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Abstract
This thesis mainly includes two parts: one is about the asymmetric synthesis of

octahedral ruthenium complexes, and the other one is about the synthesis and

investigation of the biological activities of octahedral silicon complexes.

In the first part of this thesis, we started with a straightforward and economical

method for the asymmetric synthesis of mononuclear ruthenium(II) complexes

[Ru(pp)(pp’)(pp’’)](PF6)2 (pp = polypyridyl ligands) by using the readily available

racemic starting material [Ru(pp)(pp’)Cl2] together with the natural amino acid

L-proline (Scheme I). Next, we initially studied the asymmetric synthesis of dinuclear

octahedral ruthenium(II) complexes, and synthesized an enantiomerically enriched

dinuclear ruthenium complex for the first time.

Scheme I. Asymmetric synthesis of octahedral mononuclear ruthenium(II) complexes

[Ru(pp)(pp’)(pp’’)](PF6)2with high enantiomeric excess mediated by L-proline.

In the second part of this thesis, we developed the syntheses of hydrolytically

stable octahedral silicon complexes, such as silicon arenediolate complexes, silicon

arenediaminate complexes, enantiopure silicon BINOLate complexes, and

silicon-ruthenium sandwich complexes (Scheme II). Furthermore, we investigated the

biological activities of the octahedral silicon complexes and found that the silicon

arenediolate complexes could be used as efficient DNA intercalators, while the bulky

silicon-ruthenium sandwich complexes could detect mismatched DNA and serve as

insertors.



Scheme II. Structures of synthesized octahedral silicon complexes.



Abstract auf Deutsch

Diese Doktorarbeit ist aus zwei Teilen zusammengesetzt. Bei dem ersten Teil handelt sich um die

asymmetrische Synthese oktaedrischer Rutheniumkomplexe und in dem zweiten Teil wurden die

Synthese sowie die biologische Aktivität oktaedrischer Siliciumkomplexe erforscht.

Ausgehend von leicht herstellbarem racemischem Material [Ru(pp)(pp’)Cl2]

(pp = Polypyridylliganden) wurden in dem ersten Teil dieser Arbeit die einkernigen

Ruthenium(II)komplexe [Ru(pp)(pp’)(pp’’)](PF6)2 mit dem kommerziell verfügbarem

Naturstoff L-Prolin bei einer einfachen und kostengünstigen asymmetrischen Synthese hergestellt

(Schema I). Bei der ersten Untersuchung von doppelkernigen Ruthenium(II)komplexe wurde zum

ersten Mal ein enantiomerenreiner doppelkerniger Ru-Komplex synthetisiert.

Schema I. L-Prolin-vermittelete asymmetrische Synthese oktaedrischer einkerniger

Ruthenium(II)komplexe [Ru(pp)(pp’)(pp’’)](PF6)2mit hohem Enantiomerenüberschuss.

In dem zweiten Teil dieser Arbeit wurden oktaedrische hydrolysestabile Siliciumkomplexe z.B.

Siliciumkomplexe mit Arendiolat- und Arendiaminatliganden, enantiomerenreine

Silicium-BINOLat-Komplexe und Silicium-Ruthenium-Sandwichkomplexe, erfolgreich

synthetisiert (Schema II). Weiterhin wurde die biologische Aktivität oktaedrischer

Siliciumkomplexe erforscht. Dabei wurde herausgefunden, dass die Siliciumkomplexe mit

Arendiolatliganden als effiziente DNA-Interkalatoren dienen konnten. Außerdem konnten



Silicium-Ruthenium-Sandwichkomplexe Basenfehlpaarungen in Duplex DNA stabilisieren.

Schema II. Strukturen erfolgreich synthetisierter oktaedrischer Siliciumkomplexe.
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Chapter 1 Theoretical Part

1.1 Introduction

Chiral metal complexes are an important research object in current

organometallic chemistry.1-3 The almost unique strategy developed so far for the

preparation of chiral metal complexes is based on the association of a chiral ligand

with a metal ion, however, the chirality of the complex may also be located at the

metal center itself and not at the ligands (Figure 1).

Figure 1. Chiral metal complexes in two different classification.
By and large, chiral-at-metal complexes can be divided into two groups, chiral

half-sandwich and chiral octahedral complexes. In half-sandwich complexes, the

aromatic ring system, mainly benzene or cyclopentadienyl (η5-C5H5, Cp) and their

derivatives, can be viewed as one of the four monodentate ligands.2 Similar to an

asymmetric carbon atom in an organic molecule, the coordination of centered metal

by four different monodentate ligands in a tetrahedral configuration generates a chiral

complex with two possible enantiomers, R and S. Such a chiral manganese

half-sandwich complex (1a, 1b) of tetrahedral configuration is shown in Figure 2.4

However, the chirality of the metal center in chiral octahedral complexes results from

the coordination of polydentate ligands, and the prototype complex is the octahedral

tris-diimine ruthenium complex [Ru(diimine)3]2+ (2), with diimine = bipyridines or

phenanthrolines. As shown in Figure 2, such a chiral octahedral complex exists in two

enantiomeric forms named Λ and Δ.
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Figure 2. Two major groups of chiral-at-metal complexes.
Actually, the concept of metal-centered octahedral chirality can date back to over

a century ago. In 1893, Alfred Werner applied van’t Hoff and Le Bel’s stereochemical

theories of the carbon atom’s tetrahedral nature to the octahedral configuration of

metal, and ingeniously proposed that octahedral coordination complexes are capable

of possessing metal-centered optical activity.5 This prediction was later verified by a

resolution of the two enantiomers from octahedral coordination complexes

[Co(en)2(NH3)X]2+ (3), X = Cl or Br, en = ethylene diamine, as shown in Figure 3.6

Figure 3. Werner’s discovery of optically active enantiomers resolved from the cationiccomplexes of [Co(en)2(NH3)X]2+ (X = Cl or Br).
For an octahedral coordination complex with six different monodentate ligands,

the number of its stereoisomers can reach up to 30, including 15 pairs of

enantiomers.7 As a result, the elaborate stereochemistry of hexacoordinate octahedral

coordination geometries is nowadays a key feature for many applications in different

areas of chemical research, ranging from catalysis to the life sciences.8-10

In the applications to the life sciences, the chirality-at-metal plays an important

role in molecular recognition of chiral biomacromolecules. Interestingly, more than

six decades ago, Dwyer already reported a significant stereodifferentiation in the

binding of the enantiomers of [Ru(bpy)3](ClO4)2, bpy = 2,2’-bipyridine, to the enzyme

acetylcholine esterase—the Δ-enantiomer with 90% inhibition vs the Λ-enantiomer
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with 20% inhibition.11 Meggers group also reported that the two enantiomers of

octahedral ruthenium complex 4 exhibiting totally different biological activities. As

shown in Figure 4, compared to the almost inactive Δ-4, the mirror-image complex

Λ-4 served as a highly potent and selective inhibitor for the protein kinase GSK3.12

Figure 4. The ruthenium complex Λ-4 with a highly selective inhibition for the protein kinaseGSK3 in contrast to the almost inactive mirror-image complex Δ-4.
Octahedral chiral-at-metal complexes with carefully tailored ligands also can be

applied to the field of asymmetric catalysis. For instance, Meggers group recently

reported an inert chiral-at-metal iridium(III) complex Λ-5 as a highly efficient catalyst

for asymmetric transfer hydrogenation of β,β′-disubstituted nitroalkenes (Scheme 1),

which exceeded the performance of most organocatalysts for extraordinary

enantiomeric excess (up to 99%) and catalyst loading (down to 0.1 mol %).13

Scheme 1. An efficient asymmetric catalyst with octahedral chirality-at-metal.
Although chiral octahedral metal complexes have shown remarkable properties
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in asymmetric catalysis and life sciences, in contrast to numerous sophisticated

synthetic methodologies can be adopted to control the configuration at the tetrahedral

carbon atoms for organic compounds, the stereochemical control of octahedral

coordination compounds is still in its infancy. Therefore, developing general synthetic

methods to control the chirality-at-metal is our foremost concern in this thesis.

1.2 Methods to Obtain Enantiopure Octahedral Metal

Complexes

The methods to obtain enantiopure octahedral metal complexes can be classified

in four ways: resolution of chiral cations, chiral-anion-induced asymmetric synthesis,

diastereoselective coordination with chiral ligands, and chiral-auxiliary-mediated

asymmetric synthesis.

1.2.1 Resolution of Chiral Cations

The largest number of resolutions are performed via the conversion of a racemate

into a mixture of diastereomers mediated by chiral anions.14 In this type of reaction,

the cations to be resolved are treated with one enantiomer of a chiral anion (the

resolving agent). The resulting diastereomeric pairs can be ionic and the vast majority

of the resolutions are based on solubility differences of solids. For instance, Leveque

reported that racemic cation [Ru(bpy)2(py)2]2+ (py = pyridine) 8 can be selectively

resolved by O,O’-dibenzoyl-L-tartrate 6, while antimonyl L-/D-tartrate 7 allowed the

resolution of [Ru(bpy)2(CO)2]2+ 9 and [Ru-(phen)2(CO)2]2+ 10 (Figure 5).15

Figure 5. Resolution of racemic ruthenium(II) cations (8~10) with chiral anions (6, 7).
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Compared to the resolution based on solubility differences of solids,

chromatographic resolution is a more direct method, which is carried out through

ionic diastereomer mixtures with the addition of non-racemic counterions into the

mobile phase.16 For example, Sauvage and Keene have reported the resolution of

double helical iron(II) dinuclear complex 11 by chromatography (Figure 6), a racemic

mixture of the sulfate salt of 11 was absorbed onto a column of SP Sephadex C-25

cation exchanger and eluted with the aqueous sodium salt of chiral

O,O’-di-4-toluyl-L-tartrate 6.17,18

Figure 6. The structure of double helical iron(II) dinuclear complex 11.
The resolution can also be achieved by selective asymmetric extraction. As an

example, Lacour reported an excellent resolution of the racemic [Ru(dmp)3]Cl2

{[12]Cl2} in an aqueous solution, by combination with an organic phase containing

the enantiopure TRISPHAT salt [Bu3NH][Λ-13].19 Upon vigorous stirring of the

biphasic mixture, selective transfer of one enantiomeric cation [Λ-12] from water to

the organic layer occurred, affording [Δ-12][Cl]2 in the water layer with a

enantiomeric ratio (e.r.) up to 35 : 1 and [Λ-12][Λ-13] in the CHCl3 layer with a

diastereomeric ratio (d.r.) up to 49 : 1, as the schematic shown in Figure 7.

Figure 7. Schematic representation of the asymmetric extraction of [12]Cl2.
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1.2.2 Chiral-Anion-Induced Asymmetric Synthesis

As mentioned before, chiral anion such as enantiopure TRISPHAT worked nicely

in discriminating between the two enantiomers of chiral metal complexes. Moreover,

it also can be exploited as chiral-inducing agent for the control of the configuration at

the metal center. As an example, Lacour and coworkers reported that Δ-TRISPHAT

(Δ-13) shifted the equilibrium between the configurationally labile

iron(II)–tris(diimine) enantiomers Λ-14 and Δ-14 to reach a diastereomeric ratio

greater than 50:1.20

Scheme 2. The equilibrium between the Λ- and Δ-configurations of a labile iron complex 14shifted by the Δ-TRISPHAT.
Under certain conditions, TRISPHAT is even able to influence the

metal-centered chirality in configurationally more stable coordination compounds.

Scheme 3 depicts a remarkable reaction reported by Lacour group, the octahedral

iron(II) complex [Fe(Me2bpy)3]2+ 15 reacted with tetradentate ligand 16 in the

presence of 2 equiv of Δ-TRISPHAT (Δ-13) in DCM under reflux, affording the

configurationally more stable iron(II) complex Δ-17 with a high diastereomeric ratio

greater than 20:1.21
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Scheme 3. Chiral-anion-induced asymmetric synthesis of a configurationally stable tris(diimine)iron(II) complex Δ-17 in the presence of Δ-TRISPHAT (Δ-13).
1.2.3 Diastereoselective Coordination with Chiral Ligands

Over the past decades, chemists made a better understanding to stereochemical

control of chirality transfer from chiral coordinating ligands to transition metal centers,

via employing chiral ligands or carefully tailored chiral multidentate ligands to

provide high diastereoselectivities in the course of coordination chemistry.22-24

The first asymmetric synthesis of a chiral coordination complex can trace back to

the work reported by Smirnoff, he found that enantiopure propane-1,2-diamine (pn)

reacted with H2PtCl6 to provide octahedral complexes with optical activity, and he

concluded that the reaction occurred diastereoselectively.25 85 years later, von

Zelewsky carefully restudied this work, which further verified Smirnoff’s conclusion,

and the mer-Λ-[Pt{(S)-pn}3]4+ (18) was determined to be the most preferred product

by precipitation and crystallization steps (Scheme 4).23
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Scheme 4. The first asymmetric synthesis of a chiral coordination complex 18 reported bySmirnoff and restudied by Zelewsky 85 years later.
Inspired by nature’s strategy to control metal-centered configuration, synthetic

chemists have designed and developed various mimicked chiral multidentate ligands

for asymmetric synthesis of chiral metal complexes.26 Von Zelewsky developed

CHIRAGENs (from CHIRAlity GENerator), terpene-derived chiral tetradentate

bis(2,2’-bipyridine)s, to stereospecifically generate one exclusive chirality at the

metal centers. As an example shown in Scheme 5, the (+)-chiragen[6] first reacted

with [Ru(DMSO)4Cl2], followed by Me2bpy (4,4’-dimethyl-2,2’-bipyridine), yielding

the cationic complex Δ-[Ru{(+)-chiragen[6]}(Me2bpy)] (Δ-19) as a single

diastereomer in a yield of 25%.27

Scheme 5. The asymmetric synthesis of cationic complex (Δ-19) as a single diastereomer byusing the (+)-Chiragen[6] ligand.
Besides the highly predesigned geometries of multidentate ligands, aromatic

face-to-face π-stacking also can be exploited for the control of absolute

metal-centered configuration.28 As shown in Scheme 6, the reaction of chiral

iminopyridines 20 with Fe(ClO4)2·6H2O in MeCN afforded the single diastereomer

fac-Δ-[Fe{(R)-20}3](ClO4)2 (fac-Δ-21), and each of the three pyridine units formed a
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face-to-face π-interaction with a phenyl unit on a neighboring ligand, leading to the

impressive stereospecificity.29

Scheme 6. The asymmetric synthesis of cationic complex (fac-Δ-21) directed by aromaticface-to-face π-stacking.
These tailored chiral multidentate ligands are capable of efficiently and

stereospecifically ruling the metal-centered configuration, however, they are always

irremovable or removable with a total loss of chiral information in the metal

center.30,31 Therefore, developing the chiral ligands that can be further cleaved with

the retention of metal-centered configuration is extremely desired.

1.2.4 Chiral-Auxiliary-Mediated Asymmetric Synthesis

Chiral auxiliaries are utilized extensively in organic chemistry for the synthesis

of enantiopure compounds in a predictable and efficient way.32,33 In this strategy, the

chiral auxiliary is firstly temporarily linked to a substrate to direct the stereochemical

course of a diastereoselective reaction, and subsequently the auxiliary is detached.

Applied to metal complexes, a chiral auxiliary may constitute a transiently

metal-coordinating chiral ligand which directs the stereochemical course of ligand

substitutions, and it is removed afterwards, leaving an enantiomerically enriched

metal complex behind.

The first example of chiral-auxiliary-mediated asymmetric synthesis was

introduced by Baila and co-workers. In 1948, Bailar Jr. reported that (R,R)-(+)-tartrate

can be employed as a chiral auxiliary for the synthesis of (+)-[Co(en)3]3+, en =
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1,2-ethylenediamine, in dynamic kinetic resolutions.11 Namely, racemic

[Co(en)2CO3]+ (en = 1,2-ethylene diamine) firstly reacted with the (R,R)-(+)-tartrate

to generate two diastereomers, (+)-[Co(en)2{(R,R)-(+)-tartrate}]+ and

(–)-[Co(en)2{(R,R)-(+)-tartrate}]+, as shown in Scheme 7. Subsequently, the two

diastereomers reacted with en at different rate based on their own different stability,

the less stable diastereomer (+)-[Co(en)2{(R,R)-(+)-tartrate}]+ reacted faster with en to

afford the major complex (+)-[Co(en)3]3+ 22 (the Λ-enantiomer) in a yield of 70% and

with an enantiomeric purity of up to 90%.

On the basis of the same strategy, Bailar group also reported the first

auxiliary-mediated asymmetric synthsis of enantiomerically enriched cationic

complex [Ru(bpy)3]2+ 23 from the reaction of K2RuCl5 hydrate with the

(R,R)-(+)-tartrate, followed by excess bpy. However, in comparison to the

enantiomeric purity of the cobalt complex (up to 90%), the ruthenium complex

achieved a much lower enantiomeric ratio (63: 37). Analogously, enantiomerically

enriched complexes [Ru(phen)3]2+ 24 was also obtained (Scheme 7).34

Scheme 7. (R,R)-(+)-tartrate as a chiral auxiliary for asymmetric synthesis of cobalt complex 22and ruthenium complexes 23 and 24.
The chiral auxiliary can also be a transient, cleavable linker between two or more

multidentate ligands. For example, Wild and co-workers developed a chiral

hexadentate linker, (R,R)-25, in which two tridentate

pyridine-2-aldehyde-2’-pyridyl-hydrazones are connected by a chiral (R,R)-tartrate

unit. When the hexadentate ligand 25 was reacted with [Fe(H2O)6](PhSO3)2,
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octahedral metal complex 26 was obtained with completely diastereomeric selectivity.

Unfortunately, the resulting metal complex 27 got partially racemized during the next

cleavage step, yielding only an enantiomeric ratio of 85 : 15 (Scheme 8).35

Scheme 8. Asymmetric synthesis of iron octahedral complex 27 by using a chiral linker as anauxiliary.
Based on the similar strategy, Fletcher and co-workers reported a chair tripodal

linker to control the metal-centered configuration.36 As shown in the Scheme 9, the

reaction of enantiopure tripodal hexadentate ligand (R,R,R)-28 with [Ru(DMSO)4Cl2]

in the presence of AgNO3 under reflux in EtOH and high dilution, afforded the

ruthenium complex Δ-(R,R,R)-29 as the main diastereomer (>95:5 d.r.) albeit in a low

yield of 10%. The subsequent cleavage of the ester bonds with aqueous KOH

provided the final product fac-Δ-30. However, the low yield of the coordination step

and the subsequent purification problem make this method rather unattractive.
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Scheme 9. Asymmetric synthesis of a fac--ruthenium polypyridyl complex 30 with a cleavablelinker (R,R,R)-28.
Inoue and co-workers reported the first use of a monodentate chiral sulfoxide—

(R)-(+)-methyl p-tolyl sulfoxide 31 as a chiral auxiliary to the asymmetric synthesis

of polypyridyl ruthenium complex 33, which was further optimized by Aït-Haddou

and co-workers.37 As shown in scheme 10, the reaction of racemic cis-[Ru(bpy)2Cl2]

with sulfoxide 31 afforded the configurational preferred Δ-32 with a diastereomeric

excess (de) of 74% and a high yield of 99%. Inoue et al. proposed that the preferred

diastereomer was stabilized by a combination of face-to-face π-stacking of the tolyl

group with a bidentate ligand and a hydrogen bond between the sulfoxide oxygen and

a pyridyl ortho-proton, which were supported by NMR experiments and X-ray

crystallographic analysis.38

Scheme 10. Monodentate methyl p-tolyl sulfoxide R-31 as a chiral auxiliary for the asymmetricsynthesis of polypyridyl ruthenium complex 33.
Although this monodentate chiral sulfoxide just resulted in moderate ee values of

the final compounds, it was still attractive to related synthetic chemists until 2009,

when Meggers group reported a general method to efficiently synthesize octahedral
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polypyridyl ruthenium complexes with remarkable enantiopurity mediated by a chiral

bidentate salicyloxazoline (Salox) ligand.39 As shown in Scheme 11, the asymmetric

synthsis of polypyridyl complex Λ-[Ru(pp)(pp’)(pp’’)]2+ 36 (pp, pp’, pp’’ = achiral

2,2’-bipyridines) was carried out in 3 steps starting from the precursor (S)-34, which

has four labile ligands. (S)-34 first reacted with one equivalent of

4,4’-di-tert-butyl-2,2’-bipyridine (dbb) in chlorobenzene at 70 oC, subsequently with

one equivalent of 5,5’-dimethyl-2,2’ -bipyridine (dmb) again in chlorobenzene at 70
oC, affording only one diastereomer Λ-(S)-35 under thermodynamic control in a

moderate yield of 64%. For the last step, the chiral-auxiliary-mediated complex

Λ-(S)-35 reacted with the excess bipyridine (bpy, 15 equiv ) in the presence of TFA

(trifluoroacetic acid, 5 equiv), yielding the polypyridyl ruthenium complex 36 with

total retention of centered-metal configuration.

Scheme 11. Salicyloxazoline as a chiral auxiliary for the asymmetric synthesis of polypyridylruthenium complexes.
In an analogous fashion, Meggers group found that (R)-HO-MOP,

(R)-2'-(diphenylphosphino)-1,1'-binaphthyl-2-ol, could serve as an effective chiral

auxiliary starting from the commercially available half-sandwich ruthenium dimer

[Ru(η6-C6H6)Cl2]2.40 Accordingly, [Ru(η6-C6H6)Cl2]2 reacted with 1.25 equiv of

(R)-HO-MOP and 2 equiv of bpy in dry ethanol and in the presence of Et3N at 95 ℃

in a sealed vial, affording the complex Λ-{Ru(bpy)2[(R)-HO-MOP]}Cl (Λ-(R)-37) in

one step with a satisfactory diastereoselectivity of 34 : 1 and a yield of 84%. Then the

coordinating auxiliary (R)-HO-MOP in the Λ-(R)-37 also can be replaced by the new

added ligand (bpy) via TFA acidification, and the resulting Λ-[Ru(bpy)3]2+ (Λ-23)

formed with high enantiopurity (Scheme 12).
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Scheme 12. Transfer of axial chirality of (R)-HO-MOP to metal-centered chirality in achiral-auxiliary-mediated asymmetric synthesis.
Chiral sulfoxides are especially attractive ligands as components of chiral

auxiliaries, because sulfoxides place their center of asymmetry—the coordinating

sulfur, in direct proximity to the metal, thus promoting an especially facile transfer of

chirality from the auxiliary to the metal. As described before, chiral monodentate

sulfoxide 31 has shown to be a moderate chiral auxiliary for the asymmetric synthesis

of polypyridyl ruthenium complexes. However, chiral bidentate chelates usually direct

the asymmetric coordination chemistry more effectively than monodentate ligands,

due to a restricted rotation around the M-L coordinative bonds that fixes the direction

of the hindrance from the directing ligand. Indeed, Meggers group recently reported

the bidentate sulfoxide (R)-SO {2-(isopropylsulfinyl)phenol}, which can be used as

an effective auxiliary for the thermodynamically-controlled asymmetric synthesis of

polypyridyl ruthenium complex Λ-23, starting from the complex cis-[Ru(bpy)2Cl2]

(Scheme 13).41 This method was successfully applied to other readily available

racemic ruthenium complexes cis-[Ru(pp)2Cl2] as well, pp = 1,10-phenanthroline

(phen) or 5,5’-dimethyl-2,2’-bipyridine (dmb).42
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Scheme 13. (R)-SO as an efficient auxiliary for the thermodynamically-controlled asymmetricsynthesis of ruthenium polypyridyl complex from the racemic starting complex cis-[Ru(bpy)2Cl2].
1.3 Metal Complexes as DNA Binders

Over the past few decades, small molecules that bind to DNA have shown

significant applications as diagnostic probes, reactive agents and therapeutics.43 The

design of substitutionally inert, octahedral transition metal complexes for DNA

binding agents has attracted more and more interest.44Compared to organic molecules,

transitional metal complexes possess two advantages as DNA binding agents. First

and foremost, coordination complexes offer a uniquely modular system. The centered

metal substantially acts as a structural center, holding a rigid, three-dimensional

scaffold of ligands. The DNA-binding and recognition properties thereby could be

easily varied by changing the ligands. Secondly, transition metal complexes bear rich

photophysical and electrochemical properties, and these properties have led to a wide

applications, such as fluorescent markers, DNA footprinting agents and

electrochemical probes etc.45

1.3.1 Structural Features of DNA

Before our discussion of DNA binding and recognition, some structural features

of DNA should be briefly reviewed. DNA consists of two complementary, antiparallel

poly-deoxyribonucleotide strands associated by specific hydrogen bonding
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interactions between nucleotide bases.46 Each base forms hydrogen bonds with its

complementary base on the opposite anti-parallel strand, A (adenine) with T (thymine)

and C (cytosine) with G (guanine), as shown in Figure 8a. The base pairs collectively

form a central, hydrogen-bonded π-stack that runs parallel to the helical axis between

the two strands of the sugar-phosphate backbone. In addition, the rise per base is 3.4

Å, and there are ten base pairs per helical turn.

DNA exists in mainly three possible conformations: A-DNA, B-DNA and

Z-DNA forms.45 The anti-parallel right-handed double helix B-DNA is the most

common form found in living cells. The sugar-phosphate backbone of paired strands

forms two different helical grooves, major groove and minor groove. As shown in

Figure 8b, the biologically relevant B-form DNA double helix is characterized by a

shallow, wide major groove and a deep, narrow minor groove.

Figure 8. Structural features of the DNA double helix. (a) Chemical features of Watson-Crick basepairings. (b) Molecular rendering of B-form DNA double helix.

http://en.wikipedia.org/wiki/Conformational_isomerism
http://en.wikipedia.org/wiki/A-DNA
http://en.wikipedia.org/wiki/Z-DNA
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1.3.2 Binding Modes of Metal Complexes with DNA

Non-covalent metal complexes can bind DNA in three different modes: groove

binding, intercalation, and insertion, as shown in the Figure 9. Groove binding means

that the metal complexes bind to DNA via the minor or major grooves due to van der

waals contact, while the intercalation involves the insertion of a planar-fused aromatic

ring between the DNA base pairs, and metallo-insertors bearing the aromatic ligands

that perform like replacements of the DNA base stack can eject a single base pair.45

Figure 9. The three binding modes of metal complexes with B-DNA: (A) groove binding (B)intercalation (C) insertion (ref. 45)
1.3.2.1 Groove Binding

The earliest work involving the interaction of coordinatively saturated octahedral

transition-metal complexes with DNA focused on the tris(phenanthroline) metal

complexes,47 such as [Co(phen)3]3+ 39, [Ru(phen)3]2+ 40 and [Ru(DIP)3]2+ 41 (DIP =

4,7-diphenyl-1,10-phenanthroline) (Figure 10). Based on extensive photophysical and

NMR experiments, it was proposed that these complexes bind to DNA via two distinct

modes: (i) hydrophobic interactions in the minor groove; (ii) partial intercalation of a

phenanthroline ligand into the helix in the major groove.48More importantly, the early

experiments revealed the chiral selectivity in DNA-binding. For instance, the

Δ-enantiomer of [Ru(phen)3]2+ 40 is preferred in the intercalative binding mode, while

the Λ-40 is favored in the minor groove binding mode.49 The ruthenium complex

[Ru(DIP)3]2+ 41 (DIP = 4,7-diphenyl-1,10-phenanthroline) bearing more sterically
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demanding phenanthroline ligand derivatives, displayed more dramatic chiral

discrimination—the Δ-enantiomer bound stereospecifically to right-handed B-DNA

while the Λ-enantiomer bound only to left-handed Z-DNA.17 Furthermore, this trend

of chiral selectivity in DNA-binding has always been observed for other non-covalent

metal complexes.50

Figure 10. Some exemplified early octahedral DNA probes.
1.3.2.2 Intercalation

Metallo-intercalators bear at least one intercalating ligand, an extended aromatic

system outward from the metal center that can π-stack between two base pairs. The

intercalating ligand of these complexes behaves as a stable anchor in the major groove,

oriented parallel to the base pairs, and directs the orientation of the ancillary ligands

with respect to the DNA duplex (Figure 11). Two well-known examples of

intercalating ligands are phi (phenanthrene-9,10-diimine) and dppz

(dipyridophenazine), and the related octahedral complexes Δ-[Rh(phen)2(phi)]3+ (Δ-42)

and Δ-[Rh(bpy)2(dppz)]2+ (Δ-43) are also shown in Figure 11.51,52
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Figure 11. Structure of two representative octahedral metallo-intercalators:Δ-[Rh(phen)2(phi)]3+ and Δ-[Rh(bpy)2(dppz)]2+ and an illustration of the intercalating complexoriented with respect to the DNA double helix. (The intercalating ligands are framed, and theancillary ligands are highlighted in gray.)
As described before, the earliest work shows that the Δ-enantiomer of the

octahedral metal complex preferentially binds to right-handed B-DNA. Actually, this

enantioselective discrimination is primarily steric in nature and depends on the size of

the ancillary ligands relative to that of the DNA groove.10,53 For instance, poor

enantioselectivity is observed with metallo-intercalators bearing small ancillary

ligands such as phen and bpy, whereas complete enantiospecificity is achieved with

bulkier ancillary ligands such as DPB (4,4'-diphenyl-2,2'-bipyridine).45 As shown in

Figure 12, the Δ-enantiomer of [Rh(DPB)2(phi)]3+ (Δ-44) readily cleaves the sequence

5’-CTCTAGAG-3’ upon photoactivation, but no intercalation or cleavage is observed

with the Λ-enantiomer, even with a thousand-fold excess of metal complex.

Figure 12. Metallo-intercalators of [Rh(bpy)2(phi)]3+ and [Rh(DPB)2(phi)]3+.
Besides octahedral metal complexes, inert and coordinatively saturated
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square-planar Pt(II) complexes with aromatic ligands also have intercalative

interactions with DNA. Lippard and coworkers reported that square-planar

platinum(II) complexes containing heterocyclic aromatic ligands, such as terpy, phen,

bipy and phi, bound to DNA duplexes through intercalating between the base pairs

(Figure 13).54 The crystal structure of [Pt(terpy)(HET)]+ 45 (terpy =

2,2':6',2''-terpyridine, HET = 2-hydroxyethanethiolate) bound to (dCpG)2 reveals that

the flat metal cation intercalates symmetrically between two GC base pairs.54

Figure 13. Square-planar platinum intercalators: terpy = 2,2':6',2''-terpyridine; HET =2-hydroxyethanethiolate; phen = 1,10-phenanthroline; bpy = 2,2´-bipyridine; phi =phenanthrene-9,10-diimine; en = ethylenediamine.
1.3.2.3 Insertion

The third non-covalent binding mode—insertion was first proposed by Lerman,

he speculated that organic moieties may bind ‘‘a DNA helix with separation and

displacement of a base-pair’’.55 Metallo-insertors, similar to metallo-intercalators,

contain a planar aromatic ligand that extends into the base-stack upon DNA-binding.

However, while metallo-intercalators unwind the DNA and insert their planar ligand

between two intact base-pairs, metallo-insertors eject the bases of a single base-pair,

with their planar ligand acting as a π-stacking replacement in the DNA base stack.

Barton and co-workers have contributed a lot to the understanding of insertion

mode, and a series of rhodium complexes as mismatch-specific DNA-binding agents

have been developed by them.56 The first generation complex Δ-[Rh(bpy)2(chrysi)]3+

(chrysi = 5,6-chrysenediimine), has proved to be remarkably selective—mismatches

are bound at least 1000 times tighter than matched base-pairs (Figure 14a). Moreover,
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it promotes direct strand cleavage of the DNA backbone adjacent to the mismatch site

upon photoactivation with UV-light.57 More recently, higher mismatch binding

affinities were obtained by the second generation complex [Rh(bpy)2(phzi)]3+ {phzi =

benzo[a]phenazine-5,6-quinone diimine}, bearing a similar expansive intercalating

ligand phzi (Figure 14b). Subsequently, a crystal structure of Δ-[Rh(bpy)2(chrysi)]3+

bound with a self-complementary oligonucleotide containing two AC mismatches

(5′-CGGAAATTCCCG-3′) confirmed that the complex bound mismatched DNA via

the mode of insertion.53

Figure 14. Chemical structures of two mismatch-specific metallo-insertors.
1.3.3 Hexacoordinate Silicon Complexes

For many of these metallo-intercalators or insertors, centered metal is just

employed as a structural octahedral center. However, metal-based toxicities somewhat

retard wider application of octahedral transition metal complexes for biological

research and medical therapy. Compared to metal, silicon also can form octahedral

compounds because of the availability of empty 3d orbitals, and more importantly, it

lacks toxic concerns.58 Accordingly, we expect to replace octahedral metal complexes

by related octahedral silicon complexes under some circumstances. Hence, we here

present a brief review of the preparative methods of hexacoordinate silicon

complexes.

Due to the widespread use of organosilicon compounds as intermediates in the

application of nucleophilic activation and catalysis, the distinctive hypervalent silicon

complexes has attracted great interest in the last decades.59,60 Hexacoordinate silicon
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complexes are mainly prepared by two methods: (1) Coordination to a tetracoordinate

silicon compound. (2) Substitution in a tetrafunctional silane by a bidentate ligand.

Scheme 14. Synthesis of [RSiF5]-K+ by fluoride donation to a halogenosilane.
Müller and co-workers firstly prepared [RSiF5]- by coordination of fluoride anion

to trifluorosilanes.61 They also reported that organopentafluorosilicates can be

prepared by addition of fluoride ion to other tetracoordinate organosilanes RSiX3 (X =

C1, Br, I, OR). Subsequently, Kumada et al. developed a practical preparation of these

organopentafluorosilicates,62 by the reaction of excessive KF in H2O with RSiCl3, as

shown in Scheme 14.

Scheme 15. Hexacoordinate silicon complexes (49~51) from the reaction of diimine withhalogenosilanes and the silicon complexes (54~56) prepared from 49a.
Organosilanes with at least two electronegative groups on silicon could further

coordinate to nitrogen donors to give hexacoordinate complexes. For example,

diimines NN {NN = bpy (a) or phen (b)} react with halogenosilane SiCl4 to efficiently

afford the hexacoordinate complexes [Si(bpy)Cl4] 49a and [Si(phen)Cl4] 49b
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respectively.63 Analogously, [Si(NN)2XY]I2 50 and [Si(NN)3]Br4] 51, with X, Y = H,

CH3, Ph, CH3O or Cl, can also be obtained. The hexacoordinate silicon complex 49a

can serve as the starting material to prepare other hexacoordinate complexes:

substitution of chlorine by dilithiobipyridyl gives neutral complexes 52 or 53,

formally SiII and Si0 respectively, depending on the stoichiometry of the reaction.63

Subsequently, cationic complexes 54 and 55 can be prepared from 52, while reaction

of 53 with iodine gives the four positive charged complex 56 (Scheme 15).64,65

Scheme 16. Anionic hypercoordinate silicon complexes prepared via substitution in atetrafunctional silane by a bidentate ligand.
As mentioned before, hexacoordinate silicon complex can be obtained via

substitution in a tetrafunctional silane by a bidentate ligand as well. Accordingly, Frye

and Corriu reported that, the anionic complex 57 was easily prepared by the reaction

of catechol with tetramethoxy (or tetraethoxy)-silane in basic conditions (Scheme

16).66 Catechol is such an effective ligand for the preparation of hypervalent silicon

species that complex 57 can also be prepared from SiO2 and even [(M+)2(SiF62-)] (M =
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Na, K), which is a byproduct of the fertilizer industry.67,68 Interestingly, when aliphatic

1,2-diol reacted with SiO2 in the presence of MOH (M = Li, Na, K, or Cs), complex

58 with two pentacoordinate silicon atoms exclusively formed, as shown in Scheme

16. However, if the reaction was performed with BaO, the product turned out to be

hexacoordinate complex 59.69,70
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Chapter 2 Aim of Work

My research work can be divided into the following two main parts:

I. Asymmetric Synthesis of Octahedral Ruthenium Complexes

1) To develop a straightforward method for the asymmetric synthesis of octahedral

mononuclear ruthenium complexes [Ru(pp)(pp’)(pp’’)]2+ (pp, pp’, pp’’= achiral

2,2’-bipyridines or 1,10-phenanthrolines). Our group has already developed a series

of efficient chiral auxiliaries for the asymmetric synthesis (Figure 15),39-42 and the

preparations of these disclosed auxiliaries are either complicated or somewhat

inconvenient, we aim to expand the auxiliary list and further simplify the asymmetric

synthesis. We exploit the amino acids as chiral auxiliary (shown in Figure 15).

Figure 15. Reported chiral auxiliaries for the asymmetric synthesis of octahedral mononuclearruthenium complexes and some examples of natural amino acids.
2) To investigate the asymmetric synthesis of enantiopure dinuclear ruthenium

complexes. We intend to apply the currently chiral-auxiliary mediated method for

asymmetric synthesis of mononuclear ruthenium complexes to the dinuclear

ruthenium complexes. Our strategy is transferring chirality from one metal center to
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the other through a bridging ligand, which means one chiral metal complex acting as

an auxiliary to direct the configuration of the other metal center via steric repulsion

between the ligands on both metal centers (Scheme 17).

Scheme 17. Strategy for asymmetric synthesis of dinuclear ruthenium complexes.
II. Synthesis and Biological Activities of Octahedral Silicon Complexes

Octahedral transition metal complexes have shown tremendous applications in

different areas of chemical research.2,12,37 However, metal-based toxicities currently

has retarded a wider application of octahedral transition metal complexes in biological

systems. We have noticed that for a variety of inert octahedral transition metal

complexes which are used in biological areas, the metal center actually acts as a

scaffold-center holding ligands in a three-dimensional fashion. Nevertheless, silicon

also can form octahedral compounds and lacks of toxic concerns. We wish octahedral

silicon complexes also can be used to replace the metal complexes in some biological

studies.

Hence, we plan to synthesize hydrolytically stable octahedral silicon complexes

with various ligands and electric charges, the possible structures of which are shown

in Figure 16, furthermore, we would like to explore some methods for asymmetric

synthesis of octahedral silicon complexes. Subsequently, we will investigate

biological activities of the octahedral silicon complexes, such as the interaction

between silicon complexes and DNA duplexes.
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Figure 16. Possible structures of octahedral silicon complexes.
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Chapter 3 Results and Discussion

3.1 Asymmetric Synthesis of Octahedral Ruthenium Complexes

As described in the theoretical part, octahedral metal complexes play an

important role for the design of nucleic acid probes and enzyme inhibitors, and single

enantiomers are typically desired for such applications.1,15,71 However, compared to

the highly sophisticated and tremendous methods for the asymmetric synthesis of

organic molecules, synthesis of chiral metal complexes is still in its infancy. Therefore,

it is very important to develop methods for efficient syntheses of enantiopure

chiral-at-metal complexes.

3.1.1 Mononuclear Ruthenium Complexes

The most extensively used strategy to obtain optically pure chiral-at-metal

complexes with achiral ligands involves an initial racemic synthesis, adopting

standard methods of coordination chemistry, followed by a chiral resolution procedure.

This method was time-consuming and inefficient, we focus on asymmetric synthesis

of metal complexes by using chiral auxiliary. Recently, Meggers group has

successfully developed a series of chiral auxiliaries for the asymmetric synthesis of

chiral octahedral mononuclear ruthenium complexes.39-42 However, the practical use

of these chiral auxiliaries is somewhat limited, such as the syntheses of

enantiomerically pure 2-diphenylphosphino-2’-hydroxy-1,1’-binaphthyl (HO-MOP)

and 2-sulfinylphenols (SO) are lengthy, while for chiral salicyloxazolines (Salox), the

asymmetric coordination chemistry of which needs specialized photochemical

equipment, and for the chiral N-acetyl-tert-butanesulfinamide (ASA), the scaling-up

procedure of which needs a careful adjustment of the reaction parameters (Figure 15).

Hence we were searching for other chiral auxiliaries that could be readily

prepared or commercially available. We turned our attention to the natural amino

acids, because they have been demonstrated to be highly versatile catalysts for
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asymmetric organic transformations, and we assumed that they may also serve as

inexpensive and readily available chiral auxiliaries for asymmetric synthesis of

polypyridyl ruthenium(II) complexes.72,73We tried four amino acids (shown in Figure

17) and found that L-proline could be the most promising auxiliary from all the

candidates. In this thesis, we just focus on the discussion about L-proline.

Figure 17. The four natural amino acids that have been tried.
Our new synthetic strategy is inspired by investigations of Vagg and Williams,

who reported that for the (S)-aminoacidate complexes of Δ,

Λ-[Ru(pp)2{(S)-aminoacidate}]+, pp = bidentate polypyridyl ligand, the

Λ-diastereoisomer is typically thermodynamically more stable.74,75 The authors

explained that an inter-ligand repulsion between the α-pyridyl proton of one

polypyridyl ligand and the α-side chain of the aminoacidate ligand results in the less

favored Δ-propeller, which could be clearly observed in the structural models (Figure

18). We speculated that this thermodynamic difference between the Δ, Λ-diastereomer

should be pronounced in the related ruthenium-prolinate complexes which might

enable us to develop an asymmetric synthesis of ruthenium polypyridyl complexes.

Figure 18. Structural models of diastereoisomers Δ-/Λ-[Ru(pp)2{(S)-aminoacidate}]+.
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Following the general experimental procedures for the synthesis of

Δ-/Λ-[Ru(pp)2{(S)-aminoacidate}]+, the racemic cis-[Ru(bpy)2Cl2] (bpy =

2,2'-bipyridine) (60) reacted with 1.2 equiv of L-proline in EtOH and in the presence

of 2.0 equiv of K2CO3 at 100 °C for 2h, Λ-[Ru(bpy)2(L-prolinate)]PF6 {Λ-(S)-61},

and Δ-[Ru(bpy)2(L-prolinate)]PF6 {Δ-(S)-61} formed as the main products with a

crude diastereoselectivity between the Λ- and Δ-diastereomer of proximate 1 : 1 {42%

(Λ-), 40% (Δ-)} as shown in Scheme 18. These two isomers can be easily purified and

separated by silicon-gel column chromatography. According to 1H-NMR, the d.r.

values of the two chromatographic separated isomers were larger than 100 : 1. The

characteristic proton signals of these two diastereomers can be easily distinguished in

high field (4.0~5.0 ppm) and low field (8.8~9.3 ppm) (Figure 19).

Scheme 18. Synthesis of Δ-/Λ-[Ru(bpy)2(L-prolinate)]PF6 (61).
a) the mixture of Λ-/Δ-(S)-61

b) pure Λ-(S)-61

Λ-(S)-61

Λ-(S)-61

Δ-(S)-61
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c) pure Δ-(S)-61

Figure 19. 1H-NMR spectra of [Ru(bpy)2(L-prolinate)]PF6. a) the mixture of two diastereomers. b)pure Λ-(S)-61. c) pure Δ-(S)-61.
Single crystals of complex Λ-(S)-61 suitable for X-ray diffraction was obtained

by diffusion of Et2O in DCM solution, and the crystal structure shown in Figure 20

confirms the absolute configuration of the ruthenium scaffold. The central atom in

complex Λ-(S)-61 is ligated by one oxygen atom and five nitrogen atoms in a slightly

distorted octahedral coordination geometry. N1 and O31 occupy two sites of axis (the

angle of N3-Si1-O1 is 171.2(3)o), whereas N20, N13, N25 and N8 occupy equatorial

positions forming a nearly planar quadrilateral geometry around the ruthenium center

{∠N8-Ru1-N20 = 94.0(4)º, ∠N20-Ru1-N13 = 77.7(4)º, ∠N8-Ru1-N25 = 93.3(3)º,

∠N13-Ru1-N25 = 95.1(4)º; Σ = 360.2(5)º}, which indicates that there is no

pronounced intramolecular repulsion among the ligands in this complex.

Figure 20. Crystal structure of the diastereomer Λ-(S)-61. ORTEP drawing with 50% probabilitythermal ellipsoids. Only one of two independent ruthenium complexes shown. A nitrate

Δ-(S)-61
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counterion and water molecules are omitted for clarity. Hydrogens are shown at the stereogeniccarbon (S) and nitrogen (S). Selected bond distances (Å) and angles (°): N1-Ru1 1.993(7), N8-Ru12.014(9), N13-Ru1 2.084(8), N20-Ru1 2.060(10), N25-Ru1 2.131(9), O31-Ru1 2.090(6);N1-Ru1-O31 171.2(3), N1-Ru1-N20 92.9(3), N20-Ru1-O31 94.4(3), N1-Ru1-N25 93.5(3),O31-Ru1-N25 79.8(3), N8-Ru1-N20 94.0(4), N20-Ru1-N13 77.7(4), N8-Ru1-N25 93.3(3),N13-Ru1-N25 95.1(4).
The CD spectra of the two resolved diastereomers, Λ-(S)-61 and Δ-(S)-61, are

displayed in Figure 21. From the CD spectra, we can see that the two curves of

Λ-(S)-61 and Δ-(S)-61 are opposite. Based on the crystal structure of Λ-(S)-61 and the

CD spectra of both diastereomers, the metal-centered configuration of the other

diastereomer Δ-(S)-61 was able to be assigned.
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Figure 21. CD spectra of compounds Λ-(S)-61 and Δ-(S)-61 in CH3CN (0.1 mM).
We thought that the diastereoselectivity of this reaction could be improved by

changing the reaction conditions, such as reaction temperature or the ratio of reactants.

Indeed, when the racemic cis-[Ru(bpy)2Cl2] (60) (50 mM) reacted with 2 equiv of

L-proline in ethylene glycol and in the presence of 0.5 equiv of K2CO3 at 170 °C for

around 3 minutes, Λ-[Ru(bpy)2(L-prolinate)]PF6 {Λ-(S)-61} formed as the main

product with a crude diastereoselectivity between the Λ- and  -diastereomer of 

10 :1 (determined by 1H-NMR before purification) (Scheme 19). We found that small

amounts of unidentified side products were formed with 1 equiv of L-proline and 0.5

equiv of K2CO3, whereas with 10 equiv of L-proline and no K2CO3, the reaction was

slower (completed in 10 min) and the yield was also lower (around 60%, more
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byproducts). Since it is not easy to remove the excess of L-proline during the

purification process, larger excess of L-proline should be avoided.

Scheme 19. Asymmetric synthesis of Λ-[Ru(bpy)2(L-prolinate)]PF6 {Λ-(S)-61}.
We also screened different temperatures and concentrations in order to further

improve the diastereoselectivity based on the optimized reactant ratio. The best

reaction conditions were shown in Table 1: the racemic cis-[Ru(bpy)2Cl2] (60) (200

mM) reacted with 2 equiv of L-proline and 0.5 equiv of K2CO3 at 190 °C (oil bath

temperature) for 3~4 minutes.

Table 1. Influence of reaction temperature and concentration on the diastereoselective formationof Λ-(S)-61.
entry concentration[a] temperature crude d.r.[b] yield[c]

1 50mM 170 °C ≥10:1 65%

2 100mM 180 °C ≥15:1 67%

3 100mM 190 °C ≥20:1 67%

4 200mM 180 °C ≥18:1 70%

5 200mM 190 °C ≥20:1 74%

[a] General reaction conditions: The racemic cis-[Ru(bpy)2Cl2] (60) with L-proline (2.0 equiv) and K2CO3 (0.5

equiv) was heated in ethylene glycol under argon for 3~5 min at the indicated oil bath temperature. [b] Determined

from the crude product by 1H-NMR before silica-gel column chromatography. [c] Isolated yield of the

hexafluorophosphate salt of the Λ-(S)-diastereomer after silica-gel column chromatography with high purity (final

d.r. ≥ 100 : 1).
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We also applied to other racemic starting complexes cis-[Ru(pp)2Cl2], pp =

5,5’-dimethyl-2,2’-bipyridine (dmb, 62), 1,10-phenanthroline (phen, 63), and

2’2-biquinoline (biq, 64). Through similar procedures, single diastereomers Λ-(S)-66

(70%), Λ-(S)-67 (67%), and Λ-(S)-68 (72%) could be obtained as the major

diastereomers as the result shown in Table 2.

Table 2. Synthesis of the L-prolinate complexes Λ-(S)-61, Λ-(S)-66~69.
entry rac-[Ru(pp)(pp’)Cl2] temperature[a] main product crude d.r.[b] yield[c]

1 pp = pp’ = bpy (60) 190 °C Λ-(S)-61 ≥20:1 74%

2 pp = pp’ = dmb (62) 190 °C Λ-(S)-66 ≥35:1 70%

3 pp = pp’ = phen (63) 190 °C Λ-(S)-67 ≥25:1 67%

4 pp = pp’ = biq (64) 180 °C Λ-(S)-68 ≥30:1 72%

5 pp = bpy, pp’ = dmb (65) 190 °C Λ-(S)-69 >40:1[d] 75%

[a] General reaction conditions: The mixture of racemic ruthenium complexes (200 mM) with L-proline (400 mM),

and K2CO3 (100 mM) was heated in ethylene glycol under argon for several min at the indicated oil bath

temperature. See experimental part for more details. [b] Determined from the crude product by 1H-NMR before

silica-gel column chromatography. [c] Isolated yield of the hexafluorophosphate salt of the Λ-(S)-diastereomer(s)

after silica-gel column chromatography with high purity (final d.r. ≥ 100 : 1). [d] Ratio Λ-(S)/Δ-(S). The two

Λ-(S)-diastereomers formed in a ratio of 5 : 2 determined by 1H-NMR.

Single crystals of the two diastereomers, Λ-(S)-68 and Δ-(S)-68, suitable for

X-ray diffraction were obtained by slow diffusion of Et2O in DCM solution. The

crystal structures shown in Figure 22 present the difference between the two

coordination modes around ruthenium centers, and indicate the thermodynamic

preference for the Λ-diastereomer since the Δ-diastereomer contains a steric repulsion

between the CH2-group next to the coordinated nitrogen of L-prolinate and one of the

coordinated bipyridyl ligands. This is consistent with the thermodynamic preference
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