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Abstract 

 

A one-pot catalytic β-alkylation of secondary alcohols with primary 

alcohols to give higher alcohols with water as the only by-product is a highly 

desirable process. Cyclopentadienyl (Cp) ruthenium complexes 

[CpRu(PPh3)2(CH3CN)]+BF4
- (M1), CpRu(PPh3)2Cl (M2) and CpRu(dppm)Cl 

(M3) and hydrotris(pyrazolyl)borato (Tp) ruthenium complexes TpRu(PPh3)2Cl 

(M4) and [TpRu(dppm)(CH3CN)]+BF4
- (M5) are found to be active catalysts for 

the β-alkylation of secondary alcohols with primary alcohols. Mechanistic 

aspects of the M1-M5-catalyzed reactions were investigated; the crucial hydrido 

complexes CpRu(PPh3)2H (M6), TpRu(PPh3)2H (M8), CpRu(dppm)H (M10) 

and TpRu(dppm)H (M11), which were formed by alkoxide attack at the metal 

center and subsequent β-elimination, were identified. Aldehydes and ketones 

were generated concomitantly. The reaction pathway is broadly similar to that of 

the common mechanism for the one-pot catalytic β-alkylation of secondary 

alcohols with primary alcohols involving alcohol oxidation, ketone alkylation 

and ketone reduction. Carbonyl complexes CpRu(PPh3)(CO)Ph (M7) and 

TpRu(PPh3)(CO)Ph (M9) resulting from aldehyde decarbonylation were formed 

in some cases, and surprisingly, they are also found to be active for the catalytic 

processes. Although not observed, the anionic metal hydride complex is believed 

to be the key intermediate of the catalytic process. 

 

The aminocyclopentadienyl-ruthenium complexes 

[(CpNMe2)Ru(PPh3)2(CH3CN)]+BF4
- (M16) and 

[(CpNEt2)Ru(PPh3)2(CH3CN)]+BF4
- (M17) were prepared by protonation of the 
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hydride precursors, (CpNMe2)Ru(PPh3)2H (M14) and (CpNEt2)Ru(PPh3)2H 

(M15), with HBF4·Et2O in the presence of acetonitrile; the hydride complexes 

M14 and M15 were formed by reacting CpRu(PPh3)2Cl (M2) with LiNR2 (R = 

CH3, C2H5) in THF. X-ray crystallography study of M16 shows that the nitrogen 

atom of the aminocyclopentadienyl ligand is nearly coplanar with its substituents, 

which indicates delocalization of the lone pair electrons. 

 M16 and M17 are found to be moderately active catalysts for α-alkylation 

of arylacetonitriles with primary alcohols; on the other hand, the analogous 

unsubstituted cyclopentadienyl ruthenium complex [CpRu(PPh3)2(CH3CN)]+BF4
- 

(M1) shows very low catalytic activity. On the basis of experimental results and 

theoretical calculations, rationalization for the much higher catalytic activity of 

the aminocyclopentadienyl complexes over that of the unsubstituted Cp complex 

is provided. In the catalytic systems with the aminocyclopentadienyl-ruthenium 

complexes M16 and M17, it is possible to regenerate the active solvento species 

via protonation of the metal hydride intermediate and subsequent ligand 

substitution; this process is, however nonfacile in the catalytic system with the 

unsubstituted cyclopentadienyl ruthenium complex M1. 

 

 Tp-ruthenium (II) diphosphinoamino complex 

TpRu(4-CF3C6H4N(PPh2)2)OTf (M24) is prepared by chloride abstraction from 

its chloride precursor TpRu(4-CF3C6H4N(PPh2)2)Cl (M21) using AgOTf in THF 

as the solvent; the chloride precursor M21 is formed by reacting TpRu(PPh3)2Cl 

(M4) with 4-CF3C6H4N(PPh2)2 in toluene. The molecular structures of M21 and 

M22 are determined by X-ray crystallography.  
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M24 is found to be an active catalyst for the 2-alkenylation of 

1,3-dicarbonyl compounds with terminal alkynes in Markovnikov manner. The 

31P{1H}NMR monitoring experiment shown that, M24 reacts with terminal 

alkyne to give the vinylidene complex 

[TpRu(4-CF3C6H4N(PPh2)2)(=C=CHR)]+OTf-. Under the reaction conditions, the 

vinylidene complex is deprotonated by adventitious water in the substrates to 

afford the alkynyl complex TpRu(4-CF3C6H4N(PPh2)2)(C≡CR), which is the 

dominant metal-containing species throughout the catalytic process; the alkynyl 

complex by itself, however, is not the active species as demonstrated by an 

independent experiment. It is proposed that, triflate acid (H3O+OTf-) generated 

by the deprotonation of the vinylidene moiety of 

[TpRu(4-CF3C6H4N(PPh2)2)(=C=CHR)]+OTf- by H2O reacts with other species 

presence in the catalytic system to form a new acidic species suspected to be 

O
H

O+   OTf -

(B+). To a very small extent, the alkynyl complex is partially protonated 

by B+ to generate very minute amount of the vinylidene complex, which at the 

reaction temperature equilibrates with its η2-alkyne tautomer; the latter is 

immediately attacked by the 1,3-dicarbonyl compound or its enol form originated 

from B+ and in close vicinity. The molecular structures of the intermediates in the 

M24-catalyzed 2-alkenylation of acetylacetone with phenylacetylene are 

determined by X-ray crystallography.  

 

Secondary amines also add to terminal alkynes yielding the corresponding 

enamines under the influence of M24. Similarly, displacement of the triflate 

ligand in M24 by the terminal alkyne affords the vinylidene complex 

[TpRu(4-CF3C6H4N(PPh2)2)(=C=CHR)]+OTf-. In the presence of amine the 
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vinylidene complex is expected to be in equilibrium with the alkynyl complex 

TpRu(4-CF3C6H4N(PPh2)2)(C≡CR); the equilibrium lies predominately to the 

side of the latter, which is the most stable metal-containing species throughout 

the catalysis. The vinylidene complex undergoes nucleophilic attack by the 

amine at the α-carbon to afford an α-aminovinylruthenium species. Protonlysis 

of the intermediate regenerates the catalytic cycle. In contrast to the result of the 

M24-catalyzed 2-alkenylation of 1,3-dicarbonyl compounds with terminal 

alkynes to yield Markovnikov products, M24 catalyzes hydroamination of 

terminal alkynes to enamines in anti- Markovnikov fashion.   
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Chapter 1 Introduction 

 

1.1 Oxidation as an Activation Process for Alcohols 

 Alcohols have limited reactivity without certain activation. In general, 

activation can be either by the addition of a basic reagent to form a nucleophilic 

alkoxide, or by the addition of an acid to provide an electrophilic species. 

Carbonyl compounds, on the contrary, usually have a much wider range of 

reactivity, and are much susceptible to nucleophilic reagent, or acting as 

nucleophiles themselves (enol or enolate). Therefore, an activation process 

involving a temporary oxidation of an alcohol into a corresponding carbonyl 

compound is desirable. 

 

 Alcohols can be temporarily converted into carbonyl compounds by 

metal-catalysed oxidization reaction. The carbonyl compounds show a much 

wider range of reactivity than the precursor alcohols and can react in situ to give 

various α-functionalized carbonyl derivatives. The metal catalyst borrows the 

hydrogen atoms and then returns them back to the transformed carbonyl 

compounds, resulting in an overall process in which the alcohols are converted 

into higher molecules. Examples involving the utilization of the above activation 

strategy are identified in Scheme 1.1. The additional reactivity of carbonyl 

compounds over alcohols is illustrated by imine formation followed by reduction 

(i), alkene formation and reduction to a C-C bond (ii) and enolisation, 

electrophilic trap and reduction leading to a functionalized alcohol (iii). In all 

cases, there is ideally no net hydrogen loss during the reaction sequence, thus 

giving rise to a high atomic efficiency.  
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E

OH

(i) (ii) (iii)  

Scheme 1.1 Activation of alcohols by borrowing hydrogen 

 

 Recent researches in this area have benefited from the development of 

transfer hydrogenation chemistry. Late transition metals have been shown to be a 

catalytic component for imine and alkene reduction using alcohols as hydrogen 

donors.[1]  Transfer hydrogenation reactions,[2] and their asymmetric variants[3] 

have been well reviewed, along with a detailed analysis of the mechanisms 

involved in these processes.[4] In the transfer hydrogenation reactions, several 

mechanisms are proposed depending on the metal-ligands relationship. Metal 

catalysts may react via mono-hydride or di-hydride complexes, or even react 

without forming any hydrido species. 

 

The “borrowing hydrogen” strategy has been adopted for the β-alkylation of 

secondary alcohols and 2-alkylation of organic nitriles in this research; we are 
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herein reviewing various reactions involving the activation of alcohols by 

temporary oxidation followed by reductive restoration of the alcoholic moiety.   

 

1.1.1 Carbon-Carbon Bond Formation from Alcohols 

The direct C-C bond formation via alcohols to give higher alcohols is of 

fundamental importance. However, the process is generally disfavoured due to 

the poor leaving ability of the hydroxide group. An alternative activation 

pathway that involves alkenes formation followed by in situ reduction is 

therefore desirable. 

 

Kaneda et al. reported a related α-alkylation reaction of various nitriles with 

primary alcohols or carbonyl compounds through tandem reactions consisting of 

oxidation, aldol reaction and reduction promoted by hydrotalcite-supported metal 

species.[5, 6] A similar system was studied by Grigg and co-workers. A wide 

range of substituted aryl and heteroaryl nitriles reacted with primary alcohols in 

the presence of [IrCp*Cl2]2 to deliver the α-alkylated derivatives in excellent 

yield.[7]   

 

Wittig reaction has also been used in this strategy for the synthesis of C-C 

bond from alcohols. Williams and co-workers reported an indirect Wittig 

reaction of alcohols using an iridium catalyst, [IrCl(cod)2]. The complex was 

believed to remove hydrogen atoms from alcoholic substrates to afford 

intermediate carbonyl compounds, which then underwent in situ olefination to 

give alkenes. The iridium catalyst returned the borrowed hydrogen atoms and 

provided alkanes as products where a new C-C bond had been generated from 
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the starting alcohol (Scheme 1.2).[8] This domino reaction sequence afforded 

alkane derivatives directly from alcohol. Only one equiv. of alcohol was required 

as the hydrogen atoms loaned from the oxidation step would subsequently be 

returned in the hydrogenation of the alkene intermediates.  

 

PPh3R2

[M]

R1 OH

R1 O

R1 R2

R1 R2

[M]H

H

 

Scheme 1.2 Indirect Wittig reaction of alcohols 

 

The α-alkylation of ketones with primary alcohols has been studied 

extensively during the past decade. For example, Cho, Shim and co-workers 

reported an example of ruthenium-catalyzed transfer hydrogenation between an 

array of ketones and primary alcohols. The reaction proceeded via a successive 

oxidation, aldol condensation followed by reduction pathway.[9] Later on, they 

showed that the same reaction was carried out in the presence of a hydrogen 

acceptor such as 1-dodecene to avoid the formation of α-alkylated alcohols.[10] 

Alternatively, α-alkylation of ketones could also be accomplished by the 

phosphine free ruthenium catalyst Ru(DMSO)4Cl2 as reported by Yus and co-

worker. By changing the reaction conditions, either the expected ketones or their 

related alcohols were produced.[11, 12] Palladium catalyst was also used for the 
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α-alkylation of ketones by Park et al. The heterogeneous palladium catalyst, 

which is composed of palladium nanopartical entrapped in aluminum hydroxide, 

was applied in this type of reaction. An important feature of the reaction was that 

the catalyst was active in the presence of oxygen and produced enones 

selectively under 1 atm O2, whereas ketones were the major product under Ar (eq. 

1.1).[13] 

 

(1.1)

Pd/AlO(OH)

O2 Ar Ph Ph

O

Ph Ph

O Pd/AlO(OH)
+

Ph

O

OHPh  

 

Ishii and co-workers developed an iridium-based catalyst, [Ir(cod)Cl]2, 

for the C-C bond formation from alcohols. Ketones were directly α-alkylated 

with primary alcohols under the solvent free condition.[14] All the above 

mentioned methods provide convenient routes to ketones derivatives to which a 

carbonyl function can be introduced at the desired position by choosing different 

combinations of ketones and alcohols substrates.  

 

1.1.2 β-Functionalization of Alcohols 

 Temporary oxidation of alcohol to a carbonyl compound also provides an 

opportunity to access to the enol/enolate chemistry. Scheme 1.3 represents the 

possibility for the β-functionalization of alcohols. When alcohol is oxidized to 

the corresponding carbonyl compound, the electronic nature is temporarily 

enhanced to enable an electrophilic addition to the enol/enolate. 
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E+ (via enol/enolate)

[M]

[M]H

H

R
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OH

R
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O
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OH

R

O

 

Scheme 1.3 Borrowing hydrogen in the β-functionalization of alcohols 

 

Examples of the β-functionalization of alcohols via enol/enolate include the 

bromination of alcohols as reported by Williams and co-workers. In the presence 

of an aluminum alkoxide, bromination followed by reduction afforded 

brominated product as described in eq. 1.2.[15]  

 

(1.2)Ph

OH

Ph

OH
Br

Al(OtBu)3

PyHBr3  

 

 The activation of two primary alcohols by borrowing hydrogen can lead 

to an interesting coupling reaction. Sbrana and co-workers have reported their 

achievement in the selective synthesis of isobutanol via the Guerbet condensation 

of methanol with n-propanol using a variety of transition metal catalysts.[16, 17] 

The β-alkylation of secondary alcohols with primary alcohols has also been 

reported as outlined in Scheme 1.4. Typically, such reactions are believed to 

involve oxidization of both alcohols to form a ketone and an aldehyde, which 

undergo an aldol concentration giving an α,β-unsaturated ketone, and it is 

reduced to afford β-alkylated alcohol. 
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R

O

R'

-2H2

Aldol condensation

R

OH

R'

+2H2

R

OH
HO R'+

R

OH
O R'+

 

Scheme 1.4 Carbon-Carbon bond formation between alcohols   

  

 Following the progress of α-alkylation of ketones,[9] Cho et al. designed 

a ruthenium-catalyzed regioselective β-alkylation of secondary alcohols with 

primary alcohols where 1-dodecene was added as a sacrificial hydrogen 

acceptor.[18] The reaction pathway was broadly similar to that outlined in 

Scheme 1.4. The reaction was applicable to a wide range of aryl methyl, alkyl 

methyl and cyclic carbinol, and with alkyl methyl carbinols. The alkylation took 

place exclusively at the less-hindered methyl position over β-methylene and β-

methine. Yamaguchi et al. reported a similar system for the β-alkylation of 

secondary alcohols with primary alcohols using Cp*Ir complex. The reported 

system required neither the addition of hydrogen acceptor nor donor. [19]  
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1.2 Introduction of Diphosphinoamine ligands, RN(PX2)2, and Related 

Chemistry 

Throughout the development of inorganic and organometallic chemistry, 

few ligands have been as widely employed as tertiary monophosphines and 

diphosphines.[20] Diphosphine ligands in which two phosphorous nuclei are 

linked by a carbon atom or chain have been the subject of numerous 

investigations during the past three decades.[21-24] The versatility of these 

ligands arises from their ready coordination to metal centers through the lone pair 

electrons at both of the phosphorous atoms, and the variety of their coordination 

modes (monodentate, chelating and bridging).  

 

The major application of metal complexes containing phosphine ligands is 

in homogeneous catalysis.[25] Since Wilkinson’s original work on the catalytic 

activity of Rh(PPh3)3Cl for hydrogenation reaction,[26] phosphine complexes 

have been extensively developed and are now commonly used in catalysis.[27] 

More recently, interest in diphosphine ligands, in which the backbone of the 

molecule comprises a heteroatom or group, is also growing rapidly. 

Diphosphinoamine ligands, RN(PX2)2 (Chart 1.1), for example, are particular 

important as they are isoelectronic with Ph2PCH2PPh2 

[bis(diphenylphosphospino)methane, dppm];[28-32] they offer considerable 

scope and versatility[33] since the substitutions on both nitrogen and 

phosphorous can be varied readily with attendant changes in the P-N-P bond 

angle and the conformation around the phosphorous centers.[34, 35] Furthermore, 

fairly small differences in these ligands can cause significant changes in their 

coordination behavior and the structural features of the resulting complex.[36] 
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N
X2P

PX2

R  

Chart 1.1 

  

Diphosphinoamine ligands plays an important role in the present research; 

we are herein going to review their synthesis, reactivity, coordination chemistry 

and their application in catalysis.  

 

1.2.1 Syntheses of Diphosphinoamine Ligands 

 The synthesis of diphosphinoamine ligands have been achieved via a 

number of routes. Silylated amines such as hexamethyldisilazane can be used in 

condensation reactions with chlorodiphenylphosphine to afford 

bis(diphenylphosphino)amine, HN(PPh2)2 (dppa), in good yield (eq. 1.3).[37] 

Instead of using silylated amine as a source of nitrogen, reactions employing  

alkyl or aryl substituted primary amines and chlorodiphenylphosphine also yields 

ligands of the type RN(PPh2)2 (eq. 1.4).[38]  The HCl liberated from the reaction 

forms a salt with an organic base, for instance triethylamine, which is insoluble 

in the reaction solvent and therefore leads to facile separation and purification. 

By similar methods, other derivatives can also be prepared. Ligands of the type 

RN(PCl2)2 can be synthesized by a variety of routes. The most common one is 

the reaction of RNH3Cl salt with trichlorophosphine;[39] subsequent reaction of 

the chloro-ligand with antimony trifloride gives the fluoro-derivative RN(PF2)2 

(eq. 1.5).  
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(1.3)

(1.5)

(1.4)

HN(SiMe3)2 

2PCl3

2PPh2Cl

2PPh2Cl

RNH2

RNH3Cl

+

+

+

HN(PPh2)2

RN(PPh2)2

RN(PCl2)2

+

+

+

2Me3SiCl

2HCl

3HCl RN(PF2)2 + SbCl3  

 

The ligands behave as diphosphines in many reactions. Oxidation occurs 

with selected chalcogen elements (i.e. oxygen, sulphur or selenium) to afford a 

range of possible ligands (Scheme 1.5). Double oxidization of diphosphinoamine 

ligands gives another set of ligands, RNP((E)X2)2 (E= O, S or Se), which have 

shown an extensive coordination chemistry with numerous metals.  

 

X2P
N

PX2

R

X2P
N

PX2

R

E

X2P
N

PX2

R

E E

E = O, S or Se

 

Scheme 1.5 Heteroatom ligands derived from diphosphinoamine ligands 

 

  The P-N bonds of diphosphinoamine ligands are relatively unstable. 

They can be cleaved by gaseous HCl to produce the corresponding alkyl or 

arylamine hydrochloride and chlorodiphenylphosphine. Whilst dilute aqueous 

HCl hydrolyses the ligands to the corresponding ammonium ion and 

diphenylphosphinous acid, the diphenylphosphinous acid is then oxidized to 

diphenylphosphinic acid. Concentrated aqueous HCl does not hydrolyse the P-N 

bond, but forms the corresponding hydrochloride. In comparison the alkylamino 
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bis(difluorophosphines) are more resistant to cleavage, but do react with aqueous 

HCl with cleavage of both P-N bonds to afford chlorodifluorophosphine.[39]  

 

1.2.2 Coordination Chemistry of Diphosphinoamine Ligands 

 The versatility of diphosphinoamine ligands is illustrated by the fluoro-

derivative, MeN(PF2)2. Following Nixon’s work on Group 6 metal carbonyl 

derivatives containing MeN(PF2)2, [40] King et al. showed that MeN(PF2)2 could 

coordinate to transition metals in a monodentate or bidentate fashion to give rise 

to mononuclear as well as dinuclear species.[33] Although a monodentate mode 

of coordination is feasible, the planar geometry of the nitrogen atom in 

diphosphinoamine ligands permits facile incorporation of the ligands to the 

transition metal as a chelated or bridged structure[41]. The structures of the 

transition metal complexes with diphosphinoamine ligands also depend on the 

other ligands present and the coordination tendency of the particular metal such 

as Cr(0) octahedral, Fe(0) trigonal and Ni(0) tetrahedral. Accordingly, 

diphosphinoamine complexes can display several modes of coordination as 

shown in Figure 1.1. The coordination chemistry of diphosphinoamine ligands 

will be described in the following section which classifyies the complexes in 

terms of different Groups in the periodic table of elements.  
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Figure 1.1 Possible coordination modes of diphosphinoamine ligands 

 

Illuminating the metal precursors CpM(CO)4 (M= V or Nb) with 

MeN(PF2)2 under ultraviolet irradiation affords mononuclear complexes.[33, 42] 

These are the first examples in which all four carbonyl groups of the CpM(CO)4 

unit have been completely replaced by other ligands (eq 1.6).  

 

(1.6)

1:1

1:2MeN(PF2)2

CpM(CO)2MeN(PF2)2

CpM(MeN(PF2)2)2

CpM(CO)4
hv
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Reactions of diphosphinoamine ligands with Group 6 metals were first 

reported by Payne et al.[43, 44] Krishnamurthy and co-workers also 

demonstrated the ready formation of the monochelated complexes. An X-ray 

crystallographic study of the complexes Mo(CO)4PhN{P(OPh)2}2 and 

W(CO)4
iPrN(PPh2)2 confirmed that these complexes possessed the expected cis- 

configuration.[45] Photochemical reactions of M(CO)6 (M=Cr, Mo or W) with 

an excess of MeN(PF2)2 gave completely substituted complexes, 

Mo{MeN(PF2)2}3, which were the first known carbonyl free chelate complexes 

of Group 6 metals.[46, 47] Such complete substitution of CO groups of Group 6 

metal carbonyls by diphosphino alkanes Ph2P(CH2)nPPh2 (n=2-4) could not be 

achieved either thermally or photochemically.  

 

Only a few diphosphinoamine complexes of Mn are known. Ultraviolet 

irradiation of CpMn(CO)3 with MeN(PF2)2 gives CpMn(CO)MeN(PF2)2 and the 

carbonyl-free complex CpMn{MeN(PF2)2}2  containing one bidentate and one 

monodentate MeN(PF2)2 ligand (eq. 1.7).[48] The triple bonded dirhenium 

complexes of dppa have been reported by Walton and co-workers. The reactions 

of dirhenium (III) carboxylates of the type [Re2(O2CMe)2X4(H2O)2] (X= Cl or Br) 

with dppa afforded mixed phosphine-halide complexes with bridging phosphino 

and acetato ligands.[49, 50]  
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(1.7)

1:1

1:2

CpMn(CO)3

MeN

Cp

Mn
F2P
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N PF2
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CO

MeN(PF2)2

hv

 

 

Photochemical reactions of Fe(CO)5 or Fe(CO)9 with RN(PX2)2 afford 

products that contain either chelating or bridging diphosphinoamines, depending 

on the reaction conditions.[51] Ultraviolet irradiation of equimolar quantity of 

Fe(CO)5 and RN(PX2)2 in the presence of triethylamine N-oxide affords the 

chelated mononuclear complexes of the type Fe2(CO)3RN(PX2).[45] The 

reactions of ruthenium clusters and their derivatives with diphosphinoamine 

ligands have been investigated extensively by Haines and co-workers. In addition 

to chelated complexes, di-, tri- and even tetranuclear complexes have been 

isolated.[29, 52, 53] Treatment of Ru3(CO)12 with dppa leads to trinuclear 

complexes Ru3(CO)10(dppa) or Ru3(CO)8(dppa)2 quantitatively, depending on the 

reaction conditions.[54] Reactions of various diphosphinoamine ligands with 

CpRu(PPh3)2Cl leads to the formation of different types of mononuclear 

complexes depending on the substituents on both of the phosphorus centers and 

the bridging nitrogen atom. For example, reaction of dppa with CpRu(PPh3)2Cl 

gives a neutral complex CpRu(μ2-dppa)Cl and two cationic complexes [CpRu(μ2-

dppa)(μ1-dppa)]Cl and [CpRu(μ2-dppa)(PPh3)]Cl. This once again demonstrates 

the versatility of diphosphinoamine ligands.[55] 
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Reaction of MeN(P(OMe)2)2 with Co4(CO)12 affords 

Co2(CO)4{MeN(P(OMe)2)2}2.[56] The analogous complexes of R’N(P(OR)2)2 

have also been reported. An ionic intermediate [Co2(CO)4{R’N(P(OR)2)2}]-

[Co(CO)6] was identified by Haines and co-workers[57]. Protonation of 

Co2(CO)4{EtN(P(OR)2)2}2 (R = Me or iPr) gave a hydrido-bridged complex 

[Co2(µ-H)(CO)4{µ-(P(OR)2)2NEt}2]+ (eq. 1.8).[58] Werner et al. reported that 

the reaction of Co(η5-C5Me4H)(PMe3)2] with MeN(PPh2)2 yielded the unstable 

chelated complex [Co(η5-C5Me4H){MeN(PPh2)2}] upon treating with NH4PF6; it 

was isolated as a stable hydrido complex [Co(H)(η5-

C5Me4H){MeN(PPh2)2}]+PF6
-.[59] The reaction of RN(PX2)2 (R = Et, Ph; X = 

OPh; R = Me, X = F) with [RhX’diene]2 (diene = COD or NBD; X’ = Cl, Br or I) 

leads to the successive replacement of diene ligands and the formation of 

complexes of the types Rh2X’2(diene){RN(PX2)2} and [Rh{RN(PX2)2}X’]2.[60] 

The reactions of dialkoxyphosphinoamine, RN{P(OR’)2}2 with rhodium and 

iridium derivatives afford a range of mono- and bimetallic complexes.[61] 

Heterobimetallic complexes containing diphosphinoamines have been reported 

by Mague and co-workers. Reactions of [FeCp{MeN(PF2)2}2Cl] with 

[IrCl(CO)(PMe2Ph)2] and [RhCl(CO)2]2 afforded the bimetallic complexes 

[CpFeIrCl2(PMe2Ph){MeN(PF2)2}2] and  [CpFeRhCl2{MeN(PF2)2}2], 

respectively.[62, 63] 

(1.8)X = OMe or OiPr

PX2PX2
Co

EtN

PX2PX2
Co

NEt

CO CO

CO CO PX2PX2
Co

EtN

PX2PX2 Co

NEtH

CO CO

CO CO

H+

+
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Nickel(II) halides or thiocyanates react with PhN(PPh2)2 to give 

NiX2{PhN(PPh2)2}(X = Cl, Br, I or NCS). Treating nickel perchlorate with the 

same ligand gives the perchlorate complex [Ni{PhN(PPh2)2}2] (ClO4)2 which 

contains two chelating diphosphinoamines.[64] Reactions of RN(PPh2)2 with 

[NiCp(NBD)]BF4 afford the cationic complexes [NiCp{RN(PPh2)2}]BF4 (R= Me, 

Ph); a neutral complex NiCp{η1-(PPh2)2NPh}CN in which the diphosphinoamine 

ligand displaying a monodentate coordination can be obtained by treating 

[NiCp{PhN(PPh2)2}]BF4 with NaCN.[65] Reactions of RN(PX)2 with palladium 

or platinium derivatives such as [K2PdCl4] or cis-[PtCl2(SEt2)2] give chelated 

complexes of the type cis-[MCl2RN(PX2)2].[66, 67] In contrast, reactions of 

platinium derivatives with {P(OEt)2}2O afford an dinuclear complex, 

Pt2Cl4[{P(OEt)2}2O]2, in which the ligand bridges two metal centers because of 

the lower flexibility of the P-O-P backbone.[67] Treating [Pd2(dba)3．CHCl3] 

with excess MeN(P(OPh)2)2 affords the dinuclear complex, 

[Pd2{MeN(P(OPh)2)2}3], connected by three bridging diphosphinoamine ligands. 

Under similar conditions, the phenyl- derivative, PhN(P(OPh)2)2 does not afford 

an easily identifiable dinuclear complex. The 31P{1H}NMR spectrum suggests 

that presumably a bis-chelated mono-nuclear complex [Pd{PhN(P(OPh)2)2}2] is 

formed in the reaction.[68] 

 

1.2.3 Application of Diphosphinoamine Ligands in Catalysis 

 The application of diphosphinoamine ligands in catalysis has not been 

explored in detail. Wass et al. reported that palladium (II) complexes containing 

ligands of the type MeN(PAr2)2 (Ar = ortho-substituted phenyl group) were 

efficient catalysts for ethylene/CO copolymerization.[69] Furthermore, nickel (II) 
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complexes with these ligands were found to be highly active and poison-tolerant 

catalysts for the ethylene polymerization reactions.[70] In addition, these ligands 

bearing ortho-methoxy-substituted aryl groups, together with a chromium source 

and an aluminoxane activator, were reported to be extremely active and selective 

ethylene trimerization catalysts.[71]  

 

Recently, Kuhlmann et al. reported an unprecedented ethylene 

tetramerization that produced 1-ocetene in good yield. A variety of 

diphosphinoamine ligands, in combination with Cr(III) compounds activated by 

aluminoxanes, were found to be very active and efficient catalysts for the 

purpose.[72] Following the first report of ethylene tetramerization, numerous 

studies on the effect of ligand structure on the outcome of the catalysis were 

launched. These studies highlighted the relationship between some key ligand 

structures and reaction selectivity.[73, 74] A systematic study of the effect of 

various structures of diphosphinoamine ligands was reported by Wasserscheid et 

al.[75] They demonstrated that steric bulk effects of each N-substituent on 

diphosphinoamine ligands were the dominant parameter influencing the reaction 

selectivity and concluded that α-branching was essential for obtaining highly 

selective tetramerisation catalysts. These demonstrated the growing utility of 

diphosphinoamine ligands in catalysis. 

 

1.3 Catalytic Markovnikov and Anti-Markovnikov functionalization of 

Terminal Alkynes 

 Regioselective functionalization of terminal alkynes is of utmost 

importance for the synthesis of a wide variety of organic products. Among 
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various chemical transformation methods, the addition of E-Nu (E = H, BR2, Si, 

Hg, Sn, etc.; Nu = halogen, CN, CHO, OH, CO, COOR, NR2, etc.) across the 

multiple bond is simple and the most efficient in terms of atom utilization due to 

the avoidance of stoichiometric amounts of by-products. Based on the original 

observation by Vladimir Markovnikov, the possible regioisomeric products are 

classified as Markovnikov or anti-Markovnikov products. In general, most of the 

electrophilic addition reactions follow the Markovnikov rule. However, it is 

nowadays possible to control the regiochemistry of various additions of 

nucleophiles to alkynes by applying different transition metal catalysts.  

 

The reaction pattern of terminal alkynes in the coordination sphere of 

transition metals is illustrated in Scheme 1.6. When a terminal alkyne molecule 

approaches a transition metal center, the initial interaction between them occurs 

either through the C≡C triple bond or C-H σ-bond. The metal-CH interaction is 

normally less stable and leads to an oxidative addition (i) product MH(C≡CR), 

which rearranges through 1,3-hydride migration (ii) to give metal vinylidene. 

Nevertheless, the metal vinylidene can also be derived from the 1,2-hydride 

migration (iii) over the η2-alkyne.[76-81] The regioselectivity of the reaction is 

determined by the coordination modes. For the Markovnikov manner, alkynes 

are activated by the η2-cooridnation, which renders it susceptible to nucleophilic 

attack (iv). Subsequent protolytic cleavage (v) of the metal-carbon bone provides 

Markovnikov products; this selectivity contrasts with that of metal vinylidene, 

where the α-carbon linked to the metal centre is an electrophilic site. 

Nucleophilic attack (iv) followed by protolytic cleavage (v) affords products in 

anti-Markovnikov fashion. 
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Scheme 1.6 Reaction pattern of 1-alky-metal complexes 

 

 Terminal alkynes have been functionalized in both Markovnikov and 

anti- Markovnikov fashions in this research; we herein review the recent 

development in this area with special focus on the control of regioselectivity. 

This review focuses on the addition of H-Nu across C≡C bond of alkynes. We 

have structured the content according to different addition reactions. In most 

cases, reported mechanisms are presented to facilitate the understanding of the 

reactions.    

 

1.3.1 Carbonylation 

  Carbonylation of alkynes involves the insertion of >C=O moiety across 

the C≡C triple bond (eq. 1.9).  
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(1.9)
R1

cat.

CO/R2OH R1

COOR2

R1 COOR2+

 

 

This class of reactions is one of the most useful transformations using 

transition metal complex catalysts. During the past several decades, palladium 

and platinum-based catalysts have been extensively used for the purpose. For 

example, Knifton et al. reported the [PdCl2(P(p-MeC6H4)3)2]-SnCl and 

[PdCl2(Me2PPh)2]-SnCl-catalyzed regioselective carbonylation of terminal 

alkynes. Linear α,β-unsaturated acid esters were obtained in up to 96% 

selectivity under mild condition.[82] Carbonylation of alkynes under the catalytic 

system consisting of Pd(OAc)2, a monophosphine, p-toluene sulphonic acid and 

semilabile anionic bidentate ligands such as pyridine or piperdine carboxylic acid 

was also reported by Jayasree et al. (Scheme 2).[83] In contrast to Knifton’s 

work, branched isomers were obtained in up to 98% selectivity.  

 

Similarly, the platinum-based systems, which are exemplified by 

[PtCl2(PPh3)2]/SnCl2 and [PtH(SnCl3)(PPh3)2], have been found to catalyze the 

carbonylnation of terminal as well as internal alkynes; the product distribution 

depends on the catalyst system used.[84] For instance, 1-octyne is selectively 

carbonylated to branch ether with 59% yielding under the influence of 

[PtH(SnCl3)(PPh3)2], while the [PtCl2(PPh3)2]/SnCl2 system is also active but 

exhibits a lower selectivity (n : iso = 1.2:1). When triphenylphosphite is added to 

the [PtCl2(PPh3)2]/SnCl2 system, only linear α,β-unsaturated acid esters is 

obtained. The reason for this selectivity difference is not fully understood.  
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1.3.2 Addition of Active Methylene Compounds 

The addition of active methylene compounds to terminal alkynes is one of 

the most common methods to form carbon-carbon bond. The direct α-

functionalization of active methylene compounds without prior enolate formation 

represents a more efficient approach. Recently, Toste and co-workers have 

reported a phosphinegold(I)-catalyzed intramolecular addition of β-ketoesters to 

an unactivated alkynes under neutral conditions at room temperature.[85] A 

series of alkynic β-ketoesters reacted in the presence of catalytic amounts of 

(PPh3)AuCl and AgOTf to afford the cycloisomerization products (eq. 1.10). In 

most cases, the reaction required low catalyst loadings, short reaction times and 

proceeded under open atmosphere.  

(1.10)

R1 OR2

O O O O

R1 OR2
(PPh3)AuCl/AgOTf

CH2Cl2, rt

 

 

 The Au-catalyzed Conia-ene reaction of deutroacetylene afforded 

cycloisomer selectively deuterated (90%) syn to the ketoester (eq. 1.11). This 

implied that the mechanism involved nucleophilic attack on a Au(I)-alkyne 

complex by the enol form of the ketoesters, affording vinyl-Au intermediate 

which was then protonated to furnish the corresponding cycloisomer as shown in 

Scheme 1.7.  

 

(1.11)

OMe

O O

D

O O
OMe

D(90%)

H

(PPh3)AuCl/AgOTf

CH2Cl2, rt
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Scheme 1.7 Mechanism of Au(I)-catalyzed Conia-ene reaction of β-

ketoesters with alkynes 

 

 In addition to the phosphineAu(I)/AgOTf system, Ni(II) complex was 

also applied in the Conia-ene reaction of 1,3-dicarbonyl compounds with 

alkynes.[86] In the presence of Ni(acac)2 and Yb(OTf)3, a wide range of alkynic 

1,3-dicarbonyl substrates underwent Conia-ene reaction to give the 

corresponding olefinic cyclopentane derivatives. Surprisingly, the deuterium 

labeling experiment is counter to those obtained by Toste et al. which suggested 

that the Ni(II)-catalyzed reaction proceeded in a completely different mechanism. 

The reported mechanism depicted in Scheme 1.8 operates by the formation of a 

enol-yne-Ni complex. The insertion of Ni enolate to the alkyne generated a Ni(II) 

vinyl species. Protonlysis of the C-Ni bond gave the cyclized product.  
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Scheme 1.8 Mechanism of Ni(II)-catalyzed Conia-ene reaction of β-

ketoesters with alkynes 

 

  Even though examples of several metal-catalyzed intramolecular addition 

of activated methylene compounds to terminal alkynes have been reported there 

are only a few reports on the intermolecular version of the addition reaction. For 

example, Endo et al. reported the indium-catalyzed intermolecular addition 

reaction of active methylene compounds to alkynes; 1,3-dicarbonyl compounds 

were added to terminal alkynes in the presence of a catalytic amount of 

In(OTf)3 to give 2-alkenylated 1,3-dicarbonyl in Markovnikov fashion, with 

carbon-carbon bond formation on the acetylene moiety (eq. 1.12).[87, 88]  

 

(1.12)

R3R1

O O

R2

R4

R3

R2
R1

O O

R4+
In(OTf)3

25-140oC neat
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 Experimental and theoretical studies on the mechanism indicated that the 

key step in the catalytic cycle involved a concerted carbometalation of the 

indium (III) enolate to the alkyne to afford an alkenyl indium (III) intermediate. 

Protonation of the alkenyl indium(III) intermediate by the dicarbonyl compound 

completed the catalytic cycle (Scheme 1.9).  
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Scheme 1.9 Mechanism of In(III)-catalyzed 2-alkenylation of dicarbonyl 

compounds with terminal alkyne 

 

A rhenium complex [ReBr(CO)3(THF)]2-catalyzed intermolecular addition 

of an active methylene compounds to terminal alkynes was reported by 

Kuninobu.[89]  The mechanism involving the formation of enol-yne-Re 

intermediate, which was substantially similar to that outlined by Gao et al.[86] 

was reported, it was supported by deuterium-labeling experiments. To our 



 25

knowledge anti- Markovnikov addition of active methylene compounds to 

terminal alkynes is basically not known. Thus, metal-catalyzed insertion of 

terminal alkynes into a C-H bond of the active methylene with anti-Markovnikov 

regioselectivity has been regarded as one of the major challenges of catalysis for 

decades.  

 

1.3.3 Hydroamination 

 Introducing an N-H bond to C-C multiple bonds, which is known as 

hydroamination, offers an attractive route for the synthesis of highly substituted 

nitrogen-containing organic molecules (eq. 1.13). 

 

R1

(1.13)

(R3 = H)

HNR2R3+
R1

NR2R3

R1

NR2R3

+

Markovnikov

R1

NR2

Anti-Markovnikov

NR2

R1

 

 

 Hydroamination offers a promising route to various amines, enamines 

and imines. In general, a wide variety of metal complexes have been employed in 

catalytic hydroamination of terminal or even internal alkynes to yield 

Markovnikov products. For example, Wakatsuki and co-workers demonstrated 

that the [Ru3(CO)12]/NH4PF6 or HBF4·Et2O catalytic system permitted high-

yielding conversion of anilines with terminal phenylacetylenes to give the 

corresponding branched imines.[90] Advantageously, the reactions could be run 
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under an air atmosphere and a solvent-free condition. Similarly, intermolecular 

hydroamination of alkynes with both aromatic and aliphatic amines occurred 

regiospecifically in the presence of silver-exchanged tungstophosphoric acid 

(AgTPA) and formed the corresponding ketimine.[91] The reported mechanism 

envisaged the formation of a η2-coordinated alkyne; an amine coordinated to the 

Ag center prior to the C-N bond formation (Scheme 1.10).   
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Scheme 1.10 Mechanism of AgTPA-catalyzed intermolecular 
hydroamination of alkynes 
 

 Even though hydroamination of functionalized phenylacetylene 

derivatives is efficient; a similar process for aliphatic alkynes remains 

underdeveloped and only a few examples have been reported. Hartung et al. 

reported the hydroamination of aliphatic alkynes with anilines using the 

commercially available rhodium catalyst [Rh(cod)2]BF4/PR3 under very mild 

reaction conditions to yield the corresponding imines in Markovnikov 
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fashion.[92] This is the first example of rhodium-catalyzed hydroamination of 

alkynes which proceeds at room temperature.   

 

 Apparently, in all the hydroaminations of alkynes with late transition-

metal catalysts mentioned, electronic factors govern the regioselective attack of 

the nucleophile at the internal carbon atom to afford Markovnikov products; 

hydroamination of alkynes in an anti-Markovnikov fashion is relatively rare. The 

first anti-Markovnikov hydroamination of terminal alkynes with primary amines 

was realized by Haskel et al. using organoactinide complexes Cp*2AnMe2 (Cp* 

= C5Me5, An = Th or U) as catalysts (eq. 1.14).[93, 94]  

 

(1.14)

+R1 R2NH2

Anti-Markovnikov

R1

NR2

Markovnikov

R1

NR2

Cp*2ThMe2

Cp*2UMe2

 

  

The regioselectivity of the reaction was found to be highly dependent on the 

nature of the catalysts and the bulkiness of the amines but almost did not depend 

on the nature of alkynes. The complex Cp*2UMe2 catalyzed the formation of 

anti-Markovnikov imines; however, a similar reaction with Cp*2ThMe2 as the 

catalyst reversed the regioselectivity completely. Haskel and coworkers reported 

a mechanism which involved the formation of an actinide imido complex (A). 
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The intermediate A underwent a rapid double bond metathesis with an incoming 

alkyne to yield a metallacycle (B). Protonolytic ring opening of B by an amine 

yielded an actinide-enamine amido complex (C). C then isomerized to an 

actinide-alkyl (imine) amido complex via an intramolecular 1,3-sigmatropic 

hydrogen shift, which upon a subsequent protonolysis by an addition amine 

affords the imine as product (Scheme 1.11).  
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Scheme 1.11 Mechanism of organoactinide-catalyzed intermolecular 

hydroamination of terminal alkynes 
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The product distinction between the two catalysts was achieved by a 

contrasting stereochemistry in the metathesis of alkynes, toward the imido 

complex (Scheme 1.12 ). 
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Scheme 1.12 Opposite reactivity exhibited in the reaction of organoactinide-

imido complexes with terminal alkynes 

 

 In addition to the advancement in the area of organoactinide-based 

catalytic system, some progresses with titanocene derivatives have also been 

reported. Tillack et al. reported the [Cp2Ti(η2-Me3SiC≡CSiMe3)] and [Cp2Ti(η2-

Me3SiC≡CPh)]-catalyzed hydroamination of internal and terminal alkynes; high 

selectivity to give the corresponding anti-Markovnikov functionlized imines was 

observed.[95, 96] The reported titanocene complexes are easily available, stable, 

and can be used in a safe and practical manner. Although details of the reaction 

mechanism have not been reported, it seems likely that the formation of 

azatitanacyclobutene (Chart 1.2), a metallacycle, is important in the reaction 

mechanism.  
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NTi
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Chart 1.2 

 

Subsequently, Schafer et al. revealed the highly regioselective anti-

Markovnikov hydroamination of a wide range of terminal alkyl alkynes with 

alkylamines using bis(amidata)titanium complexes as catalysts.[97, 98] The 

proposed catalytic cycle is consistent with the generally accepted imido-based 

mechanism. 

 

 However, the complexes described above are not applicable to 

hydroaminations with secondary amines, since the formation of the imido 

intermediate is prohibited. Hydroamination of phenylacetylene with secondary 

amines using cesium hydroxide as catalyst was briefly mentioned by Tzalis and 

co-workers.[99] Unfortunately, the reactions were limited to the N-substituted 

anilines and phenylacetylene pairs. The Wilkinson's catalyst was also found to be 

active for the addition of 2-N-methylaminopyridine to 1-decyne, giving the 

corresponding anti-Markovnikov enamine in 40% yield.[100] The reported 

mechanism proceeded via a Rh(I)-vinylidene complex (A), which was a common 

intermediate for transition-metal-mediated reaction of terminal alkynes; a direct 

attack of 2-N-methylaminopyridine led to the rhodium(III)-hydride complex (B). 

Reductive elimination of B furnished the corresponding anti-Markovnikov 

enamine (Scheme 1.13); in this case, the pyridine ring was essential in order to 

obtain the product.  
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Scheme 1.13 Mechanism of chelation-assisted hydroamination of terminal 

alkynes 

 

 More recently, Fukumoto and co-workers reported the hydroamination of 

terminal acetylenes with both primary and secondary amines in the presence of 

catalytic amount of TpRh(C2H4)2.[101] This is the first catalytic system that 

allows both primary and secondary amines to react with terminal alkynes to give 

anti-Markovnikov products. Similarly, it seems likely that the Rh-vinylidene 

complex exists as a crucial intermediate in the reaction cycle.  
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1.3.4 Hydration 

 Addition of water molecule to C≡C triple bond is again one of the most 

useful methods for functionalizing alkynes. In general, the reaction leads to the 

corresponding ketone under electronic control. For example, Hiscox and 

Jennings reported the platinum (II) complex in the form of Zeise’s dimmer, 

[PtCl2(C2H4)2] for the hydration of several alkyl-subsituted alkynes.[102] 

Terminal alkyne was hydrated to the corresponding ketone. In the case of 

asymmetric substituted alkynes, nucleophilic addition at more hindered side was 

preferable. The η2-coordinated acetylene complex is a critical intermediate in the 

reported mechanistic cycle. Regioselectivity arose when the platinum moiety was 

forced aside from the alkyne centre that created a partial cationic centre at the 

distal carbon atom at which the water molecule attacked as shown in Scheme 

1.14.  
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R
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Scheme 1.14 Regioselective hydration of asymmetric substituted alkynes 

 

 Interestingly, Francisco et al. recently reported the cis-[PtCl2(TPPTS)2]-

catalyzed (TPPTS = P(m-C6H4SO3Na)3) hydration of 4-pentyn-1-ol and 3-

pentyn-1-ol.[103] Both hydration reactions led to the same product, 5-hydroxy-2-

pentone. The product of both catalytic hydrations arose through intramolecular 
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cyclization followed by hydrolysis of the heterocyclic intermediate as shown in 

Scheme 1.15. 5-hydroxy-2-pentone was formed from 4-pentyn-1-ol through a 5-

exo-dig mechanism (Markovnikov reaction); while hydration of 3-pentyn-1-ol 

occurred through a 5-endo-dig mechanism (anti-Markovnikov reaction). 

 

+
+

Pt
ClL

L

O

H

H2O

Pt
ClL

L

OH OH

Pt
ClL

L

Pt
ClL

L

H O

H

H2O

5-hydroxy-2-pentanone

 cis -[PtCl2(TPPTS)2] 

OH

O

anti-Markovnikov reaction Markovnikov reaction

Pt
ClL

L
H

OH

OH2
+

Pt
ClL

L
OH

OH2
+

OH

3-pentyn-1-ol

HO

4-pentyn-1-ol

 

Scheme 1.15 Mechanism of Pt-catalyzed hydration of 4-pentyn-1-ol and 3-

pentyn-1-ol 

 

The anti-Markovnikov addition of water to terminal alkynes which gives the 

aldehydes preferentially using different Ru-based catalyst systems was also 

reported. The easily available cyclopentadienyl ruthenium complexes of the 

types CpRu(P-P)Cl and CpRu(PR3)2Cl were used for the anti-Markovnikov 
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hydration of terminal alkynes to give n-aldehyde as products.[104] Ruthenium 

complexes bearing appropriate bidentate phosphine ligands were highly active 

and allowed regiospecific formation of aldehyde. The activities of ruthenium 

complexes with monodentate phosphine ligands were also satisfactory. These, in 

particular CpRu(PMe2Ph)2Cl, showed high activities for the hydration of 1-

hexyne to give hexanal exclusively. It is very likely that the hydration reactions 

promoted by cyclopentadienyl ruthenium complexes take place via a vinylidene 

intermediate.  

 

A class of highly efficient ruthenium catalysts was recently developed for 

the anti-Markovnikov hydration of terminal alkynes by Grotjahn et al.[105, 106] 

In the presence of phosphanylimidazole or phosphanylpyridine Ru catalysts the 

anti-Markovnikov hydrations of terminal alkynes occurred, giving the 

corresponding aldehydes as products. The bifunctional catalysts exhibited an 

enzyme–like rate of acceleration and selectivity. Other advantages claimed for 

the system included a high toleration of several important functional groups. The 

2-imidazoleyl and 2-pyridyl group on a phosphine moiety enabled the formation 

of vinylidene, and subsequently the addition of water to α-carbon of vinylidene 

was mediated by the hydrogen bonding (Scheme 1.16). The protonated pendant 

base moiety donated a hydrogen bond to the acyl oxygen.[107] 
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Scheme 1.6 Mechanism of Ru-catalyzed hydration of terminal alkynes 
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Chapter 2 Ruthenium-Catalyzed β-Alkylation of Secondary Alcohols with 

Primary Alcohols 

 

2.1 Introduction 

β-alkylation of secondary alcohols to give higher alcohols is a rather 

tedious multi-step process that involves alcohol oxidation, ketone alkylation and 

ketone reduction and produces a lot of waste. A one-pot catalytic β-alkylation of 

secondary alcohols with primary alcohols to give higher alcohols with water as 

the only by-product (eq. 2.1) is therefore a highly desirable process.  

 

(2.1)

++
R CH2R'

OH
R" OH R R"

OH

R'

H2O

 

 

Despite its obvious merits, the number of catalytic systems known to affect 

this reaction is surprisingly small. On the other hand, alkylation of a range of 

nucleophilic agents with primary alcohols has been reported.[108, 109] The first 

reported one-pot catalytic reaction based on the RuCl2(PPh3)3/KOH system was 

reported by Cho and Shim.[18] The reported mechanism proceeded via the 

oxidations of both primary and secondary alcohols to the corresponding aldehyde 

and ketone, which underwent an aldol concentration to afford an α,β-unsaturated 

ketone. Subsequent hydrogenation of the α,β-unsaturated ketone gave the desired 

product (Scheme 2.1). The reaction, unfortunately, required the addition of large 

amount of sacrificial hydrogen acceptor (5 equiv. of 1-dodecene); addition of 1-

dodecene seems to be considered as a faster regeneration of [Ru] from [Ru]H2 

generated in the initial oxidation stages by reducing 1-dodecene to dodecane. 
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Scheme 2.1 Mechanism of Ru-catalyzed one-pot β-alkylation of secondary 

alcohols with primary alcohols 

 

It was briefly mentioned in a paper on the ruthenium-catalyzed 

dehydrogenation of alcohols that the Grubb’s catalyst PhCH=Ru(PCy3)2Cl2 and 

the other ruthenium complex [(p-Cymene)RuCl2]2 were able to catalyze β-

alkylation of 1-phenylethanol with benzyl alcohol; considerable amount of 1,3-

diphenylpropan-1-one was formed in addition to the alkylation product 1,3-

diphenylpropan-1-ol. No other substrates other than the 1-phenylethanol/benzyl 

alcohol pair were studied. The major catalytic pathway is supposed to be similar 

to those proposed by Cho, Shim and co-workers.[110] The solvento complex 

[RuCl2(DMSO)4] was found to be an active catalyst for the β-alkylation of 

secondary alcohols with primary alcohols, giving high yields of higher alcohols; 

however, a relatively high catalyst loading (2 mol%) and an exceedingly long 
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reaction time (7 days) were required.[111] The iridium complex (Cp*IrCl2)2 has 

also been shown to be an efficient catalyst for the reaction; this complex is, 

however, very expensive.[19] It has been learned very recently that the two 

ruthenium Janus-Head complexes (one dinuclear, the other tetranuclear, Chart 

2.1) with a triazolediylidene ligand exhibit high catalytic activity for both 

aliphatic and aromatic alcohols.[112]  

 

NN

N RuRu

Cl Cl ClCl

NN

N RuRu

Cl Cl

N N
NRu Ru

Cl Cl

(BF4)3(Cl)

dinuclear complex tetranuclear complex

 

Chart 2.1 

 

Reported here are a number of catalytic systems based on ruthenium 

complexes for the β-alkylation of secondary alcohols with primary alcohols 

without any sacrificial additives. More information on the mechanism of the 

catalytic reaction is provided. 
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2.2 Experimental Section 

 

2.2.1 Materials and Instrumentation 

All manipulations were carried out under nitrogen atmosphere using 

standard Schlenk techniques. Solvents were freshly distilled under nitrogen from 

sodium-benzophenone (tetrahydrofuran), sodium (diethyl ether, hexane and 

toluene), calcium hydride (dichloromethane, chloroform and acetonitrile), 

magnesium-iodine (methanol and ethanol) or P2O5 (C6D6 and CDCl3); they were 

degassed prior to use. Elemental analyses were performed by M-H-W 

Laboratories, Phoenix, AZ (USA). 1H NMR spectra were obtained from a Bruker 

DPX-400 spectrometer at 400.13 MHz; chemical shifts were reported relative to 

residual peaks of the deuterated solvents used (CDCl3 δ 7.26 ppm, C6D6 δ 7.24 

ppm). 13C{1H}NMR spectra were recorded with a Bruker DPX-400 spectrometer 

at 100.61 MHz; chemical shifts were internally referenced to CDCl3 (δ = 77.7 

ppm) or C6D6 (δ = 128.1 ppm). 31P{1H}NMR spectra were recorded on a Bruker 

DPX-400 spectrometer at 161.70 MHz; chemical shifts were externally 

referenced to 85% H3PO4 in D2O (δ 0.00 ppm). Infrared spectra were obtained 

from a Bruker Vector 22 FT-IR spectrophotometer. Mass spectrometry was 

carried out with a Finnigan MAT 95S mass spectrometer with the samples 

dissolved in dichloromethane or acetone. HRMS was carried out with Waters 

Micromass Q-Tof-2. The complexes [CpRu(PPh3)2(CH3CN)]+BF4
- (M1),[113] 

CpRu(PPh3)2Cl (M2),[114] CpRu(dppm)Cl (M3),[115] TpRu(PPh3)2Cl 

(M4),[116] [TpRu(dppm)(CH3CN)]+BF4
- (M5),[117] and TpRu(PPh3)(CO)Ph 

(M7)[118] were prepared according to methods provided in literature. 
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2.2.2 Syntheses and Reactions 

 

2.2.2.1 CpRu(PPh3)(CO)Ph (M7)  

A sample of CpRu(PPh3)2Cl (0.50g, 0.69mmol) and NaOH 

(0.55g, 0.014mol) were loaded into a two-necked round bottom 

flask, which was then evacuated and flushed with nitrogen for 

four cycles. Freshly degassed toluene (20 mL) and benzyl alcohol (0.21mL, 

2.07mmol) were added to a flask and the resulting mixture was refluxed with 

stirring for 16h. At the end of this period, the solution was cooled to room 

temperature and filtered through Celite. The solvent of the filtrate was removed 

under reduced pressure to yield a pale yellow paste. Hexane (5 mL) was added to 

the residue, with stirring, to produce a pale yellow solid. The solid was filtered 

out and washed with diethyl ether (2 × 5 mL). It was collected and dried under 

vacuum at room temperature. Yield: 0.15 g (41 %). Anal. Calcd (%) of 

C30H25OPRu: C 67.53, H 4.72. Found: C 67.45, H 4.61. IR. (KBr, cm-1): υ(C≡O) 

1919 (vs). 1H NMR (400.13 MHz, C6D6, 25oC): δ 7.64–7.66 (m, 2H; Ph–H), δ 

7.45–7.49 (m, 6H; PPh3–H), δ 7.06–7.08 (m, 9H; PPh3–H), δ 7.06–7.08 (m, 3H; 

Ph–H), δ 4.81 (s, 5H; Cp–H). 31P{1H}NMR ( 161.7MHz, CDCl3, 25oC): δ 59.70 

(s). 13C{1H}NMR (100.61 MHz, C6D6, 25 ˚C): δ 207.67 (d, 2JPC = 20.9 Hz, Ru-

CO); δ 149.58 (d, 2JPC = 13.8 Hz, ipso C of Ru-C6H5). ESI-MS: m/z 533.93, [M]+. 

 

2.2.2.2 CpRu(PPh3)(CO)(3,4-dimethoxyphenyl) (M12) 

A procedure similar to that for the synthesis of the 

complex CpRu(PPh3)(CO)Ph was followed, except that 3,4-

Dimethoxybenzyl alcohol (0.30 ml, 2.07 mmol) was used in 

Ru
COPh3P

Ph

Ru
CO

PPh3

MeO

MeO
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place of the benzyl alcohol. Yield: 0.15 g (37 %). Anal. Calcd (%) of 

C32H29O3PRu: C 64.75, H 4.92. Found: C 63.25, H 4.70. IR. (KBr, cm-1): υ(C≡O) 

1917 (vs). 1H NMR (400.13 MHz, C6D6, 25oC): δ 7.44-7.49 (m, 6H; PPh3-H), δ 

7.07-7.08 (m, 9H; PPh3 PPh3-H), δ 7.07-7.08 (m, 1H; 3,4-dimethoxyphenyl-H), δ 

6.99 (s, 1H; 3,4- dimethoxyphenyl-H), δ 6.72 (d, 1H; 3,4-dimethoxyphenyl-H), δ 

4.87 (s, 5H; Cp-H), δ 3.64 (s, 3H; 3,4-dimethoxyphenyl-CH3), δ 3.47 (s, 3H; 3,4-

dimethoxyphenyl-CH3), 31P{1H}NMR ( 161.7MHz, CDCl3, 25oC): δ 60.02 (s). 

13C{1H}NMR (100.61 MHz, C6D6, 25 ˚C): δ 207.45 (d, 2JPC = 20.9 Hz, Ru-CO). 

ESI-MS: m/z 594.09, [M]+. 

 

2.2.2.3 TpRu(PPh3)(CO)(3,4-dimethoxyphenyl) (M13) 

A sample of TpRu(PPh3)2Cl (0.5g, 0.57mmol) and 

NaOH (0.46g, 0.011mol) were loaded into a two-necked 

round bottom flask, which was then evacuated and 

flushed with nitrogen for four cycles. Freshly degassed 

toluene (20 mL) and 3,4-Dimethoxybenzyl alcohol (0.25 ml, 1.71mmol)  were 

added to a flask and the resulting mixture was refluxed with stirring for 16h. At 

the end of this period, the solution was cooled to room temperature and then 

filtered through Celite. The solvent of the filtrate was removed under reduced 

pressure and a white paste was precipitated out. Hexane (5 mL) was added to the 

residue, with stirring, to produce a white solid. The solid was filtered out and 

washed with diethyl ether (2 × 5 mL). It was then collected and dried under 

vacuum at room temperature. Yield: 0.31 g (73%). Anal. Calcd (%) of 

C36H34BN6O3PRu: C 58.31, H 4.62. Found: C 58.12, H 4.58. IR. (KBr, cm-1): υ(B-

H) 2487 (br), υ(C≡O) 1935 (vs). 1H NMR (400.13 MHz, C6D6, 25oC): δ 7.75 (d, 1H; 

MeO

MeO

N

N

B

H

Ru

N

NN

N

PPh3

CO
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Tp-H), δ 7.65 (d, 1H; Tp-H), δ 7.59 (d, 1H; Tp-H), δ 7.31–7.34 (m, 3H; PPh3-H), 

δ 7.15–7.19 (m, 6H; PPh3-H), δ 7.09 (d, 1H; Tp-H), δ 6.85–6.89 (m, 6H; PPh3-H), 

δ 6.82 (d, 1H; Tp-H), δ 6.63 (d, 1H; Tp-H), δ 6.47 (s, 1H; 3,4-dimethoxyphenyl-

H), δ 6.45 (s, 1H; 3,4-dimethoxyphenyl-H), δ 6.36 (s, 1H; 3,4-dimethoxyphenyl-

H), δ 6.02 (t, 1H; Tp-H), δ 5.92 (t, 1H; Tp-H), δ 5.88 (t, 1H; Tp-H), δ 3.81 (s, 3H; 

3,4-dimethoxyphenyl-CH3), δ 3.34 (s, 3H; methoxyl group of ,4-

dimethoxyphenyl-CH3), 31P{1H}NMR (161.7MHz, CDCl3, 25oC): δ 50.32 (s). 

13C{1H}NMR (100.61 MHz, C6D6, 25 ˚C): δ 207.77 (d, 2JPC = 15.7 Hz, Ru-CO), 

δ 152.23 (d, 2JPC = 12.5 Hz, ipso C of Ru-3,4-dimethoxyphenyl). ESI-MS: m/z 

742.15, [M]+. 

 

2.2.2.4 General Procedure for Catalytic β-Alkylation of Secondary Alcohols 

The reactions were carried out in 11 mm Schlenk tubes equipped with 

Teflon screw caps. In a typical run, ruthenium complex (0.005 mmol) and NaOH 

(0.25 mmol) were loaded into the tube equipped with a magnetic stirrer. The 

system was evacuated and filled with nitrogen for four cycles. Secondary alcohol 

(1.25 mmol) and primary alcohol (1.5 mmol) were then added to the tube via 

syringes and needles. The tube was sealed with the screw cap and the solution 

was stirred in a silicon oil bath at 120oC for 24 h. At the end of this period, the 

tube was cooled to room temperature; a 0.1 mL aliquot of the solution was 

removed and analyzed by 1H NMR spectroscopy (in CDCl3). Comparison of the 

integrations of the characteristic peaks of the product and the unreacted 

secondary alcohol gave the conversions of the reactions. The organic products 3a, 

3c, 3h-3k, 3s;[19] 3m, 3t;[18] 3n;[119] 3p;[120] 3q[121] and 3r[12] described 

in Table 2.2 are known and were characterized by comparing their 1H and 
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13C{1H}NMR data with the reported ones. In cases where the organic products 

are new compounds (3b, 3d-3g, 3l), they were isolated by flash column 

chromatography on silica gel or by preparative thin layer chromatography (silica 

gel) and were characterized by1H, 13C{1H}NMR, mass spectrometry and HRMS 

analysis. 

 

2.2.2.5 3-(2-methoxyphenyl)-1-phenylpropan-1-ol (3b) 

Pale yellow oil; 1H NMR (400 MHz, CDCl3): δ 

7.38-6.87 (m, 9H; Ar–H), δ 4.64 (t, J = 6 Hz, 1H; Ph–

CH(OH)), δ 3.84 (s, 3H; Ph–OCH3), δ 2.80-2.76 (t, J = 8 Hz, 2H; –CH2CH2Ar), 

δ 2.49 (s, 1H; Ph–CH(OH)), δ 2.11-2.01 (m,  2H; –CH2CH2Ar); 13C{1H}NMR 

(100 MHz, CDCl3): δ 157.4, 144.7, 130.1, 128.4, 127.4, 127.3, 126.0, 120.7, 

110.4, 73.6, 55.4, 39.4, 26.5; HRMS (+ESI): m/z: calcd for C16H18O2Na+: 

265.1204; found: 265.1216 [M+Na]+. 

 

2.2.2.6 3-(3,4-dimethoxyphenyl)-1-phenylpropan-1-ol (3d) 

  Pale yellow oil; 1H NMR (400 MHz, 

CDCl3): δ 7.38-7.30, 6.82-6.76 (m, 8H; Ar–H), δ 

4.68 (t, J = 6 Hz, 1H; Ph–CH(OH)), δ 3.86 (s, 6H; 

Ph–OCH3), δ 2.90 (s, 1H; Ph–CH(OH)), δ 2.74-2.65 (m, 2H; –CH2CH2Ar), δ 

2.15-2.04 (m, 2H; –CH2CH2Ar); 13C{1H}NMR (100 MHz, CDCl3): δ 148.8, 

147.1, 144.8, 134.5, 128.4, 127.5, 126.0, 120.3, 111.9, 111.4, 73.7, 55.9, 55.8, 

40.7, 31.7; HRMS (+ESI): m/z: calcd for C17H20O3Na+: 295.1310; found: 

295.1313 [M+Na]+. 

 

OH

OMe

OMe

OH OMe
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2.2.2.7 3-(4-fluorophenyl)-1-phenyl-propan-1-ol (3e) 

 Colorless oil; 1H NMR (400 MHz, CDCl3): δ 

7.37-6.94 (m, 9H; Ph–H), δ 4.61 (t, J = 6Hz, 1H; Ph–

CH(OH)), δ 2.69-2.60 (m, 2H; –CH2CH2Ar), δ 2.48 

(s, 1H; Ph–CH(OH)), δ 2.08-1.95 (m, 2H; –CH2CH2Ar); 13C{1H}NMR (100 

MHz, CDCl3): δ 162.5, 160.1, 144.5, 137.5, 137.4, 129.8, 128.6, 127.7, 126.0, 

115.2, 115.0, 73.7, 40.6, 31.2; HRMS (+ESI): m/z: calcd for C15H15OFNa+: 

253.1005; found: 253.1017 [M+Na]+. 

 

2.2.2.8 3-(furan-2-yl)-1-phenylpropan-1-ol (3f) 

Pale yellow oil; 1H NMR (400 MHz, CDCl3): δ 

7.34-7.27 (m, 6H; Ph–H + 5-furyl–H), δ 6.28 (d, J = 2 

Hz, 1H; 4-furyl–H), δ 5.99 (d, J = 2 Hz; 1H, 3-furyl–H), δ 4.65 (t, J = 6 Hz, 1H; 

Ph–CH(OH)), δ 2.72-2.67 (m, 2H; –CH2CH2(2-furyl)), δ 2.40 (s, 1H; Ph–

CH(OH)), δ 2.09-2.02 (m, 2H; –CH2CH2(2-furyl)). 13C{1H}NMR (100 MHz, 

CDCl3): δ 155.6, 144.4, 141.0, 128.5, 127.7, 126.0, 110.2, 105.1, 73.6, 37.1, 24.4. 

HRMS (+ESI): m/z: calcd for C13H14O2Na+: 225.3903; found: 225.3907 

[M+Na]+ 

 

2.2.2.9 1-phenyl-(3-thiophen-2-yl)-propan-1-ol (3g) 

 Colorless oil; 1H NMR (400 MHz, CDCl3): δ 7.35-

7.27 (m, 5H; Ph–H), δ 7.13 (d, J = 5 Hz, 1H; thiophen-5-

yl–H), δ 6.93 (dd, J = 5, 3 Hz, 1H; thiophen-4-yl–H), δ 

6.81 (d, J = 3 Hz, 1H; thiophen-3-yl–H), δ 4.67 (t, J = 6 Hz, 1H; Ph–CH(OH)), δ 

OH

F

OH
O

OH
S
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2.94-2.88 (m, 2H; –CH2CH2(thiophen-2-yl)), δ 2.46 (s, 1H;  Ph–CH(OH)), δ 

2.18-2.05 (m, 2H; –CH2CH2(thiophen-2-yl)). 13C{1H}NMR (100 MHz, CDCl3): 

δ 144.7, 144.4, 128.6, 127.7, 126.9, 126.0, 124.4, 123.2, 73.5, 40.7, 26.3. HRMS 

(+ESI): m/z: calcd for C13H14ONaS+: 241.0663; found: 241.0663 [M+Na]+. 

2.2.2.10 3-cyclohexyl-1-phenylpropan-1-ol (3l) 

White solid; 1H NMR (400 MHz, CDCl3): δ 7.36-

7.25 (m, 5H, Ph–H), δ 4.62 (t, J = 6 Hz, 1H; Ph–

CH(OH)), δ1.88 (s, 1H; Ph–CH(OH)), δ1.73-1.67 (m, 6H; Ph–CH(OH)CH2CH2 

+ Cy–H), δ1.26-1.13 (m, 7H; Ph–CH(OH)CH2CH2 + Cy–H), δ0.87-0.85 (m, 2H; 

Cy–H); 13C{1H}NMR (100 MHz, CDCl3): δ 145.6, 129.1, 127.9, 126.6, 75.7, 

38.3, 37.0, 34.1, 34.0, 27.3, 27.0. HRMS (+ESI): m/z: calcd for C15H22ONa+: 

241.1568; found: 241.1559 [M+Na]+. 

 

2.2.2.11 NMR Monitoring of Ru(II)–Catalyzed β-Alkylation of 1-

Phenylethanol with Benzyl Alcohol  

The reactions were carried out in 5 mm NMR tubes capped with rubber 

septa. In a typical run, ruthenium complex (0.01 mmol, 1 mol %) and NaOH (0.2 

mmol, 20 mol %) were loaded to a NMR tube. The system was then evacuated 

and filled with nitrogen for four cycles. Toluene (0.2 mL), 1-phenylethanol (1 

mmol) and benzyl alcohol (1.2 mmol) were then added to the NMR tube via 

syringes and needles. The resulting solution was heated in a silicon oil bath at 

120oC. At different time intervals, the NMR tube was rapidly cooled down to 

room temperature and 31P{1H}NMR spectra of the solution were taken. The 

relative concentrations of the species present were obtained by comparing the 

integrations of their signals in the 31P{1H}NMR spectra. 

OH
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2.2.2.12 Crystallographic Structures Analysis of CpRu(PPh3)(CO)(3,4-

dimethoxyphenyl) (M12) and TpRu(PPh3)(CO)(3,4-dimethoxyphenyl) (M13) 

Crystals suitable for X-ray diffraction study for M12 and M13 were 

obtained by layering of hexane onto saturated dichloromethane solutions of the 

complexes. A suitable crystal of each of the complexes was mounted on a Bruker 

CCD area detector diffractomer and subjected to Mo Kα radiation (λ = 0.71073 

Å) from a generator operating at 50 kV and 30 mA. The intensity data of M12 

and M13 were collected in the range θ = 2.31 – 27.49o and 2.01 – 27.50o, 

respectively, with oscillation frames of ψ and ω in the range 0 – 180o. A total of 

1216 frames in M12 and 380 frames in M13 were taken in four shells. An 

empirical absorption correction of the SADABS (Sheldrick, 1996) program 

based on Fourier coefficient fitting was applied. The crystal structures were 

solved by Patterson function methods and expanded by difference Fourier 

synthesis, then refined by full-matrix least-squares on F2 using the Bruker Smart 

and Bruker SHELXTL program packages. All non-hydrogen atoms were refined 

anisotropically. Hydrogen atoms were placed in ideal positions and refined as 

riding atoms. The R and Rw values of M12 are 0.0270 and 0.0685, respectively, 

and those of M13 are 0.0228 and 0.0600, respectively. Further crystallographic 

details and selected bond distances and angles for M12 and M13 can be found in 

the results and discussion section. 
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2.3 Results and Discussion 

 

2.3.1 CpRu(dppm)Cl (M3)-Catalyzed β-Alkylation of 1-Phenylethanol with 

Benzyl Alcohol 

The alkylation of 1-phenylethanol (1a) with benzyl alcohol (2a) to give the 

corresponding alcohol, 1,3-diphenyl-propan-ol (3a), was chosen as the model 

reaction in order to optimize the various parameters (Table 2.1, eq. 2.2). When 

the reaction of 1a (1.25 mmol) and 2a (1.5 mmol) was carried out in the presence 

of CpRu(dppm)Cl  (M3) (0.005 mmol) and NaOH (0.25 mmol) at 120oC for 24 h, 

1,3-diphenyl-propan-ol (3a) was formed in a conversion of 94% along with a 

small amount of benzylacetophenone  (entry 1). KOH and KOtBu were also 

effective for the reaction (entries 2, 3). But the reaction failed when other bases 

such as DBU and Na2CO3 were used (entries 4, 5). Decrease in temperature also 

gave lower yields (entries 6, 7 & 8). In addition, reactions in different solvent 

systems were also tested, in all cases unsatisfactory results were obtained (entries 

9-12). 
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Table 2.1. Optimization of β-alkylation of Secondary Alcohols with Primary 
Alcohols[a]  

1a 2a 3a

+
Ph

OH
Ph OH

Ph Ph

OHM3,  base

(2.2)  
 

entry base solvent (mL) temperature (oC) % conversion[b] 

1 NaOH none 120 94 (3) 

2 KOH none 120 70 (3) 

3 KOtBu none 120 80 (4) 

4 DBU none 120 0 (1) 

5 Na2CO3 none 120 0 (0) 

6 NaOH none 60 0 (0) 

7 NaOH none 80 4 (0) 

8 NaOH none 100 40 (1) 

9 NaOH Toluene (0.3) 120 60 (2) 

10 NaOH Benzene (0.3) 120 38 (1) 

11 NaOH Dioxane (0.3) 120 20(0) 

12 NaOH THF (0.3) 120 12 (0) 
[a]Reaction conditions: catalyst M3 (0.005 mmol), 1-phenylethanol (1.25 mmol), benzyl alcohol 

(1.5 mmol), base (0.25 mmol, 20 mol% w.r.t. 1-phenylethanol), 24h.  
[b]Conversion (based on 1-phenylethanol) determined by 1H NMR spectroscopy. Values in 

parenthesis indicate the conversion of corresponding ketone.  

 

2.3.2 Ru(II)-Catalyzed β-Alkylation of Secondary Alcohols with Primary 

Alcohols 

On the basis of the above results, we next examined the reaction of various 

secondary alcohols with primary alcohols under optimized conditions. A number 

of ruthenium complexes supported by cyclopentadienyl (Cp) and 

hydrotris(pyrazolyl)borato (Tp) ligands were found to be active catalysts for the 

β-alkylation of secondary alcohols with primary alcohols (Table 2.2). The 

controlled experiment, in which no complex was present, shows that β-alkylation 
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of  1-phenylethanol (1a) with benzyl alcohol (2a) only proceeds to a small 

extend (entry 1, foot note c). The Cp and Tp complexes are in general of similar 

activity. In a few cases (entries 2, 4-7, 12) where the β-alkylation products are 

new compounds, they were isolated and characterized. Aryl methyl carbinols can 

be alkylated with many primary alcohols. The reactions with benzyl alcohols 

derivatives and heterocyclic alcohols (entries 1-7) give higher conversions than 

with primary aliphatic alcohols (entries 8-12). Lowering of conversion in 

alkylation reactions with primary alkyl alcohol is not attributable to self-

condensation of these alcohols as no self-condensation products were detected in 

the reactions; it is probably due to diminished electrophilicity of the carbonyl 

carbon atoms of the aldehydes generated via oxidation of the primary alkyl 

alcohols. Alkyl methyl carbinols seem to be less active than their aryl analogues 

toward β-alkylation (entries 15-17). 1-phenyl-1-propanol, however, does not 

undergo alkylation. All of the complexes M1-M5 are basically inactive for the β-

alkylation of alkyl methyl carbinols with primary alkyl alcohol (entries 20, 21); 

other known ruthenium catalysts do not seem to be active for the coupling of 

alkyl methyl carbinols with primary alkyl alcohols as well.[18, 110-112] 

Alkylation of 1,2,3,4-tetrahydro-1-naphthol (1g) gives mixtures of diastereomers 

(entries 18-19). 
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Table 2.2 Ru(II)-catalyzed β-alkylation of Secondary Alcohols with Primary 
Alcohols[a]  

M1 

-BF4

Ru

NCCH3Ph3P

PPh3

+

M2

Ru

ClPh3P

PPh3

M3

Ru

ClPh2P
PPh2

Ru
ClPh3P

PPh3

N
N

B

N
N N

N

H

M4

Ru
NCCH3Ph2P

PPh2

N
N

B

N
N N

N

H
-+BF4

M5

 
 

% conversion[b] 
entry 2° alcohol 1° alcohol product 

 
R1

OH

 
R2 OH  R1 R2

OH

 

M1 M2 M3 M4 M5 

1 1a R1 = Ph 2a R2 = Ph        3a       11(1)[c] 88(7) 71(3) 94(3) 73(13) 74(13) 
2 1a 2b R2 = 2-MeOC6H4 3b 77(6) 84(6) 81(7) 74(10) 78(8) 
3 1a 2c R2 = 4-MeOC6H4 3c 78(5) 84(6) 85(5) 88(6) 83(8) 
4 1a 2d R2 = 3,4-(MeO)2C6H3 3d 91(7) 85(8) 84(3) 88(6) 80(10) 
5 1a 2e R2 = 4-FC6H4 3e 61(3) 66(2) 71(2) 77(9) 77(9) 
6 1a 2f R2 = 2-furyl 3f 83(7) 82(5) 82(0) 73(10) 79(4) 
7 1a 2g R2 = thiophen-2-yl 3g 79(2) 88(0) 80(2) 77(10) 91(5) 
8 1a 2h R2 = phenethyl 3h 65(9) 48(5) 57(0) 60(4) 56(5) 
9 1a 2i R2 = benzyl 3i 30(0) 8(0) 8(0) 21(3) 29(4) 
10 1a 2j R2 = Pr 3j 30(8) 40(3) 26(3) 29(3) 28(3) 
11 1a 2k R2 = iPr 3k 37(8) 23(4) 15(0) 20(0) 14(0) 
12 1a 2l R2 = Cy 3l 52(5) 40(4) 13(0) 29(2) 32(2) 

13 
1b R1 = 4-
MeOC6H4 

2a 
3m 

78(17) 60(20) 74(17) 70(25) 68(20) 

14 1c R1 = 4-ClC6H4 2a 3n 75(0) 72(0) 87(4) 93(3) 92(6) 
15 1d R1 = phenethyl 2a 3p 57(0) 31(0) 54(9) 31(0) 46(0) 
16 1e R1 = Cy 2a 3q 59(6) 50(5) 35(3) 60(6) 41(5) 
17 1f R1 = n-pentyl 2a 3r 46(4) 49(5) 51(3) 31(4) 25(0) 

18 

OH

 
1g 

2j 

OH

3s 

46(17)
(Z:E =  

70:30) 

50(15) 
(Z:E =  

76:24) 

24(3) 
(Z:E =  

67:33) 

46(18) 
(Z:E = 

74:26) 

30(14) 
(Z:E =  

77:23) 

19 1g 2a Ph

OH

 
3t 

42(9) 
(Z:E = 

 40:60) 

47(6) 
(Z:E = 

 53:47) 

54(3) 
(Z:E = 

 46:54) 

30(11) 
(Z:E =  

57:43) 

53(13) 
(Z:E =  

47:53) 

20 1d 2j 3u Trace [d] Trace [d] Trace [d] Trace [d] Trace [d] 
21 1f 2j 3v Trace [d] Trace [d] Trace [d] Trace [d] Trace [d] 

[a]Reaction conditions: catalyst (0.005 mmol), 2˚ alcohol (1.25 mmol), 1˚ alcohol (1.5 mmol), NaOH (0.25 

mmol, 20 mol% w.r.t. 2˚ alcohol), 120˚C, 24 h. 
[b]Conversion (based on 2˚ alcohol) determined by 1H NMR spectroscopy. Values in parenthesis indicate the 

conversion of corresponding ketone. 
[c]Controlled experiment, no complex was present. 
[d]Trace amount of the ketone product. 
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2.3.3 NMR Monitoring of Ru(II)–Catalyzed β-Alkylation of 1-Phenylethanol 

with Benzyl Alcohol 

To gain more insight into the mechanism of the catalytic reactions, the 1-

phenylethanol/benzyl alcohol alkylation reactions catalyzed by the Cp and Tp 

complexes were monitored with 31P{1H}NMR spectroscopy. For the catalytic 

reaction with the Cp bis(triphenylphosphine) complex M2 (Figure 2.1), it was 

observed that the complex completely disappeared and was converted to a 

mixture of  the hydride species CpRu(PPh3)2H (M6) and the phenyl carbonyl 

complex CpRu(PPh3)(CO)Ph (M7) in a 7:3 ratio within 30 min. The ratio 

changed to 13:7 after 12h and it remained unchanged at the end of the monitoring 

(24h). In the M4-catalyzed reaction (Figure 2.2), the Tp bis(triphenylphosphine) 

complex was completely converted to a mixture of TpRu(PPh3)2H (M8) and 

TpRu(PPh3)(CO)Ph (M9) (in a 17:3 ratio) after 30 min; the ratio became 3:17 

after 12h, and M9 became the only observable species after 24h. In the catalytic 

reactions with the Cp dppm complexes (M3), it was shown by 31P{1H}NMR 

spectroscopy that M3 was rapidly converted to the hydride species 

CpRu(dppm)H (M10) (Figure 2.3), and it remained the only ruthenium complex 

detected throughout the catalysis (24h); similar results were observed in the M5-

catalyzed reaction. In the M1-catalyzed reaction, the complexes recovered at the 

end of the reaction were an 87:13 mixture of M6 and M7. Table 2.3 summarizes 

the distribution of the organometallic species at the end of the catalytic reactions. 
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CpRu(PPh3)2Cl (M2)

CpRu(PPh3)2H (M6)
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Triphenylphosphine

Triphenylphosphine oxide

 

Figure 2.1 31P{1H}NMR study of CpRu(PPh3)2Cl (M2)-catalyzed β-

alkylation of 1-phenylethanol  with benzyl alcohol 
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TpRu(PPh3)2Cl (M4)

TpRu(PPh3)2H (M8)

TpRu(PPh3)(CO)Ph (M9)

Triphenylphosphine

Triphenylphosphine oxide
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Figure 2.2 31P{1H}NMR study of TpRu(PPh3)2Cl (M4)-catalyzed β-

alkylation of 1-phenylethanol with benzyl alcohol 
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Figure 2.3 31P{1H}NMR study of CpRu(dppm)Cl (M3)-catalyzed β-

alkylation of 1-phenylethanol  with benzyl alcohol 
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Table 2.3 Distribution of the Organometallic Species at the end of the 

Catalytic Reactions with M1-M5[a] 

 

1a 2a 3a

Ph Ph

OH[M],  base
+

Ph

OH
Ph OH

 

 

Catlyst Distribution of Ru species[b] 

[CpRu(PPh3)2(CH3CN)]+BF4
-
 (M1) M1 (0%) 

CpRu(PPh3)2H (M6) (87%) 

CpRu(PPh3)(CO)Ph (M7) (13%) 

 

CpRu(PPh3)2Cl (M2)  M2 (0%) 

M6 (65%) 

M7 (35%) 

 

CpRu(dppm)Cl (M3)  M3 (0%) 

CpRu(dppm)H (M10) (100%) 

 

TpRu(PPh3)2Cl (M4) M4 (0%) 

TpRu(PPh3)2H (M8) (0%) 

TpRu(PPh3)(CO)Ph (M9) (100%) 

 

[TpRu(dppm)(CH3CN)] +BF4
-
 (M5) M5 (0%) 

TpRu(dppm)H (M11) (100%) 

 
[a]Reaction conditions: toluene (0.2 mL), 1-phenylethanol (1 mmol), benzyl alcohol (1.2 mmol), 

catalyst (0.01 mmol), NaOH (0.2 mmol ), 120˚C, 24 h.  
[b]The relative concentrations of the complexes were obtained by the 31P{1H}NMR integrations. 
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2.3.4 CpRu(PPh3)(CO)Ph (M7) and TpRu(PPh3)(CO)Ph (M9)-Catalyzed β-

Alkylation of 1-Phenylethanol with Benzyl Alcohol 

Quite unexpectedly, the phenyl carbonyl complexes M7 and M9 were found 

to be active catalysts for β-alkylation of 1-phenylethanol with benzyl alcohol; 

Table 2.4 shows the results of the reactions. Addition of 5 equiv. of 

triphenylphosphine significantly suppresses the yields (compare entries 1 and 3, 

2 and 4), indicating that the dissociation of the phosphine ligand is necessary in 

the catalysis. The fact that addition of 15-crown-5 and cryptand C221, which are 

complexing agents for sodium ion, lowers the yields significantly (compare 

entries 5 with 7 and 9; 6 with 8 and 10) implies that the sodium ion might play a 

role in the catalytic process. After each of the catalytic process, it was confirmed 

by 31P{1H}NMR spectroscopy that the complex remained unchanged. 
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Table 2.4 CpRu(CO)(PPh3)Ph (M7) and TpRu(CO)(PPh3)Ph (M9)-

Catalyzed β-Alkylation of 1-Phenylethanol with Benzyl Alcohols[a] 

+
Ph

OH
Ph OH +

Ph

OH

Ph

 M7 or M9

NaOH,120oC

1a 2a 3a 4a

Ph

O

Ph

 
 

% conversion[b] 
entry catalyst solvent  additives (mol% w.r.t. 1a)

3a 4a 

1 M7 nil nil 56 2 

2 M9 nil nil 48 1 

3 M7 nil PPh3 (2) 23 0 

4 M9 nil PPh3 (2) 18 0 

5 M7 Toluene (0.5 mL) nil 43 1 

6 M9 Toluene (0.5 mL) nil 38 0 

7 M7 Toluene[c] 15-crown-5 (40) 25 0 

8 M9 Toluene[c] 15-crown-5 (40) 21 0 

9 M7 Toluene[c] Cryptand C221 (40) 17 0 

10 M9 Toluene[c] Cryptand C221 (40) 7 0 
[a]Reaction conditions: 1a (1.25 mmol), 2a (1.5 mmol), catalyst (0.005 mmol, 0.4 mol% w.r.t. 1a), 

base (0.25 mmol, 20 mol% w.r.t. 1a), 120˚C, 24 h.  
[b]Conversion (based on 1a) determined by 1H NMR spectroscopy.   
[c]Total volume of solvent and additive  0.5mL. 

 

2.3.5 Proposed Mechanism for CpRu(CO)(PPh3)Ph (M7) and 

TpRu(CO)(PPh3)Ph (M9)-Catalyzed β-Alkylation of 1-Phenylethanol with 

Benzyl Alcohol 

Scheme 2.2 summarizes the reaction pathways of the M7 and M9-catalyzed 

β-alkylation of 1-phenylethanol with benzyl alcohol consistent with the observed 

chemistry. Initially, the phosphine ligand is lost to make room for the alkoxide 

attack; subsequent β-elimination yields the anionic metal hydride complex A. 

Although not observed, we propose this species to be the key intermediate of the 
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catalytic process. Anionic hydrides exhibit hydridic reactivity and have been 

employed in ketone, aldehyde, alkyl halide, and acyl chloride reduction.[122-126] 

The initially formed α,β-unsaturated ketone is first reduced in cycle I. The 

reduction might proceed by an associative mechanism in which the Cp ligand or 

the Tp ligand undergoes ring-slippage or unarming, respectively, to allow 

substrate coordination to the metal center and subsequent hydride transfer; or the 

reduction might proceed via an intermolecular hydride transfer process. In both 

processes, the α,β-unsaturated ketone is activated toward hydride transfer by the 

sodium ion. The hydride is added to the β-carbon of the substrate probably by 

virtue of the resonance structure (Chart 2.2). It was proposed in the  

 

Ph Ph

O
Na+

Ph Ph

O
Na+

_

 

Chart 2.2 

 

hydrogenation of ketones catalyzed by the potassium hydrido(phosphine) 

ruthenate complexes that the carbonyl group of the ruthenium-coordinated 

ketone is polarized by the Lewis acid effect of  K+ (Chart 2.3). [127] The 

alternative intermolecular hydride transfer is similar to ionic hydrogenation 

 

Ru H

O
K+

C

 

Chart 2.3 
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of ketones with transition-metal hydride/Brønsted acid (M−H/HA) pair (Chart 

2.4),[128] with the Na+ ion playing a similar role as H+. The saturated ketone 

produced in cycle I is reduced in cycle II in a similar manner. 

O

H M

H+

δ+
δ OH

H M

or

 

Chart 2.4 

 

PPh3
L3Ru

PPh3

CO
Ph

L3Ru
CO

Ph

Ph Ph

OH
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CO
Ph

L3Ru
H

CO
Ph
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O

Ph

L3Ru
O

Ph
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CO
Ph

L3Ru
H

CO
Ph

O

Ph

Ph

Na+

L2Ru

Ph CO

H

Ph
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O

PhPh

O
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Ph H

O

Ph

O

OR OR

Ph O

Ph

O=
,
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O

Ph
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PhPh

O

L3Ru
H

CO
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Ph O

Ph

Na +

,

L2Ru

Ph CO

H

O

Ph

Ph Na +
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PhPh

OH
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_PPh3

PPh3

II

ROH

I
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_

_

_

_

_

_

_

_

_

_ __
_

_

A

Scheme 2.2 Proposed mechanism of CpRu(CO)(PPh3)Ph (M7) and 

TpRu(CO)(PPh3)Ph (M9)-catalyzed β-alkylation of 1-phenylethanol with 

benzyl alcohol 
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2.3.6 Preparation and X-ray Crystallographic Studies of 

CpRu(PPh3)(CO)(3,4-dimethoxyphenyl) (M12) and TpRu(PPh3)(CO)(3,4-

dimethoxyphenyl) (M13) 

Reaction of 1-phenylethanol (1a) and CpRu(dppm)Cl (M3) (2 mol%) in the 

presence of  NaOH at 120oC for 4h in C6D6 gave CpRu(dppm)H (M11) 

quantitatively.  When benzyl alcohol (2a) was used in place of 1a, M3 was 

completely converted to M11 upon 2h of heating. The hydride complexes M6, 

M8, M10, and M11 were obviously formed by alkoxide attack at the metal center 

and subsequent β-elimination; benzaldehyde and acetophenone were then 

generated concomitantly. Formation of the phenyl carbonyl complexes M7 and 

M9 is probably due to benzaldehyde decarbonylation at the metal center. We had 

previously reported that TpRu(PPh3)(CO)Ph (M10) could be prepared by 

reacting TpRu(PPh3)(CH3CN)H with benzaldehyde;[118] the analogue 

CpRu(PPh3)(CO)Ph (M8) was independently prepared in this study. Also the Cp- 

and Tp-ruthenium carbonyl complexes CpRu(PPh3)(CO)(3,4-dimethoxyphenyl) 

(M12) and TpRu(PPh3)(CO)(3,4-dimethoxyphenyl) (M13) were synthesized by 

reacting the bis(triphenylphosphine)chloro complexes M2 and M4 with 3,4-

dimethoxybenzyl alcohol in the presence of  NaOH (eq. 2.3). The structures of 

M12 and M13 were determined by X-ray crystallography. The ORTEP view of 

the complexes M12 and M13 confirms the existence of a 3,4-dimethoxyphenyl 

moiety as shown in Figures 2.4 and 2.5, respectively. Crystal data and structure 

refinement details are given in Table 2.5. Selected bond distances and angles are 

given in Tables 2.6 and 2.7 for M12 and M13, respectively. 
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(2.3)
M12  [Ru] = CpRu+

M13  [Ru] = TpRu+

Ph3P

[Ru]

PPh3

Cl Ph3P

[Ru]

OC

OMe

OMe
OMe

OMe

HO

NaOH

 

 

 

 

 

Figure 2.4 ORTEP view (30% probability) of CpRu(PPh3)(CO)(3,4-

dimethoxyphenyl) (M12) showing the atom-labeling scheme 
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Figure 2.5. ORTEP view (30% probability) of TpRu(PPh3)(CO)(3,4-

dimethoxyphenyl) (M13) showing the atom-labeling scheme 
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Table 2.5 Crystal Data and Structure Refinement of CpRu(PPh3)(CO)(3,4-

dimethoxyphenyl) (M12) and TpRu(PPh3)(CO)(3,4-dimethoxyphenyl) (M13) 

 

Complex M12 M13 

Empirical formula C32H30O3PRu  C36H34BN6O3PRu 

Formula weight 593.59 741.54 

Temperature 296(2) K 296(2) K 

Wavelength 0.71073 Å 0.71073 Å 

Crystal system Monoclinic Triclinic 

Space group P2(1)/n P1 

Unit cell dimensions a = 17.9747(2) Å α = 90°. a = 9.09120(10) Å α = 68.0220(10) °.

 b = 10.26640(10) Å β =106.5320(10) °. b = 9.66720(10) Å β =85.9580(10) °. 

 c = 15.6542(2) Å γ = 90°. c = 10.9951(2) Å γ = 80.3790(10) °.

Volume 2769.34(5) Å3 878.75(2) Å3 

Z 4 1 

Density (calculated) 1.424 Mg/m3 1.401 Mg/m3 

Absorption coefficient 0.655 mm-1 0.536 mm-1 

F(000) 1216 380 

Crystal size 0.60 x 0.16 x 0.14 mm3 0.5 x 0.5 x 0.46 mm3 

Theta range for data collection 2.31 to 27.49°. 2.01 to 27.5°. 

Index ranges -23<=h<=22, 0<=k<=13, 0<=l<=20 -11<=h<=11, -12<=k<=12, -14<=l<=12 

Reflections collected 6351 9703 

Independent reflections 6351 [R(int) = 0.0000] 5164 [R(int) = 0.174] 

Completeness to theta = 27.49°, 99.8 % = 27.50°, 99.7 % 

Absorption correction multi Semi-empirical from equivalents 

Max. and min. transmission 1.000 and 0.831 1.000 and 0.794 

Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2 

Data / restraints / parameters 6351 / 0 / 334 5164 / 3 / 433 

Goodness-of-fit on F2 1.007 1.007 

Final R indices [I>2sigma(I)] R1 = 0.0270, wR2 = 0.0685 R1 = 0.0228, wR2 = 0.0600 

R indices (all data) R1 = 0.036, wR2 = 0.0713 R1 = 0.0229, wR2 = 0.0601 

Largest diff. peak and hole 0.399 and -0.277 e.Å-3 0.354 and -0.596 e.Å-3 
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Table 2.6 Selected Bond Distances (Å) and Angles (˚) for 

CpRu(PPh3)(CO)(3,4-dimethoxyphenyl) (M12) 

  

 

Bond distances (Å) 

Ru(1)-C(6) 1.836(2) Ru(1)-P(1) 2.2885(5) 

Ru(1)-C(7) 2.0897(19) O(1)-C(6) 1.151(3) 

C(1)-C(2) 1.420(3) O(2)-C(9) 1.374(2) 

C(1)-C(5) 1.399(4) O(2)-C(13) 1.404(3) 

C(2)-C(3) 1.404(4) O(3)-C(10) 1.382(3) 

C(3)-C(4) 1.402(3) O(3)-C(14) 1.404(3) 

C(4)-C(5) 1.414(3)   

 

Bond angles (˚) 

C(1)-C(5)-C(4) 107.9(2) C(7)-Ru(1)-P(1) 87.75(5) 

C(3)-C(2)-C(1) 107.4(2) C(8)-C(7)-Ru(1) 119.99(14) 

C(3)-C(4)-C(5) 107.9(2) C(9)-O(2)-C(13) 118.14(18) 

C(4)-C(3)-C(2) 108.6(2) C(10)-O(3)-C(14) 117.1(2) 

C(5)-C(1)-C(2) 108.2(2) C(12)-C(7)-Ru(1) 124.42(15) 

C(6)-Ru(1)-C(7) 91.04(9) O(1)-C(6)-Ru(1) 177.4(2) 

C(6)-Ru(1)-P(1) 86.22(7)   

 

 

 

 



 65

Table 2.7 Selected Bond Distances (Å) and Angles (˚) for 

TpRu(PPh3)(CO)(3,4-dimethoxyphenyl) (M13) 

 

    

Bond distances (Å) 

Ru(1)-C(10) 1.822(2) O(1)-C(10) 1.145(3) 

Ru(1)-C(11) 2.0853(18) O(2)-C(13) 1.385(2) 

Ru(1)-N(1) 2.2037(16) O(2)-C(17) 1.385(3) 

Ru(1)-N(3) 2.136(2) O(3)-C(14) 1.386(2) 

Ru(1)-N(5) 2.1748(16) O(3)-C(18) 1.413(3) 

Ru(1)-P(1) 2.3293(5)   

    

Bond angles (˚) 

C(10)-Ru(1)-C(11) 87.86(8) N(3)-Ru(1)-N(1) 83.23(7) 

C(10)-Ru(1)-N(1) 92.65(8) N(3)-Ru(1)-N(5) 83.46(7) 

C(10)-Ru(1)-N(3) 89.11(9) N(3)-Ru(1)-P(1) 175.71(5) 

C(10)-Ru(1)-N(5) 172.57(9) N(5)-Ru(1)-N(1) 86.25(6) 

C(10)-Ru(1)-P(1) 94.80(7) N(5)-Ru(1)-P(1) 92.62(5) 

C(11)-Ru(1)-N(1) 171.97(8) C(12)-C(11)-Ru(1) 123.27(14) 

C(11)-Ru(1)-N(3) 88.76(7) C(14)-O(3)-C(18) 117.58(18) 

C(11)-Ru(1)-N(5) 92.21(7) C(16)-C(11)-Ru(1) 120.94(13) 

C(11)-Ru(1)-P(1) 93.14(6) C(17)-O(2)-C(13) 118.78(17) 

N(1)-Ru(1)-P(1) 94.80(5) O(1)-C(10)-Ru(1) 174.31(19) 
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The complexes display one strong ν (C≡O) absorption in their IR spectra 

(M12 at 1917 cm-1, and M13 at 1935 cm-1). The 1H NMR spectra show the 

signal corresponding to the proton on the methoxy groups of the 3,4-

dimethoxyphenyl moiety as a pair of singlets (M12 at δ 3.47 and 3.64 ppm; and 

M13 at δ 3.34 and 3.81 ppm). Each of the complexes shows a doublet in the 

13C{1H}NMR corresponding to the carbonyl carbon (M12 at δ 207.45 ppm; and 

M13 at δ 207.77 ppm). One singlet was observed in the 31P{1H}NMR spectra of 

these complexes corresponding to the triphenylphosphine ligand (M12 at δ 60.02 

ppm; and M13 at δ 50.32 ppm).  

 

The ruthenium carbonyl complexes M12 and M13 are isostructural. The 

coordination geometry of each of the complexes is approximately octahedral, in 

which the Cp or Tp ligand fills three coordination positions while the other three 

are occupied by a carbonyl ligand, a phosphorous atom, and an ipso carbon of the 

3,4-dimethoxyphenyl moiety. The ruthenium-carbon distances are 1.836(2) Å 

and 1.822(2) Å in M12 and M13, respectively, which are similar to those of the 

related ruthenium (II) complexes.[129, 130] The carbonyl C≡O bond distances of 

M12 (O(1)-C(6), 1.151 (3) Å) and M13 (O(1)-C(10), 1.145 (3) Å) are consistent 

with a C≡O bond distance.[130] The Ru-C≡O group of each of the complexes is 

virtually linear, having a O(1)-C(6)-Ru(1) angle of 177.4(2)˚ and  O(1)-C(10)-

Ru(1) angle of 174.31(2)˚ for M12 and M13, respectively. The existence of the 

3,4-dimethoxyphenyl moiety in M12 and M13 is yet evidence which reveals that 

the aldehydes are decarbonylated at the metal centre to form the corresponding 

phenyl carbonyl complexes. Aldehyde decarbonylation forming metal carbonyl 

species often causes catalyst deactivation.[131-134] 
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2.3.7 Proposed Mechanism for the Cp and Tp Ruthenium Complexes-

Catalyzed β-Alkylation of 1-Phenylethanol with Benzyl Alcohol 

Based on our observations in the 31P{1H}NMR-monitored catalytic 

reactions, we propose a mechanism, using the 1-phenylethanol/benzyl alcohol 

pair as an example, for the Cp and Tp ruthenium complexes-catalyzed alkylation 

of secondary alcohols with primary alcohols (Scheme 2.3). The reaction 

proceeds via initial oxidation of both substrates to acetophenone and 

benzaldehyde. The carbonyl compounds then undergo cross-aldol condensation 

by the action of base to give the α,β-unsatureted ketone, which is subsequently 

hydrogenated to give the products. The major catalytic pathway is similar to 

those proposed by others; these authors, although having suggested the metal 

hydride as the key intermediate in the catalysis, have never reported identifying 

it.[18, 19, 110, 111] We have, in our study, unequivocally identified these 

species. In the M3- and M5-catalyzed reactions, the dppm complexes were 

readily converted to the hydride species, and they remained the only observable 

ruthenium complexes throughout the courses of the catalytic reactions. No 

carbonyl complex was formed in either case. Probably, the presence of the 

chelating dppm ligand makes it difficult to create a vacant site at the metal center 

for the aldehyde attack. In the cases of the bis(triphenylphosphine) complexes, 

the hydride intermediate can more readily dissociate one of the phosphine 

ligands to generate unsaturation; aldehyde attack at the metal, H2 extrusion, and 

subsequent decarbonylation lead to the formation of the phenyl carbonyl 

complexes M7 and M9. 
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Scheme 2.3 Proposed mechanism of Cp and Tp ruthenium complexes-

catalyzed β-alkylation of 1-phenylethanol with benzyl alcohol 
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Chapter 3 Dialkylaminocyclopentadienyl Ruthenium (II) Complex-

Catalyzed α-Alkylation of Arylacetonitriles with Primary Alcohols 

 
3.1 Introduction 

α-alkylated nitriles are an important class of compounds for their potentials 

as versatile building blocks in the synthesis of amides, amidines, carboxylic acids, 

ketones, and biologically active compounds.[135-141] Traditional synthesis of 

these nitriles requires the usage of alkyl halides and stoichiometric amount of 

inorganic base; the toxicity of the former constitutes a major drawback of this 

synthetic method. Direct catalytic alkylation of nitriles thus represents an 

attractive green reaction from both an economical and environmental point of 

view. Few examples of direct alkylation of nitriles with alcohols which are 

catalyzed by transition metals are known. An early one being the Ru- and Rh-

catalyzed reactions;[142] more recent ones include reactions catalyzed by the 

iridium complex [Cp*IrCl2]2[7] and a novel Ru-grafted hydrotalcite.[143] In 

these reactions, aryl- and heteroaryl nitriles were used. Closely related reactions 

involving the addition of acetonitrile and other alkyl nitriles to aldehydes to yield 

β-hydroxynitriles have been reported; these reactions were catalyzed by 

ruthenium[144, 145] and rhodium complexes.[146] β-hydroxynitriles are 

potential precursors for pharmaceutically important substances.[147, 148]  

  

In the previous chapter, we have reported that β-alkylation of secondary 

alcohols with primary alcohols are catalyzed by a number of ruthenium 

complexes, by virtue of their being able to affect oxidation of the primary and 

secondary alcohols to aldehydes and methyl ketones, respectively, which then 

undergo aldol condensation under basic conditions.[149] Continuing our interest 
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on ruthenium-catalyzed C-C bond formation reactions, we studied catalytic α-

alkylation of nitriles with primary alcohols with these ruthenium complexes. 

However, they were found to be inactive or very poor catalysts for the reactions. 

Fortunately, we later found that a couple of aminocyclopentadienyl-ruthenium 

complexes are active catalysts for the reactions; we report here the findings on 

our work with these catalytic systems. We also, with the help of theoretical 

calculations, provide explanation for the low catalytic activity of the analogous 

clcyopentadienyl-ruthenium species. 

 

3.2 Experimental Section 

 

3.2.1 Materials and Instrumentation 

All manipulations were carried out under nitrogen atmosphere using 

standard Schlenk techniques. Solvents were freshly distilled under nitrogen from 

sodium-benzophenone (tetrahydrofuran), sodium (diethyl ether, hexane and 

toluene), calcium hydride (dichloromethane, and acetonitrile), magnesium-iodine 

(methanol) or P2O5 (C6D6 and CDCl3); they were degassed prior to use. 

Elemental analyses were performed by M-H-W Laboratories, Phoenix, AZ 

(USA). 1H NMR spectra were obtained from a Bruker DPX-400 spectrometer at 

400.13 MHz; chemical shifts (δ, ppm) were reported relative to residual peaks of 

the deuterated solvents used. 13C{1H}NMR spectra were recorded with a Bruker 

DPX-400 spectrometer at 100.61 MHz; chemical shifts were internally 

referenced to CDCl3 (δ = 77.7 ppm), C6D6 (δ = 128.1 ppm), (CD3)2CO (δ = 

206.26, 29.84ppm) or CD2Cl2 (δ = 54.18 ppm). 31P{1H}NMR spectra were 

recorded on a Bruker DPX-400 spectrometer at 161.70 MHz; chemical shifts 
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were externally referenced to 85% H3PO4 in D2O (δ 0.00 ppm). All spectra were 

obtained at ambient probe temperature unless stated otherwise. Infrared spectra 

were obtained from a Bruker Vector 22 FT-IR spectrophotometer. Mass 

spectrometry was carried out with a Finnigan MAT 95S mass spectrometer with 

the samples dissolved in dichloromethane or acetone. The complexes 

[CpRu(PPh3)2(CH3CN)]+BF4
- (M1),[113] and CpRu(PPh3)2Cl (M2)[114] were 

prepared according to literature methods.  

 

3.2.2 Syntheses and Reactions 

 

3.2.2.1 (CpNMe2)Ru(PPh3)2H (M14)   

A sample of CpRu(PPh3)2Cl (0.50g, 0.69mmol) was 

added to a two-necked round bottom flask equipped with a 

dropping funnel, the system was then evacuated and flushed 

with nitrogen for four cycles. Freshly degassed THF (50mL) was added to the 

flask. LiN(Me)2 (0.18g, 3.53mmol) was added to the dropping funnel and 20mL 

of THF was added to dissolve the salt; the resulting solution was then slowly 

added to the flask. The mixture was stirred at room temperature for 2h. At the 

end of this period, 0.1mL of H2O was added to the reaction mixture. It was then 

evaporated to dryness under reduced pressure to produce a yellow colloidal 

material. 20mL of freshly degassed toluene was then added, and the insoluble 

material was filtered out. The solvent of the filtrate was removed under reduced 

pressure to give a yellow paste; pre-cooled hexane (15 mL) was added to the 

residue, with stirring, to produce a yellow solid. The solid was collected by 

filtration and dried under vacuum at room temperature. Yield: 0.41g (82%). 1H 

NMe2

Ru
HPh3P

PPh3
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NMR (400MHz, C6D6, 25oC): δ 7.74(m, 12H; PPh3-H), δ 7.15-7.03(m, 18H; 

PPh3-H), δ 4.80, δ 3.00 (s, 2H, 2H; C5H4), δ 2.34 (s, 6H; –N(CH3)2), δ -10.30 (t, 

J = 32 Hz, 1H; Ru-H). 31P{1H}NMR (161MHz, C6D6, 25oC): δ 68.59 (s). 

13C{1H}NMR (100.61 MHz, C6D6, 25oC): δ 66.54 (t, J = 5 Hz, –C-N(CH3)2), δ 

43.88 (s, –N(CH3)2). ESI-MS: m/z 734.15, [M-H]+. 

 

3.2.2.2 (CpNEt2)Ru(PPh3)2H (M15) 

To a solution of diethylamine (0.36mL, 3.45mmol) in 

freshly degassed THF (10mL) cooled in an ice bath was slowly 

added n-butyllithium (1.7 mL, 2.7mmol, 1.6 M in Hexane). The 

solution was then allowed to warm to room temperature, and stirring was 

continued for 30 min. A sample of CpRu(PPh3)2Cl (0.50g, 0.69mmol) was added 

to a two-necked round bottom flask, which was then evacuated and flushed with 

nitrogen for four cycles. Freshly degassed THF (50mL) was added to the flask. 

Upon complete dissolution of CpRu(PPh3)2Cl, the lithium diethylamide solution 

just prepared was added and the mixture was stirred at room temperature for 2h. 

At the end of this period, 0.1mL of H2O was added to the reaction mixture. It 

was then evaporated to dryness under reduced pressure to produce a yellow 

colloidal material. 20mL of freshly degassed toluene was added, and the 

insoluble material was filtered out. The solvent of the filtrate was removed under 

reduced pressure to give a yellow paste; pre-cooled hexane (15 mL) was added to 

the residue, with stirring, to produce a yellow solid. The solid was collected by 

filtration and dried under vacuum at room temperature. Yield: 0.38 g (73 %). 1H 

NMR (400MHz, C6D6, 25oC): δ 7.85-7.75(m, 12H; PPh3-H), δ 7.11-7.04(m, 18H; 

PPh3-H), δ 4.69, δ 3.27 (s, 2H, 2H; C5H4), δ 2.83 (q, J = 7 Hz, 4H; –

NEt2

Ru
HPh3P

PPh3
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N(CH2CH3)2), δ 1.09 (t, J = 7 Hz, 6H; –N(CH2CH3)2), δ -10.23 (t, J = 33 Hz, 1H; 

Ru-H). 31P{1H}NMR (161MHz, C6D6, 25oC): δ 69.04 (s). 13C{1H}NMR (100.61 

MHz, C6D6, 25oC): δ 65.70(t, J = 4 Hz, –C-N(CH2CH3)2), δ 47.20 (s, –C-

N(CH2CH3)2), δ 13.73 (s, –C-N(CH2CH3)2). ESI-MS: m/z 762.21, [M-H]+. 

 

3.2.2.3 [(CpNMe2)Ru(PPh3)2(CH3CN)]+BF4
- (M16) 

A sample of (CpNMe2)Ru(PPh3)2H (0.10g, 

0.14mmol) was added to a two-necked round bottom 

flask which was degassed and flushed with nitrogen for 

four times. Freshly degassed THF (20mL) was added to dissolve the complex 

followed by the addition of HBF4·Et2O (25μL, 1.5mmol) and CH3CN (1 mL). 

The solution was stirred at room temperature for 1h, and evaporated to dryness 

under reduced pressure to yield a yellow paste. Hexane (5 mL) was added to the 

residue, with stirring, to produce a yellow solid. The solid was filtered out and 

washed with diethyl ether (2 × 2 mL). It was collected and dried under vacuum at 

room temperature. Yield: 89mg (76%). Anal. Calcd (%) of C45H43BF4N2P2Ru: C, 

62.73; H, 5.03; N, 3.25. Found: C, 62.55; H, 5.09; N, 3.19. 1H NMR (400MHz, 

(CD3)2O, 25oC): δ 7.46-7.39(m, 6H; PPh3-H), δ 7.31-7.25 (m, 24H; PPh3-H), δ 

4.28, δ 3.27 (s, 2H, 2H; C5H4), δ 2.88 (s, 6H; N(CH3)2), δ 2.28 (s, 3H; Ru-

NCCH3). 31P{1H}NMR (161MHz, (CD3)2O, 25oC): δ 46.22 (s). 13C{1H}NMR 

(100.61 MHz, (CD3)2O, 25oC): δ 60.42 (t, J = 6 Hz, –C-N(CH3)2), δ 40.12 (s, –

N(CH3)2). ESI-MS: m/z 734.15, [M-CH3CN]+. 
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3.2.2.4 [(CpNEt2)Ru(PPh3)2(CH3CN)]+BF4
- (M17) 

A procedure similar to that for the synthesis of 

[(CpNMe2)Ru(PPh3)2(CH3CN)]+BF4
- was followed, 

except that (CpNEt2)Ru(PPh3)2H (0.10g, 0.13mmol) was 

used in place of (CpNMe2)Ru(PPh3)2H. Yellow solid; yield: 83 mg (71 %). Anal. 

Calcd (%) of C47H47BF4N2P2Ru: C, 63.45; H, 5.32; N, 3.15. Found: C, 63.38; H, 

5.39; N, 3.11. 1H NMR (400MHz, CDCl3, 25oC): δ 7.37-7.30 (m, 6H; PPh3-H), δ 

7.27-7.21(m, 12H; PPh3-H), δ 7.19-7.11(m, 12H; PPh3-H), δ 4.08, δ 3.04 (s, 2H, 

2H; C5H4), δ 3.15 (q, J = 7 Hz, 4H; –N(CH2CH3)2), δ 2.20 (s, 3H; Ru-NCCH3), δ 

1.11 (t, J = 7 Hz, 6H; –N(CH2CH3)2). 31P{1H}NMR (161MHz, (CD3)2O, 25oC): 

δ 46.45 (s). 13C{1H}NMR (100.61 MHz, (CD3)2O, 25oC): δ 59.95 (t, J = 6 Hz, –

C-N(CH2CH3)2), δ 45.85 (s, –C-N(CH2CH3)2), δ 13.55 (s, –C-N(CH2CH3)2). 

ESI-MS: m/z 762.19, [M-CH3CN]+. 

 

 3.2.2.5 (CpNMe2)Ru(PPh3)(CO)Ph (M18) 

A sample of [(CpNMe2)Ru(PPh3)2H (0.50g, 0.68mmol) 

was loaded into a two-necked round bottom flask, which was 

then evacuated and flushed with nitrogen for four cycles. 

Degassed toluene (10 mL) and benzaldehyde (0.35mL, 2.07mmol) were then 

added and the resulting mixture was refluxed with stirring for 24h. At the end of 

this period, the solution was cooled to room temperature and was evaporated to 

dryness under reduced pressure to yield a pale yellow paste. Hexane (5 mL) was 

added to the residue, with stirring at -78oC, to produce a yellow solid. The solid 

was filtered out and throughly dried under vacuum to give M18 which was 

contaminated by free triphenylphosphine and phosphine oxide. M18 was 

NEt2

Ru
NCCH3Ph3P

PPh3

-+BF4

NMe2

Ru
COPh3P

Ph
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characterized by NMR spectroscopy. 1H NMR (400MHz, C6D6, 25oC): δ 7.79-

7.04(m, 20H; PPh3-H, Ru-C6H5 ), δ 4.87, δ 4.53 (d, J = 2 Hz, 1H, 1H; C5H4), δ 

4.18, δ 4.16 (s, 1H, 1H; C5H4), δ 2.23 (s, 6H; N(CH3)2). 31P{1H}NMR (161MHz, 

C6D6, 25oC): δ 59.88 (s) 13C{1H}NMR (100.61 MHz, C6D6, 25oC): δ 207.70 (d, 

2JPC = 19 Hz, Ru-CO); δ 152.31 (d, 2JPC = 12 Hz, ipso C of Ru-C6H5). 

 

3.2.2.6 [(CpNMe2)Ru(PPh3)2H2]+BF4
- (M19) 

A suspension of (CpNMe2)Ru(PPh3)2H (0.15g, 

0.20mmol) in freshly degassed methanol (10mL) was 

cooled in an ice bath. HBF4·Et2O (38μL, 0.22mmol) was 

added; pale yellow microcrystalline solid appeared after 30 min. The reaction 

mixture was allowed to stir in the ice bath for 2h. At the end of this period, the 

precipitate was filtered out and washed with pre-cooled methanol (3× 2mL). It 

was collected and dried under vacuum at room temperature. Yield: 77mg (46%). 

1H NMR (400MHz, CD2Cl2, 25oC): δ 7.42 – 7.37 (m, 18H; PPh3-H), δ 7.35-

7.29(m, 12H; PPh3-H), δ 4.76, δ 3.59 (s, 2H, 2H; C5H4), δ 2.30 (s, 6H; –

N(CH3)2), δ -6.58(t, J = 25 Hz, 2H; Ru-H2). 31P{1H}NMR (161MHz, CD2Cl2, 

25oC): δ 59.56 (s). 13C{1H}NMR (100.61 MHz, CD2Cl2, 25oC): δ 71.60 (t, J = 4 

Hz, –C-N(CH3)2), δ 41.32 (s, –N(CH3)2). ESI-MS: m/z 734.17, [M-2H]+. 

 

3.2.2.7 In Situ Preparation of DBUH+BF4
- 

The compound was synthesized according to literature 

method with slight modification.[150] HBF4·Et2O (0.58mL, 

3.6mmol) was added to an ice-cooled solution of DBU (0.5mL, 

3.3mmol) in Et2O (10mL). The reaction mixture was allowed to stir in the ice 

-+BF4

NMe2

H

Ru
Ph3P PPh3

H

-+BF4

N

N

H
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bath for 30min. At the end of this period, the mixture was evaporated to dryness 

under reduced pressure to give a pale yellow oil. The resulting oil was washed 

with pentane (2 × 3 mL). It was collected and dried under vacuum at room 

temperature. Yield: 0.66g (83 %). 1H NMR (400MHz, CDCl3, 25oC): δ 7.97 (s, 

1H; NH), δ 3.58-3.53 (m, 4H), δ 3.41-3.39 (m, 2H), δ 2.69-2.67(m, 2H), δ 2.09-

2.037(m, 2H), δ 1.76-1.70 (m, 6H). 

 

3.2.2.8 General Procedure of Catalytic α-Alkylation of Arylacetonitriles 

The reactions were carried out in a 10mL round-bottomed flask equipped 

with a reflux condenser topped with a nitrogen bypass. In a typical run, 

ruthenium complex (0.02 mmol) was loaded into the flask; it was then evacuated 

and filled with nitrogen for four cycles. Arylacetonitriles (1 or 2 mmol depending 

on mol% of cat.), primary alcohol (6 mmol) and DBU (0.4 mmol) were added to 

the flask via syringes and needles. The flask was heated in a silicon oil bath at 

120oC for 24 h. At the end of this period, the system was cooled to room 

temperature and 25μL 1,1,2,2-tetrachloroethane was added as an internal 

standard; a 0.1 mL aliquot of the solution was removed and analyzed by 1H 

NMR spectroscopy (in CDCl3). Conversions of the reactions were obtained by 

measuring the integrations of the characteristic peaks of the products with 

reference to the distinct peaks of the internal standard. The organic products 3a, 

3b, 3i and 3j are commercially available; 3c,[151] 3d,[152] 3e,[153] 3f,[6] 

3g,[154] and 3h,[152] described in Table 3.3 are known and were characterized 

by comparing their 1H NMR data with the reported ones. 
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3.2.2.9 NMR Monitoring of [(CpNMe2)Ru(PPh3)2(CH3CN)]+BF4
- (M16) and 

[CpRu(PPh3)2(CH3CN)]+BF4
- (M1)-Catalyzed α-Alkylation of Benzyl 

Cyanide with Benzyl Alcohol  

The reactions were carried out in 5 mm NMR tubes capped with septa. In 

a typical run, the ruthenium complex (0.01 mmol, 1 mol %) was loaded into a 

tube; it was evacuated and filled with nitrogen for four cycles. Benzyl cyanide (1 

mmol), benzyl alcohol (3 mmol) and DBU (0.2 mmol) were added to the tube via 

syringes and needles. The tube was heated in a silicon oil bath at 120oC. At 

different time intervals, the NMR tubes were rapidly cooled down to room 

temperature and 31P{1H}NMR spectra of the solution were taken. The relative 

concentrations of the species present were obtained by comparing the 

integrations of their signals in the 31P{1H}NMR spectra. 

 

3.2.2.10 Reactions of the Metal Hydrides (CpNMe2)Ru(PPh3)2H (M14) and 

CpRu(PPh3)2H (M6) with DBUH+ in the presence of CH3CN 

A weighted amount of hydride complex (0.01 mmol) was loaded to a 5 

mm NMR tube capped with a septum; the tube was then evacuated and filled 

with nitrogen for four cycles. Freshly prepared HDBU+BF4
- (0.12g, 0.5mmol) in 

THF (0.45 mL) was then added to the tube via syringe and needle. After 

complete dissolution of the complex, CH3CN (26μL, 0.5mmol) was added. The 

resulting solution was heated in a silicon oil bath at 60oC. At different time 

intervals, the NMR tube was cooled down to room temperature and 

31P{1H}NMR spectra of the solution were taken. The relative concentrations of 

the complexes present were obtained by comparing the integrations of their 

signals in the 31P{1H}NMR spectra. 
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3.2.2.11 Crystallographic Structures Analysis of 

[(CpNMe2)Ru(PPh3)2(CH3CN)]+BF4
- (M16) and 

[(CpNMe2)Ru(PPh3)2H2]+BF4
- (M19) 

Crystals suitable for X-ray diffraction study for M16 and M19 were 

obtained by layering of hexane onto a saturated dichloromethane solution of the 

complexes. A suitable crystal of each of the complexes was mounted on a Bruker 

CCD area detector diffractomer and subjected to Mo Kα radiation (λ = 0.71073 

Å) from a generator operating at 50 kV and 30 mA. The intensity data of M16 

and M19 were collected in the range θ = 1.97 – 27.38o and 2.03 – 27.59o, 

respectively, with oscillation frames of ψ and ω in the range 0 – 180o. A total of 

1756 frames in M16 and 1688 frames in M19 were taken in four shells. An 

empirical absorption correction of the SADABS (Sheldrick, 1996) program 

based on Fourier coefficient fitting was applied. The crystal structure was solved 

by Patterson function methods and expanded by difference Fourier synthesis, 

then refined by full-matrix least-squares on F2 using the Bruker Smart and 

Bruker SHELXTL program packages. All non-hydrogen atoms were refined 

anisotropically. Hydrogen atoms were placed in ideal positions and refined as 

riding atoms expect for the two hydride ligands in M19; they were located by 

difference electron density map. The R and Rw values of M16 are 0.0493 and 

0.0891, respectively, and those of M19 are 0.0496 and 0.1161, respectively. 

Further crystallographic details, selected bond distances and angles for M16 and 

M19 can be found in the results and discussion section. 

 

3.2.2.12 Computational Details 

In the DFT calculations, PMe3 was used as a model for PPh3. Geometry 

optimizations and frequency calculations were performed for all species involved 
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in the reaction at the Becke3LYP[155-157] level of density functional theory (no 

imaginary frequency for an equilibrium structure and one imaginary frequency 

for a transition structure). The intrinsic reaction coordinate (IRC)[158, 159] 

analysis was also carried out to confirm that all stationary points are smoothly 

connected to each other. Gibbs free energy at 298.15 K was obtained on the basis 

of the frequency calculations. The Ru and P atoms were described using the 

LANL2DZ basis set, a double-ζ valence basis set with the Hay and Wadt 

effective core potential (ECP).[160, 161] For all other atoms, the 6-31G basis set 

was used.[162] Polarization functions were added for N (ζd  = 0.864) and for P 

(ζd  = 0.387). For those H bonded to Ru, polarization functions were also added 

(ζp = 1.100).[163] All calculations were performed with Gaussian 03 

packages.[164] 

 

3.3 Results and Discussion 
 

In view of the catalytic activity of ruthenium complexes in β-alkylation of 

secondary alcohols with primary alcohols, we studied the catalytic α-alkylation 

of nitriles with primary alcohols using a number of Cp-Ru (Cp = 

cyclopentadienyl) and Tp-Ru complexes (Tp = hydrotris(pyrazolyl)borate); 

however, they were found to be inactive or very lowly active. 

 

We then prepared the aminocyclopentadienyl-Ru complexes 

[(CpNMe2)Ru(PPh3)2(CH3CN)]+BF4
- (M16) and 

[(CpNEt2)Ru(PPh3)2(CH3CN)]+BF4
- (M17) and found that they are active for the 

nitrile alkylation reactions (eq. 3.1). 
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(3.1)

Base

M16 or M17

1 2

Ar CN R OH+

3 4

Ar CN

R

Ar

R

CN
+

 

 

3.3.1 Preparation and Characterization of Complexes 

[(CpNMe2)Ru(PPh3)2(CH3CN)]+BF4
- (M16) and 

[(CpNEt2)Ru(PPh3)2(CH3CN)]+BF4
- (M17), and X-ray Structure of M16  

The aminocyclopentadienyl-ruthenium complexes M16 and M17 were 

prepared by the protonation of the hydride precursors, (CpNMe2)Ru(PPh3)2H 

(M14) and (CpNEt2)Ru(PPh3)2H (M15), with HBF4·Et2O in the presence of 

acetonitrile; the hydride complexes M14 and M15 were formed by reacting 

CpRu(PPh3)2Cl (M2) with LiNR2 (R = CH3, C2H5) in THF (eq. 3.2). 

 

(3.2)M2

HBF4
.Et2O

THF

CH3CNTHF
Ru

Ph3P Cl
PPh3

LiNR2+

M16, R = Me
M17, R = Et

M14, R = Me
M15, R = Et

Ru
Ph3P

PPh3

H

NR2
BF4

-+

Ru
Ph3P

PPh3

NCCH3

NR2

 

 

Aminocyclopentadienyl-Fe hydride complexes (CpNR2)Fe(L1)(L2)H (R = 

CH3, C2H5; L1 = CO, L2 = PR3; L1 = L2 = PR3) have been prepared in a similar 

manner.[165] The 1H NMR spectra of M16 and M17 show signals of the 

acetonitrile ligands at δ 2.28 and 2.20 ppm, respectively. A singlet that 

corresponds to the amino methyl groups in M16 is seen at δ 2.88 ppm; on the 

other hand, the existence of amino ethyl groups of M17 is confirmed by the 

observation of a quartet signal(δ 3.15 ppm) and a triplet one (δ 1.11 ppm) which 
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are present in a 2:3 ratio. The phosphine ligands of M16 and M17 appear as 

singlets at δ 46.2 and 46.5 ppm, respectively, in their 31P{1H}NMR spectra.  

 

Yellow crystals of M16 suitable for X-ray diffraction study were obtained 

by layering hexane onto a saturated CH2Cl2 solution of the complex. Figure 3.1 

shows the molecular structure of M16. The crystal data and refinement details 

are given in Table 3.1. Selected bond distances and angles are given in Table 3.2. 

The amino moiety is linked to the Cp ring via a short C(1)-N(11) bond (1.351(5) 

Å) which is shorter than the standard C(sp2)-N(sp3) single bonds (1.40 – 1.44 Å) 

but longer than the typical C(sp2)=N(sp2) double bonds (1.25 – 1.28 Å).[166, 167] 

The distance from Ru to the N(CH3)2-substituted Cp carbon (Ru-C(1), 2.363(3) 

Å) and to the two carbons in β positions from C(1) (Ru-C(3), 2.172(4) Å; Ru-

C(4), 2.167(4) Å) are significantly longer and shorter, respectively, than those 

found in the unsubstituted Cp complex [CpRu(PPh3)2(CH3CN)]+BF4
- (M1) (Ru-

C(Cp) ≈ 2.21 Å).[168] The nitrogen atom is nearly coplanar with its substituents 

(sum of the angles around N, ΣN(11) = 356.3°); it sits 0.156 Å above the C1-C6-C7 

plane, which makes a small angle of 4.4° with the Cp ring. The structural 

properties of M16+ is in line with the structural data reported for the 

aminocyclopentadienyl-Fe complex (CpNEt2)Fe(PPh(OEt)2)(CO)Br[165] and for 

1,1’-bis(dimethylamino)-titanocene dichloride.[169] The structure of M16 shows 

hydrogen-bonding interactions between two of the fluorine atoms of the 

tetrafluoroborate anion and two of the Cp hydrogen atoms (H(3A)...F(1), 2.34 Å; 

H(4A)...F(3), 2.66 Å). 
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Figure 3.1 ORTEP view (30% probability) of 

[(CpNMe2)Ru(PPh3)2(CH3CN)]+BF4
- (M16) showing the atom-labeling 

scheme 
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Table 3.1 Crystal Data and Structure Refinement of 

[(CpNMe2)Ru(PPh3)2(CH3CN)]+BF4
- (M16) 

 

Empirical formula C45H43BF4N2P2Ru 

Formula weight 858.61 

Temperature 296(2) K 

Wavelength 0.71073 Å 

Crystal system Orthorhombic 

Space group Pca2(1) 

Unit cell dimensions a = 20.6849(5) Å α = 90°. 

 b = 10.1795(2) Å β = 90°. 

 c = 19.2592(5) Å γ = 90°. 

Volume 4055.25(16) Å3 

Z 4 

Density (calculated) 1.406Mg/m3 

Absorption coefficient 0.518 mm-1 

F(000) 1756 

Crystal size 0.28 x 0.24 x 0.20 mm3 

Theta range for data collection 1.97 to 27.38°. 

Index ranges -26<=h<=26, -13<=k<=13, -24<=l<=23 

Reflections collected 33629 

Independent reflections 8863 [R(int) = 0.0993] 

Completeness to theta = 27.38° 99.7 % 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.000 and 0.736 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 8863 / 1 / 496 

Goodness-of-fit on F2 1.001 

Final R indices [I>2sigma(I)] R1 = 0.0493, wR2 = 0.0891 

R indices (all data) R1 = 0.1001, wR2 = 0.1044 

Absolute structure parameter -0.05(4) 

Largest diff. peak and hole 1.279 and -1.099 e.Å-3 
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Table 3.2 Selected Bond Distances (Å) and Angles (˚) for 

[(CpNMe2)Ru(PPh3)2(CH3CN)]+BF4
- (M16) 

 

 

Bond distances (Å) 

Ru(1)-C(1) 2.363(3) C(1)-C(2) 1.435(4) 

Ru(1)-C(2) 2.226(3) C(1)-C(5) 1.429(6) 

Ru(1)-C(3) 2.172(4) C(2)-C(3) 1.418(5) 

Ru(1)-C(4) 2.167(4) C(3)-C(4) 1.390(5) 

Ru(1)-C(5) 2.224(3) C(4)-C(5) 1.433(5) 

Ru(1)-N(1) 2.059(3) N(1)-C(8) 1.145(5) 

Ru(1)-P(1) 2.3413(9) N(11)-C(1) 1.351(5) 

Ru(1)-P(2) 2.3662(9)   

    

Bond angles (˚) 

C(1)-C(5)-C(4) 107.6(3) C(6)-N(11)-C(7) 116.7(4) 

C(1)-N(11)-C(6) 120.6(3) C(8)-N(1)-Ru(1) 176.3(3) 

C(1)-N(11)-C(7) 119.0(3) N(1)-C(8)-C(9) 178.1(5) 

C(3)-C(2)-C(1) 108.3(3) N(1)-Ru(1)-P(1) 86.52(8) 

C(3)-C(4)-C(5) 108.6(3) N(1)-Ru(1)-P(2) 92.71(8) 

C(4)-C(3)-C(2) 108.4(3) P(1)-Ru(1)-P(2) 105.47(3) 

C(5)-C(1)-C(2) 106.5(4)   

 

 

Hydrogen bond distances (Å) 

D-H...A d(D-H) d(H...A) d(D...A) 

C(3)-H(3A)...F(1) 0.98 2.34 3.277(5) 

C(4)-H(4A)...F(3) 0.98 2.66 3.202(5) 

    

Hydrogen bond angles (˚) 

D-H...A <(DHA) 

C(3)-H(3A)...F(1) 158.9 

C(4)-H(4A)...F(3) 115.3 
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3.3.2 Catalytic α-Alkylation of Arylacetonitriles with Alcohols 

 The major products of the reactions are the unsaturated nitriles, and the 

saturated nitriles in some cases only appear as very minor products (Table 3.3). 

Product distributions in our study are quite different from those of studies carried 

out by others;[7, 143] in their studies, the saturated nitriles are the overwhelming 

products. 

 

 The Cp complex [CpRu(PPh3)2(CH3CN)]+BF4
- (M1) shows very low 

activity. In general, the complex with the diethylamino substituent on the Cp ring 

(M17) is more active than the one in which the Cp ring carries the 

dimethylamino group (M16). Benzyl alcohols with electron-donating 

substituents give lower overall conversions (entries 3–6), and the one containing 

the electron-withdrawing fluoro group affords higher conversion (entry 2). 

Alcohols containing heteroatoms seem to be less active than benzyl alcohol 

(entries 7-9), and alkyl alcohol is even less reactive (entry 10). Attachment of the 

electron-withdrawing fluoro group to the arylacetonitrile modestly increases the 

overall conversion (entry 15); on the other hand, the presence of an electron-

donating substituent lowers the activity of the system (entries 11-14). 
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Table 3.3  Ru(II)-Catalyzed α-Alkylation of Arylacetonitriles with Primary 
Alcohols[a]  

 

M16 

-+BF4

NMe2

Ru
NCCH3Ph3P

PPh3

M17

-+ BF4

NEt2

Ru
NCCH3Ph3P

PPh3

M1

-BF4

Ru
NCCH3Ph3P

PPh3

+

 
 

entry     nitrile alcohol products mol % Ru % conversion[b] 

        R1 CN  
        1 

       R2 OH  
              2 R1R2

CN

R1R2
CN

            3                          4                

M16 M17 M1 

1  1a R1 = Ph       2a R2 =Ph  3a (4a) 1% 37(18) 38 (32) 7 (0)         
2 1a       2b R2 = 4-FC6H4 3b(4b) 1% 50 (19) 58 (21) 4 (0)         
3 1% 16 (0) 27 (10) 4 (0) 
4 

1a      2c R2 = 2-OMeC6H4 3c (4c) 
2% 33(24) 41(14) 15(0)         

5 1% 22 (0) 35 (8) 3 (0) 
6 

   1a    2d R2 = 4-OMeC6H4 3d (4d) 
2% 33(11) 37(15) 15(0)         

7    1a   2e R2 = thiophen-2-yl 3e (4e) 1% 57 (6) 67 (7) 4 (0)         
8 1% 40 (5) 49 (9) 3 (0) 
9 

1a    2f R2 = 2-furyl 3f (4f) 
2% 49 (4) 58 (9) 7(0)         

10[c] 1a 2g R2 = Pr 3g (4g) 2% 31(7) 23(33) 11(0)         
11 1% 25(0) 31 (0) 5 (0) 
12 

1b R1 = 4-OMeC6H4 2a 3h (4h) 
2% 36 (0) 40 (0) 16(0)         

13 1% 26 (0) 34 (0) 6 (0) 

14 
1b 2b 3i (4i) 

2% 35(0) 39 (0) 22(trace)
        

15 1c R1 = 4-FC6H4 2a 3j (4j) 1% 36(31) 40(38) 6 (0)         
[a]Reaction conditions: catalyst (0.02 mmol), nitrile (1 or 2 mmol depend on mol % of cat. used), alcohol (6 

mmol), DBU (0.4 mmol), 120˚C, 24 h. 
[b]Conversion (based on nitrile) determined by 1H NMR spectroscopy with 1,1,2,2-tetrachloroethane as an 

internal standard. Values in parenthesis indicate the conversion of the corresponding saturated products 4. 
[c]48 h. 
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 We are interested in understanding the large difference in catalytic 

activity between the systems based on aminocyclopentadienyl complexes M16, 

M17 and that based on the unsubstituted Cp complex M1. We learned in a 

separate experiment that benzyl cyanide reacts with benzaldehyde in the presence 

of DBU (40 mol %) to give the unsaturated nitrile 3a in 88 % conversion; no 

metal catalyst is needed for the reaction (eq. 3.3). The reaction, however, does 

not proceed in the absence of a base. It therefore seems that in the M16- and 

M17-catalyzed arylacetonitrile α-alkylation reactions, the major function of the 

metal complex is to affect dehydrogenation of the alcohol to yield aldehyde, 

which then undergoes condensation with the arylacetonitrile under basic 

conditions. In the presence of DBU, the complex reacts with alcohol to generate 

metal alkoxide; subsequent β-elimination give the aldehyde and the metal 

hydride species. 

 

(3.3) 88 % conversion

40 mol% DBU

120oC,  24h

1a

Ph CN
Ph H

O
+

Ph

Ph

CN

3a

 

 

3.3.3 NMR Monitoring of [(CpNMe2)Ru(PPh3)2(CH3CN)]+BF4
- (M16)- and 

[CpRu(PPh3)2(CH3CN)]+BF4
- (M1)-Catalyzed Alkylation of Benzyl Cyanide 

with Benzyl Alcohol 

 We monitored the M16- and M1-catalyzed alkylation of benzyl cyanide 

with benzyl alcohol with 31P{1H}NMR spectroscopy. In the M16-catalyzed 

reaction (Figure 3.2), it was found that the metal hydride (CpNMe2)Ru(PPh3)2H 

(M14) was rapidly formed and it remained the major metal-containing species 
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throughout the experiment. Free phosphine and phosphine oxide due to complex 

decomposition were detected; their amounts increased with time. In addition, 

minute amounts of the carbonyl species (CpNMe2)Ru(PPh3)(CO)Ph (M18) and 

an unknown species were also detected.  

Time (h)

1

2

4

8

16

24

CpNMe2Ru(PPh3)2H (M14)

Triphenylphosphine oxide

Triphenylphosphine

CpNMe2Ru(PPh3)(CO)Ph (M18)

 

Figure 3.2 31P{1H}NMR study of [CpNMe2Ru(PPh3)2CH3CN]+BF4-(M16)-

catalyzed α-alkylation of benzyl cyanide with benzyl alcohol 
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In the M1-catalyzed alkylation reaction (Figure 3.3), in which conversion 

was very low, the hydride complex CpRu(PPh3)2H (M6) was the overwhelming 

species detected during the monitoring process. Small amounts, which remained 

pretty constant throughout the experiment, of free phosphine and phosphine 

oxide, indicative of small degree of complex decomposition, were observed. 

Minute quantities of carbonyl complex CpRu(PPh3)(CO)Ph (M7) and an 

unknown species were also formed. The formation of phenyl carbonyl complexes 

M18 and M7 is probably due to benzaldehyde decarbonylation at the metal 

center. Decarbonylation of aldehydes by transition metal complexes to form 

carbonyl complexes is well-established.[127, 134, 170-174] Aldehyde 

decarbonylation forming metal carbonyl species often causes catalyst 

deactivation.[131-134] It seems that in both M16- and M1-catalyzed alkylation 

reactions, the resting states of the catalytic systems are the metal hydride 

complexes. Why then the catalytic activity of M16 is high and that of M1 is low? 

We suspect that in the M16-catalyzed reaction, the system is able to regenerate 

M16 readily and therefore complete the catalytic cycle (see Section 3.3.7, 

Scheme 3.2) by protonation of the hydride complex with DBUH+ to form the η2-

dihydrogen intermediate and subsequent substitution of the dihydrogen ligand 

with acetonitrile; in the case of the M1-catalyzed reaction, this protonation and 

ligand substitution process is probably not facile. 
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Time (h)

1

2

4

8

16

24

CpRu(PPh3)2H (M6)

Triphenylphosphine oxide

Triphenylphosphine

CpRu(PPh3)(CO)Ph (M7)

 

Figure 3.3 31P{1H}NMR study of [CpRu(PPh3)2CH3CN]+BF4-(M1)-catalyzed 

α-alkylation of benzyl cyanide with benzyl alcohol 
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3.3.4 Preparation and Characterization of the Dihydride Complex 

[(CpNMe2)Ru(PPh3)2H2]+BF4
- (M19), and X-ray Structure of M19 

Under an acidic condition (1 equiv of HBF4·Et2O), the complexes M14 and 

M6 can be easily converted to the corresponding dihydrogen complexes through 

protonation at the hydride ligands. The dihydrogen complexes are 

thermodynamically unstable and can easily isomerize to dihydride complex 

[(CpNMe2)Ru(PPh3)2H2]+BF4
- (M19) and the known complex 

[CpRu(PPh3)2H2]+BF4
- (M20), respectively in which the two hydride ligands are 

angularly trans to each other (eq. 3.4).[175]  

 

(3.4)

M14, R = NMe2
M6, R= H

M19, R = NMe2
M20, R= H

Ru
Ph3P H

PPh3

R

Ru
Ph3P

PPh3

R

H

H

+

H

Ru
Ph3P PPh3

H

R

+

HBF4
.Et2O

THF

 

 

The 1H NMR spectra of M19 show a signal of two chemically equivalent 

hydride ligands at δ -6.59 ppm. A singlet that corresponds to the amino methyl 

groups is seen at δ 2.30 ppm. The phosphine ligands of M19 appear as a singlet 

at δ 59.6 ppm in the 31P{1H}NMR spectrum. Pale yellow crystals of M19 

suitable for X-ray diffraction study were obtained by layering hexane onto a 

saturated CH2Cl2 solution of the complex. Figure 3.4 shows the molecular 

structure of M19+. The crystal data and refinement details are given in Table 3.4. 

Selected bond distances and angles are given in Table 3.5. The complex adopts 

four-legged piano-stool geometry. The amino moiety is linked to the Cp ring via 

a short N(1)-C(1) bond (1.344(3) Å) which lies between the standard C(sp2)-
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N(sp3) single bond and C(sp2)=N(sp2) double bond. Angles sum around the 

nitrogen atom ΣN(1) equals to 353.7°; it sits 0.155 Å above the C1-C6-C7 plane, 

which makes an angle of 14.9° with the Cp ring. The two hydride ligands are 

trans to one another with ruthenium-hydride distances equal to 1.578 Å and 

1.505 Å for HM1-Ru(1) and HM2-Ru(1), respectively.  

 

 

 

 

Figure 3.4 ORTEP view (30% probability) of [(CpNMe2)Ru(PPh3)2H2]+ 

(M19+) showing the atom-labeling scheme 
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Table 3.4 Crystal Data and Structure Refinement of 

[(CpNMe2)Ru(PPh3)2H2]+  (M19) 

 

Empirical formula C43H42BF4NP2Ru 

Formula weight 822.60 

Temperature 296(2) K 

Wavelength 0.71073 Å 

Crystal system Monoclinic 

Space group P2(1)/n 

Unit cell dimensions a = 11.440(2) Å α = 90°. 

 b = 21.536(4) Å β = 96.251(11)°. 

 c = 15.716(5) Å γ = 90°. 

Volume 3848.9(12) Å3 

Z 4 

Density (calculated) 1.420Mg/m3 

Absorption coefficient 0.542 mm-1 

F(000) 1688 

Crystal size 0.24 x 0.22 x 0.20 mm3 

Theta range for data collection 2.03 to 27.59°. 

Index ranges -14<=h<=14, -27<=k<=27, -20<=l<=20 

Reflections collected 45815 

Independent reflections 8730 [R(int) = 0.0785] 

Completeness to theta = 27.59° 98.0 % 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.000 and 0.791 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 8730 / 22 / 511 

Goodness-of-fit on F2 1.002 

Final R indices [I>2sigma(I)] R1 = 0.0496, wR2 = 0.1161 

R indices (all data) R1 = 0.0954, wR2 = 0.1370 

Largest diff. peak and hole 0.768 and -0.457 e.Å-3 
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Table 3.5 Selected Bond Distances (Å) and Angles (˚) 

for[(CpNMe2)Ru(PPh3)2H2]+  (M19) 

 

 

Bond distances (Å) 

Ru(1)-C(1) 2.404(2) C(1)-C(5) 1.435(3) 

Ru(1)-C(2) 2.234(2) C(2)-C(3) 1.402(4) 

Ru(1)-C(3) 2.175(2) C(3)-C(4) 1.409(3) 

Ru(1)-C(4) 2.204(2) C(4)-C(5) 1.407(4) 

Ru(1)-C(5) 2.253(2) H(M1)-Ru(1) 1.578 

Ru(1)-P(1) 2.3292(7) H(M2)-Ru(1) 1.505 

Ru(1)-P(2) 2.3092(6) N(1)-C(1) 1.344(3) 

C(1)-C(2) 1.427(3)   

 

 

Bond angles (˚) 

C(1)-N(1)-C(6) 119.6(2) C(4)-C(5)-C(1) 109.0(2) 

C(1)-N(1)-C(7) 118.9(2) C(7)-N(1)-C(6) 115.2(3) 

C(2)-C(1)-C(5) 105.5(2) P(1)-Ru(1)-HM1 76.2(7) 

C(2)-C(3)-C(4) 108.8(2) P(1)-Ru(1)-HM2 78.6(7) 

C(3)-C(2)-C(1) 108.6(2) P(2)-Ru(1)-HM1 72.9(7) 

C(3)-C(4)-C(5) 107.3(2) P(2)-Ru(1)-HM2 75.0(7) 
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Upon addition of DBU (1 equiv), both M19 and M20 are converted 

reversibly to M14 and M6, respectively. The equilibra lie at the side of the latter 

with DBUH+BF4
- generated concomitantly (eq. 3.5). 

 

(3.5)

DBU + + DBUH+ BF4
-

M19, R = NMe2
M20, R= H

H

Ru
Ph3P PPh3

H

R

+

M14, R = NMe2
M6, R= H

Ru
Ph3P H

PPh3

R

 

 

3.3.5 Comparison of Rates of Conversion of the Metal Hydrides to 

[(CpNMe2)Ru(PPh3)2(CH3CN)]+BF4
- (M16) and 

[CpRu(PPh3)2(CH3CN)]+BF4
- (M1)  

We have studied the reaction of the hydride species M14 and M6 with 

DBUH+BF4
- in the presence of excess CH3CN, and tried to compare the 

respective rates of formation of M16 and M1. The experimental investigations 

revealed that at 60 °C M14 (0.01 mmol), in a THF solution (0.45 mL) containing 

50 equiv of CH3CN, was partially protonated by DBUH+BF4
- (50 equiv) to 

generate a very minute amount of a transient dihydrogen complex; 70 % of the 

M14 was converted to M16 after 30 min by the rapid H2/CH3CN ligand 

exchange; the pseudo first order rate constant k was determined to be 0.0589 

min-1. Meanwhile, under identical conditions, no conversion of M6 was observed.  

 

 It is known that transition-metal hydride might be protonated by acidic 

alcohols to form η2-dihydrogen complexes;[176-180]the dihydrogen ligand 

might then be displaced by the alkoxide. (eq. 3.6). We looked into the possibility  



 96 

LnM H
n+

+ H OR LnM
H

H
(n+1)+

OR - LnM OR
n+

H2

(3.6)  

 

that the metal hydrides M14 and M6 would be protonated by benzyl alcohol to 

form the metal alkoxide which then via β-elimination to generate the metal 

hydride and benzaldehyde (Scheme 3.1). It was found that heating a C6D5Cl 

solution of M14 in the presence of 50 equiv of benzyl alcohol at 120 °C for 48 h 

only resulted in the formation of 0.2 equiv of benzaldehyde. 31P{1H}NMR 

spectroscopy showed that M14 basically remained unchanged although minute 

amounts of free phosphine,  phosphine oxide and a couple of unknown species, 

probably due to M14 decomposition, were observed. In the case of M6, under 

identical conditions, only trace amount of benzaldehyde was generated; M6 was 

recovered unchanged. These experiments seem to indicate that the reaction 

shown in Scheme 3.1 occurred to negligibly small extends.    

 

[Ru] = (CpNMe2)Ru(PPh3)2
        = CpRu(PPh3)2

H2

Ph
O

H

[Ru] OCH2Ph

[Ru] H + H OCH2Ph [Ru]
H

H
+

OCH2Ph-

 

Scheme 3.1 Reaction of metal hydride with benzyl alcohol 
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3.3.6 Theoretical Calculations on the Displacement of H2 from the 

Dihydrogen complexes by CH3CN 

To gain support for the much more facile regeneration of the active solvent 

complex from the hydride species in the case of the aminocyclopentadienyl 

complex in comparison to the non-substituted Cp-Ru system, theoretical 

calculations, performed at the Becke3LYP level of theory, on the displacement 

of H2 from the dihydrogen complexes by CH3CN (eq. 3.7) were carried out. 

 

(3.7)
M14, R = NMe2
M6, R = H

M16, R = NMe2
M1, R = H

Ru
Ph3P H

PPh3

R

Ru
Ph3P

PPh3

R

H

H

+

Ru
Ph3P NCCH3

PPh3

R

+

DBUH+ CH3CN

 

 

In the presence of DBUH+, both M14 and M6 can be reversibly converted 

to the corresponding dihydrogen complexes via protonation of the hydride 

ligands,[181] although the equilibra would probably lie at the side of the 

hydrides because after all DBUH+ is a weak acid. We focus at the processes of 

the H2/CH3CN exchange of the two dihydrogen species. In the DFT calculations, 

PMe3 is used as a model for PPh3. Both dihydrogen complexes are 18-electron 

species and each contains an η5-cyclopentadienyl ligand. Therefore, the 

H2/CH3CN exchange is expected to occur either via a dissociative mechanism or 

an associative mechanism involving η5→η3 ring slippage of the cyclopentadienyl 

ligand, which is a well-known phenomenon for η5-Cp transition metal 

complexes.[182-184] Our calculations show that the Cp ring slippage for the 

dihydrogen complexes is much less favorable than H2 dissociation. The results 

are understandable because dihydrogen is a weakly-coordinated ligand. 
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Figure 3.5 shows the energy required to dissociate H2 from A to give (A' + 

H2) is 17.3 kcal/mol. After H2 dissociation, A' takes in CH3CN to form M16', 

which is more stable than A by 7 kcal/mol. The activation barrier for the 

dissociative mechanism was estimated by calculating the H2 dissociation energy, 

which is the upper limit for a dissociative ligand substitution reaction. Figure 3.6 

shows the corresponding energy profile calculated for the dihydrogen complex B; 

the H2 dissociation energy was found to be 21.3 kcal/mol. 

 

H2

CH3CN

H
H+Ru

Me3P
PMe3

N

+Ru
Me3P

PMe3

NCCH3

N

 0.0

17.3

 -7.0

A

M16'

+Ru

Me3P PMe3

N

A'

 

 

Figure 3.5 Energy profile calculated for the H2/CH3CN ligand exchange in 

the complex A. The calculated relative electronic energies are given in 

kcal/mol 
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H2

CH3CN

H
H+Ru

Me3P
PMe3

B

 0.0

+Ru

Me3P PMe3

B'

21.3

+Ru
Me3P

PMe3

NCCH3

M1'

 -11.6

 
 

Figure 3.6 Energy profile calculated for the H2/CH3CN ligand exchange in 

the complex B. The calculated relative electronic energies are given in 

kcal/mol 

 

The metal fragment A' derived from H2 dissociation from A is relatively 

more stable than the metal fragment B' generated by H2 dissociation from B. 

Therefore, the H2 dissociation process from the complex A is more favorable. 

The electron donating NMe2 moiety on the Cp ring contributes to stabilize the 

electron deficient 16-e- metal fragment A'. In complex B, absence of an NMe2 
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substituent makes H2 dissociation much less favorable. Brookhart and co-

workers has carried out a detailed mechanistic study on [CpFe(CO)(PPh3)]+-

catalyzed silane alcoholysis and revealed that displacement of H2 ligand of the 

η2-dihydrogen intermediate by silane is probably the rate-determining step.[185] 

Density functional study showed that introduction of an amino substituent at the 

Cp ring of the catalyst lowers the barrier of the H2/silane exchange step; it is 

rationalized by the π-donating capability of the amine group which makes the Cp 

ring more electron-rich, resulting in better stabilization of the electron-deficient 

iron center upon H2 dissociation.[186] 

 

3.3.7 Proposed Mechanism for the Catalytic α-Alkylation of Arylacetonitrile 

with Primary Alcohol 

Taken together, a mechanism is proposed for the M16- or M17-catalyzed α-

alkylation of arylacetonitriles with primary alcohols (Scheme 3.2). In the 

presence of base (DBU) and the metal complex, the alcohol is oxidized to 

aldehyde while the metal complex is converted to a hydride species 

(CpNMe2)Ru(PPh3)2H (M14) or (CpNEt2)Ru(PPh3)2H (M15). The aldehyde, by 

the action of base, undergoes Knoevenagel condensation with the arylacetonitrile 

to afford the unsaturated nitrile 3. The crucial and slow step if the regeneration of 

the solvent complex M16 or M17 via protonation of the hydride species M14 or 

M15 (with DBUH+) and subsequent H2/CH3CN exchange. This process is very 

slow for the analogous Cp hydride species M6, and this is probably the major 

reason for the unsubstituted Cp system M1 being a poor catalyst for the α-

alkylation reactions. In the M16- or M17-catalyzed reaction, the barrier of the 

ligand exchange step is lowered with increased electron density at the metal 
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center; this is probably the reason for M17, which contains the more electron-

donating diethylamino group, being more active than M16 bearing the 

dimethylamino substituent on the Cp ring. Electron-donating nature of the amino 

group is also illustrated by the nitrogen atom being coplanar with its substituents, 

as shown in the X-ray structure of M16; the sp2-hybridized nitrogen atom can 

better donate its lone pair into the ring. The initially formed unsaturated nitrile 3 

could be partially reduced by H2 catalyzed by the hydride complex M14 or M15 

and via insertion of 3 into the Ru-H bond of M14 or M15 and subsequent 

protoantion by the alcohol.  

 

Benzyl alcohols with electron-withdrawing and electron-donating substituents 

giving higher and lower conversions, respectively, is in consonance with the fact 

that aldehyde with more electrophilic carbon center undergoes condensation with 

arylacetonitrile more readily than the ones with less electrophilic carbon centers. 

Lower conversion with 4-methoxyphenylacetonitrile is probably attributable to 

its less readiness to be deprotonated by base to generate the α-cyano carbanion, 

which is the nucleophile attacking the aldehyde carbon in the condensation 

reaction.  
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Scheme 3.2 Proposed mechanism of [(CpNMe2)Ru(PPh3)2(CH3CN)]+BF4
- 

(M16)- and [(CpNEt2)Ru(PPh3)2(CH3CN)]+BF4
- (M17)-catalyzed α-

alkylation of arylacetonitrile with primary alcohol 
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Chapter 4 Tp-Ruthenium (II) Diphosphinoamino Complex-Catalyzed 

Markovnikov and Anti-Markovnikov Functionalization of Terminal 

Alkynes 

 
4.1 Introduction 

Addition of 1,3-dicarbonyl compounds to unactivated alkynes under neutral 

conditions without prior enolate formation represents an attractive and atom 

economical method for the formation of carbon-carbon bonds.[187] 

Intramolecular addition reaction was exemplified by the gold(I)-catalyzed Conia-

ene reaction of β-ketoesters with alkynes reported by Toste and co-workers; the 

reaction proceeds under neutral conditions at room temperature.[85] It has been 

reported by Yang and co-workers that in the presence of Ni(acac)2
 and Yb(OTf)3, 

various acetylenic 1,3-dicarbonyl compounds undergo Conia-ene reaction to give 

mono- and bicyclic olefin cyclopentanes; a mechanism involving the 

intermediacy of an enol-yne-Ni complex and supported by deuterium-labeling 

experiment was proposed.[86] On the other hand, intermolecular version of the 

addition reaction was reported by Nakamura to be catalyzed by indium triflate; 

experimental and theoretical studies suggested that the reaction proceeds via a 

concerted carbometalation reaction of an indium(III) enolate with the acetylene, 

where indium-acetylene interaction is important.[87, 88]  The rhenium complex 

[ReBr(CO)3(THF)]2 was found to be active catalyst for both inter- and 

intramolecular addition reactions of 1,3-dicarbonyl compounds with terminal 

acetylenes under mild conditions.[89] 
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 Catalytic intra- and intermolecular addition of N-H bond to alkynes 

providing cyclic and acyclic enamines/imines, respectively, are important 

organic transformations as the products are useful intermediates for further 

synthetic elaboration;[188] these processes are highly atom-economical as no 

waste is generated.[189-191] The hydroamination of terminal alkynes provides 

additional challenge in terms of regioselectivity. A variety of metals including 

early, late transition-metals, lanthanides and actinides are capable of catalyzing 

intermolecular addition of N-H to terminal alkynes yielding Markovnikov 

products or mixtures of Markovnikov and anti-Markovnikov products. On the 

other hand, highly regioselective catalytic systems generating anti-Markovnikov 

products are relatively rare. The organouranium complex Cp*2UMe2 is the first 

catalyst for the anti-Markovnikov hydroamination of terminal alkynes with 

primary amines.[93] Beller then learned that some titanocene derivatives 

catalyzed anti-Markovnikov hydroamination of terminal alkynes with bulky 

aliphatic amines, while mainly Markovnikov products are obtained with anilines 

and aryl hydrazines.[95, 96] Unlike the titanocene-based catalyst systems, the 

bis(amidate)titanium complexes employed by Schafer for terminal alkyne 

hydroamination demonstrate high regioselectivity in favor of anti-Markovnikov 

hydroamination of terminal alkynes with primary alkyl amines regardless of the 

steric bulks in either the amine or the alkyne substrates.[97, 98] The CsOH-

catalyzed hydroamination of phenylacetylene with substituted anilines and N-

heterocycles was the only known example of anti-Markovnikov addition of 

secondary amines to terminal alkynes[99] until very recently when it was 

reported that TpRh(C2H4)2/PPh3 catalyzes anti-Markovnikov hydroamination of 

terminal alkynes with secondary amines as well as primary ones.[101] 



 105

4.2 Experimental Section 

 

4.2.1 Materials and Instrumentation 

All manipulations were carried out under nitrogen atmosphere using 

standard Schlenk techniques. Solvents were freshly distilled under nitrogen from 

sodium-benzophenone (tetrahydrofuran), sodium (diethyl ether, hexane and 

toluene), calcium hydride (dichloromethane, chloroform and acetonitrile), 

magnesium-iodine (methanol and ethanol) or P2O5 (C6D6 and CDCl3); they were 

degassed prior to use. Elemental analyses were performed by M-H-W 

Laboratories, Phoenix, AZ (USA). 1H NMR spectra were obtained from a Bruker 

DPX-400 spectrometer at 400.13 MHz; chemical shifts (δ, ppm) were reported 

relative to residual peaks of the deuterated solvents used. 13C{1H}NMR spectra 

were recorded with a Bruker DPX-400 spectrometer at 100.61 MHz; chemical 

shifts were internally referenced to CDCl3 (δ = 77.7 ppm), C6D6 (δ = 128.1 ppm) 

or (CD3)2CO (δ = 206.26, 29.84ppm). 31P{1H}NMR spectra were recorded on a 

Bruker DPX-400 spectrometer at 161.70 MHz; chemical shifts were externally 

referenced to 85% H3PO4 in D2O (δ 0.00 ppm). 19F NMR spectra were recorded 

on a Varian Inova AS 500 NMR spectrometer at 470.22 MHz; chemical shifts 

were externally referenced to trifluoro-toluene in C6D6 (δ = -62.5 ppm). All 

spectra were obtained at ambient probe temperature unless stated otherwise. 

High-pressure NMR studies were carried out in commercial 5mm Wilmad 

pressure-valved NMR Tubes. Infrared spectra were obtained from a Bruker 

Vector 22 FT-IR spectrophotometer. Mass spectrometry was carried out with a 

Finnigan MAT 95S mass spectrometer with the samples dissolved in 

dichloromethane or acetone. HRMS was carried out with Waters Micromass Q-
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Tof-2. The ligands N,N-bis(diphenylphosphino)butylamine (nBuN(PPh2)2),[192] 

N,N-bis(diphenylphosphinomethylene)butylamine (nBuN(CH2PPh2)2)[193] and 

the complexes TpRu(PPh3)2Cl,[116] [TpRu(PMe3)2(CH3CN)]+PF6
-,[194] 

[TpRu(PPh3)2(CH3CN)]+BF4
-,[118] [TpRu(dppm)(CH3CN)]+OTf-[117] and 

[TpmRu(PPh3)2(CH3CN)]2+(BF4
-)2[195] were prepared according to literature 

methods.  

 

4.2.2 Syntheses and Reactions 

 

4.2.2.1 4-(trifluoromethyl)-N,N-bis(diphenylphosphino)benzenamine (4-

CF3C6H4N(PPh2)2) 

 To a stirring solution of 4-(trifluoromethyl)aniline 

(0.63mL, 5mmol) in toluene (40mL), NEt3 (5mL) was 

added, followed by dropwise addition of Ph2PCl (2mL, 11mmol). After complete 

addition, the mixture was heated at 80oC for 16h. At the end of this period, the 

solution was cooled to room temperature and the insoluble material was filtered 

out. The solvent of the filtrate was evaporated under reduced pressure and a 

white paste was obtained. Pre-cooled hexane (5 mL) was added to the residue, 

with stirring, to produce a white solid. The solid was filtered out and dried under 

vacuum at room temperature. Yield: 1.27 g (48%). 1H NMR (400.13 MHz, C6D6, 

25oC): δ 7.74-7.70 (m, 8H), δ 7.28-7.27 (m, 12H), δ 7.20-7.17 (m, 4H). 

31P{1H }NMR (161.7MHz, C6D6, 25oC): δ 68.62 (s). 

 

 

 

Ph2P

Ph2P
N CF3
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4.2.2.2 TpRu(4-CF3C6H4N(PPh2)2)Cl (M21) 

 The complex TpRu(PPh3)2Cl (2.0g, 2.3mmol) 

and the ligand 4-CF3C6H4N(PPh2)2 (1.3g, 2.5mmol) 

were dissolved in freshly degassed toluene (20 mL). 

The resulting mixture was refluxed with stirring for 4h. 

At the end of this period, the mixture was cooled to 

room temperature and evaporated to dryness under reduced pressure to yield a 

pale yellow paste. Hexane (15 mL) was added to the residue, with stirring, to 

produce a pale yellow solid. The solid was filtered out and washed with diethyl 

ether (2 × 10 mL). It was collected and dried under vacuum at room temperature. 

Yield: 1.47 g (73 %). Anal. Calcd (%) of C40H34BClF3N7P2Ru: C, 54.66; H, 3.90; 

N, 11.15. Found: C, 54.61; H, 3.97; N, 11.03. IR. (KBr, cm-1): υ(B-H) 2486 (br). 

1H NMR (400.13 MHz, C6D6, 25oC): δ 8.44-8.47 (m, 4H; PPh2-H), δ 7.82 (s, 2H; 

Tp-H), δ 7.59-7.62 (m, 4H; PPh2-H), δ 7.54 (d, 2H; Tp-H), δ 7.43 (d, 1H; Tp-H), 

δ 7.28-7.32 (m, 4H; PPh2-H), δ 7.30 (d, 2H; 4-CF3C6H4N–), δ 7.16 (d, 2H; 4-

CF3C6H4N–), δ 6.94-6.96 (m, 4H; PPh2-H), δ 6.81-6.85 (m, 4H; PPh2-H), δ 5.94 

(s, 2H; Tp-H), δ 5.36 (d, 1H; Tp-H), δ 5.22 (t, 1H; Tp-H). 31P{1H}NMR 

(161.7MHz, C6D6, 25oC): δ 88.80 (s). ESI-Ms: m/z 879.02, [M]+. 

 

4.2.2.3 TpRu(nBuN(PPh2)2)Cl (M22) 

A procedure similar to that for the synthesis of 

TpRu(4-CF3C6H4N(PPh2)2)Cl was followed, except that 

nBuN(PPh2)2 (1.1g, 2.5mmol) was used in place of 4-

CF3C6H4N(PPh2)2. Yellow solid; yield: 1.29 g (72 %). Anal. 

Calcd (%) of C37H39BClN7P2Ru: C, 56.18; H, 4.97; N, 
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12.39. Found: C, 55.96; H, 5.05; N, 12.17. IR. (KBr, cm-1): υ(B-H) 2462 (br). 1H 

NMR (400.13 MHz, CDCl3, 25oC): δ 8.04-8.05 (m, 4H; PPh2-H), δ 7.68 (s, 2H; 

Tp-H), δ 7.62 (s, 2H; Tp-H), δ 7.39-7.44 (m, 6H; PPh2-H), δ 7.38 (d, 1H; Tp-H), 

δ .19-7.23 (m, 6H; PPh2-H), δ 7.09-7.11 (m, 4H; PPh2-H), δ 6.14 (s, 2H; Tp-H), δ 

5.81 (d, 1H; Tp-H), δ 5.17 (t, 1H; Tp-H), δ 3.44 (m, 2H; –NCH2–), δ 1.44 (m, 2H; 

–NCH2CH2–), δ 1.01 (m, 2H; –NCH2CH2CH2–), δ 0.67 (t, 3H; –

NCH2CH2CH2CH3). 31P{1H}NMR (161.7MHz, CDCl3, 25oC): δ 82.97 (s). ESI-

M: m/z 791, [M] +. 

 

4.2.2.4 TpRu(nBuN(CH2PPh2)2)Cl (M23) 

A procedure similar to that for the synthesis of 

TpRu(4-CF3C6H4N(PPh2)2)Cl was followed, except that 

nBuN(CH2PPh2)2 (1.2g, 2.5mmol) was used in place of 4-

CF3C6H4N(PPh2)2. Yellow solid; yield: 1.19 g (63 %). Anal. 

Calcd (%) of C39H43BClN7P2Ru: C, 57.19; H, 5.29; N, 

11.97. Found: C, 57.03; H, 5.34; N, 11.85. IR. (KBr, cm-1):υ(B-H) 2459 (br). 1H 

NMR (400.13 MHz, C6D6, 25oC): δ 8.45 (m, 4H; PPh2-H), δ 7.64 (s, 2H; Tp-H), 

δ 7.59 (s, 2H; Tp-H), δ 7.34 (d, 1H; Tp-H), δ 7.19-7.30 (m, 6H; PPh2-H), δ 6.88-

6.94 (m, 10H; PPh2-H), δ 5.84 (s, 2H; Tp-H), δ 5.73 (d, 1H; Tp-H), δ 5.04 (t, 1H; 

Tp-H), δ 3.86 (m, 2H; –NCH2–), δ 3.63 (m, 2H; PPh2PCH2–), δ 2.56 (t, 2H; 

PPh2PCH2–), δ 1.36 (m, 2H; –NCH2CH2–), δ 1.23 (m, 2H; –NCH2CH2CH2–), δ 

0.94 (t, 3H; –NCH2CH2CH2CH3). 31P{1H}NMR (161.7MHz, C6D6, 25oC): δ 

34.82 (s). ESI-M: m/z 819, [M] +. 
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4.2.2.5 TpRu(4-CF3C6H4N(PPh2)2)OTf (M24) 

The complex TpRu(4-CF3C6H4N(PPh2)2)Cl (1.0g, 

1.14mmol) and silver triflate (0.36g, 1.4mmol) were 

dissolved in freshly degassed THF (20 mL). The 

resulting mixture was refluxed with stirring for 4h. At 

the end of this period, the mixture was cooled to room 

temperature and evaporated to dryness under reduced pressure. The residue was 

extracted with dichloromethane (2 × 10mL). The insoluble material was filtered 

out. The solvent of the filtrate was removed under reduced pressure and a yellow 

paste was obtained. Hexane (5 mL) was added to the residue, with stirring, to 

produce a yellow solid. The solid was filtered out and washed with 

hexane/ethanol (1:1, 2 × 10 mL). It was then collected and dried under vacuum at 

room temperature. Yield: 0.81 g (72%). Anal. Calcd (%) of 

C41H34BF6N7O3P2RuS: C, 49.61; H, 3.45; N, 9.88. Found: C, 49.80; H, 3.57; N, 

9.60. IR. (KBr, cm-1): υ(B-H) 2468 (br). 1H NMR (400.13 MHz, (CD3)2CO, 25oC): 

δ 8.08 (s, 2H; Tp-H), δ 7.99-7.98 (m, 4H; PPh2-H), δ 7.70-7.69 (m, 6H; PPh2-H), 

δ 7.67 (d, 1H; Tp-H), δ 7.52 (d, 2H; 4-CF3C6H4N–), δ 7.46-7.45 (m, 6H; PPh2-H), 

δ 7.32-7.30 (m, 4H; PPh2-H), δ 7.21 (d, 2H; 4-CF3C6H4N–), δ 6.99 (s, 2H; Tp-H), 

δ 6.33 (d, 2H; Tp-H), δ 5.20 (d, 1H; Tp-H), δ 5.19 (t, 1H; Tp-H). 31P{1H}NMR 

(161.7MHz, (CD3)2CO, 25oC): δ 85.90 (s). ESI-MS: m/z 844.22, [M-OTf]+. 
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4.2.2.6 [TpRu(4-CF3C6H4N(PPh2)2)CH3CN]+OTf- (M25) 

The complex TpRu(4-CF3C6H4N(PPh2)2)Cl 

(1.0g, 1.14mmol) and silver triflate (0.36g, 

1.4mmol) were dissolved in THF/acetonitrile (20:1, 

20 mL). The resulting mixture was refluxed with 

stirring for 4h. At the end of this period, the 

mixture was cooled to room temperature and 

evaporated to dryness under reduced pressure. The residue was extracted with 

dichloromethane (2 × 10mL). The insoluble material was filtered out. The 

solvent of the filtrate was removed under reduced pressure and a yellow paste 

was obtained. Hexane (5 mL) was added to the residue, with stirring, to produce 

a yellow solid. The solid was filtered out and washed with hexane/ethanol (1:1, 2 

× 10 mL). It was then collected and dried under vacuum at room temperature. 

Yield: 0.77 g (66 %). Anal. Calcd (%) of C43H37BF6N8O3P2RuS: C, 49.96; H, 

3.61; N, 10.84. Found: C, 49.60; H, 3.71; N, 10.56. IR. (KBr, cm-1): υ(B-H) 2487 

(br). 1H NMR (400.13 MHz, CD3CN, 25oC): δ 7.89 (s, 2H; Tp-H), δ 7.83-7.84 

(m, 4H; PPh2-H), δ 7.74 (s, 2H; Tp-H), δ 7.72-7.74 (m, 4H; PPh2-H), δ 7.56 (d, 

1H; Tp-H), δ 7.41 (t, 4H; PPh2-H), δ 7.28 (q, 4H; PPh2-H), δ 7.13-7.27 (m, 4H; 

PPh2-H), δ 7.13-7.27 (m, 4H; 4-CF3C6H4N–), δ 6.32 (t, 2H; Tp-H), δ 5.31 (d, 1H; 

Tp-H), δ 5.20 (t, 1H; Tp-H), δ 2.07 (s, 3H; NCCH3). 31P{1H}NMR (161.7MHz, 

CD3CN, 25oC): δ 87.05 (s). ESI-M: m/z 885, [M] +. 
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4.2.2.7 TpRu(nBuN(PPh2)2) OTf (M26) 

A procedure similar to that for the synthesis of 

TpRu(4-CF3C6H4N(PPh2)2)OTf was followed, except 

that TpRu(nBuN(PPh2)2)Cl (0.9g, 1.14mmol) was used in 

place of TpRu(4-CF3C6H4N(PPh2)2)Cl. Yellow solid; 

yield: 0.84 g (67%). Anal. Calcd (%) of 

C38H39BF3N7O3P2RuS: C, 50.45; H, 4.35; N 10.84. Found: C, 50.19; H, 4.41; N, 

10.61. IR. (KBr, cm-1): υ(B-H) 2478 (br). 1H NMR (400.13 MHz, CDCl3, 25oC): δ 

7.77 (d, 2H; Tp-H), δ 7.74 (m, 4H; PPh2-H), δ 7.62 (s, 2H; Tp-H), δ 7.47-7.53 (m, 

6H; PPh2-H), δ 7.28 (t, 2H; PPh2-H), δ 7.17 (s, 1H; Tp-H), δ 7.11-7.17 (m, 8H; 

PPh2-H), δ 6.21 (s, 2H; Tp-H), δ 5.82 (s, 1H; Tp-H), δ 5.13 (s, 1H; Tp-H), δ 3.50 

(m, 2H; –NCH2–), δ 1.52 (m, 2H; –NCH2CH2–), δ 1.06 (m, 2H; –

NCH2CH2CH2–), δ 0.70 (t, 3H; –NCH2CH2CH2CH3). 31P{1H}NMR (161.7MHz, 

CDCl3, 25oC): δ 83.32 (s). ESI-M: m/z 755, [M-OTf]+. 

 

4.2.2.8 [TpRu(nBuN(PPh2)2)CH3CN]+OTf- (M27) 

A procedure similar to that for the synthesis of 

[TpRu(4-CF3C6H4N(PPh2)2)CH3CN]+OTf- was 

followed, except that TpRu(nBuN(PPh2)2)Cl (0.9g, 

1.14mmol) was used in place of TpRu(4-

CF3C6H4N(PPh2)2)Cl. Yellow solid; yield: 0.81 g 

(69%). Anal. Calcd (%) of C40H42BF3N8O3P2RuS: C, 

50.80; H, 4.48; N, 11.85. Found: C, 50.64; H, 4.60; N, 11.65. IR. (KBr, cm-1): 

υ(B-H) 2495 (br). 1H NMR (400.13 MHz, CDCl3, 25oC): δ 7.79 (s, 2H; Tp-H), δ 

7.59-7.68 (m, 10H; PPh2-H), δ 7.59-7.68 (d, 1H; Tp-H), δ 7.34 (t, 2H; PPh2-H), δ 
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7.23 (s, 2H; Tp-H), δ 7.12-7.16 (m, 4H; PPh2-H), δ 7.02-7.03 (m, 4H; PPh2-H), δ 

6.28 (d, 1H; Tp-H), δ 6.24 (s, 2H; Tp-H), δ 5.49 (t, 1H; Tp-H), δ 3.74 (m, 2H; –

NCH2–), δ 2.09 (s, 3H; NCCH3), δ 1.63 (m, 2H; –NCH2CH2–), δ 1.22 (m, 2H; –

NCH2CH2CH2–), δ 0.81 (t, 3H; –NCH2CH2CH2CH3). 31P{1H}NMR (161.7MHz, 

CDCl3, 25oC): δ 83.81 (s). ESI-M: m/z 797, [M] +. 

 

4.2.2.9 [TpRu(nBuN(CH2PPh2)2)CH3CN]+OTf- (M28) 

A procedure similar to that for the synthesis of 

[TpRu(4-CF3C6H4N(PPh2)2)CH3CN]+OTf- was 

followed, except that TpRu(nBuN(CH2PPh2)2)Cl (0.9g, 

1.14mmol) was used in place of TpRu(4-

CF3C6H4N(PPh2)2)Cl. Yellow solid; yield: 0.73 g (61 

%). Anal. Calcd (%) of C42H46BF3N8O3P2RuS: C, 51.81; H, 4.76; N, 11.51. 

Found: C, 51.88; H, 4.88; N, 11.26. IR. (KBr, cm-1): υ(B-H) 2484 (br). 1H NMR 

(400.13 MHz, CDCl3, 25oC): δ 7.90 (d, 1H; Tp-H), δ 7.84 (s, 2H; Tp-H), δ 7.67 

(m, 4H; PPh2-H), δ 7.52-7.58 (m, 4H; PPh2-H), δ 7.33-7.47 (m, 2H; PPh2-H), δ 

7.21 (t, 2H; PPh2-H), δ 7.19 (s, 2H; Tp-H), δ 6.96 (t, 4H; PPh2-H), δ 6.92 (d, 1H; 

Tp-H), δ 6.35 (m, 4H; PPh2-H), δ 6.11 (s, 2H; Tp-H), δ 5.79 (t, 1H; Tp-H), δ 4.11 

(m, 2H; –NCH2–), δ 3.34 (m, 2H; PPh2PCH2–), δ 3.04 (t, 2H; PPh2PCH2–), δ 

1.65 (m, 2H; –NCH2CH2–), δ 1.56 (s, 3H; NCCH3), δ 1.40 (m, 2H; –

NCH2CH2CH2–), δ 0.97 (t, 3H; –NCH2CH2CH2CH3). 31P{1H}NMR (161.7MHz, 

CDCl3, 25oC): δ 31.01 (s). ESI-M: m/z 825, [M]+; 784, [M-NCCH3]+. 
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4.2.2.10 [TpRu(4-CF3C6H4N(PPh2)2)(=C=CHPh)]+OTf- (M33) 

The complex TpRu(4-CF3C6H4N(PPh2)2)OTf 

(0.5g, 0.5mmol) was dissolved in freshly degassed 

chloroform (10 mL) and treated with 3 equiv of 

phenylacetylene (0.16mL, 1.5mmol) via syringe 

and needle. The resulting mixture was heated at 

60oC for 16h. At the end of this period, the mixture 

was cooled to room temperature and evaporated to dryness under reduced 

pressure to yield a pink paste. Hexane (5 mL) was added to the residue, with 

stirring, to produce a pink solid. The solid was filtered out and washed with 

hexane/ethanol (3:2, 2 × 5 mL). It was collected and dried under vacuum at room 

temperature. Yield: 0.43 g (78 %). Anal. Calcd (%) of C49H40BF6N7O3P2RuS: C, 

53.76; H, 3.68; N, 8.96. Found: C, 53.64; H, 3.79; N, 8.84. IR. (KBr, cm-1): υ(B-H) 

2486 (br), υ(C=C) 1663 (s). 1H NMR (400.13 MHz, CDCl3, 25oC): δ 7.83 (s, 2H; 

Tp-H), δ 7.79-7.80 (m, 4H; PPh2-H), δ 7.64 (t, 3H; PPh2-H), δ 7.50 (s, 2H; Tp-H), 

δ 7.48 (s, 1H; Tp-H), δ 7.46-7.50 (m, 4H; PPh2-H), δ 7.39 (d, 2H; 4-CF3C6H4N–), 

δ 7.24 (t, 3H; =C=CHPh-H), δ 7.08-7.23 (m, 10H; PPh2-H), δ 7.01 (d, 2H; 4-

CF3C6H4N–), δ 6.51 (d, 2H; =C=CHPh-H), δ 6.34 (s, 2H; Tp-H), δ 5.49 (d, 1H; 

Tp-H), δ 5.36 (t, 1H; Tp-H), δ 4.50 (t, 1H; =C=CHPh). 31P{1H}NMR (161.7MHz, 

CDCl3, 25oC): δ 76.01 (s). 13C{1H}NMR (100.61 MHz, CDCl3, 25 ˚C): δ 375.74 

(t, JPC = 18.1 Hz, =C=CHPh). ESI-MS: m/z 945.30, [M-PhCCH]+. 
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4.2.2.11 TpRu(4-CF3C6H4N(PPh2)2)(C≡CPh) (M34) 

The complex [TpRu(4-

CF3C6H4N(PPh2)2)(=C=CHPh)]OTf (0.5g, 0.45mmol) 

and NaOH (0.09g, 2.3mol) were dissolved in freshly 

degassed ethanol (10 mL). The resulting mixture was 

stirred at room temperature for 30 min. At the end of 

this period, the solvent of the mixture was evaporated to dryness under reduced 

pressure. The residue was extracted with toluene (2 × 10mL). The insoluble 

material was filtered out. The solvent of the filtrate was removed under reduced 

pressure and a yellow paste was obtained. Hexane (5 mL) was added to the 

residue, with stirring, to produce a yellow solid. The solid was filtered out and 

washed with hexane/ethanol (3:2, 2 × 5 mL). It was then collected and dried 

under vacuum at room temperature. Yield: 0.23 g (55%). Anal. Calcd (%) of 

C48H39BF3N7P2Ru: C, 61.03; H, 4.16; N, 10.38. Found: C, 61.17; H, 4.31; N, 

10.16. IR. (KBr, cm-1): υ(B-H) 2480 (br), υ(C≡C) 2086 (vs). 1H NMR (400.13 MHz, 

CDCl3, 25oC): δ 8.49-8.51 (m, 4H; PPh2-H), δ 7.78 (s, 2H; Tp-H), δ 7.60-7.62 (m, 

4H; PPh2-H), δ 7.49 (s, 2H; Tp-H), δ 7.49 (s, 1H; Tp-H), δ 7.44 (d, 2H; 4-

CF3C6H4N–), δ 7.25 (m, 4H; PPh2-H), δ 7.17 (q, 3H; –C≡CPh-H), δ 7.08 (m, 2H; 

–C≡CPh-H), δ 7.07 (d, 2H; 4-CF3C6H4N–), δ 6.94 (m, 4H; PPh2-H), δ 6.88 (m, 

4H; PPh2-H), δ 5.92 (d, 2H; Tp-H), δ 5.41 (d, 1H; Tp-H), δ 5.40 (t, 1H; Tp-H). 

31P{1H}NMR (161.7MHz, CDCl3, 25oC): δ 90.66 (s). 13C{1H}NMR (100.61 

MHz, CDCl3, 25 ˚C): δ 132.29 (t, JPC = 23 Hz, –C≡CPh). ESI-MS: m/z 945.32 

[M]+. 
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4.2.2.12 [TpRu(4-CF3C6H4N(PPh2)2)(CO)]+OTf- (M35) 

 The reaction was carried out in a 250 mL 

stainless steel autoclave. The complex TpRu(4-

CF3C6H4N(PPh2)2)OTf (0.5g, 0.5mmol) was 

dissolved in freshly degassed chloroform (10 mL). 

The solution was heated under 5 bar of CO at 

120oC for 30 min. At the end of this period, the 

mixture was cooled to room temperature and evaporated to dryness under 

reduced pressure to yield a white paste. Hexane (5 mL) was added to the residue, 

with stirring, to produce a white solid. The solid was filtered out and washed 

with diethyl ether (2 × 5 mL). It was collected and dried under vacuum at room 

temperature. Yield: 0.41 g (80 %). Anal. Calcd (%) of C42H34BF6N7O4P2RuS: C, 

49.43; H, 3.36; N, 9.61. Found: C, 50.15; H, 3.49; N, 9.44. IR. (KBr, cm-1): υ(B-H) 

2525 (br), υ(C≡O) 1995 (vs). 1H NMR (400.13 MHz, CDCl3, 25oC): δ 7.81 (s, 2H; 

Tp-H), δ 7.77-7.79 (m, 10H; PPh2-H), δ 7.50 (d, 1H; Tp-H), δ 7.46-7.50 (t, 2H; 

PPh2-H), δ 7.40 (d, 2H; 4-CF3C6H4N–), δ 7.24-7.28 (m, 4H; PPh2-H), δ 7.11-

7.15 (m, 4H; PPh2-H), δ 7.13 (s, 2H; Tp-H), δ 6.94 (d, 2H; 4-CF3C6H4N–), δ 6.31 

(s, 2H; Tp-H), δ 5.43 (d, 1H; Tp-H), δ 5.35 (t, 1H; Tp-H). 31P{1H}NMR 

(161.7MHz, CDCl3, 25oC): δ 80.66 (s). 13C{1H}NMR (100.61 MHz, CDCl3, 25 

˚C): δ 201.06 (t, JPC = 14.7 Hz, –C≡O). ESI-MS: m/z 872.24, [M]+. 

 

 

 

 

F3C

COPh2P

N

N

B

H

Ru

N

NN

N

PPh2N

-+OTf



 116 

4.2.2.13 General Procedure for TpRu(4-CF3C6H4N(PPh2)2)OTf (M24)-

Catalyzed 2-Alkenylation of 1,3-Dicarbonyl Compounds with Terminal 

Alkynes 

The reactions were carried out in 11 mm Schlenk tubes equipped with 

Teflon screw caps. (The reactions in Table 4.6, entries 7-9, 11, 13 were carried 

out in 5mm pressure-valved NMR tubes under 10 bar of Ar). In a typical run, 

ruthenium complex (0.005 mmol, 0.4mol %) was loaded into the tube; the 

system was evacuated and filled with nitrogen for four cycles. 1,3-Dicarbonyl 

compounds (1.25 mmol) and terminal alkynes (1.5 mmol) were then added to the 

tube via syringes and needles. The tube was sealed with the screw cap and the 

reaction mixture was heated in a silicon oil bath at 120oC. At the end of the 

specific period, the tube was cooled to room temperature. 50μL of 1,1,2,2-

tetrachloroethane was added as internal standard; a 0.1 mL aliquot of the solution 

was removed and analyzed by 1H NMR spectroscopy (in CDCl3). Conversion of 

the reaction was obtained by measuring the integrations of the characteristic 

peaks of the products with reference to distinct peaks of the internal standard. 

The organic products 3a,[88] 3i,[196] 3j,[197] 3l,[198] and 3m[88] described in 

Table 4.6 are known and were characterized by comparing their 1H and 

13C{1H}NMR data with the reported ones. In cases where the organic products 

are new compounds (3b, 3c, 3d, 3e, 3f, 3g, 3h and 3k), they were isolated by 

flash column chromatography on silica gel or by preparative thin layer 

chromatography (silica gel) and were characterized by 1H, 13C{1H}NMR 

spectroscopies, mass spectrometry and HRMS analysis. 
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4.2.2.14 3-(1-hydroxyethylidene)-4-(4-methoxyphenyl)pent-4-en-2-one (3b)  

Pale yellow oil; 1H NMR (400 MHz, CDCl3): δ 

16.66 (s, 1H; enol-OH), δ 7.35 (d, J = 9 Hz, 2H; 4-

OCH3C6H4–), δ 6.85 (d, J = 9 Hz, 2H; 4-OCH3C6H4–), 

δ 5.78 (s, 1H; –C=CH2), δ 5.10 (s, 1H; –C=CH2), δ 3.77 (s, 3H; 4-OCH3C6H4–), 

δ 1.96 (s, 6H; methyl–CH3). 13C{1H}NMR (100 MHz, CDCl3): δ 191.52, 160.09, 

143.26, 132.55, 127.51, 116.53, 114.42, 114.38, 55.51, 23.798. HRMS (+ESI): 

m/z: calcd for C14H16O3: 232.1099; found: 233.1171 [M+H]+. 

 

4.2.2.15 4-hydroxy-3-(1-p-tolylvinyl)pent-3-en-2-one (3c)  

Pale yellow oil; 1H NMR (400 MHz, CDCl3): δ 

16.73 (s, 1H; enol-OH), δ 7.38 (d, J = 8 Hz, 2H; 4-

CH3C6H4–), δ 7.18 (d, J = 8 Hz, 2H; 4-CH3C6H4–), δ 

5.91 (s, 1H; –C=CH2), δ 5.21 (s, 1H; –C=CH2), δ 2.38 (s, 3H; 4-CH3C6H4–), δ 

2.02 (s, 6H; methyl–CH3). 13C{1H}NMR (100 MHz, CDCl3): δ 191.59, 143.78, 

138.43, 137.26, 129.86, 126.29, 117.74, 114.37, 23.90, 21.48. HRMS (+ESI): 

m/z: calcd for C14H16O2: 216.2756; found: 217.1227 [M+H]+. 

 

4.2.2.16 3-(1-(4-bromophenyl)vinyl)-4-hydroxypent-3-en-2-one (3d) 

Pale yellow oil; 1H NMR (400 MHz, CDCl3): δ 

16.84 (s, 1H; enol-OH), δ 7.56 (d, J = 8 Hz, 2H; 4-

BrC6H4–), δ 7.44 (d, J = 8 Hz, 2H; 4-BrC6H4–), δ 6.04 (s, 1H; –C=CH2), δ 5.39 

(s, 1H; –C=CH2), δ 2.08 (s, 6H; methyl–CH3). 13C{1H}NMR (100 MHz, CDCl3): 

δ 191.71, 143.14, 139.31, 132.47, 128.18, 122.85, 119.68, 113.90, 24.12. HRMS 

(+ESI): m/z: calcd for C13H13BrO2: 281.1451; found: 281.0188 [M]+. 
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4.2.2.17 3-(1-(4-fluorophenyl)vinyl)-4-hydroxypent-3-en-2-one (3e) 

Pale yellow oil; 1H NMR (400 MHz, CDCl3): δ 

16.66 (s, 1H; enol-OH), δ 7.38 (dd, J = 6, 8 Hz, 2H; 4-

FC6H4–), δ 6.97 (t, J = 8 Hz, 2H; 4-FC6H4–), δ 5.81 (s, 1H; –C=CH2), δ 5.18 (s, 

1H; –C=CH2), δ 1.93 (s, 6H; methyl–CH3). 13C{1H}NMR (100 MHz, CDCl3): δ 

191.62, 164.38, 161.92, 142.99, 136.36, 128.09, 118.55, 116.12, 115.91, 114.13, 

23.84. HRMS (+ESI): m/z: calcd for C13H13FO2: 220.2395; found: 221.0975 

[M+H]+. 

 

4.2.2.18 4-hydroxy-3-(1-(thiophen-3-yl)vinyl)pent-3-en-2-one (3f) 

Pale yellow oil; 1H NMR (400 MHz, CDCl3): δ 16.59 

(s, 1H; enol-OH), δ 7.08 (m, 1H; thiophene-H), δ 7.25-7.29 

(m, 1H; thiophene-H), δ 7.29-7.33 (m, 1H; thiophene-H), δ 

5.81 (s, 1H; –C=CH2), δ 5.15 (s, 1H; –C=CH2), δ 2.00 (s, 6H; methyl–CH3). 

13C{1H}NMR (100 MHz, CDCl3): δ 191.57, 142.85, 139.00, 127.12, 125.52, 

122.97, 117.52, 114.51. HRMS (+ESI): m/z: calcd for C11H12O2S: 208.2768; 

found: 209.0639 [M+H]+. 

 

4.2.2.19 3-(1-cyclopentylideneethyl)-4-hydroxypent-3-en-2-one (3g) 

 Pale yellow oil; 1H NMR (400 MHz, CDCl3): δ 16.12 (s, 

1H; enol-OH), δ 2.11 (m, 2H; cyclopentyl–CH2), δ 1.82 (m, 

2H; cyclopentyl–CH2), δ 1.79 (s, 6H; methyl–CH3), δ 1.59 (s, 

6H; methyl–CH3), δ 1.53 (m, 2H; cyclopentyl–CH2), δ 1.44 (m, 2H; cyclopentyl–

CH2). 13C{1H}NMR (100 MHz, CDCl3): δ 190.29, 144.85, 121.53, 116.12, 32.41, 

O

HO

F

O

HO

S

O
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30.97, 27.21, 22.98, 21.18. HRMS (+ESI): m/z: calcd for C12H18O2: 194.2701; 

found: 195.1384 [M+H]+. 

 

4.2.2.20 3-(1-hydroxyethylidene)-4,7-dimethyloct-4-en-2-one (3h) 

 Pale yellow oil; 1H NMR (400 MHz, CDCl3): δ 16.46 (s, 

1H; enol-OH), δ 5.54 (t, J = 7 Hz,1H; =CHCH2–), δ 1.99 (s, 

6H; methyl–CH3), δ 1.83 (s, 3H; methyl–CH3), δ 1.74 (t, J = 7 

Hz, 2H; =CHCH2–), δ 1.61 (m, 1H; –CH(CH3)2), δ 0.86 (d, J = 6 Hz, 6H; –

CH(CH3)2). 13C{1H}NMR (100 MHz, CDCl3): δ 190.77, 132.28, 131.98, 113.46, 

39.14, 29.00, 25.82, 23.49, 23.27. HRMS (+ESI): m/z: calcd for C12H20O2: 

196.286; found: 197.1543 [M+H]+. 

 

4.2.2.21 4-hydroxy-6-methyl-3-(1-phenylvinyl)heptan-2-one (3k) 

 Pale yellow oil; 1H NMR (400 MHz, CDCl3): δ 17.17 

(s, 1H; enol-OH), δ 7.66 (d, J = 7 Hz, 2H; Ph–H), δ 7.54 (t, 

J = 7 Hz, 2H; Ph–H), δ 7.49 (m, 1H; Ph–H), δ 6.14 (s, 1H; 

–C=CH2), δ 5.43 (s, 1H; –C=CH2), δ 2.49 (m, 1H; –CH2CH(CH3)2), δ 2.33 (m, 

2H; –CH2CH(CH3)2), δ 2.20 (s, 3H, methyl–CH3), δ 1.03-1.71 (m, 6H; –

CH2CH(CH3)2). 13C{1H}NMR (100 MHz, CDCl3): δ 193.00, 192.68, 143.72, 

140.28, 129.09, 128.55, 126.27, 118.89, 114.48, 44.79, 26.17, 24.31, 22.93. 

HRMS (+ESI): m/z: calcd for C16H20O2: 244.3288; found: 245.1540 [M+H]+. 

 

 

 

O OH
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4.2.2.22 NMR Monitoring of TpRu(4-CF3C6H4N(PPh2)2)OTf (M24)-

Catalyzed 2-Alkenylation of Acetylacetone with Phenylacetylene 

The reactions were carried out in 11 mm Schlenk tubes equipped with 

Teflon screw caps. Ruthenium complex TpRu(4-CF3C6H4N(PPh2)2)OTf (0.005 

mmol, 0.4mol %) was loaded into each of the eight tubes equipped with 

magnetic stirrers. The thbes were evacuated and filled with nitrogen for four 

cycles. Acetylacetone (1.25 mmol) and phenylacetylene (1.5 mmol) were then 

added to each tube via syringes and needles. The tubes were sealed with the 

screw caps and heated in a silicon oil bath at 120oC. At different time intervals, a 

tube was withdrawn from the silicon oil bath and rapidly cooled down to room 

temperature; 1H, 19F and 31P{1H}NMR spectra of the mixture were taken. The 

relative concentrations of the species present were obtained by comparing the 

integrations of their signals in the 31P{1H}NMR spectra. Conversion of the 

reaction was obtained by measuring the integrations of the characteristic peaks of 

the products with reference to distinct peaks of unreacted acetylacetone in the 1H 

NMR spectrum. 

 

4.2.2.23 General Procedure for TpRu(4-CF3C6H4N(PPh2)2)OTf (M24)-

Catalyzed Hydroamination of Terminal Alkynes with Secondary Amines 

The reactions were carried out in 11 mm Schlenk tubes equipped with 

Teflon screw caps. In a typical run, ruthenium complex TpRu(4-

CF3C6H4N(PPh2)2)OTf (0.01 mmol, 1 mol %) was loaded into the tube. The tube 

was evacuated and filled with nitrogen for four cycles. Methanol (0.1 mL), 

secondary amine (1 mmol) and terminal alkyne (1.2 mmol) were then added to 

the tube via syringes and needles. The tube was sealed with the screw cap and the 

solution was stirred in a silicon oil bath at 120oC for 24 h. At the end of this 
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period, the tube was cooled to room temperature and 25μL of 1,1,2,2-

tetrachloroethane was added as internal standard; a 0.1 mL aliquot of the solution 

was removed and analyzed by 1H NMR spectroscopy (in C6D6). Conversion of 

the reaction was obtained by measuring the integrations of the characteristic 

peaks of the products with reference to distinct peaks of the internal standard. 

The organic products 5a, 5b,[199] 5c,[200] 5d, 5e, 5f,[199] 5g,[201] 5h,[202] 

5i[203] and 5j[204] described in Table 4.12 are known compounds and were 

characterized by comparing their 1H NMR data with the reported ones. 

 

4.2.2.24 NMR Monitoring of TpRu(4-CF3C6H4N(PPh2)2)OTf (M24)-

Catalyzed Hydroamination of Phenylacetylene with Diethylamine  

The reaction was carried out in a 5 mm NMR pressure-valved NMR tube. 

The ruthenium complex TpRu(4-CF3C6H4N(PPh2)2)OTf (0.01 mmol, 1 mol %) 

was loaded to the tube; it was evacuated and filled with nitrogen for four cycles. 

CD3OD (0.1 mL), diethylamine (1 mmol) and phenylacetylene (1.2 mmol) were 

then added to the tube via syringes and needles. The tube was heated in a silicon 

oil bath at 120oC under 10 bar of Ar. At different time intervals, the NMR tube 

was rapidly cooled down to room temperature and 1H and 31P{1H}NMR spectra 

of the solution were taken. The relative concentrations of the species present 

were obtained by comparing the integrations of their signals in the 31P{1H}NMR 

spectra. Conversion of the reaction was obtained by measuring the integrations of 

the characteristic peaks of the products with reference to distinct peaks of 

unreacted diethylamine in the 1H NMR spectrum. 
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4.2.2.25 Crystallographic Structures Analysis of Ru(II) Complexes M21, 

M22,M24, M33-M35 

Crystals suitable for X-ray diffraction study were obtained by layering of 

hexane onto saturated benzene solutions, (M21 and M34), chloroform solution 

(M24) and dichloromethane solution (M33 and M35). A suitable crystal of each 

of the complex was mounted on a Bruker CCD area detector diffractomer and 

subjected to Mo Kα radiation (λ = 0.71073 Å) from a generator operating at 50 

kV and 30 mA. The intensity data of M21, M22, M24, M33-M35 were collected 

in the range θ = 1.68 – 27.44o, 1.51-27.45 o, 1.73 – 27.58o, 1.81-27.44o, 2.09-

27.49 o and 1.73-27.59 o respectively, with oscillation frames of ψ and ω in the 

range 0 – 180o. A total of 2288 frames in M21, 3416 frames in M22, 2240 

frames in M24, 2264 frames in M33, 1928 frames in M34 and 2064 frames in 

M35 were taken in four shells. An empirical absorption correction of the 

SADABS (Sheldrick, 1996) program based on Fourier coefficient fitting was 

applied. The crystal structure was solved by Patterson function methods and 

expanded by difference Fourier synthesis, then refined by full-matrix least-

squares on F2 using the Bruker Smart and Bruker SHELXTL program packages. 

All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were 

placed in ideal positions and refined as riding atoms. The R and Rw values of 

M21 are 0.0600 and 0.1221, M22 are 0.0391 and 0.1213, M24 are 0.0930 and 

0.2400, M33 are 0.0733 and 0.2046, M34 are 0.0434 and 0.0561 and M35 are 

0.0703, respectively. Further crystallographic details and selected bond distances 

and angles for M21, M24, M33-M35 can be found in results and discussion 

section. 
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4.3 Results and Discussion 

In continuance of our recent work on the catalytic activities of ruthenium 

complexes,[149] we studied the 2-alkenylation of 1,3-dicarbonyl compounds 

with terminal alkynes catalyzed by ruthenium complexes (eq. 4.1). 

(4.1)

R3R1

O O

R2

R

R3

R2
R1

O O

R+
[Ru]

1 2 3

120oC, neat

 

 

Complexes M29-M32 are well-known hydrotris(pyrazolyl)borate (Tp) 

ruthenium complexes; complexes M24-M28 are Tp complexes containing 

bis(phosphino)amine ligands (Chart 4.1).  These amine-bridged diphosphines, 

which offer more opportunities for electronic and steric tuning than the dppm 

analogue, have played important roles in chromium-catalyzed ethylene 

trimerization[71] and tetramerization reactions.[72] The amine moiety of 

bis(phosphino)amine might act as an internal base or as a hydrogen acceptor in 

hydrogen bonding.  

 

4.3.1 Preparation and characterization of M21-M28, and X-ray structures of 

M21, M22 and M24 

Complexes M24-M28 were prepared by chloride abstraction from their 

chloride precursors, TpRu(4-CF3C6H4N(PPh2)2)Cl (M21), TpRu(nBuN(PPh2)2)Cl 

(M22) and TpRu(nBuN(CH2PPh2)2)Cl (M23) using Ag+OTf- in the absence or 

presence of acetonitrile; the chloride precursors M21-M23 were prepared by 

ligand substitution of TpRu(PPh3)2Cl (M4) in toluene (Scheme 4.1). 
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Chart 4.1 
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Scheme 4.1 Preparation of M21-M28 

 

The complexes M21-M28 have been characterized by elemental analyses, 

IR, NMR (1H, 31P{1H} and 13C{1H}) spectroscopies and mass spectroscopy 

(details are given in Section 4.2). The 1H NMR spectra of the chloride 

complexes M21-M23 exhibit the resonances of Tp and the bis(phosphino)amine 

ligands in the expected ranges. The methylene hydrogen atoms of the N,N-

bis(diphenylphosphinomethylene)butylamine ligand of M23 are diasterotopic, 

which appear as a pair of multiplets at δ 3.63 and 2.56 ppm. The 31P{1H}NMR 

spectrum of each of the complexes M21-M23 shows a singlet for the 

bis(phosphino)amine ligand at δ 88.8, 83.0 and 34.8 ppm for M21, M22 and 
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M23, respectively. Structural views of M21 and M22 determined by X-ray 

crystallography are shown in Figures 4.1 and 4.2, respectively. The crystal data 

and refinement details for the complexes are given in Table 4.1. Selected bond 

distances and angles are given in Tables 4.2 and 4.3. The strained 4-membered 

rings sustain acute chelated angles of P(1)-Ru(1)-P(2) = 70.84(2)° and P(2)-

Ru(1)-P(1) = 69.990(12)°, respectively, in M21 and M22. The mean P–N bond 

distances in M21 and M22 are 1.74 Å and 1.71 Å, respectively. The sum of the 

angles around nitrogen atoms of the bis(phosphino)amine ligands (ΣN) in both 

M21 and M22 are equal to 360°, clearly indicates that the geometries around 

nitrogen atoms are strictly planar; this is a characteristic feature of 

bis(phosphino)amine ligands[205] and their complexes.[68] 

 

 

 

Figure 4.1 ORTEP view (30% probability) of TpRu(4-CF3C6H4N(PPh2)2)Cl 

(M21) showing the atom-labeling scheme 
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Figure 4.2 ORTEP view (30% probability) of 

TpRu(nBuN(PPh2)2)Cl ·1/2(C2H5OC2H5) (M22 ·1/2(C2H5OC2H5)) 

 showing the atom-labeling scheme 
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Table 4.1 Crystal Data and Structure Refinement of TpRu(4-CF3C6H4N(PPh2)2)Cl (M21), TpRu(nBuN(PPh2)2)Cl (M22·1/2(C2H5OC2H5)) 
and TpRu(4-CF3C6H4N(PPh2)2)OTf (M24·CHCl3) 
 
Complex M21 M22·1/2(C2H5OC2H5) M24·CHCl3 
Empirical formula C40H34BClF3N7P2Ru C37H39BClN7P2Ru ·1/2(C2H5OC2H5) C41H34BF6N7O3P2RuS·CHCl3 
Formula weight 1113.34 828.08 1112.00 
Temperature 296(2) k 296(2) k 296(2) k 
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 
Crystal system Monoclinic Monoclinic Monoclinic 
Space group P2(1)/n C2/c P2(1)/n 
Unit cell dimensions a = 14.5535(3) Å α = 90°. a = 24.7652(3) Å α = 90°. a = 11.0918(3) Å α = 90°. 
 b = 23.0611(4) Å β = 101.0910(10) °. b = 17.1575(2) Å β = 118.1980(10) °. b = 18.3635(5) Å β = 91.642(2) °. 
 c = 16.7854(3) Å γ = 90°. c = 21.1208(4) Å γ = 90°. c =23.4991(7) Å γ = 90°. 
Volume 5528.29(18) Å3 7909.3 Å3 4784.4(2) Å3 
Z 4 8 4 
Density (calculated) 1338 Mg/m3 1.391 Mg/m3 1.544 Mg/m3 
Absorption coefficient 0.444 mm-1 0.584 mm-1 0.676 mm-1 
F(000) 2288 3416 2240 
Crystal size 0.42 x 0.38 x 0.32 mm3 0.50 x 0.38 x 0.36 mm3 0.48 x 0.40 x 0.36 mm3 
Theta range for data collection 1.68 to 27.44°. 1.51 to 27.45°. 1.73 to 27.58°. 
Index ranges -18<=h<=11, -28<=k<=29, -17<=l<=21 -32<=h<=32, -17<=k<=22, -27<=l<=27 -14<=h<=14, -21<=k<=23, -30<=l<=30 
Reflections collected 44183 32648 57260 
Independent reflections 12576 [R(int) = 0.0928] 9033 [R(int) = 0.0299] 10929 [R(int) = 0.2478] 
Completeness to theta  = 27.44°, 99.7 % = 27.45°, 99.8 % =27.58°, 98.6 % 
Absorption correction Semi-empirical from equivalents Semi-empirical from equivalents Semi-empirical from equivalents 
Max. and min. transmission 1.000 and 0.768 1.000 and 0.814 1.000 and 0.420 
Refinement method F ull-matrix least-squares on F2 F ull-matrix least-squares on F2 Full-matrix least-squares on F2 
Data / restraints / parameters 12576 / 33 / 679 9033 / 6 / 464 10929 / 48 / 622 
Goodness-of-fit on F2 1.003 1.004 1.006 
Final R indices [I>2sigma(I)] R1 = 0.0600, wR2 = 0.1221 R1 = 0.0391, wR2 = 0.1213 R1 = 0.0930, wR2 = 0.2400 
R indices (all data) R1 = 0.1405, wR2 = 0.1499 R1 = 0.0561, wR2 = 0.1405 R1 = 0.2356, wR2 = 0.3042 
Largest diff. peak and hole 0.575 and -0.508 e.Å-3 0.926 and -0.448 e.Å-3 1.011 and -0.938 e.Å-3 
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Table 4.2 Selected Bond Distances (Å) and Angles (˚) for TpRu(4-

CF3C6H4N(PPh2)2)Cl (M21) 

 

    

Bond distances (Å) 

Ru(1)-Cl(1) 2.4011(6) Ru(1)-P(1) 2.2403(5) 

Ru(1)-N(1) 2.1333(16) Ru(1)-P(2) 2.2468(6) 

Ru(1)-N(3) 2.0985(16) P(1)-N(7) 1.7344(17) 

Ru(1)-N(5) 2.1206(17) P(2)-N(7) 1.7435(16) 

    

Bond angles (˚) 

C(34)-N(7)-P(1) 131.90(13) N(3)-Ru(1)-P(2) 97.69(5) 

C(34)-N(7)-P(2) 131.32(14) N(5)-Ru(1)-Cl(1) 87.94(5) 

N(1)-Ru(1)-Cl(1) 87.63(5) N(5)-Ru(1)-N(1) 84.81(6) 

N(1)-Ru(1)-P(1) 173.36(5) N(5)-Ru(1)-P(1) 101.65(5) 

N(1)-Ru(1)-P(2) 102.64(5) N(5)-Ru(1)-P(2) 172.05(5) 

N(3)-Ru(1)-Cl(1) 170.37(4) P(1)-N(7)-P(2) 96.78(8) 

N(3)-Ru(1)-N(1) 84.65(6) P(1)-Ru(1)-Cl(1) 91.043(19) 

N(3)-Ru(1)-N(5) 85.65(6) P(1)-Ru(1)-P(2) 70.84(2) 

N(3)-Ru(1)-P(1) 97.27(4) P(2)-Ru(1)-Cl(1) 89.59(2) 
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Table 4.3 Selected Bond Distances (Å) and Angles (˚) for 

TpRu(nBuN(PPh2)2)Cl·1/2(C2H5OC2H5) (M22·1/2(C2H5OC2H5)) 

 

    

Bond distances (Å) 

Ru(1)-Cl(1) 2.4116(4) Ru(1)-P(1) 2.2767(4) 

Ru(1)-N(1) 2.1357(10) Ru(1)-P(2) 2.2672(3) 

Ru(1)-N(3) 2.1040(11) P(1)-N(7) 1.7065(10) 

Ru(1)-N(5) 2.1252(12) P(2)-N(7) 1.7129(12) 

    

Bond angles (˚) 

C(34)-N(7)-P(1) 128.15(9) N(3)-Ru(1)-P(2) 94.75(3) 

C(34)-N(7)-P(2) 132.55(9) N(5)-Ru(1)-Cl(1) 84.68(3) 

N(1)-Ru(1)-Cl(1) 85.38(3) N(5)-Ru(1)-N(1) 85.56(4) 

N(1)-Ru(1)-P(1) 103.06(3) N(5)-Ru(1)-P(1) 171.32(3) 

N(1)-Ru(1)-P(2) 173.05(3) N(5)-Ru(1)-P(2) 101.39(3) 

N(3)-Ru(1)-Cl(1) 1167.21(4) P(1)-N(7)-P(2) 99.30(6) 

N(3)-Ru(1)-N(1) 85.71(4) P(1)-Ru(1)-Cl(1) 96.818(13) 

N(3)-Ru(1)-N(5) 85.50(5) P(2)-Ru(1)-Cl(1) 95.195(12) 

N(3)-Ru(1)-P(1) 94.12(4) P(2)-Ru(1)-P(1) 69.990(12) 

 

The 1H NMR spectra of the triflate complexes TpRu(4-

CF3C6H4N(PPh2)2)OTf (M24) and TpRu(nBuN(PPh2)2) OTf (M26) are similar to 

those of their chloride precursors M21 and M22, respectively, and are not further 

discussed here. The bis(phosphino)amine ligands of M24 and M26 appear as 
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singlets at δ 85.9 and 83.3 ppm, respectively, in their 31P{1H}NMR spectra. 

Other analytical data of M24 and M26 support the given formulation. In addition, 

the structure of M24 was confirmed by X-ray crystallography as depicted in 

Figure 4.3. The crystal data and refinement details for the complexes are given 

in Table 4.1. Selected bond distances and angles are reported in Table 4.4. The 

geometry at the ruthenium exists as a distorted octachedral. The bite angle of 

bis(phosphino)amine ligand produces a P(1)-Ru(1)-P(2) angle of  71.05(4)°, 

which is highly deviated from 90°. The Ru(1)-O(1) distance to the bounded 

triflate of 2.162(3) Å is significantly shorter than the Ru-OTf distances of 2.227 

(mean Ru–O bond distances), 2.239(5) and 2.2377(16) Å seen for cis-mer-

Ru(SO3CF3)(CO)(Cyttp) (Cyttp = PhP(CH2CH2CH2PCy2),[206] 

[Ru(Me)(CO)2(iPr-DAB)]+OTf- (iPr-DAB = iPr–N=CHCH=N–iPr)[207] and 

Ru(SO3CF3){C6H3(CH2NMe2)2-2,6}(C7H8),[208] respectively, implying high 

electrophilicity of the metal center. The mean P-N distance in M24 of 1.73 Å is 

slightly shorter than its chloride precursor M21. The angles sum around nitrogen 

atoms of the bis(phosphino)amine ligands ΣN(7) are equal to 359.88°, which is 

very close to planar.  
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Figure 4.3 ORTEP view (30% probability) of TpRu(4-

CF3C6H4N(PPh2)2)OTf (M24) showing the atom-labeling scheme 
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Table 4.4 Selected Bond Distances (Å) and Angles (˚) for TpRu(4-

CF3C6H4N(PPh2)2)OTf (M24) 

 

    

Bond distances (Å) 

Ru(1)-N(1) 2.145(3) Ru(1)-P(1) 2.2537(10) 

Ru(1)-N(3) 2.117(3) Ru(1)-P(2) 2.2641(11) 

Ru(1)-N(5) 2.062(3) P(1)-N(7) 1.740(3) 

Ru(1)-O(1) 2.162(3) P(2)-N(7) 1.723(3) 

    

Bond angles (˚) 

C(35)-N(7)-P(1) 128.0(2) N(5)-Ru(1)-N(1) 84.74(13) 

C(35)-N(7)-P(2) 133.3(2) N(5)-Ru(1)-N(3) 85.94(12) 

N(1)-Ru(1)-O(1) 89.34(12) N(5)-Ru(1)-O(1) 171.69(11) 

N(1)-Ru(1)-P(1) 173.52(9) N(5)-Ru(1)-P(1) 95.92(9) 

N(1)-Ru(1)-P(2) 102.47(9) N(5)-Ru(1)-P(2) 96.51(9) 

N(3)-Ru(1)-N(1) 85.90(12) O(1)-Ru(1)-P(1) 90.63(8) 

N(3)-Ru(1)-O(1) 87.82(11) O(1)-Ru(1)-P(2) 90.45(8) 

N(3)-Ru(1)-P(1) 100.57(9) P(1)-Ru(1)-P(2) 71.05(4) 

N(3)-Ru(1)-P(2) 171.43(9) P(2)-N(7)-P(1) 98.58(15) 

 

The 1H NMR spectra of the solvent complexes [TpRu(4-

CF3C6H4N(PPh2)2)CH3CN]+OTf- (M25), [TpRu(nBuN(PPh2)2)CH3CN]+OTf- 

(M27) and [TpRu(nBuN(CH2PPh2)2)CH3CN]+OTf- (M28) show signals of the 

acetonitrile ligands at δ 2.07, 2.09 and 1.56 ppm, respectively. The methylene 
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resonances of the N,N-bis(diphenylphosphinomethylene)butylamine ligand of 

M28 appear as a pair of multiplets at δ 3.34 and 3.04 ppm. Singlets that 

correspond to the bis(phosphino)amine ligands are seen at δ 87.1, 83.8 and 31.0 

ppm for M25, M27 and M28, respectively. 

 

4.3.2 Hydrotris(pyrazolyl)borato (Tp) Ruthenium Complexes-Catalyzed 2-

Alkenylation of Acetylacetone with Phenylacetylene 

The efficacy of the bis(phosphino)amine as a ligand in the 2-alkenylation of 

acetylacetone was initially tested in a brief qualitative screening with several 

metal catalyst candidates M24-M32 (Chart 4.1). Table 4.5 summarizes the 

results on the 2-alkenylation of acetylacetone with phenylacetylene catalyzed by 

those Tp ruthenium complexes.  

 

The complexes TpRu(4-CF3C6H4N(PPh2)2)OTf (M24), [TpRu(4-

CF3C6H4N(PPh2)2)CH3CN]+OTf- (M25), and TpRu(nBuN(PPh2)2) OTf (M26) 

catalyzes the 2-alkenylation efficiently (entries 3-5). However, the 2-alkenylation 

reactions result in lower yields at lower temperature (entries 1 & 2). Complex 

[TpRu(nBuN(PPh2)2)CH3CN]+OTf- (M27) displays moderate catalytic activity 

for the reaction (entries 6 & 12). The N,N-bis(diphenylphosphinomethylene) 

analogue [TpRu(nBuN(CH2PPh2)2)CH3CN]+OTf- (M28) of M27, shows a low 

catalytic activity towards the 2-alkenylation reaction (entries 7 & 13). In contrast 

to the high activity of M24-M26, complexes [TpRu(PMe3)2CH3CN]+PF6
- (M29), 

[TpRu(PPh3)2CH3CN]+BF4
- (M30), [TpRu(dppm)CH3CN] +OTf-

 (M31) and 

[TpmRu(PPh3)2CH3CN]2+(BF4 
-)2 (M32) show very low reactivities even heating 

for 6 h (entries 8-11, 14-17). 
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Table 4.5 Tp Ru(II) Complexes-Catalyzed 2-Alkenylation of Acetylacetone 
with Phenylacetylene[a] 

  

entry catalyst 
Temp. 

(oC) 
time(h) 

% 

conversion[b] 

1 TpRu(4-CF3C6H4N(PPh2)2)OTf (M24) 80 3 0 

2 M24 100 3 3 

3 M24 120 3 89 

4 [TpRu(4-CF3C6H4N(PPh2)2)CH3CN]+OTf- 

(M25) 

120 
3 64 

5 TpRu(nBuN(PPh2)2)OTf (M26) 120 3 64 

6 [TpRu(nBuN(PPh2)2)CH3CN]+OTf- (M27) 120 3 13 

7 TpRu(nBuN(CH2PPh2)2))CH3CN]+OTf- 

(M28) 

120 
3 7 

8 [TpRu(PMe3)2CH3CN]+PF6 
- (M29) 120 3 5 

9 [TpRu(PPh3)2CH3CN]+BF4
- (M30) 120 3 0 

10 [TpRu(dppm)CH3CN] +OTf-
 (M31) 120 3 0 

11 [TpmRu(PPh3)2CH3CN]2+(BF4 
-)2 (M32) 120 3 0 

12 M27 120 6 46 

13 M28 120 6 29 

14 M29 120 6 7 

15 M30 120 6 4 

16 M31 120 6 0 

17 M32 120 6 0 
[a]Reaction conditions: catalyst (0.005 mmol), acetylacetone (1.25 mmol), phenylacetylene (1.5 

mmol). 
[b]Conversion (based on acetylacetone) determined by 1H NMR spectroscopy. 
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4.3.3 TpRu(4-CF3C6H4N(PPh2)2)OTf (M24)-Catalyzed 2-Alkenylation of 1,3-

Dicarbonyl Compounds with Terminal Alkynes 

The M24-catalyzed 2-alkenylation of 1,3-dicarbonyl compounds with 

terminal alkynes was found to be facile and versatile in the absence of any 

solvent; we carried out a detailed investigation on the reaction. The results of 

M24-catalyzed 2-alkenylation of 1,3-dicarbonyl compounds with terminal 

alkynes are summarized in Table 4.6. The regioselectivity favors introduction of 

the 1,3-dicarbonyl moiety to the internal alkynic carbon atom to give 2-alkenyl-

1,3-dicarbonyl derivatives. 

 

 Acetylacetone reacts is alkenylated with phenylacetylene derivatives with 

high yields (entries 1-5). Substituents on the phenyl ring of the alkynes do not 

induce pronounced electronic effect, although electron-withdrawing groups seem 

to slow down the reactions to a certain extent. The heterocyclic alkyne, 3-

ethynylthiophene (2f) reacts slower and longer reaction time is needed to achieve 

quantitative yield (entry 6). Likewise, the alkyl acetylenes and the benzyl 

derivative are not very reactive but still high-yielding upon 6 and 10 h of heating, 

respectively (entries 8-10). The sterically bulky dicarbonyl compound, 

dibenzoylmethane (1c) only gives high yield after prolonged heating (entry 12). 

Substrates with low boiling point do not undergo alkenylation under normal 

reaction conditions. The reactions have to be proformed inside pressure-valved 

NMR tubes which are pressurized with 10 bar of Ar to prevent the solutions 

from boiling too vigorously (entries 7-9, 11, and 13). Isomeric products resulting 

from C=C bond migration are formed in some cases (entries 7-10, 12). 
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Table 4.6 TpRu(4-CF3C6H4N(PPh2)2)OTf (M24)-Catalyzed 2-Alkenylation 
of 1,3-Dicarbonyl Compounds with Terminal Alkynes[a] 

 
entry dicarbonyl compound terminal alkyne time (h) product % conversion[b]

1 
1a 

O O

 2a  
3.5 

3a O

HO

 
95 [87] 

2 1a 
2b 

MeO 4 
3b O

HO

OMe  
92 [86] 

3 1a 
2c  

4 
3c O

HO

 
98 [93] 

4 1a 
2d 

Br
 

5 
3d O

HO

Br  
97 [93] 

5 1a 
2e 

F
 

6 
3e O

HO

F  
99 [89] 

6 1a 
2f 

S

 
8 

3f O

HO

S  
99 [92] 

7[c] 1a 
2g  

3 
3g O

HO

 
97 [78] 

8[c] 1a 
2h  

6 
3h O

HO

 

(Z:E = 47:53) 

90 [73] 

9[c] 1a 2i  6 
3i O

HO

 

(Z:E = 54:46) 

91 [69] 

10 1a 
2j  

10 
3j O

HO

 

(Z:E = 35:65) 

97 [86] 

11[c] 
1b 

O O

 
2a 4 

3k 

O
HO

 

94 [76] 

12 

1c 

O O

 

2a 24 

3l 

O O

 

93 [88] 

13[c] 
1d 

O O

 

 

2a 4 

3m 

O O

 

91 [78] 

[a]Reaction conditions: catalyst (0.005 mmol), dicarbonyl compound (1.25 mmol), terminal 
alkyne (1.5 mmol); 120˚C. 
[b]Conversion (based on dicarbonyl compound) determined by 1H NMR spectroscopy. Values in 
bracket indicate isolated yields. 
[c]Under 10 bar Ar.  
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4.3.4 NMR Monitoring of TpRu(4-CF3C6H4N(PPh2)2)OTf (M24)-Catalyzed 

2-Alkenylation of Acetylacetone with Phenylacetylene 

To gain more information on the possible reaction mechanism of the 

catalytic reaction, M24-catalyzed 2-alkenylation of acetylacetone with 

phenylacetylene was monitored by NMR spectroscopy. Several solutions 

prepared from the same mother solution containing M24 and the substrates were 

heated in sealed tubes in the same oil bath at 120 °C. The tubes were removed 

from the oil bath at different times; an aliquot was taken from each tube and 

studied by 1H, 19F and 31P{1H}NMR spectroscopies. Figure 4.4 shows the 

31P{1H} spectra of the samples which had been heated for different periods of 

time; the percent conversions to the product with time are summarized in Table 

4.7. The 31P{1H} spectrum (in benzene-d6) of the sample after 5 min of heating 

showed a signal at δ 75.9 ppm due to the vinylidene complex [TpRu(4-

CF3C6H4N(PPh2)2)(=C=CHPh)]+OTf- (M33). A very minor signal attributing to 

the alkynyl species TpRu(4-CF3C6H4N(PPh2)2)(C≡CPh)  (M34) was also 

observable; the intensity of this peak grew with time at the expense of that of the 

signal of M33. A minute amount of the carbonyl complex [TpRu(4-

CF3C6H4N(PPh2)2)(CO)]+OTf- (M35) was detected after 1 h. The complexes 

M33-M35 were identified by comparison with independently prepared samples. 

19F NMR spectroscopy revealed the formation of minute amount of 

phenylacetylene-TfOH adduct, styryl triflate after 5 min, as indicated by the 

presence of a very small signal at δ -74.4 ppm; this signal, which disappeared 

after 15 min, was identical to that of an authentic sample of styryl triflate. It 

should be pointed out that the 1H NMR spectra taken concurrently with the 

31P{1H}NMR spectra showed that the 2-alkenylation of acetylacetone only 
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proceeded to a very small extend at 30 min of heating; moderate progress of 

catalysis was observed after 90min, and approximately 90% of the acetylacetone 

was converted to the corresponding alkenyl derivative after heating for 3h. 

Time (min)

0

5

15

30

60

120

180

[TpRu(4-CF3C6H4N(PPh2)2)(=C=CHPh)]+OTf 
(M33)

TpRu(4-CF3C6H4N(PPh2)2)OTf (M24) 

TpRu(4-CF3C6H4N(PPh2)2)(C CPh)(M34)

[TpRu(4-CF3C6H4N(PPh2)2)(CO)]+OTf  (M35)

conversion (%)

3

9

51

89

-

-

 

Figure 4.4 31P{1H}NMR study of TpRu(4-CF3C6H4N(PPh2)2)OTf (M24)-

catalyzed 2-alkenylation of acetylacetone with phenylacetylene 

 

Table 4.7 Conversion of TpRu(4-CF3C6H4N(PPh2)2)OTf (M24)-Catalyzed 2-
Alkenylation of Acetylacetone with Phenylacetylene[a] 
 

Time (min) Conversion (%)[b] 
30 3 
60 9 
90 31 

120 51 
150 74 
180 89 

[a]Reaction conditions: catalyst (0.005 mmol), acetylacetone (1.25 mmol), phenylacetylene (1.5 

mmol); 120˚C. 
[b] Conversion based on acetylacetone. 
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4.3.5 NMR Monitoring of TpRu(4-CF3C6H4N(PPh2)2)OTf (M24)-Catalyzed 

2-Alkenylation Reaction using Dried Acetylacetone and Phenylacetylene 

The 31P{1H}NMR monitoring showed that the alkynyl complex M34 was 

the dominant metal-containing species throughout the catalytic process and it 

was probably generated via deprotonation of the vinylidene complex M33. The 

possibility that formation of the phenylacetylene-TfOH adduct (eq. 4.2) was the  

 

Ph + H  OTf+ -
Ph

OTf

CH2 (4.2)  

 

cause of deprotonation of M33 can be ruled out since the adduct was formed in 

minute amount and it only existed for a short period of time. We suspect that 

adventitious water in the substrates, which were not dried, might be the reagent 

that deprotonated the vinylidene species to give M34. We therefore treated the 

acetylacetone and phenylacetylene with 4 Å molecular sieves and repeated the 

1H and 31P{1H}NMR montoring experiment with these ‘dried’ substrates. Figure 

4.5 shows the 31P{1H} profile of the 2-alkenylation at different periods of time, 

the column at the right shows the percent conversions to the product. Obviously, 

for alkenylation reaction using the ‘dried’ substrates, the disappearance and the 

growing in of M33 and M34, respectively, took place at a much slower pace. 

The latter only became the dominant species after nearly 2 h; minor amount of 

the carbonyl species M35 was also detected. It is also noteworthy that only 27 % 

conversion was obtained with the ‘dried’ substrates after 3 h, whereas with 

‘undried’ substrates gave 89 % conversion. 
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Time (min)

0

5

15

30

60

120

180

conversion (%)

1

9

27

[TpRu(4-CF3C6H4N(PPh2)2)(CO)]+OTf  (M35)

(M34)TpRu(4-CF3C6H4N(PPh2)2)(C CPh)

[TpRu(4-CF3C6H4N(PPh2)2)(=C=CHPh)]+OTf 
(M33)

TpRu(4-CF3C6H4N(PPh2)2)OTf (M24) 

-

-

 

Figure 4.5 31P{1H}NMR study of TpRu(4-CF3C6H4N(PPh2)2)OTf (M24)-

catalyzed 2-alkenylation reaction using dried substrates 

 

4.3.6 NMR Monitoring of TpRu(4-CF3C6H4N(PPh2)2)(C≡CPh)  (M34)-

Catalyzed 2-Alkenylation of Acetylacetone with Phenylacetylene 

The alkynyl complex M34, which seems to be the resting state of the 

M24-catalyzed 2-alkenylation of acetylacetone with phenylacetylene, was 

independently prepared. Surprisingly, this independently-prepared M34 was 

found to be inactive for the 2-alkenylation reaction; however, upon addition of 1 

equiv of H3O+OTf- (6M), it became active, showing a catalytic activity similar to 

that of M24. It can be seen from Figure 4.6 that upon addition of 1 equiv of 
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H3O+OTf-, M34 was immediately converted to the vinylidene complex M33. 

After heating at 120 °C for 30 min, M34 reappeared and became the dominant 

species throughout the monitoring experiment. 

 

[TpRu(4-CF3C6H4N(PPh2)2(=C=CHPh)]+OTf
(M33)

[TpRu(4-CF3C6H4N(PPh2)2(CO)]+OTf
(M35)

Time (min)

0

 (6M H3O+OTf- added)

30

60

120

Conversion (%)

4

21

67

TpRu(4-CF3C6H4N(PPh2)2(C CPh) (M34)

-

-

 

Figure 4.6 31P{1H}NMR study of TpRu(4-CF3C6H4N(PPh2)2)(C≡CPh) 

(M34)-catalyzed alkenylation of acetylacetone with phenylacetylene 

 

When the observations of the NMR monitoring experiments (Figures 4.4 

- 4.6) are taken together, it seems that H3O+OTf-, which is the conjugate acid 

formed from the deprotonation of the vinylidene complex M33 by H2O in the 

course of catalysis, readily protonates the alkynyl complex M34 to regenerate 

M33 at room temperature; however, at the reaction temperature (120 °C), it 

might have reacted with other species present in the catalytic system and form a 
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new acidic species which would not be able to protonate M34 to regenerate M33. 

One possibility is the trapping of the proton from H3O+OTf- by the 1,3-

dicarbonyl compounds to form B+ (eq 4.3). 

 

O O
H3O OTf+ - O O

H
+ -OTf H2O+ +

B+ (4.3)  

 

4.3.7 Preparation, Characterization and X-ray Structure of [TpRu(4-

CF3C6H4N(PPh2)2)(=C=CHPh)]+OTf- (M33) 

The vinylidene complex M33 was readily prepared by reacting the triflate 

complex M24 with excess phenylacetylene in chloroform at 60 °C. The most 

relevant spectroscopic feature of M33 is the characteristic deshielded 

13C{1H}NMR signal for the α-carbon of the vinylidene moiety at δ 375.7 ppm; 

the Cβ resonance falling within the aromatic region. The vinylidene proton of 

M33 can be readily identified as a triplet at δ 4.5 ppm in the 1H NMR spectrum. 

31P{1H}NMR spectroscopy shows a singlet at δ 75.9 ppm, which is consistent 

with the chemical equivalence of the two phosphorous atoms of the 

bis(phosphino)amine ligand. Similar to other reported bis(phosphino)amino 

complexes, the 31P NMR signal of M33 is considerably deshielded compared to 

that of the free ligand. 

 

 Pink crystals of M33 suitable for X-ray diffraction study were obtained 

by layering of hexane onto a saturated dichloromethane solution of the complex. 

The structure of M33 is shown as Figure 4.7. The crystal data and refinement 
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details are given in Table 4.8. Selected bond lengths and angles are listed in 

Table 4.9. The ruthenium atom appears in a distorted octahedral coordination, 

where the Tp ligand fills three coordination positions, and the other are occupied 

by the two phosphorus atoms of the chelating 4-CF3C6H4N(PPh2)2 ligand and the 

Cα atom of the vinylidene group. The two Ru-N bond distances cis to the 

vinylidene moiety are significantly shorter (Ru(1)-N(3) = 2.147(2) Å); (Ru(1)-

N(5) = 2.134(2) Å) than the one trans to vinylidene (Ru(1)-N(1) = 2.198(2) Å). 

Similar phenomena were observed for the complexes 

[TpRu=C=CHPh(pn)]+OTf- (pn = Ph2PCH2CH2NMe2),[129] 

[TpRu=C=CHPh(tmeda)]+BPh4
- (tmeda = Me2NCH2CH2NMe2)[209] and 

[TpRu=C=CHPh(PEt3)2]+BPh4
-.[210] This is attributable to the strong π-acceptor 

ability of vinylidene ligand. The two Ru-P bond distances Ru(1)-P(1) and Ru(1)-

P(2) measure 2.3078(7) Å and 2.2804(8) Å, respectively. The Ru(1)-C(10) bond 

distance of 1.838(3) Å corresponding to a ruthenium-carbon double bond is 

relatively longer than that in [TpRu=C=CHPh(pn)]+OTf- (1.821(5) Å),[129] 

[TpRu=C=CHPh(tmeda)] +BPh4
-
 (1.820(5) Å),[209] 

[TpRu=C=CHPh(PEt3)2]+BPh4
-
 (1.810(1) Å),[210] and 

TpRu=C=CHPh(PPh3)(Cl) (1.801(4) Å).[211] The C(10)-C(11) bond distance, 

1.296(5) Å, corresponds to a C=C double bond. The vinylidene group assembles 

almost linearly with the ruthenium atom, forming a C(11)-C(10)-Ru(1) angle of 

171.0(3)˚. The sum of the angles around nitrogen atom ΣN(7) that links the 

phosphorus atoms in the diphosphinoamine ligand is 359.99°. 
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Figure 4.7 ORTEP view (30% probability) of [TpRu(4-

CF3C6H4N(PPh2)2)(=C=CHPh)]+OTf-·H2O (M33·H2O) showing the atom-

labeling scheme 
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Table 4.8 Crystal Data and Structure Refinement of [TpRu(4-CF3C6H4N(PPh2)2)(=C=CHPh)]+OTf- (M33·H2O), TpRu(4-
CF3C6H4N(PPh2)2)(C≡CPh) (M34) and [TpRu(4-CF3C6H4N(PPh2)2)(CO)]+OTf- (M35) 
 
Complex M33·H2O M34 M35 
Empirical formula C49H40BF6N7O3P2RuS·H2O  C48H39BF3N7P2Ru C42H34BF6N7O4P2RuS 
Formula weight 1112.78 944.68 1020.64 
Temperature 296(2) K 296(2) K 296(2) K 
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 
Crystal system Monoclinic Monoclinic Orthorhombic 
Space group P2(1)/n P2(1)/n Pnma 
Unit cell dimensions a = 11.48330(10) Å α = 90°. a = 14.5044(3) Å α = 90°. a = 18.4601(7) Å α = 90°. 
 b = 22.5318(2) Å β = 95.8470(10) °. b = 18.5417(3) Å β = 95.7070(10) °. b = 15.4521(6) Å β = 90 °. 
 c = 19.4927(2) Å γ = 90°. c = 16.6001(3) Å γ = 90°. c = 15.3426(5) Å γ = 90°. 
Volume 5017.29(8) Å3 4442.24(14) Å3 4376.4(3) Å3 
Z 4 4 4 
Density (calculated) 1.473 Mg/m3 1.413 Mg/m3 1.549 Mg/m3 
Absorption coefficient 0.491 mm-1 0.480 mm-1 0.556 mm-1 
F(000) 2264 1928 2064 
Crystal size 0.38 x 0.30 x 0.28 mm3 0.38 x 0.16 x 0.04 mm3 0.22 x 0.18 x 0.06 mm3 
Theta range for data collection 1.81 to 27.44°. 2.09 to 27.49°. 1.73 to 27.59°. 
Index ranges -14<=h<=14, -29<=k<=28, -25<=l<=25 -18<=h<=18, -24<=k<=24, -21<=l<=21 -20<=h<=23, -20<=k<=19, -19<=l<=19 
Reflections collected 51235 60436 27758 
Independent reflections 11418 [R(int) = 0.0624] 10184 [R(int) = 0.1740] 5191 [R(int) = 0.1861] 
Completeness to theta  = 27.44°, 99.7 % = 27.49°, 98.7 % = 27.59°, 98.7 % 
Absorption correction Semi-empirical from equivalents Semi-empirical from equivalents Semi-empirical from equivalents 
Max. and min. transmission 1.000 and 0.764 1.000 and 0.442 0.9674 and 0.8875 
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2 Full-matrix least-squares on F2 
Data / restraints / parameters 11418 / 120 / 680 10184 / 18 / 587 5191 / 18 / 364 
Goodness-of-fit on F2 1.004 0.638 0.998 
Final R indices [I>2sigma(I)] R1 = 0.0733, wR2 = 0.2046 R1 = 0.0434, wR2 = 0.0561 R1 = 0.0703, wR2 = 0.1235 
R indices (all data) R1 = 0.1187, wR2 = 0.2375 R1 = 0.1488, wR2 = 0.0693 R1 = 0.1889, wR2 = 0.1578 
Largest diff. peak and hole 0.906 and -0.833 e.Å-3 0.763 and -0.292 e.Å-3 0.676 and -0.493 e.Å-3 
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Table 4.9 Selected Bond Distances (Å) and Angles (˚) for [TpRu(4-

CF3C6H4N(PPh2)2)(=C=CHPh)]+OTf- (M33) 

 

    

Bond distances (Å) 

Ru(1)-P(1) 2.3078(7) Ru(1)-C(10) 1.838(3) 

Ru(1)-P(2) 2.2804(8) C(10)-C(11) 1.296(5) 

Ru(1)-N(1) 2.198(2) C(11)-C(12) 1.426(5) 

Ru(1)-N(3) 2.147(2) P(1)-N(7) 1.720(2) 

Ru(1)-N(5) 2.134(2) P(2)-N(7) 1.717(2) 

    

Bond angles (˚) 

C(10)-Ru(1)-N(1) 171.86(12) N(3)-Ru(1)-P(1) 105.85(6) 

C(10)-Ru(1)-N(3) 88.84(11) N(3)-Ru(1)-P(2) 175.61(6) 

C(10)-Ru(1)-N(5) 94.71(12) N(5)-Ru(1)-N(1) 83.65(9) 

C(10)-Ru(1)-P(1) 86.89(9) N(5)-Ru(1)-N(3) 86.05(10) 

C(10)-Ru(1)-P(2) 92.19(10) N(5)-Ru(1)-P(1) 168.05(8) 

C(42)-N(7)-P(1) 131.33(16) N(5)-Ru(1)-P(2) 98.12(8) 

C(42)-N(7)-P(2) 128.77(17) P(2)-N(7)-P(1) 99.89(11) 

N(1)-Ru(1)-P(1) 96.37(6) P(2)-Ru(1)-P(1) 69.96(2) 

N(1)-Ru(1)-P(2) 95.93(6) C(11)-C(10)-Ru(1) 171.0(3) 

N(3)-Ru(1)-N(1) 83.10(8) C(10)-C(11)-C(12) 132.3(4) 
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4.3.8 Preparation, Characterization and X-ray Structure of TpRu(4-

CF3C6H4N(PPh2)2)(C≡CPh) (M34) 

The alkynyl complex M34 was conveniently prepared by deprotonation of the 

vinylidene complex M33 with NaOH in ethanol. The presence of the alknyl moiety was 

confirmed by the appearance of a υ(C≡C) absorption band at 2086 cm-1 in the IR spectrum 

(KBr). The Cα of the alkynyl moiety appear as a triplet at δ 132.3 ppm in the 

13C{1H}NMR spectrum. 31P{1H}NMR spectroscopy shows a singlet at δ 90.7 ppm 

attributable to the equivalent phosphorus atoms. 

 

Yellow crystals of M34 suitable for X-ray diffraction analysis were obtained by 

layering of hexane onto a saturated solution of the complex in benzene. The ORTEP view 

of M34, shown in Figure 4.8, consists of a ruthenium atom coordinated to a Tp ligand, 

two phosphorus atoms of the chelating 4-CF3C6H4N(PPh2)2 ligand and a Cα atom of the 

alkynyl group. The complex is composed of pseudo-octahedral coordination sphere. The 

crystal data and refinement details are given in Table 4.8. Selected bond lengths and 

angles are listed in Table 4.10. The Ru(1)-C(34) bond distance of 2.013(2) Å is similar to 

those of related Ru(II) complexes TpRu(CO)(PPh3)(C≡CPh) (2.031(3)Å)[194] and 

Ru(C≡CPh)2(cym)(PMe3) (cym = η6-4-methylisopropylbenzene) (2.003(9) Å), (2.026(3) 

Å).[212] The C(34)-C(35) bond distance, 1.178(3) Å, is in the typical range of transition 

metal alkynyls.[194, 212, 213] The alkynyl ligand is almost linear, with the C(35)-C(34)-

Ru(1) bond angle of 170.1(2) ˚. The angles sum around the nitrogen atom that links the 

phosphorus atoms is very close to planar (ΣN(7) = 359.91°), indicating delocalization of 

the lone pair electrons. 
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Figure 4.8 ORTEP view (30% probability) of TpRu(4-CF3C6H4N(PPh2)2)(C≡CPh) 

(M34) showing the atom-labeling scheme 
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Table 4.10 Selected Bond Distances (Å) and Angles (˚) for TpRu(4-

CF3C6H4N(PPh2)2)(C≡CPh) (M34) 

 
 
    

Bond distances (Å) 

Ru(1)-P(1) 2.2487(7) Ru(1)-C(34) 2.013(2) 

Ru(1)-P(2) 2.2350(7) C(34)-C(35) 1.178(3) 

Ru(1)-N(1) 2.1354(19) C(35)-C(36) 1.452(4) 

Ru(1)-N(3) 2.1202(19) P(1)-N(7) 1.7431(19) 

    

Bond angles (˚) 

C(34)-Ru(1)-N(1) 85.73(9) N(3)-Ru(1)-N(1) 84.23(7) 

C(34)-Ru(1)-N(3) 87.47(9) N(3)-Ru(1)-N(5) 85.08(8) 

C(34)-Ru(1)-N(5) 168.43(8) N(3)-Ru(1)-P(1) 103.03(6) 

C(34)-Ru(1)-P(1) 94.32(7) N(3)-Ru(1)-P(2) 173.49(6) 

C(34)-Ru(1)-P(2) 90.44(7) N(5)-Ru(1)-P(1) 95.97(5) 

C(42)-N(7)-P(1) 132.33(16) N(5)-Ru(1)-P(2) 97.89(5) 

C(42)-N(7)-P(2) 130.71(16) P(2)-N(7)-P(1) 96.87(9) 

N(1)-Ru(1)-N(5) 84.72(7) P(2)-Ru(1)-P(1) 70.97(3) 

N(1)-Ru(1)-P(1) 172.74(5) C(34)-C(35)-C(36) 172.5(3) 

N(1)-Ru(1)-P(2) 101.77(5) C(35)-C(34)-Ru(1) 170.1(2) 
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4.3.9 Preparation, Characterization and X-ray Structure of [TpRu(4-

CF3C6H4N(PPh2)2)(CO)]+OTf- (M35) 

Treatment of the vinylidene complex M33 in chloroform with excess water at 60 °C 

for 24 h afforded the carbonyl complex M35. The reaction sequence outlined in Scheme 

4.2 is similar to that proposed by Bianchini et al, who found that reaction of n-

PrN(CH2CH2PPh2)2Ru(PPh3)Cl2 with excess phenylacetylene and water led to 

quantitative formation of the carbonyl species n-PrN(CH2CH2PPh2)2Ru(CO)Cl2 with one 

equiv of toluene formed as by-product.[214] It is worth to note that in the course of the 

M24-catalyzed 2-alkenylation reaction, water on the one hand might have acted as a base 

to deprotonate the vinylidene species M33 to generate the alkynyl complex M34, and on 

the other hand plays the role of a nucleophile attacking the Cα of the vinylidene moiety of 

M33 resulting in the formation of the carbonyl species M35. Apparently, the role of a 

base is the major one. Complex M35 is conveniently characterized by NMR and IR 

spectroscopies. 13C{1H}NMR spectroscopy shows a triplet corresponding to the carbonyl 

carbon in M35 at δ 201.1 ppm. A singlet corresponding to the equivalent phosphorous 

atoms of the bis(phosphino)amine ligand is seen at δ 80.7 ppm in the 31P{1H}NMR 

spectrum; IR spectroscopy shows the υ(C≡O) absorption at 1995 cm-1. 
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Scheme 4.2 Proposed mechanism of formation of [TpRu(4-

CF3C6H4N(PPh2)2)(CO)]+OTf- (M35) 

 

White crystals of M35 suitable for X-ray diffraction analysis were obtained by 

layering of hexane onto a saturated solution of the complex in dichloromethane. An 

ORTEP view of M35, as determined by X-ray crystallography, is shown in Figure 4.9. 

The crystal data and refinement details are given in Tables 4.8. Selected bond lengths and 

angles are shown in Table 4.11. It was observed that the ruthenium-carbon distance 

Ru(1)-C(24) is 1.840(5) Å. The Ru-C≡O group is virtually linear, having a O(1)-C(24)-

Ru(1) angle of 175.6(4)˚. The sum of the angles around nitrogen atom of the 

diphosphinoamine ligand ΣN(5) is 359.92°. Reaction of M24 with CO in chloroform 

provides an alternative simple route to M35. 
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Figure 4.9 ORTEP view (30% probability) of [TpRu(4-

CF3C6H4N(PPh2)2)(CO)]+OTf- (M35) showing the atom-labeling scheme 
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Table 4.11 Selected Bond Distances (Å) and Angles (˚) for [TpRu(4-

CF3C6H4N(PPh2)2)(CO)]+OTf- (M35) 

 

    

Bond distances (Å) 

Ru(1)-C(24) 1.840(5) Ru(1)-P(1A) 2.2886(9) 

Ru(1)-N(1) 2.128(3) N(5)-P(1A) 1.724(2) 

Ru(1)-N(1A) 2.128(3) P(1)-N(5) 1.724(2) 

Ru(1)-N(3) 2.149(4) O(1)-C(24) 1.161(6) 

    

 

C(19)-N(5)-P(1) 130.08(9) N(1)-Ru(1)-P(1) 101.01(7) 

C(19)-N(5)-P(1A) 130.08(9) N(3)-Ru(1)-P(1) 94.21(8) 

C(24)-Ru(1)-N(1) 91.09(13) N(3)-Ru(1)-P(A1) 94.21(8) 

C(24)-Ru(1)-N(1A) 91.09(13) P(1)-Ru(1)-P(1A) 70.33(4) 

C(24)-Ru(1)-P(1) 91.76(13) C(24)-Ru(1)-N(3) 172.69(18) 

C(24)-Ru(1)-P(1A) 91.76(13) N(1A)1-Ru(1)-P(1) 170.96(7) 

N(1)-Ru(1)-P(1) 101.01(7) N(1)1-Ru(1)-P(A) 170.96(7) 

N(1A) -Ru(1)-N(1) 87.52(14) P(1A)1-N(5)-P(1) 99.76(18) 

N(1A) -Ru(1)-N(3) 83.65(10) O(1)-C(24)-Ru(1) 175.6(4) 

N(1A)-Ru(1)-P(1A) 101.01(7)   
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4.3.10 Reaction of [TpRu(4-CF3C6H4N(PPh2)2)(=C=CHPh)]+OTf- (M33) with 1-

Hexyne and Acetonitrile  

The Markovnikov nature of the alkenylated products shown in Table 4.6 indicates 

that they are probably not formed via nucleophilic attack of 1,3-dicarbonyl compound or 

its enol form at the vinylidene moiety of the vinylidene complex M33 because such attack 

would have led to anti-Markovnikov products. On the other hand, attack of 1,3-

dicarbonyl compound or its enol form at the η2-alkyne tautomer of M33 would give 

Markovnikov products having the same regioselectivity as the products of the M24-

catalyzed alkenylation reactions. The reversibility of η1-vinylidene ─ η2-alkyne 

tautermerization is well-established. For ruthenium, it is commonplace that the η1-

vinylidene species is thermodynamically more stable than the η2-alkyne complex; 

however, the energy barrier to the η2-alkyne species from the η1-vinylidene complex is 

usually low enough to be overcome under normal experimental reaction conditions. For 

example, recent kinetic study on the release of terminal alkyne from indenylruthenium(II) 

vinylidene complexes provides another piece of evidence consistent with the hypothesis 

that η2-alkyne tautomer is formed under transient conditions and either returns rapidly to 

vinylidene complex or is captured by solvent to yield the acetonitrile adduct and free 

alkyne.[215]  

 

We monitored the displacement of the vinylidene moiety of M33 with 1-hexyne (5 

equiv) by 31P{1H}NMR spectroscopy. Remarkably, chloroform solution of M33 reacted 

with 1-hexyne at 60 oC for 4h to afford a 2:3 mixture of M33 and the substituted 

vinylidene complex [TpRu(4-CF3C6H4N(PPh2)2)(=C=(CH2)3CH3)]+OTf- (M36) (eq 4.4). 

Although no product other than vinylidene complexes could be detected by 31P{1H}NMR 
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spectroscopy (Figure 4.10), it is likely that these vinylidene complexs are in equilibrium 

with their corresponding η2-alkyne tautomers as shown in Scheme 4.3. 
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Figure 4.10 31P{1H}NMR study of the reaction of [TpRu(4-

CF3C6H4N(PPh2)2)(=C=CHPh)]+OTf- (M33) with 1-hexyne 
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Scheme 4.3 Equilibrium between the vinylidene complex and the η2-alkyne tautomer 

 

Furthermore, reacting M33 with excess acetonitrile at 60 oC gave the the 

corresponding solvento derivative [TpRu(4-CF3C6H4N(PPh2)2)CH3CN]+OTf- (M25) (eq 

4.5). The analyses of the exponential decay of the relative integrated values, according to 

the first-order rate equation, give the values of the observed rate constants, kobs. The kobs 

value calculated from the disappearance of M33 is exemplified in Figure 4.11; the slope 

gives -kobs. The kobs at 60 oC was determined to be 1×10-4 s-1 for the ligand exchange of 

M33. Similarly, 31P{1H}NMR spectra only show the resonance of the starting material 

M33 and the corresponding acetonitrile derivative M25. Although, the putative 

intermediate η2-alkyne tautomer cannot be observed, it is probably true that the 

vinylidene complex is in equilibrium with the corresponding η2-alkyne tautomer, 

although the equilibrium shift toward the side of vinylidene (Scheme 4.3). 
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Figure 4.11 Plot of ln [M33]/[M330] against time for first-order fits of the substrates 

disappearance; the slope gives -kobs 

 

4.3.11 Proposed Mechanism for the [TpRu(4-CF3C6H4N(PPh2)2)]+OTf- (M24)-

Catalyzed 2-Alkenylation of 1,3-Dicarbonyl Compounds with Terminal alkynes 

The 31P{1H}NMR monitoring experiment depicted in Figure 4.4 - 4.6 show that the 

vinylidene complex exists in the early stage of the catalytic process; however, there is 

basically no conversion at this stage, indicating that tautormerization of M33 to its η2-

alkyne tautomer and subsequent attack by the 1,3-dicarbonyl compound or its enol form 

at the latter might not be a major route for product generation. Alkenylated product only 

begins to appear after most of the vinylidene species is converted to the alkynyl complex 

M34. However, the alkynyl species M34 is also not the active species as demonstrated in 

an independent experiment. We are, however, of the opinion that a combination of M34 

and B+ might have constituted an active system for the addition reaction. B+ might, to a 

very small degree, partially protonate M34 to generate very minute amount of M33, 
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which at the reaction temperature equilibrates with its η2-alkyne tautomer; the latter is 

immediately attacked by the 1,3-dicarbonyl compound or its enol form which originates 

from B+ and is in close vicinity. We have to admit that the proposed mechanism depicted 

in Scheme 4.4 (using acetylacetone and phenylacetylene as substrates) for the M24-

catalyzed 2-alkenylation of 1,3-dicarbonyl compounds with terminal alkynes contains 

considable degree of speculation, but it seems to be able to account for the phenomena 

revealed by the NMR monitoring experiments (Figure 4.4 - 4.6). 
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Scheme 4.4 Proposed Mechanism for the TpRu(4-CF3C6H4N(PPh2)2)OTf (M24)-

Catalyzed 2-Alkenylation of 1,3-Dicarbonyl Compounds with Terminal alkynes 
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4.3.12 TpRu(4-CF3C6H4N(PPh2)2)OTf (M24)-Catalyzed Hydroamination of 

Terminal Alkynes with Secondary Amines 

Introducing a N-H bond to a C-C multiple bond, known as hydroamination, offers an 

attractive route for synthesis of highly substituted nitrogen-containing organic molecules. 

We have demonstrated that terminal alkynes can be activated by M24 to form the 

important intermediate, the vinylidene complex. In the continuity of these studies, we 

document herein a M24-catalyzed anti-Markovnikov addition of secondary amines to 

terminal alkynes, affording the desired enamines (eq. 4.6).  

 

(4.6)2 4 5

HNR'
2R1

R1

NR'
2+

M24

120oC  MeOH
 

 
We examined the M24-catalyzed hydroamination reaction of terminal alkynes with 

secondary amines. Table 4.12 summarizes the results for the reactions. The secondary 

amines react with the functionalized phenylacetylene derivatives to give the 

corresponding E-isomers without the formation of the Markovnikov product. The highest 

reactivity is displayed by cyclic amines (entries 3 & 4). Morpholine and 1,4-dioxa-8-

azaspiro[4.5]decane, whose basicity is strongly reduced because of electrophilic oxygen 

atoms,[216] also reacts moderately (entries 5 & 6). Despite advanced basicity,[216] 

reactions of acyclic aliphatic amines with phenylacetylene do not proceed with high 

conversions (entries 1 & 2). Reactions of phenylacetylene with N-methylaniline, aniline 

and butylamine, however, do not take place, it seem that M24 is active catalyst only for 

the hydroamination with secondary amines. Phenylacetylene substituted with electron-

donating methyl group or electron-withdrawing halo groups gives similar conversions; 

the reaction seems to be dependent on the nature of amines but not that of alkynes (entries 

7-10).  
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Table 4.12 TpRu(4-CF3C6H4N(PPh2)2)OTf (M24)-Catalyzed Hydroamination of 

Terminal Alkynes with Secondary Amines[a] 

 

entry terminal alkyne secondary amine product % conversion[b] 

1  
2a 

HN
 

4a 

N

 
5a 

56 

2 2a HN  
4b 

N

 
5b 

43 

3  
2a 

HN
 

4c 

N

 
5c 

63 

4 2a 
HN

 
4d 

N

 
5d 

76 

5 2a 
HN O

 
4e 

N
O

 
5e 

33 

6 2a 
HN

O

O

 
4f 

N
O

O

 
5f 

43 

7  
2c 

4c 
N

 
5g 

44 

8 2c 4d 
N

 
5h 

50 

9 
Br

 
2d 

4d 
N

Br  
5i 

56 

10 
F

 
2e 

4d 
N

F  
5j 

49 

[a]Reaction conditions: catalyst (0.01 mmol), secondary amine (1 mmol), terminal alkyne (1.2 mmol); in 0.1 

mL MeOH, 120˚C, 24 h. 
[b]Conversion determined by 1H NMR spectroscopy with 1,1,2,2-tetrachloroethane as an internal standard. 
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4.3.13 NMR Monitoring of TpRu(4-CF3C6H4N(PPh2)2)OTf (M24)-Catalyzed 

Hydroamination of Phenylacetylene with Diethylamine 

 The M24- catalyzed phenylacetylene/diethylamine hydroamination reaction was 

monitored with 1H and 31P{1H}NMR spectroscopy (Figure 4.12). Phenylacetylene(1.2 

mmol) and diethylamine(1 mmol) were added to a CD3OD solution of M24 (0.01 mmol) 

in a 5mm pressure-valved NMR tube, which was pressurized with 10 bar Ar. After 

heating for 5 min at 120 ºC, the 31P{1H}NMR spectrum showed signals corresponding to 

the alkynyl complex M34 and the triflate complex M24 in a ratio approximately equal to 

2:1. The vinylidene complex M33 was not observed in the catalysis. Probably, in the 

presence of amine, M33 was readily deprotonated. The ratio changed to 18:5 after 1h; 1H 

NMR spectroscopy showed that the hydroamination of phenylacetylene began to occur. 

Heating the reaction mixture for another 3h led to the complete conversion to M34, as 

reflected by the presence of only one signal, which is due to M34, in the 31P{1H}NMR 

spectrum; approximately 15% of the diethylamine was converted to the corresponding 

enamine. M34 remained the only ruthenium complexes detected throughout the period of 

monitoring (24h). At the end of this period, the conversion of diethylamine was 45%. 
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Figure 4.12 31P{1H}NMR study of TpRu(4-CF3C6H4N(PPh2)2)OTf (M24)-catalyzed 

hydroamination of phenylacetylene with diethylamine 

 

4.3.14 Proposed Mechanism for the [TpRu(4-CF3C6H4N(PPh2)2)]+OTf- (M24)-

Catalyzed Hydroamination of Termial Alkynes with Secondary Amines 

The anti-Markonikov hydroamination of terminal alkynes catalyzed by 

organouranium and organotitanium complexes are only applicable to primary amines, 

because in these reactions the metal-imido complexes (M=NR) are the crucial 

intermediates in the catalytic cycle.[93-98] In contrast to these reactions, the M24-

catalyzed anti-Markovnikov hydroamination of terminal alkynes only works with 

secondary amines, implicating the catalytic cycle of this process does not involve the 

intermediacy of the metal-imido species. We suspect that the metal-vinylidene species 

(M=C=CHR) might play a crucial role in the catalytic process. A proposed mechanism 
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for the M24-catalyzed hydroamination reaction is shown in Scheme 4.5 (using 

phenylacetylene as example). The reaction begins with reaction of M24 with the terminal 

alkyne to rapidly generate the vinylidene complex M33 which, in the presence of excess 

amine, is in equilibrium with the alkynyl complex M34. As shown by the NMR 

monitoring experiment, the equilibrium lies mainly on the side of the alkynyl species, the 

equilibrium concentration of the vinylidene speciesis is so low that it is not detectable by 

NMR spectroscopy. The very minute amount of M33 is attacked at the α-carbon of the 

vinylidene moiety by the amine to give the intermediate C. Cleavage of the metal-vinyl 

bond by proton transfer from the quarternary nitrogen in C yields the hydroamination 

product. Alternatively, the quarternary nitrogen in C is deprotonated by the amine to give 

D; the ruthenium-vinyl bond of which is then cleaved intermolecularly.  

M24

OTf[Ru]
Ph C H

+
[Ru] C CHPh

M33

 OTf -

HNR'
2
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+C CPh [Ru] H2N  R'
2
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2
 OTf
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[Ru] = TpRu(4-CF3C6H4N(PPh2)2)  

 

Scheme 4.5 Proposed mechanism of TpRu(4-CF3C6H4N(PPh2)2)OTf (M24)-catalyzed 

Hydroamination of terminal alkynes with secondary amines 
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Chapter 5 
 
Conclusion  

Catalytic β-alkylation of secondary alcohols with primary alcohols, although, is an 

important reaction for the synthesis of higher alcohols with high atom economy, the 

number of examples reported in literature is surprisingly small. We have here reported 

that a number of ruthenium complexes are efficient catalysts for the reaction. We have 

been able to present a clearer picture of the mechanistic aspects of the reaction, and 

unequivocally identify the key intermediates, metal hydrides, in the catalysis. More 

interestingly, we have demonstrated that the carbonyl complexes resulting from aldehyde 

decarbonylation, which is usually regarded as the cause of catalyst deactivation, are also 

active for the β-alkylation reactions of 1-phenylethanol with benzyl alcohol. 

 

Few examples of transition metal-catalyzed α-alkylation of nitriles with primary 

alcohols, which is a green and atom-economical reaction to yield α-alkylated nitriles, are 

known to-date. Success of this reaction lies on the ability of the metal to catalyze 

oxidation of the alcohol to aldehyde. Moreover, readiness of the aldehyde to undergo 

condensation with the nitrile, which is usually an aryl- or heteroarylacetonitrile, is also 

important. We have demonstrated in this work that aminocyclopentadienyl ruthenium 

complexes are reasonably good catalysts for α-alkylation of arylacetonitriles with primary 

alcohols. The main thrust of our work lies on our being able to provide supports, both 

experimental and theoretical, for the proposed mechanism which accounts for the much 

higher catalytic activity of the aminocyclopentadienyl ruthenium complexes over the non-

substituted analogous Cp-Ru complexes, and this is important from the point of view of 

basic organometallic chemistry. 
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We have found that the Tp-ruthenium (II) diphosphinoamino complex TpRu(4-

CF3C6H4N(PPh2)2)OTf (M24) is a good catalyst for the 2-alkenylation of 1,3-dicarbonyl 

compounds with terminal alkynes. It is also capable of catalyzing the addition of 

secondary amines to aromatic alkynes, although the conversions are only moderate. Of 

the two reactions catalyzed by this complex, the former follows the Markovnikov 

addition pattern, while the regioselectivity of the latter is exclusively anti-Markovnikov. 

Another interesting point is that the two reactions have identical catalytst resting state, i.e. 

a ruthenium alkynyl species [Ru]-C≡CR. To account for the regioselectivities of the 

addition reactions, we proposed that in the 2-alkenylation of 1,3-dicarbonyl compounds 

with terminal alkynes, the active species is the ruthenium η2-alkyne complex; on the other 

hand, in the hydroamination reactions, the active species is suspected to be the ruthenium 

vinylidene complex [Ru]=C=CHR. Both active complexes are transient species generated 

from the ruthenium alkynyl resting state. 
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Figure 2.6 ORTEP view (30% probability) of [CpRu(PPh3)2(CH3CN)]+BF4

- (M1) 
showing the atom-labeling scheme 
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Table 2.8 Crystal Data and Structure Refinement of [CpRu(PPh3)2(CH3CN)]+BF4
- 

(M1) 

 

Empirical formula C43H38BF4NP2Ru·1.5C6H6 
Formula weight 935.73 
Temperature 294(2) K 
Wavelength 0.71073 Å 
Crystal system Monoclinic 
Space group C2/c 
Unit cell dimensions a = 24.232(4) Å = 90°. 
 b = 18.121(3) Å = 117.111(3)°. 
 c = 23.195(4) Å = 90°. 
Volume 9066(3) Å3 
Z 8 
Density (calculated) 1.371 Mg/m3 
Absorption coefficient 0.469 mm-1 
F(000) 3848 
Crystal size 0.38 x 0.28 x 0.26 mm3 
Theta range for data collection 1.51 to 23.34°. 
Index ranges -26<=h<=26, -20<=k<=20, -25<=l<=25 
Reflections collected 29510 
Independent reflections 6541 [R(int) = 0.0554] 
Completeness to theta = 23.34° 99.6 % 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.000 and 0.774 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6541 / 78 / 552 
Goodness-of-fit on F2 1.002 
Final R indices [I>2sigma(I)] R1 = 0.0453, wR2 = 0.1129 
R indices (all data) R1 = 0.0617, wR2 = 0.1236 
Largest diff. peak and hole 0.517 and -0.555 e.Å-3 
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Table 2.9 Selected Bond Distances (Å) and Angles (˚) for 

[CpRu(PPh3)2(CH3CN)]+BF4
- (M1) 

 

 

Bond distances (Å) 

C(1)-C(2) 1.402(5) Ru(1)-C(2) 2.219(3) 

C(1)-C(5) 1.415(5) Ru(1)-C(3) 2.200(3) 

C(2)-C(3) 1.402(5) Ru(1)-C(4) 2.204(3) 

C(3)-C(4) 1.411(5) Ru(1)-C(5) 2.203(3) 

C(4)-C(5) 1.417(5) Ru(1)-N(1) 2.050(2) 

C(6)-C(7) 1.458(5) Ru(1)-P(1) 2.3304(8) 

N(1)-C(6) 1.133(4) Ru(1)-P(2) 2.3264(8) 

Ru(1)-C(1) 2.223(3)   

    

Bond angles (˚) 

C(1)-C(2)-C(3) 109.0(3) C(6)-N(1)-Ru(1) 174.7(2) 

C(1)-C(5)-C(4) 107.7(3) N(1)-C(6)-C(7) 177.2(4) 

C(2)-C(1)-C(5) 107.6(3) N(1)-Ru(1)-P(1) 93.60(6) 

C(2)-C(3)-C(4) 107.6(3) N(1)-Ru(1)-P(2) 88.89(7) 

C(3)-C(4)-C(5) 108.0(3) P(2)-Ru(1)-P(1) 98.03(3) 
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Figure 2.7 1H NMR spectrium of CpRu(PPh3)(CO)Ph (M7) 
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Figure 2.8 31P{1H}NMR spectrium of CpRu(PPh3)(CO)Ph (M7) 
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Figure 2.9 13C{1H}NMR spectrium of CpRu(PPh3)(CO)Ph (M7) 



174 

 

 

 

 

 

Figure 2.10 Infra-red spectrium of CpRu(PPh3)(CO)Ph (M7)  
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Figure 2.11 Mass spectrium of CpRu(PPh3)(CO)Ph (M7) 
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Figure 2.12 1H NMR spectrium of CpRu(PPh3)(CO)(3,4-Dimethoxyphenyl) (M12) 
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Figure 2.13 31P{1H}NMR spectrium of CpRu(PPh3)(CO)(3,4-Dimethoxyphenyl) 

(M12) 
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Figure 2.14 13C{1H}NMR spectrium of CpRu(PPh3)(CO)(3,4-Dimethoxyphenyl) 

(M12) 
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Figure 2.15 Infra-red spectrium of CpRu(PPh3)(CO)(3,4-Dimethoxyphenyl) (M12)  



180 

 

 

 

 

 

Figure 2.16 Mass spectrum of CpRu(PPh3)(CO)(3,4-Dimethoxyphenyl) (M12) 
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Figure 2.17 1H NMR spectrium of TpRu(PPh3)(CO)(3,4-Dimethoxyphenyl) (M13) 



182 

75
70

65
60

55
50

45
40

35
30

25
20

15
10

5
0

pp
m

50.32

Synthesis of TpRu(PPh3)CO(3,4-diOMePh)

 

 

Figure 2.18 31P{1H}NMR spectrium of TpRu(PPh3)(CO)(3,4-Dimethoxyphenyl) 

(M13) 
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Figure 2.19 13C{1H}NMR spectrium of TpRu(PPh3)(CO)(3,4-Dimethoxyphenyl) 

(M13) 
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Figure 2.20 Infra-red spectrium of TpRu(PPh3)(CO)(3,4-Dimethoxyphenyl) (M13)  
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Figure 2.21 Mass spectrium of TpRu(PPh3)(CO)(3,4-Dimethoxyphenyl) (M13)  
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Figure 3.7 1H NMR spectrium of (CpNMe2)Ru(PPh3)2H (M14) 
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Figure 3.8 31P{1H}NMR spectrium of (CpNMe2)Ru(PPh3)2H (M14)  
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Figure 3.9 13C{1H}NMR spectrium of (CpNMe2)Ru(PPh3)2H (M14)  
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Figure 3.10 Infra-red spectrium of (CpNMe2)Ru(PPh3)2H (M14) 
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Figure 3.11 Mass spectrium of (CpNMe2)Ru(PPh3)2H (M14)  
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Figure 3.12 1H NMR spectrium of (CpNEt2)Ru(PPh3)2H (M15)  
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Figure 3.13 31P{1H}NMR spectrium of (CpNEt2)Ru(PPh3)2H (M15)  
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Figure 3.14 13C{1H}NMR spectrium of (CpNEt2)Ru(PPh3)2H (M15) 
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Figure 3.15 1Infra-red spectrium of (CpNEt2)Ru(PPh3)2H (M15)  
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Figure 3.16 Mass spectrium of (CpNEt2)Ru(PPh3)2H (M15)  
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Figure 3.17 1H NMR spectrium of [(CpNMe2)Ru(PPh3)2(CH3CN)]+BF4
- (M16) 
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Figure 3.18 31P{1H}NMR spectrium of [(CpNMe2)Ru(PPh3)2(CH3CN)]+BF4
- (M16) 
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Figure 3.19 13C{1H}NMR spectrium of [(CpNMe2)Ru(PPh3)2(CH3CN)]+BF4
- (M16) 
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Figure 3.20 Infra-red spectrium of [(CpNMe2)Ru(PPh3)2(CH3CN)]+BF4
- (M16) 
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Figure 3.21 Mass spectrium of [(CpNMe2)Ru(PPh3)2(CH3CN)]+BF4
- (M16) 
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Figure 3.22 1H NMR spectrium of [(CpNEt2)Ru(PPh3)2(CH3CN)]+BF4
- (M17) 
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Figure 3.23 31P{1H}NMR spectrium of [(CpNEt2)Ru(PPh3)2(CH3CN)]+BF4
- (M17) 
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Figure 3.24 13C{1H}NMR spectrium of [(CpNEt2)Ru(PPh3)2(CH3CN)]+BF4
- (M17) 
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Figure 3.25 Infra-red spectrium of [(CpNEt2)Ru(PPh3)2(CH3CN)]+BF4
- (M17) 
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Figure 3.26 Mass spectrium of [(CpNEt2)Ru(PPh3)2(CH3CN)]+BF4
- (M17) 
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Figure 3.27 1H NMR spectrium of [(CpNMe2)Ru(PPh3)2H2]+BF4
- (M19) 
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Figure 3.28 31P{1H}NMR spectrium of [(CpNMe2)Ru(PPh3)2H2]+BF4
- (M19) 
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Figure 3.29 13C{1H}NMR spectrium of [(CpNMe2)Ru(PPh3)2H2]+BF4
- (M19) 
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Figure 3.30 Infra-red spectrium of [(CpNMe2)Ru(PPh3)2H2]+BF4
- (M19) 
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Figure 3.31 Mass spectrium of [(CpNMe2)Ru(PPh3)2H2]+BF4
- (M19) 
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Figure 4.13 1H NMR spectrium of  4-CF3C6H4N(PPh2)2 
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Figure 4.14 31P{1H}NMR spectrium of  4-CF3C6H4N(PPh2)2 
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Figure 4.15 Infra-red spectrium of  4-CF3C6H4N(PPh2)2 
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Figure 4.16 1H NMR spectrium of TpRu(4-CF3C6H4N(PPh3)2)Cl (M21) 
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Figure 4.17 31P{1H}NMR spectrium of TpRu(4-CF3C6H4N(PPh3)2)Cl (M21) 
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Figure 4.18 13C{1H}NMR spectrium of TpRu(4-CF3C6H4N(PPh3)2)Cl (M21) 
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Figure 4.19 Infra-red spectrium of TpRu(4-CF3C6H4N(PPh3)2)Cl (M21) 
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Figure 4.20 Mass spectrium of TpRu(4-CF3C6H4N(PPh3)2)Cl (M21) 
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Figure 4.21 1H NMR spectrium of TpRu(nBuN(PPh2)2)Cl (M22) 
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Figure 4.22 31P{1H}NMR spectrium of TpRu(nBuN(PPh2)2)Cl (M22) 
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Figure 4.23 13C{1H}NMR spectrium of TpRu(nBuN(PPh2)2)Cl (M22) 
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Figure 4.24 Infra-red spectrium of TpRu(nBuN(PPh2)2)Cl (M22) 
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Figure 4.25 Mass spectrium of TpRu(nBuN(PPh2)2)Cl (M22) 
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Figure 4.26 1H NMR spectrium of TpRu(nBuN(CH2PPh2)2)Cl (M23) 
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Figure 4.27 31P{1H}NMR spectrium of TpRu(nBuN(CH2PPh2)2)Cl (M23) 
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Figure 4.28 13C{1H}NMR spectrium of TpRu(nBuN(CH2PPh2)2)Cl (M23) 
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Figure 4.29 Infra-red spectrium of TpRu(nBuN(CH2PPh2)2)Cl (M23) 
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Figure 4.30 Mass spectrium of TpRu(nBuN(CH2PPh2)2)Cl (M23) 
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Figure 4.31 1H NMR spectrium of TpRu(4-CF3C6H4N(PPh3)2)OTf (M24) 
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Figure 4.32 31P{1H}NMR spectrium of TpRu(4-CF3C6H4N(PPh3)2)OTf (M24) 
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Figure 4.33 13C{1H}NMR spectrium of TpRu(4-CF3C6H4N(PPh3)2)OTf (M24) 
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Figure 4.34 Infra-red spectrium of TpRu(4-CF3C6H4N(PPh3)2)OTf (M24) 
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Figure 4.35 Mass spectrium of TpRu(4-CF3C6H4N(PPh3)2)OTf (M24) 
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Figure 4.36 1H NMR spectrium of [TpRu(4-CF3C6H4N(PPh2)2)CH3CN]+OTf- (M25) 
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Figure 4.37 31P{1H}NMR spectrium of [TpRu(4-CF3C6H4N(PPh2)2)CH3CN]+OTf- 
(M25) 
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Figure 4.38 13C{1H}NMR spectrium of [TpRu(4-CF3C6H4N(PPh2)2)CH3CN]+OTf- 
(M25) 
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Figure 4.39 Infra-red spectrium of [TpRu(4-CF3C6H4N(PPh2)2)CH3CN]+OTf- (M25) 



238 

 
 
 
 
 
 
 
 
 
Figure 4.40 Mass spectrium of [TpRu(4-CF3C6H4N(PPh2)2)CH3CN]+OTf- (M25) 
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Figure 4.41 1H NMR spectrium of TpRu(nBuN(PPh2)2) OTf (M26) 
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Figure 4.42 31P{1H}NMR spectrium of TpRu(nBuN(PPh2)2) OTf (M26) 
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Figure 4.43 13C{1H}NMR spectrium of TpRu(nBuN(PPh2)2) OTf (M26) 
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Figure 4.44 Infra-red spectrium of TpRu(nBuN(PPh2)2) OTf (M26) 
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Figure 4.45 Mass spectrium of TpRu(nBuN(PPh2)2) OTf (M26) 
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Figure 4.46 1H NMR spectrium of  [TpRu(nBuN(PPh2)2)CH3CN]+OTf- (M27) 
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Figure 4.47 31P{1H}NMR spectrium of  [TpRu(nBuN(PPh2)2)CH3CN]+OTf- (M27) 
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Figure 4.48 13C{1H}NMR spectrium of [TpRu(nBuN(PPh2)2)CH3CN]+OTf- (M27) 
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Figure 4.49 Infra-red spectrium of  [TpRu(nBuN(PPh2)2)CH3CN]+OTf- (M27) 
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Figure 4.50 Mass spectrium of [TpRu(nBuN(PPh2)2)CH3CN]+OTf- (M27) 
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Figure 4.51 1H NMR spectrium of [TpRu(nBuN(CH2PPh2)2)CH3CN]+OTf- (M28) 
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Figure 4.52 31P{1H}NMR spectrium of [TpRu(nBuN(CH2PPh2)2)CH3CN]+OTf- (M28) 
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Figure 4.53 13C{1H}NMR spectrium of [TpRu(nBuN(CH2PPh2)2)CH3CN]+OTf- (M28) 
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Figure 4.54 Infra-red spectrium of [TpRu(nBuN(CH2PPh2)2)CH3CN]+OTf- (M28) 
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Figure 4.55 Mass spectrium of [TpRu(nBuN(CH2PPh2)2)CH3CN]+OTf- (M28) 
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Figure 4.56 1H NMR spectrium of [TpRu(4-CF3C6H4N(PPh2)2)(=C=CHPh)]+OTf- 

(M33) 
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Figure 4.57 31P{1H}NMR spectrium of [TpRu(4-

CF3C6H4N(PPh2)2)(=C=CHPh)]+OTf- (M33) 
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Figure 4.58 13C{1H}NMR spectrium of [TpRu(4-

CF3C6H4N(PPh2)2)(=C=CHPh)]+OTf- (M33) 
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Figure 4.59 Infra-red spectrium of [TpRu(4-CF3C6H4N(PPh2)2)(=C=CHPh)]+OTf- 

(M33) 
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Figure 4.60 Mass spectrium of [TpRu(4-CF3C6H4N(PPh2)2)(=C=CHPh)]+OTf- (M33) 
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Figure 4.61 1H NMR spectrium of TpRu(4-CF3C6H4N(PPh2)2)(C≡CPh) (M34) 
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Figure 4.62 31P{1H}NMR spectrium of TpRu(4-CF3C6H4N(PPh2)2)(C≡CPh) (M34) 
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Figure 4.63 13C{1H}NMR spectrium of TpRu(4-CF3C6H4N(PPh2)2)(C≡CPh) (M34) 
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Figure 4.64 Infra-red spectrium of TpRu(4-CF3C6H4N(PPh2)2)(C≡CPh) (M34) 
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Figure 4.65 Mass spectrium of TpRu(4-CF3C6H4N(PPh2)2)(C≡CPh) (M34) 
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Figure 4.66 1H NMR spectrium of [TpRu(4-CF3C6H4N(PPh2)2)(CO)]+OTf- (M35) 
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Figure 4.67 31P{1H}NMR spectrium of [TpRu(4-CF3C6H4N(PPh2)2)(CO)]+OTf- (M35) 
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Figure 4.68 13C{1H}NMR spectrium of [TpRu(4-CF3C6H4N(PPh2)2)(CO)]+OTf- (M35) 
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Figure 4.69 Infra-red spectrium of [TpRu(4-CF3C6H4N(PPh2)2)(CO)]+OTf- (M35) 
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Figure 4.70 Mass spectrium of [TpRu(4-CF3C6H4N(PPh2)2)(CO)]+OTf- (M35) 
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