

Enders' group prepared triazolinylidene palladium complex that obtained by
the addition of Lewis basic ligands to dimeric palladium complex (Enders et al.,
1996). The palladium complex was used in asymmetric Heck type reaction but
very low ee was obtained (< 8% ee). Marinettti and co-workers developed NHC-
Pt complexes (Brissy et al., 2007; 2009a; 2009b). Their catalytic activities were
examined in the asymmetric cycloisomerization  reactions  using
allylpropargylamines, enynes affording the cycloisomerization product in good
yields with up to 97% ee.
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1.5 Aim of the Study

For the last decade, N-Heterocyclic carbenes (NHCs) have become the focus
of intense study. These ligands have several valuable properties in catalysis, such
as stronger o-donors than their phosphines analogous, improving air and thermal
stability of complexes. Because of these properties, NHC complexes have been
used in catalytic reactions such as olefin metathesis, hydrosilylation,
hydrogenation and C-C bond formation. Development of chiral NHC ligands for
enantioselective catalysis become inevitable in asymmetric synthesis.

Chiral NHC ligands have been used in a large variety of metal asymmetric
catalysed reactions, such as hydrogenation, olefin metathesis, conjugate addtition.
However, transition-metal-catalyzed ATH of prochiral ketones or 1,2-addition of
organoboronic acids to aldehydes using chiral NHCs as ligands has been limited
so far and only a few examples have been reported. Generally, moderate to good
conversions were obtained but with very poor enantioselectivities. Thus, it is still
desirable to develop or find more active chiral catalysts and efficient catalytic
systems for asymmetric catalysis.

In this thesis, our main aim was to synthesize chiral NHC complexes and to
investigate their catalytic properties in asymmetric catalysis.
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2. EXPERIMENTAL

Reactions involving air-sensitive components were performed by using
Schlenk-type flasks under argon atmosphere and high vacuum-line techniques.
The glass equipment was heated under vacuum in order to remove oxygen and
moisture and then they were filled with argon. The solvents were analytical grade
and distilled under argon atmosphere from sodium (toluene, diethyl ether, hexane,
tetrahydrofuran) or diphosphorpentaoxide (dichloromethane).

Reagents: Toluene, tetrahydrofuran, dichloromethane, hexane, pentane,
diethyl ether, ethanol, isopropylalcohol and methanol were obtained from J. T.
Baker and Merck. Other chemicals were obtained from Aldrich, Acros Organics,
Alfa Aesar, Fluka and Merck and used as received. [RhCI(COD)], (Chatt and
Venanzi, 1957), [Rh(OMe)(COD)], (Uson et al., 1985), 2,4,6-trimethylbenzyl
bromide, 2,3,5,6-tetramethylbenzyl bromide, 2,3,4,5,6-pentamethylbenzyl (Van
der Made, 1993), monosubstituted benzimidazoles (Ozdemir et al., 2004; 2005a,
Denizalti, 2006), (R,R)-1,2-diammoniumcyclohexane mono-(+)-tartarate salt
(Larrow and Jacobsen et al., 1994), 1-[(2R)-1-(hydroxymethyl)-2-
methylpropyl]imidazole (20) (Matsuoka et al., 2006), (E)-1,3-diphenyl-3-en-yl
acetate (Leung et al., 2001) were synthesized according to previously published
procedures.  (4R)-4-ethyl-2-phenyl-4,5-dihydro-1,3-oxazole  synthesized by
Mugesh (Mugesh et al., 1998) was prepared from (R)-2-amino-1-butanol
according the known procedure (Chelucci et al., 1999; Mawo et al., 2008).

Instruments: *H and *C NMR spectra were recorded on a Varian 400 MHz.
As solvent CDCl3; was employed, J values are given in Hz. Melting points were
determined by electrothermal melting point apparatus. Optical rotations were
taken on a Rudolph Research Analytical Autopol | automatic polarimeter with a
wavelength of 589 nm; the concentration 'c' has units of g/100 mL. The
measurements for catalytic experiments performed by GC/MS (Thermo-Finnigan
on a HP-5 capillary column and with a FID detector) in Ege University
Department of Chemistry. The crystal of ruthenium complex mounted on a nylon
loop was then placed in a cold nitrogen stream (Oxford) maintained at 110 K. A
BRUKER GADDS X-ray (three-circle) diffractometer was employed for crystal
screening, unit cell determination, and data collection. MS analyses of rhodium
and ruthenium complexes were performed using Bruker HCT Ultra Mass
Spectrometry (ESI IONIZATION) Agilent 1200 Capillary HPLC. HPLC analyses
were performed using chiralcel OD-H column and hexane/2-propanol systems.
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2.1 General Procedure for the Synthesis of 1,3-disubstituted
(5,6-dimethyl)benzimidazolium salts (1-6)

R R

Y. N ArCH,Br Y N
Y N Y N +

Toluene, 110 °C )
Ar

1-6

Table 2.1 Melting points and yields of the compounds 1-6

Compound

No Y R Ar m.p (°C)  Yield (%)
1 H  -CH,CHp(CHg)3-2,46  CeHa(CH3)s-2,4,6  145-148 70

2 H  -CH,CH,OCH; CeHo(CHg)3-2,4,6  198-200 77

3 H  -CH,CH,OCH; CeH(CHs3);-2,35,6  192-195 78

4 H  -CH,CH,OCH; Co(CH3)5-2,3,4,5,6  202-203 70

5 CHs -CH,CH,0CH; CeHo(CHg)3-2,4,6  210-214 98

6 CHs -CH,CH,0CH; Co(CH3)5-2,3,4,5,6  109-110 80

1-Methoxyethyl-(5,6-dimethyl)benzimidazole or 1-(2,4,6-trimethyl)benzyl-
benzimidazole (5.7 mmol) was dissolved in toluene and then 2,4,6-
trimethylbenzyl bromide, 2,3,5,6-tetramethylbenzyl bromide or 2,3,4,5,6-
pentamethylbenzyl bromide (5.7 mmol) was added. The mixture was refluxed for
4 h. The solid that separated out after cooling was filtered off and washed with
diethyl ether (5 mL). The product was recrystallized from CH,ClI,/Et,0.
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2.1.1 Compound 1

'H NMR : & (ppm): 2.30 (s, 6 H, CH,CsHa(CHg)s), 2.31 (s, 12 H,
CH,CeH2(CHa)s), 5.87 (s, 4 H, CHyCeHa(CHa)s), 6.91 (s, 4H, CH,CgHa(CHa)s),
7.20-7.22 (m, 2 H, Ar-H), 7.35-7.38 (m, 2 H, Ar-H), 10.78 (s, 1 H, NCHN).2*C
NMR : § (ppm): 20.3, 21.1, 47.6, 113.7, 125.1, 127.0, 130.2, 131.8, 137.9, 139.8,
143.2 (NCHN).

2.1.2 Compound 2

'H NMR : & (ppm): 230 (s, 3 H, CH,CeHo(CHs)3), 2.32 (s, 6 H,
CH,CeH2(CHs)s), 3.30 (s, 3 H, OCHs), 3.89 (t, J = 4.0 Hz, 2 H, CHy), 4.93 (t, J =
4.0 Hz, 2 H, CH,), 5.83 (s, 2 H, CH,CgH2(CHs)s), 6.95 (s, 2 H, CH,CgHa(CHa)s),
7.43-7.60 (m, 3 H, Ar-H), 8.01 (d, J = 8.0 Hz, 1 H, Ar-H), 10.40 (s, 1 H, NCHN).
13C NMR : & (ppm): 20.3, 21.2, 47.3, 48.1, 59.1, 69.9, 113.7, 114.4, 125.1, 127.4,
130.4, 132.3, 138.2, 140.0, 142.5 (NCHN).

2.1.3 Compound 3

IH NMR : & (ppm): 2.24 (s, 6 H, CgH(CHa)s), 2.27 (s, 6 H, CgH(CH3)a),
3.29 (s, 3 H, OCHs), 3.87 (t, J = 4.0 Hz, 2 H, CH,), 4.94 (t, J = 4.0 Hz, 2 H, CH,),
5.83 (s, 2 H, CH,CgH(CHa)a), 7.09 (s, 1 H, CgH(CHa)a), 7.54-7.64 (m, 3 H, Ar-H),
8.01 (d, J = 8.0 Hz, 1 H, Ar-H), 10.04 (s, 1 H, NCHN). *C NMR : 5 (ppm): 16.3,
20.7,47.7,48.1,59.1, 70.1, 113.6, 144.5, 127.4, 131.4, 132.4, 133.9, 135.6, 142.1
(NCHN).

2.1.4 Compound 4

'H NMR : & (ppm): 223 (s, 6 H, CH,Cs(CHg)s), 221 (s, 6 H,
CH,C6(CHa)s), 2.19 (s, 3 H, CH,Cs(CHa)s), 3.22 (s, 3 H, OCHg), 3.79 (1, J = 4.8
Hz, 2 H, CH,), 4.87 (t, J = 4.4 Hz, 2 H, CH,), 5.73 (s, 2 H, CH,C5(CHs)s), 7.49-
7.58 (M, 3 H, Ar-H), 7.94 (d, J = 8.8 Hz, 1 H, Ar-H), 9.70 (s, 1 H, NCHN). ®*C
NMR : & (ppm): 17.1, 17.2, 17.5, 48.1, 48.2, 59.1, 70.2, 113.6, 114.6, 124.8,
127.5,131.4, 132.4, 133.8, 134.2, 137.6, 141.8 (NCHN).
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2.1.5 Compound 5

'H NMR : & (ppm): 2.31 (s, 3 H, CH,CeHo(CHa)3), 2.32 (s, 6 H,
CHyCeH(CHa)s), 2.35 (s, 3 H, CHg-Ar), 2.42 (s, 3 H, CHs-Ar), 3.30 (s, 3 H,
OCHs), 3.87 (t, J = 4.4 Hz, 2 H, CH,), 4.83 (t, J = 4.8 Hz, 2 H, CHy), 5.70 (s, 2 H,
CHCeHa(CHs)s), 6.95 (5, 2 H, CH,CgHa(CHa)s), 7.15 (5, 1 H, Ar-H), 7.64 (s, 1 H,
Ar-H), 10.24 (s, 1 H, NCHN). *C NMR : 5 (ppm): 20.4, 20.8, 20.9, 21.3, 46.9,
47.8, 59.1, 70.1, 113.2, 113.8, 125.2, 129.9, 130.3, 130.9, 137.4, 137.5, 138.2,
140.0, 141.4 (NCHN).

2.1.6 Compound 6

'H NMR : & (ppm): 2.26 (s, 6 H, CH,Cs(CHg)s), 2.27 (s, 6 H,
CHzC6(CHs)s), 2.29 (5, 3 H, CH2Cs(CHa)s), 2.41 (s, 3 H, CHs-Ar), 2.45 (s, 3 H,
CHa-Ar), 3.27 (s, 3 H, OCH3), 3.83 (t, J = 5.2 Hz, 2 H, CH,), 4.87 (t, J = 4.8 Hz, 2
H, CH,), 5.30 (5, 2 H, CH»C6(CHa)s), 7.42 (s, 1 H, Ar-H), 7.72 (s, 1 H, Ar-H),
9.49 (s, 1 H, NCHN). *C NMR : & (ppm): 17.1, 17.2, 17.5, 20.8, 20.9, 47.5, 48.0,
59.1, 70.3, 112.9, 114.0, 124.9, 129.9, 130.9, 133.7, 134.2, 137.5, 137.7, 140.4
(NCHN).
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2.2 General Procedure for the Synthesis of Dimeric NHC-Pd(I1)
Complexes (7-12)

Y N Pd(OAc), NaBr Y: NBr Br N v
j@[ Y ——— >—Pd Pd—
Y N+ DMSO Y N Br Br N v
Ar) Ar Ar
1-6 712
Table 2.2 Melting points and yields of the compounds 7-12
Compound ) Vield
No Y R Ar m.p (°C) )
! H -CHCHA(CHy)s246  CoHa(CHy)s2,4.6 3?§é3§5 76
8 H  -CH,CH,OCH; CoHu(CHr 246 295299 4
(dec.)
9 H 'CHZCHZOCHS CGH(CH3)4-2’3’5,6 325-326 50
(dec.)
10 H 'CHZCHZOCH3 CG(CH3)5'2,3,4,5,6 3:(I-doe'§:;.3 60
11 CH; -CH,CH,0CH, Cath(CHr246  “i 6l
12 CHy -CHLCH,OCH; CiCHIs23456 ooy 64

A mixture of salt (7-12) (1.2 mmol), Pd(OAc), (1.2 mmol) and NaBr (3.6
mmol) in DMSO was stirred at 90 °C for 24 h. The solvent was removed by
vacuum distillation. The resulting residue was suspended in CH,Cl, and H,O then
extracted. Drying of the organic phase over Na,SO, followed by reduction of the
solvent and addition of Et,O afforded the orange solid.
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2.3 General Procedure for the Synthesis of Mixed NHC-Oxazoline
Pd(I1) Complexes (13-18)

R o~ R Z
Y. N Br, Br. Y Ph—<’ Y. N Br 7
>—Pd Pd—< o, >—Pd N\
Y Bf Br N CH,CI, Y Y
Ph
Ar Ar Ar
712 13-18

Table 2.3 Melting points, yields and optical rotations of the compounds 13-18

. Yiel
Compound m-p teld [a]
No R Ar
§®) (%)
-37. 1
13 H -CH,C¢H,(CH3)3-2,46  CgHy(CH3)3-2,4,5 119-122 45 3 254(.)6(SC(:J) 6.
-31.21 (c 0.26,
14 H -CH,CH,0CH;,3 CesH2(CH3)5-2,4,6 173-177 40 26.6 °C)
-35.81 (c 0.25,
15 H -CH,CH,0CH;,3 CsH(CH3)4-2,3,5,6 192-195 56 26.9°C)
-38.46 (c 0.26,
16 H -CH,CH,0CH;,3 Cs(CH3)s-2,3,4,5,6 199-201 78 26.8°C)
-9.17 (c 0.11,
17 CH; -CH,CH,0CH; CeH2(CHs)5-2,4,6 174-176 79 28.2°C)
-8.77 (c 0.11,
18 CH; -CH,CH,0CH; Cs(CH3)s-2,3,4,5,6 162-165 77 26.8°C)

A mixture of dimeric complex (7-12) (0.17 mmol) and (4R)-4-ethyl-2-
phenyl-4,5-dihydro-1,3-oxazole was suspended in CH,Cl, (5 mL) and stirred at
room temperature for 3 h. The yellow solid was obtained after the solution was
removed. The product was washed with Et,O and dried.
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2.3.1 Compound 13

'H NMR : 8 (ppm): 1.11 (t, J = 8.0 Hz, 3 H, OX-CH,CHy), 2.05-2.12 (m, 1
H, OX-CH,CHg), 2.33 (s, 12 H, CH,CgH2(CHs)s), 2.35 (s, 6 H, CH2CsHo(CHa)3),
2.66-2.72 (M, 1 H, Ox-CH,CH3), 4.27 (m, 1 H, Ox-CH), 4.62-4.69 (m, 2 H, Ox-
CH,), 6.19 (5, 4 H, CH,CsH(CHs)3), 6.18-6.21 (m, 2 H, Ar-H), 6.70-6.73 (m, 2
H, Ar-H), 6.94 (s, 4 H, CH,CgH2(CHa)s), 7.39-7.46 (m, 3 H, Ox-Ar-H), 8.82 (d, J
= 8.0 Hz, 2 H, Ox-Ar-H). *C NMR : § (ppm): 10.0, 21.2, 21.3, 28.5, 51.6, 68.2,
72.9, 76,5, 76.9, 111.3, 122.7, 126.9, 127.8, 128.2, 129.8, 130.5, 132.7, 135.2,
138.9, 139.1, 166.1, 167.3 (Ccarbene)-

2.3.2 Compound 14

'H NMR : 5 (ppm): 1.10 (t, J = 7.6 Hz, 3 H, OX-CH,CHy), 2.06-2.13 (m, 1
H, OX-CH,CHg), 2.32 (s, 6 H, CH,CsH2(CHa)s), 2.36 (s, 3 H, CH,CoHo(CHa)s),
2.66-2.73 (M, 1 H, OX-CH,CHg), 3.35 (s, 3 H, OCH3), 4.15 (t, J = 6.0 Hz, 2 H,
CH,), 4.27 (t, J = 6.4 Hz, 1 H, Ox-CH), 4.62-4.68 (m, 2 H, Ox-CH,), 5.02 (t, J =
6.0 Hz, 2 H, CH,), 6.12 (s, 2 H, CH,CsH2(CHa)s), 6.15 (d, J = 8.8 Hz, 1 H, Ar-
H), 6.85 (t, J = 8.0 Hz, 1 H, Ar-H), 6.96 (s, 2 H, CHCeH2(CHs)s), 7.10 (t, J = 7.2
Hz, 1 H, Ar-H), 7.45-7.55 (m, 4 H, Ox-Ar-H, Ar-H ), 8.76 (d, J = 7.6 Hz, 2 H,
Ox-Ar-H). ®*C NMR : § (ppm): 10.1, 21.1, 21.3, 28.5, 48.8, 51.4, 59.4, 68.3, 71.5,
72.9, 111.2, 111.4, 122.8, 123.2, 126.8, 127.6, 128.3, 129.8, 130.4, 132.7, 134.7,
135.9, 139.1, 139.3, 165.6, 167.3 (Ccarbenc)-

2.3.3 Compound 15

'H NMR : § (ppm): 1.12 (t, J = 7.2 Hz, 3 H, OX-CH,CHy), 2.07-2.14 (m, 1
H, Ox-CH,CHs), 2.26 (s, 3 H, CHCsH(CHa)a), 2.29 (s, 3 H, CH,CsH(CHa)a),
2.69-2.74 (m, 1 H, OX-CH,CHsg), 3.35 (5, 3 H, OCH3), 4.16 (t, J = 5.6 Hz, 2 H,
CH,), 4.27 (t, J = 6.4 Hz, 1 H, Ox-CH), 4.62-4.69 (m, 2 H, Ox-CH,), 5.03 (t, J =
5.6 Hz, 2 H, CH,), 6.01 (d, J = 8.0 Hz, 1 H, Ar-H), 6.22 (s, 2 H, CH,CsH(CH3)a),
6.81 (t, J =8.0 Hz, 1 H, Ar-H), 7.09 (t, J = 8.4 Hz, 1 H, Ar-H), 7. 12 (s, 1 H,
CH,CeH(CHa)a), 7.44-7.56 (m, 4 H, Ox-Ar-H, Ar-H ), 8.78 (d, J = 7.2 Hz, 2 H,
Ox-Ar-H). *C NMR : 5 (ppm): 10.1, 16.8, 20.7, 28.5, 48.8, 59.4, 68.3, 71.5, 72.9,
111.2, 111.6, 122.6, 123.1, 126.8, 128.3, 130.4, 130.5, 132.7, 132.9, 134.6, 134.9,
135.6, 135.9, 165.6, 167.2 (Ccarbene)-
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2.3.4 Compound 16

'H NMR : 1.11 (t, J = 7.2 Hz, 3 H, OX-CH,CHs), 2.09-2.14 (m, 1 H, Ox-
CHyCHs), 2.27 (s, 6 H, CH,Cs(CHa)s), 2.31 (s, 6 H, CH,C6(CHs)s), 2.34 (s, 3 H,
CHC6(CHs)s), 2.68-2.73 (m, 1 H, Ox-CH,CHs), 3.36 (s, 3 H, OCHy), 4.16 (t, J =
6.0 Hz, 2 H, CH,), 4.29 (t, J = 6.8 Hz, 1 H, OX-CH), 4.63-4.68 (m, 2 H, Ox-CH.,),
503 (t, J = 5.6 Hz, 2 H, CH,), 6.06 (d, J = 8.4 Hz, 1 H, Ar-H), 6.23 (s, 2 H,
CH»C6(CHs)s), 6.79 (t, J = 7.2 Hz, 1 H, Ar-H),7.08 (t, J = 7.2 Hz, 1 H, Ar-H),
7.44-7.55 (m, 4 H, Ox-Ar-H, Ar-H ), 8.79 (d, J = 7.2 Hz, 2 H, Ox-Ar-H). *C
NMR : & (ppm): 10.1, 17.1, 17.5, 17.8, 28.5, 48.7, 53.9, 59.4, 68.3, 71.4, 72.9,
111.1, 111.7, 122.6, 123.1, 126.8, 127.9, 128.3, 130.4, 132.7, 133.4, 134.9, 135.1,
136.5, 165.5, 167.2 (Cearbenc)-

2.3.5 Compound 17

'H NMR : & (ppm): 1.14 (t, J = 7.6 Hz, 3 H, Ox-CH,CHs), 2.01 (s, 3 H,
CHyCeHa(CH3)s), 2.09-2.14 (m, 1 H, Ox-CH,CH3), 226 (s, 6 H,
CHCeH2(CHs)s), 2.33 (s, 3 H, CH3-Ar), 2.38 (s, 3 H, CHs-Ar), 2.65-2.71 (m, 1 H,
Ox-CH,CHs), 3.35 (s, 3 H, OCH3), 4.13 (t, J = 6.4 Hz, 2 H, CH,), 4.28 (t, J = 6.8
Hz, 1 H, Ox-CH), 4.62-4.70 (m, 2 H, Ox-CH,), 4.94 (t, J = 6.0 Hz, 2 H, CH»),
5.85 (s, 1 H, Ar-H), 6.04 (s, 2 H, CHCgH2(CHs)s), 6.95 (s, 2 H, CH,CgHa(CHa)s),
7.19 (s, 1 H, Ar-H), 7.47-7.55 (m, 3 H, Ox-Ar-H), 8.77 (d, J = 8.0 Hz, 2 H, Ox-
Ar-H). C NMR : § (ppm): 10.1, 20.3, 20.6, 21.1, 21.3, 28.4, 48.5, 51.1, 59.4,
68.2, 71.5, 72.7, 111.3, 111.9, 126.9, 127.9, 128.2, 129.5, 130.4, 131.6, 131.7,
132.6, 133.3, 138.7, 139.4, 163.7, 167.1 (Cearpene)-

2.3.6 Compound 18

'H NMR : & (ppm): 1.14 (t, J = 7.6 Hz, 3 H, Ox-CH,CH3), 1.96 (s, 3 H,
CHC6(CHs)s), 2.08-2.16 (m, 1 H, OX-CH,CHg), 2.21 (s, 3 H, CHs-Ar), 2.29 (s, 6
H, CH,Cs(CHa)s), 2.32 (s, 6 H, CH,Cs(CHa)s), 2.38 (s, 3 H, CHs-Ar), 2.68-2.74
(m, 1 H, OX-CH,CHs), 3.37 (s, 3 H, OCH3), 4.14 13 (t, J = 5.6 Hz, 2 H, CH»,),
4.28 (t, J = 6.8 Hz, 1 H, OX-CH), 4.63-4.70 (m, 2 H, Ox-CH},), 4.94 (t, J = 5.6 Hz,
2 H, CH,), 5.76 (s, 1 H, Ar-H), 6.14 (s, 2 H, CH,C6(CHs)s), 7.18 (s, 1 H, Ar-H),
7.47-7.55 (m, 3 H, Ox-Ar-H), 8.79 (d, J = 7.2 Hz, 2 H, Ox-Ar-H). °C NMR : 5
(ppm): 10.1, 17.1, 17.5, 17.9, 20.3, 20.6, 28.4, 48.5, 52.6, 59.4, 68.3, 71.4, 72.7,
77.4,111.2, 112.3, 126.9, 128.2, 130.4, 131.3, 131.4, 132.6, 133.0, 133.5, 134.6,
135.2, 136.1, 163.6, 167.1 (Ccarbenc)-
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2.4 Synthesis of 1-Subtituted Imidazoles (19, 20)

Glyoxal, NH,OAc OH

|
HN - OH HCHO [N>

19 : R = Et
20:R="Pr

A methanol solution (6 mL) of glyoxal (40% wi/v, 0.87 g, 6 mmol),
ammonium acetate (0.46 g, 6 mmol), formaldehyde (36% w/v, 0.50 g, 6 mmol)
and amino alcohol (3 mmol) was refluxed for 5 h. The reaction mixture was
concentrated by distillation. The residue was treated with 2M KOH solution (100
mL) and extracted with CH,Cl, (4 x 100 mL). The combined organic phases were
dried over Na,SO,4 and concentrated in vacuum.

2.4.1 Compound 19

'H NMR : & (ppm): 0.86 (t, J = 7.6 Hz, 3 H, CHCH,CHs), 1.71-1.89 (m, 2
H, CHCH,CHz), 2.88 (s, 1 H, OH), 3.74-3.84 (m, 2 H, CH,0H), 3.93-3.99 (m, 1
H, NCH), 6.92 (s, 1 H, imidazole-H), 6.97 (s, 1 H, imidazole-H), 7.43 (s, 1 H,
NCHN). C NMR : & (ppm): 10.7, 22.4, 24.8, 62.8, 64.6, 117.6, 127.9, 136.7
(NCHN). Yield: 42%.

2.4.2 Compound 20

'H NMR : 3 (ppm): 0.76 (d, J = 6.8 Hz, 3 H, CH(CHs),), 1.04 (d, J = 6.4
Hz, 3 H, CH(CHs)), 2.07-2.16 (m, 1 H, CH(CH3),), 3.64-3.69 (m, 1 H, NCH),
3.89 (d, J = 5.2 Hz, 2 H, CH,OH), 6.89 (s, 1 H, imidazole-H), 6.93 (s, 1 H,
imidazole-H), 7.33 (s, 1 H, NCHN). *C NMR : & (ppm): 19.6, 20.2, 30.2, 63.2,
67.3, 118.1, 128.6, 136.9 (NCHN). Yield: 52%, m.p: 108-110.
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2.5 Synthesis of (S)-1-(1-methoxy-3-methylbutan-2yl)-1H-
imidazole (21)

N NaH, Mel N
[ L
N DMF N
20 21

Synthesis of 21 was conducted according to the literature (Matsuoko et al.,
2008).

To a DMF solution (10 mL) of 20 (0.2 g, 1.3 mmol) was added NaH (0.08
g, 3.3 mmol). After being stirred for 2 h at room temperature, the suspension was
cooled to 0°C, and iodomethane was added to the mixture. The mixture was
allowed to warm to room temperature and stirred for 3 days. After adding aqueous
HCI solution (30%, 0.8 mL), the mixture was concentrated in vacuum. To the
residue was added water and washed with hexane (3x5 mL). And then the
aqueous phase was treated with NaHCOj3 until the pH reached to 9, and extracted
with CH,Cl, (3x5 mL). The combined organic phases were washed with water
(3x5 mL), dried over Na,SO,, concentrated in vacuo.

'H NMR : & (ppm): 0.74 (d, J = 6.4 Hz, 3 H, CH(CHs),), 1.00 (d, J = 6.4
Hz, 3 H, CH(CHa)y), 2.06-2.15 (m, 1 H, CH(CHa),), 3.32 (s, 3 H, OCHg), 3.69-
3.92 (m, 3 H, NCH, CH,OCHs), 6.92 (s, 1 H, imidazole-H), 6.98 (s, 1 H,
imidazole-H), 7.46 (s, 1 H, NCHN). *C NMR : & (ppm): 19.4, 19.9, 30.4, 59.3,
64.5,73.2, 118.4, 129.0, 137.3 (NCHN). Yield: 70%.
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2.6 General Procedure for the Synthesis of 1,3-Disubstituted
Imidazolium Salts (22-24)

N ORe ArcH.Br N ORe
[ /> I | pBr
N DMF N
Ar)
19-21 22-24

Table 2.4 Melting points, yields and optical rotations of the compounds 22-24

Compound
No

m.p Yield [o]

Ri R Ar C) %)

22a Et H CeHx(CH3)s-2,4,6 101-105 60

22b Et H C¢(CH3)s-2,3,456 175-178 68

23a 'Pr H  CeHa(CH):2/4,6 215216 90 -18.6 (c 0.24, 22.7 °C)
23b 'Pr H  Ce(CHi)s-2,3,456 181-182 95 -6.62 (c 0.15, 29.3 °C)
24 'Pr CH; Ce(CH:)s-2,3,456 172-175 89 -15.31 (¢ 0.20, 23.8 °C)

(R)-2-(1H-imidazol-1-yh)butan-1-ol ~ (19), (S)-2-(1H-imidazol-1-yl)-3-
methylbutan-1-ol (20) or (S)-1-(1-methoxy-3-methylbutan-2yl)-1H-imidazole (21)
(1.8 mmol) was dissolved in DMF and then 2,4,6-trimethylbenzyl bromide or
2,3,4,5,6-pentamethylbenzyl bromide (1.8 mmol) was added. The mixture was
stirred for 48 h at 25 °C. The solvent was removed under reduced pressure. The
residue was recrystallized from CH,CI,/Et,0.
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2.6.1 Compound 22a

'H NMR : & (ppm): 0.92 (t, J = 7.2 Hz, 3 H, CHCH,CHj3), 1.89-1.96 (m, 2
H, CHCH,CHs), 2.29 (s, 3 H, CH,CgsH2(CHj3)3), 2.31 (s, 6 H, CH,CgH2(CHs)s),
3.81-3.97 (m, 2 H, CH,OH), 453 (m, 1 H, NCH), 5.63-5.76 (m, 2 H,
CH,C¢H2(CH3)3), 6.89 (s, 1 H, imidazole-H), 6.90 (s, 2 H, CH,CgsH,(CHz3)3),
7.47 (s, 1 H, imidazole-H), 9.83 (s, 1 H, NCHN). **C NMR : § (ppm): 10.6, 20.2,
21.3, 24.2, 48.2, 63.2, 64.3, 65.7, 120.7, 121.3, 126.0, 130.0, 136.7, 138.5, 139.7
(NCHN).

2.6.2 Compound 22b

'H NMR : & (ppm): 0.93 (t, J = 7.6 Hz, 3 H, CHCH,CHj3), 1.84-1.97 (m, 2
H, CHCH,CHj3), 2.23 (s, 6 H, CH,Cs(CH3)s), 2.26 (s, 6 H, CH,Cs(CHs3)s), 2.27 (s,
3 H, CH,Cs(CHs)s), 3.78-4.02 (m, 2 H, CH,OH), 4.58-4.60 (m, 1 H, NCH), 5.54-
5.63 (m, 2 H, CH,Cs(CHj3)s), 6.90 (s, 1 H, imidazole-H), 7.32 (s, 1 H, imidazole-
H), 9.64 (s, 1 H, NCHN). *C NMR : & (ppm): 10.6, 17.0, 17.1, 17.4, 24.2, 49.4,
63.3, 65.5, 120.9, 121.3, 125.9, 133.8, 133.9, 136.2, 137.2 (NCHN).

2.6.3 Compound 23a

'H NMR : & (ppm): 0.83 (d, J = 6.8 Hz, 3 H, CH(CHs),), 1.08 (d, J = 6.4
Hz, 3 H, CH(CHs),), 2.20-225 (m, 1 H, CH(CHs),), 223 (s, 9 H,
CH,C¢H2(CHs3)3), 3.94-4.10 (m, 2 H, CH,0H), 4.26-4.32 (m, 1 H, NCH), 4.81 (t,
J=6.0 Hz, 1 H, CH,OH), 5.57 (dd, J = 22.4 Hz, 2 H, CH,C¢H>(CHs)3), 6.87 (s, 1
H, imidazole-H), 6.93 (s, 2 H, CH,C¢H2(CHy3)s), 7.33 (s, 1 H, imidazole-H), 9.75
(s, 1 H, NCHN). *C NMR : & (ppm): 19.6, 19.7, 20.1, 21.3, 29.9, 48.3, 61.3, 70.1,
120.7,122.0, 125.9, 130.1, 136.6, 139.9 (NCHN).

2.6.4 Compound 23b

'H NMR : & (ppm): 0.82 (d, J = 6.8 Hz, 3 H, CH(CHs),), 1.08 (d, J = 6.8
Hz, 3 H, CH(CHg)y), 2.19-2.22 (m, 1 H, CH(CHs3),), 2.24 (s, 6 H, CH,Cg(CHs3)s),
2.26 (s, 6 H, CH,Cs(CHs)s), 2.27 (s, 3 H, CH,Cs(CHs)s), 3.95-4.09 (m, 2 H,
CH,0H), 4.27-4.33 (m, 1 H, NCH), 5.65 (dd, J = 24.4 Hz, 2 H, CH,Cs(CHj3)s),
6.75 (s, 1 H, imidazole-H), 7.37 (s, 1 H, imidazole-H), 9.64 (s, 1 H, NCHN). *C
NMR : 6 (ppm): 17.0, 17.1, 17.4, 19.5, 19.6, 25.6, 29.9, 49.5, 61.4, 70.0, 120.8,
121.8, 125.7, 133.9, 134.0, 136.3, 137.5 (NCHN).
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2.6.5 Compound 24

'H NMR : 8 (ppm): 0.80 (d, J = 6.4 Hz, 3 H, CH(CHs),), 1.06 (d, J = 6.8
Hz, 3 H, CH(CHa)y), 1.91-2.02 (m, 1 H, CH(CH3)2), 2.21 (s, 12 H, CH,Cs(CHa)s),
2.24 (s, 3 H, CH,Cs(CHa)s), 3.33 (s, 3 H, OCHs), 3.69-3.92 (m, 2 H, CH,OCHs,
NCH), 5.65 (dd, J = 19.6 Hz, 2 H, CH,Cs(CHs)s), 6.81 (s, 1 H, imidazole-H), 7.38
(s, 1 H, imidazole-H), 10.61 (s, 1 H, NCHN). *C NMR : § (ppm): 16.9, 17.1,
17.4, 19.4, 19.5, 29.8, 49.3, 59.4, 67.2, 71.7, 120.6, 121.8, 125.7, 133.7, 133.9,
136.9, 137.5 (NCHN).

2.7 Synthesis of Ruthenium Complex (25)

23b 25

Compound 23b (0.3 g, 0.8 mmol) was dissolved in dry CH,Cl, (10 mL) and
Ag,0 (0.4 mmol) was added into the solution. The mixture was stirred in the dark
at 25 °C for overnight under argon. Then the suspension was filtered through
celite into the schlenk containing [RuCl,(p-cymene)], (0.2 g, 0.4 mmol). After the
mixture was stirred at 25 °C for overnight, dry toluene was added. The mixture
was heated to 90 °C for 16 h under argon. After cooling, toluene was removed in
vacuum. The residue was crystallized from CH,CI,/Et,0.

'H NMR : & (ppm): 0.78 (d, J = 6.4 Hz, 3 H, CH(CHs),), 0.89 (d, J = 6.4
Hz, 3 H, CH(CHa)y), 1.74-1.81 (m, 1 H, CH(CHa),), 1.98 (s, 3 H, CH,Cg(CHs)s),
1.99 (s, 3 H, CH,Cs(CHs)s), 2.02 (s, 3 H, CH2Cs(CHs)s), 2.06 (s, 3 H,
CH2Cs(CHa)s), 2.14 (s, 3 H, CH,Cg(CHs)s), 3.24-3.32 (m, 1 H, CH,0), 3.95-3.99
(m, 1 H, CH,0), 4.81-4.89 (m, 1 H, NCH), 4.93 (s, 2 H, CH2Cs(CH3)s), 7.0 (d, J =
2.0 Hz, 1 H, imidazole-H), 7.17 (d, J = 2.0 Hz, 1 H, imidazole-H). *C NMR : 5
(ppm): 15.0, 15.1, 15.2, 15.8, 19.5, 19.6, 30.9, 48.9, 64.3 (d, J = 46.5 Hz), 84.8,
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85.9, 93.9, 97.3, 106.2, 106.4, 118.7, 119.3, 175.2 (Cearpene). Yield: 30%, m.p: 260
°C (dec.). [o] = +50.0 (c 0.2, 23.0 °C, in CH,Cl,).

2.8 Synthesis of Rhodium Complexes (26a, 26b)

N O MethodA B, C N P
[ ) Br - [ »Rh—{
N+ N \\

Ar Ar
23 26

a: C6H2(0H3)3-2,4,6
b: Cs(CH3)5-2,3,4,5,6

Method A: Imidazolium salt 23a or 23b (0.81 mmol) was dissolved in dry
CH,Cl, (10 mL) and Ag,0 (0.45 mmol) was added into the solution. The mixture
was stirred in the dark at 25 °C for overnight under argon. Then the suspension
was filtered through celite into the schlenk containing [RhCI(COD)], (0.41
mmol). After the mixture was stirred at 25 °C for overnight, CH,Cl, was removed
in vacuum. The residue was purified by column choromatography (eluent:
CH,Cl,/hexane 9:1) to give yellow solid.

Method B: A mixture of 23a or 23b (0.27 mmol), LiO'Bu (0.54 mmol) and
[RhCI(COD)], (0.14 mmol) in THF (8 mL) was heated at 70 °C for 16 h under
argon. And then THF was removed in vacuum. The residue was purified by
column choromatography (eluent: CH,Cl,/hexane 9:1) to give yellow solid.

Method C: Imidazolium salt 23a or 23b (0.27 mmol) and [RhOMe(COD)].
(0.14 mmol) were placed into the two-necked flask and 1,2-dichloroethane (8 mL)
was added. The mixture was stirred for 4 h and then heated for overnight. The
solvent was removed in vacuo. The residue was purified by column
choromatography (eluent: CH,Cl,/hexane 9:1) to give yellow solid.
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2.8.1 Compound 26a

'H NMR : & (ppm): 0.94 (d, J = 6.8 Hz, 3 H, CH(CHs),), 1.18 (d, J = 6.8
Hz, 3 H, CH(CHs),), 1.91-1.94 (m, 4 H, COD-CH,), 2.08-2.17 (m, 1 H,
CH(CHs)), 2.11-2.17 (m, 1 H, CH(CHs)y), 2.26 (s, 3 H, CH,CsH2(CHa)s), 2.28 (5,
6 H, CH,CeH2(CHs)s), 2.36-2.46 (m, 4 H, COD-CH,), 3.56-3.57 (m, 1 H, COD-
CH), 3.62-3.64 (m, 1 H, COD-CH), 3.72-3.76 (m, 1 H, CH,0), 4.14-4.18 (m, 1 H,
CH,0), 5.09-5.14 (m, 3H, COD-CH, NCH), 543 (d, J = 14.4 Hz, 1 H,
CH,CsH2(CHa)s), 5.82 (d, J = 14.0 Hz, 1 H, CH,CeH,(CHs)s), 6.25 (s, 1 H,
imidazole-H), 6.79 (s, 1 H, imidazole-H), 6.89 (s, 2 H, CH,CgH2(CHs)3). °C
NMR : & (ppm): 19.9, 20.4, 20.7, 21.2, 30.3, 32.8, 33.0, 49.2, 64.1, 68.5, 68.9,
69.5, (dd, J = 14.5 Hz, CH-cod), 97.9 (dd, J = 6.9 Hz, CH-cod), 117.9, 120.1,
129.5, 138.7, 181.2 (d, Jrn.c = 49.5 Hz, Cearpene). Yield: 53%, m.p: 104-106. [a] = -
10.0 (¢ 0.2, 21.5 °C, in CH,CL).

2.8.2 Compound 26b

'H NMR : & (ppm): 0.92 (d, J = 6.8 Hz, 3 H, CH(CHs),), 1.16 (d, J = 6.4
Hz, 3 H, CH(CHg3),), 1.89-1.98 (m, 4 H, COD-CH,), 2.10-2.17 (m, 1 H,
CH(CHj3),), 2.21 (s, 6 H, CH2Cs(CHg3)s), 2.24 (s, 6 H, CH,Cs(CHs)s), 2.25 (s, 3 H,
CH,Cs(CH3)s), 2.30-2.46 (m, 4 H, COD-CH,), 3.58-3.60 (m, 1 H, COD-CH),
3.64-3.67 (m, 1 H, COD-CH), 3.73-3.76 (m, 1 H, CH,0), 4.14-4.17 (m, 1 H,
CH;0), 5.06-5.13 (m, 3H, COD-CH, NCH), 5.69 (d, J = 14.0 Hz, 1 H,
CH,Cs(CH3)s), 5.89 (d, J=14.0 Hz, 1 H, CH,Cs(CHs3)s), 6.28 (d, J = 2.0 Hz, 1 H,
imidazole-H), 6.76 (d, J = 2.0 Hz, 1 H, imidazole-H). **C NMR : & (ppm): 17.0,
17.2, 19.9, 20.7, 29.3, 34.1, 50.4, 64.1, 67.3, 68.4, 69.5, (dd, J = 14.5 Hz, CH-
cod), 97.9 (dd, J = 6.8 Hz, CH-cod), 117.7, 120.5, 128.6, 133.2, 134.4, 181.5 (d,
Jrhc = 50.3 Hz, Cearpene). Yield: 58%, m.p: 125-127. [a] = +20.0 (¢ 0.2, 22.5 °C, in
CH,Cl,).
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2.9 Synthesis of Rhodium Complex (27)

/gA i /gﬂ ) /SA L
0
~PPh
N OH N 902 N PPh,
[ >er  COPPha EGN [ > Br Method B [ S RH
N+ N+ N |V
CH,Cl, \ > \ > /
24 - _ 27

To a flask containing imidazolium salt 24 (0.4 g, 1.0 mmol) was added
CH,CI; (2 mL), followed by triethylamine (0.21 mL, 1.5 mmol). The resultant
mixture was cooled to -20 °C and then a solution of PPh,Cl (0.18 mL, 1 mmol) in
2 mL of CH,CI, was slowly added to the mixture. The reaction mixture was
stirred for 1 h and was then quenched with 5 N NaOH (0.5 mL), followed by
water (1 mL). The aqueous layer was extracted with dichloromethane (2x5 mL).
The combined organic extracts were dried (Na,SO,4) and concentrated in vacuo
(Iranpoor et al., 2006). The crude product (0.5 g, 0.90 mmol), LiO'Bu (0.11 g,
1.35 mmol) and [RhCI(COD)]; (0.22 g, 0.45 mmol) in THF (25 mL) were heated
at 70 °C for 16 h under argon. And then THF was removed in vacuum. The
residue was purified by column choromatography (eluent: CH,Cl,/hexane 9:1) to
give yellow solid.

'H NMR : & (ppm): 0.88 (d, J = 6.8 Hz, 3 H, CH(CHs),), 1.01 (d, J = 6.8
Hz, 3 H, CH(CHz),), 1.06 (d, J = 6.8 Hz, 3 H, CH(CHs),), 1.26 (d, J = 6.4 Hz, 3
H, CH(CHs),), 1.73-2.03 (m, 8 H, COD-CH,), 2.28; 2.30; 2.32 (s, 18 H,
CH,CsH,(CHs)3), 2.35-2.54 (m, 10 H, CH(CHs),; COD-CHy), 3.38-3.42 (m, 1 H,
COD-CH), 3.49-3.53 (m, 2 H, COD-CH), 3.59-3.63 (m, 1 H, COD-CH), 3.64-
3.68; 3.83-3.95 (m, 4H, CH,OP(CgHs),), 4.99-5.05; 5.38-5.42 (m, 2 H, NCH),
5.08-5.17 m, 2 H, COD-CH), 5.47 (d, J = 14.0 Hz, 2 H, CH,CsH,(CHs)3), 5.88
(dd, J =14.4 Hz, 2 H, CH,CgH,(CHz3)3), 6.25 (s, 1 H, imidazole-H), 6.28 (s, 1 H,
imidazole-H), 6.81 (s, 1 H, imidazole-H), 6.87 (s, 1 H, imidazole-H), 6.93; 6.95
(s, 4 H, CH,CgH2(CHs)s, 7.35-7.75 (m, 30 H, P(CgHs),). *C NMR : & (ppm):
19.2, 20.1, 20.3, 20.4, 21.1, 21.3, 27.7, 28.5, 29.2, 29.3, 30.1, 30.9, 32.3, 33.0,
33.8,49.2, 49.5, 64.1 (d, J = 6.7 Hz, CH-cod), 65.9 (d, J = 7.3 Hz, CH-cod), 66.7
(d, J = 6.8 Hz, CH-cod), 68.5 (d, J = 14.3 Hz, CH-cod), 69.0 (dd, J = 15.1 Hz,
CH-cod), 69.7 (dd, J = 14.0 Hz, CH-cod), 98.2-97.9 (m, CH-cod), 117.8, 119.0,
119.3, 119.6, 128.4, 128.5, 128.6, 128.8, 128.9, 129.1, 129.5, 129.6, 131.4, 131.5,
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131.6, 131.7, 132.2, 132.3, 132.5, 132.7, 138.7. 182.6 (d, Jrnc = 49.8 Hz, Cearpene),
182.9 (d, Jrnc = 50.4 Hz, Ceapene). P NMR (162 MHz, CDCl3): & (ppm): 33.0,
33.8. Yield: 31%, m.p: 101-105. [a] = -50.0 (¢ 0.2, 22.6 °C, in CH,Cl,).

2.10 Synthesis of Rhodium Complex (28)

g vor

N 97 i)Ag,0, CH,Cl, N D)
[ ) Br > [ >—Rh~
N+ ii) [RhCI(COD)],, CH,Cl, N \\

24 28

Complex 28 was synthesized using Method A as mentioned above.

'H NMR : & (ppm): 0.86 (d, J = 6.8 Hz, 3 H, CH(CHs),), 0.93 (d, J = 6.8
Hz, 3 H, CH(CHg)y), 1.09 (d, J = 6.8 Hz, 3 H, CH(CHj3),), 1.22 (d, J = 6.8 Hz, 3
H, CH(CHj3),), 1.86-2.12 (m, 8 H, COD-CH,), 2.24 (s, 12 H, CH,C¢(CHj3)s), 2.25
(s, 12 H, CHCs(CHs)s), 2.27 (s, 6 H, CH,Cs(CH3)s), 2.31-2.58 (m, 10 H,
CH(CHg),; COD-CHy), 3.24 (s, 3 H, OCHj3), 3.33 (s, 3 H, OCHj3), 3.38-3.42 (m, 1
H, COD-CH), 3.49-3.53 (m, 2 H, COD-CH), 3.59-3.63 (m, 1 H, COD-CH), 3.64-
3.68; 3.83-3.95 (m, 4 H, CH,0OCHj3), 4.96-5.00; 5.16-5.20 (m, 2 H, NCH), 5.03-
5.09 (m, 2 H, COD-CH), 5.54 (dd, J = 14.4 Hz, 2 H, CH,Cs(CH3)s), 6.00 (dd, J =
16.8 Hz, 2 H, CH,Cs(CHs3)s), 6.25 (s, 2 H, imidazole-H), 6.83 (d, J = 2.4 Hz, 1 H,
imidazole-H), 6.85 (d, J = 1.6 Hz, 1 H, imidazole-H). **C NMR : & (ppm): 17.0,
17.1, 17.2, 17.3, 19.6, 20.1, 20.6, 20.8, 28.0, 28.6, 29.0, 29.7, 30.8, 32.6, 33.1,
33.2, 33.9, 50.3 (d, J = 13.8 Hz, CH-cod), 59.4 (d, J = 11.5 Hz, CH-cod), 66.7,
67.2, 67.4 (d, J = 14.5 Hz, CH-cod), 67.9 (dd, J = 26.7 Hz, CH-cod), 68.5 (d, J =
14.5 Hz, CH-cod), 73.3, 73.7, 98.0 (d, J = 6.8 Hz, CH-cod), 98.4-98.2 (m, CH-
cod), 117.9, 118.9, 119.1, 119.5, 128.8, 128.9, 133.2, 133.3, 134.3, 134.4, 135.8,
135.9, 181.3 (d, Jrn.c = 50.3 Hz, Ccarpene), 182.0 (d, Jrnc = 51.1 Hz, Ccarbene). Yield:
89%, m.p: 106-110. [a] =-20.0 (¢ 0.2, 22.6 °C, in CH,Cl,).
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2.11 Synthesis of (R,R)-1,3-bis(2,4,6-trimethylbenzyl)-1,2-
cyclohexyldiimine (29)

@NH3+ "00C__ Mesitylaldehyde, K,CO4 =N N=
NHz* - :k EtOH, reflux

29

A two-necked flask was charged with (R,R)-1,2-diammoniumcyclohexane
mono-(+)-tartarate salt (1.0 g, 4.0 mmol), K,CO3 (1.1 g, 8.0 mmol) and distilled
water (5 mL). The mixture was stirred until dissolution was achieved, and then
EtOH (20 mL) was added. The mixture was heated to reflux, and 2,4,6-
trimethylbenzaldehyde (1.1 mL, 8.0 mmol) was added. The slurry was stirred at
reflux for 4 h. After cooling, EtOH was removed. And then aqueous phase was
extracted with toluene (3x25 mL). After drying over Na,SO,, the solvent was
removed under vacuum (Larrow and Jacobsen, 1994; Yigit, 2002).

'H NMR : § (ppm): 1.51 (m, 2 H, NCH(CH,),CHN), 1.82-1.88 (m, 6 H,
NCH(CH,)4CHN), 2.24 (s, 6 H, CHCgH2(CHs)s), 2.26 (s, 12 H, CHCsH2(CHs)3),
3.39-3.42 (m, 2H, NCH(CH,)4CHN), 6.76 (s, 4 H, CHC4H2(CHs)s3), 8.53 (s, 2 H,
CH=N). 3C NMR : & (ppm): 20.8, 21.3, 24.8, 33.9, 75.9, 129.4, 131.5, 138.4,
160.5 (CH=N). Yield: 62%. m.p:114-117.

2.12 Synthesis of (R,R)-1,3-bis(2,4,6-trimethylbenzyl)-1,2-
cyclohexyldiamine (30)
NaBH,

N N= e NH HN
o S Ry
29 30

A solution of 29 in MeOH was added NaBH, in portions. After adding, the
mixture was stirred at 25 °C for 3 h, and then refluxed for overnight. After
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removing the solvent, the residue was dissolved in CH,Cl, and washed with
water. The organic phase was dried over Na,SO,4 and then the volume reduced,
and added hexane to the solution causing precipitation of the product (This
compound was synthesized by Yigit using a different procedure (Yigit, 2002)).

'H NMR : & (ppm): 0.96-1.04 (m, 2 H, NCH(CH,)4CHN), 1.18-1.28 (m, 2
H, NCH(CH,)4CHN), 1.69-1.72 (m, 2 H, NCH(CH,),CHN), 2.09-2.26 (m, 4 H,
NCH(CH,)sCHN, NCH(CH,)4sCHN), 2.16 (s, 6 H, CHyCeHa(CHs)s), 2.20 (s, 12
H, CH»CeHa(CHa)s), 3.40 (d, J = 11.6 Hz, 2 H, CH,CeH2(CHa)s), 3.77 (d, J = 11.2
Hz, 2 H, CH,CeHa(CHa)s), 6.70 (5, 4 H, CHyCeH2(CHs)s). °C NMR : § (ppm):
19.7,21.1, 25.4, 32.1, 45.3, 62.2, 129.1, 134.3, 136.4, 137.0. Yield: 86%.

2.13 Synthesis of (R,R)-1,3-bis(2,4,6-trimethylbenzyl)-1,2-
cyclohexylimidazolidinium chloride (31)

CH(OEt)3 N

NH HN Cr
;:j i:j NH4CI Nﬁ

Compound 30 (4.8 g; 13.0 mmol), NH4CI (1.5 g, 26.0 mmol) and triethyl
orthoformate (10 mL) were heated for 24 h until ethanol was removed by
distillation. After volatiles were removed in vacuo, the residue was washed with
ether and then was filtered off. The solid was recrystallized from CH,CI,/Et,0.

'"H NMR : & (ppm): 1.17-1.26 (m, 2 H, NCH(CH,),CHN), 1.34-1.44 (m, 2
H, NCH(CH),CHN), 1.74-1.89 (m, 4 H, NCH(CH.),CHN), 2.25 (s, 6 H,
CH2CeH2(CHs)s), 2.31 (s, 12 H, CHyCeHa(CHa)s), 3.45-3.47 (m, 2 H,
NCH(CH,)4CHN), 4.89 (s, 4 H, CH,CsH2(CHs3)3), 6.82 (s, 4 H, CH,CgH,(CHs)s),
9.16 (s, 1 H, NCHN). *C NMR : & (ppm): 20.4, 21.2, 28.0, 46.3, 68.8, 126.2,
129.9, 137.8, 138.9, 161.6 (NCHN) Yield: 80%, m.p: 238-240 °C (dec.).
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2.14 Synthesis of Ruthenium Complex (32)

(i) Ag,0, CH,Cly, 25 °C

\\‘N - N /CI
(ol - —Ru
N/z (i) [RuCly(p-cymene)], toluene, 90 °C "N “cl

Compound 31 (0.5 g, 1.2 mmol) was dissolved in dry CH,Cl, (10 mL)
and Ag,0 was added into the solution. The mixture was stirred in the dark at 25
°C for overnight under argon. Then the suspension was filtered through celite into
the schlenk containing [RuCl,(p-cymene)],. After the mixture was stirred at 25 °C
for overnight, dry toluene was added. The mixture was heated to 90 °C for 16 h
under argon. After cooling, toluene was removed in vacuum. The residue was
crystallized CH,CI,/Et,0.

'H NMR : & (ppm): 0.98-1.29 (m, 4 H, NCH(CH,)4CHN), 1.36-1.80 (m, 4
H, NCH(CH,),CHN), 2.15, 2.20, 2.21, 2.22, 2.24, 2.29 (s, 18 H, CH,CsH,(CHa)3),
2.96 (m, 1 H, NCH(CH,)4CHN), 3.15-3.22 (m, 1 H, NCH(CH.),CHN), 3.89 (d, J
= 12.0 Hz, 1 H, CH,CgH2(CHs)s), 4.20 (d, J = 12.0 Hz, 1 H, CH,CgH2(CHs)s),
5.09 (d, J = 16.0 Hz, 1 H, CH,CgH2(CHs)s), 5.25 (d, J = 16.0 Hz, 1 H,
CH,CgH2(CHs)3), 5.41 (d, J = 16.0 Hz, 2 H, CH,CgH,(CHa)s), 6.71 (d, J = 4.0 Hz,
1 H, CH,CgH2(CHs)s). *C NMR : & (ppm): 16.7, 17.5, 20.4, 20.9, 24.4, 28.7,
29.4, 67.9, 68.6, 89.2, 90.8, 93.1, 97.2, 97.8, 103.7, 129.2, 129.4, 130.0, 136.5,
138.0, 206.3 (Cearbene). Yield: 30%. m.p: 260 °C (dec.). [a] = -28.57 (c 0.105, 24.8
°C, in CH,CL,).

2.15 Catalytic Experiments

2.15.1 General procedure for the allylic alkylation reactions

To a solution of palladium complex (0.02 mmol, 2.5 mol%) and Cs,CO3;
(0.84 mmol) in THF (1 mL) were added a solution of (E)-1,3-diphenyl-3-en-yl

acetate (0.8 mmol) in THF (1 mL) followed by a solution of diethyl malonate in
THF (1 mL). The mixture was heated to 50 °C for 48 h under argon. To the
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mixture was added saturated NH,4CI solution, and the organic layer was extracted
with Et,0. The combined organic layer washed with brine and dried over Na,;SO,.
After the solvent was evaporated in vacuo, the residue was analyzed by *H NMR
and gas chromatography.

2.15.2 General procedure for the transfer hydrogenation reactions

To a solution of catalyst (1 mmol, 1mol%) and acetophenone (1 mmol) in
IPA (4 mL) was added a solution of KOH (0.04 mmol) in IPA (1 mL). The
mixture was stirred under argon in a two-necked flask at 75 °C for 19 h. After
cooling to ambient temperature, the solvent was removed under vacuum. The
product was purified by preperative TLC (pentane/Et,O 6:3). Yields were
determined by *H NMR. Enantiomeric excesses were determined by HPLC using
chiral OD-H column.

2.15.3 General procedure for the arylation of aldehydes

Phenylboronic acid (2 mmol), rhodium complex (1 mmol, 1 mol%), (1
mmol) and KO'Bu (1 mmol) were successively added to two-necked flask and the
vessel was evacuated and flushed with argon three times. DME (3 mL) and H,0
(ImL) was syringed, and then benzaldehyde was added to the mixture. The
mixture was heated to 80 °C for 24 h. After cooling to ambient temperature, the
reaction mixture was diluted with ethyl acetate (30 mL) and washed with water (5
mL). The organic phase was dried (Na,SO,) and evaporated in vacuo. The residue
was purified by preperative TLC (petrol ether/ethyl acetate 12:1). Yields were
determined by *H NMR. Enantiomeric excesses were determined by HPLC using
chiral OD-H column.
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3. RESULTS AND DISCUSSION

The synthesis of three different types of chiral NHC ligands and their
complexes (Figure 3.1) was targeted, and we also planned to test their catalytic
activities in asymmetric allylic alkylation, transfer hydrogenation and arylation
reactions.

Chirality in subtituents
attached to N- atoms
(R)

T

Chirality in backbone <=— Chirality in ligands
(A) attached to metal atom

(Ln)

Figure 3.1. Possible chirality positions in a NHC complex.

In this section, the synthesis and characterization of NHC-Pd(11) complexes
bearing a chiral ligand other than NHC were firstly described (Scheme 3.2). We
prepared benzimidazolium salts and their dimeric palladium complexes to obtain
NHC-Pd(Il) complexes (Scheme 3.1 and 3.2). Chiral oxazolines are important
chiral axuiliary or key elements in numurous ligands. Oxazolines or oxazoline
containing compounds have been applied as ligands in asymmetric catalysis over
the past decade (Vistild et al., 2004; Scwekendiek and Glorius, 2006). It is known
that chiral NHC-oxazoline complexes displayed moderate to good
enantioselectivities for asymmetric catalysis (Powell et al., 2001; Perry and
Burgess, 2003; Gade et al., 2004; César et al., 2005; Nanchen and Pfaltz, 2006;
Scheider et al., 2009). As a result, we decided to synthesize NHC complexes
bearing a chiral oxazoline. The cleaveage of dimeric palladium complexes were
performed by chiral oxazoline.

It has been noticed that the chiral induction of monodentate chiral NHC
ligands was low, which is probably due to the rapid internal rotation of the chiral
substituents around the C-N axis. However, polydentate chiral NHC ligands, in
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which the NHC scaffold is linked to other coordinating units such as alkoxy,
imino, oxazoline, phosphine or phosphinite, displayed better enantioselevtivity.
For this reason, a secondary objective was to develop chelating chiral NHC
ligands bearing functional groups such as hydroxyl group to increase the
enantioselectivity.

Besides, it has been shown that phosphine analogous containing NHCs give
much superior asymmetric induction. Therefore, it was decided to devise the
synthesis of phosphinite-NHC ligands.

3.1 NHC-Pd(Il) Complexes Bearing Chiral Ligand Other Than
NHC

3.1.1 Synthesis and characterization of (5,6-
dimethyl)benzimidazolium bromides (1-6)

The (5,6-dimethyl)benzimidazolium salts were synthesized according to the
steps illustrated in Scheme 3.1. At the first step, 1-substituted (5,6-
dimethyl)benzimidazoles were prepared by treating (5,6-dimethyl)benzimidazole
and appropriate alkyl or benzylic halide under basic conditions (Step (i))
(Ozdemir et al., 2004; 2005a, Denizalt;, 2006). (5,6-dimethyl)benzimidazolium
bromides (1-6) were obtained via alkylation of monosubstituted (5,6-
dimethyl)benzimidazole with benzyl bromides in toluene (Step (ii)). These salts
are air and moisture stable solids.

These benzimidazolium salts have been characterized by *H and **C NMR
spectroscopy. 'H NMR chemical shifts were consistent with the proposed
structures; the resonances for C, hydrogenes were observed as sharp singlets
between 9.49-10.78 ppm. *C NMR of these salts showed the C, carbons at 140.4-
143.2 ppm (Figure 3.2, 3.3).
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H R R
¥ N @ T NG iy T N
Ty 1oy T
Y N Y N Y N +
Ar
1-6
Compound | Y R Ar
1 H | -CH,CgH,(CH3)3-2,4,6 | CgH2(CHz3)3-2,4,6
2 H |-CH,CH,OCH3 CeH2(CHz3)3-2,4,6
3 H |-CH,CH,OCHj CeH(CH3)4-2,3,5,6
4 H |-CH,CH,OCH3 Cs(CH3)s5-2,3,4,5,6
5 CHj; | -CH,CH,OCH3 CeH2(CHz3)3-2,4,6
6 CH; | -CH,CH,OCHj3 Ce(CH3)5-2,3,4,5,6

Scheme 3.1. Synthesis of (5,6-dimethyl)benzimidazolium bromides (1-6). Reagents and
conditions of reactions: (i) RX, KOH, toluene, EtOH or BuUOH; (ii) ArCH,Br,
toluene, reflux.
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Figure 3.3. (a) 'H NMR, (b) *C NMR spectra of 5 in CDCls.
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3.1.2 Synthesis and characterization of NHC-Pd(Il) complexes
bearing chiral oxazoline ligand (13-18)

Dimeric NHC-Pd(II) carbene complexes cleaved by various nucleophiles to
give mixed [PA(NHC)(nuc)] complexes. NHC-Pd(Il) complex containing chiral
proline ligand synthesized using this method (Enders et al., 1996). Later, NHC-
Pd(Il) complexes containing N-donor ligands such as pyridine and azole
derivatives have been reported (O’Brien et al., 2006; Yen et al., 2008; 2009a;
2009b; Tirkmen et al.,, 2009). A similar methodology was followed for the
synthesis of 13-18.

The synthesis of dimeric NHC-Pd complexes by reaction of
benzimidazolium salt with Pd(OACc), in the presence of excess NaBr in DMSO
has been reported by Huynh et al. (Huynh et al., 2006). Using a similar method
the dimeric NHC-Pd(Il) complexes (7-12) were synthesized in moderate yields
(50%- 76%) as air stable orange solids slightly soluble in halogenated solvents
(Scheme 3.2). However, it was known that coordinating solvents such as DMSO,
THF, MeCN cleave the dimeric complex (Huynh et al., 2006). Dimeric complexes
are sparingly soluble in CDCI;. Additionally DMSO cleaves the dimeric
complexes. Because of these properties, NMR spectra of dimeric complexes (7-
12) have not been recorded.

Dimeric palladium complexes (7-12) and chiral oxazoline reacted in
dichloromethane to give mixed NHC-oxazoline complexes of Pd(Il) (13-18) as
air-stable yellow solids soluble in halogenated solvents (Scheme 3.2). NMR
analyses of the complexes showed that chiral oxazoline ligand coordinated to the
palladium center. BC.NMR spectra of these complexes (13-18) showed Ccarpene
resonance in 167.1-167.3 ppm range. C=N signal in the oxazoline ring was
observed between 163.6 and 165.6 ppm. Optical rotations of these palladium
complexes were also measured and given in the experimental section (Table 2.3).



65

Ar
1-6
(i)l
R R
Y; N Br, Br. N Y
TL b e
Y N Br Br N Y
Ar Ar
7-12
4 |
Giy| (ii) CN  w~oH
Ny © o
Ph
R/
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Br Ph
Ar
13-18
Compound | Y R Ar
13 H | -CH,CgH,(CH3)3-2,4,6 | CeH2(CH3)3-2,4,6
14 H | -CH,CH,OCH3 CeH2(CHg3)3-2,4,6
15 H |-CH,CH,OCHj CgH(CH3)4-2,3,5,6
16 H | -CH,CH,OCH3 Cs(CH3)s5-2,3,4,5,6
17 CH3; | -CH,CH,0CHj; CeH2(CHz3)3-2,4,6
18 CH; | -CH,CH,OCH3 Cs(CH3)s5-2,3,4,5,6

Scheme 3.2. Synthesis of NHC-Pd(I1) complexes bearing chiral oxazoline ligand (13-18).
Reagents and conditions of reactions: (i) Pd(OAc),, NaBr, DMSO, 90 °C; (ii)
ZnCly,, chlorobenzene; (iii) (4S)-4-ethyl-2-phenyl-4,5-dihydro-1,3-oxazole,
CH,Cl,, 25 °C.
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3.1.3 Allylic alkylation reactions with NHC-Pd(Il) complexes
bearing chiral oxazoline ligand (13-18)

Palladium catalyzed allylic alkylation and its asymmetric variant are one of
the most important carbon-carbon or carbon-heteroatom bond forming reactions
(Scheme 3.3). The nucleophile can be carbon, nitrogen or oxygen based such as
alcohols, enolates, phenols and enamines. The leaving group can for example be a
halide or acetate. The first example of allylic alkylation catalyzed by NHC-
palladium complexes was reported by Sato and Mori (Sato and Mori, 2003; Sato
et al., 2005). Later on, several enantioselective versions using chiral NHC ligands
have been published (Bonnet and Douthwaite, 2003; Hodgson and Douthwaite,
2005, Li et al., 2006; Flahaut et al., 2006; 2007a; 2007b; Toselli et al., 2008).

e Y N —>Cat' e VN

= OAc, Cl

Scheme 3.3. Allylic alkylation reaction.

NHC-Pd(I) complexes 13-18 were screened as catalysts for allylic
alkylation reaction of (E)-1,3-diphenyl-3-en-yl acetate using diethyl malonate as a
nucleophile. The catalytic experiments were carried out using 2.5% mmol
palladium complexes 13-18 as catalysts in the presence of Cs,CO3 in THF at 50
°C. The results were summarized in Figure 3.6. The complex 13 was found to be
the most active catalyst among all of these complexes (Figure 3.6). The activities
of these complexes would decrease in the order: 13 > 14 > 15 > 16 > 17 > 18.
Comparison of 14, 17 and 16, 18 showed that the methyl groups on the
benzimidazole ring decrease the catalytic activity. The low reaction rate in the
complexes could be explained that with the strong c-donating effect of the NHC
ligand which disfavors the nucleophilic addition step. These observations are
consistent with the work of Flahaut (Flahaut et al., 2007a). Although the
complexes 13-18 are chiral, no enantioselectivity could been observed. This result
indicates that the chiral oxazoline ligand leaves the metal center early in the
catalytic cycle. Clearly the development of chiral ligands independent of the NHC
ligand for chiral induction in the allylic alkylation does not appear to be
promising.


http://en.wikipedia.org/wiki/Nucleophile
http://en.wikipedia.org/wiki/Alcohol
http://en.wikipedia.org/wiki/Enolate
http://en.wikipedia.org/wiki/Phenol
http://en.wikipedia.org/wiki/Enamine
http://en.wikipedia.org/wiki/Halide
http://en.wikipedia.org/wiki/Acetate

EtO,C CO,Et
OAc

AN o Catalyst (2.5% mmol) N
O O + Et0,C7 “CO,Et O O
Cs,COg3, THF, 50 °C, 48 h

-AcOH

16 17 18

Yield (%)

13 14 15 16 17 18

Catalyst

Figure 3.6. Allylic alkylation reaction of (E)-1,3-diphenyl-3-en-yl acetate catalyzed by NHC-
Pd(Il) complexes 13-18.
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3.2 Chiral NHC Ligands Bearing Chiral N-Substituents and Their
Complexes

3.2.1 Synthesis and characterization of chiral imidazolium ligands
(22-24)

Chiral imidazolium salts (22-24) were prepared according to the procedure
indicated in Scheme 3.4 and described in the experimental section. These salts
obtained from 1-substituted imidazoles (19, 20) by the cyclocondensation of
glyoxal, ammonium acetate, formaldehyde and chiral amino alcohol, which
synthesized according to previously published procedure (Matsuoka et al., 2006).
Compound 21 by methylation of hydroxyl group was prepared using Mel in the
presence of NaH as a base. It is worth mentioning that imidazolium salts (22)
derived from (R)-2-amino-1-butanol were achiral. It is assummed that ethyl group,
which is smaller compared to the isopropyl group, rotates around the C-N axis.

These imidazolium salts have been characterized by *H and *C NMR
spectroscopy. 'H NMR chemical shifts were consistent with the proposed
structures; the resonances for C, hydrogenes were observed as sharp singlets
between 9.63-10.61 ppm. *C NMR of these salts showed the C, carbons at 137.2-
139.9 ppm (Figure 3.8, 3.11, 3.12).
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N (ii) 22ab | 2:CeHa(CH3)32:4.6
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N N
[N/> i) [ yer
21
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Scheme 3.4. Synthesis of chiral imidazolium ligands (22-24). Reagents and conditions of
reactions: (i) Glyoxal, HCOOH, NH,OAc, MeOH, reflux, 5h; (ii) NaH, Mel,
DMF; (iii) ArCH,Br, DMF, 25°C.
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Figure 3.7. (a) *H NMR, (b) **C NMR spectra of 19 in CDCl,,.
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Figure 3.8. (a) 'H NMR, (b) *C NMR spectra of 22a in CDCls.
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Figure 3.9. (a) *H NMR, (b) **C NMR spectra of 20 in CDCls.
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Figure 3.10. (a) *H NMR, (b) **C NMR spectra of 21 in CDCls.
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Figure 3.11. (a) *H NMR, (b) *C NMR spectra of 23a in CDCls.
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Figure 3.12. (a) 'H NMR, (b) **C NMR spectra of 24 in CDCls.
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3.2.2 Synthesis and characterization of chiral NHC-Ru(ll) and
Rh(l) complexes (25-28)

Chiral NHC-Ru(Il) complex (25) was synthesized by carbene-transfer
reaction of in situ formed NHC-Ag species with [RuCly(p-cymene)], in
dichloromethane at ambient temperature. The characteristic downfield signal for
the C, hydrogen of imidazolium salt was not observed in the *H NMR spectrum of
Ru complex. The **C NMR signal of the Ccarpene atom of complex 25 appeared at
175.2 ppm (Figure 3.13).

Chiral NHC Rh(I) complexes (26-28) could be synthesized in three different
way: i) deprotonation of the imidazol(in)ium salts with a strong base such as
LiO'Bu and subsequent reaction with [Rh(COD)CI],, ii) using carbene-transfer
reaction of in situ formed NHC-Ag species with [RhCI(COD)], in
dichloromethane at ambient temperature, iii) using [RhOMe(COD)], which
deprotonates and coordinates the desired ligand in situ (Scheme 3.5). However, it
was known that rhodium(l) complexes formed by deprotonation of an
imidazolinium salt with LiO'Bu and subsequent reaction with [Rh(COD)CI],
affords achiral complex. This is supposed to be due to the basic conditions which
results in the loss of chirality during the reaction (Zinner et al., 2008). For this
reason, a different aproach was attempted by transmetallation reaction with a
silver(I)-NHC complex leads to the corresponding rhodium(l) complexes (26-28)
with the retention of chirality.

The rhodium complexes synthesized here were fully characterized by
standard 2D-NMR techniques. In the *H NMR spectra of Rh complexes, OH
proton was not observed. This behaviour was consistent with the literature
(Edworthy et al., 2005). Silver alkoxide NHCs were prepared by Arnold's group.
They reported that silver(l) oxide was sufficiently basic to deprotonate both the
imidazolium and the alcoholic functionality (Edworthy et al., 2005). However, we
also used two other methods to synthesize rhodium complexes. Both
deprotonation of imidazolium salts with LiO'Bu and subsequent reaction with
[Rh(COD)CI]; or using of [Rh(OMe)(COD)]; and the corresponding salts leads to
chiral NHC alkoxide Rh(l) complexes. The characteristic downfield signals for
the C, hydrogens of the imidazolium salts were not observed in the *H NMR
spectra of Rh(I) complexes. *C NMR spectra of Rh(1) complexes (26-28) showed
Cearbene T€sonance between & 181.2-182.9 ppm and coupling constants J(***Rh—
3C) were between 49.5-50.4 Hz (Figure 3.15, 3.16).
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NHC-phosphorus mixed ligands are good candidates for hemilable behavior
since they combine a strong NHC donor with a more labile phoshorus donor. We
envisioned that the alcohol functionality of 23 can be exploited. Therefore, we
treated 23b with CIPPh; in the presence of EtsN. The resulting phosphinite ligand
27’ has not been isolated in view of air sensitivity of the product, instead the in
situ procedure was followed (Scheme 3.5). *H NMR spectra of complexes 27 and
28 showed two sets of signals (1:1 ratio) at room temperature. Notably, two
species were present in solution. These results were in accordance with the
reference published by Nanchen and Pfaltz (Nanchen and Pfaltz, 2006). They
indicated that the assumption of two conformers of Ir complex arise from a flip of
the chelate ring was consistent with the NOSEY plot, which showed an NOE
contact between the isopropyl group and the COD for one of the two conformers
(Figure 1.8). Their *C NMR spectra also displayed two sets of signals of Cecarpene
between 181.3 and 182.9 ppm and the coupling constants J(:**Rh—3C) were in the
range of 49.8 and 51.0 Hz (Figure 3.18b, 3.19). *'P NMR spectrum of complex
27 showed two signals (1:1 ratio) at 33.1 and 33.4 ppm indication of two
conformers (Figure 3.18c).
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Scheme 3.5. Synthesis of chiral NHC-Ru(ll) and Rh(l) complexes (25-28). Reagents and
conditions of reactions: (i) Ag,O, CH,Cl,, 25 °C and then [RuCl,(p-
cymene)],, toluene, 90 °C; ii) LiO'Bu, [RhCI(COD)],, 70 °C; or Ag.0,

CH,Cl,, 25 °C and then [RhCI(COD)],, CH,Cl,; or [Rh(OMe)(COD)],, DCE;
iii) PPh,CI, EtsN, CH,Cl,.
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Figure 3.14. Electronspray ionization mass spectra of complex 25.
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Figure 3.15. (a) *H NMR, (b) **C NMR spectra of 26a in CDCls.
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Figure 3.17. Electrospray ionization mass spectra of complex 26b.
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Figure 3.19. (a) *H NMR, (b) *C NMR spectra of 28 in CDCls.
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3.3 Chiral NHC Ligand and Its Ru(ll) Complex Bearing Chiral
Elements within the Heterocycle

3.3.1Synthesis and characterization of (R,R)-1,3-bis(2,4,6-
trimethylbenzyl)-1,2-cyclohexylimidazolidinium chloride (31)

Chiral NHC ligand (31) was synthesized in three steps (Scheme 3.6). The
first step involves Schiff base synthesis from (R,R)-1,2-diammoniumcyclohexane
mono-(+)-tartarate salt (Step (i)). In the second step, compound 30 prepared from
Schiff base was reduced using NaBH,. Finally, chiral NHC ligand (31) was
obtained by cyclization of diamine with triethyl orthoformate in the presence of
NH,CI. The compounds (29, 30) were synthesized by Yigit. The structures of 29
and 30 are consistent with the reference (Yigit, 2002).

These compounds have been fully characterized by *H and **C NMR
spectroscopy. 'H NMR chemical shifts were consistent with the proposed
structures; the resonance for C, hydrogen was observed as sharp singlet at 9.16
ppm. C NMR of compound 31 showed the C, carbon at 161.6 ppm (Figure
3.22).
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Scheme 3.6. Synthesis of chiral NHC-Ru(ll) complex 32. Reagents and conditions of reactions: (i)
Mesitylaldehyde, K,CO3, EtOH, reflux; (ii) NaBH,4, MeOH; (iii) CH(OEt)s, NH,CI;
(iv) Ag,0, CH,Cl,, 25 °C and then [RuCly(p-cymene)],, toluene, 90 °C.
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Figure 3.20. (a) *H NMR, (b) **C NMR spectra of 29 in CDCls.
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Figure 3.21. (a) 'H NMR, (b) **C NMR spectra of 30 in CDCls.
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Figure 3.22. (a) *H NMR, (b) **C NMR spectra of 31 in CDCls.
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3.3.2Synthesis and characterization of chiral NHC-Ru(ll)
complex (32)

Chiral NHC-Ru(ll) complex (32) was prepared by carbene-transfer reaction
of in situ formed NHC-Ag species with [RuCl,(p-cymene)], in dichloromethane at
ambient temperature, and then the mixture was heated to 90 °C in toluene for 16 h
under argon. The charactersitic downfield signal for the C, hydrogen of
imidazolinium salt was not observed in the *H NMR spectrum of Ru complex.
The *C NMR signal of the Cearbene atom of complex 32 appeared at 206.3 ppm.
The same complex (32) was prepared by Yigit using a different procedure, which
NaH and [RuCl,(p-cymene)], were used (Yigit, 2002) (Scheme 3.7). Complex 32
prepared by this route did not display optical rotation. Whereas the procedure
used here exhibits optical rotation for complex 32 which was measured in CH,Cl,
as [a] = -28.57 (¢ 0.105, 24.8 °C). A single crystal data of 32 were given in Table
3.1. However, although the complex 32 has an optical rotation, it crystallized in
centrosymmetric P2;/n, implying that the co-crystallisation of both the R and the S
stereoisomers, as a racemate.

method used here method used by Yigit

(:LN 7 (i) Ag20, CH,Cl,, 25 °C ON % cl (i) NaH, THF, 25 °C \@\N\O

/ -
> cl N>—RU\CI BF4 i\N
N+ (i) [RuCly(p-cymene)], (ii) [RuCly(p-cymene)l,
toluene, 90 °C toluene, 90 °C
31 32

Scheme 3.7. Two different methods used in the synthesis of complex 32.
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Figure 3.23. (a) *H NMR, (b) *C NMR spectra of 32 in CDCl.

Figure 3.24. X-ray structure of complex 32.
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Table 3.1. Crystal data and structure refinement for 32

Identification code 32
Empirical formula C27 H36 CI2 N2 Ru
Formula weight 560.55
Temperature, K 110(2)
Wavelength, A 1.54178

Crystal system Monoclinic
Space group P2(1)/n

a,A 13.4890(7)

b, A 13.9576(7)

¢, A 14.0217(7)
Volume, A3 2495.6(2)

z 4

Density (calculated), Mg/m3 1.492
Absorption coefficient, mm-1 7.177

F(000) 1160

Crystal size, mm3

Theta range for data collection
Reflections collected
Independent reflections
Completeness to theta = 62.50°

Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(1)]
R indices (all data)

Largest diff. peak and hole

0.30x0.18 x 0.13

3.95 to 62.50°.

43558

3910 [R(int) = 0.0521]

98.4 %

Semi-empirical from
equivalents

0.4555 and 0.2220
Full-matrix least-squares on F2
3910/72/308

1.250

R1 =0.0315, wR2 = 0.0742
R1 =0.0350, wR2 = 0.0750
0.430 and -0.696 ¢.A3
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3.4 Transfer Hydrogenation Reactions with Chiral NHC-Rh(I)
and Ru(l1) Complexes (25-28, 32)

Transfer hydrogenation is the addition of hydrogen to an unsaturated
molecule from a reagent other than gaseous H,. 2-Propanol (IPA) and
HCOOHY/Et3;N are typically used as hydrogen donors with a strong base such as
KOH. Whereas direct hydrogenation of unsaturated compounds is more widely
applied, transfer hydrogenation is a powerfull alternative in view of its easy of
handling, the easy availability of hydrogen donor, low cost of reducing agents and
safety. Transition metal-catalyzed transfer hydrogenation of carbonyl compounds
is one of the most important reactions in pharmaceutical and chemical industries.
Many NHC ligands are known to be active catalysts for the transfer hydrogenation
reaction (Hillier et al., 2001; Ozdemir et al., 2005b; Joki¢ et al., 2011; Cetinkaya,
2011; Giirbiiz et al., 2010; 2012). The asymmetric transfer hydrogenation (ATH)
of prochiral ketones is highly efficient method to obtain enantiomerically enriched
alcohols. However, there are very few report describing the use of chiral NHCs in
asymmetric transfer hydrogenation. In general, moderate to good conversions
were obtained but enantioselectivities were poor to moderate (Seo et al., 2003;
Hodgson and Douthwaite, 2005; Herrmann et al., 2006; Jiang et al., 2009; Dyson
et al., 2009; Diez and Nagel, 2010; Aupoix et al., 2011; Newman et al., 2011).

Chiral NHC-Ru(Il) and Rh(l) complexes (25-28, 32) were evaluated as
catalysts for transfer hydrogenation of acetophenone. We started the catalytic
experiments using complex 26a with 4% mol KOH in IPA at 75 °C. After 19 h,
the corresponding alcohol was obtained with 73% yield and 1.77% ee. When 10%
mol base was used, yield was increased but enantioselectivity was lost. However,
after 8 h, the product was obtained in 42% yield and 23.15% ee (Figure 3.25). As
is seen from Table 3.2, the reaction did not proceed at 50 °C. We obtained the
product in only 8% vyield with 14.37% ee after 48 h. Under the determined
reaction conditions, the catalytic experiments were carried out using 1 mmol of
acetophenone, 0.01 mmol (1% mol) of rhodium or ruthenium complexes as
catalysts and 0.04 mmol (4% mol) KOH as a base in IPA at 75 °C. The complex
27 was found to be the most active catalyst among all of these complexes tested.
Cationic complexes (27, 28) were shown to exhibit better activity than the neutral
ones. After 3 h, they gave the desired alcohol in high yield (88-96%). We also
tested ligand 23b (1% mol) in the same reaction using [Rh(OMe)(COD)]. (0.5%
mol) and KOH (4% mol). After 19 h, the reaction was completed but
enantioselectivity could not been observed. Using complex 32, the desired alcohol
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was obtained in 96% yield and 5.11% ee after 8 h. Although the obtained yields
were much better in comparison to the results described the literature (Mas-Marza
et al., 2005; Jiang et al., 2009; Joki¢ et al., 2011, Yigit et al., 2012), the
enantioselectivity was not also satisfactory with the references (Hodgson and
Douthwaite, 2005; Herrmann et al., 2006; Jiang et al., 2009; Diez and Nagel,
2010; Newmann et al., 2011).
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Table 3.2. The transfer hydrogenation reaction catalyzed by 25-28, 32

Catalyst Base (% mol) Temp. (°C)  Yield (%) ee (%)°

26b 4 75 81 2.87(S)
1.08(S)

a: 8h; b: 48h; c: 3h; d: 6h; e: Chiracel OD-H column, Hexane/IPA (95/5), flow rate 0.7 ml/min,
254 nm.
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Figure 3.25. HPLC analysis of the 1-phenylethanol after catalytic transfer hydrogenation reaction
using complex 26a (after 8 h, %23.15 ee).

3.5 Arylation Reactions with Chiral NHC-Rh(I) Complexes (26-28)

Diarylmethanols are important structural motives for the synthesis of
biologically and pharmaceutically active compounds. The addition of
organometallic reagents to aldehydes has been the general methods to obtain the
diarylmethanols. ~ Organolithium,  organomagnesium,  organozinc  and
organocopper compounds are most widely used. However, limitations to their use
arise from the nature of the reagents, which are usually toxic and sensitive to air
and moisture. In recent years, 1,2-addition of boronic acids to aldehydes catalyzed
by rhodium complexes, especially NHC complexes, has become a very useful
approach to prepare such compounds. With regard to the synthesis of chiral
diarylmethanols, the asymmetric arylation of aldehydes with boronic acids in the
presence of chiral NHC complexes has attracted much attention (Zhang et al.,
2005; Arao et al., 2006; Ma et al., 2010; Zhang et al., 2010).
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Chiral NHC-Rh(I) complexes were also tested in the 1,2-addition of
phenylboronic acid to aldehydes. To survey the reaction parameters for the
arylation reaction, a series of experiments have been performed with 4-
isopropylbenzaldehyde and phenylboronic acid using complex 26b. For the choice
of solvent, we surveyed DMF/H,0, 1,4-Dioxane/H,O and DME/H,0. We found
that the reactions performed in DME/H,O at 80 °C appeared to be best. We
started our investigation with the 1,2-addition of phenylboronic acid to 4-
isopropylbenzaldehyde in the presence of KO'Bu as a base in DME at 80 °C. As
can be seen from Table 3.3, the reaction catalyzed by both 26a and 26b was
completed within 15 minutes. The cationic complexes 27 and 28 displayed lower
catalytic activity, 85% and 84%, respectively. In general the enantioselectivity
increases at lower reaction temperatures. Therefore, we decided to lower the
reaction temperature to 60 °C. After 45 minutes, the product was obtained in > 99
yield, but no enantioselectivity was observed. And then, when the temperature
was decrease to 40 °C, we obtained the product in 37% vyield with no
enantioselectivity, after 48 hours. In order to get the enantioselectivity, while the
temperature of reaction was kept at 40 °C, rate of the catalyst was increased to 3%
mol. Increasing the load of catalyst did not affect asymmetric induction. Finally,
we tried to change the ratio of solvent from 3/1 (DME/H,0) to 5/1 (DME/H,0),
but we failed to achieve the enantioselectivity. According the previously
published results (Arao et al., 2006; Ma et al., 2010), the presence of an ortho-
substituent in aromatic aldehydes resulted in slightly better asymmetric induction.
In the light of this information, complex 26b (1% mol) was also tested for the
addition of benzeneboronic acid to 2-MeO-benzaldehyde, at 80 °C. After 15
minutes, 88% vyield and 7.71% ee were obtained. The best enantioselectivity was
obtained using complex 28 and 4-isopropylbenzaldehyde (32.10% ee) (Figure
3.26). Although we failed to achieve high asymmetric induction, the yields were
comparable or even higher than reported values (Zhang et al., 2005; Ozdemir et
al., 2005c; Yigit et al., 2005b; 2007; Arao et al., 2006b; Kilingarslan et al., 2007;
Ma et al., 2010; Trindade et al., 2010; He and Cai, 2011). To the best our
knowledge, the best result for this reaction was obtained by Fiirstner and Krause.
Their ligands were tested in the addition of phenylboronic acid to 4-MeO-
benzaldehyde using different metal salts such as [RhCI(COD)],, RhCI3.3H,0.
They obtained the product in < 10% vyield using [RhCI(COD)]. (3% mol) after 6.5
h, and 93% vyield using RhCl3.3H,0 (1% mol) within 12 minutes (Fiirstner and
Krause, 2001). We also investigated ligand 23b (1% mol) for this reaction using
[RhCI(COD)]. (0.5% mol) and 4-MeO-benzaldehyde, affording the corresponding
product in 90% vyield after 15 minutes.
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Table 3.3. The arylation reactions catalyzed by 26-28

Catalyst R, R, Temp.(°C) Time Yield (%) ee (%)
26b 'Pr H 80 5 min 54 E
26b 'Pr H 80 15 min >99 -
26b 'Pr H 60 5 min 11 E
26b 'Pr H 60 15 min 56 E
26b 'Pr H 60 30 min 89 -
26b 'Pr H 60 45 min >99 -
26b 'Pr H 40 48 h 37 -
226b 'Pr H 40 8h 84 -
26b 'Pr H 40 10 h >99 -
*b26b 'Pr H 40 8h 89 -
*b26h 'Pr H 40 10 h >99 -

26b H MeO 80 15 min 88 7.71(S)°

°26b H MeO 80 15 min 83 6.89(S)°
26b MeO H 80 5 min 28 E
26b MeO H 80 15 min 87 -
26b Cl H 80 5 min >99 -

a: 3% mol catalyst; b: DME/H,0 (5/1); c: 0.3% mol catalyst; d: Chiracel OD-H column, Hexane/IPA
(95/5), flow rate 0.5 ml/min, 254 nm (for 4-'Pr-benzaldehyde); e: Chiracel OD-H column, Hexane/IPA
(90/10), flow rate 1.0 ml/min, 254 nm (for 2-MeO-benzaldehyde).
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Figure 3.26. HPLC analysis of (4-isopropyl)(phenyl)methanol after catalytic arylation
reaction using complex 28 (%32.10 ee).

3.6 Conclusions

NHC-Pd(Il) complexes bearing chiral oxazoline substituents (13-18) were
synthesized, characterized and used for allylic alkylation reaction of (E)-1,3-
diphenyl-3-en-yl acetate. The results are summarized in Figure 3.6. The complex
13 is the most active catalyst among the complexes tested. The complexes bearing
electron donating methoxyethyl substituent were found to be less efficient.
Catalytic activity decreased in the sequence: 13 > 14 > 15> 16 > 17 > 18 (Figure
3.6). The results showed that electron donating groups on both the benzene ring or
benzyl substituent decrease the catalytic activity. Unfortunately no
enantioselectivity could be observed. The reason for this behavior is thought to be
related with the oxazoline ligand. We may assume that the chiral oxazoline ligand
departs the metal center early in the catalytic cycle.

Chiral NHC-Ru(ll) and Rh(l) complexes (25-28, 32) were prepared and
characterized by spectroscopic techniques. Although the complex 32 has an
optical rotation, X-ray data indicated that it crystallized as a racemate. Their
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catalytic activities were evaluated for transfer hydrogenation of acetophenone.
The complex 27 was found to be the most active catalyst among all of these
complexes tested. Cationic complexes (27, 28) showed better activity than the
neutral ones. However, enantioselectivities are low (23.15% ee) (Figure 3.25).
Increasing the amount of base has led to total loss of enantioselectivity.

Chiral NHC-Rh(I) complexes (26-28) were also tested for the arylation
reaction of aldehydes. Among the complex screened 26a and 26b displayed better
catalytic activities than the cationic ones (27, 28). Nevertheless, we could not
observe enantioselectivity. Our attempts to increase the enantioselectivity, by
lowering the temperature, increasing catalyst loading or changing the ratio of
solvent, failed. The best ee value was found to be 32.1% (Figure 3.26).

In summary, as part of a current research program directed to the design of
chiral NHC ligands and their metal complexes, we presented here simple synthetic
strategies for the construction of three types of chiral complexes: i) chirality in
ligands other than the NHC attached to metal atom; ii) chirality in substituents
attached to nitrogen atom; iii) chirality in backbone. As such, the derived Pd(ll),
Rh(l) and Ru(ll) complexes were successfully synthesized and employed as
catalysts for allylic alkylation, transfer hydrogenation and arylation reactions.
Despite good conversions in these catalytic reactions, the new catalytic systems
appeared to be inferior in enantioselectivity to the best results described in the
literature (Flahaut et al., 2007a; Zhang et al., 2008b; Mas-Marza et al., 2005;
Jiang et al., 2009; Joki¢ et al., 2011, Yigit et al., 2012; Zhang et al., 2005;
Ozdemir et al., 2005c¢; Yigit et al., 2005b; 2007; Arao et al., 2006b; Kilingarslan et
al., 2007; Ma et al., 2010; Trindade et al., 2010; He and Cai, 2011).

Finally, it is hoped that this and earlier studies by other research groups
cited in Part | of this thesis will draw growing attention on the chemistry of chiral
NHCs. The experience, gained by this work can be used to improve the design of
the chiral NHCs. Further efforts should be directed towards the synthesis of new
chiral NHCs and their complexes bearing electron donating functionalities for the
ATH and asymmetric arylation of aldehydes.



102

REFERENCES

Akiyama, K., Gao, F. and Hoveyda, A.H., 2010, Stereoisomerically pure
trisubstituted vinylaluminum reagents and their utility in copper-catalyzed
enantioselective synthesis of 1,4-dienes containing Z or E Alkenes, Angew.
Chem. Int. Ed., 49, 419-423.

Alexakis, A., Winn, C.L., Guillen, F., Pytkowicz, J., Roland, S. and
Mangeney, P., 2003, Asymmetric synthesis with N-heterocyclic carbenes.
Application to the copper-catalyzed conjugate addition, Adv. Synth. Catal.,
3, 345-348.

Arao, A., Kondo, K. and Aoyama, T., 2006a, Development of an N-heterocyclic
carbene ligand based on concept of chiral mimetic, Tetrahedron Lett., 47,
1417-1420.

Arao, A., Sato, K., Kondo, K. and Aoyama, T., 2006b, Function of an N-
heterocyclic carbene ligand based on concept of chiral mimetic, Chem.
Pharm. Bull., 54, 1576-1581.

Arduengo 111, A.J., Harlow, R.L. and Kline, M.K., 1991, A stable crystalline
carbene, J. Am. Chem. Soc., 113, 361-363.

Arnold, P.L., Rodden, M., Davis, K.M., Scarisbrick, A.C., Blake, A.J. and
Wilson, C., 2004, Asymmetric lithium(l) and copper(ll) alkoxy-N-
heterocyclic carbene complexes; crystallographic characterisation and lewis
acid catalysis, Chem. Commun., 1612-1613.

Aupoix, A., Bournaud, C. and Vo-Thanh, G., 2011, Asymmetric transfer
hydrogenation of aromatic ketones using rhodium complexes of chiral N-
heterocyclic carbenes derived from (S)-pyroglutamic acid, Eur. J. Org.
Chem., 2772-2776.

Axial chirality, Axial Chirality, 2011,
http://en.wikipedia.org/wiki/Axial_chirality, (date accessed: 30 October
2011).

Baskakov, D., Herrmann, W.A., Herdtweck, E. and Hoffmann, S.D., 2007,
Chiral N-heterocyclic carbenes with restricted flexibility in asymmetric
catalysis, Organometallics, 26, 626-632.


http://en.wikipedia.org/wiki/Axial_chirality

103

REFERENCES (Continue)

Becht, J.-M., Bappert, E. and Helmchen, G., 2005, Application of rhodium
complexes of chiral diphenylphosphino-functionalized N-heterocyclic
carbenes as catalysts in enantioselective conjugate additions of arylboronic
acids, Adv. Synth. Catal., 347, 1495-1498.

Bildstein, B., Malaun, M., Kopacka, H., Wurst, K., Mitterbock, M., Ongania,

K.H., Opromolla, G. and Zanello, P., 1999, N,N'-Diferrocenyl-N-
heterocyclic carbenes and their derivatives, Organometallics, 18, 4325-
4336.

Bolm, C., Kesselgruber, M. and Raabe, G., 2002, The first planar-chiral stable
carbene and its metal complexes, Organometallics, 21, 707-710.

Bolm, C., Focken, T.and Raabe, G., 2003, Synthesis of iridium complexes with
novel planar chiral chelating imidazolylidene ligands, Tetrahedron:
Asymmetry, 14, 1733-1746.

Bonnet, L.G., Douthwaite, R.E. and Hodgson, R., 2003, Synthesis of
constrained-geometry chiral di-N-heterocyclic carbene ligands and their
silver(l) and palladium(11) complexes, Organometallics, 22, 4384-4386.

Bonnet, L.G. and Douthwaite, R.E., 2003, Synthesis of new chiral N-
heterocyclic carbene-imine ligands and their application to an asymmetric
allylic alkylation reaction, Organometallics, 22, 4187-4189.

Bonnet, L.G., Douthwaite, R.E., Hodgson, R., Houghton, J., Kariuki, B.M.
and Simonovic, S., 2004, Synthesis, structure and reactivity of
palladium(Il) complexes of chiral N-heterocyclic carbene-imine and -amine
hybrid ligands, Dalton Trans., 3528-3535.

Brissy, D., Skander, M., Retailleau, P. and Marinetti, A., 2007, N-Heterocyclic
carbenes in the synthesis of axially chiral square-planar platinum
complexes, Organometallics, 26, 5782-5785.

Brissy, D., Skander, M., Jullien, H., Retailleau, P. and Marinetti, A., 2009a,
Platinum(ll)  catalysts for  highly  enantioselective  1,6-enyne
cycloisomerizations. Synthetic, structural, and catalytic studies, Org. Lett.,
10, 2137-2139.



104

REFERENCES (Continue)

Brissy, D., Skander, M., Retailleau, P., Frison, G. and Marinetti, A., 2009b,
Platinum(ll) complexes featuring chiral diphosphines and N-heterocyclic
carbene ligands: Synthesis and evaluation as cycloisomerization catalysts,
Organometallics, 28, 140-151.

Broggini, D. and Togni, A., 2002, Synthesis and structure of an enantiomerically
pure C2 symmetric ferrocenyl carbene, Helv. Chim. Acta, 85, 2518-2522.

Cardin, D.J., Cetinkaya, B. and Lappert, M.F., 1972, Transition metal-carbene
complexes, Chem. Rev., 72, 545-574.

Cardin, D.J., Cetinkaya, B., Doyle, M.J. and Lappert, M.F., 1973, The
chemistry of transition-metal carbene complexes and their role as reaction
intermediates, Chem. Soc. Rev., 2, 99-144,

Cavallo, L., Correa, A., Costabile, C. and Jacobsen, H., 2005, Steric and
electronic effects in the bonding of N-heterocyclic ligands to transition
metals, J. Organomet. Chem., 690, 5407-5413.

César, V., Gade, L.H. and Bellemin-Laponnaz, S., 2004, Chiral N-heterocyclic
carbenes as streodirecting ligands in asymmetric catalysis, Chem. Soc. Rev.,
33, 619-639.

César, V., Bellemin-Laponnaz, S., Wadepohl, H. and Gade, L.H., 2005,
Designing the “search pathway” in the development of a new class of highly
efficient stereoselective hydrosilylation catalysts, Chem. Eur. J., 11, 2862-
2873.

Chatt, J. and Venanzi, L.M., 1957, Olefin co-ordination compounds. Part VI.
Diene complexes of rhodium(l), J. Chem. Soc., 4735-4741.

Chelucci, G., Gladiali, S. and Saba, A., 1999, Chiral pyridylmethyl- and
quinolinyl-oxazolines as ligands for enantioselective palladium-catalyzed
allylic alkylation, Tetrahedron: Asymmetry, 10, 1393-1400.

Chen, T., Liu, X.-G. and Shi, M., 2007a, Synthesis of new NHC-rhodium and
iridium complexes derived from 2,2'-diaminobiphenyl and their catalytic
activities toward hydrosilylation of ketones, Tetrahedron, 63, 4874-4880.



105

REFERENCES (Continue)

Chen, T., Jiang, J.-J., Xu, Q. and Shi, M., 2007b, Axially chiral NHC-Pd(II)
complexes in the oxidative Kinetic resolution of secondary alcohols using
molecular oxygen as a terminal oxidant, Org. Lett., 5, 865-868.

Chianese, A.R. and Crabtree, R.H., 2005, Axially chiral bidentate N-
heterocyclic carbene ligands derived from BINAM: Rhodium and iridium
complexes in asymmetric ketone hydrosilylation, Organometallics, 24,
4432-4436.

Chirality,  Chirality  (chemistry),  http://en.wikipedia.org/wiki/Chirality
(chemistry) (date accessed: 18 July 2011).

Chiyojima, H. and Sakaguchi, S., 2011, Iridium complex bearing a chiral
hydroxy-amide functionalized N-heterocyclic carbene: A catalyst precursor
for asymmetric transfer hydrogenation, Tetrahedron Lett., 52, 6788-6791.

Clavier, H., Coutable, L., Guillemin, J.-C. and Mauduit, M., 2005, New
bidentate alkoxy-NHC ligands for enantioselective copper-catalysed
conjugate addition, Tetrahedron: Asymmetry, 16, 921-924.

Clyne, D.S,, Jin, J., Genest, E., Gallucci, J.C. and RajanBabu, T.V., 2000,
First chelated chiral N-heterocyclic bis-carbene complexes, Org. Lett., 2,
1125-1128.

Coleman, A.W., Hitchcock, P.B., Maskell, R.K. and Miiller, J.H., 1983,
Routes to optically active electron-rich olefins (L", and some derived
carbene metal complexes; X-ray structures of [Co(CCI))(L*)(NO(PPhg)] anq
cis-[Rh(CI)(COD)(L")][L*= (S)-CN (Me)CH (Me)CH N

o I (S)-CN(CH,CH,CH,)CHCH,NMe, COD = 1,5-CH,; ] ;

Organomet. Chem., 250, C9-C14.

Corberan, R., Ramirez, J., Poyatos, M., Peris, E. and Fernandez, E., 2006,
Coinage metal complexes with N-heterocyclic carbene ligands as selective
catalysts in diboration reaction, Tetrahedron: Asymmetry, 17, 1759-1762.

Corberan, R., Lillo, V., Mata, J.A., Fernandez, E. and Peris, E., 2007,
Enantioselective preparation of a chiral-at-metal Cp*Ir(NHC) complex and
its application in the catalytic diboration of olefins, Organometallics, 26,
4350-4353.


http://en.wikipedia.org/wiki/Chirality_
http://tureng.com/search/date%20accessed
http://www.sciencedirect.com/science/article/pii/S095741660600423X
http://www.sciencedirect.com/science/article/pii/S095741660600423X

106

REFERENCES (Continue)

Cetinkaya, B., Hitchcock, P.B., Lappert, M.F., Shaw, D.B., Spyropoulos, K.
and Warhurst, N.J.W., 1993, Carbene complexes: XXIII. Preparation,
characterisation, and structures of the enetetramine-derived carbene
rhodium(l) chloride complexes [RhCI(L)s], trans-[RhCI(CO)(L,V)], and
[{RhCI(COD)}, {pu-L,CRRH LR or REEN(R or RY)(CH,),).NR(or R) (R =
CH,)Ph or Et, R' = Me) and L®®R = CN(R)(CH.)3(CH>), (CH,)sN(R)C (R
= CH,Ph)], J. Organomet. Chem., 459, 311-317.

Cetinkaya, E., Hitchcock, P.B., Kiiciikbay, H., Lappert, M.F. and Al-Juaid,
S., 1994, Carbene complexes: XXIV. Preparation and characterization of
two enetetramine-derived carbene rhodium(l) chloride complexes
RhCI(LR); and [RhCI(COD)LF] {LR= dCN(Me)Cu(CH).CNMe-o}and the
preparation and X-ray structures of thelﬁletetramine ILZR and its salt
[LN[BF4]2, J. Organomet. Chem., 481, 89-95.

Cetinkaya, B., 2011, Reduction Reactions with NHC-bearing Complexes, N-
Heterocyclic Carbenes from Laboratory Curiosities to Efficient Synthetic
Tools, RSC Catalysis Series, 442p.

Debono, N., Labande, A., Manoury, E., Daran, J.-C. and Poli, R., 2010,
Palladium complexes of planar chiral ferrocenyl phosphine-NHC ligands:
New catalysts for the asymmetric  Suzuki-Miyaura reaction,
Organometallics, 29, 1879-1882.

Denizalti, S., 2006, Bridged Bibenzimidazoliun Bromides And Their
Applications To Coupling Reactions, MSc Thesis, Ege University, 69p.

Diez-Gonzalez, S., Marion, N. and Nolan, S.P., 2009, N-heterocyclic carbenes
in late transition metal catalysis, Chem. Rev., 109, 3612-3676.

Diez, C. and Nagel, U., 2010, Chiral iridium(l) bis(NHC) complexes as catalysts
for asymmetric transfer hydrogenation, Appl. Organometal. Chem., 24, 509-
516.

Droge, T. and Glorius, F., 2010, The measure of all rings-N-heterocyclic
carbenes, Angew. Chem. Int. Ed., 49, 6940-6952.


http://www.sciencedirect.com/science/article/pii/0022328X94850135
http://www.sciencedirect.com/science/article/pii/0022328X94850135
http://www.sciencedirect.com/science/article/pii/0022328X94850135
http://www.sciencedirect.com/science/article/pii/0022328X94850135
http://www.sciencedirect.com/science/article/pii/0022328X94850135

107

REFERENCES (Continue)

Duan, W.-L., Shiand, M. and Ron, G.-B., 2003, Synthesis of novel axially
chiral Rh—-NHC complexes derived from BINAM and application in the
enantioselective hydrosilylation of methyl ketones, Chem. Commun., 2916-
2917.

Dyson, G., Frison, J.-C., Simonovic, S., Whitwood, A.C. and Douthwaite,
R.E., 2008, Synthesis and structural variation of iron, rhodium, palladium,
and silver complexes of a chiral N-heterocyclic carbene-phenoxyimine
hybrid ligand, Organometallics, 27, 281-288.

Dyson, G., Frison, J.-C., Simonovic, S., Whitwood, A.C. and Douthwaite,
R.E., 2009, Synthesis of rhodium(l) and iridium(l) complexes of chiral N-
heterocyclic carbenes and their application to asymmetric transfer
hydrogenation, Dalton Trans., 7141-7151.

Edworthy, L.S., Rodden, M., Mungur, S.A., Davis, K.M., Blake, A.J., Wilson,
C., Schroder, M. and Arnold, P.L., 2005, Silver alkoxide and amino N-
heterocyclic carbenes; synthesis and crystal structures, J. Organomet.
Chem., 690, 5710-5719.

Enantiopure drug, Enantiopure Drug,
http://en.wikipedia.org/wiki/Enantiopure_drug (date accessed: 18 July
2011).

Enders, D., Gielen, H., Raabe, G., Runsink, J. and Teles, J.H., 1996, Synthesis
and stereochemistry of the first chiral (imidazolinylidene)- and
(triazolinylidene)palladium(11) complexes, Chem. Ber., 129, 1483-1488.

Enders, D., Gielen, H. and Breuer, K., 1997, Catalytic asymmetric
hydrosilylation with (triazolinylidene)rhodium complexes containing an
axis of chirality, Tetrahedron: Asymmetry, 8, 3571-3574.

Enders, D., Gielen, H., Runsink, J., Breuer, K., Brode, S. and Boehn, K.,
1998, Diastereoselective synthesis of chiral (triazolinylidene)rhodium
complexes containing an axis of chirality, Eur. J. Inorg. Chem., 913-919.


http://en.wikipedia.org/wiki/Enantiopure_drug
http://tureng.com/search/date%20accessed
http://onlinelibrary.wiley.com/doi/10.1002/(SICI)1099-0682(199807)1998:7%3c913::AID-EJIC913%3e3.0.CO;2-1/abstract
http://onlinelibrary.wiley.com/doi/10.1002/(SICI)1099-0682(199807)1998:7%3c913::AID-EJIC913%3e3.0.CO;2-1/abstract

108

REFERENCES (Continue)

Enders, D. and Gielen, H., 2001, Synthesis of chiral triazolinylidene and
imidazolinylidene transition metal complexes and first application in
asymmetric catalysis, J. Organomet. Chem., 617-618, 70-80.

Faller, JW. and Fontaine, P.P., 2006, Stereodynamics and asymmetric
hydrosilylation with chiral rhodium complexes containing a monodentate N-
heterocyclic carbene, Organometallics, 25, 5887-5893.

Fengjun, S., Lan, J.,, Zhengning, L. and Defeng, Z., 2011, Asymmetric
conjugate addition to cyclic enone catalyzed by Cu-NHC complexes with
C2 symmetry, Chin. J. Chem., 29, 973-977.

Flahaut, A., Baltaze, J.-P., Roland, S. and Mangeney, P., 2006, Synthesis of
chiral imino- and amino-imidazolium salts and of chelating amino-N-
heterocyclic carbene palladium(ll) complexes, J. Organomet. Chem., 691,
3498-3508.

Flahaut, A., Roland, S. and Mangeney, P., 2007a, Palladium catalyzed
asymmetric allylic alkylation using chelating N-heterocyclic carbene-amino
ligands, Tetrahedron: Asymmetry, 18, 229-236.

Flahaut, A., Roland, S. and Mangeney, P., 2007b, Allylic alkylation and
amination using mixed (NHC)(phosphine) palladium complexes under
biphasic conditions, J. Organomet. Chem., 692, 5754-5762.

Fournier, P.-A. and Collins, S.K., 2006, A highly active chiral ruthenium-based
catalyst for enantioselective olefin metathesis, Organometallics, 26, 2945-
2949.

Fournier, P.-A., Savoie, J., Stenne, B., Bédard, M., Grandbois, A. and
Collins, S.K., 2008, Mechanistically inspired catalysts for enantioselective
desymmetrizations by olefin metathesis, Chem. Eur. J., 14, 8690-8695.

Frémont, P.D., Marion, N. and Nolan, S.P., 2009, Carbenes: Synthesis,
properties, and organometallic chemistry, Coord. Chem. Rev., 253, 862-892.

Funk, T.W., Berlin, J.M. and Grubbs, R.H., 2006, Highly active chiral
ruthenium catalysts for asymmetric ring-closing olefin metathesis, J. Am.
Chem. Soc., 128, 1840-1846.



109

REFERENCES (Continue)

Fiirstner, A. and Krause, H., 2001, Practical method for the rhodium-catalyzed
addition of aryl- and alkenylboronic acids to aldehydes, Adv. Synth. Catal.,
343, 343-350.

Fiirstner, A., Seidel, G., Kremzow, D. and Lehmann, C.W., 2003, Preparation
of metal-imidazolidin-2-ylidene complexes by oxidative addition,
Organometallics, 22, 907-9009.

Gade, L.H., César, V. and Bellemin-Laponnaz, S., 2004, A modular assembly
of chiral oxazolinylcarbene-rhodium complexes: Efficient phosphane-free
catalysts for the asymmetric hydrosilylation of dialkyl ketones, Angew.
Chem. Int. Ed., 43, 1014-1014.

Gade, L.H. and Bellemin-Laponnaz, S., 2007, Chiral N-heterocyclic carbenes as
stereodirecting ligands in asymmetric catalysis, Top. Organomet. Chem., 21,
117-157.

Gao, F., McGrath, K.P., Lee, Y. and Hoveyda, A.H., 2010a, Synthesis of
quaternary carbon stereogenic centers through enantioselective Cu-catalyzed
allylic substitutions with vinylaluminum reagents, J. Am. Chem. Soc., 132,
14315-14320.

Gao, F., Lee, Y., Mandai, K. and Hoveyda, A.H., 2010b, Quaternary carbon
stereogenic centers through copper-catalyzed enantioselective allylic
substitutions with readily accessible aryl- or heteroaryllithium reagents and
aluminum chlorides, Angew. Chem. Int. Ed., 49, 8370-8374.

Garrison, J.C. and Youngs, W.J.,, 2005, Ag(l) N-heterocyclic carbene
complexes: Synthesis, structure, and application, Chem. Rev., 105, 3978-
4008.

Gilani, M. and Wilhelm, R., 2008, New enantiopure imidazolinum carbene
ligands incorporating two hydroxy groups for lewis acid-catalyzed diethyl
zinc addition to aldehydes, Tetrahedron:Asymmetry, 19, 2346-2352.

Gischig, S. and Togni, A., 2004, Synthesis and coordination chemistry of a new
chiral tridentate PCP N-heterocyclic carbene ligand based on a ferrocene
backbone, Organometallics, 23, 2479-2487.



110

REFERENCES (Continue)

Glorius, F., Altenhoff, G., Goddard, R. and Lehmann, C., 2009, Oxazolines as
chiral building blocks for imidazolium salts and N-heterocyclic carbene
ligands, Chem. Commun., 2704-2705.

Guillen, F., Winn, C.L. and Alexakis, A., 2001, Enantioselective copper-
catalyzed conjugate addition wusing chiral diaminocarbene ligands,
Tetrahedron: Asymmetry, 12, 2083-2086.

Giirbiiz, N., Yasar, S., Ozcan, E.O., Ozdemir, I. and Cetinkaya, B., 2010
Transfer hydrogenation of ketones by ruthenium complexes bearing
benzimidazol-2-ylidene ligands, Eur. J. Inorg. Chem., 3051-3056.

Giirbiiz, N., Ozcan, E.O., Ozdemir, I., Cetinkaya, B., Sahin, O. and
Biiyiikgiingor, O., 2012, Preparation of a series of Ru(ll) complexes with
N-heterocyclic carbene ligands for the catalytic transfer hydrogenation of
aromatic ketones, Dalton Trans., 41, 2330-2339.

He, Y. and Cai, C., 2011, A simple procedure for the polymer-supported N-
heterocyclic carbene-rhodium complex via click chemistry: A recyclable
catalyst for the addition of arylboronic acids to aldehydes, Chem. Commun.,
47,12319-12321.

Hermann, W.A., Goossen, L.J., Kocher, C. and Artus, G.R.J., 1996, Chiral
heterocylic carbenes in asymmetric homogeneous catalysis, Angew. Chem.
Int. Ed., 35, 2805-2807.

Herrmann, W.A., Baskakov, D., Herdtweck, E., Hoffmann, S.D.,
Bunlaksananusorn, T., Rampf, F. and Rodefeld, L., 2006, Chiral N-
heterocyclic carbene ligands derived from 2,2'-bipiperidine and partially
reduced biisoquinoline: Rhodium and iridium complexes in asymmetric
catalysis, Organometallics, 25, 2449-2456.

Hillier, A.C., Lee, H.M., Stevens, E.D. and Nolan, S.P., 2001, Cationic iridium
complexes bearing imidazol-2-ylidene ligands as transfer hydrogenation
catalysts, Organometallics, 20, 4246-4252.

Hodgson, R. and Douthwaite, R.E., 2005, Synthesis and asymmetric catalytic
application of chiral imidazolium-phosphines derived from (1R,2R)-trans-
diaminocyclohexane, J. Organomet. Chem., 690, 5822-5831.



111

REFERENCES (Continue)

Iglesias-Sigiienza, J., Ros, A., Diez, E., Magriz, A., Vazquez, A., Alvarez, E.,
Fernandez, R. and Lassaletta, J.M., 2009, C2-symmetric S/C/S ligands
based on N-heterocyclic carbenes: A new ligand architecture for asymmetric
catalysis, Dalton Trans., 8485-8488.

Iranpoor, N., Firouzabadi, H. and Azadi, R., 2006, A new diphenylphosphinite
ionic liquid (IL-OPPhy) as reagent and solvent for highly selective
bromination, thiocyanation or isothiocyanation of alcohols and
trimethylsilyl and tetrahydropyranyl ethers, Tetrahedron Lett., 47, 5531-
5534.

Jacobsen, H., Correa, A., Poater, A., Costabile, C. and Cavallo, L., 2009,
Understanding the M-(NHC) (NHC = N-heterocyclic carbene) bond, Coord.
Chem. Rev., 253, 687-703.

Jennequin, T., Wencel-Delord, J., Rix, D., Daubignard, J., Crévisy, C. and
Mauduit, M., 2010, Chelating hydroxyalkyl NHC as efficient chiral ligands
for room-temperature copper-catalyzed asymmetric allylic alkylation,
Synlett, 11, 1661-1665.

Jia, Y.-X., Hillgren, J.M., Watson, E.L., Marsden, S.P. and Kiindig, E.P.,
2008, Chiral N-heterocyclic carbene ligands for asymmetric catalytic
oxindole synthesis, Chem. Commun., 2008, 4040-4042.

Jiang, R., Sun, X., He, W., Chen, H. and Kuang, Y., 2009, Asymmetric transfer
hydrogenation catalyzed by a novel planar chiral N-heterocyclic carbene-
rhodium(l) complex, Appl. Organometal. Chem., 23, 179-182.

Jokié¢, N.B., Zhang-Presse, M., Goh, S.L.M., Straubinger, C.S., Bechlars, B.,
Herrmann, W.A. and Kiihn, F.E., 2011, Symmetrically bridged bis-N-
heterocyclic carbene rhodium (1) complexes and their catalytic application
for transfer hydrogenation reaction, J. Organomet. Chem., 696, 3900-3905.

Jurdik, V., Gilani, M. and Wilhelm, R., 2006, Easily accessible chiral
imidazolinium salts bearing two hydroxy containing substituents as shift
reagents and carbene precursors, Eur. J. Org. Chem., 5103-5109.

Killstrom, K. and Andersson, P.G., 2006, Asymmetric hydrogenation of tri-
substituted alkenes with Ir-NHC-thiazole complexes, Tetrahedron Lett., 47,
7477-7480.



112

REFERENCES (Continue)

Kehrli, S., Martin, D., Rix, D., Mauduit, M. and Alexakis, A., 2010,
Formation of quaternary chiral centers by N-heterocyclic carbene-Cu-
catalyzed asymmetric conjugate addition reactions with Grignard reagents
on trisubstituted cyclic enones, Chem. Eur. J., 16, 9890-9904.

Kihngarslan, R., Yigit, M., Ozdemir, I., Cetinkaya, E. and Cetinkaya, B.,
2007, In situ preparation of rhodium/N-heterocyclic carbene complexes and
use for addition of arylboronic acids to aldehydes, J. Heterocyclic Chem.,
44, 69-73.

Knowles, W.S. and Sabacky, M.J., 1968, Catalytic asymmetric hydrogenation
employing a soluble, optically active, rhodium complex, Chem. Commun.
(London), 1445-1446.

Knowles, W.S., 2002, Asymmetric hydrogenations (Nobel Lecture), Angew.
Chem. Int. Ed., 41, 1998-2007.

Kremzow, D., Seidel, G., Lehmann, C.W. and Fiirstner, A., 2005,
Diaminocarbene- and Fischer-carbene complexes of palladium and nickel
by oxidative insertion: Preparation, structure, and catalytic activity, Chem.
Eur. J., 11, 1833-1853.

Kuang, Y., Sun, X., Chen, H., Liu, P. and Jiang, R., 2009, A novel planar chiral
N-heterocyclic carbene-oxazoline ligand for the asymmetric hydrosilylation
of ketones, Catal. Commun., 23, 179-182.

Kiindig, E.P., Seidel, T.M., Jia, Y.-X. and Bernardinelli, G., 2007, Bulky chiral
carbene ligands and their application in the palladium-catalyzed asymmetric
intramolecular a-arylation of amides, Angew. Chem. Int. Ed., 46, 8484-
8487.

Lai, R., Daran, J.-C., Heumann, A., Zaragori-Benedetti, A. and Rafii, E.,
2009, The synthesis and X-ray structure of a chiral rhodium—NHC complex:
Implications for the use of NHCs in asymmetric hydroformylation catalysis,
Inorg. Chim. Acta, 362, 4849-4852.

Lappert, M.F., Cetinkaya, B. and Cardin, D.J., 1971, An electron-rich olefin as
a source of coordinated carbene; synthesis of trans-PtCI,[C(NPhCH;),]PEt;
J. Chem. Soc. D, 400-401.

Lappert, M.F., 2005, Contributions to the chemistry of carbene metal chemistry,
J. Organomet. Chem., 690, 5467-5473.


http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=Refine&qid=14&SID=Y1AIlgdDieMEo2IFL3N&page=1&doc=1&cacheurlFromRightClick=no
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=Refine&qid=14&SID=Y1AIlgdDieMEo2IFL3N&page=1&doc=1&cacheurlFromRightClick=no
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=Refine&qid=14&SID=Y1AIlgdDieMEo2IFL3N&page=1&doc=1&cacheurlFromRightClick=no

113

REFERENCES (Continue)

Larrow, J.F. and Jacobsen, E.N., 1994, A pratical method for the large-scale
preparation of [N,N'-Bis(3,5-Di-tert-butylsalycylidene)-1,2-
cyclohexanediaminato(2-)]manganese(l11) chloride, a highly
enantioselective epoxidation catalyst, J. Org. Chem., 59, 1939-1942.

Larsen, A.O., Leu, W., Oberhuber, C.N., Campbell, J.E. and Hoveyda, A.H.,
2004, Bidentate NHC-based chiral ligands for efficient Cu-catalyzed
enantioselective allylic alkylations: Structure and activity of an air-stable
chiral Cu complex, J. Am. Chem. Soc., 126, 11130-11131.

Lee, S. and Hartwig, J.F., 2001, Improved catalysts for the palladium-catalyzed
synthesis of oxindoles by amide a-arylation. Rate acceleration, use of aryl
chloride substrates, and a new carbene ligand for asymmetric
transformations, J. Org. Chem., 66, 3402-3415.

Lee, K.-S., Brown, M.K,, Hird, A.\W. and Hoveyda, A.H., 2006, A practical
method for enantioselective synthesis of all-carbon quaternary stereogenic
centers through NHC-Cu-catalyzed conjugate additions of alkyl and
arylzinc reagents to B-substituted cyclic enones, J. Am. Chem. Soc., 128,
7182-7184.

Lee, Y., Akiyama, K., Gillingham, D.G., Brown, M.K. and Hoveyda, A.H.,
2008, Highly site- and enantioselective Cu-catalyzed allylic alkylation
reactions with easily accessible vinylaluminum reagents, J. Am. Chem. Soc.,
130, 446-447.

Leung, W., Cosway, S., Jones, R.H.V., McCann, H. and Wills, M., 2001,
Synthesis of dihydrobenzazaphosphole ligands via an intramolecular
cyclisation reaction, J. Chem. Soc., Perkin Trans. 1, 2588-2594.

Li, S.-J., Zhong, J.-H. and Wang, Y.-G., 2006, Synthesis of new chiral N-
heterocyclic carbenes from naturally occurring Podophyllotoxin and their
application to asymmetric allylic alkylation, Tetrahedron: Asymmetry, 17,
1650-1654.

Lin, G.Q., Li, Y.M. and Chan, A.S.C., 2001, Principles and Applications of
Asymmetric Synthesis, John Wiley and Sons Inc., 45p.


http://pubs.rsc.org/en/content/articlelanding/2001/p1/b105495n
http://pubs.rsc.org/en/content/articlelanding/2001/p1/b105495n

114

REFERENCES (continue)

Lin, J.C.Y., Huang, R.T.W.,, Lee, C.S., Bhattacharyya, A., Hwang, W.S. and
Lin, 1.J.B., 2009, Coinage metal-N-heterocyclic carbene complexes, Chem.
Rev., 109, 3561-3598.

Liu, L.-J., Wang, F. and Shi, M., 2009a, Synthesis of chiral bis(N-heterocyclic
carbene) palladium and rhodium complexes with 1,10-biphenyl scaffold and
their application in asymmetric catalysis, Organometallics, 28, 4416-4420.

Liu, S.-J., Liu, L.-J. and Shi, M., 2009b, Preparation of novel axially chiral
NHC-Pd(Il) complexes and their application in oxidative Kinetic resolution
of secondary alcohols, Appl. Organometal. Chem., 23, 183-190.

Liu, L.-J., Wang, F., Wang, W., Zhao, M.-X. and Shi, M., 2011, Synthesis of
chiral mono(N-heterocyclic carbene) palladium and gold complexes with a
1,1'-biphenyl scaffold and their applications in catalysis, Beilstein J. Org.
Chem., 7, 555-564.

Ma, G.-N., Zhang, T. and Shi, M., 2009, Catalytic enantioselective arylation of
N-tosylarylimines with arylboronic acids using C2-symmetric cationic N-
heterocyclic carbene Pd?* diaquo complexes, Org. Lett., 875-878.

Ma, Q., Ma, Y., Liu, X., Duan, W., Qu, B. and Song, C., 2010, Planar chiral
imidazolium salts based on [2.2]paracyclophane in the asymmetric rhodium-
catalyzed 1,2-addition of arylboronic acids to aldehydes, Tetrahedron:
Asymmetry, 21, 292-298.

Mas-Marza, E., Sanau, M. and Peris, E., 2005, Coordination versatility of
pyridine-functionalized N-heterocyclic carbenes: A detailed study of the
different activation procedures. Characterization of new Rh and Ir
compounds and study of their catalytic activity, Inorg. Chem., 26, 9961-
9667.

Martin, D., Kehrli, S., d’Augustin, M., Clavier, H., Mauduit, M. and
Alexakis, A., 2008, Copper-catalyzed asymmetric conjugate addition of
Grignard reagents to trisubstituted enones. Construction of all-carbon
quaternary chiral centers, J. Am. Chem. Soc., 128, 8416-8417.

Matsumoto, Y., Yamada, K.-l. and Tomioka, K., 2008, C2 symmetric chiral
NHC ligand for asymmetric quaternary carbon constructing copper-
catalyzed conjugate addition of Grignard reagents to 3-substituted
cyclohexenones, J. Org. Chem., 73, 4578-4581.



115

REFERENCES (continue)

Matsuoka, Y., Ishida, Y., Sasaki, D. and Saigo, K., 2006, Synthesis of
enantiopure  1-substituted, 1,2-disubstituted, and 1,4,5-trisubstituted
imidazoles from 1,2-amino alcohols, Tetrahedron, 62, 8199-8206.

Matsuoka, Y., Ishida, Y., Sasaki, D. and Saigo, K., 2008, Cyclophane-type
imidazolium salts with planar chirality as a new class of N-heterocyclic
carbene precursors, Chem. Eur. J., 14, 9215-9222.

Mauduit, M. and Clavier, H., 2006, Asymmetric Catalysis with Metal N-
Heterocyclic Carbene Complexes, N-Heterocyclic Carbenes in Synthesis,
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, 304p.

Mawo, R.Y., Johnson, D.M., Wood, J.L. and Smoliakova, I.P., 2008, Synthesis
and structural characterization of enantiopure exo and endo six-membered
oxazoline-derived palladacycles, J. Organomet. Chem., 693, 33-45.

Metallinos, C. and Du, X., 2009, Neutral and cationic iridium(l) complexes
bearing chiral phenanthroline-derived benzimidazolylidenes: Synthetic,
structural, and catalytic studies, Organometallics, 28, 1233-1242.

Miyashita, A., Yasuda, A., Takaya, H., Toriumi, K., Ito, T., Souchi, T. and
Noyori, R., 1980, Synthesis of 2,2'-bis(diphenylphosphino)-1,I'-binaphthyl
(BINAP), an atropisomeric chiral bis(triaryl)phosphine, and its use in the
rhodium(l)-catalyzed asymmetric hydrogenation of o-(acylamino)acrylic
acids, J. Am. Chem. Soc., 102, 7932-7934.

Mugesh, G., Singh, H.B. and Butcher, R.J., 1999, Novel chiral organoselenenyl
halides stabilized by Se...N nonbonded interactions: Synthesis and
structural characterization, Tetrahedron: Asymmetry, 10, 237-242.

Nair, V., Bindu, S. and Sreekumar, V., 2004, N-Heterocyclic carbenes:
Reagents, not just ligands!, Angew. Chem. Int. Ed., 43, 5130-5135.

Nanchen, S. and Pfaltz, A., 2006, Synthesis and application of chiral N-
heterocyclic carbene-oxazoline ligands: Iridium-catalyzed enantioselective
hydrogenation, Chem. Eur. J., 12, 4550-4558.

Nanchen, S. and Pfaltz, A., 2006, Chiral phosphino- and (phosphinoxy)-
substituted N-heterocyclic carbene ligands and their application in iridium-
catalyzed asymmetric hydrogenation, Helv. Chim. Acta, 89, 1559-1573.



116

REFERENCES (continue)

Newman, P.D., Cavell, K.J., Hallett, A.J. and Kariuki, B.M., 2011, Rhodium
and iridium complexes of an asymmetric bicyclic NHC bearing secondary
pyridyl donors, Dalton Trans., 40, 8807-8813.

Nolan, S.P., 2006, N-Heterocyclic Carbenes In Synthesis, Wiley-VCH,
Weinheim, 304p.

Noyori, R., Ohukuma, T., Kitamura, M., Takaya, H., Sayo, N., Kumobayashi,
H. and Akutagwa, S., 1987, Asymmetric hydrogenation of o-keto
carboxylic esters. A practical, purely chemical access to a-hydroxy esters in
high enantiomeric purity, J. Am. Chem. Soc., 109, 5856-5858.

O'Brien, C.J., Kantchev, E.A.B., Valente, C., Hadei, N., Chass, G.A., Lough,
A., Hopkinson, A.C. and Organ, M.G., 2006, Easily prepared air- and
moisture-stable Pd-NHC (NHC=N-Heterocyclic Carbene) complexes: A
reliable, user-friendly, highly active palladium precatalyst for the Suzuki-
Miyaura Reaction, Chem. Eur. J., 12, 4743-4748.

Ohta, T., Takaya, H., Kitamura, M., Nagai, K. and Noyori, R., J., 1987,
Asymmetric hydrogenation of unsaturated carboxylic acids catalyzed by
BINAP-ruthenium(Il) complexes, J. Org. Chem., 52, 3174-3176.

Ozdemir, I., Cetinkaya, E., Cetinkaya, B., Cicek, M., Sémeril, D., Bruneau,
C. and Dixneuf, P.H., 2004, Access to 3-methyl-4-methylene-N-
tosylpyrrolidine and 3,4-dimethyl-N-tosylpyrroline by ruthenium-catalyzed
cascade cycloisomerization/isomerization reactions, Eur. J. Inorg. Chem.,
418-422.

Ozdemir, I., Sahin, N., Gok, Y., Demir, S. and Cetinkaya, B., 2005a, In situ
generated 1-alkylbenzimidazole-palladium catalyst for the Suzuki coupling
of aryl chlorides, J. Mol. Cat. A: Chemical, 234, 181-185.

Ozdemir, 1., Yasar, S. and Cetinkaya, B., 2005b, Ruthenium(ll) N-heterocyclic
carbene complexes in the transfer hydrogenation of ketones, Trans. Met.
Chem., 30, 831-835.

Ozdemir, I., Giirbiiz, N., Seckin, T. and Cetinkaya, B., 2005c, Synthesis of
silica-supported rhodium carbene complex as efficient catalyst for the
addition of phenylboronic acid to aldehydes, Appl. Organometal. Chem., 19,
633-638.



117

REFERENCES (continue)

Ozdemir, 1., Yigit, M., Cetinkaya, E. and Cetinkaya, B., 2006, Synthesis of
novel palladium N-heterocyclic-carbene complexes as catalysts for Heck
and Suzuki cross-coupling reactions, Appl. Organometal. Chem., 20, 187-
192.

Passays, J., Ayad, T., Ratovelomanana-Vidal, V., Gaumont, A.-C., Jubault, P.
and Leclerc, E., 2011, Synthesis and evaluation of a broad range of new
chiral  phosphine-carbene ligands for asymmetric hydrogenation,
Tetrahedron: Asymmetry, 562-574.

Perry, M.C. and Burgess, K., 2003, Chiral N-heterocyclic carbene-transition
metal complexes in asymmetric catalysis, Tetrahedron: Asymmetry, 14,

951-961.

Planar chirality, Planar Chirality, 2011,
http://en.wikipedia.org/wiki/Planar_chirality, (date accessed: 30 October
2011).

Poyatos, M., Maisse-Frangois, A., Bellemin-Laponnaz, S., Peris, E. and Gade,
L.H., 2006, Synthesis and structural chemistry of arene-ruthenium half-
sandwich complexes bearing an oxazolinyl-carbene ligand, J. Organomet.
Chem., 691, 2713-2720.

Powell, M.T., Hou, D.-R., Perry, M.C., Cui, X. and Burgess, K., 2001, Chiral
imidazolylidine ligands for asymmetric hydrogenation of aryl alkenes, J.
Am. Chem. Soc., 123, 8878-8879.

Pytkowicz, J., Roland, S. and Mangeney, P., 2001, Enantioselective conjugate
addition of diethylzinc using catalytic silver(l) diaminocarbenes and
Cu(OTf),, Tetrahedron: Asymmetry, 12, 2087-2089.

Radius, U. and Bickelhaupt, F.M., 2009, Bonding capabilities of imidazol-2-
ylidene ligands in group-10 transition-metal chemistry, Coord. Chem. Rev.,
253, 678-686.

Ramirez, J., Corberan, R., Sanau, M., Peris, E. and Fernandez, E., 2005,
Unprecedented use of silver(l) N-heterocyclic carbene complexes for the
catalytic preparation of 1,2-bis(boronate) esters, Chem. Commun., 3056-
3058.


http://en.wikipedia.org/wiki/Planar_chirality

118

REFERENCES (continue)

Ren, L., Chen, A.C., Decken, A. and Crudden, C.M., 2004, Chiral bidentate N-
heterocyclic carbene complexes of Rh and Pd, Can. J. Chem., 12, 1781-
1787.

Rix, D., Labat, S., Toupet, L., Crévisy, C. and Mauduit, M., 2005, Design of
chiral hydroxyalkyl- and hydroxyarylazolinium salts as new chelating
diaminocarbene ligand precursors devoted to asymmetric copper-catalyzed
conjugate addition, J. Organomet. Chem., 690, 5237-5254.

Roland, S. and Mangeney, P., 2005, Chiral diaminocarbene complexes,
synthesis and application in asymmetric catalysis, Top. Organomet. Chem.,
15, 191-229.

Ros, A., Monge, D., Alcarazo, M., Alvarez, E., Lassaletta, J.M. and
Fernandez, R., 2006, Synthesis, structure, and applications of N-
dialkylamino-N" alkylimidazol-2-ylidenes as a new type of NHC ligands,
Organometallics, 25, 6039-6046.

Ros, A., Alcarazo, M., Iglesias-Sigiienza, J., Diez, E., Alvarez, E., Fernandez,
R. and Lassaletta, J.M., 2008, Stereoselective synthesis of rhodium(l) 4-
(Dialkylamino)triazol-5-ylidene complexes, Organometallics, 27, 4555-
4564,

Roseblade, S.J., Ros, A., Monge, D., Alcarazo, M., Alvarez, E., Lassaletta,
J.M. and Fernandez, R., 2007, Imidazo[1,5-a]pyridin-3-ylidene/thioether
mixed C/S ligands and complexes thereof, Organometallics, 26, 2570-2578.

Sakaguchi, S., Kawakami, M., O’Neill, J., Yoo, K.S. and Jung, K.W.,
Tridentate, anionic tethered N-heterocyclic carbene of Pd(Il) complexes, J.
Organomet. Chem., 695, 195-200.

Sato, Y. and Mori, M., 2003, N-Heterocyclic carbenes as ligands in palladium-
catalyzed Tsuji-Trost allylic substitution, J. Organomet. Chem., 690, 5753-
5758.

Sato, Y., Yoshino, T. and Mori, M., 2005, Pd-catalyzed allylic substitution using
nucleophilic N-heterocyclic carbene as a ligand, Org. Lett., 5, 31-33.


http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=X1@bnMKAmha5O@k6PcC&author_name=Sato,%20Y&dais_id=15505573&cacheurlFromRightClick=no
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=X1@bnMKAmha5O@k6PcC&author_name=Yoshino,%20T&dais_id=2048100
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=X1@bnMKAmha5O@k6PcC&author_name=Mori,%20M&dais_id=1252600

119

REFERENCES (continue)

Seo, H., Kim, B.Y., Lee, J.H., Park, H.-J., Son, S.U. and Chung, Y.K., 2003,
Synthesis of chiral ferrocenyl imidazolium salts and their rhodium(l) and
iridium(l) complexes, Organometallics, 22, 4783-4791.

Seo, H., Hirsch-Weil, D., Abboud, K.A. and Hong, S., 2008, Development of
biisoquinoline-based chiral diaminocarbene ligands: Enantioselective SN’
allylic alkylation catalyzed by copper-carbene complexes, J. Org. Chem.,
73, 1983-1986.

Schneider, N., Kruck, M., Bellemin-Laponnaz, S., Wadepohl, H. and Gade,
L.H., 2009, Chiral oxazoline-NHC ligands with and without CR2 bridges:
A comparative study in rhodium hydrosilylation catalysis, Eur. J. Inorg.
Chem., 493-500.

Schuster, O., Yang, L., Raubenheimer, H.G. and Albrecht, M., 2009, Beyond
conventional N-heterocyclic carbenes: Abnormal, remote, and other classes
of NHC ligands with reduced heteroatom stabilization, Chem. Rev., 1009,
3445-3478.

Schwekendiek, K. and Glorius, F., 2006, Efficient oxidative synthesis of 2-
oxazolines, Synthesis, 18, 2996-3002.

Seiders, T.J.,, Ward, D.W. and Grubbs, R.H., 2001, Enantioselective
ruthenium-catalyzed ring-closing metathesis, Org. Lett., 3, 3225-3228.

Shi, M. and Duan, W.-L., 2005, Synthesis of an axially chiral Ir-NHC complex
derived from BINAM, Appl. Organometal. Chem., 19, 40-44.

Shigeng, G., Tang, J., Zhang, D., Wang, Q., Chen, Z. and Weng, L., 2012,
Synthesis, structure, and catalytic activity of palladium complexes with new
chiral cyclohexane-1,2-based di-NHC-ligands, J. Organomet. Chem., 700,
223-229.

Song, C., Ma, C., Ma, Y., Feng, W., Ma, S., Chai, Q. and Andrus, M.B., 2005,
Bis-paracyclophane N-heterocyclic ~ carbene-ruthenium  catalyzed
asymmetric ketone hydrosilylation, Tetrahedron Lett., 46, 3241-3244.

Stereochemistry, Chapter5 Stereochemistry: Chiral Molecules,
http://subsite.icu.ac.jp/people/yoshino/ch05__Stereochemistry.ppt (date
accessed: 18 July 2011).


http://subsite.icu.ac.jp/people/yoshino/ch05＿Stereochemistry.ppt
http://tureng.com/search/date%20accessed
http://tureng.com/search/date%20accessed

120

REFERENCES (continue)

Tani, K., Yamagata, T., Akutagwa, S., Kumobayashi, H., Taketomi, T.,
Takaya, H., Miyashita, A., Noyori, R. and Otsuka, T., 1984, Highly
enantioselective isomerization of prochiral allylamines catalyzed by chiral
diphosphine rhodium(l) complexes. Preparation of optically active
enamines, J. Am. Chem. Soc., 106, 5208-5217.

Tissot, M., Hernandez, A.P., Miiller,D., Mauduit, M. and Alexakis, A.,
2011, Highly enantioselective and regioselective copper-catalyzed 1,4-
addition of Grignard reagents to cyclic enynones, Org. Lett., 13, 1524-1527.

Toselli, N., Martin, D. and Buono, G., 2008, Looking for a synergic effect
between NHCs and chiral P-ligands, Org. Lett., 10, 1453-1456.

Trindade, A.F., André, V., Duarte, M.T., Veiros, L.F., Gois, P.M.P. and
Afonso, C.A.M., 2010, Selective arylation of aldehydes with di-
rhodium(11)/NHC catalysts, Tetrahedron, 66, 8494-8502.

Tiirkmen, H., Can, R. and Cetinkaya, B. 2009, Aqueous-phase Suzuki-
Miyaura cross-coupling reactions catalyzed by Pd-NHC complexes, Dalton
Trans., 7039-7044.

Uchida, T. and Katsuki,T., 2009, Construction of a new type of chiral bidentate
NHC ligands: Copper-catalyzed asymmetric conjugate alkylation,
Tetrahedron Lett., 50, 4741-4743.

Uson, R., Oro, L.A. and Cabeza, J.A., 1985, Dinuclear methoxy,
cyclooctadiene, and barrelene complexes of rhodium(l) and iridium(l),
Inorg. Synth., 23, 126-130.

Van der Made, A.W. and Van der Made, R.H., 1993, A convenient procedure
for bromomethylation of aromatic compounds. Selective mono-, bis-, or
trisoromomethylation, J. Org. Cem., 58, 1262-1263.

Van Veldhuizen, J.J., Garber, S.B., Kingsbury, J.S. and Hoveyda, A.H., 2002,
A recyclable chiral Ru catalyst for enantioselective olefin metathesis.
Efficient catalytic asymmetric ring-opening/cross metathesis in air, J. Am.
Chem. Soc., 124, 4954-4955.

Van Veldhuizen, J.J., Gillingham, D.G., Garber, S.B., Kataoka, O. and
Hoveyda, A.H., 2003, Chiral Ru-based complexes for asymmetric olefin
metathesis: Enhancement of catalyst activity through steric and electronic
modifications, J. Am. Chem. Soc., 125, 12508-12502.



121

REFERENCES (continue)

Van Veldhuizen, J.J., Campbell, J.E., Giudici, R.E. and Hoveyda, A.H., 2005,
A readily available chiral Ag-based N-heterocyclic carbene complex for use
in efficient and highly enantioselective Ru-catalyzed olefin metathesis and
Cu-catalyzed allylic alkylation reactions, J. Am. Chem. Soc., 127, 6877-
6882.

Vistild, P., Pastor, .M. and Adolfsson, H., 2004, 2-(Aminomethyl)-oxazolines:
Highly modular scaffolds for the preparation of novel asymmetric ligands,
J. Org. Chem., 70, 2921-2929.

Wang, H.M.J. and Lin, 1.J.B., 1998, Facile synthesis of silver(l)-carbene
complexes. Useful carbene transfer agents, Organometallics, 17, 972-975.

Wang, W., Yang, J., Wang, F. and Shi, M., 2011, Axially chiral N-heterocyclic
carbene gold(l) complex catalyzed asymmetric cycloisomerization of 1,6-
enynes, Organometallics, 30, 3859-38609.

Winn, C.L., Guillen, F., Pytkowicz, J., Roland, S., Mangeney, P. and
Alexakis, A., 2003, Enantioselective copper catalysed 1,4-conjugate
addition reactions using chiral N-heterocyclic carbenes, J. Organomet.
Chem., 690, 5672-5695.

Wiirtz, S., Lohre, C., Frohlich, R., Bergander, K. and Glorius, F., 20009,
IBiox[(-)-menthyl]: A sterically demanding chiral NHC ligand, J. Am.
Chem. Soc., 131, 8344-8345.

Xu, Q., Gu, X,, Liu, S., Dou, Q. and Shi, M., 2007, The use of chiral BINAM
NHC-Rh(IIl) complexes in enantioselective hydrosilylation of 3-Oxo-3-
arylpropionic acid methyl or ethyl esters, J. Org. Chem., 72, 2240-2242.

Yen, S.K., Koh, L.L., Huynh, HV. and Hor, T.S.A., 2008, Mono- and
dinuclear palladium(Il) N,S-heterocyclic carbene complexes with N spacers
and their Suzuki coupling activities, Chem. Asian J., 3, 1649-1656.

Yen, S.K., Koh, L.L., Huynh, H.V. and Hor, T.S.A., 2009a, Formation and
structures of Pd(Il) N,S-heterocyclic carbene-pyridyl mixed-ligand
complexes, J. Organomet. Chem., 694, 332-338.

Yen, S.K., Koh, L.L., Huynh, H.V. and Hor, T.S.A., 2009b, Benzothiazolin-2-
ylidene and azole mixed-ligand complexes of palladium, Eur. J. Inorg.
Chem., 4288-4297.



122

REFERENCES (continue)

Yigit, M., 2002, Kiral Merkezli Entetraaminlerin Sentezi ve Ozellikleri, Doktora

Tezi, Inonii Universitesi Fen Bilimleri Enstitiisii, 103p.

Yigit, M., Ozdemir, I., Cetinkaya, E. and Cetinkaya, B., 2005a, Novel N-
heterocyclic-carbene—rhodium complexes as hydrosilylation catalysts, J.
Mol. Cat. A: Chemical, 241, 88-92.

Yigit, M., Ozdemir, 1., Cetinkaya, E. and Cetinkaya, B., 2005b, In situ
generated rhodium-based catalyst for addition of phenylboronic acid to
aldehydes, Heteroatom Chemistry, 6, 461-465.

Yigit, M., Ozdemir, I., Cetinkaya, E. and Cetinkaya, B., 2007, Novel rhodium
N-heterocyclic carbene catalysed arylation of aldehydes with phenylboronic
acid, Trans. Met. Chem., 32, 536-540.

Yigit, M., 2009, The synthesis of some perhydrobenzimidazolinium salts and
their application in Pd-carbene catalyzed Heck and Suzuki reactions,
Molecules, 14, 2032-2042.

Yigit, B., Yigit, M., Ozdemir, i. and Cetinkaya, E., 2012, Synthesis of
ruthenium(ll) N-heterocyclic carbene complexes and their catalytic
activities in transfer hydrogenation of ketones, Trans. Met. Chem., 37, 297-
302.

Yoo, K.S., O’Neill, J., Sakaguchi, S., Giles, R., Lee, J.H. and Jung, K.W.,
2010, Asymmetric intermolecular boron Heck-type reactions via oxidative
palladium(l1) catalysis with chiral tridentate NHC-amidate-alkoxide ligands,
J. Org. Chem., 75, 95-101.

Yuan, Y., Raabe, G. and Bolm, C., 2005, Novel rhodium complexes with
ferrocene-based N-heterocylic carbenes: Synthesis, structure and catalysis,
J. Organomet. Chem., 690, 5747-5752.

Zhang, W., Qin, Y., Zhang, S. and Luo, M., 2005, Synthesis of novel N-
heterocyclic carbene-Rh complexes derived from L-proline and their
catalysis in the addition of arylboronic acids to aldehydes, Arkivoc, 39-48.

Zhang, T. and Shi, M., 2008a, Chiral bidentate bis(N-heterocyclic carbene)-
based palladium complexes bearing carboxylate ligands: Highly effective
catalysts for the enantioselective conjugate addition of arylboronic acids to
cyclic enones, Chem. Eur. J., 14, 3759-3764.



123

REFERENCES (continue)

Zhang, T., Shi, M. and Zhao, M., 2008b, Bis(NHC)-Pd(II) complexes as highly
efficient catalysts for allylation of aldehydes with allyltributyltin,
Tetrahedron, 64, 2412-2418.

Zhang, R., Xu, Q., Zhang, X., Zhang, T. and Shi, M., 2010, Axially chiral C2-
symmetric N-heterocyclic carbene (NHC) palladium complexes-catalyzed
asymmetric arylation of aldehydes with arylboronic acids, Tetrahedron:
Asymmetry, 21, 1928-1935.

Zinner, S.C., Herrmann, W.A. and Kiihn, F.E., 2008, Synthesis and
characterization of asymmetric NHC complexes, J. Organomet. Chem., 693,

1543-1546.



124

CIRRICULUM VITAE

Name: Serpil Denizalt1

Date of Birth: 14.08.1981

Place of Birth: [zmir

Maritial Status: Single

Sex: Female

Address: Ege University, Department of
Chemistry, 35100,
Bornova/[ZMIR

e-mail: serpil.denizalti@ege.edu.tr

Telephone: +90 31117 80

Fax: +90 388 82 64

EDUCATION AND PROFESSIONAL KNOWLEDGE

BSc : 1998-2003, Ege University, Faculty of Science, IZMIR

MSc: 2004-2006, Ege University, Graduate School of Natural and Applied
Sciences, iZMIR

Visiting Researcher: August 2010-February 2011; Texas A&M University,
Department of Chemistry, Texas, USA, supervisor: Prof. Dr. Kevin Burgess.


mailto:serpil.denizalti@ege.edu.tr

125

PUBLICATIONS

. Ertekin, K., Oter, O., Tiire, M., Denizalti, S., Cetinkaya, E., 2009, A long
wavelength excitable fluorophore; chloro phenyl imino propenyl aniline
(CPIPA) for selective sensing of Hg (1), Journal of Fluorescence, 20, 533-540.

. Tiirkmen, H., Denizalti, S., Ozdemir, 1., Cetinkaya, E., Cetinkaya, B., 2008,
Synthesis and use of mono- or bisxylyl linked bis(benzimidazolium) bromides
as carbene precursors for C-C bond formation reactions, J. Organomet. Chem.,
693, 425-434.

. Derinkuyu, S., Ertekin, K., Oter, O., Denizalti, S., Cetinkaya, E., 2008,
Emission based fiber optic pH sensing with Schiff bases bearing
dimethylamino groups, Dyes and Pigments, 76, 133-141.

. Derinkuyu, S., Ertekin, K., Oter, O., Denizalti, S., Cetinkaya, E., 2007, Fiber
optic pH sensing with long wavelength excitable Schiff bases in the pH range
of 7.0-12.0, Analytica Chimica Acta, 588, 42-49.

SCIENTIFIC MEETINGS

. Cetinkaya, E., Denizalti, S., 2006, Kopriili benzimidazolyum tuzlarinin
sentezi ve metal tirevleri, 20. Ulusal Kimya Kongresi, Poster Sunum,
KAYSERI.

. Derinkuyu, S., Ertekin, K., Oter, O., Denizalti, S., Cetinkaya, E., 2006,
Emission based fiber optic pH sensing with newly synthesized symmetric
Schiff bases, Eighth European Conference on Optical Chemical and
Biosensors, Poster Session, ALMANYA.

. Derinkuyu, S., Ertekin, K., Oter, O., Denizalti, S., Cetinkaya, E., 2006, Fiber
optic pH sensing with long wavelength excitable Schiff bases in the pH range
of 7.5-11.5, Eighth European Conference on Optical Chemical and Biosensors,
Poster Session, ALMANYA.

. Derinkuyu, S., Ertekin, K., Oter, O., Denizalti, S., Cetinkaya, E., 2006, N,N-
dimetil-4-(1E,3E)-3-[(4-nitrofenil)imino]-1-propenil anilin indikatorii ile etil
seliiloz matriks, 3. Ulusal Analitik Kimya Kongresi, CANAKKALE.



126

5. Tiire, M., Ertekin, K., Oter, O., Denizalti, S., Cetinkaya, E., 2007, Yeni
sentezlenmis kloro fenil imino propenil anilin boyasinin Hg2+ ’ye yanitinin
spektroflorimetrik yontemle incelenmesi, 10. Ulusal Spektroskopi Kongresi,
Poster Sunum, URLA.

6. Denizalti, S., Tirkmen, H., Cetinkaya, B., 2009, Diniikleer palladyum ve
gimiis N-heterosiklik karben kompleksleri, 2. Ulusal Anorganik Kimya
Kongresi, Poster Sunum, ELAZIG.

7. Denizalti, S., Cetinkaya, B., 2010, Kiral NHC-Pd kompleksleri ve katalik
uygulamalari, 1. Organometalik Kimya ve Kataliz Calistay1, Poster Sunum,
MALATYA.

RESEARCH PROJECTS

1. Assoc. Prof. Dr. Rafet KILINCARSLAN, “Synthesis of Chiral N-Heterocyclic
Carbene Complexes and Catalytic Applications” TUBITAK, 2005-2010.

2. Prof. Dr. Engin CETINKAYA, “Transformation of Carbon Dioxide to Organic
Products in the Presence of Catalyst”, TUBITAK 106T364, 2006-2009.

3. Prof. Dr. Engin CETINKAYA, “Bridged Bibenzimidazolium Bromides and
Their Applications to Coupling Reactions”, 05-FEN-009, 2005-2008.

4. Prof. Dr. Bekir CETINKAYA, “Chiral Metal Complexes and Their
Properties”, 09-FEN-036, 2009-.

FELLOWSHIPS
2006-2011: 2211-National Doctoral Research Scholarship, TUBITAK

August 2010-February 2011 (6 months): 2214-International Doctoral Research
Fellowship Programme, TUBITAK



