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Abstract 

In this thesis, some methods for the asymmetric synthesis of octahedral metal 

complexes were developed by using chiral auxiliaries. These chiral auxiliaries are 

coordinating bidentate ligands which control the metal-centered configuration in the 

course of ligand exchange reactions or dynamic equilibria. Afterwards, the chiral 

auxiliaries can be removed in an acid-induced fashion under complete retention of 

configuration (Scheme I). 

 

Scheme I . Auxiliary directed asymmetric synthesis of octahedral ruthenium 

complexes with high enantiomeric excess.  

 

Additionally, we initially explored the applications of enantiomerically pure 

octahedral iridium complexes as catalysts for asymmetric transformations. In this 

direction, we focused on the asymmetric acyl transfer catalysis and synthesized 

different types of the catalysts for resolving racemic alcohols (Scheme II).   

 

Scheme II . Kinetic resolution of racemic alcohols catalyzed by chiral Ir(III) catalysts.  



 

Abstract auf Deutsch 

In der vorliegenden Doktorarbeit wurden Methoden für die asymmetrische Synthese 

oktaedrischer Metallkomplexe entwickelt, welche auf der Anwendung chiraler 

Auxiliare basieren. Solche chiralen Auxiliare sind zweizähnige Liganden, die bei 

Koordination die Konfiguration des Metallzentrums durch Ligandenaustausch- 

Reaktion oder dynamisches Gleichgewicht kontrollieren. Die chiralen Auxiliare 

können anschließend unter sauren Bedingungen abgespalten werden, wobei die 

Konfiguration des Metallzentrums erhalten bleibt (Schema I) .  

 

 

Schema I. Auxiliare-vermittelte asymmetrische Synthese oktaedrischer 

Ruthenium-Komplexe mit hohem Enantiomerenüberschuss. 

 

Desweiteren wurden Anwendungen enantiomerenreiner Iridium-Komplexe für die  

asymmetrische Katalyse erforscht. Es wurde sich auf die asymmetrische Acyltransfer- 

Katalyse konzentriert. Verschiedene Katalysatoren wurden synthetisiert und für die 

kinetische Racematspaltung sekundärer Alkohole untersucht (Schema II) .  



 

 

Schema II.  Kinetische Racematspaltung eines sekundären Alkohols mittels chiraler 

Ir(III) -Katalysatoren.
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Chapter 1 Theoretical part 

1.1 Introduction  

Mirror image objects, such as our hands, widely exist in nature. Scientists refer to 

these objects as having chirality, which was first defined by Lord Kelvin (1824-1907):  

 

I call any geometrical figure, or group of points, chiral, and say that it has chirality, if its 

image in a plane mirror, ideally realized, cannot be brought to coincide with itself.  

 

The word ñchiralityò comes from the Greek word ñKhier,ò meaning hand. Today, 

chirality is defined by the International Union of Pure and Applied Chemistry (IUPAC) 

as:  

The geometric property of a rigid object (or spatial arrangement of points or atoms) of 

being nonsuperimposable on its mirror image; such an object has no symmetry elements 

of the second kind (a mirror plane, ů = S1, a centre of inversion, i = S2, a rotation 

reflection axis, S2n). If the object is superimposable on its mirror image the object is 

described as being achiral.  

 

   With the advances in science, chiral objects became an important issue in human 

life. For example, increasingly more enantiopure molecules are being used in the 

fields of pharmaceutics and agriculture. Thus, the US Food and Drug Administrationôs 

(FDAôs) policy statement for the development of new diastereomeric drugs 

recommends that, in the case of chiral molecules, the properties ï particularly toxicity 

ï of both enantiomers should be studied.   

   Organic stereochemistry in the twentieth century developed quickly, especially in 

the synthesis of natural compounds with large number of stereogenic centers. 

Additionally, for approximately the past 40 years, enantioselective catalysis has been 

researched to enrich the methods for obtaining enantiopure compounds. W. S. 

Knowles, R. Noyori and K. B. Sharpless won the Nobel Prize in this area in 2001. 

Similarly, inorganic stereochemistry also earned its own status. Alfred Werner first 

applied vanôt Hoff and Le Belôs stereochemical theories of the tetrahedral nature of 
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the carbon atom to the structure of octahedral metal complexes in 1893. He predicted 

that the octahedral coordination compounds could exist in an enantiomeric form with 

the power of optical rotation. This hypothesis was demonstrated in 1911 by resolution 

of the two enantiomers of the complexes [Co(en)2(NH3)X]X 2 (X = Cl, Br; en = 

ethylene diamine) (L-1/D-1) (Figure 1)
1-4

, and won the Nobel Prize for these works in 

1913.  

  

 

Figure 1. The two enantiomers of the cationic complexes of [Co(en)2(NH3)X]
2+

.  

 

However, towards chirality, are there any specific properties of the coordination 

compounds? In inorganic stereochemistry, coordination compounds are more 

complicated than organic compounds, due to the high number of possible 

arrangements of atoms in molecules containing one or several centers of higher 

coordination numbers. For example, the octahedral metal complex has a maximum of 

15 pairs of enantiomers (30 stereoisomers). Based on this range of possibilities, the 

coordination compounds display significant behavior in the life sciences and 

asymmetric catalysis reactions. For example, Barton et al. designed the enantiopure 

octahedral ruthenium complexes, D-2 and D-3, which are capable of intercalating 

between stacked base pairs of B-DNA. In aqueous solutions, the complexes are 

nonluminescent, while in the presence of double-stranded nucleic acids, these 

compounds are strongly emissive and, thus, function as molecular light switches for 

DNA (Figure 2)
5
.   
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Figure 2. Molecular light switches for DNA.  

 

   Similarly, Meggers et al. invented inhibitors, such as L-FL-172 and D-FL-172, for 

protein kinases, which are based on the octahedral metal complexes. However, some 

results demonstrate that complexes with the same geometry, but different chirality, 

showed different biological activity (Figure 3)
6
. 

 

 

Figure 3. The ruthenium complex L-FL172 is a selective inhibitor of the protein 

kinase PAK-1 in contrast to the almost inactive mirror-imaged complex D-FL172 (1 

ɛM ATP).  

 

   A coordination compound in which the chiral element was a metallic center was 

also used in an organocatalytic reaction. For example, ferrocene has a rigid sandwich 

structure, which is highly stable and easily available. So, Fu et al. exploited this planar 

chirality in the resolution of acrylic alcohols (Scheme 1)
7
. 



Theoretical part 

 4 

 

Scheme 1. Kinetic resolution of racemic alcohols catalyzed by the Fu-catalyst (4).  

 

   In summary, the chiral coordination compounds showed excellent behavior in the 

life sciences and metal based catalytic reactions. Considering the higher possibilities 

of stereoisomers, as opposed to chiral carbon, and the little attention these have 

received in the context of organic stereochemistry, this area merits further 

investigation. 

1.2 Preparation of non-racemic octahedral metal complexes  

   For investigating in the inorganic stereochemistry, we need to find the methods to 

obtain the non-racemic metal complexes. Considering our lab mainly researches on 

octahedral metal complexes, I will introduce the methods for asymmetric synthesis of 

octahedral metal complexes. Based on the different strategies for obtaining the 

enantiopure complexes, I will in troduce them following in three directions. 

1.2.1 Resolution with chiral chromatography 

Strekas and co-workers invented DNA-hydroxylapatite column, since the various 

six-coordinate metal complexes in which the ligands are bidentate diimines with fused 

aromatic ring systems are capable of enantiomerically selective interaction with 

double-stranded DNAs
8
. The method is successfully resolved Ru(phen)3

2+ 
(phen = 

1,10-phenanthroline) (5) and Ru(bpy)2ppz
2+

 (bpy = 2,2'-bipyridine, ppz = 

pyrazino[2,3-f][4,7]phenanthroline) (6) with 90% ee (Scheme 2). Similarly, Villani  

and co-workers resolved the [Fe(L)3](ClO4)2 (ligands L = 1,10-phenanthroline, 
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4,7-dimethyl-1,10-phenanthroline, 5,6-dimethyl-1,10-phenanthroline, 

3,4,7,8-tetramethyl-1,10-phenanthroline, and 4,7-dichloro-1,10-phenanthroline) by 

using a Chiralcel OD RH column
9
.  

 

Scheme 2. Resolution of Ru(phen)3
2+

 (5) and Ru(bpy)2ppz
2+

 (6) by chiral 

chromatography (DNA-hydroxylapatite column). 

1.2.2 Formation of diastereomeric salts 

Lots of metal complexes have the charge around it; therefore they can form the 

ion pair using chiral cation or anion. These ion pair can be resolved by different 

techniques. Werner and co-workers first developed a method for resolving ion pair. In 

1942, Wernerôs student King chose (+)-3-bromo-camphor-9-sulphonate anion to 

resolve the complexes [Co(en)2(NH3)X]X 2 (X = Cl, Br; en = ethylene diamine) by 

crystallization successfully
10

. Followed this work, other chiral cations and anions 

were developed by scientists. For example: Chiral trisphats
11-13

, tartrate
14-18

 are widely 

used as chiral anions in the resolution of metal complexes. [Ni
II
(phen)3]

2+
, or the 

derivatives from chiral amines are widely used as a chiral cations in the resolution of 

metal complexes
19-21

. 

Among the above chiral resolution reagents, the chiral trisphat is commercially 

available and is used more frequently. For example: Lacour and coworkers found it 

can selectively control the equilibrium between the configurationally labile 

iron(II)-tris(diimine) enantiomers (ȿ-7 and ȹ-7). By using ȹ-trisphat, the complex ȹ-7 

reached a diastereomeric ratio greater than 50:1 (Scheme 3)
22

.    
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Scheme 3. Shifting the equilibrium between the ȿ- and ȹ-configurations of a labile 

iron complex 7 with ȹ-trisphat.  

 

   Towards the resolution of diastereomerically ion pairs, Fontecave and co-workers 

selectively precipitated the cis-[ȹ-Ru(dmp)2(CH3CN)2][ȿ-trisphat]2 (ȹ-8) or 

cis-[ȿ-Ru(dmp)2(CH3CN)2][ȹ-trisphat]2 (ȿ-8) by the [n-Bu3NH][ȿ-trisphat] or 

[n-Bu4NH][ȹ-trisphat] owing to the different speed of the precipitation of two 

diastereomerically ion pair (Scheme 4)
23

. 

 

Scheme 4. Chiral trisphat resolved the L-8 and D-8. 

1.2.3 Diastereoselective coordination with chiral ligand s  

In the asymmetric synthesis, people use the metal without chirality and try to 

transfer the chiral information from chiral carbon to metal. This was first discoved by 



Theoretical part 

 7 

Smirnoff and he used enantiopure propane-1,2-diamine (pn) to react with H2PtCl6, 

yielding octahedral complex which showed the optical rotation
24

. Von Zelewsky 

reinvestigated this work in detail 85 years later and found that the 

mer-L-[Pt{(S)-pn}3]
4+

 (9) was the favorable product in the reaction between the 

(S)-pn and H2PtCl6 (Scheme 5)
25

.  

 

 

Scheme 5. First example of asymmetric synthesis of chiral metal complex. 

 

Above strategy is utilized by Von Zelewsky and he used terpene-derived chiral 

tetradentate bis(2,2ô-bipyridine)s - so called CHIRAGENs (from CHIRAlity 

GENerator) to direct asymmetric coordination chemistry and obtained only one 

diastereomer
26

. In this reaction, [Ru(DMSO)4Cl2] converted to the [Ru(MeCN)4Cl2] 

and then the precursor was refluxed with the CHIRAGENs in ethanol, followed by 

heating with 4,4ô-dimethyl-2,2ô-bipyridine in ethyleneglycol, yielding complex D-10 

with a 25% yield. According to the authors, this is the first example of asymmetric 

synthesis of an enantiomerically pure octahedral metal complex without the needing 

of chiral resolution (Scheme 6).   

 

Scheme 6. Highly diastereoselective control of Ru
II
-centered chirality by using the 

tetradentate CHIRAGENs ligand. 
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   Similarly, Yamamoto and co-workers used the ligand (S)-11 which contents axial 

chirality to asymmetrically synthesize the cis-ɓ-L-[Cr{( S)-11(EtOH)2]Cl (cis-ɓ-L-12) 

in almost quantitative yield as a single stereoisomer with cis-ɓ configuration of the 

tetradentate ligand and L-configuration at the Cr
III 

center (Scheme 7)
27

.  

 

 

Scheme 7. Highly diastereoselective control of Cr
III

-centered chirality by using the 

binaphthyl-tethered bis(8-hydroxyquinoline) ligand. 

   

2,2ô-Biprrolidine is another useful chiral linker for designing tetradentate ligand 

which can direct asymmetric coordination nicely. For example, Que Jr. and 

co-workers recently reported that the reaction of bipyrrolidine ligand (R,R)-13 with 

Fe(OTf)2·2MeCN provided exclusively the iron complex 

cis-Ŭ-ȹ-[Fe{(R,R)-13}(OTf) 2] (cis-Ŭ-ȹ-( R,R)-14), which itself serves as a catalyst for 

asymmetric olefin cis-dihydroxylation (Scheme 8)
28

. 

 

 

Scheme 8. Highly diastereoselective control of Fe
II
-centered chirality by explored the 

rigid 2,2ô-bipyrrolidine backbone. 

    

Besides relying on the steric hindrance from the multidentate ligands, aromatic 
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face-to-face ́ -stacking also can be exploited for the control of the absolute metal 

centered configuration. For instance, the Scott group used chiral iminopyridines 15 to 

react with Fe(ClO4)2·6H2O in MeCN and obtained the single diastereomer 

fac-ȹ-[Fe{(R)-15} 3](ClO4)2 (fac-ȹ-16) (Scheme 9)
29

. 

 

Scheme 9. Diastereoselective coordination chemistry with Fe
II
 directed by aromatic 

face-to-face ́ -stacking. 

    

Besides using the chiral ligand-substitution reaction, the oxidative addition 

reaction also can be used for synthesizing diastereoselective octahedral metal complex.  

An example of this approach was reported by Von Zelewsky and co-workers. In this 

method, the Pt
II
 starting complex cis-ȹ-18 was obtained by cyclometalation of the 

chiral thienylpyridine ligand (R,R)-17 which was synthesized from (-)-Ŭ-pinene. 

Because of the steric constraints, this tetracoordinate Pt
II
 complex is ȹ-configuration. 

This ȹ-configuration is retained after oxidative addition with C6F5CH2Br, yielding 

complex cis-fac-ȹ-19 as a single stereoisomer (Scheme 10)
30

. 

 

 

Scheme 10. Asymmetric synthesis of an octahedral Pt
IV

 complex by oxidative 

addition. 
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1.2.4 Chiral auxiliar y directed asymmetric synthesis 

Chiral auxiliaries are optically active compounds and introduce chirality in 

racemic compounds, which are widespread used in the organic chemistry. They also 

play important roles for resolution of enantiomers of metal complexes. In this strategy, 

people use the chiral auxiliary which leads to diastereomers with different 

physico-chemical properties to separate them by variety ways. 

In 1948, Bailar and co-workers first reported this strategy in the synthesis of 

octahedral metal complex. They used the (R,R)-(+)-tartrate to react with 

[Co(en)2CO3]
+
, yielding two diastereomers((+)-20/(-)-20), and one of them was less 

stable than the other diastereomer. So, when the en (ethylene diamine) substituted the 

(R,R)-(+)-tartrate, the less stable diastereomer reacted faster than the stable one, which 

afforded enantiomerically enriched (+)-[Co(en)3]
3+

 (Scheme 6)
31

. 

 

 

Scheme 11. (R,R)-(+)-tartrate as a chiral auxiliary for the asymmetric synthesis of 

cobalt complexes. 

 

   In 1964 Bailar and co-workers used the same strategy synthesis the 

enantiomerically enriched [Ru(bpy)3]
2+

 (bpy = 2,2ô-bipyridine)
32

. In the synthesis, 

K2RuCl5 hydrate was used as the starting material to react with the (R,R)-(+)-tartrate, 

followed by the addition of an excess of bpy to yield the ruthenium with an 

enantiomeric ratio of 63: 37 (Scheme 12). 

 

 

Scheme 12. (R,R)-(+)-tartrate as a chiral auxiliary for the asymmetric synthesis of 

ruthenium complexes. 
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Similarly, based on the thermodynamically difference of the two diastereomers. 

Inoue and co-workers used the (R)-(+)-methyl p-tolyl sulfoxide as an auxiliary to 

obtain the ruthenium polypyridyl complexes (21) with enantiomerically enriched
33

. 

The result was optimized by using the microwave by Balavoine and co-workers
34

. 

Considering 1: 1 ratio of L and D of the ruthenium as the starting materials to create 

74% de, 97% yield of the product, there should be conversion between L and D 

(Scheme 13). The reason for higher stability of the major diastereomer was presumed 

by Inoue and co-workers. They concluded two reasons: i) -́  ́interactions between the 

tolyl group of the sulfoxide and one of the bpy ligands; ii) a hydrogen bond between 

the sulfoxide oxygen and a pyridyl ortho-proton in combination. 

 

Scheme 13. Monodentate methyl p-tolyl sulfoxide as a chiral auxiliary for the 

asymmetric synthesis of ruthenium polypyridyl complexes. 

 

   Even these methods are attractive to asymmetric synthesize different metal 

complexes. But for low ee value of the final compounds, there still lack of convenient 

and general method to enantioselectively synthesize metal complex until 2009. In 

2009, Meggers group developed a general method to enantioselectively synthesize 

octahedral ruthenium polypyridyl complexes by using the bidentate ligand (Scheme 

14). Compared to monodentate ligands, chiral bidentate chelates usually direct the 

asymmetric coordination chemistry better due to a restricted rotation around the M-L 

coordinative bonds that fixes the direction of the hindrance from the directing ligand. 

But the bidentate ligand coordinates much tightly with metal center. The main issue 
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was how to remove the directing ligand without isomerization of the metal-centered 

configuration in this area. Meggers and co-workers used salicyloxazoline for inducing 

the chiral information. Afterwards, the chair bidentate ligand was removed from the 

auxiliary-mediated-metal complex by acid. Importantly, the configuration of metal 

center was retained in this procession. In detail, by using 

(S)-2-(4-isopropyl-4,5-dihydrooxazol-2-yl)phenol as the auxiliary, the precursor 

(S)-22 which has four labile ligands was obtained after two steps. And (S)-22 can 

react with first one equivalent of 4,4ô-di-tert-butyl-2,2ô-bipyridine (4,4ô-tBu2bpy) in 

chlorobenzene at 70 
o
C and subsequent with one equivalent of 5,5ô-dimethyl-2,2ô 

-bipyridine (5,5ô-Me2bpy) again in chlorobenzene at 70 
o
C, yielding only one 

diastereomer L-(S)-23 under thermodynamically control. For the final step, the 

chiral-auxiliary-mediated complex reacted with the third ligand in the presence of 

acid, yielding the polypyridyl complex L-[Ru(pp)(ppô)(ppôô)]
2+

 (pp, ppô, ppôô = achiral 

2,2ô-bipyridines) (L-24) with enantiopurity
35

. 

Scheme 14. Salicyloxazoline as a chiral auxiliary for the asymmetric synthesis of 

ruthenium polypyridyl complex. 

   

After this work, Meggers group invented a new auxiliary 

(R)-2'-(diphenylphosphino)-1,1'-binaphthyl-2-ol ((R)-HO-MOP) and used in the same 

strategy. For example, (R)-HO-MOP reacted with commercial available 

half-sandwich complex [Ru(ɖ
6
-C6H6)Cl2]2 and bpy, yielding 

L-[Ru(bpy)2{ (R)-HO-MOP}]Cl  (L-(R)-25) with diastereomerically enriched (34: 1 

dr) (Scheme 15)
36

. Then the directing auxiliary can be removed, yielding 

L-[Ru(bpy)3]
2+

 with enantiomerically enriched.    
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Scheme 15. Transfer of axial chirality of (R)-HO-MOP to metal-centered chirality in 

a chiral-auxiliary-mediated asymmetric synthesis. 

 

In the different approach, the chiral auxiliaries didnôt coordinate to the metal 

directly. Instead, they are used as linkers between two ligands. In this direction, Wild 

and co-workers used chiral (R,R)-tartrate as linker to connect two tridentate 

pyridine-2-aldehyde-2ô-pyridyl-hydrazones. Then the hexadentate ligand 26 was 

applied to react with the [Fe(H2O)6](PhSO3)2 , yielding octahedral metal complex 27 

with diastereomerical purity (Scheme 16)
37

.  

 

Scheme 16. Asymmetric synthesis of iron octahedral complex 28 by using a chiral 

linker as auxiliary.  
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Unfortunately, in the course of removing the auxiliary by hydrolysis of the ester 

linkages and deprotonation of the hydrazone NH groups, the configuration of the iron 

metal center 28 lost some chiral information, yielding only 85: 15 er.  

   In the same strategy, Fletcher and co-workers used chair tripodal linker system to 

direct the asymmetric synthesis
38

. This time, hexadentate ligand controlled not only 

the metal centered configuration but also the geometry between the meridional (mer) 

and facial (fac). For example, the enantiopure tripodal hexadentate ligand 29 was used 

to react with [Ru(DMSO)4Cl2] in the presence of AgNO3 under refluxing in EtOH and 

high dilution, affording the ruthenium complex D-(R,R,R)-30 as mainly one 

diastereomer (>95:5 dr). After cleavage of the ester bonds with aqueous KOH, the 

reaction provided the compound fac-D-31 (Scheme 17). 

 

Scheme 17. Asymmetric synthesis of a fac-D-ruthenium polypyridyl complex with the 

cleavable linker approach.  

 

   Unfortunately, the yield of the coordination step was too low due to the hydrolytic 

instability of the ester bonds. Additionally, after purification of fac-D-31, the product 

still contained a high degree of water and salt, preventing detailed analysis, which 

makes this method unattractive.  

   Besides the methods of using auxiliaries directly to coordinate with the metal 

center and the chiral linker strategy, Shinkai and co-workers included the chiral 

auxiliary on the coordinated ligands
39

. For instance, the 2,2ô-bipyridine-4,4ôdiboronic 
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acid was used as the coordinated ligand to react with monosaccharides, yielding 

boronic esters 32 with 1: 1 complex formation. Then the complexes 32 reacted with 

Co(OAc)2 to provide octahedral metal complex 33. At last, the cobalt(II) was oxidized 

to the more inert cobalt(III), followed by a removal of the chiral auxiliary through 

reductive cleavage of the C-B bonds in the presence AgNO3 to yield [Co(bpy)3]
3+

 

with enantiomerically enrich (Scheme 18).  

 

Scheme 18. Saccharides as chiral auxiliaries for the asymmetric synthesis of 

[Co(bpy)3]
3+

. 

 

   In this method, the enantiomeric excess was dependent on the type of the 

saccharide and the reaction temperature. The best result was obtained with 79% ee 

when the reaction was carried out at -25 
o
C using D-glucose.  
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1.3 Applications of enantiopure octahedral metal complexes in 

catalytic reactions  

Metal based catalysis reaction was developed so many years ago. The chair 

information always comes from both the chiral ligand and the metal center. However, 

only chiral-at-metal complexes especially octahedral metal complexes are rarely used 

as the catalyst in the asymmetric synthesis. We just found few examples of using the 

enantiopure chiral-at-metal octahedral complexes to catalyze the organic reaction. For 

instance, Gladysz and co-workers used the complex D-(-)-[Co(en)3](BArf)3·14H2O 

(L-34) as the catalyst for the Michael addition. They successfully transferred the 

chiral information from the metal center to carbon. But unfortunately, the ee value of 

the product was very low (Scheme 19)
40

.    

 

Scheme 19. Enantioselective catalysis of a Michael addition by 

L-(-)-[Co(en)3](BAr f)3·14H2O (L-34). 

 

   Similarly, Fontecave and co-workers used complex [D-8][L-trisphat]2 to catalyze 

the oxidation reaction but did not obtain high ee values of the final sulfoxides 

(Scheme 20)
23

.   

 




















































































































































































































































































































































