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Abstract

The ruthenium complex czs-[Ru(acac)2(r|2-C2H4)2] has been isolated as 

an orange, slightly air-sensitive solid from the reduction of [Ru(acac)3] with 

freshly activated zinc dust in aqueous THF under an ethene atmosphere (ca. 

3 bar) and has been characterized by elemental analysis, NMR spectroscopy 

and X-ray diffraction. In the solid state, the two C=C vectors of the ethene 

ligands are mutually orthogonal to each other and eclipse the Ru-O(acac) 

bonds. The ethene carbon atoms only show one resonance in the 13C{1H} 

NMR spectrum at all accessible temperatures. Exchange between free and 

coordinated ethene could only be detected in the TH NMR spectrum at 

temperatures greater than ca. 80 °C, and probably occurs by a dissociative 

mechanism.

The complex cis-[Ru(acac)2Cn2-C2H4)2] is a useful synthetic precursor. 

Reaction with ligands (L) to give cis-[Ru(acac)2Cn2-C2pl4)L] (L = NH3, C5H5N, 

MeCN, PPrz3, PCy3, SbPh3) is also described; the complexes having L = NH3, 

C5H5N, PPrz3 and PCy3 have been structurally characterized. In the case of 

the N-donors NH3 and C5H5N, intermediate trans-isomers can be isolated 

or detected, which suggests that a cis- to trans-geometric rearrangement 

about the ruthenium metal centre occurs during the replacement of the first 

alkene via the square pyramidal five-coordinate species [Ru(acac)2Cn2-C2H4)]. 

There is 31P{1H} NMR spectroscopic evidence for a species which is either 

five-coordinate, [Ru(acac)2(PCy3)], or six-coordinate with weakly coordinated 

solvent, [Ru(acac)2(PCy3)(THF)]. The remaining ethene ligand is readily 

displaced from ds-[Ru(acac)2(T|2-C2Fl4)L] (L = PPrz3, PCy3) by CO to form 

frans-[Ru(acac)2(CO)L], by tertiary phosphines (PPrz3, PCy3) to form 

[Ru(acac)2L2] and, in the case of the PPr*3 complex, N2 to form cis- 

[(Ru(acac)2(PPrz3)}2(p-N2)]. The complex trans-[Ru(acac)2(PPrz3)2] can be 

isolated at low temperatures, but isomerizes at room temperature to the cis- 

complex. Terminal alkynes, HC=CR (R = Ph, SiMe3, Buf) also replace the



ethene ligand to form vinylidene complexes czs-[Ru(acac)2(=C=C(H)R)L]. 

Reactions of the complexes cis- and trans-[R u (a c a c )2 (P P rz3)2] and 

[Ru(acac)2(PCy3)2] are also described, although there is some ambiguity of the 

about whether the latter complex has cis- or trans-geometry in solution.

Fully reversible Ei /2(Ru3+/ 2+) potentials for the ethene complexes cis- 

[Ru(acac)2(h2-C2H4)L] (L = C2H4/ NH3/ PPrz3, PCy3, MeCN, SbPh3) and trans- 

[Ru(acac)2Cn2-C2H 4)L'] (L' = NH3, C5H5N) lie in the range +0.37 - +0.95 V (vs 

Ag/AgCl) at ca. -50 °C. The oxidation potentials of the carbonyl complexes 

[Ru(acac)2(PR3)(CO)] (R = Prz, Cy) lie between +0.64 - +0.92 V (vs Ag/AgCl), 

whereas irreversible oxidation processes were found between +0.62 and 

+0.75 V (vs A g /A g C l) for the  v in y lid e n e  com plexes cis- 

[Ru(acac)2(PR3)(=C=C(H)R)] (R = Ph, SiMe3) even at low temperatures. Two 

reversible redox processes were found at +0.30 and +0.90 V (vs Ag/AgCl) for 

czs-[{Ru(acac)2(PPrz3)}2(p-N2)], corresponding to the formation of Ru(II/III) 

and Ru(III/III) species.

Anodic oxidation of cis-[Ru(acac)2Cn2_C2H4)L] (L = C2H4, NH3, SbPh3/ 

P C y 3) and tran s-[R u (acac )2 (r\2-C2H 4) (NH 3)] at ca. -50 °C gives the 

corresponding Ru(III) complexes czs-[Ru(acac)2(r|2_C2H4)L]+, which have 

been characterized by UV-Vis and EPR spectroscopy. There is no evidence 

that either cis- or frans-[Ru(acac)2(T|2-C2H4)(N H 3)] undergo geometric 

isomerization during the oxidation and subsequent reduction under these 

conditions. A lthough these oxidized species are unstable at room 

tem pera tu re  and cannot be isolated, chem ical oxidation of trans- 

[Ru(acac)2(r|2-C2H4)(NH3)] and czs-[Ru(acac)2(h2-C8H i4)(SbPh3)] at ca. -70 °C 

with AgPFö affords blue solids which are believed to the corresponding 

R u(III)-a lkene  com plexes. The m ixed valence  species cis- 

[{Ru(acac)2(PPrz3)}2(|H-N2)]+ shows a band in the near-IR at ca. 8900 cm-1 

which suggests some delocalization of the positive charge across both metal

VI

centres.
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The reaction of neutral nucleophiles (NC5H5, PPh3, H2O, NHEt2, 

MeOH) w ith the chelate alkyne ruthenium(III) complex cis-[Ru(acac)2(o- 

PhCß=CaC6H4NMe2)][PF6] gives products derived by nucleophilic addition 

to the alkyne, which have been identified by X-ray crystallography and, in 

some cases, by EPR spectroscopy. However, triphenylphosphine reacts with 

the ch e la te  a lkene  ru th en iu m (III) com plex  c is - [ R u ( a c a c ) 2 ( o -  

H2C=C(H)C6H4NMe2)][PF6] in a more complicated manner with oxidation of 

an in te rm ed ia te  to form  ds-[Rum(acac)2(o-Me2NC6H4C(0)CHPPh3][PF6] 

which has been identified by X-ray crystallography.

The reaction of two equivalents of the alkynyldiphenylphosphines, 

Ph2PC=CR (R = H, Me, Ph), with ds-[Ru(acac)2(T|2-alkene)2] (alkene = C2H4, 

C8H14) yields trans-[Ru(acac)2(Ph2PC=CR)2] as orange, air stable solids, which 

isomerize on heating (except in the case of R = H) to the corresponding 

yellow ds-isom ers. The electrochemical and chemical oxidation of these 

complexes has also been investigated. A ddition of two equivalents of 

Ph2PC=CPPh2 to ds-[Ru(acac)2Cn2-C8Hi4)2] forms an insoluble orange solid, 

which on heating in refluxing chlorobenzene, yields the yellow binuclear 

ruthenium (II) complex ds-[{Ru(acac)2(p-Ph2PC =C PPh2)}2] in which the 

b ridging  alkynyl units are tw isted in the solid state. There are two 

Ei / 2(Ru 3+/2+) potentials at +0.60 and +0.90 V (vs Ag/AgCl) and the mixed- 

valence species, generated in situ, has a localised structure.
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Abbreviations
acac = 2,4-pentadionate (acetylacetonate) anion
(S)-BINAP = (S)-2,2'-bis(diphenylphosphino)l-/l'-binaphthyl
br = broad
Bun = normal butyl
Bui =  tert-butyl
COD = 1,5-cyclooctadiene
COT = 1,3/5,7-cyclooctatetraene
Cy = cyclohexyl
C2H4 = ethene
C8H14 = cis-cyclooctene
d =doublet
dd = doublet of doublets
DEPT = Dimensionless Enhanced Polarization Test
DIOP = ( + )-2 ,3-0  - i s o p r o p y 1 i d e n e - 2 ,3  - d i h y d r o x y - 1 , 4 -
bis(diphenylphosphino)butane
DMAD = dimethyl acetylenedicarboxylate
dppe = l,2-bis(diphenylphosphino)ethane
dppm = l,2-bis(diphenylphosphino)methane
dppp = l,3-bis(diphenylphosphino)propane
dppz = dipyridophenazine
E i/2M(n+1/n) = electrode potential of a M(n+1Vn redox couple
Eappiied = applied potential
El(L) = ligand electrochemical parameter
Epa = anodic potential
Epc = cathodic potential
EPR = electron paramagnetic resonance
Et = ethyl
FAB = Fast Atom Bombardment
HOMO = the highest occupied molecular orbital
ia = anodic current
ic = cathodic current
IR = infrared
J = coupling constant in Hz 
k = rate constant 
L = litre
LMCT = Ligand to Metal Charge Transfer 
NHE = Normal Hydrogen Electrode 
m = multiplet, or medium
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M = a metal
M n + l/n  = a redox couple
Me = methyl
MLCT = Metal to Ligand Charge Transfer 
Ms = a binding site 
mol = moles
NBD = norbornadiene (bicyclo-[2,2,1]-hepta-2,5-diene)
NMR = nuclear magnetic resonance
OTTLE = optically transparent thin-layer electrode
o = ortho
p = para
Ph = phenyl
phen = 1,10-phenanthroline
ppm = parts per million
Pr1 = isopropyl
py = pyridine
pyz = pyrazine
q = quartet
R = alkyl or aryl
RF = radio-frequency field
s = singlet, or strong
SCE = saturated calomel electrode
sh = shoulder
SKEW = (2S, 4S)-bis(diphenylphosphino)pentane 
SP = 2-styryldiphenylphosphine 
t = triplet

THF = tetrahydrofuran
TMPDA = N,N,N^N'detramethylphenylenediamine
TMS = tetramethylsilane
Tos" = p-toluenesulfonate anion
TPP = dianion of 5,10,15,20-tetraphenylporphyrin
UV = ultraviolet
Vis = visible
8 = chemical shift in ppm 
e = molar absorptivity in L mol'1 cm-1 
coi/2  = dynamic signal linewidth (in Hz)
(<*>1/ 2)0 = signal linewidth (in Hz) in the absence of a dynamic process.
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Chapter 1 1

Chemistry o f the Ru(II) and Ru(III) oxidation states.

1.1 General Introduction

As a background  to the w ork  described  in th is thesis on 

acetylacetonato complexes of ruthenium, the relative affinity of Ru(II) and 

Ru(III) for unsaturated ligands will be discussed where the co-ligands are 

saturated and as a consequence will not compete for n back-donation of 

electrons. A lthough particular emphasis will be placed on the properties of 

the complexes [Ru(NH 3 )5 L]2+/ 3+ and [Ru(H20)6-xLx]2+/ 3+, where L is an 

unsaturated ligand, the synthesis of these complexes will not be discussed. 

The second half of this chapter will deal with the synthesis and properties of 

[Ru(acac)2 L2 ] complexes, where L may be a saturated or unsaturated ligand. 

The chapter will conclude with the presentation of the aims of this thesis.

A lthough ruthenium  displays alm ost the full range of oxidation 

states from -2 to +8, it is the oxidation states Ru(II) and Ru(III) that have 

received most attention. Both oxidation states display extensive chemistry 

w ith a range of ligands, including halide ions and oxygen, nitrogen, 

phosphorus and sulfur donors; ruthenium  complexes containing N- donor 

ligands form perhaps the most numerous and im portant area for these two 

ox idation  s ta te s .1"3 Many ruthenium (II) and (III) complexes exist as 

configurationally stable, octahedral mononuclear species which differ only 

by one unit of charge. They are often interconvertible by a fully reversible 

one-electron process and electrochemical studies have been undertaken to 

probe the relative stabilities of the two oxidation states. The greater the 

positive potential, the more the Ru(II) oxidation state is stabilised relative to 

Ru(III).

The Ru(II) ion, unlike the Ru(III) ion, displays an unusual affinity for 

unsaturated ligands including N-heterocycles, alkenes and alkynes.4 Perhaps 

the m ost strik ing exam ple of the affinity for unsatu rated  ligands is
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[Ru(NH3)5(N2)]2+, which was the first dinitrogen complex to be isolated.5 

Since 1965, numerous synthetic routes have been devised for the formation 

of transition metal dinitrogen complexes and these have been extensively 

reviewed.6'9 The poor affinity of the Ru(III) ion for N2 is shown by the fact 

that dinitrogen is liberated quantitatively when [Ru(NH3)5(N2)]2+ is oxidised 

with Ce(IV), presumably via the unstable Ru(III) species.10

The unusual affinity of Ru(II) among the familiar dipositive ions for 

unsaturated ligands has been attributed to two factors. The first is the large 

radial extension of the dn orbitals from the metal to ligands in the first 

coordination sphere.11 This allows for strong flow of electron density from 

the metal to the unoccupied k* orbital of an unsaturated ligand. As the 

radial extension of the d electrons tends to decrease as the atomic number 

increases for a series of constant charge and it also tends to increase with 

period number,12 no first row transition metal divalent ion would be 

expected to have a greater radial extension of the d electrons than Ru(II). 

Second, the electronic structure of the low-spin Ru(II) (t2g6) ion has no da 

antibonding electrons, hence the metal to ligand separation will be smaller 

than for a high spin ion. The electrons of the Ru(II) will be more delocalised 

and available for back-donation. Compared to the first transition series, 

ruthenium(II) is the only dipositive ion that has the full complement of dn 

electrons and no antibonding da electrons.11

On the basis of chemical behaviour, it has been concluded that the 

capacity of the drc electrons to participate in back-bonding is reduced when 

the oxidation number is increased from Ru(II) to Ru(III).11 This loss of back- 

bonding ability has been interpreted as a contraction of the radial extension 

of the d-orbitals. A further contributing factor may be the loss of stabilisation 

energy by the removal of one electron from the full t2g subshell of the 

parent Ru(II) ion.
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Lever has used the change in the Ei /2(Ru3+/ 2+) couple as a function of 

ligand to generate the ligand parameterization parameters El for over 200 

ligands.13 The El parameter was defined as one-sixth of the Ei /2(Ru3+/ 2+) 

value versus NHE for the homoleptic complexes RuL6 (or Ru(L-L)3 in the 

case of bidentate ligands). Assuming that the ligand parameters are additive, 

the redox potential of an octahedral metal complex MXxYyZz may be 

calculated for any combination of the ligands using the equation:

E° = Sm[IEl(L)] + IM + Cref (XEl(L) = xEL(X) + yEL(Y) + zEL(Z))

where the parameters Sm and Im depend upon both the metal and redox 

couple, as well as the spin state and stereochemistry. The term Cref is a 

reference electrode correction factor (ie. difference between the reference 

electrode used and the NHE).

The validity of this approach to ruthenium complexes has been 

clearly demonstrated from the graph of the observed potentials against the 

calculated potentials for 103 mixed-ligand ruthenium complexes that are not 

part of the basis set used to derive the El parameters. The observed 

potentials (measured in organic solvents vs NHE) of the redox couple 

r u 3+ /2+  0f various complexes were found to be related to the calculated 

values by the following expression13:

E i / 2(Ru 3+/2+) in Volts = 0.97[XEl(L)] + 0.04 Eq. 1.1

A similar relationship in water between the observed potentials of the redox 

couple Ru3+/ 2+ and the calculated values was found with the following 

expression13:

E i / 2(Ru 3+/2+) in Volts = 1.14[XEl(L)] - 0.35 Eq. 1.2

The predicted difference between potentials of the same complex in 

different media, AEi/2(solvent), versus a common reference electrode may 

be given by the following equation:
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A Ei/2(solvent) in Volts = -0.17[XEl(L)] + 0.39

As the term XEl (L) varies by as m uch as two volts for different 

complexes, there will be a small but measurable difference between solvent 

po ten tials, A E i / 2 (solvent), according to the character of the ligands 

coordinated to the ruthenium  centre.

A pplying Lever's theory of ligand additivity , w ithin reasonable 

limits, it is possible to predict the formal electrode potentials of the redox 

couple Ru3+/ 2+ for a wide range of hexacoordinated complexes as a simple 

sum m ation of the contributions of the individual ligands. The utility14"16 

and lim itations of Lever's additivity have been recently examined. The 

effect of neutral and anionic ligands on the Ru3+/ 2+ couple for a series of 

homoleptic complexes is shown in Table 1.1.

Table 1.1: Comparison of measured and expected Ey2(Ru3+/2+) values (in 

volts) of some homoleptic complexes RuLß (or Ru(L-L)3 in the case of 

bidentate ligands) in water and organic solvents.

C om pound I E l(L) El/2(Ru3+/2+) vs NHE 
in H20

Ei / 2(Ru3+/ 2+) v s  Ag/AgCl 
in organic solvent b

calculated a observed calculated c observed
[Ru(NH3)6]2+ +0.42 +0.13 +0.05 d +0.25 -
[Ru(H20 )6P+ +0.24 -0.08 +0.20 e +0.07 -

[Ru(acac)3] -0.48 -0.90 - -0.63 -0.65 f
[RuC16]3‘ -1.36 -1.90 - -1.55 -1.51 g

a) calculated by Eq. 1.1; b) calculated values are 0.2 V less positive than those vs NHE; c) 

calculated by Eq. 1.2; d) ref. 18 e) ref. 19; f) ref. 20; g) ref. 16

Examination of Table 1.1 indicates that the anionic ligands acac' and 

CT stabilise the Ru(III) oxidation state relative to Ru(II) more readily than 

the neutral ligands ammonia and water. The calculated effect of replacing 

two aqua or ammonia ligands around the Ru2+ ion by one bidentate acac 

anion is to reduce the oxidation potential by ca. 0.3 V. Therefore complexes
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of the type [Ru(acac)2LaLt>] would be expected to be more readily oxidised

than the complexes [Ru(NH3)4LaLb]2+ or [Ru(H2 0 )4LaLb]2+.

1.2 Ammine and Aqua Complexes of Ruthenium(II/III)

This section deals with the properties and stability of ammine and 

aqua complexes of ru then ium (II/III) w ith  unsa tu ra ted  ligands. The 

dinitrogen complex [Ru(NH3)5(N 2)]2+, obtained from [Ru(NH3)5(H 2 0 )]2+ 

and dinitrogen, has been shown to react further with [Ru(NH3)5(H2 0 )]2+ to 

give the binuclear complex [{Ru(NH3)5)2(p-N 2)]2+.21,22 The coordinated 

water molecule of [Ru(NH3)5(H 2 0 )]2+ can also be replaced by aromatic 

nitrogen heterocycles,23 nitriles24, H2S and R2S,25 R2Se, R2Te, SnCl3",4 SO226 

and [S(CH3)3]+.27 In non-aqueous solvents, [Ru(NH3)5(H20)]2+ will react 

w ith tertiary phosphines and phosphites to form the complexes trans- 

[Ru(NH3)4(PR3)2]2+ and £rarcs-[Ru(NH3)4(P{OR}3)2]2+28,29

The coordinated w ater molecule of [Ru(NH3)5(H20)]2+ has been 

shown to be several orders of m agnitude more labile towards substitution 

than the coordinated ammonia (see Table 1.2) and the replacem ent of 

ammonia ligands by other donors requires considerable effort. For this 

reason, the [Ru(NH3)5(H2 0 )]2+ complex is not a general starting material for 

the synthesis of complexes with the stoichiometry [Ru(NH3)xL6-x]2+ (x < 5).

Table 1.2: Substitution labilities of Ru-NHs and RU-H2O at 25 °C expressed 

as rate constants (k, s~l) for the pseudo-first-order substitution process 

( taken from ref 30).

REACTION Ru(II) (n = 2) Ru(III) (n = 3)
[Ru(NH3)6]n+ +H20 1.5 x 10-6 1.4 x 10-10

[Ru(NH3)5(H20)]n+ +H20 3 5 x IO"4

[Ru(H20 )6]n+ +H20 5 x 10-2 4 x 10-6

The reaction of [Ru(H20)6]2+ with various unsaturated ligands results 

in the formation of the aquaruthenium  complexes [Ru(H20)xL6-x]2+/ where
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x = 5 (N2,31 H2,32 CO33) and x = 0, 2, 4 (nitrogen heterocyclic ligands).34 The 

stoichometry of the isolated product depends upon the concentration of the 

incoming ligand.30

Semi-quantitative evidence for the strong back-bonding ability of 

Ru(II) can be seen in the comparison of the affinity of the metal centres 

{Ru(NH3)5}2+, {Ni(H20)5}2+ and H+ for unsaturated N-donor ligands shown 

in Table 1.3.

Table 1.3 : Equilibrium quotients governing the substitution of coordinated 

water in the [Ni(HzO)5(HzO)]2+ and [Ru(NH^)s(H20)]2+ cations by 

unsaturated ligands (taken from ref 4).

CENTRE LIGAND
h 2o O / = \  

N v Nv_/
r \

N  N H +

H+ 9.2 5.2 0.6 <0

[Ni(H20)5]2+ 2.8 1.8 1.0 -

[Ru(NH3)5]2+ 4.5 7.4 >8 >10  *

*) from the change in the acidity of pyrazinium ion when {Ru(NH3 )5 }2+ is coordinated to it 

(vide infra), the affinity of pyrazinium ion for Ru(II) is known to be approximately 102 times 

that of pyrazine.

The trend in equilibrium quotients for N i2+(aq), considered to be a 

representative of a divalent ion of the first transition series, is similar to 

those of H+. Due to the lower ionic potential of N i2+(aq), the magnitude of 

the equilibrium quotients changes much less markedly as the G-basicity of 

the ligands decreases. In striking contrast, the affinity of Ru(II) for the 

ligands increases as the base strength decreases. In the series as selected, this 

is ascribed to the 7C-acidity increasing as the G-base strength decreases.4

Further evidence for 7t-back-bonding in [Run (N H 3)5L]2+ is the 

presence of absorption bands attributed to the charge transfer or excitation of 

electrons from the d;c metal orbitals to unoccupied n* orbitals of the ligand
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L. For N-heterocyclic ligands that are good 71-acids, the bands occur in the

visible region and have high extinction coefficients of the order 104 M '1 

cm-1.23 Absorption bands of similar intensity have also been observed for 

[Ru(H 20)xL6-x]2+ complexes with L being a 7i-acceptor ligand.30 The 

wavelengths of absorption maxima for a series of complexes [RuII(NH3 )5 L]n+ 

(n = 2, 3) are tabulated in Table 1.4.

Table 1.4: Band maxima of metal-ligand charge transfer absorption of 

[Run(NH3 )5 L]n+ (n = 2, 3) complexes (taken from ref 23).

LIGAND L X (nm)

Hsc-0 398

o 407

x> 479

/ = \
N Nv_ / 472

N NH\_A
+

529

As the electron-withdrawing power of the unsaturated ligand is 

increased, the dn-K* absorption for the Ru(II) complexes moves to lower 

energies. This is to be expected if the ground state orbital is mainly metal 

centred, and the excited state is mainly ligand in character.

A further consequence of the coordination of bifunctional 

unsaturated N-heterocyclic ligands to Ru(II) or Ru(III) is the systematic 

change in their acid-base properties. This is illustrated in Table 1.5, which 

shows the affinity of bifunctional N-heterocycles for the hydrogen ion as 

free molecules and the same affinity after coordination of these molecules to 

Ru(II) and Ru(IH).11
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Table 1.5: Effect of Ru(II) and Ru(III) on the basicity of coordinated N- 

heterocycles in [RuII(NH3 )s]n+ and [Runl(NH3 )5 ](n+1)+ complexes (taken 

from ref 11).

ACID pKa ACID pKa
/ = \  +

N NH 0.6 6 i_____1 + 1.36

/ = \
Ruiii(NH3)5N  ̂ UH

4+

~ -0.8 Ru"(NH3)5NC—/  }
^— NH

3+

1.75 ± 0.05

/ = \
Ru"(NH3)5N  ̂ yJH

3+

2.5 ±0.1

i--
---

--
1

z o 6 +
-0.26

/™ \
ru"(nh3)5n̂  yjH

3+

7.3 * Ru"(NH3)5N C - ^ f ^
3+

0.80 ± 0.10

1 cn̂Onh
+

1.90

Ruu(NH3)5NC ^ ^NH 2.72 ±0.12

* electronically excited by the drc —> n* transition

The molecule pyrazine is much less basic than is pyridine (pKa for 

p y H + is 5.2). It seems reasonable that when the cationic species 

{Ru(NH3 )5 }3+ is attached to the free nitrogen of pyrazinium cation, the 

basicity of the uncoordinated nitrogen decreases, as is observed (more 

positive pKa), owing to the inductive effect of the "cationic metal site". By 

the same argument, {Ru(NH3 )s)2+ would also be expected to increase the 

acidity of the heterocyclic cation, though not as much as {Ru(NH3 )5 }3+. The 

measurements reveal, however, that the basicity of pyrazine is actually 

increased upon coordination to the dipositive ion. The presumption is 

that electron density on the remote nitrogen atom is increased when 

{Ru(NH3 )5 p + coordinates to one end of pyrazine. The proposed mechanism 

by which electron density can be increased on the ligand is the donation of 

d7t electrons by the electron-rich Ru(II) centre. The extent of this donation
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m ust be great enough to more than compensate for the inductive effect

exerted by Ru(II) on the nitrogen lone pair.

The chemical consequences of the dim inished 7i-back-bonding of 

Ru(III) relative to Ru(II) have been m entioned previously (see p.1-2). The 

equilibrium quotients governing complex formation of Ru(III) compounds 

for a range of unsaturated ligands are lower than those of Ru(II) complexes. 

The ligands NH3 or O H ' show a preference for the Ru(III) ion (see Table 1.6).

Table 1.6: Comparisons of the equilibrium quotients governing complex 

formation with [Ru(NH3)s(H20)]2+ and [Ru(NH s)s(H 20)]3 + in aqueous 

solution (taken from ref. 4).

Ligand Ru(II) Ru(III) Ratio
{Ru(II)/Ru(III)}

n 2 3 x 104 <4 X  10-13 > 1017
h 2s -10 -3 x IO’8 -3 x 108

0 1.5 x 103 -2 x IO'4 -8 x 106

O 2 x 107 6 x 103 3 x 103

/ = \
N.  N H +

3 x 106 2 x l 06 1.5

n h 3 4 x 104 2 x 10s 2 X  10-!
OH- 6 x 102 6 x 1011 IO’9

The affinities of the ligands for Ru(III) follow the known or expected 

o-base strengths of the ligands. With Ru(II) having a rather weak affinity for 

sim ple a-bases such as OH" and N H 3, bu t a relatively high affinity 

(compared with Ru(III)) for weak a-bases such as N2 or thiophene if the 71- 

acid strength is great enough, the ratios of the quotients governing complex 

formation for the two oxidation states cover a very wide range - from 10'9 to 

1017 for the ligands shown.4
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The average bond lengths, shown in Table 1.7, of Ru(II) and Ru(III)

s p e c ie s  [R u (N H 3 ) 5 ( p y r a z i n e ) ] n+ (n = 2, 3 )35  and  c i s -  

[R u (N H 3)4 ( iso n ico tin am id e )2]n+ (n = 2 , 3)36 provide direct structural 

evidence for the reduced 7t-back-bonding ability of Ru(III) species w ith 

respect to Ru(II). The shorter RU-NH3 distances of both Ru(III) species follow 

the expected trend of an increase in metal charge. Due to the high affinity of 

{Ru(NH3)n)2+ for 71-acceptor ligands, the Ru(II)-N(L) distances {N(L) is the 

nitrogen donor atom of the unsaturated ligand L) are shorter than the 

Ru(III)-N(L) distances as show n by the com parison bond lengths of 

[Ru(NH3)5(pyz)]3+/ 2+ and ds-[Ru(NH3)4(isonicotinamide)]3+/ 2+.

T a b le  1.7: Average metal-ligand distances (Ä) of the species 

[ R u ( N H 3 ) 5 ( p y z ) ] n+ (n = 2, 3; taken from ref. 3 5 ) and cis- 

R u(NH 3)4(isonicotinamiae)2]n+ (n = 2 , 3; taken from ref 36).

COMPLEX Ru-N H 3
(trans)

Ru-NH 3 (cis) Ru-N(L)*

/ = \
R u m(NH3)5N^ U

2+ 2.166 (7) 2.153 (6) 2.006 (6)

r=\
R u im(NH3)5N^ h

3+ 2.125 (8) 2.106 (6) 2.076 (8)

cis-

2+ 2.167 (6) 2.143 (6) 2.058 (14)

cis-

3+ 2.133 (11) 2.118 (5) 2.099 (6)

* N(L) is the nitrogen donor atom of the 7t-acid ligand L.

V arious alkenes react w ith  [Ru(N H 3)s(H 2 0 )]2+ to form the k- 

complexes [Ru(NH3)s(L)]2+ (L = C2H 4,37 isobutene ,37 1,4-cyclohexadiene,37
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fumaric acid,37 isobutylene,38 propene,38 1,3-butadiene,38 1,4-pentadiene,38 

1,4-hexadiene38 and styrene39). Alkynes have also been shown to react with 

[Ru(NH3)5(H20 )]2+ to form the 7t-complexes [Ru(NH3)s(L)]2+ (L = C2H2,37 

phenylacetylene,37 3-hexyne37,40 and dimethyl acetylenedicarboxylate 

( D M A D ) 4 1 ). Linear d ienes react w ith  the com plex ci s -  

[Ru(NH 3)4(acetone)2](PF6)2 to form the ^-complexes ds-[R u(N H 3)4(r|4- 

diene)](PF6)2 (diene = 1,3-butadiene, 1,4-pentadiene and 1,5-hexadiene) 

complexes in which the coordinated diene displays an unusual trans- 

conformation.42

The reaction of ethene (60 bar) with [Ru(H20)6][0T s]2 results in the 

sequential formation of [Ru(H20)5(C2Fl4)]2+ and czs-[Ru(H20)4(C2H4)2]2+. 

Both cations were characterised by 1H, 13C and 170  NMR spectroscopy and 

isolated as their tosylate salts. After prolonged reaction, an organic phase 

formed which was shown to be a mixture of the isomeric butenes.43 Various 

cyclic and acyclic functionalised alkenes also form complexes of the type 

[ R u ( H 20 ) 5 ( a l k e n e ) ] 2+ (alkene = 2,5-dihydrofuran19 and 5,6- 

bis(m ethoxym ethyl)-7-oxanorbornene44). Bidentate alkenes were also 

shown to form chelate complexes [Ru(H20)4(LL')][0Ts]2 (LL' = diallyl ether, 

3-buten-l-ol, 3-pentenoic acid). The 3-pentenoic acid mono-alkene complex, 

[Ru(H20)5(CH2=CHCH2CH2C 0 0 H )]2+ reacts slowly with excess alkene to 

form the bis(alkene) complex [Ru(H20 )2(C5Ht0 2)212+.19

The diene complex [Ru(F120)4(C0D)][0Ts]2 (COD = 1,5-cyclooctadiene) 

was prepared from the reaction of [Ru(FI20)6][0T s]2 in ethanol with excess 

COD.45 Exchange reactions of [Ru(H20 )4 (C 0 D )][0 T s]2 resulted in the 

exchange of one to four aqua ligands, depending upon the ligand. All the 

aqua ligands could be replaced by acetylacetonate anions to form the known 

complex [Ru(acac)2(COD)],46 whereas under a CO atmosphere (2 bar), only 

one aqua ligand is replaced to form the complex [Ru(H20)3(C0D)(C0)].45
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Since the drc-orbitals of Ru(II) that participate in Tt-back-bonding are

directly involved in the redox change Ru(II) (t62 g) —> Ru(III) jt52g), the redox 

potentials of Ru(II) complexes may be used to probe the extent of 71-back- 

bonding present in the complex. Since n-back-bonding tends to stabilise the 

occupied Ti-orbitals (HOMO) and reduce interelectron repulsion in the metal 

ion, the stronger the back-bonding, the more the Ru(II) oxidation state is 

stabilised relative to Ru(III).

The data for the [Ru(NH3)5L]2+ series (see Table 1.8) show that charged 

ligands occupy the ends of the range of potentials Ei / 2 (Ru3+/ 2+) (with the 

exception of fumaric acid). The most negative oxidation potentials are found 

for complexes containing anionic ligands, such as chloride ion, which are 

strong a- and 71-donors and weak 71-acceptors. The most positive oxidation 

potentials are found for ligands which have weak 71-donor and strong 71- 

acceptor ability, such as dinitrogen, [SMe3 ]+ and fumaric acid (+1.12, +1.25 

and +1.40 V respectively). The neutral non-7t-bonding ligands NH3 (+0.051 

V) and H2O (+0.066 V) occupy positions close to chloride ion. The oxidation 

potential of [Ru(NH3 )6 ]2+ is less than that of [Ru(NH3)5(H20)]2+18 as NH3 

has a greater ligand field strength than H2O and therefore stabilises Ru(III) 

better.47
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Table 1.8: The oxidation potentials {Ei n R u 3+/2+)/V vs NHE, in Volts} of the 

complexes [Ru(NHs)5L]2 + and [Ru(H2Ö) xEß-x]2 + measured in aqueous 

solution.

[Ru(NH3)5L]2+ [Ru(H20 ) xL6.x]2+

Ligand Ei / 2 Ref. Ligand X Ei /2 Ref.

c i - -0.042 18 h 2o 5 +0.20 19

n h 3 +0.051 18 allyl ethyl ether 5 +0.38 19

h 2o +0.066 18 pyridine (trans-) 4 +0.42 34

pyridine +0.305 18 pyrazine (trans-) 4 +0.44 34

acetylene +0.665 37 MeCN 5 +0.46 48

3-hexyne +0.78 37 3-buten-l-ol a 4 +0.62 19

propylene +0.83 38 Me2SO 5 +0.81 48

ethylene +0.93 37 2,5-dihydrofuran 5 +0.83 19

1,4-pentadiene +0.93 38 ethylene 5 +0.84 48

phenylacetylene +0.95 37 n 2 5 +0.92 b 48

styrene +0.98 39 methyl acrylate 5 +0.94 19

DMAD c +1.00 41 CO 5 +1.10 48

n 2 +1 . 1 2 b 49 7-oxanorbornene 5 +1.33 19

[SMe3]+ +1.25 27 diallyl ether a 4 >+1.5 19

fumaric acid d +1.40 37 1,5-hexadiene 4 >+1.5 19

a) bidentate ligand; b) chemically irreversible process; c) DMAD = 

dimethylacetylenedicarboxylate; d) measured in MeCN

Further exam ination of Table 1.8 reveals the following im portant 

trends for a particular class of Ru(II) compounds: 1) the increase in E1 / 2  

values reflects the increase in Ti-acidity in the order N-heterocycles < alkynes 

< alkenes < N 2 < CO; 2) the replacement of an alkene by an alkyne on a
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particular binding site should stabilise the Ru(III) oxidation state by ca. 200 -

300 mV; 3) the introduction of electron-withdrawing groups on the alkene 

or alkyne carbon atoms stabilises the Ru(II) oxidation state by ca. 300 - 500 

mV. This can be seen from the comparison of the oxidation potentials for 

[ R u ( N H 3)5(ri2 - C 2 H 4 ) ]2+ (+0.93 V) and [R u(N H 3)5(r| 2-t rans-

HOOCCH=CHCOOH)]2+ (+1.4 V) as well as [Ru(NH3)5(rj2-C2H2)]2+ (+0.665 V) 

and [Ru(NH3)5(r)2-DMAD)]2+ (+1.0 V).

Complexes of Ru(II) which contain strong 7i-acceptor ligands having 

large positive potentials yield only transitory ruthenium(III) species on 

oxidation which either decompose or rearrange to more stable Ru(III) 

complexes by ligand substitution. For example, dinitrogen is quantitatively 

released upon the chemical oxidation of [Ru(NH3)5(N2)]Cl2 by Ce(IV).10 This 

irreversib le  ox idation  process of [R u(N H 3)5 (N 2 ) j2 + was studied  

electrochem ically and there was no evidence for the form ation of 

[Ru (N H 3)5(N 2)]3+ at scan rates of up to 100 Vs'1.49 The forward scan on a 

graphite electrode gave an anodic peak (Epa +0.81 V vs SCE) whilst the 

return scan revealed a well displaced cathodic peak (Epc = -0.33 V) due to the 

reduction of [Ruin(NH3)5Cl]2+ formed in the initial oxidation process.49

A similar observation was made for [Ru(H20)s(N2)]2+ which showed 

a chemically irreversible process at Epa = +0.72 V (vs Ag/AgCl in 0.1M HOTf 

solution) and subsequent form ation of [Ru(H 20)6]3+.48 The carbonyl 

complexes [Ru(H2 0 )5(C0 )]2+48 and c/s-[Ru(acac)2(CO)2]20 also display 

chemically irreversible behaviour in their cyclic voltam mograms, as the 

strongly 7t-acidic CO ligands render the complex highly unstable at the 

Ru(III) level.

Sim ilar substitu tion  processes have been observed for the 

e le c tro g en e ra te d  a lkene  com plexes [ Ru( NH3) s L] 3 + . The cyclic 

voltammogram of [Ru(NH3)5(q2-l,3-butadiene)]2+ (E1/2 = 0.94 vs NHE) in 

aqueous solution exhibits quasi-reversible behaviour. As the scan rate
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decreases, the relative ratio of the peak heights for the cathodic and anodic

current, ic/ia/ also decreases, presumably because the alkene of the initially 

formed cation [RuIH(NH3)5(alkene)]3+ is replaced by a water molecule.38 The 

co m p lex es  [Ru (N H 3 )5 (t| 2 - s ty r e n e ) ] 2 + 39 and  [Ru (N H 3 )5 (t| 2 - 1 , 3 - 

d im ethyluracil)]2+50 (Epa = +0.98 V vs NHE) show either a quasi-reversible 

or no reduction peak in their cyclic voltammograms due to similar ligand 

substitution processes. The wave for the Ru(II) oxidation implies an EC-type 

process in which electron-abstraction (process E) is followed by a rapid 

chemical reaction (aquation, process C) that prevents detection of the short­

lived Ru(III) alkene complex .39'50

1.3 Acetylacetonato Complexes of RutheniumdIIIII)

Tris-[ß-diketonato) complexes of ruthenium  [Ru(ß-diketonato)3] have 

been the subject of extensive synthetic and electrochemical studies .1,2 The 

complex [Ru(acac)3] has been prepared either by direct action of acetylacetone 

on RUCI3 .3 H 2O in the presence of a base51'54 or by treatm ent of reduced 

ruthenium(III) chloride (ruthenium  blue) with acetylacetone under basic 

conditions .55’59 The relationship between the Ei / 2(Ru3+/ 2+) potentials and 

the relative electron donating nature of the substituents of the ß-diketonato 

moiety has been investigated .60'62

A general rou te  for the syn thesis of m ononuclear b is-(ß- 

diketonato)ruthenium (II) complexes was discovered by Kobayashi and 

coworkers, who reduced an ethanolic solution of [Ru(acac)3] by heating with 

zinc amalgam in the presence of acetonitrile to give the divalent ruthenium 

complex czs-[Ru(acac)2(CH3CN)2] in 63% yield .63 The only previously known 

bis(acetylacetonato)ruthenium (II) complexes cis-[Ru(acac)2L2] were those 

with 2L = 2C 064, 2 PPh365, COD ,46 phen ,66 dppz67 and 2N(0)=C(C0CH 3)2.68 

The reported syntheses of these compounds required different precursors. A 

second synthetic route was also found which involved the direct action of
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[Ru(acac)3] with acetonitrile in the presence of strong acids which forms cis-

[Ru>H(acac)2(CH3CN)2]+.69

The first reported trans-[Ru(acac)2L2]n+ complex was trans- 

[Ph4As][Ru(acac)2Cl2], prepared from RuCl3.3H20, acetylacetone and aqueous 

KC1. After subsequent addition of aqueous Ph4AsCl.xH20 and work up, 

the desired product was isolated in 20% yield. Zinc amalgam reduction of 

fnms-[Ph4As][Ru(acac)2Cl2] in the presence of CH3CN or pyrazine at room 

temperature results in the formation of trans-[Ru(acac)2L2] (L = CH3CN, pyz) 

in yields ca. 80%7 °

Sc he m e  1.2: Synthesis of t r a n s - f Ru ( a c a c ) ? L? l  from t r a n s - 

[Ph4Äs][Ru(acac)2Cl2].

(L = CH3CN, pyz)

Zn/Hg
MeOH

The complex ds-[Ru(acac)2(SbPrz3)2] has been isolated from the 

reaction of the 7t-allyl compound [Ru(r|3-C3H5)2(SbPrz3)2] with acetylacetone 

in hot benzene. One of the triisopropylstibine ligands is only weakly 

coordinated and readily displaced by a variety of ligands to form complexes 

of the type ds-[Ru(acac)2(SbPrz3)L] (L = C2H4, PPr% PCy3).71 The complex cis- 

[Ru(acac)2(PPrz3)2] can be isolated when an excess of PPP3 is added to cis- 

[Ru(acac)2(SbPrz3)2] .71

The chiral bidentate phosphine complexes ds-[Ru(acac)2(LL)] (LL = 

(S)-BINAP, SKEW and DIOP) were initially prepared by hydrogenation of 

methanolic solutions of [Ru(acac)3] in the presence of the appropriate 

phosphine. The ds-[Ru(acac)2((S)-BINAP)] complex is also prepared by the 

reduction of [Ru(acac)3] by activated zinc dust in the presence of (S)-BINAP 

in hot ethanol in an almost quantitative yield. The structures of cis-
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[Ru(acac)2(LL)] complexes (LL = (S)-BINAP, DIOP) were confirmed by single

c ry s ta l  X -ray  d if f ra c t io n  s tu d i e s . 7 2 , 73 A d d itio n  of 2-(4- 

isobuty lphenyl)propenoic  acid to these chiral b iden tate  phosphine 

complexes, followed by hydrogenation, affords (S)-(+)-ibuprofen in various
77enantiomeric excesses.

Radiolysis has also been used as an alternative to zinc or dihydrogen 

as a reducing agent for the synthesis of m ononuclear [Ru(acac)2L2 ]
uL

com plexes .74 Alcoholic solutions of [Ru(acac)3] saturated with CO (1 bar) 

w ere exposed to y rad ia tion  (60Co source) for two hours. The trans- 

[Ru(acac)2(CO)L] complexes (L = MeOH, EtOH or PrzOH) were isolated as 

yellow solids in almost quantitative yield. A lthough a single crystal X-ray 

diffraction study of trans-[Ru(acac)2(CO)(MeOH)] confirmed the structure, 

the observation of num erous v(CO) stretching bands in the IR spectrum 74 

suggests that more than one species is present in solution.

The coordinated acetonitrile ligands of cis-[Ru(acac)2(CH3CN)2] can be 

replaced by various ligands in hot benzene to form complexes of the type cis- 

[Ru(acac)2L2] (L = PPI13, P(OMe)3; L2 = dppm, dppe, dppp, SP, 1,5-COD).20

Scheme 1.3: Synthesis of cis-[Ru(acac)?L?l from cis-fRu(acac)i(CHiCN)?!  

(from ref 20).

ds-[Ru(acac)2(MeCN)2]
C6H6 /2L

A
cis- [Ru(acac)2L2]

(L = PPh3,P(OCH3)3; 
L2 = dppm, dppe, dppp, 

SP, COD)

The coordinated acetonitrile ligands may also replaced by the ligand 

3,3'-dithiobis(2,4-pentanedione) (H^dtba) to give either the mononuclear 

complex cis-[Ru(acac)2(topd-0 ,S)] (topd = 3-thioxo-2,4-pentadione) or the 

binuclear complex a*s-[{Ru(acac)2 l2( to p d -0 ,S,0 ')] depending upon the
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r y n

reaction conditions. The complexes were characterised by a variety of 

techniques; in both cases there is some ambiguity as to the formal oxidation 

state of the ruthenium metal centre.

Kobayashi's methodology has been extended to the synthesis of the 

complexes [Ru(acac)2 (Tj2:r|2-diene)] (diene = norbornadiene,76 1,5- 

cyclooctadiene,77 1,3,5,7-cyclooctatetraene,78 2,4-hexadiene,79 2,3-dimethyl- 

1,3-butadiene,79 1,3-cyclohexadiene,79 2,4-dimethyl-l,3-pentadiene,79 2,5- 

d im e th y l-2 ,4 -h e x a d ie n e ,80 isoprene,80 l,2 ,4 ,5 -te tram ethy l-l,4 - 

cyclohexadiene80). The acyclic 1,3-dienes are coordinated to the ruthenium 

metal centre in a r|4-trans-diene conformation with two diastereomers 

present in various ratios.79 The formation of these diastereomers is

the result of the binding through the two enantiofaces of the dienes as 

shown by X-ray crystallographic studies on the complexes [Ru(acac)2(2,4- 

dimethyl-l,3-pentadiene)] and [Ru(acac)2(2,5-dimethyl-l,3-hexadiene)].79,80

Reduction of an aqueous THF solution of [Ru(acac)3] by heating with 

zinc amalgam or freshly activated zinc dust in the presence of excess 

cyclooctene gives the bis(alkene) complex ds-[Ru(acac)2(r|2-C8H i4)2].76 This 

bis(alkene) complex is stable in aqueous THF but decomposes in the 

presence of ethanol to form ruthenium(III)-ethoxide complexes.77 Although 

the cyclooctene complex czs-[Ru(acac)2Cn2-C8H i4)2] was not isolated as a pure 

compound, the stereochemical arrangement of the acetylacetonate ligands 

about the ruthenium centre and the coordination of cyclooctene were 

confirmed by NMR spectroscopy.76

The coordinated diene ligands of [Ru(acac)2(T|2:r|2-diene)] (diene = 2,4- 

hexadiene, 2,3-dimethyl-l,3-butadiene) were reported to be readily displaced 

by either PEt3 or P(OCH3)3 at room temperature to form a mixture of the 

complexes trans- and ds-[Ru(acac)2L2] (L= PEt3 or P(OMe)3).79 However, the 

coordinated cyclooctene ligands of ds-[Ru(acac)2Cn2-C8H i4)2] are readily 

displaced by a wide variety of ligands at room temperature to give red-



Chapter 1 19

brown complexes of the general type trans-[Ru(acac)2L2] (L = NMe3, pyridine,

f-butyl isocyanide, various tertiary phosphines and ASPI13).76 The cis- 

[Ru(acac)2L2] (except L = NMe3) complexes were isolated only after heating 

the corresponding trans-[Ru(acac)2L2] isomers. The molecular structures of 

the trans- and cis-isomers of the complexes [Ru(acac)2L2] (L = PMe2Ph, 

CNBu*) have been confirmed by X-ray crystallography.76

Schem e 1 .4 : Replacement of both coordinated alkene ligands of c is - 

[Ru(acac)2(ri2-C8Hi4)2] by ligands.

2L /rt

(L = PPh3, PPh2Me, PMe3, py, AsPh^ 
P(o-tolyl)3, BiTn C, NM e3) (except L = NMe3)

The reaction of c/s-[R u(acac)2(r|2-C8Hi4)2] w ith acetonitrile or 

tripheny lstib ine  affords the isolable yellow -brow n com plexes cis- 

[Ru(acac)2(T|2-C8Hi4)L’] (L' = CH3CN, SbPh3).76 The formation of the cis- 

[Ru(acac)2L’2] can be achieved by refluxing the mono-substituted complex 

with excess L’. There is no evidence for the formation of the trans-isom ers 

in either substitution step.

The mechanism for the formation of trans-[Ru(acac)2L2] from cis- 

[Ru(acac)2(T|2-C8Hi4)2] *s not known but a suggested pathway involves the 

stepwise replacement of cyclooctene, probably via a dissociative process; the 

replacement of the second cyclooctene m ust occur more rapidly than the 

first for Group 15 donor ligands. It is assumed that a square pyramidal five 

coordinate interm ediate [Ru(acac)2L] is initially generated w ith preferential 

attack of the entering ligand L at the vacant site giving the kinetic product 

trßns-[Ru(acac)2L2] (see Scheme 1.5). At higher tem peratures, the trigonal
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bipyram idal geometry for [Ru(acac)2L] may become accessible and with

reversible dissociation of L from trans-[Ru(acac)2L2] results in the formation 

of the cis isomer.76 The formation of ds-[Ru(acac)2(T|2-C8Hi4)L] in the first 

alkene substitution step is also thought to occur via a similar sequence via 

an undetected intermediate trans-[Ru(acac)2(T|2-C8Hi4)L].

Scheme 1.5: Suggested pathway for formation of trans- and cis-\Ru(acac)iLi] 

from cis-[Ru(acac)?(rj2-CxHid)?L\ (taken from ref 76).

-L L

kinetic
product

L

thermodynamic
product

(except L = NMe3)

The reaction of ds-[Ru(acac)2(T|2_C8Hi4)2] w ith bidentate ditertiary 

phosphines has also been investigated. The addition of two equivalents of 

dppm  (diphenylphosphinom ethane) initially forms trans-[Ru(acac)2('n1- 

dppm)2]. Facile loss of a coordinated dppm  ligand results in the formation of 

ds-[Ru(acac)2Cn2-dppm)]. The chelate dppm  complex may also be prepared by 

the addition of one equivalent of dppm  to czs-[Ru(acac)2(T|2-C8Hi4)2]. 

Reaction of the bidentate phosphines l ,2-bis(diphenylphosphino)ethane 

(dppe) or l ,3-bis(diphenylphosphino)propane (dppp) w ith ds-[Ru(acac)2Cn2- 

^8^14)2] in a 1:1 molar ratio results in the form ation of orange solids 

believed to be oligomeric [Ru(acac)2(LL)]n (LL = dppe, dppp ).76 Heating of
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these orange oligomeric solids affords the more soluble chelate complexes

ds-[Ru(acac)2(LL)].76

Carbon monoxide (1 bar) readily reacts with trans- [Ru(acac)2(PPh3)2] to 

form the complex frazzs-[Ru(acac)2(PPh3)(CO)]. There is no observable 

reaction w ith czs-[Ru(acac)2(PPh3)2] under similar conditions. The trans- 

[Ru(acac)2(PPh3)(CO)] complex isomerises in refluxing toluene to form the 

c o rre sp o n d in g  cis-i s o m e r .76 The tripheny la rsine  com plex trans- 

[R u (a c a c )2 (A sP h 3 )2 ]  will also react w ith CO (4 bar) to give cis- 

[Ru(acac)2(AsPh3)(CO)], but there is no evidence for the formation of the
»7/

trans-[Ru(acac)2(AsPfi3)(CO)] as an interm ediate. The complex trans- 

[R u (a c a c )2 (N M e 3 )2 ]  also readily  reacts w ith  CO to give t rans  

[Ru(acac)2(CO)(NMe3)].76 The addition of PhC=CH to cis-[Ru(acac)2(PPrz3)2] 

or cis-[Ru(acac)2(SbPr*3)L] (L = C2H4, SbPrz3) in refluxing benzene gives the 

v in y lid e n e  com plexes c z s - [R u (a c a c )2 (P P rz3)(= C = C (H )P h)] an d  

czs[R u (acac)2 (S b P rz3)(=C =C (H )Ph)] re s p e c tiv e ly .71 The supposed  

intermediate, [Ru(acac)2(PPrI3)(rj2-PhC=CH)]/ could not be detected by NMR 

spectroscopy.

H ydrogenation of 2-(6'-m ethoxy-naphth-2 '-yl)acrylic acid using an 

'aged' sample of ds-[Ru(acac)2((S)-BINAP)] in methanol reportedly proceeds 

much faster than that catalysed by [Ru(OAc)2((S)-BINAP)].81 A single crystal 

X-ray diffraction study of the 'aged' ds-[Ru(acac)2((S)-BINAP)] reveals that 

one of the acac ligands has been replaced by the ds-coordination of a solvent 

m olecule and m onodentate carboxyl coordination of the deprotonated 

acid.81

The oxidation  po ten tia ls  of the cis- and t r a n s - c o m p l e x e s  

[Ru(acac)2(pyz)2] and [Ru(acac)2(CH3CN)2] show that the trans-isomer is 

easier to oxidise than  the cis-isom er by up  to 100 m V .70 Later 

electrochemical studies20,82 of cis- and frans-[Ru(acac)2L2] complexes reveal
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that the difference between oxidation potentials may be as little as 50 mV

and as high as 490 mV (see Table 1.9).

Table 1.9: Observed Ey2(Ru3+/2+) potentials of [Ru(acac)2(LL')] for which 

both cis and trans isomers have been isolated (measured in CH2CI2)■

L L' Geometric
isom er

E i /2° (v s  

Ag/AgCl)
AE1/2" (V)

C5H5N C5H5N c i s
t r a n s

+0.01 a 
-0.04 a

0.05

MeCN MeCN c i s
t r a n s

+0.24 b 
+0.12 a

0.12

PMe3 PMe3 c i s
t r a n s

+0.26 a 
0.00 a

0.26

AsPh3 AsPh3 c i s
t r a n s

+0.34 a 
+0.15 a

0.19

PPh3 PPh3 c i s
t r a n s

+0 .3 7 b
+0.07 b

0.30

PMePh2 PMePh2 c i s
t r a n s

+0.37 a 
+0.04 a

0.33

P(OMe)3 P(OMe)3 c i s
t r a n s

+0.70 a 

+0.22 a

0.48

fBuNC fBuNC c i s
t r a n s

+0 .7 4 b
+0.25 b

0.49

CO PCy3 c i s
t r a n s

+0.92 a 

+0.64 a

0.28

CO PPh3 c i s
t r a n s

+1 .1 0 a
+0.76 b

0.34

ds-[Ru(acac)2(Tl2-C8H i4)L]
n h 3 +0.23 a

SbPh3 +0 .4 4 b

MeCN +0 .4 4 1>
CgHi4 +0.7 7 b

a) ref. 82; b) ref. 20

W hereas the [R u(N H 3)5 (r |2 -a lk e n e )]2+ com plexes m entioned 

previously (see p.19) d isp lay  either quasi-reversib le  or irreversible 

behaviour upon electrooxidation, the complexes cis-[Ru(acac)2(T|2-C8H i4)L] 

(L = NH3/20 SbPh3,20 CH3CN ,82 C8H i420) display fully reversible behaviour 

in their cyclic voltam m ogram s, even at room  tem perature. Under these 

conditions, where the Ei / 2(Ru3+/ 2+) potentials have been lowered by 0.5 V
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or more and a poorly coordinating solvent is present, the alkene in the

p ro d u c ts  [Run i (acac)2(Tl2-C 8 H i4 )L ]+ is not easily replaced on the 

e lec trochem ical tim escale . H o w ev er, a tte m p te d  chem ical and  

electrochemical oxidation of the parent Ru(II) com pounds has not led to 

isolable solid alkene complexes [Rum(acac)2(T|2-C8Hi4)L]+X', probably due to 

the weakened binding of the alkene to the Ru(III) centre.

Zinc amalgam reduction of [Ru(acac)3] in the presence of the chelating 

alkene N- and O-donor ligands (LL' = 2-vinyl-N ,N-dim ethylaniline, 2- 

iso p ro p e n y l-N ,N -d im e th y la n il in e , 3 -b u te n y ld im e th y la m in e , 2 -
o o

allylpyridine, isomesityl oxide, 2-methoxystyrene, 3-butenylmethylether) 

or the chelating acetylenic N-donor ligands o-RC=CCeH4NMe2 (R = Ph, 

SiMes)84 gives the corresponding [Ru(acac)2(LL')] complexes as either orange 

or brown solids. Coordination of the prochiral alkene of the LL ligand to the 

chiral ds-{Ru(acac)2} fragment can give rise to a pair of diastereom ers 

labelled A for the RA/SA pair and B for the SA/RA pair.83 The molecular 

structures of both diastereoisomers of [Ru(acac)2(o-H2C=C(H)C6H4NMe2)] 

have been determ ined by X-ray crystallography and the alkene has been
Q O  .

shown to be coordinated by opposite enantiotropic faces. The stabilisation 

gained from the chelate effect for the alkene N-donors was sufficient to
o o

prevent displacement of the coordinated alkene by CO, PMe3 or pyridine.

Scheme 1.5: Synthesis of the chelated alkene complex [Ru(acac)2(2-vinyl- 

N  ,N-dimethylaniline)].

Most of the chelated olefinic N- and O -donor complexes cis- 

[Ru(acac)2(LL')] display a fully reversible oxidation potential in the range
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+0.28 to 0.60 V(vs Ag/AgCl) (see Table 1.10). The voltammograms appear as

a superposition of two peaks of different intensities arising from the 

diastereoisomers, the potentials of which differ by as much as 140 mV. In 

agreement with the observation from Table 1.8 that the replacement of an 

alkene w ith an alkyne should lower the Ru(II) oxidation potential, the 

chelated acetylenic complexes have oxidation potentials 150 - 250 mV less 

than those of the couples measured for the diastereomeric alkene complexes 

(RA.SA)- and (SA/RA)-[Ru(acac)2(o-H2C=C(H)C6H4NMe2)].84

Table 1.10: The oxidation potentials IEi /2 R u3+^ +)/V vs in Volts}

of the complexes cis-\Ru(acac)?LLfl measured in CH2 CI2 ■

cis-[Ru(acac)2L2]
Ligand E1/2 (in Volts)

acac" -0.65 a
TMEDA* -0.35b

2,2’-bipyridine -0.05 a
2-(trimethylsilyl)ethynyl-

-N ,N -dim ethylaniline
+0.19 b

2-phenylethynyl-
-N ,N -dim ethylaniline

+0.26 b

3-butenyldim ethylam ine isomer A +0.28 c
isomer B +0.42 c

2-vinyl-N ,N -dim ethylaniline isomer A +0.42 c
isomer B +0.52 c

3-butenyl methyl ether isomer A +0.43 c
isomer B +0.53 c

3-butenyldiphenylphosphine isomer A +0.54 c
isomer B +0.54 c

SP* +0.67 a

a) ref. 20; b) ref. 83; c) ref. 84; *) TMEDA = tetramethylethylenediamine; SP = 2- 

styryldiphenylphosphine

The ch e la tin g  o lefin ic  and  ace ty len ic  N- and  O -d o n o r 

ruthenium  cations, [RuIII(acac)2(LL')]+ (LL' = 2-vinyl-N,N-dimethylaniline, 

2 - iso p ro p e n y l-N ,N -d im e th y la n ilin e , 3 -b u te n y ld im e th y la m in e , 2- 

allylpyridine, isomesityl oxide, 2-methoxystyrene, 3-butenylmethylether, 0 - 

PhC =CC 6H 4N M e2, 0-(M e3SiC=CC6H 4N M e2) were isolated as deep blue,
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param agnetic  PFß or SbF^ salts by the oxidation of the ruthenium(II)

precursors w ith Ag+ or [FeCp2]+ salts. They are the first stable alkene and
OO O A

alkyne com plexes of ruthenium (III). ' The complexes were fully 

characterised and shown to be mononuclear by X-ray crystallography with 

the alkene or alkyne being coordinated to the metal centre.

1.4 Characterisation of cis and trans-tRu(acac)?L?l complexes by NMR

spectroscopy

For future reference, certain spectroscopic features of the cis- and 

frans-[Ru(acac)2L2] complexes are noted here. The geometric isomers are 

readily identified by ]H and 13C{1H} NMR spectroscopy. The complexes 

frflns-[Ru(acac)2LL'] (where L = L' and L ^ L') display one methyl acac singlet 

and one methine acac singlet for both nuclei as well as one carbonyl acac 

resonance in the 13C{1H} NMR spectrum. For the complex c/s-[Ru(acac)2LL'] 

(L = L'), there are two methyl singlets and one methine acac singlet for both 

the *H and ^ C ^ H )  NMR spectra in addition to two carbonyl acac carbon 

singlets. The least symmetrical geometric complex, ds-[Ru(acac)2LL'] (L * L'), 

shows four methyl acac singlets and two m ethine acac singlets for both 

nuclei as well as four carbonyl acac resonance in the 13CpH) NMR spectrum.

The 31P {1H} NMR spectral data may also be used to determine the 

geometric arrangem ent of two tertiary phosphines as the chemical shift of 

the complexes trans-[Ru(acac)2L2] are about ca. 20 ppm more shielded than 

those of the corresponding cis-isom er.76 For fututre reference, the 31P{1H} 

NMR spectral data of the isolated phosphorus containing complexes are 

tabulated in Table 1.11.



Chapter 1 26

Table 1.11: 31P{1H} NMR spectral data for the phosphorus containing 

complexes of the type [Ru(acac)2 l 2 l reported in ref. 76.

Complex
3lP{lH) NMR

free Complex A5a
trans cis trans cis

[Ru(acac)2(PMe3)2] -62.0 +9.40 +31.7 +71.4 +93.7
[Ru(acac)2(PPhMe2)2] -45.9 +17.7 +36.8 +63.6 +82.7
[Ru(acac)2(PMePh2)2] -28.1 +24.7 +41.3 +52.8 +69.4

[Ru(acac)2(PEt3)2] -19.2 +27.6 +46.3 +46.8 +65.5
[Ru(acac)2(P(p-tolyl)3)2] -8.6 +33.6 +52.6 +42.2 +58.8

[Ru(acac)2(PPh3)2] -6.2 +33.9 +54.0 +40.1 +60.2
[Ru(acac)2(PPh2Buf)2]b +18.3 +40.3 +58.2 21.8 +39.9

a) A8 = S(complex) - 5(free); b) complex not published, ref. 77

1.5 Aims of this Study

The main aims of this study include i) the isolation of the ethene 

analogue of ds-[Ru(acac)2Cn2-C8Hi4)2]. A lthough the bis(ethene) complex 

had been detected in earlier unpublished  w ork of C. Chung and H. 

N eum ann  by aH NMR spectroscopy, a ttem pts to isolate it w ere 

unsuccessfu l;85 ii) an examination of the lability of the coordinated alkene 

ligands to gain some understanding of the mechanism of the replacement of 

the first alkene and of the stereochemical re-arrangements of the complexes 

in the presum ably stepwise form ation of trans-[R u(acac)2l-2] from cis- 

[Ru(acac)2(T|2-alkene)2];76 iii) an investigation of the electrochemical and 

chemical oxidation properties of these new complexes to see if stable, 

u n c h e la ted  p aram ag n e tic  R u(III)-alkene com plexes of the type 

[R u III(acac)2('n2 -alkene)L]X can be detected or isolated; and iv) an 

examination of the reactivity of the complexes [RuIII(acac)2('T|2-alkene)L]X.
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2.1 Synthesis, characterisation and properties of cis-tRu(acac)

Treatment of [Ru(acac)3] in aqueous THF with freshly activated zinc 

dust under an ethene atomsphere (3 bar) results in an orange solution after 

heating to ca. 80 °C for one hour or less. Removal of THF in vacuo gives an 

orange sticky residue from which the required complex can be readily 

extracted with benzene or toluene. An orange crystalline solid is obtained 

after chromatographing a benzene solution and recrystallisation of the crude 

material from cold n-pentane. The solid may be handled for several hours 

in air w ith no visible signs of decom position, bu t it changes to an 

uncharacterised violet solid after several weeks exposure to air. Using 

sodium  amalgam  (ca. 1.5%) under anhydrous conditions as the reducing 

agent instead of zinc dust leads to the formation of an unidentified brown 

insoluble m aterial. The orange solid is form ulated as cis-[Ru(acac)2(ri2- 

^ 2F14 )2 ] on the basis of analytical and spectroscopic data, and this 

formulation has been confirmed by X-ray structural analysis. The yield of 

the isolated solid is ca. 60%. The bis(ethene) complex forms stable, air- 

sensitive solutions in benzene, toluene and THF but decomposes in CH2CI2 

at room temperature.

The 1H and 13C{1H} NMR spectra of the orange solid are shown in 

Figures 2.1 and 2.2, respectively. The NMR spectra show two methyl acac 

singlets [5(1H) 1.82 and 1.86, 8(13C{1H}) 27.5 and 26.9], one methine acac 

singlet [8(1H) 5.24, 5(13C{1H)) 98.0] and  two carbonyl acac resonances 

[8(13C{1H]) 185.1 and 186.6], consistent with the presence of the cis-{Ru(acac)2} 

moiety attached to two identical ligands (see p. 25). The 3H NMR spectrum 

also displays a symmetrical eight proton m ultiplet betw een 8 3.70 - 3.85 

which is assigned to the coordinated ethene. The ca. 2 ppm  shift of the 

ethene protons to low frequency compared to free ethene (8 5.24) is similar 

to that found for [Ru(NH3)5(t|2-C2H 4)]2+ (8 3.57)1 and c/s-[Ru(H20)4(r|2- 

C2H4)2]2+ (8 3.81).2 The singlet at 8 78.2 in the 13C(1H} NMR spectrum (Figure
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2.2), which splits into a triplet in the gated 13C NMR spectrum  with a C-H

coupling constant of 160 Hz, is assigned to the coordinated ethene carbon 

atoms. The chemical shift for the ethene carbon atoms is similar to that 

found for czs-[Ru(H20)4(r|2-C2H4)2]2+ (6 76.6).2 The slight increase observed
O

in the C-H coupling constant from 156.4 Hz for free ethene is also found for 

the complexes [Ru(H20)5(t|2-C2H4)]2+ (Jc h  = 161.6 Hz),2 [(rj5-C5 H 5 )Rh(ri2- 

C 2H 4)2] (/c h  = 160 Hz),4 [Rh(acac)(t|2-C2H 4)2] (/c h  = 158 Hz),4 and trans- 

[W (C O )4(t |2-C 2H 4)2] ( /c h  = 161 Hz).5 The 1H NMR spectrum  of cis- 

[Ru(acac)2 (ri2-C 2 H 4 )2 ] recorded in the presence of free ethene shows no 

detectable broadening of the coordinated ethene signals, hence rapid 

exchange on the NMR timescale at room tem perature does not occur. This 

contrasts with the rapid ethene exchange found for [Rh(acac)(rj2-C2H 4 )2 ] at 25 

°C 6 The rotation of the ethene ligands will be discussed later.

Figure 2.1: The 1H NMR spectrum of cis-[Ru(acac)?(rf^-CiHd)')! in d^-benzene 

at 25 °C.
TMS

) denotes residual benzene; TMS = tetramethylsilane
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Figure 2.2: The 13C{1H} NMR spectrum of cis-fRu(acac)'>(ri2-CiHd)')l in de­

benzene at 25 °C.

TMS = tetramethylsilane

The strongest peak in the isotopic pattem of the orange solid was found at m/ z 

356.0 in the FAB mass spectrum. Sequential loss of ethene results in the 

appearance of the ions {Ru(acac)2(r|2-C2H4)}+ and {Ru(acac)2}+, the latter 

being the most abundant ion detected. The mass to charge ratio and relative 

abundance of these ions are shown in Table 2.1. The matrix used, in this case 

(3-nitrophenyl)octy 1 ether (C14H21NO3), also reacts with [Ru(acac)2(r|2-C2H4)2], 

either in solution or in the gas phase, to form the species {Ru(acac)2(T|2- 

C2H4)(Ci4H2iN03)}+ and {Ru(acac)2(Ci4H2iNC>3)}+.
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T ab le  2.1: FAB mass spectral data of the isolated orange solid c is- 

[Ru(acac)i( tj2-C2H4)2].

m/z Assignm ent Relative Intensity (%)

579.1 {Ru(acac)2(C2H4)(Ci4H2iN 0 3 ))+ 2

551.1 {Ru(acac)2(Ci4H2iN 0 3 )}+ 20

356.0 {Ru(acac)2(C2H4)2)+ 10

328.0 (Ru(acac)2(C2H4)}+ 23

299.9 (Ru(acac)2}+ 100

The IR spectrum  shows two strong bands at 1576 and 1515 cm '1 

characteristic of bidentate, O-bonded acac. Since the coordination of an 

alkene to a metal centre typically lowers the v(C=C) frequency by 70 - 170 

c m '1 compared to the free alkene, the band due to coordinated ethene is 

likely to be hidden by the acac bands and cannot be observed. This situation 

is analogous to that found for the chelating alkene N- and O-donor ligand 

complexes [Ru(acac)2(LL’)].9

The structure of czs-[Ru(acac)2(T|2-C2H 4)2] has been confirmed by an X- 

ray crystallographic study. The molecular structure and selected metrical 

parameters are shown in Figure 2.3 and Table 2.2, respectively. Crystal and 

refinement data, together w ith the full set of interatom ic distances and 

angles, are given in Appendix A .l. The hydrogen atom s of the ethene 

groups were located in the difference m aps and their coordinates were 

refined and are also given in Appendix A.l.

The solid state structure of czs-[Ru(acac)2 (T|2-C 2H 4)2] is that of a 

distorted octahedron w ith the metal atom at the centre and the two ethene 

ligands occupying m utually cis coordination sites. The Ru-O distances 

characterising the coordination of the acetylacetonato anion are in the range 

2.055(1) - 2.080(1) Ä. The Ru-C bond distances are 2.183(2) - 2.212(2) Ä. The
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C=C distances of the ethene ligands in each molecule were found to be

1.370(3) and 1.353(4) A, c.a. 0.02 Ä longer than the C=C bond length of free 

ethene [1.337(2) Ä]. All of the ethene hydrogen atoms are symmetrically bent 

away from the ruthenium centre to form an angle, a, of between 26 to 36°, 

where a  is defined as the angle between the normals to the H-C-H planes.10

The ethene ligands of czs-[Ru(acac)2 (T|2-C2 H 4 )2 ] are mutually 

orthogonal in the solid state; the dihedral angle between the planes defined 

by the atoms Ru(l), C(ll) and C(12), and Ru(l), C(13) and C(14) is 90°. The 

plane defined by the atoms Ru(l), C(ll) and C(12) eclipses that defined by 

the atoms Ru(l), 0(1) and 0(4).

Figure 2.3: ORTEP diagram of the molecular structure of cis-fRu(acac)?(ri2- 

C2H4)2L

ci
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Table 2.2: Selected metrical parameters o f cis-[Ru(acac)?(ri2-C'?Hd)?l

Bond D istances (Ä)
R u (l)-0 (1 ) 2.080(1)
R u (l)-0 (2 ) 2.068(1)
R u (l)-0 (3 ) 2.061(1)
R u (l)-0 (4 ) 2.055(1)

R u (l)-C (ll) 2.205(2)
Ru(l)-C(12) 2.209(2)
Ru(l)-C(13) 2.212(2)
Ru(l)-C(14) 2.183(2)
C(ll)-C(12) 1.370(3)
C(13)-C(14) 1.353(4)
C (ll)-H (15) 0.90(3)
C (ll)-H (16) 0.89(3)
C(12)-H(17) 0.98(2)
C(12)-H(18) 0.90(3)
C(13)-H(19) 0.88(3)
C(13)-H(20) 1.04(3)
C(14)-H(21) 0.98(3)
C(14)-H(22) 0.95(3)

B ond A ngles (°)
0 (l) -R u (l)-0 (2 ) 90.32(6) C (ll)-R u(l)-C (12) 36.17(8)
0 (l) -R u (l)-0 (3 ) 85.87(6) C(13)-Ru(l)-C(14) 35.85(9)
0 (l)-R u (l)-0 (4 ) 170.05(5) R u (l)-C (ll)-H (15 ) 103(2)
0 (1 )-R u (l)-C (ll) 111.64(7) R u(l)-C (ll)-H (16 ) 108(2)
0(1)-R u(l)-C (12) 75.63(7) C(12)-C(ll)-H (15) 121(2)
0(1)-R u(l)-C (13) 98.47(8) C(12)-C(ll)-H (16) 123(2)
0(1)-R u(l)-C (14) 85.18(8) H (15)-C(ll)-H (16) 115(2)
0 (2 )-R u(l)-0 (3 ) 81.56(6) Ru(l)-C(12)-H(17) 103(1)
0 (2 )-R u (l)-0 (4 ) 79.86(6) Ru(l)-C(12)-H (18) 110(2)
0 (2 )-R u (l)-C (ll) 152.77(8) C(ll)-C(12)-H (17) 121(2)
0(2)-R u(l)-C (12) 160.95(8) C(ll)-C(12)-H (18) 120(2)
0(2)-R u(l)-C (13) 112.26(8) H(17)-C(12)-H(18) 117(2)
0(2)-R u(l)-C (14) 79.25(8) Ru(l)-C(13)-H(19) 105(2)
0 (3 )-R u (l)-0 (4 ) 94.21(6) Ru(l)-C(13)-H (20) 116(1)
0 (3 )-R u (l)-C (ll) 84.11(7) C(14)-C(13)-H(19) 117(2)
0(3)-R u(l)-C (12) 84.60(8) C(14)-C(13)-H(20) 126(2)
0(3)-R u(l)-C (13) 165.35(8) H(19)-C(13)-H(20) 112(2)
0(3)-R u(l)-C (14) 158.74(9) Ru(l)-C(14)-H(21) 101(2)
0 (4 )-R u (l)-C (ll) 78.24(7) Ru(l)-C(14)-H(22) 109(2)
0(4)-R u(l)-C (12) 114.29(7) C(13)-C(14)-H(21) 123(2)
0(4)-R u(l)-C (13) 83.92(8) C(13)-C(14)-H(22) 118(2)
0(4)-R u(l)-C (14) 91.35(8) H(21)-C(14)-H(22) 117(2)
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2.2 Reactions of cis-tRu(acac)'>(ri2-C'>HA)jl with SbPh3/ and CH3CN and with

other nitrogen donor ligands.

The coordinated ethene ligands of cis-[Ru(acac)2(T|2-C2H4)2] are readily 

replaced upon addition of one equivalent of SbPhß or CH3CN to form 

yellow or brown, air-stable solid complexes czs-[Ru(acac)2(r|2-C2H4)L] (L = 

SbPh3, CH3CN) in yields of 60 - 80%. The replacement of one ethene ligand 

in czs-[Ru(acac)2(Tj2-C2H4)2] by NH3 in THF results in the isolation of the air 

stable orange solid trans-[Ru(acac)2(r|2-C2H4)(NH3)] in yields of ca. 60%. The 

reaction of equimolar amounts of pyridine and czs-[Ru(acac)2(Tj2"(l2H4)2] in 

benzene affords a mixture of cis- and trans-[Ru(acac)2(T|2-C2H4)(NC5H5)] in 

the ratio of ca. 3:2 with a 70% yield. The complex frflzzs-[Ru(acac)2('n2- 

C2H4XNH3)] is insoluble in aromatic hydrocarbons, acetone and ether but is 

readily soluble in CH2CI2. The pyridine complex £rans-[Ru(acac)2(T|2- 

C2H4)(NC5H5)] and the complexes czs-[Ru(acac)2(r|2-C2H4)L] (L = SbPh3, 

CH3CN) are soluble in aromatic solvents and THF.

The benzene-soluble complex czs-[Ru(acac)2Cn2-C2H4)(NH3)] may be 

isolated after several weeks from a CD2CI2 solution of trans -[Ru(acac)2(T|2- 

C2H4XNH3)] at room temperature or by passing a CH2CI2 solution of trans- 

[Ru(acac)2Cn2-C2H4)(NH3)] through a neutral alumina (Activity III) column. 

The isomerization of the pyridine analogue £raz2S-[Ru(acac)2('n2_ 

C2H4)(NC5H5)] to the czs-isomer was found spectroscopically to be 

quantitative after heating overnight in d6-benzene. Attempts to obtain the 

pure cis-isomer by heating the mixture in toluene overnight caused partial 

decomposition with formation of czs-[Ru(acac)2(NC5H5)2].

The *H and 13C (1Hj NMR spectra of the complexes trans- 

[Ru(acac)2(T|2-C2H4)L] (L = NH3, C5H5N) show the expected acac pattern (see 

p. 25) and are presented in Tables 2.3 and 2.4, respectively. A broad signal in 

the *H NMR spectrum for £razis-[Ru(acac)2('n2-C2H4)(NH3)] at 5 3.05 is
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assigned to the ammine protons. The pyridine protons and carbon atoms are

found in the expected regions of the 1H and 13C{1H} NMR spectra (see Table

2.3 and 2.4). The protons and carbon atoms of ethene for both complexes 

appear as a singlet in the NMR and 13C{1H) NMR spectra, respectively 

(see Table 2.3 and 2.4). The 13C NMR spectrum of trans-[Ru(acac)20n2- 

C2H4XNH3)] shows a triplet at 5 72.2 due to the ethene carbon atoms with a 

C-H coupling constant of 160 Hz, similar to that found for ds-[Ru(acac)2(T|2- 

C2H4)2] (see p. 34). The two outside peaks of the triplet appear as doublets 

with a separation of 3 Hz, but the central peak is not split. The origin of this 

phenomenon is not known.

The 1H and 13C{1H} NMR spectral data for the complexes cis- 

[Ru(acac)2(ri2-C2H4)L] (L = SbPh3, CH3CN, NH3, C5H5N) are shown in Tables

2.3 and 2.4, respectively and are similar to those reported for czs-[Ru(acac)('n2- 

C2H4)(SbPrJ3)].11 The acac protons and carbon atoms show the expected 

pattern for the coordination of two different ligands to the ds-{Ru(acac)2} 

moiety (see p. 25). The resonance due to the nitrile carbon atom of CH3CN 

could not be detected. The ethene protons of ds-[Ru(acac)2(ri2-C2H4)L] (L = 

SbPh3, NH3, CH3CN) appear as symmetrical multiplets between 8 4.54 - 3.99. 

The 1H NMR ethene resonances of the complexes ds-[Ru(acac)2(T|2-C2H4)L] 

(L = NH3, MeCN, SbPh3) at room temperature are very similar to the low 

temperature spectra found for [Rh(acac)(r|2-C2H4)2]6 and [RhCp(ri2-C2H4)L] (L 

= C2H4,6 C2F4,12 SO212). The ethene protons of cis-[Ru(acac)2(T|2- 

C2H4XNC5H5)] appear as a singlet at 8 4.29 in d6-benzene and in d6-acetone. 

The ethene carbon atoms also appear as singlets in the 13C{1H) NMR 

spectrum for all of the complexes. The gated 13C NMR spectra of cis- 

[Ru(acac)2(rj2-C2H4)L] (L = CH3CN, NH3) each display a triplet at 8 65.9 and 

72.5, respectively, due to the ethene carbon atoms with a C-H coupling 

constant of ca. 161 Hz, which is similar to that found for ds-[Ru(acac)2Cn2- 

C2H4)2] (see p. 33).
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All the isolated complexes [Ru(acac)20l 2-C2H 4)L] (L = SbPh3, CH3CN, 

N H 3/ C5H5N) display parent ion molecular peaks in the FAB mass spectra. 

Ion peaks corresponding to the species {Ru(acac)2L}+ and {Ru(acac)2}+ were 

also found, in higher relative abundance (see Table 2.5). The IR spectra of 

the complexes display strong bands in the region 1571 - 1510 cm-1, 

characteristic of bidentate, O-bonded acac (see Table 2.5). The acetonitrile 

complex displays a m edium  intensity band at 2262 cm*1 assigned to the 

v(C=N) stretch of an aliphatic nitrile coordinated to a metal via the nitrogen 

atom .7 Both [Ru(acac)2(T|2-C2H 4)(NH3)] complexes display a medium band at 

ca. 3335 cm ' 1 due to the antisymmetric v(NH) mode and in the case of the 

cis-isomer, a band of medium intensity was found at 1626 cm ' 1 due to the 

degenerate NH3 deform ation 6a(H N H ).7 The isolated pyridine complex 

shows a band at 1547 cm -1 which is presum ably due to a "breathing" 

vibration of the coordinated pyridine since free pyridines have four such 

vibrations in the region 1610 - 1400 cm ' 1.13

2.3 Reactions o f cis-tRu(acac)?(ri2-alkene)71 (alkene = C2H4, CgH^) w ith one

equivalent o f a tertiary phosphine

The reactions of one equivalent of various tertiary phosphines with 

czs-[Ru(acac)2(ri2-alkene)2] (alkene = C2H 4, C sH ^) in THF, containing a small 

amount of ds-toluene, were investigated by 31P{1H} NMR spectroscopy at ca. 

-35 °C. The first detectable signals in the case of the tertiary phosphines 

P P h M e 2 , PPh3 and P (p-to ly l) 3 were singlets at 5 17.3, 34.8 and 32.8, 

respectively, which correspond to trans-[Ru(acac)2h 2] (L = PPhMe2, PPh3 and 

P(p-tolyl)3).14 W arming the PPhMe2 reaction solution to room tem perature 

results in the isom erization of £ ran s-[R u (ac ac )2 ( P P h M e 2 )2 ] to cis- 

[Ru(acac)2(PPhM e2)2]- No other product was detected by 31P{1H) NMR 

spectroscopy apart from free PPhMe2 still present in solution. On warming 

the PPh3 or P(p-tolyl)3 mixtures to room tem perature a singlet at ca. 8 +54.7, 

probably due to either ds-[Ru(acac)2L2]14 or ds-[Ru(acac)20n2_C2H 4)L] [L =
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PPh3, P(p-tolyl)3] (see below), and a weak singlet at ca. 8 +83.9 are observed. 

The latter peak was the only signal observed when a large excess (ten 

equivalents) of cis-[Ru(acac)2(r|2-C8H i4)2] was added to a solution of PPI13 in 

THF at room temperature. It may be due to a square-pyramidal five- 

coordinate species [Ru(acac)2L] in which the phosphorus atom occupies the 

apical position or, perhaps more likely, a six-coordinate solvento-complex 

frans-[Ru(acac)2L(THF)]. Similarly deshielded 31P{1H} chemical shifts were 

found for the apical phosphine of the five-coordinate complexes 

[RuX(NN’N)(PPh3)][OTf] (X = Cl, OTf; NN'N = 2,6-bis[(dimethylamino)- 

m ethyl]pyridine ) , 15 [Ru(N(S(PR2)2)(PPh3)] (R = Ph, Prz) ,16 the square 

pyramidal complexes [RuCl2(PR3)3] (R = Ph,ly p-tolyP8) and for the PPI13 of 

[RuCl2(PPh3)L] (L = dppm, dppe and dppp).19

The behaviour of ds-[Ru(acac)2Cn2-C2H4)2] with one equivalent of the 

sterically more demanding tertiary phosphines PPrz3 and PCy3 was also 

followed by 31P{1H} NMR spectroscopy under the conditions outlined above 

i.e. in THF. The first detectable product from the reaction of cis- 

[Ru(acac)2(Tj2-C2H4 )2] with one equivalent of PPr*3 corresponds to trans- 

[Ru(acac)2(PPr*3)2] (5 = 29.6, see p. 64). Warming the solution to ca. 10 °C 

results in the loss of the peak due to trans-[Ru(acac)2(PPrz3)2] and the 

generation a singlet at 6 +87.3 possibly due to [Ru(acac)2(PPrz3)(THF)] (see 

above and p. 66), 8 +50.5 presumably due to cis-[Ru(acac)2(T|2-C2H4)(PPrz3)] 

(see below), a peak at 5 +47.7 due to small amount of cis-[Ru(acac)2(PPrz3)2], 

and a peak at 8 +19.2 due to free PPrz3.

On addition of one equivalent of PCy3 to ds-[Ru(acac)2(Tj2-C2H4)2] in 

THF at ca. -35 °C singlets at 8 +21.0 due to an unknown species and at +8.9 

due to free PCy3 still present are observed. Warming the solution to ca. 0 °C 

causes the almost quantitative formation after 30 minutes of a P-containing 

species giving rise to a singlet at ca. 8 +74.7. This species may be the 

corresponding square pyramidal five-coordinate species [Ru(acac)2(PCy3)] or
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the six-coordinate frazis-[Ru(acac)2(PCy3)(THF)] (see p. 67). Further warming

of the sample to ca. +25 °C forms a new species which gives a singlet at ca. 5 

+39.7 which is probably to czs-[Ru(acac)2(r|2-C2F[4)(PCy3)] (see below).

To study the effect of solvent, the reaction of one equivalent of a 

tertiary phosphine (PPh3, PPP3 and PCy3) with cis-[Ru(acac)2Cn2_C2H4)2] in 

d6-benzene was also followed by 31P(1H) and 1H NMR spectroscopy at room 

temperature. Replacement of the coordinated ethene ligands appears to be 

slower in aromatic solvents than in THF. Under these conditions, the only 

resonances observed in the 31P{1H} NMR spectra are singlets at 5 +54.7, +50.5 

and +40.0 for PPI13, PPr*3 and PCy3, respectively. The *H NMR spectrum of 

the product isolated from the reaction of czs-[Ru(acac)2(r|2-C2H4)2] and PPr*3 

is shown in Figure 2.4 . The *H NMR spectral data for these mixtures are 

almost the same as for the isolated solids (see p. 46) shown in Table 2.6. All 

these mixtures exhibit the expected acac pattern in the 1H NMR spectrum 

for two different ligands coordinated to the cis-{Ru(acac)2} moiety. A four 

proton symmetrical multiplet was observed between 5(aH) 3.7 - 4.8 which in 

each case is assigned to the ethene protons, the splitting pattern being 

similar to that previously observed for the isolated complexes cis- 

[Ru(acac)2(ri2'C2Fi4)L] (L = NH3, CH3CN, SbPh3). Thus, the products from the 

reaction of one equivalent of the tertiary phosphines (PPI13, PPr*3 and PCy3) 

with czs-[Ru(acac)2Cn2-C2H4)2] hr d^-benzene are the mono-alkene complexes 

cis-lRu(acac)2(Ti2-C2H4)(PR3)] (R = Ph, Pr*, Cy).

The formation of frarcs-[Ru(acac)2L2] from the reaction of one 

equivalent of a tertiary phosphine L with czs-[Ru(acac)2(T|2-alkene)2] (alkene 

= C2H4, C8H14) in THF at low temperatures indicates that the second alkene 

is replaced more rapidly than the first. Stabilisation of the square planar 

five-coordinate intermediate [Ru(acac)2L] by THF allows a second equivalent 

of L to react to form trans-[Ru(acac)2L2L which generally precipitates from 

solution. This five coordinate intermediate is not stabilised in non-
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ô
£5oo

CO <N r-H

Ö ON in 
OO N  Nin ^  co

CN
r-H
m

inoom

cm'

<N

OSu
as
3

P4



T
ab

le
 2

.8
: 

13
C{

2H
} 

an
d 

31
P{

1H
} 

N
M

R 
sp

ec
tra

l 
da

ta
 o

f t
he

 m
on

o-
eth

en
e 

ph
os

ph
in

e 
co

mp
lex

es
 c

is-
[R

u(
ac

ac
)2

(r
i2

-C
2H

4)
L]

.

Chapter 2 48

t-iH 'SX &

53 2

PS

U
CO

T 3
C
3
O
O h

a
o

u

S-H
0)

X

u
ns
u

w -

o
u

o
NO 
00  
T—c

m
i n  X ;
0 0  N
E  X

NO
i n  X :
0 0  N
E  X

c q  c q O  CM IN O n CN IN.
i n  no
0 0  OO

i n  CN In
0 0  r > 00

oh CN IN  
0 0  f , o o
E  k! ^
m  ^  
oh  n 3  
00 
r-H

T—H r —I

CN
oh
oo
r - 1

IN  ^
o h  T3 
o o  '
T—H

u
ns
u

E
U

uns
u

^ns

£
u

IN
oh
m
+

£
ä
co
on
n o

04
on
ON
ON
o 6
O n

CO
x
P h
p*

E
CM

u
CM

p ;
"cM
' u 'ns
u

nS
3

£
Cß

*o

in
öm
+

CO
X

X
u
P h

o
ON
H

Oh
O^

co
X
U
DC
yP h

u&H

o o
oh
CM

£
y !
NO
ON
NO

00
ON
O n

t-H
oo
ON

o
Ö
oh
+

<N
Os
CM
O n'
0 6
(N
i n

0 0
CM
NO 
o 6  
(N

in
oo
CM

CN
IN
CN

X
u \

E
u
P h

CM

X
u

E
U
P h

N
E

u
Ch

o h
inco

£
a
m
Os
s o

T3 co T3
CN E E "  ° ° ' *
00 o T"1 CN r 1
cm vn 00

CM ^
00
CMo' U 

06 kH;
CN ^
rCN ^

in E
IN  NO
^  in

IN­
IN
(N

Cq s—✓
IN CO 
CN rA

cm"  u
IN

NO
IN00

CN (N ^ CM

i-i
PH
P h

CM
u
CM

P *

Uns
u

<0
* o

0 0
ON
O n
CM
0 Ö
ON

O h 
0 6  
CN

NO
in

U
Oh

CO
>N

g

I
CM

u
CM

P -

UnS
u

£S
"3 "

&
cn

-d
QJ

s
TJ
. £
OJ
I»

%
QJ

x
o
cß
Cß

JU
" c3
«
%
"bb
.£
Cß

«?
e
0)
N
C
O)

40
NO

T 3

XS
0 )

o



Chapter 2 49

coordinating solvents, such as benzene or toluene, and presum ably re­

coordinates ethene to form cis-[Ru(acac)2Cn2_C2H4)L].

F igure 2.4: 2H NMR spectrum of the isolated complex cis-tRu(acac)?(ri2- 

CzH ^iPPr^)] (dß-toluene).

TMS

On a preparative scale, the addition of one equivalent of the tertiary 

phosphines PPh3, PPrz3 and PCy3 to a solution of ds-[Ru(acac)2(T|2-C2H4)2] in 

benzene (or toluene) resulted in a colour change from yellow to orange after 

several hours. In the case of the reaction of PPI13, the orange solid trans- 

[Ru(acac)2(PPh3)2] precipitated from solution, presum ably having been 

formed as a result of disproportionation of initially formed ds-[Ru(acac)2Cn2- 

C2H4)(PPh3)]. The reaction with the phosphines PPrz3 and PCy3 affords the 

m ono-ethene complexes as red crystalline and yellow m icrocrystalline 

solids, respectively, in yields of ca. 65 - 70%.
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The most abundant ion peak detected in FAB mass spectra of the

isolated complexes ds-[Ru(acac)2(h2-C2H4)(PR3)] (R= Prz, Cy) corresponds to 

the molecular fragment [Ru(acac)2(PR3)]+ (m/ z 580.3 for R=Cy and 460.1 for 

R= Prz). The peaks associated with the parent compound [Ru(acac)2(r|2- 

C2H 4HPR3)] were not detected and peaks associated with the complexes 

[Ru(acac)2(PR3)2] were either not detected or were in very low abundance 

(see Table 2.7). For these complexes, it appears that the ethene ligand is only 

weakly coordinated to the metal centre. The IR spectra (KBr disc) of the 

solids display two strong broad bands in the region ca. 1583 and ca. 1514 cm'1, 

characteristic of bidentate, O-bonded acac. The band due to the v(C=C) 

frequency could not be detected, presumably being hidden by the intense 

bands of the acac ligands (see p. 35).

The *H and 31P{1Fl} NMR spectra of the isolated solids were identical 

with those of czs-[Ru(acac)2Cn2-C2H4)(PR3)] (R= Prz, Cy) measured in situ (see 

p. 46 and 48). The 13C{1H} NMR spectral data for the complexes cis- 

[Ru(acac)2Cn2-C2H4)(PR3)] (R= Prz, Cy) are shown in Table 2.8. A triplet at Ö 

69.6 in the gated 13C NMR spectrum for ds-[Ru(acac)2(T|2~C2H4)(PPrz3)] has a 

C-H coupling constant of 160 Hz in the proton coupled spectrum and is 

assigned to the ethene carbon atoms. The 31P{1H} NMR spectrum of cis- 

[Ru(acac)2Cn2-C2H4 )(PCy3)] in THF shows two singlets of equal intensity at 5 

39.8 and 75.1 after ca. 48 hours (see p. 44 and 67).

2.4 Solid State Structures o f trans-fRu(acac)'y(ri2-C?HA)(NC^H^)l and cis- 

[Ru(acac)2(rj2-C2H4)L] (L = NH3, PPrlz, PCt/3)

The molecular structures of the complexes frans-[Ru(acac)2(r|2- 

C2H4XNC5H5)] and czs-[Ru(acac)2(Tl2-C2H4)L] (L = NH3, PPrz3, PCy3) were 

confirmed by single crystal X-ray cystallography and are shown in Figures 2.5 

- 2.8. In each case, the metal atom occupies the centre of a distorted 

octahedron. Selected metrical parameters for these complexes are shown in 

Tables 2.9 - 2 .12 . Crystal and refinement data of trans-[Ru(acac)2(rj2-
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C2H4XNC5H5)] and cis-[Ru(acac)2(ri2-C2H4)L] (L = NH3, PPrz3, PCy3), together 

with the full set of interatomic distances and angles, are given in 

Appendices A.2 - A.5. Two crystallographically different molecules were 

found in the unit cell of czs-[Ru(acac)2(r|2-C2H4)(PPrz3).

The complexes frarcs-[Ru(acac)2(Ti2_C 2H 4)(N C 5H 5)] and cis- 

[Ru(acac)2Cn2-C2H4)(PCy3)] show disorder arising from two different 

orientations of the coordinated ethene in the crystal.

The Ru-O distances characterising the coordination of the 

acetylacetonato anion were usually found in the expected range of 2.05 - 2.08 

Ä, although a slight lengthening of up to ca. 0.03 Ä was found for the Ru-O 

distances trans to the ethene ligand of ds-[Ru(acac)2(Tj2-C2H4)(NH3)] and the 

phosphorus atoms of czs-[Ru(acac)2(T|2-C2H4)(PR3)] (R = Prz, Cy). The Ru-N 

distances of frans-[Ru(acac)2(Ti2-C2H4)(NC5H5)] and czs-[Ru(acac)2Cn2- 

C2H4MNH3)] were ca. 2.10 Ä; the Ru-P distances of czs-[Ru(acac)2(T|2- 

C2H4XPR3)] (R = Prz, Cy) were ca. 2.33 Ä and differed by ca. 0.03 Ä between 

the two complexes.

For all four structures, the carbon-carbon bond length of the 

coordinated ethene is only ca. 0.02 A longer than the C=C bond length of free 

ethene (1.337(2) Ä). The C=C vector for the ethene group of czs-[Ru(acac)2Cn2- 

C2H4HNH3)] eclipses the plane defined by the atoms Ru(l), 0(2) and N (l), 

whereas for czs-[Ru(acac)20n2-C2H4)(PPrz3)], the C=C vector eclipses the plane 

defined by the atoms Ru(l), 0(1) and 0(3). In the structures trans- 

[Ru(acac)2(ri2-C2H4)(NC5H5)] and czs-[Ru(acac)2('n2-C2H4)(PCy3)], the C=C 

vectors for the mutually orthogonal orientations of the ethene groups 

eclipse the Ru-O bonds and, in the case of the tricyclohexylphosphine 

complex, the minor ethene conformation eclipses the plane defined by 

atoms Ru(l), P(l) and 0(2). The Ru-C distances for these mono-ethene 

complexes range from ca. 2.15 Ä for the ammine complex to ca. 2.19 Ä for 

the minor conform er of the tricyclohexylphosphine com plex.
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Figure 2.5: ORTEP diagram of the molecular structure of trans-[Ru(acac)?(r\2- 

C 2 H 4 )(C 5 H 5 N)] showing only the major conformation of the disordered 

ethene group.
C120

Figure 2.6: ORTEP diagram of the molecular structure of cis-fRu(acac)?(rj2- 

C2 H4 )(NH3)].

C6
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Table 2.9: Selected metrical parameters of trans-[Ru(acac)i(rj2-C?HA)(CsHsN)l.

Bond D istances (Ä)
R u (l)-0 (1 ) 2.054(2) R u ( l) -C ( l l l ) 2.164(8)*
R u (l)-0 (2 ) 2.046(2) R u(l)-C(120) 2.179(5)
R u (l)-0 (3 ) 2.063(2) R u(l)-C(121) 2.179(8)*
R u (l)-0 (4 ) 2.051(2) C (110)-C (lll) 0.73(2)
R u ( l) -N ( l) 2.095(3) C(110)-C(120) 1.35(1)

Ru(l)-C(110) 2.171(5) C (lll)-C (121) 1.39(3)

B ond A ngles (°)
0 ( l) -R u ( l) -0 (2 ) 93.58(9) 0 (3 )-R u (l)-N (l) 85.78(9)
0 ( l) -R u (l) -0 (3 ) 169.72(9) 0 (4 )-R u (l)-N (l) 88.2(1)
0 ( l) -R u (l) -0 (4 ) 85.65(9) C(110)-Ru(l)-C(120) 36.1(3)
0 (1 )-R u (l)-N (l) 83.96(9) C (lll)-R u(l)-C (121) 37.3(7)
0 (2 )-R u (l)-0 (3 ) 86.76(8) N (l)-R u(l)-C (110) 163.2(2)
0 (2 )-R u (l)-0 (4 ) 176.22(9) N ( l) -R u ( l) -C ( l l l ) 165.8(5)
0 (2 )-R u (l)-N (l) 88.0(1) N (l)-R u(l)-C (120) 160.6(2)
0 (3 )-R u (l)-0 (4 ) 93.34(8) N (l)-R u(l)-C (121) 156.7(5)

*) restrained during refinement.

Table 2.10: Selected metrical parameters of cis-fRu(acac)?(t]2-C?Ha)(NH i )1.

Bond D istances (Ä)
R u (l)-0 (1 ) 2.052(2) Ru(l)-C(12) 2.151(3)
R u (l)-0 (2 ) 2.066(2) C (ll)-C (12) 1.356(4)
R u (l)-0 (3 ) 2.048(2) C (ll)-H (18) 0.94(3)
R u (l)-0 (4 ) 2.092(2) C (ll)-H (19) 1.06(3)
R u ( l) -N ( l) 2.108(2) C(12)-H(20) 0.96(3)
R u ( l) -C ( ll) 2.147(3) C(12)-H(21) 0.97(3)

B ond A ngles (°)
0 ( l) -R u (l) -0 (2 ) 93.07(6) N (l)-R u(l)-C (12) 79.2(1)
0 ( l) -R u (l) -0 (3 ) 176.67(6) R u(l)-C (ll)-H (18 ) 110(2)
0 ( l) -R u (l) -0 (4 ) 88.28(6) R u(l)-C (ll)-H (19 ) 110(2)
0 (1 )-R u (l)-N (l) 89.74(8) C(12)-C(ll)-H (18) 121(2)
0 (2 )-R u (l)-0 (3 ) 90.18(6) C(12)-C(ll)-H (19) 119(1)
0 (2 )-R u (l)-0 (4 ) 83.68(6) H (18)-C(ll)-H (19) 115(2)
0 (2 )-R u (l)-N (l) 165.43(8) Ru(l)-C(12)-H(20) 113(2)
0 (3 )-R u (l)-0 (4 ) 92.79(6) Ru(l)-C(12)-H(21) 109(2)
0 (3 )-R u (l)-N (l) 87.29(7) C(ll)-C(12)-H (20) 125(2)
0 (4 )-R u (l)-N (l) 82.12(8) C(ll)-C(12)-H (21) 118(2)

C (ll)-R u(l)-C (12) 36.8(1) H(20)-C(12)H(21) 111(3)
N (l) -R u ( l) -C ( l l) 116.0(1)
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Figure 2.7: ORTEP diagram of cis-[Ru(acac)?(ri2-C'?Hd)(PPrh)l.

Figure 2.8: ORTEP diagram of the molecular structure of cis-lRu(acac)i(r\2- 

C zH ^iP C ys)] showing only the major conformation of the disordered ethene 

group.
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Table 2.11: Selected metrical parameters of cis-[Ru(acac)')(ri2-C?HA)(PPrh)l

Bond Distances (A)
Ru(l)-0(1) 2.079(3) Ru(2)-0(5) 2.082(3)
Ru(l)-0(2) 2.077(3) Ru(2)-0(6) 2.079(3)
Ru(l)-0(3) 2.071(3) Ru(2)-0(7) 2.064(3)
Ru(l)-0(4) 2.094(3) Ru(2)-0(8) 2.089(3)
Ru(l)-P(l) 2.321(1) Ru(2)-P(2) 2.322(1)

R u(l)-C (ll) 2.172(5) Ru(2)-C(32) 2.180(6)
Ru(l)-C(12) 2.181(5) Ru(2)-C(33) 2.185(5)
C(ll)-C(12) 1.350(9) C(32)-C(33) 1.350(9)

Bond Angles (°)
0(l)-R u(l)-0(2) 89.1(1) 0(5)-Ru(2)-0(6) 89.5(1)
0(l)-R u(l)-0(3) 167.4(1) 0(5)-Ru(2)-0(7) 168.1(1)
0(l)-R u(l)-0(4) 81.4(1) 0(5)-Ru(2)-0(8) 81.4(1)
0(1)-Ru(l)-P(l) 95.68(9) 0(5)-Ru(2)-P(2) 95.93(9)
0(2)-Ru(l)-0(3) 79.9(1) 0(6)-Ru(2)-0(7) 80.3(1)
0(2)-Ru(l)-0(4) 85.4(1) 0(6)-Ru(2)-0(8) 84.7(1)
0(2)-Ru(l)-P(l) 91.63(9) 0(6)-Ru(2)-P(2) 91.14(9)
0(3)-Ru(l)-0(4) 91.6(1) 0(7)-Ru(2)-0(8) 91.5(1)
0(3)-Ru(l)-P(l) 90.70(9) 0(7)-Ru(2)-P(2) 90.48(9)
0(4)-Ru(l)-P(l) 175.9(1) 0(8)-Ru(2)-P(2) 175.01(9)

C(ll)-Ru(l)-C(12) 36.1(2) C(32)-Ru(2)-C(33) 36.0(2)
P(l)-Ru(l)-C(ll) 99.7(2) P(2)-Ru(2)-C(32) 100.5(2)
P(l)-Ru(l)-C(12) 91.3(2) P(2)-Ru(2)-C(33) 91.0(2)

Table 2.12: Selected metrical parameters of cis-\Ru(acac)i(ti2-C?Ha)(PCi/ i )L

Bond Distances (Ä)
Ru(l)-0(1) 2.06(2) Ru(l)-C(121) 2.148(2)
Ru(l)-0(2) 2.10(2) C(110)-C(lll)* 1.005
Ru(l)-0(3) 2.07(2) C(110)-C(120)* 1.344
Ru(l)-0(4) 2.074(18) C(110)-C(121)* 0.987
R ud)-P(l) 2.356(7) C(111)-(C120)* 1.097

Ru(l)-C(110) 2.167(2) C(lll)-C(121)* 1.356
Ru(l)-C(120) 2.151(2) C(120)-C(121)* 0.738
R u(l)-C (lll) 2.190(2)

Bond Angles (°)
0(l)-R u(l)-0(2) 90.9(7) 0(3)-Ru(l)-P(l) 89.2(5)
0(l)-R u(l)-0(3) 89.2(5) 0(4)-Ru(l)-P(l) 94.4(5)
0(l)-R u(l)-0(4) 173.1(7) C(110)-Ru(l)-C(120) 35.93(3)
0(1)-Ru(l)-P(l) 90.2(5) P(l)-Ru(l)-C(110) 116.33(15)
0(2)-Ru(l)-0(3) 82.9(7) P(l)-Ru(l)-C(120) 80.40(15)
0(2)-Ru(l)-0(4) 83.9(7) C(lll)-Ru(l)-C(121) 36.78(3)
0(2)-Ru(l)-P(l) 172.0(6) P (l)-R u(l)-C (lll) 99.29(15)
0(3)-Ru(l)-0(4) 90.2(7) P(l)-Ru(l)-C(121) 93.92(15)

)  the atoms C(110), (1(111), C(120) and C(121) were restrained during refinement.
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Figure 2.9: ORTEP diagram of cis-[Ru(acac)?(ri2-C?Hd)(PCy^)l showing both 

conformations of the ethene ligand.

The hydrogen atoms of the ethene groups for the complexes cis- 

[Ru(acac)2(T|2-C2H4)(NH3)] and cis-[Ru(acac)2(Tj2-C2H4)(PPrz3)] were located in 

the difference maps and are included in the full crystallographic data in 

Appendices A .3 and A.4 . As the ethene ligands of trans-[Ru(acac)2(h2_ 

C2H4XNC5H5)] and czs-[Ru(acac)2Cn2-C2H4)(PCy3)] are disordered the ethene 

hydrogen atoms have been restrained during the refinement and have not 

been included.

The e thene ligands of the com plexes f r an s - [ R u( ac ac ) 2 ( ' n 2_ 

C2H4XNC5H5)] and czs-[Ru(acac)2(T|2-C2H4)(PCy3)] occupy two m utually 

orthogonal orientations which eclipse the remaining bonds about the metal. 

The relative occupancies for the two ethene conformations defined by the 

atoms C(110) - C(120) and C (lll)  - C(121) are ca. 0.735(6) and 0.265(6) for trans- 

[Ru(acac)2Cn2-C2H4)(NC5H5)] and ca. 0.44(4) and 0.55(4) for cis-[Ru(acac)2Cn2- 

C2H4)(PCy3)], respectively.

X-ray diffraction is not a suitable technique to determine whether the 

disorder of the ethene ligand in ds-[Ru(acac)2(r|2-C2H4)(PCy3)] is static or
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dynamic in nature. Possible dynamic processes include a full rotation (180°

jumps) of the ethene ligand or a half rotation (90° jumps) followed by 

another half rotation in either direction to give the original conformation 

or the equivalent of a full rotation. Ethene rotation has been observed for 

the complex [Rh(acac)(r|2-C2H4)2] and [Rh(acac)(t|2-C2D4)2] in the solid state 

by 1H, 13C{1H) and 2H NMR spectroscopic techniques.20

2.5 Variable temperature NMR spectroscopy of the complexes 
cis-tRu(acach(ri2-C')HA)Ll (L =  C2H4, SbPhs, PPP3 and PCys)

The 1H and 13C{1H} NMR spectra of coordinated ethene in solutions of 

the complexes ds-[Ru(acac)2(r|2~C2H4)L] (L = C2H4, SbPhß, PPrx3, PCy3 at room 

temperature are less complicated than would be expected on the basis of the 

static structures shown in Figures 2.3 and 2.6-2.8 . For the mono-ethene 

complexes, if rotation about the RU-C2H4 axis were slow, one would expect 

four 1H and two 13C {1 FT} NMR resonances, and these numbers could be 

doubled for the bis(ethene) complex.

The !H NMR spectrum of cis-[Ru(acac)2(r|2"C2H4)2] at room temperature 

shows an 8 H-resonance for the ethene protons in the form of a symmetrical 

AA'BB' multiplet. The non-equivalence is presumably induced by the chiral 

c/s-[Ru(acac)2] moiety, since a similar pattern has been reported for the ethene 

protons of the chiral platinum(II) complexes [Pt(rj2-C2H4){ds-l-(N=CHC6H4)-2- 

(N = C H P h)C 6Hio}][BF4] and [Pt(r|2-C2H 4)Urfltts-l-(N = CHC6H4)-2- 

(N=CHPh)C6Hio)][BF4].21 The two halves of the multiplet move apart and 

broaden slightly on cooling to -60 °C, as illustrated in Figure 2.10. The 

variation in the chemical shift (in Hz) between the inner lines of the ethene 

multiplet between -90 °C and +50 °C is shown in Table 2.13 and represented 

graphically in Figure 2.11. The appearance of the spectrum is unaffected by the 

presence of free ethene (ca. 1 bar) at room temperature. In the 13C{1H} NMR
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there is a single, sharp resonance due to coordinated ethene between -95 °C 

and 21.5 °C. The observations are consistent with rapid rotation of the ethene 

ligands about the RU-C2H4 axis, which equilibrates, separately, the mutually 

trans-protons and the two carbon atoms in each ethene unit. Thus, the two 

ethene multiplets are assigned to the inner and outer protons, as in the cases of 

[Rh(acac)(r|2-C2H4)2],6/22 [CpRh(r|2-C2H4)2],12 and the platinum(II) complexes 

mentioned above.21

Figure 2.10: The temperature dependence of the ethene multiplet in the 1H 

NMR spectrum of cis-fRu(acac)?(n2-C?Hd)?] in dß-toluene.

+21.5 °C -60 °C

T

3 . 8  3 . 7  3 . 6 3 . 8  3 . 7  3 . 6  ppm

The !H and ^C^H} NMR spectra of ds-[Ru(acac)2(rj2-C2H4)L] (L = 

SbPh3, PPr^, PCy3) are generally similar to those of the bis(ethene) complex 

except that at low temperature the -̂H multiplets broaden into two featureless 

peaks. The isopropyl methyl and methine carbon resonances of the PPP3 

complex also broaden considerably at low temperature, possibly owing to 

slowed rotation of the isopropyl groups.
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Gradual heating of a ds-toluene solution of ds-[Ru(acac)2 (r|2-C2H4 )2] to 

ca. +95 °C, under an argon atmosphere, results in the convergence of both 

ethene multiplets to a broad singlet at 5(1H) 3.64. Some decomposition occurs 

at temperatures higher than ca. +60 °C as shown by the appearance of several 

new peaks of low intensity in the *H NMR spectrum at 5 5.40, 5.24, 4.99, 2.32, 

1.73 and 1.55. These resonances remain when the sample is allowed to cool to 

room temperature. The nature of the species giving rise to these new signals 

has not been investigated.

In the presence of free ethene, however, no decomposition of cis- 

[Ru(acac)2 Cn2_C2H 4 )2] was observed. Both ethene multiplets again slowly 

converge to a broad singlet with a coalescence temperature of 80 ± 5 °C; the 

signal due to free ethene remains sharp at 6 5.24 at this temperature, which 

suggests that exchange with coordinated ethene is not occurring rapidly on the 

NMR timescale. A full line-shape analysis would be required to obtain rate data 

for the process that equilibrates the ethene resonances. The complexity of the 

spin system does not allow use of the standard equation kr = 7t(Av)/(2)1/ 2 23 at 

coalescence, where Av is the chemical shift difference (in Hz) between the 

resonances in the absence of a dynamic process. Also, this approximate 

equation assumes that the line-width of the exchanging resonances is negligible 

compared to the chemical shift separation, which is not the case here.

At ca. 90 °C broadening of the 1H NMR resonances of the ethene and 

methyl acac resonances becomes evident and this effect continues to the 

highest accessible temperature of ca. 105 °C (probe). The broadening of the 

methyl acac proton resonances is shown in Figure 2.12. The signal due to free
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ethene also broadens and shifts upfield, which suggests that exchange

between free and coordinated ethene is now occurring rapidly on the NMR 

timescale.

Table 2.13: Variation in the chemical shift (in Hertz) between the inner lines 

of the ethene multiplet for cis-fRu(acac)?(rf2-C?Hd)?l with temperature (K).

Tem perature (K) Av (Hertz)
183.0 26.4
213.0 16.5
240.5 11.1
268.0 7.8
294.5 4.5
304.5 3.6
324.0 2.7

Figure 2.11: Plot of Temperature (K) vs the difference in the chemical shift of 

the inner most lines for cis-\Ru(acac)i(rj2-CiHd)H (in Hertz).

y = 535.86 * 1(y'(-7.0511e-3x) RA2 = 0.995

Temperature (K)
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Figure 2.12: Variable temperature 1H NM R spectra for the ethene and 
methyl acac resonances of cis-[Ru(acac)'?(ri2-C'?Hd)'?l in dß-toluene.*

21.5 °C 70.5 °C

31.5 °C 80 °C

41 °C 89 °C

51 °C 97.5 °C

60.5 °C 106.5 °C

*) the multiplet at 8 2.09 is due to the residual methyl proton resonances of dg-toluene
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The exchange between free and coordinated ethene is probably

dissociative and takes place via the five-coordinate species [Ru(acac)2Cn2_ 

C 2H 4 )] (see discussion). The rate of exchange for this process may be 

estimated from the linewidths of the acac methyl resonances by the use of 

the equation :

kr = 7i[coi72 - (coi72)0] (in Hertz) Eq. 2.4

where 0 1 / 2  is the linewidth of the resonance at the onset of the dynamic 

process and (0)172)0 is the linewidth of the same resonance in the absence of 

the dynamic process. For the methyl acac resonances in ds-[Ru(acac)2Cn2- 

£ 2^ ) 2], (cüi/ 2)o was estimated to be 1.18 Hz whereas CO1/2  has a value of 2.52 

Hz at ca. 80 °C. From Eq. 2.1, the rate for this process was calculated to be 4.2 

Hz with an activation energy of ca. 83 kj mol' 1 at 80 °C. One condition for 

the use of Eq. 2.4 is that the observed broadening of the signals is in the slow 

exchange range.21 Thus, this equation is valid only for the early stages of 

broadening of the resonance and cannot be used at or near the coalescence 

temperature where exchange is fast. Large errors are to be expected in the 

measurement of two rather small linewidths and in addition to the
91previously mentioned errors associated with temperature (see p. 58).

It seems likely that the process causing the broadening of the acac 

proton signals is also responsible for the coalescence of the ethene multiplets. It 

must be emphasised here that the calculated value for the free energy of

activation is only a crude estimate and is associated with probable errors of ca.
et\

2-3 kj mol-1; more precise measurements have not be^undertaken. The most 

likely explanation for the dynamic behaviour observed is that one of the 

coordinated ethene ligands dissociates reversibly at higher temperatures. The 

ethene signals coalesce because their chemical shift difference is less than that of 

the methyl acac resonances. Evidence for ethene dissociation was found for 

[Rh(2 '-acetylphenoxy-0 ,0 ')(r|2-C2H4)2]24, and the same process may also
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account for the observed broadening of the acac resonances at high 

temperatures for [Rh(acac)(r|2-C2H4)(r|2-C2(OMe)4)] and [Rh(acac)(r|2-ds- 

C2H2(OMe)2)].22 The AG* value for ethene dissociation varies between 41 and 

58 kj mol"1 for a series of [Rh(ß-diketonato)(r|2-C2H4)(r|2-alkene)] (alkene = 

C2H4, 2,4-dimethoxy-2-butene).22,24

2.6 Reactions of cis-tRu(acac)?(g2-alkene) 7] with two equivalents of bulky

tertiary phosphines

The addition of two equivalents of triisopropylphosphine, PPrz3, to a 

THF solution of ds-[Ru(acac)2(T|2-alkene)2] (alkene = C2H4, CsH^) at room 

temperature leads to the formation of the complex ds-[Ru(acac)2(PPrz3)2], 

which has been prepared previously from the reaction of two equivalents of 

PPrz3 with ds-[Ru(acac)2(SbPrz3)2] or by the reduction of [Ru(acac)3] with 

Zn/Hg in the presence of PPrz3.n  The 1H, 13C{1H} and 31P{1H} NMR spectral 

data obtained here agree with the reported spectral data (see Table 2.14 and 

2 .15). There was no reaction between PBuf3 and cis-[Ru(acac)2(t|2-alkene)2] 

(alkene = C2H4, C8H14) in hot THF detected by 31P{1H} NMR spectroscopy. 

However, the reaction of ds-[Ru(acac)2(r|2-C8Hi4)2] in cold THF (ca. -40 to -25 

°C) with PPrz3 results in the formation of the moderately air-stable, rust-red 

complex frans-[Ru(acac)2(PPrz3)2] in a yield of ca. 40 - 60%. Under the same 

conditions, the bis(ethene) complex ds-[Ru(acac)2(ri2-C2H4)2] does not afford 

a solid on treatment with PPrz3 in cold THF after one hour, indicating that 

ethene is less easily displaced than cyclooctene. Warming a solution of
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trans-[Ru(acac)2(PPrz3)2] in ds-toluene from ca. -35 °C to ca. -5 °C forms cis- 

[Ru(acac)2(PPrz3)2] as shown by 31P{1H} and NMR spectroscopy. A similar 

facile trans- to cis-isomerization has been recently observed for the complex 

[Ru(acac)2(PPh2*Bu)2] 28

The 1H, 13C (1H} and 31P (1H} NMR spectral data of trans- 

[Ru(acac)2(PPrz3)2], recorded at ca. -35 °C, are shown in Tables 2.14 - 15. The 

resonances assigned to the methyl and methine protons of the isopropyl 

groups are broad at this temperature.

The 31P{1H} NMR spectrum of cis-[Ru(acac)2(PPrz3)2] in THF shows 

three singlets at 8 +87.2,+47.6 and +19.9, the latter two peaks are clearly due 

to ds-[Ru(acac)2(PPrz3)2] and free PPrz3. The peak at 8 +87.2, which is almost 

equal in intensity to that found for free PPrz3, has been previously detected 

in the reaction of one equivalent of PPrz3 with czs-[Ru(acac)2Cn2-C2H4)2] in 

THF at ca. 10 °C (see p. 44). This peak is not observed in d6-benzene or ds- 

toluene. It is therefore concluded that the P-species giving rise to the highly 

deshielded peak at 8 +87.2 is a six-coordinate solvento-species

[Ru(acac)2(PPrz3)(THF)]. A similar situation exists for [Ru(acac)2(PCy3)2] in 

TPIF (see p. 67).

The reaction of cis-[Ru(acac)2(r|2-alkene)2] (alkene = C2H4, C sH m ) with 

two equivalents of PCy3 has provided contradictory results that at present 

cannot be fully interpreted. Addition of two equivalents of PCy3 to a THF 

solution of czs-[Ru(acac)2Cn2-alkene)2] (alkene = C2H4, CsHi4) at room 

temperature gives a rust red solid in 80% yield whose elemental analysis 

corresponds to the formula [Ru(acac)2(PCy3)2].

The IR spectra of trazzs-[Ru(acac)2(PPrz3)2] and [Ru(acac)2(PCy3)2] have 

two strong bands between 1564 and 1507 cm-1 characteristic of bidentate, O- 

bonded acac.7 The FAB mass spectra of trans-[Ru(acac)2 (PPrz3 )2 ] and 

[Ru(acac)2(PCy3)2] do not show the parent molecular ion peak, the highest
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mass peak corresponding to {Ru(acac)2L))+; in contrast, czs-[Ru(acac)2(PPrz3)2] 

shows the parent molecular ion (see Table 2.16).

Table 2.16: 1R and MS spectra of the isolated bulky phosphine complexes 

[Ru(acac)2L2l-

Complex v(acac)
(cm-1)

FAB MS

m/z Relative
Abundance

Assignment

czs- [Ru(acac)2(PPrz3)2] 1576, 620.0 12 {Ru(acac)2(PPrz3)2}+
1511 519.0 7 {Ru(acac)2(PPrz3)2)+

459.9 100 {Ru(acac)2(PPrz3)}+
fra?zs-[Ru(acac)2(PPrz3)2] 1564, 460.2 100 {Ru(acac)2(PPrz3)}+

1507
[Ru(acac)2(PCy3)2] 1563, 860.5 6 {Ru(acac)2(PCy3)2}+

1506 580.2 100 {Ru(acac)2(PCy3)}+

The rust red solid [Ru(acac)2(PCy3)2] is almost insoluble in aromatic 

solvents and partially soluble in THF at room temperature; on warming it 

dissolves completely in both solvents forming orange brown solutions. On 

cooling a red-brown solid crystallises from the toluene solution; the spectral 

properties of these two solids in solution are identical and the slight 

difference in colour may be due to crystal size effects or the presence of 

different crystal forms.

The 31P{1H} NMR spectrum in THF at room temperature shows sharp 

signals at 5 +75.6 and +10.5 of equal intensity. The latter is clearly due to free 

PCy3 and the former is presumably due to the same species that was 

observed in the reaction of PCy3 (one equivalent) with czs-[Ru(acac)2Cn2- 

C 2PI4 )2 ] in THF and assigned to either a five-coordinate species 

[Ru(acac)2(PCy3)] or a six-coordinate solvento-species [Ru(acac)2(PCy3)(THF)] 

(see p. 44). A solution obtained by warming a suspension of the solid in THF 

shows an additional broad peak at Ö +38.5 (coi/ 2  145 Hz), which is more 

intense than the other two peaks (intensity ratio of the peaks at 6 +38.5 and
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6 +75.6 is ca. 1.5 : 1). This spectrum remains unchanged when the solution is 

cooled to room temperature. The 1H NMR spectrum of the solution in THF 

at room temperature shows two singlets at 6 1.75 and 5.20, consistent with 

the presence of a species having mutually trans acac groups. There is also a 

broad signal at 6 +2.49, whose assigment is uncertain; it could be due to the 

residual protons of coordinated THF. The 13C{1H) NMR spectrum in THF at 

room temperature shows singlets at 6 27.4 (methyl acac), 100.2 (methine 

acac) and 183.8 (carbonyl acac) which supports the trans assignment. The 

cyclohexyl proton resonances appear as broad resonances between 5 2.00 - 

1.00. In THF, therefore, it appears that there is an equililbrium:

THF^
[Ru(acac)2(PCy3)2] ^ ------  [Ru(acac)2(PCy3)] + PCy3

A solution of [Ru(acac)2(PCy3)2] in ds-toluene shows in the 31P{1H} 

NMR spectrum a broad resonance at 5 +38.5, similar to that observed in hot 

THF. This peak sharpens when the solution is heated to ca. 100 °C in the 

NMR spectrometer. A similar observation was made by Werner and 

coworkers11 for the bis(acetato) complex [Ru(C>2CCH 3)2(PCy3)2] but no 

interpretation was given. The *H NMR spectrum of this solution, at room 

temperature, shows two singlets of equal intensity at 5 1.94 and 1.82, and a 

singlet at 5 5.28, assigned to the methyl acac and methine acac protons, 

respectively. There are broad resonances between 5 2.40 and 1.15 due to the 

cyclohexyl protons. This pattern is consistent with the presence of a species 

having cis acac groups, for example cis-[Ru(acac)2(PCy3)2]. The 13C{1H} NMR 

spectral data (see Table 2.14) also seemingly support this conclusion.

However, a crystal selected from solid obtained by cooling a hot 

toluene solution shows that this contains trans-[Ru(acac)2(PCy3)2] (see later). 

Moreover, the 31P{1H} chemical shift of 8 +38.5 seems more consistent with 

the trans-formulation, on the basis of the following argument. The 31P{1H) 

chemical shifts for cis- and trans-[Ru(acac)2(PCy3)2] can be predicted by the 

same methodology that Shaw and coworkers used for the prediction of
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31P{1H} chemical shifts for trans-[PCICI2L2] (L = tertiary phosphine).29 A plot 

of the 31P{1H) chemical shift of the free tertiary phosphine versus the change 

in 31P{1H) chemical shift on coordination for the complexes trans- 

[Ru(acac)2L2] and cis-[Ru(acac)2L2] based on the data in Table 1.11 (see p. 26) is 

shown in Figure 2.14. A reasonable linear relationship was found for both 

isomers of [Ru(acac)2L2] (L = tertiary phosphine):

y = 50.3 - 0.73x (cis) Eq. 2.5

y = 31.4-0.71x (trans) Eq. 2.6

(where y = change in 3^P{^H} chemical shift and x = 3^P{^H} chemical shift of free tertiary
phosphine)

On this basis, the predicted 31P{1H} chemical shifts of trans- 

[Ru(acac)2(PCy3)2] and ds-[Ru(acac)2(PCy3)2] are ca. 8 +34.4 and + 53.2. Thus, 

the broad peak at 8 +38.5 observed in toluene at room temperature and in 

hot THF seems more likely to be due to the trans-isomer, in apparent 

contradiction with the 1H and 13C{1H} NMR spectral data. Further support 

for this argument is that the Sp values for cis-[Ru(acac)2(PCy3)(CO)] and cis- 

[Ru(acac)2(PCy3)(SbPh3)] (see p. 67 and 77) are 52.3 and 53.2, respectively, 

close to the value predicted for cis-[Ru(acac)2(PCy3)2]. The 8p values for cis- 

[Ru(acac)2(PPh3)2] (54.0)14 and ds-[Ru(acac)2(PPh3)(CO)] (53.4)14 are also very 

similar. However, the values for ds-[Ru(acac)2(PPr*3)2] (47.7) (see p. 65) and 

ds-[Ru(acac)2(PPrl3)(CO)] (61.5) (see p. 76) differ significantly.

A further complication is that on cooling a ds-toluene solution to ca. 

-65 °C the broad peak at 8 +38.5 resolves into two peaks of unequal intensity 

at 8 +37.7 and +36.9. Identification of the species present could not be 

achieved by either 3H or 13C{1H) NMR spectroscopy due to the broadness of 

the cyclohexyl proton and carbon resonances at these low temperatures. The 

reversibility of the dynamic process was confirmed when the sample was 

warmed back to ca. +25 °C and the broad resonance at 8 +38.5 was obtained. 

Clearly in the toluene solution there are equilibria between at least two 

species.
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Figure 2.13: Plot of the 31P{1H} NMR chemical shift of the free tertiary

phosphine (S) vs_ the change in 3'1P{'1H) chemical shift on coordination (AS) 

for the complexes trans-lRu(acac)?L?l (black) and cis-[Ru(acac)2 L2 l (blue).

h trans 
♦ cis

y = 50.3290 - 0.72506x

y = 31.428-0.71155X

fj 40  -

5 31P[1H) free ligand chemical shift

In the remainder of this thesis, the complex will be referred to as 

frans-[Ru(acac)2(PCy3)2] on the basis of the crystallographic and 31P{1 H} NMR 

spectral evidence as well as the poor solubility, which is typical of the trans 

isomers in the [Ru(acac)2L2] series.14

Heating a sample of frans-[Ru(acac)2(PCy3)2] at ca. 120 °C in dß-toluene 

for two days results in the gradual loss of the species associated with the 

peak at 5 +38.7 and the formation of singlets at 5 +70.7 and +70.2 as well as a 

peak at 5 +8.6 due to free PCy3 in the 3lp{lH} NMR spectrum. The 

corresponding iH NMR spectrum has two interesting features. First, the 

residual aromatic proton signals at 8 +7.10 and 7.02 of ds-toluene have 

increased considerably in intensity compared to the methyl signal, 

suggesting that H /D  exchange has occurred.30 Second, there are no methine 

acac signals above 5 5.00; however, four multiplets between 8 +4.8 - 3.5 are
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now present, possibly due to ^-coordination of toluene. This behaviour has

not been studied further.

The molecular structures of frarcs-[Ru(acac)2 (PCy3 )2 ] and cis- 

[Ru(acac)2 (PPrI3)2] are shown in Figures 2.14 - 2.15; selected metrical 

parameters are in Tables 2.17 -18, respectively. Crystal and refinement data, 

together with the full set of interatomic distances and angles, are given in 

Appendices A.6 and A.7.

The Ru-O distances trans to the oxygen acac atoms are as expected, but 

the Ru-O distances trans to the phosphorus atoms were found to be 

significantly longer (see Table 2.17). The Ru-P bond length for trans- 

[Ru(acac)2(PCy3)2] was found to be 2.4268(3) A which is significantly longer 

than in frans-[Ru(acac)2(PMePh2)2] (2.343(1) and 2.346(1) Ä); for cis- 

[Ru(acac)2(PPr*3)2], the Ru-P distances are also significantly longer than those 

found for cis-[Ru(acac)2(PM ePh2)2] (2.2765(9) Ä ).14 The P-Ru-P angle of cis- 

[Ru(acac)2(PPrz3)2] is 105°, which is the same, within experimental error, as 

the P-Rh-P angles of the complexes [Rh(acac)(PCy3)2l (105°)31 and [Rh(r\2- 

02CCH3)(PPrI3)2] (106°),32 and the P-Mo-P angles of the complexes cis- 

[ M o (C O ) 4( P P h 3)2] (105°)33 and c is-[ M o (C O )4( P C y 3)2 ] (105°)-34
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Figure 2.14: ORTEP diagram of the molecular structure of 

[Ru(acac)z(PCy^)2]-

pi* •

) atom generated by the symmetry operation (1-x, 1-y, 1-z)

Figure 2.15: ORTEP diagram of the molecular structure 

[Ru(acac)2(PPris)2i-

trans-
12

of cis-
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Table 2.17: Selected metrical parameters o f trans-fRu(acac)?(PCui)'?l.

o
Bond Distances (A)

Ru(l)-0(1) 2.0707(10)
Ru(l)-0(2) 2.0646(10)
Ru(l)-P(l) 2.4268(3)

Bond Angles (°)
P(l)-Ru(l)-P(l)* 180.0 P(l)-Ru(l)-0(2)* 88.90(1)
P(l)-Ru(l)-0(1) 91.00(10) 0(1)-Ru(l)-0(1)* 180.0
P(l)-Ru(l)-0(1)* 89.00(10) 0(l)-R u(l)-0(2) 91.90(10)
P(l)-Ru(l)-0(2) 91.10(10 0(2)-Ru(l)-0(2)* 180.0

*) atom generated by the symmetry operation (1-x, 1-y, 1-z)

Table 2.18: Selected metrical parameters o f cis-lRu(acac)i(P Prl^)')l

Bond Distances (Ä)
Ru(l)-0(1) 2.068(2)
Ru(l)-0(2) 2.088(2)
Ru(l)-0(3) 2.059(2)
Ru(l)-0(4) 2.104(2)
Ru(l)-P(l) 2.3525(9)
Ru(l)-P(2) 2.3467(8)

Bond Angles (°)
0d)-R u(l)-0(2) 90.46(8) 0(2)-Ru(l)-P(2) 87.25(6)
0(l)-R u(l)-0(3) 174.02(7) 0(3)-Ru(l)-0(4) 90.50(8)
0(l)-R u(l)-0(4) 79.77(8) 0(3)-Ru(l)-P(l) 93.86(6)
0(1)-Ru(l)-P(l) 90.20(6) 0(3)-Ru(l)-P(2) 88.73(6)
0(1)-Ru(l)-P(2) 94.43(6) 0(4)-Ru(l)-P(l) 87.57(6)
0(2)-Ru(l)-0(3) 84.62(8) 0(4)-Ru(l)-P(2) 167.01(6)
0(2)-Ru(l)-0(4) 79.77(8) P(l)-Ru(l)-P(2) 105.42(3)
0(2)-Ru(l)-P(l) 167.23(6)
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2.7 Reactions of [Ru(acac)2LzI complexes with CO.

The red complexes trans-[Ru(acac)2(PR3)2] (R = Pr1', Cy) readily react 

with CO (1 bar) in aromatic solvents to form the yellow complexes trans- 

[Ru(acac)2L(CO)] (L = PPrz3, PCy3) in yields of between 50 - 70%. The 

carbonylation reaction of trans-[Ru(acac)2(PPr*3)2] was carried out at ca. -20 

°C to prevent competing formation of ds-[Ru(acac)2(PPr*3)2]. The ds- 

[Ru(acac)2(PPrz3)2] complex also reacts with CO (3 bar) at room temperature 

over several days to form frans-[Ru(acac)2(PPrz3)(CO)]. There is no evidence 

for the replacement of PPh3 by CO (1-3 bar) from cis-[Ru(acac)2(PPh3)2] under 

similar conditions. The complexes £rans-[Ru(acac)2L(CO)] (L = PPrz3, PCy3) 

isomerise on heating in benzene to form the corresponding cis-isomers in 

yields of 50 - 60%.

The 1H, 13C{1H} and 31P{1H} NMR spectral data for the complexes cis- 

and trans-[Ru(acac)2L(CO)] (L = PPr% PCy3) are shown in Tables 2.19 - 2.20. 

The coordination of CO was confirmed by the synthesis of trans- 

[Ru(acac)2(13CO)(PCy3)] using 13CO; this complex showed a very intense 

doublet in the 13C{1H} NMR spectrum at 6 206.9 (Jpc = 120 Hz) and a doublet 

in 31P(1H} NMR spectrum at 6 8.4 (JPC = 121 Hz).

The highest identifiable peak in the isotopic pattern in

the FAB mass spectra of the complexes frans-[Ru(acac)2L(CO)]

(L = PPr*3, PCy3) corresponds to the loss of the carbonyl ligand, 

z.e.{Ru(acac)2h}+ (L = PPrz3, PCy3), whereas the highest observed ion peak for 

cis-[Ru(acac)2L(CO)] (L = PPr% PCy3) corresponds to the parent ion (see Table 

2.21. The IR spectra of the complexes cis and frans-[Ru(acac)2L(CO)] (L = 

PPr*3, PCy3) show one strong absorption in the region 1950 - 1928 cm-1 due to 

v(C=0); the frequency is almost the same for the isomeric pairs. The trans­

complexes show two strong acac bands between 1572 - 1510 cm-1 whereas the
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t T 3
0 0  CO 
NO CO 
O  CO 
CM

CM

1 m

E
00 
o6

NO 
o6  
CM
H
ON
CM

7 3

l §
5  %

aco
3
LO
p

o

o
LO

o
CO
CM

co
3
3_J»

8
£

U
P h

73
as
O
S-H

X )

CM
LO
+

E
u
E

E
E 1ui u

P h P h

^  £  
s  ^^  CM 

" II
y  u

rH

o6
CM

"n "
E
CM

u
Oh

O
ON
CM

LO
O n
CM

N
E
CM

II
U

.Cj

CM
GO
CM

15*
E
co
II
U

. Cj

O
K
CM

73 
p  as
CM

E
El y
U ^
P h

e Iu
E

o
CO

3  ?  
^  'Sc-l O

I 5h
o  ^
P  *rj

0  CO
rH

01 2
o  -co
CM

73as
5

73
.S
tu
co

£
as

£
o
coco
as

8
&

U
P h a)

 m
ea

su
re

d 
in

 d
6-

be
nz

en
e;

 s
in

gl
et

s 
u

n
i



T
ab

le
 2

.2
0 

(c
on

t.)
: 

1H
, 1

3C
{1

H}
 a

nd
 3

1P
{2

H
} 

N
M

R 
sp

ec
tra

l p
ar

am
ete

rs
 o

f t
he

 l
ig

an
ds

 o
f t

he
 c

om
pl

ex
es

 [
Ru

(a
ca

c)
2L

L'
]-

Chapter 2 77

s  z

+5
3.

5

CO

2
Z
X

t—H

U
CO
rH

A
ss

ig
nm

en
t

i r , CM CM
i n  I  t o  V  T 1H H  lT A  h H  ~  H H  H -t

£  C j  ^  u  u
u  V 1 t j \  u  x  x

o . !  £  E  y  a

t O

ii

u

n '  S

i  L o

O N  v  0 Ö
*“ • H  < N  ^

t- h i o o ^  II o n  o  ( N
I S  ^  O N  0 0

s  ^  11

° q  y
0 0

° °  _ 0"
o

S O

o 6
CM

(TS
P 4

2

Z
X

rH

A
ss

ig
nm

en
t

i t  ä f f  

u ,  1  -  ä  g
s  u  ^

P h

C O

7.
80

 - 
7.

77
 (

6H
, m

) 
7.

13
 - 

7.
06

 (
9H

, m
)

2.
30

- 
1.

00
 (

33
H

, b
ro

ad
 m

)

G
eo

m
et

ry

CO

U

CO
X
P a

X >
C D

CO

u
p H

T3a;
5

=0.s0>
CO

£
o3x
o

T3
C
"Ö
OJ

3cn
(00»s
"c?



T
ab

le
 

2.
21

: 
IR

 a
nd

 M
S

 d
at

a 
o

f 
th

e 
is

ol
at

ed
 m

ix
ed

 l
ig

an
d 

co
m

pl
ex

es
 [

R
u(

ac
ac

)2
L

L
']

.

Chapter 2 78

G0)s
to
*35
(X)

<

5hPh
P h

uoj
"3P4

O ~u  37-1.„CO pp
5h  0 -,

Ph 
Ph

cj
03u

"3P4

u03u
3T
P4

O
U

y~i

P h
Ph

7 j03
U

nS
3
p<

CO ,
> V  + .

U  x
P h

03
U

"3"
PG

03

"3
pü

o ^ o  
~  s yTo U
> v  o '

U  ^V  AVI
<p03U

3"
pp

CO
>v

u
P h,

Tj
03U
033

g .  G
P4

CO
PP 
P h

^  COcn

U  ^Pp u
S2 S

03V03
n!S
3"
p<

3
P4

PP<
PP a»

>  
•1—I

03
lu
PP

<U
G
03

T3
G
G

PP
<

O
o m o

o (N
CO o 
in m

CM
VO

o
o

orf o

t—H

6u

PP

03
Q
T3
<U
5-h
03
5-1

5-ia>
PP

T3
G
G
O
O hsO

u

o
VO

9y
3

CO
O n

CN ( N  H

06 Ö  On
CO VO 0 0  
^  ^  CO

t—H t-HÖ  tT
00 ON
in cn

9
U

00
CM
Ov

9
U

oin
O n

m
T—I

vO
vOm

co
IN.m
CO
00in

o
T—Im

m

co CM CM 
0 6  Ö  O n 
O 00 Ovo in m

9
u
3

5
O n

O
CMm
m
t vm
O N
CO
in

o
u

5h
P h
P h

03u

"3
pp
V i«cs
£

O
U

5hPp

u
03

v!S
"3P4

V i

Oy
To
> v

U
P h

CÖ

0̂3,
3"
p^
Vi
Ka
-h

Oy
To

U
P h

U
03u

"3
c*
Vi • ̂

^  co
CM Ö  
CO 0 0  On in

or-Hin
oovom

coPp
P hPPcn.
To

u
P h

U
03
U

G
£3

V i



Chapter 2 79
cis analogues show three strong bands between 1589 - 1516 cm' 1 (see

n
Table 2.21), characteristic of bidentate O-bonded acac ligands bands.

2.8 Reactions of [Ru(acac)2 L2J complexes with alkynes.

Addition of the terminal alkynes PhC=CH, BufC=CH and Me3SiC=CH 

to czs-[Ru(acac)2(PPr*3)2] in hot benzene results in the isolation of the red 

vinylidene complexes czs-[Ru(acac)2(PPr*3){=C=C(H)R}](R = Ph, Buf, SiMe3) 

in yields of 55 - 65%. The Ph and SiMe3 derivatives have been made 

independently of this work.11

The reaction of czs-[Ru(acac)2(PPrl3)2] with 

terminal alkynes was also found to proceed at ca. +25°C, albeit slowly, to 

form the vinylidene complexes. The expected interm ediate, 

[Ru(acac)2(PPrI3)(ri2-HC=CR)]/ was not detected by NMR spectroscopy at 

ambient conditions. There was no detectable reaction after two days between 

czs-[Ru(acac)2(PPrz3)2] and PhC=CPh, 3-hexyne or the electron-deficient 

alkyne HOCCO 2CH3 in hot benzene. As expected from the lack of reactivity 

with CO,14 no reaction was observed between czs-[Ru(acac)2(PPh3)2] or cis- 

[Ru(acac)2(SbPh3)2] and PhC=CH in hot benzene.

The 1H, 13C{1H} and 31P{1H} NMR spectral data of the complexes cis- 

[Ru(acac)2(PPrI3){=C=C(H)R|] (R = Ph, Buf, SiMe3) are shown in Tables 2.22 

and 2.23. The presence of the vinylidene group Ru=Ca Cß(H)R was 

confirmed by the low field signals in the 13C{1H} spectrum between 338.5 

and 356.4 (d, /pc = 20 Hz) and 93.4 - 121.2 which are assigned to the a- and ß- 

carbon atoms, respectively. The vinylidene protons were found as a 

doublet in the range 5(1H) 3.67 - 5.24 (d, /ph = 4 Hz) (see Table 2.23).

The complex trans-[Ru(acac)2(PCy3)2] also reacts with Me3SiC=CH in 

hot benzene to give exclusively a species believed to be the vinylidene 

complex czs-[Ru(acac)2(PCy3){=C=C(H)SiMe3}]on the basis of its NMR spectra. 

However, all attempts to purify the compound by chromatography



T
ab

le
 

2.
22

: 
1H

 a
nd

 
N

M
R

 s
pe

ct
ra

l 
pa

ra
m

et
er

s 
of

 t
he

 {
R

u(
ac

ac
)2

l 
m

oi
et

y 
of

 t
he

 
is

ol
at

ed
 m

on
on

uc
le

ar

ci
s~

[R
u(

ac
ac

)2
(P

R3
){

=
C

=
C

(H
)R

'}]
 (

R 
= 

PP
, C

y)
.

Chapter 2 80
vicu
*

n
£
oCJ

Rcu
' t s
•r«»

R
S

o
lv

e
n

t

v£)
QvO
u

vO
QvO
u

VO
DvO
u

CO

a
u

LO

QvO
U

oo co go" <n
VÖ GO VO GO
GO GO GO GO

P r - H  r - 1 r H  r H

u
t o ^  P p  H?"

TjH tN. LD IN
00 go 00 GO
r H  r H r H  r -H

os
p$
S tN CN

2 £
ON
On

o
o

S ’
u
CO oq LO

r H 00
U ON
r—4

r H LO
tT GO
CN CN
vC P P

uCO
rH 00
n i

OO GO 
CN 04

co IN
K

(N CN

LO LO
CO CO CO

X in in in
UCO GO o vd

«5 r -H CN r H

p< in in in
2̂-7
2

X o  t> in  no
r-H co GO p 00 P  ON

£ r H  r H CTn r H  r H

U rC co" Ov r H o  cdto IN On In p  ON
H  r H r H r H  r H

x
Ph

"*3
CP

To
a>

s

To
0)

s

£ cn CD

u U X £
ii II u U

u U ii ll
X II ii u uQJ XT II

’a .
g

Xh
Ph

,_co
X*
Ph

.To
Xh

To
>v

o p-l. Ph Ph U
U CN

Tj
as

Tn
t t

P h,
"(N

Ph,
Tn

a
aS

cS
u as

U
as

3
Ä

v s £ i
Tj •r

V i V i

7DQJ
«u

-5
c
0)V
%
cu

.g
o
C/Sc/s

C
3
v
Ijj
To
C
CD



^
b

le
 

2.
23

: 
1H

, 
13

C
{:

H
} 

an
d 

31
 P

i1
 H

] 
N

M
R

 s
pe

ct
ra

l 
pa

ra
m

et
er

s 
of

 t
he

 v
in

yl
id

en
e 

an
d 

ph
os

ph
in

e 
gr

ou
ps

 o
f 

th
e 

is
ol

at
ed

 m
on

on
uc

le
ar

 

kin
yl

id
en

e 
co

m
pl

ex
es

 
ci

s-
[R

u(
ac

ac
)2

(P
R

3)
{=

C
=C

(H
)R

'}
] 

(R
 =

 P
r\

 C
y)

.

Chapter 2 81

S
o

lv
e

n
t

ONO
u

vO
Q

NO
u

q
u

NO
u

lTH

£ 2  co ^

LO
i n
m
+

OS
no
m
+

IN
IN
Ht
+

CO&
S
2

G
0)
g
G
W5

‘35
CD

<

CO CO CO CO
CO CO CO CO

S  □  Q  Q  CO COU  U ,  U I  U ,  £  m

u  u  u  u i  u  u i

g  £  g  £  5 |  5
U  U  U  U  P h P h

II II II II
U I  u  u  u

II II II II

CO co co
CO co co

£  £  £
u  u  £  £  y i

&  &  U  U I  £

£  £  5  5  g
U  U I  P h pH U

II II II
U I  u  u

II II II

£
t-h

U
CO
t-h

&©

0  V<N 3 h

& ~  <?? ~  ;■ a

■O I  «  S  °  Ä  ° !
^  r_1 v QO
r f  t-h
nO ^
i n  i n

m

ON |J3
t-H Ph

II o i  .*
U  ™  ‘N

7 3  £  g  £  3
' ' V ON
i n  73 t—1
00 '— '
CO O n

04

CO
P4

s
2

£
r-H

g
©
a
G
bO

•«—1 
CD 
CD

<

co co

l e a  1
u  0  u  U
3  £ 1  £  pc  
ö  u  u  pc
U  P h  P h  y
11 11

u  u
II II

co CO

£  x !

£  a  y -
03 u  U  c/5
B  £ 1  £  3
0  u  u
U P h  &  U

II II
u  u

II II

c©

II

^  sp ^
n  £ :  £

^  £ £  73 i n

| L | f i  11 VO 
f  ~  O  I  <N

■ a  ^  s  j e ; rH
7 3  n i  on n  
'■—" 04  h h

0  t-5 *
t-h ^ 0 0

«  « 2
r-H

3.
67

 (
d,

 /
p

h
 =

 4
.2

 H
z)

; 
2.

47
 (

m
);

1.
21

,1
.2

9 
(b

ot
h 

dd
, /

p
h

 =
 

12
.9

 H
z 

/h
h

 =
 7

.4
 H

z)
; 

0.
29

P<
-4̂k

G
PQ

CO
O)

2  
• rH
0 3

CO
0)

2  
• r H

0 3

_CO
T h
P h
P h

.^co
T h
P h
P h

£
u
P h

"d
QJ

t jc
01cß
%
a£
o
CD
Cß

C3
to
a>
bO

a)
 s

in
j



T
ab

le
 2

.2
4: 

IR
 a

nd
 M

S 
da

ta
 o

f t
he

 is
ol

at
ed

 m
ix

ed
 li

ga
nd

 c
om

pl
ex

es
 [

Ru
(a

ca
c)

2L
L'

].

Chapter 2 82

F
A

B
 M

S
A

ss
ig

m
en

t
PQ
X  i -  
u  3  +

Si b  ^
x  2  5CO CJ CO
£  S s '
cu -2- «
2  (§ cj t iCOCJ
2S
V

+
ToCD
S  +
CD X  +
S ' 2~J -m
U  ^  Ph N

• 1 CO Is  CJ
‘Th ^  CJ COp, y  co x  tr1 CO Cj T £h cj as P< x  cO ■—" 00 2 !  S  3CJ T fvc 
c0 3CJ 33-

2S

a>
s: *

25 c 5 10
0 8 s  dj os a  §  oo

CD 33

<

N T—1 t—1 O 'T CO t—H r—1 r —1
<N Ö  Ö X  ci vo oo o  6g VO o ^  ^  oo vo oU0 r t  cn °  a \ LD ^  ^  D

w S
+-
uII UII

co
O) CJ U u

oo ocj PQ CO T—1
o>
a vDH

'OH
cd
T30) VJ-taS r-H 4 - oo"

ch-H
Cj c  to uCJ —

LDt-H ID ^
T—1 t-H

03 ^— s
"— '  J-H o & ^
> CD ooID

T—1

ooID
T—H

,---- ,

3
PQ s
X

CD
Xu

II u
73 u II
C II U
33 x II
O ,_CO

a u
Oh

>fCOId
c Oh Qho Q̂

U CN

'u Tn

CJ 03
33

<J03
P4 33

Q<
C/}

CO

vb
X

v£>
U

TSo>
T 5
o
CJ



Chapter 2 83
led to decomposition. The 1H NMR spectral data of this complex are as

expected for a ds-[Ru(acac)2LL'] complex with two different ligands (see 

Table 2.22 and p. 25). A doublet found at 8 3.60 (Jph  = 5 Hz) is assigned to the 

vinylidene proton. The 31P{1H} NMR spectrum shows a sharp singlet at 5 

+47.7.

The parent molecular ion was found in the FAB mass spectra for cis- 

[Ru(acac)2(PPrz3)(=C=C(H)BuO] at m/ z 542.1 with the most abundant ion due 

to {Ru(acac)2(PPrz3))+ at m/ z 460.1 (see Table 2.24). The parent molecular ion 

was not detected for cis-[Ru(acac)2 (PPrz3 )( = C = C(H)SiM e3)], though 

(Ru(acac)2(PPrz3))+ was detected as the most abundant ion present. Ion peaks 

corresponding to unknown species were detected at m/ z >546.1 and are 

probably related to the reaction of 3-nitrobenzylalcohol with the vinylidene 

unit (see Table 2.24). The IR spectrum shows strong absorptions between 

1589 and 1519 cm-1, characteristic of bidentate, O-bonded acac (see Table 

2.24).7A strong band at 1610 cm-1 and 1638 cm-1 was also observed for cis- 

[Ru(acac)2(PPrz3)(=C=C(H)SiMe3)] and ds-[Ru(acac)2(PPrz3)(=C=C(H)BuO], 

respectively, and is assigned to the C=C stretching vibration as it lies within 

the range of 1650 - 1600 cm-1 typically found for ruthenium vinylidene 

complexes.35,36

2.9 Reactions of cts-[Ru(acac)2(r^-C2H4)L] (L = NH3, SbPh3, PPr*3, PCy3)

complexes with tertiary phosphines, CO, alkynes and dinitrogen.

The complex ds-[Ru(acac)2(PCy3)(SbPh3)] is formed in yields of ca. 80% 

by the reaction of ds-[Ru(acac)2(T|2-C2H 4)(SbPh3)] with one equivalent of 

PCy3 or of ds-[Ru(acac)2Cn2_C2H4)(PCy3)] with one equivalent of SbPh3 in 

aromatic solvents. In contrast, there was no detectable reaction between cis- 

[Ru(acac)2(T|2-C2H4)(NH3)] and PCy3 in d6-benzene even after two weeks at 

room tem perature. The and 13C{1H} NMR spectra of cis-

[Ru(acac)2(PCy3)(SbPh3)] show the expected acac patterns (see p. 25). The 

aromatic protons and carbon atoms were found in the expected region, as
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were the cyclohexyl protons and carbon atoms (see Table 2.19 and 2.20). The

31P{1H) NMR spectrum reveals one sharp singlet at 8 53.5.

The highest ion peak detected in FAB mass spectrum corresponds to 

{Ru(acac)2(PCy3)(SbPh3)}+. Ions were also detected which correspond to 

{Ru(acac)2(PCy3)}+ (see Table 2.20). The IR spectrum shows two strong 

absorptions at 1568 and 1510 cm'1, characteristic of bidentate, O-bonded acac.7

The structures of cis-[Ru(acac)2(SbPh3)L] (L = SbPh3, PCy3) have been 

confirmed by X-ray crystallographic studies (see Appendices A.8 and A.9). 

The Ru-O distances characterising the coordination of the acetylacetonato 

anion for both complexes were found to lie between 2.05 - 2.12 Ä. The Ru-O 

bond trans to PCy3 in ds-[Ru(acac)2(PCy3)(SbPh3)] is only ca. 0.06 A longer 

than the Ru-O bonds opposite to antimony or oxygen acac atoms. The Ru-P 

bond was found to be 2.309(1) A in length, which is ca. 0.04 A shorter than 

the Ru-P bond length found for the complexes ds-[Ru(acac)2(PPrz3)2] (see 

Table 2.19), ds-[R u(acac)2 (r|2-C2H 4 )(PPrz3 )] (see Table 2.11) and cis- 

[Ru(acac)2(ti2-C2H4)(PCy3)] (see Table 2.12). The Ru-Sb distances are between 

2.54 - 2.58 A. The P-Ru-Sb angle was found to be 100°, whereas the Sb-Ru-Sb 

angle was found to be 97°, similar to that found for the P-Ru-P angle for the 

complex ds-[Ru(acac)2(PPh2Me)2] (96°).14

The complex ds-[Ru(acac)2(Tj2-C2H4)(PPrz3)] readily reacts with one 

equivalent of PPrz3 to form ds-[Ru(acac)2(PPrz3)2] in d6-benzene at room 

temperature. The reaction is believed to take place via the complex trans- 

[Ru(acac)2(PPrz3)2], which readily isomerises to the more stable cis-isomer 

(see p. 59). The mono-ethene complexes ds-[Ru(acac)2(T|2-C2H4)(PPrz3)] and 

ds-[Ru(acac)2 (B2-C2H 4 )(PCy3)] readily react with CO (1 bar) at room 

temperature in d6-benzene to form exclusively the corresponding complexes 

frtms-[Ru(acac)2(CO)L] (L = PPrz3, PCy3), as shown by 1H and 31P{1H) NMR 

spectroscopy. In contrast, there is no detectable reaction between cis-
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[Ru(acac)2(r|2-alkene)(SbPh3)] (alkene = C2H4, C8H 14) and CO (1-3 bar) in 

benzene after several days at room temperature.

The complex czs-[Ru(acac)2(T|2-C2H 4)(PPrz3)] readily reacts with 

PhC=CH in d6-benzene at room temperature to form quantitatively cis- 

[Ru(acac)2(PPrI3)(=C=C(H)Ph)]/ as shown by NMR spectroscopy. The 

presumed intermediate ds-[Ru(acac)2(PPrz3)(r|2-HC=CPh)] was not detected. 

No detectable reaction occurs between the complexes czs-[Ru(acac)2(r|2- 

C2H4)L] (L = PPrz3, PCy3) and excess 2-butyne or 3-hexyne, even on heating.

The yellow, crystalline binuclear complex czs-[{Ru(acac)2(PPrz3)}2(li-

N2)] was isolated in ca. 90% yield after heating a benzene solution of cis-

[Ru(acac)2(r|2-C2H4)(PPrz3)] to 50 - 60 °C for 3 days under an atmosphere of

industrial grade hydrogen (3 bar). The product presumably arises from the
{col 100 ppm, see experimental)

presence of a small amount of dinitrogen în the hydrogen gas. There was no 

detectable loss of ethene when a benzene solution of czs-[Ru(acac)2 (T|2- 

C2H4)(PPrz3)] was heated either in vacuo or under high purity argon (3 bar). 

The dirvitrogen complex was also isolated after attempting to recrystallise a 

n-pentane solution of czs-[Ru(acac)2(il2-C2H4)(PPrz3)] in a nitrogen-filled dry 

box over a period of several weeks. 31P{1H} NMR experiments indicate that

the product formed under a dinitrogen atmosphere (3 bar) is identical with that 
isolated from the reaction of impure dihydrogen.

The presence of nitrogen in the isolated yellow solid was confirmed

by elemental analysis and an X-ray structural study (see below). The Raman 

spectrum also shows a strong band due to a N-N stretching vibration at 2089 

cm-1, very close to the values of 2100 and 2080 cm*1 found for the binuclear 

complexes [{Ru(NH3)5)2(p-N2)]4+37 and [{Ru(H2 0 )5 }2 (p -N 2 )]4+,38 

respectively. No band in this region is observed in the IR spectrum either in 

benzene or in the solid state, which is consistent with the presence of |i-N2 

coordination in both phases. The IR spectrum shows two strong bands at 

1582 and 1512 cm4 characteristic of bidentate, O-bonded acac.7 The most 

abundant ion detected at m/ z 460.2 in the FAB mass spectrum corresponds to
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the  sp ec ies  {R u(acac)2 ( P P r z3 )} + . The m o lecu la r p a re n t ion

[{Ru(acac)2(PPrz3))2(p-N2)]+ was found at m/ z 948.2, though there is also an 

unidentified peak at m/ z 950.2.

The solid state structure of ds-[{Ru(acac)2(PPrz3))2(p-N 2)] is shown in 

Figure 2.16 and selected metrical param eters are given in Table 2.25. The 

complex is binuclear with each ruthenium  atom at the centre of a distorted 

octahedron with the phosphorus and nitrogen atoms cis to each other. Only 

the hom ochiral (AA/AA) isomer was found in the crystal. Crystal and 

refinement data of the isomers, together w ith the full set of interatomic 

distances and angles, are given in A ppendix A. 10. The Ru-O distances 

characterising the coordination of the acetylacetonato anion were in the 

expected range, though the Ru-O distances trans to PPrz3 were ca. 0.06 A 

longer than the Ru-O distances opposite to the dinitrogen and oxygen acac 

atoms.

The Ru-P bond lengths (2.312(2) A) are ca. 0.04 Ä shorter than those in 

cis-[Ru(acac)2(PPrz3)2] (see Table 2.19) but almost equal to that found for cis- 

[Ru(acac)2Cn2-C2H 4)(PP rz3)] (see Table 2.11). The Ru-N distance for cis- 

[{Ru(acac)2 (PPrz3)}2(M--N2)] is (1.919(4) Ä) is similar to that found for the 

binuclear structure [{Ru(NH3)5)}2(p-N 2)]4+ (1.928(6) A).39 The Ru-N=N-Ru 

unit shows a slight deviation from linearity, the Ru-N-N angle being 174°. 

The N-N distance is 1.135(8) Ä (c/N -N  = 1.0977 Ä for free N 2),40 consistent 

w ith backdonation of electron density  from Ru(II) to N 2.41 Similar 

lengthening of the N=N distance is found for [{Ru(NH3 )5)}2 (ji-N 2 )]4 + 

(1.124(15) A)39 and [{mcr,frflns-RuCl2(N N 'N )2)2 (lt-N 2 )] (NN’N = 2,6- 

bis[(dimethylamino)methyl]pyridine) (1.110(3) A).15
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Figure 2.16: ORTEP diagram of the molecular structure of the homochiral 

cis-URu(acac)-y(PPrU) }2 (fi-N2) ]■

C19

Table 2.25: Selected metrical parameters of cis-flRu(acac)?(PPrl^)h(p-N?)l.

Bond Distances (Ä)
Ru(l)-0(1) 2.046(4)
Ru(l)-0(2) 2.035(4)
Ru(l)-0(3) 2.050(4)
Ru(l)-0(4) 2.107(4)
Ru(l)-P(l) 2.312(2)
R u(l)-N (l) 1.919(4)
N (l)-N (l)a 1.135(8)

Bond Angles (°)
0(l)-R u(l)-0(2) 92.4(2) 0(2)-Ru(l)-N (l) 174.2(2)
0(l)-R u(l)-0(3) 173.8(2) 0(3)-Ru(l)-0(4) 91.3(2)
0(l)-R u(l)-0(4) 82.5(2) 0(3)-Ru(l)-P(l) 90.2(1)
0(1)-Ru(l)-P(l) 96.0(1) 0(3)-Ru(l)-N (l) 90.0(2)
0(1)-Ru(l)-N (l) 92.6(1) 0(4)-Ru(l)-P(l) 177.9(1)
0(2)-Ru(l)-0(3) 86.8(1) 0(4)-Ru(l)-N (l) 88.9(2)
0(2)-Ru(l)-0(4) 86.4(1) P(l)-Ru(l)-N (l) 92.6(1)
0(2)-Ru(l)-P(l) 92.3(1) R u(l)-N (l)-N (l)a 174.2(4)

a) indicates atom generated by the symmetry operation (2-x, y, 3/2-z).
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Viewing the binuclear structure czs-[{Ru(acac)2(PPrz3)}2(|J.-N2)] along 

the Ru(l)-N(l)-N(2)-Ru(2) axis reveals that the two Ru-PPrz3 vectors are 

almost perpendicular to each other. A similar orientation of the two NN'N 

ligand systems found for [{mer,frflns-RuCl2(N N ,N )2}2(ft-N2)] (NN'N = 2,6- 

b is [(d im e th y la m in o )m e th y l]p y rid in e ) 15 and the tra n s-W x *3 groups of 

czs/trflns/czs-[{RuH2(P P rI3)2(N 2)}2(|J'-N2 )]42 may be accounted for by the 

following simple orbital argument. Since Ru(II) is a low spin d6-electron ion 

in an octahedral environment, the t2g set of orbitals is filled. Therefore, 71- 

back-donation of electron density from ruthenium  t2g orbitals will occur 

into two orthogonal sets of empty 7t* antibonding orbitals of the nitrogen. By 

perpendicular tw isting of the [Ru] moieties, this back-donation will be 

m axim ised .15

The XH NMR spectrum of czs-[{Ru(acac)2(PPr%)}2(p-N 2)] reveals the 

presence of two isomers in solution, which are likely the homochiral 

complex (AA/AA) and the heterochiral complex (AA/AA) arising from the 

chirality of the cis-{Ru(acac)2} groups. The 1H, 13C{1H} and 31P{1H} NMR 

spectral data for czs-[{Ru(acac)2(PPrI3)}2 (|J.-N2)] are shown in Table 2.26. 

W hen the complex was first isolated, the major isomer displayed four 

methyl acac singlets and two m ethyl acac singlets, whereas the minor 

isomer showed three methyl acac singlets (presumably due to accidental 

overlap) and two methine singlets. In the 13C{1H} NMR spectrum, there are 

seven detectable methyl acac resonances, four methine acac singlets and 

seven C =0 acac resonances; the odd num ber of resonances is presumably 

due to accidental overlap. The ratio of the major and minor isomers ca. 10 

minutes after dissolution in CöD ö at room tem perature is ca. 4:1, after 14 

hours ca. 2:1 and after 62 hours ca. 3:2. The 31P{1H) NMR spectrum reveals 

two peaks at 6 60.6 and 60.5 also in a ratio of ca. 3:2 in d 6-benzene after 62 

hours. The 1H NMR spectrum of czs-[{Ru(acac)2(PPrz3))2(M<-N2)] measured in 

situ from the reaction solution indicates that the isomers are in a ratio of ca. 

1:1. This isomerization of ds-[Ru(acac)2(PPrz3)}2(jLL-N2)] probably occurs via
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the undetected mononuclear complex ds-[Ru(acac)2(PPrz3)(N2)] and the co- 

ordinatively unsaturated species [Ru(acac)2(PPrz3)]. Similar dissociation of 

bridging dinitrogen was observed for [{Ni(PCy3)2)2(M--N2)].4 3 

Diastereoisomers were also detected by 1H  NMR spectroscopy for the 

binuclear osmium(II) complex ds-[{Os(bpy)2Cl}2(|i-N2)][PF6]2-44

The binuclear complex ds-[{Ru(acac)2(PPrl3))2(ja-N2)] readily reacts 

with C2H4 (1 bar) in C6Ü6 at 25 °C to re-form ds-[Ru(acac)2Cn2-C2H4)(PPrz3)]. 

The reaction is quantitative acording to 31P{1H} and 1H NMR spectroscopy. 

The dinitrogen complex also readily reacts with PhC=CH or CO (1 bar) at 25 

°C to form the complexes ds-[Ru(acac)2(PPrz3)(=C=C(H)Ph)] and trans- 

[Ru(acac)2(PPrz3)(CO)], respectively. For both reactions, the yields were 

quantitative as shown by 31P{1H} NMR spectroscopy.

2.20 Discussion

The affinity of the Ru(II) ion for unsaturated ligands such as alkenes, 

CO and N2 as previously discussed in Chapter 1, is also shown by the 

number of [Ru(acac)2LL’] complexes isolated in which either L or L’ is an 

unsaturated ligand. The reduction of [Ru(acac)3] by activated zinc dust in the 

presence of cyclooctene to form ds-[Ru(acac)2Cn2-C8FIi4)2]14 has been 

extended to ethene and probably could include other alkenes. Unlike the 

complex ds-[Ru(acac)2Cn2-C8H i4)2], which is only stable in solution in the 

presence of free alkene,14 the ethene analogue can be isolated as a crystalline 

solid which is indefinitely stable under an argon atomsphere. Although 

numerous ruthenium(II) ethene complexes have been isolated, most of 

these complexes contain only one ethene group together with Cp, CO and 

tertiary phosphines. Examples of isolated ethene complexes include 

[Ru(NH3)5(n2-C2H4)][S206]/1 [Ru(H20 ) 6-x(T12-C2H4)xn0Tf]2 (x = 1, 2),2 

[RuCl2(CO)(ri2-C2H4)(PPhMe2)],45 [CpRu(PMe3)2(n2-C2H4)][PF6],46 

[CpRu(PPh3)2(i12-C2H4)][BF4]/47 [CpRu(ri2-C2H4)3][BF4]/48 [CPRu(CO)2(ti2-
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C 2H 4)] [BF4],49 [(n6- C 6H 6) R u C l ( P M e 3)( i l2- C 2 H 4 ) ] [ P F 6],50 [ ( i^-

C6H6)Ru(PMe3)2(n2-C2H4)][PF6]2,51 [R u(porphyrinato)(T i2-C2H4)] 

(p o rp h y rin a to  = 5 ,10,15,20- te tra -p - to ly lp o rp h y rin a to  d ian ion  or 

2,3,7,8,12,13,17,18-octaethyl-porphyrinato dianion),52 mer,trans-[RuC12(t)3- 

N N ’N )(t|2-C2H4)] (NN'N = 2,6-bis[dim ethylam ino)m ethyl]pyridine),53 

[Ru(tmtaa)(r|2-C2H4)(THF)] (tmtaa = dibenzotetram ethyltetraza[14]annulene 

d i a n i o n ) , 54 [CP *Ru (C O )2(ti 2- C 2H 4)] [P F 6] ,55 and  [RuH{(ti3 - 

C6H8)PCy2}(PCy3)(r|2-C2Fl4)].56 Ruthenium(II) ethene complexes which have 

been detected in solution but not isolated owing to easy loss of ethene 

include [CpJfRu(Ti2-C2H 4)(Ti1-02CCH3)(PPh3)],57 trans-[Ru(PPh3)2Cl(NO)(Ti2- 

C2H 4)],58 cis-[Ru(acac)2(ti2-C2H 4)(SbPr,3)]/11 [Cp‘Ru(PPr‘3)(Tl2-C2H4)Cl],59 

[Cp*Ru(PPri2Ph)(Ti2-C2H4)(OCH2CF3)]60and [CpRu(tmeda)(ti2-C2H4)][BAr'4] 

[tmeda = N,N,N',N'-tetramethyethylenediarnine; Ar' = 3..5-C6H3(CF3)2].61

The relative stabilities of czs-[R u (acac)2 (r |2-C2H 4)2] and cis- 

[Ru(acac)2(ri2-C8Hi4)2] reflect the observed trend in the metal-alkene stability 

constants, K, for rhodium(I),62 nickel(O)63 and Ag(I).64,65 In all three cases 

the values of K decrease as the num ber of alkyl substituents on the C=C 

bond increases; the stereochemistry about the C=C bond also has an effect on 

K. For example, the stability constants of ethene and cis-cyclooctene w ith 

silver(I) at 40 °C are 22.3 and 14.4, respectively .64 Since the replacement of 

hydrogen atoms at the C=C bond by electron donating groups increases the 

energy of the k and n* orbitals,66 71-back-donation from the metal to the 

alkene will be reduced and the metal-alkene bond will be destabilised.

The two ethene ligands of cis-[Ru(acac)2(T|2-C2H4)2] are m utually 

orthogonal and eclipse the trans O-Ru-O and 0-Ru-(r|2-C2H4) vectors. This 

conformation is probably the result of electronic and steric effects. Similar 

bis(ethene) conformations have been observed for the octahedral complexes 

frans-[M o(r|2-C2H4)2(PMe3)4],67 frans-[W (rj2-C2H4)2(PMe3)4],68 trans- 

[W (C O )4(ri2-C2H4)2],5 czs,mer-[OsH(Ti2-C 2H 4)2(PM e2Ph)3]+23 and cis-
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[R eH C l2('n2-C 2H 4)2(PM e2Ph)2 ] .69 The bonding and conform ational 

preferences for the molybdenum and tungsten complexes have been subject 

of a num ber theoretical s tu d ies .66,70,71 In particu lar, Veillard and 

c o w o rk e r s '70 have discussed the relative energies of the different 

conformations for the model complex trans-[Mo(r|2-C2H4)2(PH3)4] and found 

that the staggered-eclipsed (the first term applies to the relative orientation 

of the ethene ligands while the second defines the position of the axial 

ethene groups relative to the trans P-Mo-P vectors) was the most stable on 

the basis of electronic and steric effects. This result agrees well with the 

observed conformation for fra7ts-[Mo(rj2-C2H 4)2(PM e3)4], which allows n- 

back donation of electron density from two m utually orthogonal metal t2g 

orbitals to the ethene n* orbitals instead of one and thus reduces the
c n

competition for 7t-back donation.

In the closely related d 8 com plexes [Rh(acac)(rj2-C2H4)2]72 and 

[CpRh(r|2-C2H4)2],73 however, both ethene ligands are parallel. A similar 

situation  w as found for the seven-coordinate  com plex [ReH3(r|2- 

C 2H 4)2(P P hP r‘2)2].74 The ethene conformations for the d 8 complexes in 

which the ethene ligands are cis are readily rationalised by consideration of 

the electronic interactions. Since there are no ligands on the z-axis for a d8- 

square planar complex, the energy of the d z2 orbital decreases whereas the 

energy of the d x2.y2 orbital increases, relative to the triply degenerate t2g 

orbitals of a regular octahedron. The t2g orbitals are also affected with the dxy 

orbital increasing in energy and the dXZ/ yz orbitals decreasing in energy. It is 

this decrease in energy which affords a greater ovelap with the ethene k* 

orbitals than for the dxy orbital and results in greater 7C-backdonation.

The reason for the adoption of the orthogonal ethene conformation 

in the octahedral complexes czs-[Ru(acac)2(r|2-C2H 4)2]/ cis,mer-[OsH(r\2- 

C2H4)2(PMe2Ph)3]+74' and ds-[Re(n2-C2H4)2(H)(PMe2Ph)2Cl2]69 is less clear. 

For a regular octahedron, the metal t2g orbitals available for 7t-back donation
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are triply degenerate for d4 and d6 ions. Therefore, neither conformation

will be significantly preferred and steric effects may well come into play. 

Calculations performed on cis,mer-[OsH(r|2-C2H4)2(PMe2Ph)3]+ indicate that 

the energy difference betw een the para lle l and orthogonal ethene 

conform ations is less than 10 kj m ol-1.23 Since the complexes cis- 

[Ru(acac)2(Ti2-C2H4)(NH3)] and czs-[Ru(acac)2(r|2-C2H4)(PPrz3)] show different 

orientations of the ethene ligand, and czs-[Ru(acac)2Cn2-C2H4)(PCy3)] shows 

both orientations of the ethene vectors (see p. 51), the energy difference 

between conformations must be small. A third ethene conformation exists 

in which the C=C vectors are linear but this was calculated to be ca. 84 kj 

m o l"1 higher in energy than the g round state for cis ,m er-[O sH (r |2- 

C2H4)2(PMe2Ph)3]+.23 This destabilisation was attributed to the fact that only 

one metal d orbital has the proper symmetry to overlap with two ethene n* 

orbitals and also to strong ethene/ethene steric repulsion.

The m etrical data  for the coord inated  ethene ligands of cis- 

[Ru(acac)2Cn2-C2H4)2] are very similar to those found for [Rh(acac)(r|2-C2H4)2] 

and Zeise's salt, K[PtCl3(r)2-C2H4)] i.e. the C=C bond lengths are almost equal 

and only slightly greater than those in free ethene,40 and the bend-back 

angles for the ethene protons are also similar (see p. 35 - 36). On the basis of 

this crystallographic evidence, the Dewar-Chatt-Duncanson m odel75,76 is
o /

probably more appropriate than the metallacycle description of the metal- 

alkene bond for all trans- and czs-[Ru(acac)2Cn2-C2H4)L] complexes. A 

metallacyclic description of the metal-alkene bond would require the C-C 

distance to be closer to that of a single bond (1.54 A) and a bend-back angle a  

approaching 60°. Further evidence for the Dewar-Chatt-Duncanson model 

of bonding for ethene in these complexes are the coordinated ethene C-H 

coupling constants (ca. 155 - 160 Hz), which are very close to that of free 

ethene (156.4 Hz).3
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Unfortunately, the observed equivalence of the carbon atoms of the

coordinated C2H4 ligands in solution, even at the lowest accessible 

temperature, precludes an estimate of the alkene rotation barrier. This 

observation implies either that the rotation is very rapid on the NMR 

timescale, even at ca. -95 °C, or that the inequivalence induced by cis- 

{Ru(acac)2} is unobservably small. The AG* value for ethene rotation in cis- 

[Ru(acac)2Cn2-C2H4)2] would not be expected to be substantially different 

from those measured for comparable Pt(II) and Rh(I) complexes (ca. 50 - 55 kj 

mol'1),22,25'27 given the similarity of C=C and M-C bond lengths, and in the 

fact for [Rh(acac)(r|2-C2H4)2] there are two mutually czs-alkenes. In fact, the 

for other ruthenium(II)-ethene complexes which includes [CpRu(ri2- 

C2H4)LL’]n+ (n = 0, L = Me, L’ = CO;77 n = 1, L = L' = CO78) and [CpRu(T|2- 

C2H4)L2][OTf] (L2 = diisopropyl-1,4-diaza-l,3-butadiene, bis-p-tolyl-l,4-diaza- 

1,3-butadiene),79 the AG* value for rotation lies between ca. 30 - 40 kj mol'1. 

The close similarity between the crude estimates of AG* for cis-[Ru(acac)2Cn2- 

C2H4)2] suggests that the same process, viz reversible ethene dissociation, is 

responsible for the coalescence of the ethene proton multiplets and the 

broadening of the acac methyl resonances. If rotation is very rapid, the most 

likely mechanism for the observed equivalence is rotation about the Ru-rj2- 

C2H4 axis rather than about the C=C bond, since the latter process requires 

the ethene protons to point directly at the metal centre during the 

rotation.6,26 Direct experimental evidence exists for the former process exists 

in the chiral complexes [CpCr(T|2-C2H 4)(CO )(N O )]80 and [Os(r|2- 

C2H4)(CO)(NO)(PPh3)2][PF6].81 The variation of the proton chemical shift of 

the ethene protons with temperature is probably due to the relative 

populations of ethene rotamers since various halogen substituted ethanes 

also show a chemical shift temperature dependence with different nuclei.

The occurrence of reversible ethene dissociation for czs-[Ru(acac)2(Tl2- 

02144)2] is not surprising since czs-[Ru(acac)2(T|2-C8Hi4)2] is only stable in the 

presence of free CsHi414 and since ethene is also readily replaced by various
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m onodentate ligands at room temperature. Ethene exchange is slow on the

NMR timescale at room temperature, whereas fast ethene exchange is found 

for [Rh(acac)(rj2-C2H4)2] under sim ilar conditions.6 An associative 

mechanism is proposed for the rhodium(I) complex, which has 16 valence 

electrons and two free coordination sites, to form a five-coordinated species 

[Rh(acac)(rj2-C2H4)3].6 However, coordination of a third ethene ligand to cis- 

[Ru(acac)2(T|2_C2H4)2] is unfavourable as the Ru(II) ion is co-ordinatively 

saturated and the complex has 18 valence electrons. There is also no 

detectable ethene exchange for the rhodium(I) complex [CpRh(ri2-C2H4)2] at 

room tem perature or above 100 °C, presum ably due to the fact that this 

complex also has 18 valence electrons.6

Initial loss of the alkene from czs-[Ru(acac)2(r|2-C2H4)2] is believed to 

occur w ith the form ation of a f iv e -c o o rd in a te  square-pyram idal 

in term ediate  [Ru(acac)2(T|2-C2H4)] in which ethene ocupies the apical 

position. Preferential attack of the incoming ligand L at the vacant site will 

give frfl7is-[Ru(acac)2(Tj2-C2H4)L]. Subsequent loss of ethene from this 

complex may give the square pyram idal f iv e -c o o rd in a te  interm ediate 

[Ru(acac)2L] (see p. 21) which then isomerises to a trigonal bi-pyramidal five- 

coordinate intermediate. Coordination w ith ethene forms ds-[Ru(acac)2Cn2- 

C2H4)L], the thermodynamic product. This sequence is shown in Scheme 

2.1. Evidence supporting this pathw ay is the isolation of the complexes 

£rarcs-[Ru(acac)2(T|2-C2H4)L] (L = NH3, C5H5N), both of which slowly 

isomerise to their cis analogues. The isolation (or detection) of the 

monosubstituted complexes cis-[Ru(acac)2(T|2-C2H4)L] (L = PPh3, PPrz3, PCy3) 

in an arom atic solvent provides the first evidence for the stepwise 

replacement of alkenes by a tertiary phosphine in this series of complexes. 

Weakly coordinating solvents, such as THF, appear to stabilise the square- 

pyram idal five coordinate species [Ru(acac)2L] by occupying the vacant 

coordination site and thus allow a second equivalent of L to react with this 

intermediate to form trans-[Ru(acac)2L2], which usually precipitates from
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solution. In non-coordinating solvents such as benzene however, this five-

coordinate intermediate is not stabilised and thus re-coordinates ethene.

Scheme 2.1: Suggested pathway for formation of trans- and cis-[Ru(acac)?(ri2- 

CzH^L] from cis-[Ru(acac)2(ri2-C2hif)2l-

thermodynamic product

Square-pyramidal geometry for a five-coordinate d6-metal complex is 

to be expected on the basis of theoretical calculations.83,84 Spectroscopic 

evidence also exists for dilute solutions of trans-[Ru(acac)2(PCy3)2] and 

solutions of czs-[Ru(acac)2(T|2-C2H4)(PCy3)] in THF to dissociate to give either 

the square-pyram idal five-coordinate [Ru(acac)2(PCy3)] species or, more 

likely, a six-coordinate trans-[Ru(acac)2(PCy3)(THF)] complex in which the 

solvent is weakly coordinated. Moreover, spectroscopic evidence exists for 

the form ation of [Ru(acac)2(PR3)(THF)] (R = Ph, Prz), a lthough the 

stereochem istry about the ru then ium  atom  is not know n for either 

exam ple. A sim ilar d issociation  reaction  has been repo rted  for 

[Ru(OEP)(PPh3)2] (OEP = octaethylporphyrinato dianion),85 although no 

31P{1H} NMR spectral data were reported. O the r  s q u a re -p y ra m id a l  

ru th e n iu m ( I I )  com plexes  which h ave  b e e n  e i th e r  charac te r ised
1 7s tru c tu ra lly  or sp e c tro sc o p ic a lly  in c lu d e  [R u C l2 (P P h 3 )3 ],
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[RuCl(NN'N)(PPh3)]OTf and [Ru(OTf)(NN’N)(PPh3)]OTf (NN'N = 2,6-

bis[(d im ethylam ino)-m ethyl]pyrid ine) ,15 [Ru{N(SPPh2)2)(PPh3)] and

[Ru{N(SPPrz2)2l(PPh3)] (N(SPR2)2 = bis(dialkylthiophosphoryl)amides).16

The formation of cis-[Ru(acac)2(r|2-C2H4)L] (L = PPh3/ PPrz3, PCy3) is 

believed to occur via the undetected intermediate £rarcs-[Ru(acac)2(T|2" 

C2H4)L]. As tertiary phosphines have a stronger trans-influence than either 

NH3 or pyridine, the metal-r|2-C2H4 bond in trans-[Ru(acac)2Cn2-C2H4)L] is 

expected to be weaker for L = tertiary phosphine than for L = NH3 or 

p y rid in e .86 The thermodynamic instability of the complexes trans- 

[Ru(acac)2L2] presumably arises from the electronic effects of two Ti-acceptor 

ligands, even if relatively weak, competing for electron density from the 

same d-orbital on ruthenium(II).14 By rearranging to the corresponding cis- 

complexes, the 7C-acceptor ligands are now trans to an 7t-donor oxygen acac 

atom and no longer compete with each other for electron density.

The carbonyl complexes £nms-[Ru(acac)2(CO)(PR3)] (R = Prz, Cy) 

readily form from trarcs-[Ru(acac)2(PR3)2l in the presence of CO; the complex 

cis-[Ru(acac)2(PPrz3)2] also reacts with CO, albeit more slowly, to form trans- 

[Ru(acac)2(CO)(PPrz3)]. The cis- to trans-stereochemical rearrangment about 

the ruthenium atom is similar to that found during the replacement of the 

coordinated alkenes from ds-[Ru(acac)2Cn2-alkene)2] and presumably also 

occurs via the square pyramidal five-coordinate species [Ru(acac)2(PR3)] (R = 

Prz, Cy). Heating these trans-[Ru(acac)2(CO)(PR3)] (R = Prz, Cy) complexes 

results in the isolation of the corresponding cis-isomers. This trans- to cis- 

isomerization probably occurs via phosphine dissociation to form a carbonyl 

five-coordinate species [Ru(acac)2(CO)].

Terminal alkynes, HC=CR (R = Ph, SiMe3, Buf), also react with cis- 

[Ru(acac)2(PPrz3)2] and ds-[Ru(acac)2(T|2-C2H4)(PPrz3)] to form the vinylidene 

complexes c/s-[Ru(acac)2(PPrz3){=C=C(H)R}]. There are several possible 

mechanisms for the formation of a vinylidene ligand within the
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coordination sphere of a metal atom. The first mechanism involves a 1,2-

the
hydrogen shift in a metal-r|2-HC=CR intermediate and second the involves

oxidative addition of the alkyne to form an alkynyl(hydrido) complex which

subsequently re-arranges to form the vinylidene complex.35,87'89 The former

mechanism is preferred for the d6 Ru(II) ion on the basis of experimental

and calculated results.36,87'90 The second mechanism appears to be favoured

in the case of the d8 Rh(I) ion; several alkynyl(hydrido) complexes of

rhodium(III) which subsequently re-arrange to form the vinylidene-

rhodium(I) complexes have been isolated. Calculations also show that

this mechanism is favoured for rhodium complexes.94 A third possible 
mechanism involves the insertion of the alkyne into a metal-hydride bond to 
form a a-vinyl, which undergoes an a-hydrogen migration to give a 
hydrido/vinylidene complex.943 This mechanism can be excluded as there is no 
evidence for ruthenium-hydride complexes in this work. Disubstituted alkynes 
do not displace ethene from ds-[Ru(acac)2(r|2-Q2H4)L] (L = PPrz3, PCy3), an 
observation that may correlate with the reduced stability constants found for 
disubstituted alkynes with Ag(I) (e.g. the stability constant K for 3-hexyne is 2.6 
which is less than for ethene, K = 22.2).64

The strong affinity of the Ru(II) ion for dinitrogen (see p. 1 - 2) is also 

shown by the formation of the binuclear complex ds-[{Ru(acac)2(PPrz3)}2(p- 

N2)] by heating a solution of ds-[Ru(acac)2Cn2-C2H4)(PPrz3)] under industrial 

grade dihydrogen (3 bar) containing ca. 100 ppm N2. The reaction of cis- 

[Ru(acac)2Cn2-C2H4)(PPrI3)] with N2 (3 bar) also gives the dinuclear complex, 

as judged by the 31P{1H) NMR chemical shift, not a mononuclar complex 

[Ru(acac)2(PPrz3)(N2)]. Since there is a slight but significant difference in the 

31P{1H} NMR chemical shifts of comparable mono- and binuclear N2 

complexes e.g. mer,trans-[IrH 3(PPrz3)2 (N 2)] (8 +44.8) and mer,trans- 

[{IrH3(PPrz3)2)2(lt-N2)] (5 +47.7)95 as well as cistcis,trans-[RuH2(N2)2(PPrf3)2] (8 

+73.6) and ds,frans,ds-[{RuH2(PPrz3)2(N2))2(|i-N2)] (8 +76.3),42 a similar 

difference would also be expected between ds-[Ru(acac)2(PPrz3)(N2)] and cis- 

[{Ru(acac)2(PPrz3)}2(|i-N2)]. However, there is no evidence for the formation 

of ds-[Ru(acac)2(PPrz3)(N2)], which is presumed to be an intermediate in the 

formation of the binuclear complex and the interconversion of the 

diastereoisomers.
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The m ild conditions required for the isom erization of trans-

[Ru(acac)2(PPrz3)2] contrast with those for trans-[Ru(acac)2(PPh3)2] and trans- 

[Ru(acac)2(PMe3)2], which isomerise in refluxing benzene and mesitylene, 

respectively .14 As the phosphine cone angle increases,96 the reactivity of the 

isolated complexes increases. Nolan and coworkers have measured the Ru- 

PR3 bond energy for the complexes [(p-cymene)RuCl2L]97 and [Cp'RuCIL] (L 

= te r tia ry  phosph ine ; C p' = C p98  or Cp*99) and  found tha t 

trimethylphosphine forms relatively stronger Ru-P bonds by ca. 45 kj mol' 1 

than either triisopropyl phosphine or tricyclohexylphosphine. The RU-PR3 

bond energy appears to increase as the Tolman cone angle96 decreases 

although electronic factors are also i n v o l v e d  in d e t e r m i n i n g  t h e  

m agnitude .97,99

The Ru-O (acac) bond lengths in the complexes ds-[R u(acac)2('T|2- 

C2H4)L] (L = C2H4, NH3/ PPr*3 and PCy3), tran s-tR u facac^ fq ^ ^ K N C sH s)], 

ds-[Ru(acac)2(PPrl3)2] and frarcs-[Ru(acac)2(PCy3)2] are generally in the range 

2.05 - 2.07 Ä, similar to those in the complexes [Ru(acac)2L2] (L = PPl^M e, 

C N B u h  d p p m )14 and in the {Run (a c a c )2 } chelate complexes of 0 - 

CH2=CHC6H 4NMe29 and o-PhC=CC6H4NM e2-100 In complexes containing a 

tertiary phosphine, however, the Ru-O distances opposite to the phosphorus
o

atom are significantly longer (ca. 0.02  - 0.06 A) than those trans to the acac 

oxygen atom s, consistent w ith the higher trans influence of the tertiary 

phosphine. The Ru-P bond distances range from 2.312(2) to 2.4268 (3) Ä with 

the longest distance belonging to trans-[Ru(acac)2(PCy3)2]. This distance is 

similar to that found for [Ru(OEP)(PPh3)2] (OEP = octaethylporphyrinato
o

dianion) (2.438 (<1) A) which dissociates in dilute solution to a five- 

coordinate complex with the phosphine in the apical position .85

The steric  repu lsion  betw een  the  c z s - P P r z3 groups in cis- 

[Ru(acac)2(PPr*3)2] is presumably responsible for the large P-Ru-P bond angle 

of 105 0 and for the Ru-P bond lengths of ca. 2.35 Ä, which are ca. 0.07 A
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longer than those found in czs-[Ru(acac)2(PPh2Me)2] (P-Ru-P bond angle of

9 3 °).14 Similar P-M-P angles were found for the complexes 

[Rh(acac)(PCy3)2]/31 ris-[Mo(CO)4(PR3)2] (R = Ph, Cy) (both 105°)33'34 and 

[Mo(CO)4(PPh2Me)2] (93°).33 The average Mo-P bond distance for cis- 

[Mo(CO)4(PCy3)2] (2.654 Ä) was found to be ca. 0.08 A longer than that for the 

PPh3 complex and ca. 0.1 Ä longer than that for the PPh2Me complex; the longer 

Mo-P distances for the phosphines with a larger cone angle96 appears to be 

the main method for relieving steric strain in these complexes. On this 

basis, it is not surprising that czs-[Ru(acac)2(PCy3)2] does not readily form. Steric 

repulsion between adjacent PCy3 groups may destabilise the corresponding 

czs-isomer, although, as previously stated, complexes which contain cis-PCy3 

groups do exist and crystal structures have been determined.31,34

The Ru-C (C2H4) bond lengths for the complexes czs-[Ru(acac)2(r|2- 

C2H4)L] (L = C2H4, NH3, PPr*3 and PCy3) range from 2.157(3) to 2.212(2) Ä. 

Steric interaction between the ethene protons and the co-ligand may result 

in the adoption of different conformations in the complexes cis- 

[Ru(acac)2(p2-C2H4)(NH3)] and czs-[Ru(acac)2(rj2-C2H4)(PPrI3)] (see p. 51). The 

ethene protons having a greater interaction with the isopropyl protons than 

with the ammine protons. A slight increase in the Ru-P bond length for cis- 

[Ru(acac)2(ri2-C2H4)(PCy3)] may reduce this steric interaction between the 

ethene protons and the cyclohexyl protons so that both orientations are 

observed. The Ru-C distances fall in the range 2.15 - 2.21 A, with cis- 

[Ru(acac)2(Ti2-C2H4)(NH3)] at the lower end of the range and cis- 

[Ru(acac)2Cn2-C2H4)2] at the upper end. Presumably, the range of Ru-C 

distances reflects the ease of replacement of the ethene ligand. Additional 

evidence for this statement can be derived from the comparison of the 

Ei /2(Ru3+/ 2+) potentials (see Chapter 3).
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As mentioned in the Introduction, the Ru3+/ 2+ redox potentials for 

[Ru(NH3)5L]2+, [Ru(H2 0 )xL6-x]2+ and [Ru(acac)2L2] (where L = monodentate 

ligand) have been extensively studied to determine the relative stability of 

the two oxidation states. This chapter deals with the redox properties of the 

new complexes mentioned in the preceding chapter. Various 

electrochemical methods, often coupled with spectroscopic techniques, have 

been used in this work in order to determine the stability of the oxidised 

products and whether the Ru(III) oxidation state is chemically accessible. As 

a consequence, the chapter is divided into the following sections: 

voltammetry, electrolytic oxidation, chemical oxidation and discussion.

3.1 Voltammetry

The cyclic and AC (alternating current) voltammograms of cis- 

[Ru(acac)2(T|2-C2H4)2] show a quasi-reversible electron transfer process at 

+0.95 V (vs Ag/AgCl) at ca. -50 °C in CH2CI2 (see Figure 3.1). Although the 

observed couple is symmetrical, the difference between the potentials of the 

oxidation and reduction processes, AEp, varies with scan rate (see Table 3.1).1 

Ferrocene was also measured under these non-standard conditions and its 

AEp varies little at low scan rates but increases at a scan rate of 500 mV s-1. 

The AC trace of a mixture of ds-[Ru(acac)2(Tj2-C2H4 )2] and ferrocene at ca. -50 

°C shows two symmetric peaks with a peak width at half-height of 105 mV 

and 85 mV, respectively.

At room temperature, a non-symmetric cyclic voltammogramic trace 

was found for ds-[Ru(acac)2(T|2-C2H4)2] at slow scan rates (ca. 50 mVs-1). A 

second complex, whose reversibility was not investigated, was also detected 

during the reduction process at Epc = +0.40 V (vs Ag/ AgCl).
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Figure 3.1: CV and AC voltammograms of cis-\Ru(acac)i(r\2-C iH a)t] 

measured at ca. -50 °C in CH2 CI2 .

Scan Rate 100 mVs'1 CV
Ferrocene

Ru(III)

Ru(II) —  Ru(III)

Scan Rate 20 m Vs-1

Ferrocene

Potential (V vs Ag/AgCl)

Table 3.1: Variation of AEp with scan rate for cis-lRu(acac)?(ri2-C')HA)?l and 

Cp2Fe at ca. -50 °C in CH2 CI2 .

Scan Rate (mV s'1) AEp (mV)
cis-[Ru(acac)2Cn2-C2H4)2] Cp2Fe

50 90 62
100 106 64
200 122 66

500 160 85

The replacement of one ethene ligand by a ligand L to form cis- 

[Ru(acac)2(Tl2-C2H4)L] (L = NH3, MeCN, SbPh3/ C5H5N, PPr*3/ PCy3) lowers 

the Ei / 2(Ru3+/ 2+) potentials to between +0.37 and +0.59 V (vs Ag/AgCl); all 

of the isolated monoethene complexes show fully reversible 

voltammograms at ca. -50 °C at a scan rate of 100 mVs'1. The lowest 

oxidation potential found for the monoethene complexes corresponds to
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both geometric isomers of [Ru(acac)2Cn2-C2H4)(NH3)] (+0.37 V vs Ag/AgCl); 

the highest potential found is shown by ds-[Ru(acac)2(T|2-C2H4)(SbPh3)] (see 

Table 3.2).

Table 3.2: The oxidation potentials E i /2(R u3+/2+) (vs_ Ag/AgCl) of the 

complexes [Ru(acac)2(ri2-alkene)L] measured in CH?Ch at ca. -50 °C.

Complex Geometric
isom er

E1/2 (Ru3+/ 2+) 

(V vs Ag/AgCl)
[Ru(acac)2(r|2-C2H4)(NH3)] trans

cis
+0.37
+0 .37

[Ru(acac)2(Tl2-C2H4)(NC5H 5)] trans +0.38

[Ru(acac)2(il2-C2H 4)(PPr'3)] cis +0.42

[Ru(acac)2(n2-C2H4)(PCy3)] cis +0.43

[Ru(acac)2(t|2-C2H 4)(MeCN)] cis +0.56

[Ru(acac)2(il2-C2H4)(SbPh3)] cis +0.59

[Ru(acac)2(ri2-C2H4)2] cis +0.95

[Ru(acac)2(n2-C8H14)(NH3)] cis +0.23 a

[Ru(acac)2(Ti2-C8Hi4)(SbPh3)] cis +0.44 b

[Ru(acac)2(ri2-C8Hi4)(MeCN)] cis + 0 .4 4 b

[Ru(acac)2(Tl2-C8H i4)2] cis + 0 .7 7 b

a) ref. 2; b) ref. 3.

In m ost cases, the geom etric isom ers of prev iously  isolated 

[Ru(acac)2LL'] (L = L, L * L') complexes show different Ei /2(Ru 3+/ 2+) 

potentials, the difference AE1/2 ranging from 50 mV for [Ru(acac)2(NCsH5)2] 

to 490 mV for [Ru(acac)2(BufNC)2] (see Table 1.9). The lower E1/2 values of 

the complexes trans-[Ru(acac)2L2] presum ably arise from the electronic 

effects of two 71-acceptor ligands, even if relatively weak, competing for 

electron density from the same d-orbital on ruthenium(II). This is the same 

argum ent tha t has been proposed to account for the therm odynam ic 

instability of the trans-com plexes.4 In the corresponding cis-complexes, the 

7C-acceptor ligands are now trans to a 71-donor oxygen acac atom and no 

longer compete with each other for electron density, thus stabilising the 

metal centre at the Ru(II) level. Since NH3 is a saturated ligand and has no
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7t-acceptor ability, it will not compete for electron density from the metal

(see p. 1). The acac anion is also a good 7u-donor and therefore the ethene 

ligand has no competition for 7i-back-donation from either ligand.

W hereas each iso m er of [Ru(acac)2(r|2-C2H4)(NH3)] show s a fully 

reversible redox process at room  tem peratu re , the complex trans- 

[Ru(acac)2(T|2-C2H4)(NC5H5)] exhibits quasi-reversible behaviour at low scan 

rates, probably due to the loss of the ethene ligand. The m easured 

E i / 2(Ru3+/ 2+) values of the three isolated mixed nitrogen-donor/ethene 

complexes lie w ithin the range found for the chelated bidentate N-donor 

alkene complexes [Ru(acac)2(LL')] (LL' = 2-vinyl-N,N-dimethylaniline, 3- 

butenyldimethylamine, 2-allylpyridine, 2-isopropenylaniline, 2-isopropenyl- 

N,N-dim ethylaniline, allyldim ethylam ine, 3-butenyldimethylamine) [+0.28 

- +0.52 V (vs Ag/AgCl)].5'6

Although fully reversible cyclic and AC voltammograms are found 

for the complexes ds-[Ru(acac)20n2-C2H4)(PR3)] (R = Prz, Cy) at -50 °C, at 

room tem perature both complexes also show irreversible behaviour w ith 

the formation in each case of an unidentified daughter product, which has 

not been investigated further. Increasing the scan rate to 2 Vs-1 results in 

quasi-reversible behaviour, which suggests that the oxidised species is 

undergoing a chemical reaction after the electron transfer step. The CV 

traces for ds-[Ru(acac)2Cn2-C2H 4)(PCy3)] at both -50 °C and +25 °C are shown 

in Figure 3.2. As w as the case for the nitrogen donor ligands, the 

Ei / 2(Ru3+/ 2+) potentials measured for ds-[Ru(acac)2(T|2-C2H 4)(PR3)] (R = Pr1, 

Cy) are close to the oxidation potential measured for the analogous chelated 

complex ds-[Ru(acac)2(Me2PCH2CH2CH=CH2)] (+0.46 V vs Ag/AgCl).6

The Ei /2  potential found for ds-[Ru(acac)2Cn2-C2H 4)2] is ca. 0.5 - 0.6 V 

less than the calculated values for [Ru(H2 0 )4(C2H 4)2]2+ and [Ru(NH3)4(r|2- 

C2H4k]2+ an organic solvent (see Table 3.3). This result is in agreement 

with the predicted lowering caused by replacement of two ammine or aqua
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ligands by an acac ligand at the Ru2+ ion (see p. 4). The oxidation potential

found for ds-[Ru(acac)2(r|2-C2H4)2] is similar to the calculated potentials for 

the monoethene complexes [Ru(NH3)5(r|2-C2H4)]2+ and [Ru(H20)5(r|2- 

C2H4)]2+ in an organic solvent (see Table 3.3), but ca. 0.2 V higher than for 

ds-[Ru(acac)2(r|2"C8Hi4)2].2 A comparison of the E1/2 values of the ethene 

complexes ds-[Ru(acac)2Cn2-C2H4)L] (L = C2H4, NH3, SbPfi3, CH3CN) with 

those of their cyclooctene analogues (see Table 1.9) also shows that the 

mono-ethene complexes are harder to oxidise by up to ca. 140 mV. These 

results correlate with the expected degree (or extent) of 7r-back-donation 

from the metal to the alkene. As was mentioned previously (see p. 92), the 

replacement of the hydrogen atoms at the C=C bond by alkyl substituents 

increases the energy of the n and n* orbitals,7 thus rc-backdonation from the 

metal to the cyclooctene will be reduced compared to that for ethene. Hence, 

the Ru(III) centre will be more stable in the case of cyclooctene.

Figure 3.2: Cyclic voltammograms of cis-f Ru(acac)r(rj2-CrH a) ( P C u 3 ) / 

measured at a scan rate of 100 mVs'1 in CH2 CI2 .

----- +25°C

-50 °C

Potential (V vs Ag/AgCl)
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T able 3.3: Comparison of measured and expected Ei /2(Ru3+/2+) values (in

volts) of some Ru(II)-ethene complexes using Lever's electrochemical ligand

parameters (from ref 8).

C o m p o u n d S E l (L) Ei / 2(Ru3+/ 2+) 
vs N H E in

h 2o

E i / 2(Ru3+ /2+) 
vs A g /A g C l in 

organic 
solvent*5

calc.a fo u n d calc.c fo u n d
[Ru(NH3)5(112-C2H4)p+ + 1.11 +0.91 +0.93e +0.92 -

[Ru (N H 3)4(ii2-C2H4)2]2+ +1.80 +1.70 - +1.59 -

[Ru (H20 ) 5(ti2-C2H4)]2+ +0.96 +0.74 +0.84e +0.77 -

[Ru (H20 ) 4(ti2-C2H4)2]2+ +1.68 +1.57 >1.5f +1.47 -

cis-[Ru(acac)2(rj2-C2H4)2] +1.20 +1.02 - +1.01 +0.95
ris-[Ru(acac)2(T|2-C2 H 4 )(N H 3)] +0.51 +0.23 - +0.33 +0.37

frans-[Ru(acac)2(r|2-C 2 H 4 )(N H 3)] +0.51 +0.23 - +0.33 +0.37
trans-[Ru(acac)2(T|2-C2 H 4 )(NC 5 H 5 )] +0.69 +0.44 - +0.51 +0.38

cis-[Ru(acac)2(r|2-C2 H 4 )(MeCN)] +0.78 +0.54 - +0.60 +0.56
ds-[Ru(acac)2(Ti2-C2 H 4 )(SbPh3] +0.82 +0.58 - +0.64 +0.59

a) calculated by Eq. 1.2; b) calculated values are 0.2 V less positive than those vs NHE; c) 

calculated by Eq. 1.1; d) ref. 9; e) ref. 10; f) value for cz's-[Ru(H20)4(diallylether)], ref. 11.

The complex frans-[R u(acac)2 (P P rz3)2] shows a fully reversible 

E i /2 (R u 3+ /2+) couple at -0.14 V (vs Ag/AgCl) which is similar to the values 

for f r a n s - [ R u ( a c a c ) 2 ( P E t 3 )2 ] (-0.13 V vs A g / A g C l ) 3 and tra n s-  

[Ru(acac)2(NM e3)2] (-0.18 V vs A g/A gC l),3 but ca. 140 mV and ca. 210 mV
o

less than  those found for tra n s -[R u ( a c a c ) 2 ( P M e 3 >2 ] and trans-  

[Ru(acac)2(PPh3)2], respectively (see Table 1.9). A fully reversible oxidation 

couple was also found for cis-[Ru(acac)2(PPrz3)2] at +0.02 V (vs Ag/AgCl). 

The difference in oxidation potentials between the geometric isomers, AE1/ 2, 

for [Ru(acac)2(PP rz3)2 ] is 160 mV, w hich is similar to those found for 

[Ru(acac)2(MeCN)2] (AE1/2 = 120 mV) and [Ru(acac)2(AsPh3)2] (AE1/2 = 190 

mV) (see Table 1.9). The oxidation potential of cis-[Ru(acac)2(PPrz3)2] is ca. 

240 mV less than that for cis-[Ru(acac)2(PM e3)2] (+0.26 V vs Ag/A gCl, see 

Table 1.9), which may arise from the greater electron-donating ability of 

P P r z3 relative to that of PMe3 . Due to the poor solubility of trans-
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[Ru(acac)2(PCy3)2], the Ei /2(Ru3+/ 2+) potential could not be measured; 

however, cis-[Ru(acac)2(PCy3)(SbPh3)] has a fully reversible Ei /2(Ru3+/ 2+) 

couple at +0.19 V (vs Ag/AgCl).

The cyclic and AC voltammograms of the isolated carbonyl 

phosphine complexes show fully reversible Ei / 2(Ru3+/ 2+) couples at room 

temperature in the range +0.64 - +0.92 V (vs Ag/AgCl) (see Table 3.4). These 

values indicate the stabilizing effect of CO on the Ru(II) oxidation state 

relative to tertiary phosphines. The oxidation potential for trans- 

[Ru(acac)2(CO)(PCy3)] indicates that this complex is easier to oxidise by 250 

mV than its cis-isomer. Both isolated vinylidene complexes cis- 

[Ru(acac)2(PPrz3){=C=C(H)R}](R = SiMe3, Ph) show irreversible oxidation 

potentials due to irreversible oxidation processes, Epa, at +0.62 V (vs 

Ag/AgCl) (R = SiMe3) and +0.75 V (vs Ag/AgCl) (R = Ph) at scan rates up to 

500 mVs'1 and at ca. -50 °C. An irreversible oxidation process is also found 

for czs-[Ru(acac)2(CO)2] under similar conditions;2 this irreversibility was 

explained on the basis that the CO ligands are strong 7i-acceptors and the 

complex is very unstable in the Ru(III) oxidation state. The complex cis- 

[Ru(acac)2(PPrz3)(CO)j is harder to oxidise than either vinylidene complex by 

up to 300 mV (see Table 3.4), which suggests that the mono-substituted 

vinylidene ligands are weaker 7c-acids than CO. A similar evaluation of 71- 

acid strength was made for the diphenylvinylidene ligand C=CPh2 on rhodium®.12

The cyclic and AC voltammograms of the binuclear complex cis- 

[{Ru(acac)2(PPrz3)}2(g-N2)] show two reversible oxidation potentials at +0.30 

and +0.90 V (vs Ag/AgCl) at -50 °C in CH2CI2 . All previously studied 

mononuclear complexes of the type [Ru(acac)2LL'] (L = L'; L ^ L') containing 

chelated alkenes and aikynes5,6,13 or 71-acceptor ligands2,3 show only one 

one-electron oxidation in the potential range 0 - +1.5 V from the Ru(II) to 

Ru(III) oxidation state and show no Ru(III) to Ru(IV) oxidation. Thus, the 

two oxidation couples for the dinitrogen complex are believed to correspond
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to the sequential oxidation of the two ruthenium metal centres i.e. Ru(II/II)

—> Ru(II/III) and Ru(II/III) -» Ru(III/III). At room temperature, the initial 

oxidation process is fully reversible whereas the second oxidation process is 

irreversible. The difference in potential between the oxidation couples is 

similar to that found for the related complex [{Ru(NH3)5}2(p-N2)]4+, which 

undergoes a reversible one-electron oxidation potential at +0.73 V (vs NHE) 

and a second irreversible oxidation process at ~1.2 V (vs NHE).14 

Table 3.4: Oxidation potentials of mixed phosphine complexes in CH2CI2 (ca. 

20 °C unless otherwise stated).

Complex Geometric
isomer

Ei /2(Ru3+/2+) 
(V vs Ag/AgCl)

[Ru(acac)2(PPrz3)2]
trans

cis
-0.14s
+0.02

[Ru(acac)2(PPrz3)(CO)]
trans

cis +0.92

[Ru(acac)2(PCy3)(CO)]
trans

cis
+0.64b
+0.89b

[Ru(acac)2(PCy3)(SbPh3)] cis +0.19
[Ru(acac)2(PPr'3)(=C=C(H)SiMe3)] cis +0.62a'c

[Ru(acac)2(PPrI3)(=C=C(H)Ph)] cis +0.75a'c
[{Ru(acac)2(PPrz3)}2(|d-N2)] cis +0.30, +0.90a

a) measured at ca. -50 °C; b) values agree ± 30 mV with those reported in ref. 3; c) irreversible 

oxidation process.

3.2 Electrolytic Oxidation

3.2.1 Spectro electro chemical Results

The electronic (UV-Vis) spectra for numerous cis- and trans- 

[Ru(acac)2L2]n+ (L = monodentate ligand) (n = 0, I ),2'3 and the chelate alkene 

complexes czs-[Ru(acac)2LL']n+ (LL' = 2-vinyl-N/N-dimethylaniline, 2- 

allylpyridine, 3-butenyldimethylamine, 3-butenyldimethylphosphine) (n = 

0, l )5,6 have been recorded and show characteristic bands for each oxidation 

state. Unstable rutheium(III) complexes, such as ds-[Ru(acac)2(rj2-C8H i4)L]+ 

(L = NH3, MeCN and SbPh3) have also been generated electrochemically and
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characterised in situ in an optically transparent thin layer electrode (OTTLE)

cell.3

The electronic (UV-Vis) spectrum  of the complex ds-[Ru(acac)2(T|2- 

£ 2114)2] exhibits a broad band at 32700 cm*1 (e = 9400 L M '1 c m '1) and a 

slightly stronger absorption near 38800 cm ' 1 (e = 12400 L M '1 c m '1) (see 

Figure 3.3). Applying a potential of +1.20 V (vs Ag/AgCl) to the solution at 

ca -50 °C causes the gradual loss of these bands and the formation of new 

bands at 13300 cm'1 (£ = 2600 M'1 cm '1), 16000 (e = 2200 L M'1 cm '1) and 34100 

c m ' 1 (e = 9400 L M’1 cm-1). After the solution had been exhaustively 

oxidized, the original Ru(II) spectrum  was regenerated after applying a 

potential of +0.70 V (vs Ag/AgCl). During both the oxidation and reduction 

process, isosbestic points were observed, as shown in Figure 3.3, indicating 

that only two absorbing species are present in solution. The bands found in 

the spectra of cis-[Ru(acac)2Cn2-C2H4)2] and of the electrogenerated species are 

similar in both position and intensity to those of the previously studied 

complexes ds-[R uII/ III(acac)2L2 ] ° / +1 (L = m onodentate ligand )2,3 and the 

chelate complexes d s - [R u II/ i n ( a cac )2 (LL ' ) ] 0 / ' t'1 (LL' = 2-vinyl-N,N- 

d im ethy lan iline, 2 -ally lpyrid ine, 2 -isopropeny l-N ,N -d im ethy lan iline , 

a l l y  l d i m e t h y l a m i n e ,  3 - b u t e n y  l d i m e t h y l a m i n e ,  3-  

butenyldim ethylphosphine, 3-butenyldiphenylphosphine and isomesityl 

o x id e )5,6 A direct comparison can be m ade w ith the electronic spectra 

recorded for ds-[Ru(acac)2(COD)]°/+ (COD = 1,5-cyclooctadiene),2 which are 

shown in Figure 3.4. No cis- to trans-isom erization is believed to be 

occurring for the bis(ethene) complex during the oxidation process since 

such isomerization for the COD complex is highly improbable. Thus, the 

one electron oxidation of ds-[Ru(acac)2Cn2-C2H 4)2] results in the formation 

of the ruthenium(III)-bis(ethene) cation ds-[R uIII(acac)2('T|2-C2H 4)2]+ at low 

temperatures. The broadness of the bands may be attributed to a vibrational 

broadening phenomenon caused by distortion of the equilibrium geometry 

in the excited state .15
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Figure 3.3: Electronic spectra recorded during the one-electron oxidation o f cis-

[Ru(acac)2(rj2-C2H 4)2] in 0.5 M  [Bun4N][PF6]/CH2Cl2 at ca -5 0  °C [Eappi = +1.20 V  (vs 

Ag/AgCl)].

11000 16000 210 0 0 36000 41 0 0 06000 2 6 0 0 0 31 0 0 0

Wavenumbers (cm"1)

Figure 3.4: Electronic spectra recorded fo r  [Ru(acac)2(COD)]n+ (CO D  = 1,5- 

cyclooctadiene) in 0.1 M [Bu”4NJ[PF6J/MeCN at ca-AO °C (taken from ref. 2).

cis-[Ru(acac)2(COD)]

o 1

/  -<----- ds-[Ru(acac)2(COD)]

40000 4500010000 25000 35000
Wavenumbers (cm*1)

15000 20000
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The electronic spectra recorded at ca. -50 °C for the oxidation process

in the complexes czs-[Ru(acac)2(r|2-C2H4 )L] (L = NH3, PCy3, SbPh3), trans- 

[Ru(acac)2(r|2-C2H4)(NH3)] and czs-[(Ru(acac)2(PPrI3))2(p-N2)] show the same 

general features as observed for the bis(ethene) complex (see Tables 3.6 and 

3.7). Above ca 30000 cm-1 aromatic n —» n* transitions of the phenyl rings of 

czs-[Ru(acac)2(rj2-C2H4)(SbPh3)] significantly broaden the electronic spectrum. 

The electronic spectra for the oxidised complexes of cis-[Ru(acac)2Cn2-C2H4)L] 

(L = NH3/ SbPh3) are also similar to those of the previously reported 

cyclooctene analogues.3 Spectra recorded during the reduction of the 

electrogenerated Ru(III) species were found to be identical with those of the 

initial Ru(II) complex, indicating that the oxidation process is fully 

reversible. The electronic spectra of cis- and fraz?s-[Ru(acac)2(T|2"C2H4)(NH3)] 

are very similar as shown in Figures 3.3 and 3.4, except for the V2 vibronic 

component of the Ru(II) —> acac k* MLCT transition (see Table 3.6). For the 

czs-complex V2 is located at ca. 32000 cm-1, whereas for the trans-isomer it is 

at 28500 cm*1. Similar differences in the electronic spectra of geometric 

isomers were found for cis- and frarcs-[Co(NH3)4(Fl2 0 )F][ClC)4], although the 

bands in these complexes are due to d-d transitions.16 The electronic spectra 

of the oxidised products of cis- and frans-[Ru(acac)2 (T|2 'C 2Fl4)(N H 3)] 

however, are almost indistinguishable from each other (see Tables 3.5 and 

3.6).

The transitions for both oxidation states have been previously 

assigned, using the spectra of the species [RuP/^^acac^ ] 0' -1 as a basis.2 The 

electronic spectrum of [Ru^acac^] consists of three well-defined bands due 

to a ligand-centred transition (acac k —> k*) at 36700 cm-1 (e = 16800 M"1 cm'1), 

a Ru(III) —» acac k* MLCT (metal to ligand charge transfer transition) at 28800 

cm*1 (s = 7500 M' 1 cm-1) and an acac k —> Ru(III) LMCT (ligand to metal 

charge transfer transition) at 20000 cm-1 (e = 1500 M"1 cm '1). The electronic 

spectrum of the electrogenerated [Run (acac)3]' anion, measured in situ, 

shows two main bands due to a ligand acac n —» acac k* transitions at 36300



Chapter 3 118

Figure 3.5: Electronic spectra recorded during the one-electron oxidation of

cis-[Ru(acac)2(Tl2-C2H4)(NH3)] in CH2Cl2 at ca^-50 °C.

10000 20000 25000 30000

W avenum bers (cm-1)
4500015000 35000 40000

Figure 3.6: Electronic spectra recorded during the one-electron oxidation of 

trans-fRu(acac)?(rj2-C?Hd)(NH^)l in CH2Cl2 at ca. -50 °C.

30000 400002000010000 15000 3500025000

W avenum bers (cm-1)
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Table 3.5: Principal electronic band maxima (in cm'1) for the isolated ethene

complexes [RudHacacjziv^-CiH^L] and cis-f{Ru(acac)?(PPr(i)h(n-N?)l (figures 

in brackets are the molar absorptivities in M '1 cm'1 L '1).

COMPLEX MLCT
acac 7i —» 
acac k*

E i / 2(R u 3+ /2 + )  
(V vs 

Ag/AgCl)

v i v2
ris-[Ru(acac)2(il2-C2 H4 )(NH3 )] 25500

(3100)
31000
(4900)

36700
(15100)

+0.37

frans-[Ru(acac)2(Ti2-C2H4)(NH3)] 25000
(2700)

28500
(4000)

37700
(14500)

+0.37

a's-[Ru(acac)2(r|2-C2H4)(PCy3)] 29600
(6500)

" 36700
(14600)

+0.43

ds-[Ru(acac)2(t|2-C2H4)(SbPh3)] 26200
(2800)

38800
(12600)

+0.59

cis-[Ru(acac)2(T|2-C2H4)2] 32700
(6000)

38800
(8000)

+0.95

ds-[{(Ru(acac)2 (PPrz3 )}2 (Li-N2 )] 27500
(16900)

37400
(53500)

+0.30 /  +0.90

Table 3.6: Principal electronic band maxima (in cm '1) for the isolated ethene 

complexes [Ruin (acac)2 (ri2-C2 H 4 )L]+ and cis-[{ Ru(acac)?(PPrii)}?(/Li-N'?)l2 + 

(figures in brackets are the molar absorptivities in Mr1 cm'1 L'1)*.

COMPLEX MLCT MLCT acac
(7t—>7C*)

v3 v4
ris-[Ru(acac)2(T|2-C2H4)(NH3)] 16800

(2200)
27000
(sh)

34000
(9800)

frans-[Ru(acac)2(T|2-C2 H4 )(NH3)] 16000
(1000)

” ” 36000
(8000)

cis-[Ru(acac)2 (ri2-C2 H4 )(PCy3 )] 14700
(1300)

17600
(1300)

29400
(4700)

36600
(12700)

ds-[Ru(acac)2(Ti2-C2H4 )(SbPh3 )] 13900
(1300)

16900
(1200)

- -

cis-[Ru(acac)2Cn2-C2H4)2] 13300
(2100)

16000
(1800)

“ 34100
(8000)

ds-[{(Ru(acac)2(PPrI3)}2(fi-N2)] 13900
(3000)

17800
(3000)

30300
(16700)

37600
(35700)

c/s-[Ru(acac)2(T12-C8H14)(NH3)]a 17200 - - 34600
ds-[Ru(acac)2(ri2-C8Hi4)(SbPh3)]a 14600 - - 35000

a) ref. 3.
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cm'1 and a Ru(II) —» acac 71* MLCT transition at 19800 cm'1 (a shoulder at ca. 

21000 cm'1 is very likely a higher vibronic component of the same band).2

The spectra of the complexes czs-[RuII(acac)2L2] and the chelate alkene 

and alkyne complexes czs-[RuII(acac)2 (TL')] are similar to that of 

[Run(acac)3]', dominated by just two bands belonging to the acac n —> acac k* 

transition and Ru(II) —> acac n* (MLCT) transition.2,6 The latter transition 

has two components labelled vi and V2; the latter component appears as a 

weak shoulder to lower energy. The energies of these components, which 

fall in the range 20000 to 34000 cm'1 depending on the ligands, have been 

found to vary linearly with the Ei / 2(Ru3+/ 2+) values, which span a potential 

range of -0.65 V to +0.87 V .2'3'6 In contrast with [RunI(acac)3], the electronic 

spectra of the complexes czs-[Runi(acac)2L2] + and the alkene chelate 

complexes czs-[Ru11I(acac)2(LL')]+ generally show just two bands assigned to 

the acac n —» Ru(III) LMCT, generally found in the range 12700 - 20000 cm-1, 

and an acac n —> acac 71* transition usually at 33700 - 35000 cm'1.2,6 The acac n 

—> Ru(III) LMCT usually appears as a single, broad band or as a double 

feature with higher (V3) and lower energy (V4) components. These two 

components are usually found between 13000 and 18000 cm'1 (see Table 3.6).

The electronic spectrum of czs-[{Ru(acac)2 (PPrz3)}2 (p-N2)] is very 

similar to the spectra of other isolated complexes that have similar 

Ei / 2(Ru3+/ 2+) values, as shown in Table 3.6. After applying a potential of ca. 

+1.2 V (vs Ag/AgCl) at ca. -50 °C, the electrogenerated spectra are consistent 

with the presence of the doubly oxidised species czs-[{Ruin(acac)2(PPrz3)}2(|i- 

N2)]2+/ see Table 3.6 for band positions. Spectra recorded during the 

reduction of the electrogenerated Ru(III/III) complex were found to be 

identical with those of the initial Ru(II/II) complex, indicating that the two- 

electron oxidation process is fully reversible.

The electronic spectrum of the mixed-valence species cis- 

[{Ru(acac)2(PPrz3))2(p-N2)]+ displays a broad, weak, asymmetric near-IR band
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Figure 3.8 The near-IR band for the mixed valence complex cis-

[{Ru(acac)2(PPr 3 )}2 (fi-N2)]+ in a standard CH2 Cl2  electrolyte solution at ca. -50 °C.

D

7 0 0 0 9 0 0 0 1 1 0 0 0 1 3 0 0 0 1 5 0 0 0

Wavenumbers (cm’1)

Figure 3.9 The near-IR band for the mixed valence complex 

[{(Ru(NH3 )5 }2 (p-N2 ) f T (taken from ref 14).

7 .1 0

Wavenumbers (/103 cm'1)
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at ca. 8900 cm '1 which is not present in either the Ru(II/II) or Ru(III/III)

oxidation states (see Figures 3.7 and 3.8). Similar near-IR bands have been 

reported for the mixed-valence species [{Ru(NH3)5)2(|i-N 2)P +14 (see Figure 

3.9) and the Creutz-Taube ion [{Ru(NH3)5)2(p-pyz)p+ (pyz = pyrazine).17,18 

Although this band is broader for [{Ru(acac)2(PPrz3))2(p-N2)]+ (coi/2 ca. 3700 

cm '1) than for [{Ru(NH3)5}2(p-N2)]5+ (coi/2  ca. 2630 cm '1),14 the half-width is 

less than the value of ca. 4750 cm-1 predicted by the H ush theory19 for 

localized mixed-valence systems. Hush has also suggested that delocalized 

systems will show asymmetric bands. These observations suggest that cis- 

[{Ru(acac)2(PPrz3)}2(M--N2)]+ is valence delocalized, but probably not to the 

same extent as either the Creutz-Taube ion or [{Ru(NH3)5}2(p-N2)P +.14

3.2.2 EPR Spectra

As m entioned earlier, m any configura tionally  stable Ru(III) 

complexes only differ from the corresponding Ru(II) complexes by one unit 

of charge (see p. 1). The Ru(III) ion is low-spin 4d5 w ith one unpaired 

electron. The majority of its complexes are param agnetic and, in principle, 

should  show  electron param agnetic  resonance (EPR) spectra. EPR 

spectroscopy may provide im portant inform ation about the electronic 

structure of param agnetic systems. EPR studies have been carried out on 

num erous Ru(III) complexes including [Ru(acac)3],21 [Ru(NH3)6p +22 and 

[Ru(en)3]3+.23

There are two possible spin-states for a single electron (s = 1 /  2) which 

are degenerate in the absence of zero-field splitting. This degeneracy is lifted 

in the presence of an external magnetic field and transitions between these 

levels are now possible. The difference in energy between these two levels 

which is m easured in an EPR spectrum  is related to the spectroscopic 

splitting factor g. For a free electron g  is 2.0023; however, g is a tensor

quantity and has inherent direction. The m agnitude of g depends on the
except when the system is cubic

orientation of the system w ith respect to the m agnetic field/ Isotropic
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behaviour is observed for a perfect cubic system since g will have a value

independent of orientation. Anisotropic behaviour is found for systems 

which have lower electronic sym m etry and will usually  have non­

equivalent components along the x, y and z axes. In the case of a complex 

which show s rhom bic sym m etry, e.g. cis-MX4L2 (where L and X are 

monodentate ligands), all three components are indeed inequivalent, gx * gy 

* gz, which gives rise to three absorptions. One example is cis-[W(CO)4(r|2- 

alkene)2]+ (alkene = 1-pentene, 1-hexene, cyclopentene, cyclohexene, 

cycloheptene, cyclooctene). For a frozen solution it is not possible to assign 

these peaks to gx, gy and gz. If the complex shows overall axial symmetry, as 

is usually found for trans-MX4L2 (where L and X are monodentate ligands), 

then g will have one component (gz) parallel to the principal symmetry axis, 

known as g||. The components along the x and y axes (gx and gy) are 

equivalent and give rise to a single resonance labelled g±. Examples of 

R u(III) co m p lex e s  w ith  a x ia l s p e c tra  in c lu d e  t r a n s -  

[Ru(NH3)4(P(0Et)3)(H20)][CF3S03]324 and

[Ru(NH3)4(P(0Etb)2][CF3S03]3-25

However, complexes which contain bidentate ligands, eg. acac and 

bipy, usually show three resonances in the EPR spectrum  regardless of 

w hether the complex has overall axial or rhombic symmetry. The two 

donor atoms of one ligand are not completely electronically independent of 

each other as are the donor atoms of two m o n o d e n ta te  ligands. This is 

known as the Orgel effect26,27 and will become manifest in a slight rhombic 

distortion of cis or trans-MX4L2 w hen chelating ligands (AA) replace X, 

giving M(AA)2L2-28 In the case of fr«ns-[RuIII(acac)2L2][PF6] (L = BufN C , 

PPft3), the spectra may be regarded as pseudo-axial w ith two relatively close 

resonances, gi and g2, betw een 2.28 and 2.20 (see Table 3.7). For the 

complexes czs-[RunI(acac)2L2][PF6] (L = MeCN, PPI13, Bu*NC; L2 = dppe, dppp, 

1,5-cyclooctadiene and 2-styryldiphenylphosphine) the difference between 

the g-values of these absorptions is greater than 0.13 (see Table 3.7). Thus, it
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appears to be possible, in principle, to discriminate between Ru(III)

geometric isomers on the basis of their EPR spectra, but it must be noted that 

several complexes such as cis-[RunI(bipy)L2][CIO4] (L = MeOC(S)S', 

Et2NC(S)S_) also show only two g-values and trans-Cs[Ru(acac)2Cl2] shows 

three well separated resonances (see Table 3.7).

Figure 3.10: EPR spectra for complexes of the type [Ruul(acac)2E2l[PE eJ (L = 

monodentate ligand) (taken from ref 2).*

frans-[Ru(acac)2(Bu'NC)2]+

DPPH
(2 .00)

c/s-[Ru(acac)2(MeCN)2]+

DPPH 
■ "  ( 2 .00 )

*) DPPH = diphenylpicrylhydrazyl (g0 = 2.0037).

Figure 3.11: EPR spectra for complexes of the type [Rulu(acac)2EL’][PEe] (EL' = 

2-styryldiphenylphosphine, 2-allylpyridine) (taken from ref. 2 and 6).*

*) DPPH = diphenylpicrylhydrazyl (g0 = 2.0037).

Bulk anodic electrolysis of frans-[Ru(acac)2Cn2-C2H4)(NH3)] at -40 °C 

results in a colour change from yellow to blue; a small aliquot of the 

solution was frozen and the EPR spectrum recorded. The spectrum is shown 

in Figure 3.12 and appears to be consistent with the presence of an axially 

distorted ruthenium (III) complex. Since frarcs-[Ru(acac)2(T|2-(l2H4)(NH3)] is 

axially distorted (neglecting the bridging backbone of the acac ligands), one
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interpretation is that isomerization has not occurred during oxidation (see

the reservation above). This conclusion agrees w ith those draw n from the 

spectroelectrochemical results.

Table 3.7: g_-Values for various [Ru(acac)2L2][PFg] and [Ru(acac)2LL'][PFsi 

complexes.

Complex Geometric
Isom er

gl g2 g3

Cs[Rum(acac)2 Cl2 ]a trans 2.67 2.16 1.28

[Rum(acac)2(MeCN)2 ] [PF6]b cis 2.40 2.17 1.77

[Ruin(acac)2 (dppe)] [PF6]b cis 2.29 2.14 1.92

[Rum(acac)2 (dppp)] [PF6]b cis 2.40 2.12 1.86

[RuIH(acac)2 (PPh3)2 ] [PF6]b trans
cis

2.28
2.40

2.23
2.08

1.84
1.84

[Rum(acac)2(Bu*NC)2] [PF6]b trans
cis

2.24
2.28

2.20
2.10

1.89
1.91

[RuIII(acac)2(COD)] [PF6]b-c cis 2.23 2.10 1.94

[RuIII(acac)2(SP)][PF6]b'c cis 2.33 2.05 1.91

[Ruiii(acac)2(o-H2C=C(H)CH2C5H4N)][PF6]d cis 2.42 2.03 1.85

[Ru«I(acac)2 (o-PhCsCC6Fl4 NMe2 )][PF6 ]e cis 2.22 2.05 1.92
a) ref. 30; b) ref. 2; c) COD = 1,5-cyclooctadiene, SP = 2-styryldiphenylphosphine; d) ref. 5; e) 
ref. 13.

Figure 3.12: The EPR spectrum of the species isolated from the anodic 

oxidation of trans-[Ru(acac)2(rj2-C2H 4)(NH 3)] at cau -40 °C.

40002000

Field /  G
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Anodic oxidation of czs-[R u(acac)2(r|2-C2H4)2] under the same 

conditions outlined for fraftS-[Ru(acac)2Cn2"C2H4)(NH3)] also results in the 

form ation of a deep blue solution. However, in situ cyclic voltam m etric 

experiments show that a second species is present in solution, the same as 

that previously detected w hen the CV traces were recorded at room 

tem perature (see p. 107). The EPR spectrum of this frozen solution shows 

several resonances which are also typical of ruthenium(III) complexes but 

the identity of the species responsible for them is unknown.

3.3 Chemical oxidation o f monoethene complexes trans- 

[Ru(acac)z(ri2-C2H4)(NHs)] and cis-fRu(acach(ri2-alkene)Ll (alkene = C2H4, L =

PC1/3; alkene = C3H14, L = SbPh^)

As the electronic and EPR spectra of the products arising from the 

anodic electrolysis of the complexes trans-[Ru(acac)2(T|2-C2H4)(NH3)] and cis- 

[Ru(acac)2Cn2-C2H4)L] (L = C2H4, NH3, SbPl-13 and PCy3] were obtained at ca. 

-50 °C over a timescale of tens of minutes and did not show any change at 

this tem perature, attem pts were m ade to isolate these new species. The 

addition of one equivalent of AgPFö to a chilled standard  electrolyte 

so lu tion  contain ing  czs-[R u(acac)2(T |2_C 2H 4)(P C y3)] in a jacketed 

electrochemical cell gave a deep blue solution, whose CV traces (Ru111 —> 

Ru11) were superimposable on those previously recorded before the addition 

of the oxidant (Ru11 —> Ru111). H ydrodynam ic voltam m etric results show 

that for czs-[Ru(acac)2Cn2-C2H4)(PCy3)] no current is detected between 0 and 

+0.4 V (us Ag/AgCl), as shown in Figure 3.13A. As the potential passes 

between +0.4 and +0.5 V (vs Ag/AgCl), however, a positive current passes 

through the solution which corresponds to the oxidation of the complex; 

above +0.5 V a limiting current is reached. The potential at half the current 

height is ca. +0.45 V (vs Ag/AgCl) which agrees w ith the value measured 

previously by cyclic voltammetry (see p. 109). After the addition of a slight 

excess of AgPFö, a negative current is found between 0 and +0.4 V; above
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+0.5 V there is no current passing through the solution as shown in Figure

3.13B. The potential at half the current height is also ca. +0.45 V which

indicates that the oxidised species czs-[Runi(acac)2Cn2-C2H4)(PCy3)][PF6] is

present in solution. The current is slightly greater after the addition of the

oxidant but this may be due to a slight concentration of the solution

owing to loss of CP12C12 by evaporation, the presence of colloidal silver on the 
electrodes or the slight excess of Ag(I).

Figure 3.13: Hydrodynamic voltammograms for A) cis-\Ru(acac)i(p2- 

C2 H4 )(PCy3 )] (scan rate 20 mV s'1) and B) after the addition of AgPFß (scan 

rate 10 mV s'1) starting from 0 V (vs_ Ag/AgCl).

A B

zero current 
check

zero current 
check

Potential (V vs Ag/AgCl) Potential (V vs Ag/AgCl)

From the chemical oxidation of trans-[Ru(acac)2Cn2_C2H4)(NPl3)] with 

[Cp2Fe][PF6] (0.9 equivalents) in CH2CI2 at room temperature a red solid can 

be isolated. CV studies of this red solid show that this is a mixture of species, 

including ferrocene, [Ru(acac)3], and an unidentified species which gives an 

electrochemically irreversible wave at -0.21 V (vs Ag/AgCl). This solid has 

not been studied further. The oxidation of frans-[Ru(acac)2Cn2-C2H4)(NH3)] 

with AgPFö (1.3 equivalents) at ca. -70 °C, however, results in the formation 

of a deep blue solution from which a deep blue solid may be obtained. 

Dissolving this blue solid in CH2CI2 at room temperature results in a red 

solution after several minutes. Storage of the blue solid at ca. -20 °C also 

results in a slow colour change to red after several weeks. The IR spectrum
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of the blue solid (KBr disc) shows a very strong absorption at 1521 cm-1 and a

weak absorption at 2964 cm'1, both bands characteristic of v(C=0) and v(C=C) 

in coordinated O-bonded bidentate acac and N-H deformation of
o  1

coordinated NH3, respectively. The presence of the PFö anion was 

confirmed by the presence of strong bands at 847 and 558 cm-1.31

The EPR spectrum of a solution obtained by in situ chemical 

oxidation of frans-[Ru(acac)2(B2'C2H4)(NH3)] with AgPF6 at ca. -70 °C shows 

three resonances at gi = 2.56, g2 = 2.06 and g3 = 1.77 (see Figure 3.14A). As 

previously mentioned (see p. 124), a large separation between gi and g2 is 

consistent with a cis-complex. Flowever, this spectrum differs from that 

obtained by anodic electrolysis (see p. 126) in the presence of a signal at g 2.06 

which at first sight, might suggest that trans- to czs-isomerization has 

occurred during chemical oxidation. A similar EPR spectrum has also been 

recorded for the solid isolated from the chemical oxidation of cis- 

[Ru(acac)2Cn2-C8H i4)(SbPh3)] (see below). The result for the ethene complex 

appears to contrast w ith the conclusion draw n from the 

spectroelectrochemical results for cis- and trarcs-[Ru(acac)2Cn2-C2H4)(NH3)] 

(see p. 117). However, the EPR spectrum of AgPF6 shows a resonance which 

is believed to be due to a small amount of colloidal silver (see Figure 3.14B). 

Since the valence electronic configuration for Ag(0) is 4d105s1 with one 

unpaired electron, an EPR signal is expected. Thus, the resonance at slightly 

lower field than g 2.10 in the spectrum shown in Figure 3.14A may be due to 

colloidal silver. Since no attempt was made to filter the solution at 

ca. -70 °C, the amount of colloidal silver must be equal to that of the 

ruthenium complex. If this peak at g 2.06 is subtracted, the appearance of the 

spectrum is much closer to that of the solution obtained by bulk electrolysis 

However, further EPR studies on trans-[Ru(acac)2(r|2'C2H4)(NH3)], as well as 

czs-[Ru(acac)2(ri2-C2H4)(NH3)] and other available complexes are required 

clarify this situation.
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Figure 3.14: EPR spectra of A) in situ chemical oxidation of t r a n s - 

[Ru(acac)2(ri2-C2H 4) (N H 3)] chemical oxidation and B) AgPFß as a frozen 

solution of 0.5 M  [Bun4N][PF6]/CH2Cl2 at 4.7 K.

4000 5000

Field / G

Chemical oxidation of a cold so lu tion  of cis-[R u(acac)2(T l2- 

C8H i4)(SbPh3)]4 with AgPFö also gives a deep blue solid which, unlike the 

corresponding com pound m ade from frans-[Ru(acac)2(T\2-C2H 4)(N H 3)], 

appears to be indefinitely stable at room tem perature; a sample has been 

kept for over one year. The elemental analysis of the solid was consistent 

with the formulation [Rum(acac)2(Ti2-C8H i4)(SbPh3)][PF6] containing ca. 10% 

of AgPFö- The +ve FAB mass spectrum  shows the presence of the parent 

cation at m/ z 762.2 and ions corresponding to {Ru(acac)2(SbPh3)}+; the IR 

spectrum shows two absorptions at 1552 and 1518 cm-1, consistent with O- 

bonded bidentate acac coordination and a strong absorptions at 840 and 557 

c m '1 indicating the presence of the [PFö] an ion .31 Cyclic and AC 

voltammetric studies at ca. -45 °C show that the isolated blue solid has a 

fully reversible Ei / 2(Ru3+/ 2+) couple at +0.48 V (vs Ag/AgCl), which is very 

close to the reported potential of cis-[Ru(acac)2(r|2-C8H i4)(SbPh3)] (see Table 

1.10).
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The EPR spectrum of [Runi(acac)2(T|2-C8H i4)(SbPh3)][PF6] shown in 

Figure 3.15 is similar to that of the 2-allylpyridine complex czs-[Ru(acac)2(o- 

H2C=CHCH2CsH4N (see p. 125). The largest absorption at slightly lower 

field than ca. g 1.98 probably has a small contribution from Ag(0) present in 

the solid (see above). However, the magnitude of the difference between gi 

(2.48) and g2 (1.98) suggests that a czs-[Ru(acac)2L2] species is present in 

solution.

Figure 3.15: EPR Spectrum of the blue solid isolated from the oxidation of 

cis-[Ru(acac)2(712-C8H14)(SbPh3)] with AgPF6 in 0.5 M [Bun4N][PF6]/CH2Cl2 at 

4.7 K.

Ir-iT» 1 I ■ —

6000

Field / G

*) absorption which probably contains a small contribution from Ag present.

The complexes [RuIII(acac)2L2]+ show a characteristic acac n —> Ru(III) 

LMCT between 12000 - 20000 cm-1 in solution (see Table 3.6). For 

comparison, the electronic spectrum of the blue solid was therefore recorded 

by solid state reflectance UV-Vis spectroscopy. It shows a broad band 

between 12000 - 18000 cm' 1 in either a matrix of KC1 or [Bun4N][BF4], as 

shown in Figure 3.16. This transition is also present in the spectrum of the 

isolated solid czs-[Rum(acac)2(o-H2C=C(H)C6H4NMe2)][PF6] but is absent for 

czs-[RuII(acac)2 ('n2-C2H 4)(SbPh3)]in both matrices. The spectrum of 

[Rum(acac)2(r|2-C8Hi4)(SbPh3)][PF6] ln MgO does not show this transition, 

possibly because traces of water in MgO may form hydroxide ions which can
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reduce the Ru(III) species to Ru(II) complexes in a similar manner found for

ethoxide ions and ds-[Ru(acac)2(o-H2C=C(H)C6H4NMe2)][PF6].6 

Figure 3.16 Solid state electronic spectra in KCl matrix.

—  ds-[Ru(acac)2(Ti2-C8H14)(SbPh3)][PF6]

■m m  cis-[Ru(acac)2(o-H2C=C(H)C6HiNMe2)](PF6]

1000 2500 3000 3500 4000 4500

Wavenumbers (x 10 cm 1)

On the basis of the available evidence, the blue solid isolated from the 

oxidation of cis-[Ru(acac)2(Tl2-C 8H i 4 )(SbPh3)] with AgPFö at low 

temperatures is a's-[RuIII(acac)2(r|2-C8Fli4)(SbPh3)][PF6].

3.4 Discussion

There are relatively few w ell-characterised mononuclear 

paramagnetic transition metal alkene and alkyne complexes and most 

contain either early transition metals or 3d-elements. They include 

[(N3N)Mo(r|2-C2H4)] [(N3N)3- = [(Me3SiNCH2CH2)3N ]3-],32 [Tpf-ß^ Ml,Co(Ti2- 

C2H4)] (Tp t-Bu.Me = hydridotris(3-t-Bu-5-methyl-pyrazolyl)borate),33 [(rp:r|

C5H4(CH2)2N!-Pr)V(n4-C6H1o)],34 [CpV'(L)(PMe3)2] (L = C2H4, PhC^CPh),35 

[V(CO)4(LL’)] (LL' = o-CH2=CHCH2C6H4PPh2, E-o-CH3CH=CHC6H4PPh2),36 

[Cp2V(E-M e02CH=CHC02Me)]/37‘39 [Fe(Ti2-C2H4)2(PEt3)2],40 [CoKn2- 

H2C=CHCN)(PMe3)3][BF4]/41 [CoI(n2-C2H 4)(PR3)3] (R = M e42'44 Ph45), 

[CoI(COD)(PMe3)2] (COD = 1,5-cyclooctadiene)44 [(n5-C5H4SiMe3)2Nb(r|2-
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R C =C R ’)] (R = R' = Ph, Me, C0 2Me; R = Me, R’ = C0 2M e ),46 

C 6M e6)C rI(ii2-Me3SiC=CSiMe3)(CO)2][PF6]47 and [Ti6-C6M e6.xH x)Cr(ii2- 

PhC=CPh)][PF6] (x = 0, l).48

Examples of param agnetic alkene and alkyne complexes for a later 

transition metal are the complexes cis-[Rum (acac)2(LL')][PF6] (LL' = 2-vinyl- 

N ,N -d im e th y la n i l in e , 2 - is o p ro p e n y l-N ,N -d im e th y la n i l in e ,  3 - 

butenyldimethylamine, 2-allylpyridine, isomesityl oxide, 2-methoxystyrene, 

3 -b u te n y lm e th y le th e r , 2 -p h e n y le th y n y l-N ,N -d im e th y la n ilin e , 2- 

tr im e th y ls ily le th y n y l-N ,N -d im e th y lan ilin e )5'13 which make use of the 

chelate effect to increase stability. The work described in this Chapter shows 

that non-chelated a lkene-ruthenium (III) com plexes [Run i(acac)2(T|2- 

alkene)L][X] (alkene = C2H4, L = C2H4, NH3, PCy3, MeCN, SbPh3; alkene =
Q

CgHi4 , L = NH3, MeCN, SbPh3) can be generated electrochemically at low 

temperature. Unlike the related chelated alkene complexes however, these 

oxidised species decompose in CH2CI2 at room tem perature. Presumably 

decomposition occurs by alkene dissociation as a direct result of the reduced 

rc-backbonding of the Ru(III) ion (see p. 2), although the possibility that the 

oxidised species are reacting with the solvent cannot be discounted.

However, chemical oxidation of the complexes trans-[Ru(acac)2(T|2- 

C2H4XNH3)] and ds-[Ru(acac)2(r|2-C8Hi4)(SbPh3)] with a suitable oxidant at 

low tem peratures affords the corresponding salts trans-[RuIII(acac)2('n2- 

C2H4)(NH3)][PF6] and ris-[Rum (acac)2(Tl2-C8Hi4)(SbPh3)][PF6]; the latter solid 

a p p e a rs  to  be in d e f in ite ly  s ta b le  a t room  te m p e ra tu re . 

Spectroelectrochemical results suggest that the complexes retain their 

geometric configuration during oxidation, although attem pts to confirm 

this conclusion by EPR spectroscopy have been inconclusive. Further studies 

with these very sensitive oxidised alkene complexes are required to establish 

this point. O ther alkenes w hich have ‘electron-donating substituents 

attached to the C=C bond could also be expected to stabilise the Ru(III)
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oxidation state as well, whereas alkenes with electron-withdrawing

substituents would be expected to give more reactive and unstable species

than that found for ethene.

The oxidation potential of czs-[Ru(acac)2Cn2-C8H i4)(SbPh3)] is ca. 200 

mV higher than frflzzs-[Ru(acac)2(r|2-C2H 4)(N H 3)], yet, qualitatively, 

the oxidised triphenylstibine complex appears to be much more stable than 

the oxidised ammine complex. Oxidation of czs-[Ru(acac)2Cn2-C2H4)(SbPh3)] 

under similar conditions would presumably result in a species which is 

more stable than the ammine complex but less stable than the cyclooctene 

analogue. The reason for the greater stability at the Ru(III) level when 

triphenylstibine is co-ligand is not known.

Although non-chelated mono- or di-substituted alkyne complexes 

[Ru(acac)2(T|2"RC=CR)L] (L = co-ligand) have not been isolated (see Chapter 

2), the oxidation potentials for such complexes can be predicted to lie 200 to 

300 mV lower than those found for the corresponding ethene complexes 

(see Table 1.8). The chemical oxidation of these compounds may also be 

expected to yield isolable ruthenium(III)-alkyne complexes [RuIII(acac)2(T|2- 

RC=CR)L][X]. Structural studies of redox-active alkyne complexes cis- 

[Ru(acac)2(o-PhC=CC6H 4N M e2)]n+ (n = 0, l),13 [(t|6-C6HM e5)Cr(r|2- 

PhCsCPh)(CO)2]n+ and [(Tp')Mo(ii2-PhC=CPh)(CO)2]n+ [Tp' = HB(3,5- 

dimethylpyrazolyl)3] (n = 0, l)49 appear to indicate that the alkyne-binding 

affinities for both oxidation states do not differ greatly, unlike the alkene 

redox pair czs-[Ru(acac)2(o-H2C=C(H)C6H4NMe2)]n+ (n = 0, l).5
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4.1 Nucleophilic Addition Reactions

The complexation of alkenes or alkynes to a metal atom which is in a 

high oxidation state (II to IV) and has either a full formal positive charge or 

rem ote electron-w ithdraw ing ligands such as CO usually renders the 

unsa tu ra ted  hydrocarbons susceptible to nucleophilic attack. Such 

changes in reactivity are generally attributed  to the net w ithdraw al of 

electron density from the unsaturated carbon atoms, although theoretical 

calculations suggest that alkene slippage from r\2- to rj1 -coordination is 

required for external nucleophilic attack.4 The addition of neutral or charged 

nitrogen and oxygen nucleophiles to mono-alkenes, chelating alkenes or 

dienes that are coordinated to Pd(II),5-10 Pt(II)8-19 and Fe(II)20-25 has been 

extensively studied and m any of these reactions are synthetically or 

industrially  im portant. In m ost cases, attack of the nucleophile on a 

coordinated alkene occurs exo to the metal centre.1 Even tertiary phosphines 

can  b e h a v e  as n u c le o p h ile s  r a th e r  th a n  l ig a n d s  e .g .  

d im ethylphenylphosphine PPhM e2 reacts w ith the coordinated ethene of 

[RuCl2Cn2-C2H4)(CO)(PPhMe2)2] at low tem peratures to give nucleophilic 

add ition  products instead of ethene d isplacem ent.26 The addition of 

nucleophiles to alkynes coordinated to Pt(II),27-30 Fe(II),31-34 W(II) and 

Mo(II)35-39 has also been studied.

The fact that alkenes and alkynes can coordinate to ruthenium(III), a 

relatively high oxidation state, suggested the possibility that they might be 

susceptible to nucleophilic attack. There is a report that ruthenium(III) 

chloride catalyses the hydration of various alkynes to ketones via an 

undetec ted  Ru(III)-vinyl alcohol com plex .40 Plowever, because the 

coordination is generally weak, especially for alkenes, the work described in 

this C hapter is restricted to system s stabilised by chelation, i.e. cis- 

[R u III(a c a c )2 (LL')] [PF ö] (LL' = 2 -v iny l-N ,N '-d im ethy lan iline ,41 2- 

phenylethynyl-N ,N '-dim ethylaniline42). Preliminary studies were described
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in the PhD thesis of Kovacik.43 He made the following observations: neutral 

nucleophiles do not add to the alkene in the Ru(II) starting materials nor do 

they displace the coordinated alkene or alkyne; addition of ethoxide ions to 

these Ru(III) salts results in the one-electron reduction to the corresponding 

Ru(II) compounds; a similar one-electron reduction of czs-[Ruin(acac)2(o- 

H 2C=C(H)C6H 4NM e2)][PF6] to the Ru(II) compound is observed with 

pyridine; ds-[Runi(acac)2(o-PhC=CC6H4NMe2)][PF6] reacts with water and 

pyridine, and in the case of ds-[Runi(acac)2(o-H2C=C(H)C6H4NMe2)][PF6] 

with excess PMe3, to form red solids whose structures were unknown.43

In this subsequent discussion, the label Ca refers to the carbon atom 

attached to the N,N-dimethylaniline unit and Cß to the next carbon atom 

(see Figure 4.1).

Figure 4.1: Labelling of the chelate alkene and alkyne carbon atoms for the 

complexes cis-fRuin(acac)?(o-PhC^CC^HdNMei)UPF^l and cis-[Ruin(acac)2(o- 

H2C=C(H)C6H4NMe2) ][PF6].

4.2 Reaction of cis-fRuni(acachto-PhC^CCfHdNMe^ltPFfil with pyridine and

diethyl amine.

The addition of excess pyridine or diethylamine to ds-[Rum(acac)2(o- 

PhC=CC6H 4NM e2)][PF6]42 in CH2CI2 results in a red solution almost 

immediately from which red to black crystals of 1:1 adducts can be isolated in 

yields of ca. 50-75%. Although satisfactory elemental analyses were not 

obtained for either solid, the amount of nitrogen detected is consistent with 

the presence of only two nitrogen atoms per ruthenium atom. The +ve FAB
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mass spectral data for these isolated solids show parent molecular ion peaks

which correspond to {Ru(acac)2 (M e2N C 6H 4C =C Ph.N C 5H 5 )} + and

{Ru(acac)2(Me2NC6H4C=CPh.NEt2)}+ (see Table 4.1).

Table 4.1: +ve FAB mass spectral data for the isolated solids from the 

reaction of pyridine or diethylamine with c i s -f  Ru(  a cac)  ? (o - 

PhC^CC6H4NMe2) ][PF6l

Nucleophile m/z Assignment
Relative
Intensity

(%)
C5H5N 600.2 {Ru(acac)2(Me2NC6H4C=CPh.NC5H5))+ 30

521.1 (Ru(acac)2(Me2NC6H4C^CPh)|+ 100

Et2NH 593.2 {Ru(acac)2(Me2NC6H4C=CPh.NEt2)}+ 100

522.1 {Ru(acac)2(Me2NC6H4C=CPh.H)}+ 8

495.1 {Ru(acac)(Me2NC6H4C=CPh.NEt2H)}+ 10

Electrochemical studies show a fully reversible Ei / 2(Ru3+/ 2+) process 

at -0.50 V (vs Ag/AgCl) for the pyridine adduct, which is considerably more 

negative than that previously found for cis-[Ru(acac)2(TMPDA)] (TMPDA = 

N,N,N'N,'-tetramethyl-l,2-phenylenediamine) (-0.29 V vs Ag/AgCl) ,43 

frans-[Ru(acac)2(NC5H5)2] (-0.04 V vs Ag/AgCl),44 czs-[Ru(acac)2(NC5H5)2] 

(+0.01 V vs Ag/AgCl)44 and cis-[Ru(acac)2(o-PhC=CC6H4NMe2)] (+0.26 V vs 

A g/A gC l) . 42 This electrochemical evidence strongly suggests that the 

product is not simply a coordination compound of pyridine, e.g. 

[Ru(acac)2(NC5H 5)2][PF6] or ds-[Ru(acac)2(o-Ph&CC6H4NMe2)(NC5H5)][PF6] 

formed by complete or partial displacement of the alkyne ligand. By contrast, 

there is no detectable redox (Ru3+/2+) process between -1.0 and +1.0 V (vs 

Ag/AgCl) for the solid obtained from the diethylamine reaction. The EPR 

spectrum for the pyridine adduct as a frozen solution, is shown in Figure 

4.2. It has three resonances at gi = 2.35, g2 = 2.29, g3 = 1.76 as well as some 

fine structure, and is typical for a ruthenium(III) complex (see p. 123 -125).

The IR spectra (KBr disc) for both solids show two strong bands at 1580 

and 1510 cm'1, characteristic of O-bonded bidentate acac45 and strong bands



Chapter 4 141

at ca. 842 and 557 cm ' 1 due to the PF6 anion (see Table 4.2).45 There are no 

absorptions in the region of ca. 1970 cm ' 1 and ca. 2200 cm ' 1 due to the v(C=C) 

of the coordinated and free alkyne, respectively .42 A band detected in the 

spectrum  at 1547 cm -1 in the pyridine adduct is presum ably due to a 

"breathing" vibration of the coordinated pyridine 46

Figure 4.2: EPR Spectra of the isolated solid from the reaction of pyridine 

with cis-tRu(acac)?(o-PhC^CCf;HANMe'?)UPF^l as a frozen solution of 0.5 M 

[Bu”4N][PF6]/CH2Cl2 at 4.7 K.

2000 3000 4000 5000 6000
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Table 4.2: IR spectral data for the isolated solids from the reaction of

pyridine and diethylamine with cis-[Ru(acac)7(o-PhC=CCf;HdNMe?)ltPF(;l 

(KBr disc).

N ucleophile v(acac) v(PF6 ) Other

C5H 5N 1569,1519 841, 558 1547

NHEt2 1578,1518 842, 557 -

The structures of the pyrid ine and diethylam ine adducts were

i d e n t i f i e d  b y  X - r a y  c r y s t a l l o g r a p h y  as  ( E) -  
| I

ds-[RuIII(acac)2{o-Me2NC6H4C=C(NC5H5)Ph}][PF6] and
I I

ds-[RuI1I(acac)2{o-Me2NC6H4C(=NEt2)C(H)Ph}][PF6] respectively . In bo th  

cases, addition to the coordinated alkyne has occurred as show n in
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Equations 4.1 and 4.2, respectively. The structures are best regarded as

zwitterionic w ith a formal positive charge on the nitrogen atom and a

negative charge on the metal atom. In both cases, the ruthenium  complex

has an overall positive charge.

E q u a t i o n  4 . 1 : F o r m a t i o n  o f  ( E ) -I r I }
cisfRuin(acac)flo-Me2NC6H4C=C(NC5H5)Ph][PF6] from the reaction of pyridine 

with cis-fRu(acac)?(o-PhC^CC^HANMe7)][PFsJ.

Equation 4.2: Formation of cis-[Rul,I(acac)2fo-Me2NC6H4C(=NEt2)C(H)Ph}][PF6] 

from the reaction of diethylamine with cis-[Ru(acac)2(Q-PhCs€C6H4NMe2)][PF6L

The molecular structures of the cations are shown in Figures 4.3 and 

4.4.; selected metrical data are presented in Tables 4.3 and 4.4. Crystal and 

refinement data, together w ith the full set of interatom ic distances and 

angles, are given in Appendix A.11 and 12.

In the pyridine adduct, the nitrogen atom of the pyridine is bound to 

the ß-carbon atom of the alkyne and forms a five-membered ring containing 

a substituted vinyl group via a single N-C bond [N(2) - C(8) atom (ca. 1.49
o

A)]. The pyridine group is endo to the ruthenium  atom about the C=C bond.
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The distance between the alkene carbon atoms C(7) and C(8) (ca. 1.35 Ä) is

characteristic of a C=C bond (see Chapter 2). A single bond is also evident

between the Ru atom and the Ca atom of the vinyl group [Ru - C(7) ca. 2.03
o
A], whereas there is no interaction between the Ru and C(8) atoms, the 

separation being ca. 3.06 Ä.

In contrast, the diethylamine adduct contains a six-membered ring, 

the secondary amine nitrogen atom, N(2), being attached to the a-carbon 

atom by a double bond (ca. 1.33 Ä), a distance ca. 0.04 Ä longer than in other 

iminium salts.47'50 A single bond is also evident between the Ru atom and 

the Ca atom [Ru - C(8) ca. 2.19 Ä], although this distance is significantly

greater than that in the pyridine adduct. Moreover, the distance between the
although non-bonding,

Ru and the ß-carbon atom C(7) atoms is ca. 2.73 Ä, which,Jis substantially 

shorter than the corresponding non-bonding distance in the pyridine 

adduct. Also the C(7) - C(8) bond distance of the vinyl group (ca. 1.43 Ä), 

which is midway between the expected values for a C=C bond (ca. 1.33 A) 

and a C-C bond (ca. 1.53 A), suggests the possibility of delocalization of the 

N-C 7i-electrons into the adjacent C-C bond. The hydrogen atom on the ß- 

carbon atom was clearly located in the difference maps and there was no 

peak adjacent to N(2).

A possible resonance structure, an enamine, is shown in Scheme 4.IB 

in which there is partial double bond character in the bond between atoms 

C(7) and C(8) and a lone pair of electrons at N(2). The distance between a- 

carbon and N(2) atoms is ca. 0.07 A shorter than those typically found for an 

enamine.50'52 A resonance contribution of this type does not always lead to 

pyramidalization at the nitrogen atom, as several enamines50'52 show N 

trigonal planar geometry: in this case the three bond angles about N(2) add 

up to ca. 360 °. However, the enamine resonance form probably does not 

contribute much to the observed structure because the difference in the Ru-
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F i g u r e  4. 3:  OR T E P  di agram of  th cat ion of  (E)-  

l I
cis-[Ruu,(acac)2(o-Me2NC6H4C=C(NC5H5)Ph][PF6l.

T a b l e  4 . 3 :  S e l e c t e d  m e t r i c a l  p a r a m e t e r s  o f
I ;

cis-lRu,u(acac)2(o-Me2NC6H4C=C(NC5H5)Ph][PF6].

Bond Distances (Ä)
Ru(l)-0(1) 2.116(5) Ru(1)-C(7) 2.031(7)
Ru(l)-0(2) 2.018(5) N(2)-C(8) 1.488(8)
Ru(l)-0(3) 2.018(5) C(7)-C(8) 1.348(9)
Ru(l)-0(4) 2.002(5) N(2)-C(8) 1.488(8)
R u(l)-N (l) 2.152(5) C(8)-C(9) 1.475(9)

Bond Angles (°)
0(l)-R u(l)-0(2) 89.4(2) 0(3)-Ru(l)-N (l) 175.5(2)
0(l)-R u(l)-0(3) 84.2(2) 0(3)-Ru(l)-C(7) 103.1(2)
0(l)-R u(l)-0(4) 90.5(2) 0(4)-Ru(l)-N (l) 86.7(2)
0(1)-Ru(l)-N (l) 91.7(2) 0(4)-Ru(l)-C(7) 103.1(2)
0(1)-Ru(l)-C(7) 87.4(2) N(l)-Ru(l)-C(7) 81.1(2)
0(2)-Ru(l)-0(3) 86.7(2) Ru(l)-C(7)-C(6) 110.0(5)
0(2)-Ru(l)-0(4) 178.1(2) Ru(l)-C(7)-C(8) 128.4(5)
0(2)-Ru(l)-N (l) 95.2(2) C(6)-C(7)-C(8) 121.0(6)
0(2)-Ru(l)-C(7) 87.4(2) C(7)-C(8)-C(9) 133.4(6)
0(3)-Ru(l)-0(4) 91.4(2) C(7)-C(8)-N(2) 116.1(6)



Chapter 4
F i g u r e 4 .4 :  O R T E P  d i agr am of the cat ion
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Of

£k-[Ru (acac)2{Q-Me2NC6H4C(=NEt2)C(H)Ph/ ][PF6] .

I I
cis-[Run,<acac)2(o-Me2NC6H4C(H)CI=NEt2IPh][PF6I.

Bond Distances (A)
Ru(l)-0(1) 2.081(2) Ru(l)-C(7) 2.729(3)
Ru(l)-0(2) 2.004(2) C(7)-C(8) 1.426(4)
Ru(l)-0(3) 2.019(2) C(7)-N(2) 1.331(4)
Ru(l)-0(4) 1.990(2) N(2)-C(17) 1.477(4)
R u(l)-N (l) 2.181(3) N(2)-C(19) 1.483(4)
Ru(l)-C(8) 2.194(3)

Bond Angles (°)
0(l)-R u(l)-0(2) 89.47(9) 0(4)-R u(l)-N (l) 86.3(1)
0(l)-R u(l)-0(3) 88.43(9) 0(4)-Ru(l)-C(8) 92.6(1)
0(l)-R u(l)-0(4) 90.1(1) N(l)-Ru(l)-C(8) 97.5(1)
0(1)-Ru(l)-N (l) 88.9(1) Ru(l)-C(8)-C(7) 95.5(2)
0(1)-Ru(l)-C(8) 173.1(1) Ru(l)-C(8)-C(9) 113.9(2)
0(2)-Ru(l)-0(3) 88.28(9) C(7)-C(8)-C(9) 123.7(3)
0(2)-Ru(l)-0(4) 179.5(1) C(6)-C(7)-C(8) 119.2(3)
0(2)-Ru(l)-N (l) 93.4(1) C(6)-C(7)-N(2) 118.1(3)
0(2)-Ru(l)-C(8) 87.9(1) C(8)-C(7)-N(2) 122.7(3)
0(3)-Ru(l)-0(4) 92.0(1) C(7)-N(2)-C(17) 123.5(3)
0(3)-Ru(l)-N (l) 176.9(1) C(7)-N(2)-C(19) 121.9(3)
0(3)-Ru(l)-C(8) 85.1(1) C(17)-N(2)-C(19) 114.3(3)
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C bond lengths to the a  and ß carbon catoms (ca. 2.14, 2.73 A) is far greater 

than those to the alkene carbon atoms in the Ru(III) chelate complex cis- 

[RuIH(acac)2(o-H2C=C(H)C6H4NMe2)][SbF6] (both 2.24 Ä).41

Scheme 4.1: Possible resonances structures for the diethylamine adduct.

43 Reaction of cis-fRunI(acac)i(o-PhC^CCzHjNMe?)!fPFtl with H2O.

Red crystals of a 1:1 adduct can be isolated in ca. 70 % yield from a red 

solution obtained by stirring czs-[RuIII(acac)2(o-PhC=CC6H4NMe2)][PF6]42 in 

aqueous THF overnight. Satisfactory elemental analyses were obtained. The 

+ve FAB mass spectrum shows the parent molecular ion a t m/ z 539.0 (100% 

relative abundance) and is assigned to {Ru(acac)2(Me2NC6H4C=CPh.H2 0 )}+. 

An ion peak at m/ z 299.1 (47% relative abundance) is due to {Ru(acac)2}+. The 

IR spectrum of this solid (KBr disc) shows a strong broad absorption at 1523 

cm'1, characteristic of bidentate O-bonded acac,45 as well as strong bands at 

843 and 558 cm'1 due to the presence of the PFö anion.45 A medium- 

intensity peak at 1594 cm'1 can be assigned to v(C=0) of a coordinated keto 

group. No absorptions assignable to free or coordinated alkyne were 

detected.

A fully reversible Ru3+/2+ couple was found at +0.05 V (us Ag/AgCl), 

which is ca. 0.5 V more positive than that found for the pyridine adduct and 

is similar to the values found for coordination complexes of the type 

[Ru(acac)2L2] (see Chapter 3). The EPR spectrum for water adduct as a frozen
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glass, shown in Figure 4.5, has three resonances at gi = 2.35, g2  = 2.29 and g3  =

1.76, and is typical for a ruthenium(III) complex (see p. 123 - 125).

Figure 4.5: EPR Spectra of the isolated solid from the reaction of water with 

cis-[Ru(acac)'?(o-PhC=CC(;HdNMe?)nPF^l as a frozen solution of 0.5 M 

[Bun4N][PF6]/CH2Cl2 at 4.7 K.

Field / G

An X-ray crystallographic study identified the red solid as the benzyl
I

ketone complex cis-[Rum(acac)2 (o-Me2NC6Fl4 C(0 )CH2 Ph)][PF6] formed by 

addition of water to the coordinated alkyne, as shown in Equation 4.3. The 

molecular structure is shown in Figure 4.6; selected metrical data are 

presented in Table 4.5. Crystal and refinement data, together with the full set 

of interatomic distances and angles, are given in Appendix A.13.
I

Equation 4.3: Formation of cis-[Ru(acac)2(o-Me2NC6H4C(0)CH2Ph)][PF6] 

from the reaction of water with cis-fRu(acac)?(o-PhC^CC^HdNMe?)UPF^l.

The oxygen atom from the water molecule is attached to the Ca atom
o

and the distance between these atoms (ca. 1.24 A) is typical of a C=0 bond.
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The bond distance between the Ca and Cß carbon atoms is ca. 1.53 Ä, which

is typical of a C-C single bond. The distance between the ruthenium atom
o

and the coordinated keto oxygen atom [Ru-0(5)] was found to be ca. 2.02 A, 

similar to that found for Ruin -0  acac bond lengths (see later). The 

alternative tautomeric enol structure (see Scheme 4.2) can be rejected on the 

basis of the structural evidence.

Scheme 4.2: Possible benzyl ketone and enol tautomeric structures.

\ U o

Styryl enol formBenzyl keto form

F i g u r e  4 . 6:  ORTEP diagram of the cation of  

cis-[Rum(acac)2(0-Me2NC6H4C(O)CH2Ph)][PF6].
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T a b l e 4 .5 :  S e l e c t e d m e t r i c a l
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p a r a m e t e r s  o f

cis-[Ruln(acac)2(o-Me2NC6H4C(0)CH2Ph)][PF6].

Bond Distances (Ä)
Ru(l)-0(1) 1.978(7) R u(l)-N (l) 2.148(9)
Ru(l)-0(2) 2.003(6) 0(5)-C(7) 1.24(1)
Ru(l)-0(3) 1.989(7) C(6)-C(7) 1.46(2)
Ru(l)-0(4) 1.995(7) C(7)-C(8) 1.53(1)
Ru(l)-0(5) 2.016(7)

Bond Angles (°)
0(l)-R u(l)-0(2) 92.2(3) 0(3)-Ru(l)-0(5) 87.8(3)
0(l)-R u(l)-0(3) 89.0(3) 0(3)-Ru(l)-N (l) 171.6(3)
0(l)-R u(l)-0(4) 86.8(3) 0(4)-Ru(l)-0(5) 89.2(3)
0(l)-R u(l)-0(5) 174.8(3) 0(4)-Ru(l)-N (l) 90.2(3)
0(1)-Ru(l)-N(l) 99.0(3) 0(5)-Ru(l)-N (l) 84.3(3)
0(2)-Ru(l)-0(3) 90.1(3) Ru(l)-0(5)-C(7) 130.0(8)
0(2)-Ru(l)-0(4) 177.0(3) 0(5)-C(7)-C(6) 122(1)
0(2)-Ru(l)-0(5) 92.(3) 0(5)-C(7)-C(8) 115(1)
0(2)-Ru(l)-N (l) 87.1(3) C(6)-C(7)-C(8) 123(1)
0(3)-Ru(l)-0(4) 92.7(3) C(7)-C(8)-C(9) 114(1)

4A Reactions of cis-!RuuHacac)->(o-PhC^<2C(.HdNMei)]iPFc.] with PPh3 and

with MeOH

T he a d d it io n  of excess PPI13 to c i s -  [ R u ( a c a c ) 2 ( 0  - 

PhC=CC6H 4NMe2)][PF6]42 in CH2CI2 immediately gave a red solution from 

which a red solid, believed to be a 1:1 adduct, was isolated in ca. 62% yield. 

Similarly, a red crystalline solid was isolated from a red solution obtained by 

stirring a THF solution of ds-[Ru(acac)2(o-PhC=CC6H4NMe2)][PF6]42 with 

dry methanol overnight. The yield of this solid is ca. 86% on the basis of 

add ition  of one m ethanol ligand per ru then ium  cation. A lthough 

satisfactory elemental analyses were not obtained for either product, they 

were consistent with the formation of a 1:1 adduct in each case. The parent 

molecular ions for a 1:1 adduct were detected in the +ve FAB mass spectra of 

both compounds, but the elemental analyses were not satisfactory.
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Table 4.6: +ve FAB mass spectral data for the isolated solids from the 

reaction of PPh$ or methanol with cis-fRu(acac)?(o-PhC^CC^HdNMe?)UPF(;l.

N ucleophile m/z A ssignm ent
Relative
Intensity

(%)
PPh3 783.1 {Ru(acac)2(Me2NC6H4C=CPh.PPh3))+ 17

684.0 {Ru(acac)(Me2NC6H4C>CPh.PPh3)}+ 3
5210 {Ru(acac)2(Me2NC6H4C=CPh))+ 100

MeOH 553.0 (Ru(acac)2(Me2NC6H4CsCPh.MeOH))+ 35
538.0 (Ru(acac)2(Me2NC6H 4C3 ePh.OH ))+ 100

522.0 (Ru(acac)(Me2NC6H 4C=CPh.H))+ 50

The IR spectra of both products show two strong bands between 1570 

and 1510 cm*1, characteristic of bidentate O-coordinated acac;45 the presence 

of the [PFe] anion was confirmed by the strong absorptions 843 and 558 

cm -1 45 As was previously found for the pyridine and diethylamine adducts, 

there were no detectable absorption bands corresponding to the alkyne. A 

band of medium intensity at 1632 cm -1 in the m ethanol adduct may be 

assigned to v(C=C).

Table 4.7: IR spectral data for the isolated solids from the reaction of PPh$ or 

methanol with cis-[Ru(acac)/?(o-PhC^CC^HdNMe?)lfPF^l (KBr disc).

N ucleophile v(acac) v(PF6) Other

PPh3 1567,1517 843, 558 -

MeOH 1564,1521 843, 558 1632

The EPR spectrum for PPI13 adduct is shown in Figure 4.7 as a frozen 

solution. There are three resonances at gi = 2.42, g2 = 2.25 and g3 = 1.79, and 

is typical for a ruthenium(III) complex (see p. 123 - 125). The electrochemical 

behaviour of these complexes has not been investigated.
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Figure 4.7: EPR Spectra of the isolated solid from the reaction of PPh$ with 

cis-[Ru(acac)?(o-PhC=CC(;H4NMe?) l [PF^l  as a frozen solution of 0.5 M  

[Bun4N][PFs]/CH2Cl2 at 4.7 K.

2000 4000

Field / G

The structures of both products are not known since X-ray quality 

crystals could not be obtained. Possible structures for the PPh3 adduct, a 

phosphonium  ylid, and the methanol adduct, a vinyl ether, are shown in 

Figures 4.8 and 4.9, respectively. These proposed structures are not 

u n rea so n a b le  g iven  th a t a p h o sp h o n iu m  y lid  com plex  (E)- 

[ C p M n ( C O ) 2 (C{CC>2 Me} = C ( H ) P P h 3 )]53 and several vinyl ether 

complexes33,54,55 have been isolated from alkyne complexes.

Figure 4.8: Possible structures of the red compound isolated from the 

addition of PPh$ to cis-fRu(acac)i(o-PhC^CCr,HA.NMe^)l\PF(;l in CHzClz-
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Figure 4.9: Possible structures of the red compound isolated from the

addition of methanol to cis-[Ru(acac)2 (o-PhC^ZCeH^SiMe2 )][PFß] in THF.

[pf61

4.5 Reaction of cis-[Ru(acac)?(o-H?C=C(H)CfdidNMe?)l[PFftl with PPh3.

A red solution forms almost immediately upon adding excess PPI13 to 

a CH2C12 solution of cis-[Runl(acac)2(o-H2C=C(H)C6H4NMe2)][PF6]41 or cis- 

[RuIII(acac)2(o-H2C=C(H)C6H4NMe2)][BF4] at room temperature under an 

inert atmosphere. The isolated [BF4] salt gave an elemental analysis (C, H, N, 

P) in apparent agreement with the formulation as a 1:1 adduct and on this 

basis the yield was ca. 50 - 60%. The [PFö] salt did not analyse satisfactorily. 

The 31 PI1 Fl} NMR spectrum in CD2CI2 revealed the presence of the [PFö] 

anion and the [PO2F2] anion as a septet at 8p -143.8 (/pf = 710 Hz) and a triplet 

at 8 -16.4 (Jpf = 950 Hz), respectively. The spectroscopic data for the 

difluorophosphate anion are similar to data previously reported in the 

literature .56,57 Hydrolysis of AgPFö in CH2CI2 is known57 and may be 

occurring here as a slight excess of this silver salt was used to oxidise cis- 

[Ru(acac)2(o-H2C=C(H)C6H4NMe2)]. However, the hydrolysis of the [PFö] 

anion may also be catalysed by the presence of a transition metal56

The +ve FAB mass spectrum of the red solid isolated from the 

mactbn involving the [PF6]anbn shows the highest mass peak, presumably due to 

the parent ion, at m/ z 723.1 (15% relative abundance) which is assigned to 

{Ru(acac)2(Me2NC6H4C2H.OPPh3}+. Ion peaks at m/ z 706.1 (63% relative 

abundance) and 406.1 (100% relative abundance) are assigned to 

{Ru(acac)2(Me2NC6H4C2-PPh3)}+ and {Me2NC6H4C2 .PPh3)+, respectively.
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The IR spectrum of the solid (KBr disc) shows strong absorptions at 1549 and

1520 cm'1, characteristic of O-bonded, bidentate acac;45 strong absorptions at

840 and 558 cm' 1 confirmed the presence of the [PF6] anion.45 A medium

absorption at 1307 cm' 1 may be due to v(PO) of the [PO2F2] anion.57 The

Ei / 2(Ru3+/ 2+) value for red crystals isolated from this reaction was -0.45 V

(vs Ag/AgCl), similar to that found for the pyridine adduct (see p. 140).

The structure of the 1:1 adduct isolated from the reaction of PPh3 and 

c/s-[Rum(acac)2(o-H2C=C(H)C6H4NMe2)][PF6]41 was identified by X-ray 

crysta llography  as the tripheny lphosphon ium -y lid  com plex 

c/s-[RuIn(acac)2{o-Me2NC6H4C(0)C(H)(PPh3)}][PF6] as shown in Equation 4.4. 

There was no difluorophosphate anion detected in the crystal. This structure 

may also be regarded a zwitterion with a formal positive charge on the 

phosphorus atom and a negative charge on the metal atom. The PPI13 unit 

is attached to the ß-carbon atom to give a six-membered chelate ring and, 

unexpectedly, the a-carbon atom carries an oxygen atom. Thus, the attack by 

the nucleophile PPI13 is accompanied by the loss of two hydrogen atoms and 

the gain of one oxygen atom. The analytical data for this formulation does 

not differ significantly from that for the expected 1:1 adduct for both the [BF4] 

or [PF6] salts.
I ' -------------- j

Equation 4.4: Formation of Gis-[Ruin(acac)2{o-Me2N C 6H4C(0)C(H)(PPh^)}][PF6] 

from the reaction 0f  triphenylphosphine with cis-f  Ru(  acac) 1(0- 

H2C=C(H)CC6H4NMe2) ][PF6].
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The molecular structure is shown in Figure 4.10 and selected metrical 

data is presented in Table 4.8. Crystal and refinement data, together with the 

full set of interatomic distances and angles, are given in Appendix A. 14.

The distance separating the P and the a-carbon atoms is ca. 1.79 A and 

is typical for phosphorus ylid complexes which contain bulky substituents 

on the carbanion.58 The phosphorus atom is also exo to the ruthenium 

atom. A single bond is also evident between the Ru atom and the Cß atom 

[Ru - C(20) ca. 2.16 Ä] which is similar to that found in the diethylamine 

adduct. The distance between the Ru atom and a-carbon atom, C(19), {ca. 2.81 

A), indicates little or no interaction.

The keto group points

away from and is not coordinated to the metal atom. The distance between 

the atoms 0(5) and C(19) {ca. 1.23 Ä) is slightly longer than those typically 

found for a C=0 bond. The distance between a  and ß-carbon atoms [C(19) 

and C(20)] is ca. 1.46 Ä, which is similar to that found for the diethylamine 

adduct (see p. 143). The metrical data are consistent with a contribution from 

a zwitterionic resonance form B, as shown in Scheme 4.3, in which there is a

Scheme 4.3: Proposed resonance structures for the phosphonium adduct.

Observed product

double bond between atoms C(19) and C(20) and a negative charge on oxygen 

atom 0(5). However, as the hydrogen atom on the ß-carbon atom, C(20), was
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ds-[Ru,u(acac)2(o-Me2NC6H i C(0)CHPPhi I[PF6].

C31 C36

T a b l e  4 . 8 :  S e l e c t e d  m e t r i c a l  p a r a m e t e r s  o f

cis-[Rum (acac)2(o-Me2NC6H 4C(0)CHPPh3][PF6].
Bond Distances (A)

Ru(l)-OU) 1.999(3) 0(5)-C(19) 1.227(5)
Ru(l)-0(2) 1.996(3) P(l)-C(20) 1.794(5)
Ru(l)-0(3) 1.999(3) P(l)-C(21) 1.799(5)
Ru(l)-0(4) 2.043(3) P(l)-C(27) 1.814(5)
Ru(l)-N (l) 2.204(4) P(l)-C(33) 1.795(5)
Ru(l)-C(20) 2.160(4) C(19)-C(20) 1.459(6)
Ru(l)-C(19) 2.810(5) C(20)-H(25) 0.92(4)

Bond Angles (°)
0(l)-R u(l)-0(2) 90.3(1) C(20)-P(l)-C(21) 108.4(2)
0(l)-R u(l)-0(3) 88.1(1) C(20)-P(l)-C(27) 108.4(2)
0(l)-R u(l)-0(4) 85.5(1) C(20)-P(l)-C(33) 119.0(2)
0(1)-Ru(l)-N (l) 174.3(1) C(21)-P(l)-C(27) 105.6(2)
O(l)-Ru(l)-C(20) 92.3(2) C(21)-P(l)-C(33) 106.1(2)
0(2)-Ru(l)-0(3) 177.2(1) C(27)-P(l)-C(33) 108.6(2)
0(2)-Ru(l)-0(4) 86.3(1) Ru(l)-C(20)-P(l) 124.0(5)
0(2)-Ru(l)-N (l) 92.0(1) Ru(l)-C(20)-C(19) 100.0(3)
O(2)-Ru(l)-C(20) 95.8(2) P(l)-C(20)-C(19) 111.5(3)
0(3)-Ru(l)-0(4) 91.2(1) C(20)-C(19)-O(5) 123.8(5)
0(3)-Ru(l)-N (l) 89.4(1) C(18)-C(19)-0(5) 119.5(4)
O(3)-Ru(l)-C(20) 86.6(2) C(18)-C(19)-C(20) 116.5(4)
0(4)-Ru(l)-N(l) 89.4(1) Ru(l)-C(20)-H(25) 100(3)
O(4)-Ru(l)-C(20) 177.0(2) P(l)-C(20)-H(25) 108(3)
N(l)-Ru(l)-C(20) 92.6(2) C(19)-C(20)-H(25) 113(3)
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clearly located in the difference maps and refined, it was possible to sum the

bond angles about C(20)(657°); this value suggests sp3-hybridization

(6 x 109.5° = 657°) at this carbon atom. Additional evidence for the zwitterionic structure

shown in Scheme 4.6A is that the Ru3+/ 2+ redox couple is similar to that

found for the similarly formulated pyridine adduct (see p. 140) rather than

that for an alkene complex (see p. 109).

4.6 General Features of Crystal Structures.

For all four structures, the metal atom occupies the centre of a 

distorted octahedron. The Ru-O distances are typically ca. 1.98 - 2.02 A, except 

for the Ru-O bonds trans to the Ru-C a-bonded carbon atoms, which are 

between ca. 0.04 and 0.10 A longer than those trans to an acac oxygen atom 

(see Tables 4.3 - 4.4 and 4.8). These distances are ca. 0.02 Ä shorter than those 

found in czs-[Ru(acac)2 (o-PhCsCC6H4NMe2)][PF6],42 but similar to those 

found in ris-[Ru(acac)2(o-H2C=C(H)C6H4NMe2)][PF6].41

4.7 Discussion

As was expected, nucleophiles such as NR2H, pyridine and H2O react 

with czs-[Runi(acac)2(o-PhC=CC6H4NMe2)][PF6] to form products derived by 

attack at the unsaturated carbon atoms. Similarly PPI13 attacks the ß-carbon 

atom of cz's-[Ruin(acac)2(o-H2C=C(H)C6H4NMe2)][PF6], although this process 

is complicated by oxidation of the aliphatic carbon atom. The structures of 

these nucleophilic addition products could only be reliably determined by X-ray 

crystallography because the paramagnetism of the complexes prevented 

routine NMR studies. It is believed that methanol and PPh3 also add  to 

the alkyne carbon atoms in a similar manner, but the products of 

these reactions have not been structurally characterized. This situation is 

unusual; most nucleophilic addition reactions with alkenes and alkynes 

involve diamagnetic complexes. There are relatively few Rum-C a-bonded 

complexes known which include [Ru(TPP)Ph] (TPP = dianion of 5,10,15,20-
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tetraphenylporphyrin) and several cyclometallated Schiff base complexes

such as [RuIIIBr(PPh3)2(2-(phenylazo)phenolato-C2, N, O)59 in which the

Ru-C distance is ca. 2.03 Ä.

Nucleophilic attack on coordinated alkenes and alkynes usually 

results in products in which the nucleophile is exo to the metal (see p. 138) 

and this is the case for the structurally characterized diethylamine and the 

triphenylphosphine adducts. However, for the pyridine and water adducts, 

the heteroatom  of the nucleophile is endo to the ruthenium  atom. An 

alternative possible mode of attack is initial displacem ent of the alkyne, 

coordination of the nucleophile to the metal, followed by insertion of the 

alkene or alkyne into the m etal-nucleophile bond. This would cause the 

nucleophile to occupy an endo-position relative to the metal atom.

H ow ever, the stereochem istry of the product isolated from the 

addition of a nucleophile to a coordinated alkyne need not necessarily 

define the m ode of addition. For exam ple, the reaction of dim ethyl 

acetylenedicarboxylate to [CpRuHfPPly^]60 and [RhH(CO)(PPh.3)3]61 affords 

[C pR u(PPh3)2 {frflns-MeC>2CC=C(H )C 0 2 Me}] and [Rh(CO)(PPh3)2{frarcs- 

M e02CC=C(H)C02M e}], respectively. In a similar fashion, the reaction of 

PhC=CPh to [Ni(acac)(Me)(PPh3)] results in the form ation of the vinyl 

complex [Ni(acac)(PPh3)(£nm s-PhC=C(M e)Ph)].62 In all three cases, it is 

believed that the metal-H or metal-alkyl bond adds endo to the coordinated 

alkyne, followed by cis- to trans-isomerization of the vinyl groups. Schwartz 

and H art63 were able show that czs-M eC02C(M e)C=C(H)CCC>2M e is 

exclusively formed from the pyrolysis of a freshly prepared solution of 

[RhI(Me)(C0)(PPh3)2{MeC02C=C(H)C02Me}], whereas as a mixture of cis- 

and trans-MeC02C(Me)C=C(H)CC02Me is detected after allowing the same 

rhodium  solution to stir for 24 hours before heating. This cis- to trans- 

isomerization can be rationalized by postulating rotation about the C=C double bond via 

a dipolar intermediate, as shown in Scheme 4.4; the form ation of a double bond
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between the metal and carbon atom and a single bond bond between the

vinyl carbon atoms allows the rotation to occur. The sign and the location of

the charge will probably depend on the metal, the oxidation state of the

metal and the substituents of the vinyl group.

Scheme 4.4: Possible dipole mechanisms for the rotation of the substituents 

about the C=C bond.

Therefore, initial coordination of pyridine to the ruthenium complex 

may be exo giving a (Z)-vinyl species. Rotation of the phenyl and pyridine 

substituents probably also occurs via a resonance structure to form the 

observed (E)-vinyl complex, as shown in Scheme 4.5. The reasons for this 

trans to cis isomerization are not known.

The benzyl ketone complex is probably formed by initial exo-attack of 

water on the a-carbon atom to give a vinyl alcohol intermediate, as shown 

in Scheme 4.6. As for most organic aliphatic enols, the equilibrium for this 

keto-enol tautomer would be expected to be heavily in favour of the 

ketone,64 which is the observed product. The ketone oxygen atom can now 

coordinate to the ruthenium atom after rotation about a C-C bond. An iron 

(l-benzoyl)ethyl complex, [CpFe(C0){P(0Ph)3)(CH(Me)C(=0)Ph)], and an iron 

vinyl ether complex, (E)-[CpFe(CO){P(OPh)3)(C(Me)=C(OMe)Ph)] have been
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S c h e m e  4.5:  Proposed pathway for the formation of

l
cis-[Ru1(acac)2(o-Me2NC6H4C=C(NC5H5)Ph][PF6] via initial trans addition of 

pyridine to cis-[Rum(acac)2(o-PhC^ZCshi^NMe2)][PP6h

Observed Product

® < n

Sc heme  4.6: Proposed reaction pathway for the formation of

ris-[Runl(acac)2(o-Me2NC6H4C(0)CH2Ph)][PF6]

enol intermediate

H+shift

u

Observed product
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isolated by passing a solution of [CpFe(CO){P(OPh)3}(r|2-Me(>CPh)][BF4] 

through neutral alumina and reacting the alkyne complex with methanol 

in the presence of a base, respectively.33 Presumably, the first product arises 

by attack of water adsorbed on the alumina on the alkyne to give an enolate, 

which then undergoes a keto-enol tautomerism. Taube and coworkers55 

have shown that water and methanol will add to [Os(NH3)5(r|2- 

MeC=CMe)][OTf]2 to form [Os(NH3)5(ds-Ti2-MeHC=C(OH)Me)][OTf]2 and 

[Os(NH3)5(cfs-ri2-MeHC=C(OMe)Me)][OTf]2, respectively. Oxidation of 

[Os(NFl3)5(czs-T|2-MeHC=C(OH)Me)][OTf]2 results in the formation of the 

tautomeric 2-butanone complex,55 similar to the ruthenium(III) keto-complex 

isolated here; one electron reduction of the latter might be expected to form the 

enol tautomer.

i 1
The formation of ds-[Runi(acac)2(o-Me2NC6H4C(H)C|=NEt2]Ph][PF6] 

probably occurs in a similar manner as that proposed for water viz trans- 

attack of NEt2pl on the a-carbon atom followed by the transfer of the proton 

from the quaternary nitrogen atom to the ß-carbon atom. This results in the 

formation of an enamine, the nitrogen analogue of an enol. The lone pair of 

electrons on the nitrogen atom in the enamine may be used to form the 

alkenyl im inium  com plex. The im inium  complex t rans -  

[CpFe(CO){P(OPh)3}(C(H)MeC(=NHPh)Me)][BF4] has been isolated from the 

reaction of phenylamine with [CpFe(CO){P(OPh)3}(r|2-MeC=CMe)][BF4].33 

Evidence for the enamine proposed in Scheme 4.7 exists in the structural 

characterization of fnms-(Z)-[PtCl2(NPIEt2)(o-NC5H4C(H)=C(NEt2)Ph)], 

isolated from the reaction of excess diethylamine with the non-coordinated 

alkyne in £rßns-[PtCl2(SEt2)(o-NC5Fl4C=CPh].65 The amine nitrogen atom in 

the platinum complex is attached to ß-carbon atom, opposite to that for 

ruthenium(III). The reasons for this difference in reactivity are not clear but 

may be related to the fact that the alkyne is not coordinated to the 

platinum(II) atom.
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Scheme 4.7: Proposed pathway for the addition of NEt2H to c is -

[Ruul(acac)2(o-PhC^ZCeH4NMe2i[PPeJ-

+

Et2HN

© V  Ph

+

Me2 y ^

-------------------► 0(7^Me2 y ^

H+ shift

u

Observed structure

Scheme 4.8: Proposed mechanism for  the addition of PPh3 to c is -

[RuIII(acac)2(o-H2C=C(H)C6H4NMe2][PF6]-

-HpO

Observed product



Chapter 4 162

The addition of PPh3 to czs-[RunI(acac)2(o-H2C=C(H)C6H4NMe2)][PF6]

probably occurs via direct attack on the alkene Cß atom to form a 

phosphonium-ylid complex czs-[Rum(acac)2|o-NMe2C6H4C(H)CH2PPh3 ]̂[PF6] 

containing a five-membered ring, as shown in Scheme 4 .8 .

Anionic oxygen nucleophiles, such as m ethoxide ions, also attack the ß-

carbon atom of ds-[PtC l2(H 2C = C (H )C H 2C Fl2PPh2 ) ]9 and czs-[PtCl2(o-

H2C=C(Fl)C6Fl4AsPh2) ]12,13,15 to f o r m  s i m i l a r  m e t h o x y e t h y l

platinum(II) complexes. The five-membered ring ruthenium  complex is

then oxidised presum ably by a process in which water is eliminated and

oxygen is added to the a-carbon  atom  to form the six-membered ring 
l I

czs-[Rum(acac)2(o-NMe2C6H4C(0 )CHPPh3][PF6]. The exact na tu re  of th is 

oxidation has not been elucidated. The added oxygen atom could come from 

the a tm o sp h e re  or f rom w ater. The o b se rv ed  re a c tiv ity  of 

triphenylphosphine w ith cz's-[Rum (acac)2(o-H2C=C(H)C6H4NMe2)][PF6] 

di f fers  to th a t f ound  for  the  p la tin u m (II)  com plex  ci s -  

[PtCl2(H2C=C(H)CPl2CFl2PPh2)] where PPh3 displaces the alkene and attacks 

the m etal.9 This result may suggest that alkenes coordinated to Ru(III) may 

be more susceptible to nucleophilic attack than Pt(II).

There is much synthetic and industrial interest in the addition of 

heteroatoms across C=C and C=C bonds. However, most interest has been 

for alkenes as stable metal-alkyne complexes are inert to nucleophilic attack 

whereas unstable metal-alkyne oligomerize.66 Oxygen nucleophiles, such as 

w ater and alcohols, catalytically react w ith alkenes and alkynes to give 

aldehydes or ketones in the presence of Pd(II) .1,3,66' 68 Stoichiom etric 

hydroam ination  reactions of unsa tu rated  hydrocarbons prom oted by 

transition metals are known, but there are few catalytic interm olecular 

aminations, mainly because of the strong

affinity of amines for the metal centre. b3,66,69

However, intram olecular amination reactions, especially those involving
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aromatic amines, are much more common and have been used to form N-

heterocycles catalytically.1,3,66,69,70 A lthough the nucleophilic reactions

presented in this Chapter are stoichiometric, they do suggest that Ru(III)

complexes may have some potential for the addition of heteroatom s to

u n sa tu ra ted  hydrocarbons. The reactiv ity  of c is - [R u IIl(acac)2 (o -

H2C=C(H)C6H4NMe2)][PF6] and [Rum(acac)2Cn2-alkene)L][PF6] with nitrogen

nucleophiles under anhydrous conditions should also be investigated. The 
the complex

reduction ofj chelate alkene^from Ru(III) to Ru(II) by pyridine43 may have 

been the result of traces of water present to form hydroxide ions which 

probably react in a similar manner to that found for ethoxide ions.43

The factors that determ ine the direction and regioselectivity of 

nucleophilic attack for these ruthenium (III) com plexes are not yet 

understood. Reactions with nitrogen and phosphorus nucleophiles which 

differ in steric requirem ents and basicity from those used here should be 

studied in an effort to identify these factors. Important information may also 

be gained from varying the alkyne substituents by using the known complex 

ds-[RuI][I(acac)2(o-Me3SiC=CC6H4NMe2)][PF6] 42 Similar information may be 

gained e.g. by using tertiary phosphines which have different electronic and 

steric properties from those of PPI13 in the case of czs-[Ruin (acac)2(o- 

H2C=C(H)C6Fl4NMe2)][PF6]. The effect of alkyl substitution of the alkene 

could also be investigated by using the 2 -isopropenyl-N,N-dimethylaniline 

analogue .41
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5.1 Reactivity of cis-tRu(acac)^(rf2-alkene)?l with two equivalents of an

alkynyl tertiary phosphine

The co-ordination and reactivity of alkynyldiphenylphosphines, 

Ph2PC=CR, has been of some interest. A lkynylphosphines are potential 

difunctional ligands with the capacity to co-ordinate as simple phosphines,1' 

13 or disubstituted alkynes8,14,15 or to use both the phosphine lone pair and
o n  -i-i 1 r  i  q

the alkynyl k orbitals in a m ultiden tate  bonding fa sh io n .' ' '

Bis(diphenylphosphino)acetylene, Ph2PC=CPPh2, has also been the subject 

of m uch attention in both P-m onodentate20,21 and bridging10,13,19'28 co­

ordination modes. An electrochemical investigation of [{Ru3(CO)ii}2(p- 

Ph2PC=CPPh2)] led to the conclusion that there was no detectable electronic 

comm unication between the two {Ru3(CO)n} units but due to chemical
O Q

complications the possibility of a weak interaction could not be excluded. 

The aims of the study described in this Chapter are to investigate the 

reactivity  of various alkynyld iphenylphosphines w ith the bis(alkene) 

com plexes cis-[Ru(acac)2(T\2-C2H4)2] and examine the properties and 

reactivity of the isolated complexes.

The addition of two equivalents of the alkynyldiphenylphosphines, 

Ph2PC=CR (R = H, Me, Ph), to a solution of ds-[Ru(acac)2(T|2-alkene)2] 

(alkene = C2H4, C8H14) in THF at room tem perature results in the isolation 

of orange, air stable solids trans-[Ru(acac)2(Ph2PC=CR)2] in yields ca. 60 - 

98%. These orange solids are virtually insoluble in THF, benzene or toluene 

but readily form air-stable solutions in CH2CI2 and chlorobenzene. Heating a 

solution of frans-[Ru(acac)2(Ph2PC=CR)2] (R = Me, Ph) in chlorobenzene at 

reflux causes quantitative isomerization to the air-stable yellow complexes 

czs-[Ru(acac)2(Ph2PC=CR)2], which were isolated in yields of ca. 65%. These 

solids are readily soluble in aromatic solvents and CH2CI2 forming yellow, 

air-stable solutions. The behaviour of trans-[Ru(acac)2(Ph2PC=CH)2] is more 

complex as shown by monitoring of the 31P{1H) NMR spectra. After heating
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a CöDö solution of trans-[Ru(acac)2(Ph2PC=CH)2] at 85 °C for 45 minutes, 

the main peak observed, at 6 24.2, is due to unchanged starting material; 

there are also smaller peaks of equal intensity at d 32.0 (d, 43 Hz) and -14.3 

(d, 43 Hz). The latter resonance suggests the presence of uncoordinated 

phosphorus atoms. The 31P{1H) NMR chemical shift for free Ph2PC=CH has 

been reported as a singlet at 8 -33.3 in CöD^.30 Prolonged heating of this 

solution results in singlets at 8 -17.1, -16.2, 42.5 and several peaks between 

47.7 - 49.7. This reaction has not been investigated further.

The addition of two equivalents of the bidentate ditertiary phosphine 

Ph2PC=CPPh2 to ds-[Ru(acac)2Cn2-C8H i4)2] in THF initially results in a clear 

orange solution. However, stirring the solution overnight gives an orange 

red precipitate which is insoluble in benzene, toluene, CH2CI2 and 

chlorobenzene. The elemental analysis corresponds approximately to the 

formula trans-[Ru(acac)2(g-Ph2PC=CPPh2)] and the orange solid is presumed 

to be an oligomeric or polymeric material, similar to those isolated from the 

reaction of ds-[Ru(acac)20l2-C8H i4)2] with l,2-bis(diphenylphosphino)ethane 

and l,3-bis(diphenylphosphino)propane.31 The IR spectrum does not show 

any bands in the region 2300 and 1600 cm-1 due to v(C=C). The absence of 

such bands has been suggested by Carty and co-workers22,24,25 to indicate 

that there has been no lowering of the symmetry of the ligand due to co­

ordination of the C=C bond. A suspension of this orange red material trans- 

[Ru(acac)2(Ph2PC=CPPh2)] in refluxing chlorobenzene gives the yellow, air- 

stable complex ds-[{Ru(acac)2(p-Ph2PC=CPPh2))2] in ca. 40% yield.

The 1H, 13C{1H} and 31P{1H} NMR spectral data for the complexes 

£rflrcs-[Ru(acac)2(Ph2PC=CR)2] (R = H, CH3, Ph), ds-[Ru(acac)2(Ph2PC=CR)2] 

(R = Me, Ph) and ds-[{Ru(acac)2)2(p-Ph2PC=CPPh2)2] are shown in Tables 5.1 

- 5.4. Resonances due to the aromatic protons and carbon atoms were found 

in the expected regions. Due to the tendency for these complexes to 

crystallise out of solution, it was difficult to obtain the signals due to the
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carbon atoms of the alkynyl unit in the 13C{1H} NMR spectrum. The Ca

atoms of the Ph2PCa=Cß-R (R = Me, Ph) functional groups were detected as 

a triplets for the trans-[Ru(acac)2(Ph2PC=CR)2] complexes, whereas in the 

cis-isomers, the same atoms appear as a six line symmetrical multiplet. In 

both cases the carbon atom Ca is part of an AA'X system (A = 31P; X = 13C) 

and the different patterns probably arise from the differing m agnitude of 

J(AA') in the trans- and czs-isomers. Since the values for the resonances of 

the alkynyl carbon atoms change little upon co-ordination compared to the
o n

free ligands, the alkynyl moieties are probably not co-ordinated to the 

ruthenium  atom. However, this evidence is not clear-cut because for the 

chelated alkyne complexes cis-[Ru(acac)2(o-RC=C6H4NMe2)] (R = H, Ph, 

SiMe3), the 13C{1H} chemical shifts of the alkynyl carbon atoms differ only 

slightly from those of the free ligand.
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The IR spectra of the isolated complexes exhibit two intense bands,

characteristic of bidentate O-bonded acac (see Table 5.6).33 A strong 

absorption was also found in the region 2200 - 2035 cm '1, except for cis- 

[{Ru(acac)2(li-Ph2PC=CPPh2))2]/ which corresponds to the uncoordinated 

v(C=C) band. The v(C=C) values are ca. 12 cm-1 higher than those of the 

ligands (see Table 5.6), as has also been observed for the complexes [(rj5- 

C5H 5)2Rh2(CO)(|i-ri1 :t(1 -CF3C=CCF3)(t| 1 -Ph2PCsCR)] (R = H, Me, Ph),10 cis- 

[PtX2(Ph2PC=CPh)2] (X = I, CF3/ C6F5, Me),34 [AuCl(Ph2PC=CH)],35 [(ti6- 

C 6M e6)R uC l2(P h 2PC =C H )]4 and [PdCl2(Ph2P C sC M e)2].12 The Raman 

spectrum of cis-[{Ru(acac)2(p-Ph2PC=CPPh2)}2] shows a medium absorption 

at 2131 cm '1 which is assigned to the symmetrical C=C stretching vibration 

and is w ithin the range 2143 to 2109 cm '1 found for the bridged 

Ph2P O C P P h 2 binuclear complexes of Cu(I), Ag(I), Au(T), Pt(IT), Pd(II), Hg(II), 

Rh(I) and Ni(0).19,22,24,2536 Calculations suggest that the 7t*c=c occupancy 

is higher in the free ligand than in the coordinated systems, because of 

delocalization of the phosphorus lone pair of electrons, thus accounting for the 

trend in v(C^C) values.

Table 5.6: IR spectral data for the complexes trans-fRu(acac)?(Ph?PC^CR)il (R 
= H, CH3, Ph) and cis-[Ru(acac),2(Ph2PC =CR)2] (R = CH3, Ph).

Complex v(acac) (cm'1) 
(solid)

v (C C ) (cm-1) 
(solid)

Av(C^C)
(cm-1)3

Ph2PC^CHb - 2032 -

frans-[Ru(acac)2(Ph2PC=CH)2] 1568,1511 2035 3

Ph2PC=CMeb - 2186 -

frans- [Ru(acac)2(Ph2PC=CMe)2] 1568,1512 2198 12

cis-[Ru(acac)2(Ph2PC=CMe)2] 1574,1514 2200 14

Ph2PC^CPhb - 2158 -

frans- [Ru(acac)2(Ph2PC=CPh)2] 1567,1512 2172 14

cis-[Ru(acac)2(Ph2PC^CPh)2] 1574,1515 2171 13
cfs-[{Ru(acac)2(fi-
Ph2PCCPPh2))2]

1573,1514 2131° 34c,d

a) Av(C=C) = v(C=C)COmplex ‘ v(G=C)free; 6) ref. 37; c) Raman spectrum; d) ref. 22
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The FAB mass spectra of frans-[Ru(acac)2(Ph2PC=CR)2] (R = H, CPI3, 

Ph), czs-[Ru(acac)2(P h 2PC =CR)2] (R = CH3 , Ph) and czs-[{Ru(acac)2 (|Li- 

P h 2PC =C PPh2)}2] display the parent molecular ion peak, with the most 

abundant ion present corresponding to the species {Ru(acac)2(Ph2PC=CR)}+ 

(see Table 5.7). Also detected were the ions corresponding to the loss of one 

acac ligand from the parent ion.

Table 5.7: FAB mass spectral data of the isolated alkynyldiphenylphosphine 

complexes [Ru(acac)2(Ph2PC^CR)2l and [{Ru(acac)2(Ph2PC=CPPh2)}2l■

Phosphine Geometric
isom er

m/z A ssignm ent Relative
Intensity

(%)
Ph2PC^CH trans 720.2 (Ru(acac)2(Ph2PC=CH)2|+ 65

621.3 {Ru(acac)(Ph2PCsCH)2|+ 10

510.2 {Ru(acac)2(Ph2PC C H )}+ 100

Ph2P C C M e trans 748.4 {Ru(acac)2(Ph2PC^CMe)2}+ 50
649.3 {Ru(acac) (Ph2PC^CMe)2}+ 10

523.2 {Ru(acac)2(Ph2PC=CMe)}+ 100

Ph2P C C P h trans 872.2 (Ru(acac)2(Ph2PC^CPh)2|+ 20

773.1 {Ru(acac)(Ph2PC^CPh)2}+ 5
586.1 {Ru(acac)2(Ph2PC^CPh)}+ 100

Ph2PC^CMe cis 748.1 {Ru(acac)2(Ph2PC=CMe)2}+ 100

649.1 {Ru(acac)(Ph2PC=CMe)2}+ 25
524.1 {Ru(acac)2(Ph2PC^CMe))+ 35

Ph2PC^CPh cis 872.2 {Ru(acac)2(Ph2PC=CPh)2}+ 35
774.2 |Ru(acac)(Ph2PCsCPh)2)+ 5
586.1 {Ru(acac)2(Ph2PO C P h))+ 12

Ph2P C C P P h 2 cis 1387.8 {Ru2(acac)4(Ph2PC=CPPh2)2)+ 75
1288.7 {Ru2(acac)3(Ph2PC=CPPh2)2}+ 23

The structures of both geometric isomers of [Ru(acac)2(Ph2PC=CMe)2] 

and of ds-[{Ru(acac)2(|Li-Ph2PC=CPPh2)}2] have been confirmed by single 

crystal X-ray crystallography. The molecular structures and selected metrical 

parameters are shown in Figures 5.1 - 5.3 and Tables 5.8 - 5.10, respectively. 

Crystal and refinement data of both complexes, together with the full set of
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interatomic distances and angles, are given in Appendices A.15 - A.17. In the

crystal structure of cis-[Ru(acac)2(Ph2PC=CMe)2] there are two independent 

molecules in the unit cell with one alkynyl group of the second molecule 

showing some disorder. The unit cell of czs-[{Ru(acac)2(p-Ph2PC=CPPh2))2] 

contains solvent molecules which could not be refined, the most likely 

species being CH2CI2, n-hexane or water. At present, the atom sites are 

modelled to resemble the contoured electron density map of this area, but 

the molecules responsible for it have not been identified.

The Ru-O distances in £rans-[Ru(acac)2 (Ph 2PC =C M e)2 ], cis- 

[Ru(acac)2(Ph2PCsCMe)2] and ds-[{Ru(acac)2 (Ph2PCsCPPh2)}2] are as 

expected, the Ru-O distances trans to the phosphorus atoms being ca. 0.03 A 

longer than those trans to acac oxygen atoms (see Table 5.8 - 5.10). The Ru-P 

distances vary between 2.249(1) to 2.3330(7) Ä, shorter distances being found 

in the cis complex (see Table 5.8 - 5.10); the Ru-P distance of trans- 

[Ru(acac)2(Ph2PC=CMe)2] is similar to those of trans-[Ru(acac)2(PPh2Me)2].31 

The P-Ru-P angles of ds-[Ru(acac)2(Ph2PC=CMe)2] (two independent 

molecules, both 94°) and ds-[{Ru(acac)2(Ph2PC=CPPh2)}2 (92 and 94° for the 

one molecule) are the same as that found for cis-[Ru(acac)2(PPh2Me)2] 

(960).31 For the propynyldiphenylphoshine complexes, the C=C bond length 

is ca. 1.18 Ä which is similar to those found for [CpFe(CO)2(PPh2C=CPh][BF4] 

(1.202(5) A ) /  [Ru3( C O ) n ( P h 2PC=CPh)]  (1.182 Ä),16 trans-

[Pd(SCN)2(Ph2PC=CBuf)2] (1.167(16) Ä),1 ris-[Pt(NCS)(SCN)(Ph2PC=CBu02] 

(1.220(4) Ä),2 [|(Bu'C=CPPh2P)2Pt(|x-n1:r|2-C=CPh)2|Pd(C6F5)2] (1.177(5) and 

1.189(5) Ä),11 [Fe3(CO)8(H2-CO)(n3-S)(Ph2PC=CPr0] (1.171(9) Ä)3 and 

[Ru3(CO)8(|i3-S)(Ph2PC=CBu')] (1.192(6) Ä).3

The alkynyl units in fnms-[Ru(acac)2 (Ph2PC=CMe)2] are slightly 

distorted from linearity, the P(l)-C(6)-C(7) angle being ca. 174°. A 

similar bending of the alkynyl carbon atoms occurs for cis- 

[Ru(acac)2 (Ph2PC=CMe)2] with bond angles varying between 173 - 177°.
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Similar bending of the P-C=C moiety has been observed in the complexes 

frans-[Pd(SCN)2(Ph2PC=CBu0 2] (174°),1 ris-[Pt(NCS)(SCN)(Ph2PC=CBuf)2] 

(168 and 176°)/2 [((Bu‘C=CPPh2P)2Pt(|x-T(1:ri2-C=CPh)2)Pd(C6F5)2] (166 and 

175°) ,11 [Fe3( C O ) 6( P h 2P C = C P h )3 (H 3 -P fBu)(n3-Se)] (168 - 175°),5

[Ph2MePC=CBPh3] (169°).38 These deviations have been attributed to non- 

bonding interactions between the alkyne and the groups attached to the 

phosphorus atoms,27'39 to crystal packing forces40 or to a contribution from a 

resonance form with a lone pair of electrons on the a-carbon atom of the 

alkynyl moiety as proposed for [Mn(CO)5Br(C=CPPh3)].41

Figure 5.1: ORTEP diagram of the molecular structure of trans- 

[Ru(acac)2(Ph2PC^CMe)2l.

) atom generated by the symmetry operation (1-x, 1-y, 1-z)
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Figure 5.2: ORTEP diagram of the molecular structure for one of the 

independent molecules of cis-fRu(acac)'?(Ph'?PC=CMe)')l.

C9 04

P2C26

Figure 5.3: ORTEP diagram of the molecular structure of c is-  

[{Ru(acac)2(Ph2PC*CPPh2)}2].

03
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Table 5.8: Selected metrical parameters of trans-[Ru(acac)?(Ph?PC^CMe)?l.

Bond Distances (Ä)
Ru(l)-P(l) 2.3330(7)
Ru(l)-0(1) 2.060(2)
Ru(l)-0(2) 2.063(2)

Bond Angles (°)
P(l)-Ru(l)-P(l)a 180.0 0 (l)-R u (l)-0 (l)a 180.0
P (l)-R u(l)-0 (l)a 91.27(6) 0(l)-R u(l)-0(2) 93.34(7)
P(l)-Ru(l)-0(1) 88.73(6) 0 (l)-R u(l)-0 (2 )a 86.66(7)
P(l)-Ru(l)-0(2) 90.22(6) 0(2)-Ru(l)-0(2)a 180.0
P(l)-Ru(l)-0(2)a 89.78(6)

a) atom generated by the symmetry operation (1-x, 1-y, 1-z)

Table 5.9: Selected metrical parameters of cis-[Ru(acac)?(Ph'?PC^CMe)'?l.

o

Bond Distances (A)
Ru(l)-P(l) 2.249(1) Ru(2)-P(3) 2.259(1)
Ru(l)-P(2) 2.265(1) Ru(2)-P(4) 2.254(2)
Ru(l)-0(1) 2.063(3) Ru(2)-0(5) 2.056(3)
Ru(l)-0(2) 2.088(3) Ru(2)-0(6) 2.095(3)
Ru(l)-0(3) 2.059(3) Ru(2)-0(7) 2.069(3)
Ru(l)-0(4) 2.098(3) Ru(2)-0(8) 2.104(4)

Bond Angles (°)
P(l)-Ru(l)-P(2) 94.20(5) P(3)-Ru(2)-P(4) 94.30(5)
P(l)-Ru(l)-0(1) 91.3(1) P(3)-Ru(2)-0(5) 90.6(1)
P(l)-Ru(l)-0(2) 174.3(1) P(3)-Ru(2)-0(6) 176.8(1)
P(l)-Ru(l)-0(3) 93.5(1) P(3)-Ru(2)-0(7) 92.0(1)
P(l)-Ru(l)-0(4) 90.1(1) P(3)-Ru(2)-0(8) 92.6(1)
P(2)-Ru(l)-0(1) 89.91(9) P(4)-Ru(2)-0(5) 92.4(1)
P(2)-Ru(l)-0(2) 91.0(1) P(4)-Ru(2)-0(6) 88.8(1)
P(2)-Ru(l)-0(3) 92.82(9) P(4)-Ru(2)-0(7) 91.8(1)
P(2)-Ru(l)-0(4) 174.2(1) P(4)-Ru(2)-0(8) 172.8(1)
0(l)-R u(l)-0(2) 91.2(1) 0(5)-Ru(2)-0(6) 90.0(1)
0(l)-R u(l)-0(3) 174.3(1) 0(5)-Ru(2)-0(7) 174.9(1)
0(l)-R u(l)-0(4) 86.0(1) 0(5)-Ru(2)-0(8) 85.5(1)
0(2)-Ru(l)-0(3) 83.8(1) 0(6)-Ru(2)-0(7) 87.2(1)
0(2)-Ru(l)-0(4) 85.0(1) 0(6)-Ru(2)-0(8) 84.3(1)
0(3)-Ru(l)-0(4) 90.9(1) 0(7)-Ru(2)-0(8) 89.9(1)
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Table 5.10: Selected metrical parameters of cis-f{Ru(acac)'>(Ph')PC^CPPh?)hl.

Bond Distances (Ä)
Ru(l)-P(l) 2.265(1) R u (2 )-P (3 ) 2.269(1)
Ru(l)-P(2) 2.253(1) Ru(2)-P(4) 2.261(1)
Ru(l)-0(1) 2.051(3) Ru(2)-0(5) 2.065(3)
Ru(l)-0(2) 2.090(3) Ru(2)-0(6) 2.088(3)
Ru(l)-0(3) 2.068(3) Ru(2)-0(7) 2.056(3)
Ru(l)-0(4) 2.091(3) Ru(2)-0(8) 2.097(3)
C(ll)-C(12) 1.179(6) C(25)-C(26) 1.190(6)

Bond Angles (°)
P(l)-Ru(l)-P(2) 92.04(4) P(3)-Ru(2)-P(4) 94.43(4)
P(l)-Ru(l)-0(1) 91.82(9) P(3)-Ru(2)-0(5) 91.61(9)
P(l)-Ru(l)-0(2) 173.97(9) P(3)-Ru(2)-0(6) 172.26(9)
P(l)-Ru(l)-0(3) 91.10(9) P(3)-Ru(2)-0(7) 90.7(1)
P(l)-Ru(l)-0(4) 95.85(9) P(3)-Ru(2)-0(8) 91.93(9)
P(2)-Ru(l)-0(1) 88.94(9) P(4)-Ru(2)-0(5) 92.06(9)
P(2)-Ru(l)-0(2) 92.60(9) P(4)-Ru(2)-0(6) 92.64(9)
P(2)-Ru(l)-0(3) 95.36(9) P(4)-Ru(2)-0(7) 91.15(9)
P(2)-Ru(l)-0(4) 170.26(9) P(4)-Ru(2)-0(8) 173.51(9)
0(l)-R u(l)-0(2) 92.1(1) 0(5)-Ru(2)-0(6) 91.3(1)
0(l)-R u(l)-0(3) 174.7(1) 0(5)-Ru(2)-0(7) 175.9(1)
0(l)-R u(l)-0(4) 85.1(1) 0(5)-Ru(2)-0(8) 86.5(1)
0(2)-Ru(l)-0(3) 84.6(1) 0(6)-Ru(2)-0(7) 86.0(1)
0(2)-Ru(l)-0(4) 79.9(1) 0(6)-Ru(2)-0(8) 81.1(1)
0(3)-Ru(l)-0(4) 90.2(1) 0(7)-Ru(2)-0(8) 90.1(1)
Ru(l)-P(l)-C (ll) 119.7(1) Ru(2)-P(3)-C(12) 121.9(1)
Ru(l)-P(2)-C(25) 112.4(2) Ru(2)-P(4)-C(26) 114.1(1)
P(l)-C(ll)-C(12) 178.3(4) P(2)-C(25)-C(26) 170.1(4)
P(3)-C(12)-C(ll) 177.9(4) P(4)-C(26)-C(25) 169.7(4)

In czs-[{Ru(acac)2(|i-Ph2PC=CPPh2)}2] each ruthenium  atom is at the 

centre of a d istorted octahedron w ith the phosphorus atom s cis to each 

other. Only the homochiral (AA/AA) isomer was found in the crystal. The 

two octahedra have different orientations as shown by a dihedral angle of ca. 

46° between the planes defined by the atoms Ru(l), P(l) and P(2), and Ru(2), 

P(3) and P(4), respectively (see Figure 5.3). Similar angles between the two 

co-ordination planes were found for [Pt2Cl4(jj,-Ph2PC=CPPh2)2] (ca. 33°) and 

[Pt2l4(p-Ph2POCPPh2)2] (ca. 43 °) whereas for [Pd2Cl4(p-Ph2P O C P P h 2)2] (ca. 

0°) the 10-membered ring is planar.19 Presumably the tilting of the two co­

ordination planes in czs-[{Ru(acac)2(|i-Ph2PC=CPPh2)}2] partially releases the
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strain of the 10-membered ring as was found for [Pt2X4(jii-Ph2PC=CPPh2)2] (X 

= Cl, I) but there is more strain imposed upon the ruthenium complex as 

the P-Ru-P angles are almost 90° where as the P-M-P angles are close to 95° 

for [Pt2X4(n-Ph2PC=CPPh2)2] (x  = Cl, I)19 and 105° for cis-[Pd2C 4 (n -  

Ph2POCPPh2)2].19

The bridging Ph2PC=CPPh2 ligand defined by the P(l) and P(3) atoms 

of czs-[{Ru(acac)2(^-Ph2PC=CPPh2)}2] lies almost parallel to the Ru-Ru axis 

and is essentially linear [P(l)-C(ll)-C(12) and P(3)-C(12)-C(ll) both 178°]. 

However, the second bridging Ph2PC=CPPh2 ligand shows a slight concave 

bowing shown by the angles P(2)-C(25)-C(26) and P(4)-C(26)-C(25) (170° each). 

This deviation from linearity of the alkyne fragment may be best viewed 

along the Ru-Ru axis as shown in Figure 5.4. Similar small deviations from 

linearity are observed in Ph2PC=CPPh239 and many of its complexes.13,19,26' 

28 The bond angles about the P atoms with the Ru atom and the carbon 

atom of the alkyne unit varies between 120 - 122° for atoms P(l) and P(3), 

and 112 - 114° for atoms P(2) and P(4). Thus, the linear bridging 

Ph2PC=CPPh2 ligand shows the greatest strain about the phosphorus atoms



Chapter 5 185
with angles ca. 10° greater than an ideal tetrahedron whilst the non-linear

bridging Ph2PC=CPPh2 ligand has less strain with angles ca. 5° greater.

The C=C bond lengths found in ds-[{Ru(acac)2(p-Ph2PC==CPPh2)}2] 

(1.179(6) - 1.190(6) Ä) are similar to those found in ds-[{M o(C O )4}2(p- 

Ph2PCsCPPh2)l2] (1.188(6) and 1.192(6) Ä),26 [{Os3(CO)ii)2(n-Ph2PC=CPPh2)2] 

(1.22(2) Ä),27 [{CpMn(CO)2)2(|a-Ph2PC=CPPh2)] (1.199(5) Ä),13 [Pd2Cl4(p- 

Ph2PC=CPPh2))2] (1.199(4) Ä)19 and [Pt2Cl4(p-Ph2P O C P P h 2)2] (1.16(2) and 

1.22(2) Ä)19 but differ slightly from [Pt2I4((p-Ph2PC=CPPh2)2] (1.13(2) and 

1.21(2) Ä),19 [(Fe3(CO)9(U3-CMe))(Ph2PC=CPPh2)(CpFe(CO)2)] (1.210(4) and 

1.250(5) Ä)20 and [|Ru3(ti-H)(|x3-C=CBuO(CO)s(2(p-Ph2PC^CPPh2)] 28

Figure 5.4: Chem3D diagram of cis-[{Ru(acac)2(fJ.-Ph2PC=CPPh2)hJ viewed 

down the Ru - Ru axis (acac and phenyl carbon atoms have been omitted for 

clarity).
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5.2 Electrochemical Studies
186

The cyclic and AC voltam m ogram s of the com plexes trans-  

[Ru(acac)2(Ph2PC=CR)2] (R = H, Me, Ph) and cis-[Ru(acac)2(Ph2PC=CR)2] (R = 

Me, Ph) show fully reversible Ei / 2(Ru3+/ 2+) couples between +0.09 and +0.49 

V (vs A g/A gCl) in CH2CI2 at room tem perature (see Table 5.11). The 

measured potentials for the trans analogues are similar to those of trans- 

[Ru(acac)2(PPh2Me)2] (+0.04 V, see Table 1.9), trans-[Ru(acac)2(PPh3)2] (+0.07 

V, see Table 1.9) and frans-[Ru(acac)2(P(OCH 3)3)2] (+0.22 V, see Table 1.9). 

The cis complexes are more difficult to oxidise than the trans by ca. 0.3 V, 

the potentials being similar to those of cis-[Ru(acac)2L2] (L = PPl^M e, PPh3) 

(see Table 1.9). The cyclic and AC voltammograms of the binuclear complex 

ds-[{Ru(acac)2(Ph2PC=CPPh2)}2] show two reversible oxidation potentials at 

+0.60 and +0.90V(us Ag/AgCl), attributable to the sequential oxidation of the 

two metal centres Ru(II/II) -+ Ru(II/III) and Ru(II/III) -+ Ru(III/III) (see 

Chapter 3). The Ru(II/II) —> Ru(II/III) potential is ca. 150 mV higher than 

that of the Ru(II) —» Ru(III) potentials of cfs-[R u(acac)2(P h 2PC =C R )2], 

indicative  of the e lec tron -w ithd raw ing  influence of the adjacent

{Ru(acac)2(PPh2)2l centre.

Table 5.11: Oxidation potentials of bis(alkynylphosphine) complexes 

measured at a scan rate of 100 mVs~1 and +20 °C in CH2CI2-

Complex Geometric
isom er

Ei / 2(Ru3+/ 2+) 
(V vs Ag/AgCl)

[Ru(acac)2(Ph2PC^CH)2] trans +0.16
[Ru(acac)2(Ph2PC==CMe)2] trans +0.09

cis +0.45
[Ru(acac)2(Ph2PC^CPh)2] trans +0.12

cis +0.49
[(Ru(acac)2(Ph2PC=CPPh2))2] cis +0.60 (n /n i), 

+0.90 (m /m )
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5.3 Electronic Spectra

18 7

The e lec tro n ic  (UV-Vis) sp ec tra  of th e  co m plexes cis a n d  trans- 

[ R u ( a c a c ) 2 ( P h 2 P C = C  M e ) 2 ] a n d  th e  b in u c le a r  c o m p le x  cis- 

[|R u(acac)2(Ph2PC =C PPh2))2]/ d isso lved  in  a s tan d a rd  electro ly te so lu tion , 

show  the  expected b an d s d u e  to the Ru(II) —> acac 71* transition  as w ell as the 

acac k —> acac n* tran sitio n  (see Table 5.12). A bove ca. 30000 cm -1 the  n —» k* 

tran s itio n s  of the  p h en y l rings b ro a d e n  o r h id e  the  acac tra n s itio n s .12,42 

A p p ly in g  a p o ten tia l of ca. 300 mV g re a te r  th a n  the  p rev io u s ly  m easu red  

E i / 2(R u 3/2+) values resu lts  in the loss of these b an d s an d  the ap p earan ce  of 

new  b an d s  consisten t w ith  the p resence  of a ru th e n iu m  (III) species (see 

Table 5.13). A fter the com plexes had  been  exhaustive ly  oxid ised , the orig inal 

spectra  w ere re-generated  after app ly ing  a po ten tia l of ca. 300 mV low er than  

the co rrespond ing  Ei / 2 (Ru3/ 2+) values.

The one-electron  anodic  electro lysis (Eappiied = +0.75 V vs A g /A g C l)

of the  b in u c lear com plex cfs-[{Ru(acac)2(Ph2PC=CPPh2)}2] resu lted  in  the

fo rm ation  of c is-[(R uII/III(acac)2 (P h2P C = C P P h2)l2 ]+ - T his m ixed  valence
c m

species show s the charac te ris tic  Ru(III) —> acac n* tran s itio n  M LCT [13800^ 

(e 4400 L mol"1 cm -1) an d  16200 cm -1 (£ = 4400 L m o l'1 cm -1)]; h o w ev er, no 

in tervalence b an d  betw een  6000 - 10000 cm -1 w as detec ted  suggesting  th a t the 

m ixed valence species has a localised s tru c tu re .43 This w as confirm ed b y  the 

second one-electron  ox idation  (Eappiied = +1-10 V vs A g /A g C l) of the  m ixed- 

valence com plex  fo rm ed  in situ, w hich  caused  the in tensity  of the Ru(III) —> 

acac 71* tran s itio n  M LCT to  d o u b le  (see T able 5.13). C h an g es  in th e  b an d  

positions above 30000 cm -1 w ere also o bserved , p ro b ab ly  reflecting the  fact 

th a t on ly  one ch ro m o p h o re  w as p re se n t for the  R u (III/III)  species. The 

changes in  th e  electronic sp ec tru m  after b o th  anodic  e lectro ly tic  p rocesses 

w ere found  to be reversib le  w hen  the species w ere reduced.
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Table 5.12: Principal electronic band maxima (in cm '1) for both isomers of 

[Rull(acac)z(Ph2PC^CMe)2] and cis-[{Run (acac)2(Ph2PC^CPPh2)}2l (figures in 

brackets are the molar absorptivity in L mol' 1 cm'1).

COMPLEX MLCT acac k —» 
acac 71*

E i / 2(R u 3 + /2 + )  

(V vs 
Ag/AgCl)

v i V2

trans-[Ru(acac)2 (Ph2 PC=CMe)2 ] 28100
(5900)

27000 35900
(15500)

+0.09

cis-[Ru(acac)2 (Ph2 PC^CMe)2 ] 30000
(6900)

- 36700
(14400)

+0.45

a's-[{Ru(acac)2(Ph2PC3CPPh2))2] 31700
(12700)

- 36300
(23400)

+0.60

Table 5.13: Principal electronic band maxima (in cm '1) for both isomers of 

[RuIU(acac)2(Ph2PC^CMe)2l and cis-f{RuIn(acac)?(Ph?PC^CPPh?)}?l (figures in 

brackets are the molar absorptivity in L mol' 1 cm'1).

COMPLEX MLCT MLCT acac k 

acac 7i*

El/2
(Ru3+/2+) 

(V vs 
Ag/AgCl)

V3 v4
trans-

[Rum(acac)2(Ph2PC=CMe)2]
14900
(1300)

- 32100
(21700)

34200
(19500)

+0.09

cis-[Rum(acac)2(Ph2PC=CMe)2] 15000
(2300)

- 33500
(8500)

+0.45

cis-
[{Ru™(acac)2(Ph2PC=CPPh2))2]

13800
(4400)

16200
(4400)

33300
(16500)

+0.90

5.4 Chemical Oxidation

Addition of a slight excess of AgPFß to an orange solution of trans- 

[Run (acac)2(Ph2PC=CR)2] (R = H, Me) at room tem perature results in the 

formation of the green complexes frans-[Ruin(acac)2(Ph2PC=CR)2][PF6] (R = H, 

Me) in yields of ca. 90%. These green solids were characterised by elemental
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analysis, cyclic and AC voltam m etric studies, IR spectroscopy, mass

spectro scopy , EPR spectroscopy  and  in the  case of t r a n s -  

[Rum(acac)2(Ph2PC=CMe)2][PF6], an X-ray crystallographic study (see below). 

The chemical oxidation of frflns-[RuII(acac)2(Ph2PC=CPh)2] has not been 

investigated. Addition of approximately one equivalent of AgPFö to a yellow 

solution of d s-[R un (acac)2(Ph2PC=CR)2] (R = Me, Ph) under analogous 

conditions results in the form ation of deep blue solutions. However, 

neither of these complexes have been isolated as pure crystalline solids.

The highest detectable ion in the +ve FAB mass spectra is due to the 

parent cation [RunI(acac)2(Ph2PC=CR)2]+ and ions associated with the loss of 

one p h o sp h in e  (see Table 5.14). The IR sp ec tra  of t r a n s -  

[RuIII(acac)2(Ph2PC=CR)2][PF6] (R = H, Me) shows either two strong bands or 

one strong band with a shoulder on the high-energy side between 1560 - 1510 

cm '1, whose position and intensity are characteristic of bidentate, O-bonded 

acac for the chelated N -donor alkene and alkyne com plexes cis- 

[Ru(acac)2FL'].32,44 The presence of the [PFe]' anion for both isolated Ru(III) 

compounds was confirmed by the bands belonging to the IR active V3 and V4 

valence vibrations of the anion found at ca. 840 and 558 cm '1, respectively.33 

A strong absorption between 2201 - 2059 cm -1 corresponds to the unco­

ordinated v(C^C) band (see Table 5.15).

Table 5.14: Positive FAB mass spectral data of the complexes t ra n s - 

[Ru(acac)2L2] [PF$].

Complex m // z A ssignm ent Rel.
Int.
(%)

[Ru«I(acac)2(Ph2PC^CH)2]+ 720.2 {Ru(acac)2(Ph2P C C H )2}+ 25
510.2 (Ru(acac)2(Ph2PC=CH)}+ 100

[Runl(acac)2(Ph2PC^CMe)2]+ 748.2 {Ru(acac)2(Ph2PC=CMe)2)+ 30
649.1 {Ru(acac)(Ph2PC=CMe)2)+ 10
524.1 (Ru(acac)2(Ph2PC^CMe))+ 100
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Table  5.15: IR spectral data (in cm '1) for the complexes t r a n s -

[Runi(acac)2 (Ph2PC^CR)2][PF6] (R = H, Me) (KBr).

Complex v(acac) v(O C ) v(PF6)
V3 v4

[Runl(acac)2(Ph2PCsCH)2]+ 1538,1520 2059 841 558

[Rum(acac)2(Ph2PC^CMe)2]+ 1520 2201 840 558

Cyclic and AC voltammograms of the green complexes indicate that 

trans to cis isomerisation has not occurred during the chemical oxidation 

process as the measured Ei / 2(Ru3+/ 2+) potentials do not differ from those of 

the starting complexes (see Table 5.11). The EPR spectra recorded as 

frozen solutions in 0.5 M [Bun4N][{PF6]/C H 2Cl2 show three g values 

(see F ig u re  5.4 and  Table 5.16). The features of the EPR

spectra  are consisten t w ith  axial sym m etry  C4 V- Since t rans -  

[Ru(acac)2(Ph2PC =C H 3)2] belongs to the C4V point group (ignoring the 

bidentate ligand backbone), the EPR spectra also suggest that the co­

ordination sphere has remained unchanged during the oxidation process. 

These results indicate that the cations generated by oxidation are typical of 

ruthenium (III) and are not ruthenium (II) complexes w hich contain a 

cationic ligand radical, for which a g-value close to the free-electron value 

(2.00) would be expected.44

Although three resonances were found in the EPR spectra, tetragonal 

distortion is thought to have occurred w ith the g|| occupying the lowest 

value and two closely resonances corresponding to gj_ (see Chapter 3). 

Similar spectra were recorded for £rans-[Ru(acac)2L2]+ (L = PPh3, CNBu*).45 

The measurable splitting of gj_ implies that there is also a slight rhombic 

distortion, most likely due to the Orgel effect of bidentate ligands.46"48 The 

Orgel effect allows for the fact that the two donor atoms on one ligand are 

not completely independent of each other and expressed in a rhombic 

distortion of trans- or CZS-MX4L2 when the chelating ligands (AA) replace X
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to give M(AA)2L2. EPR spectra recorded for the complexes trans-

[ R u ( N H 3 ) 4 { P ( 0 E t ) 3 K H 2 0 ) ] [ C F 3 S 0 3 ] 3 49 a n d  t r a n s -

[Ru(NH3)4 lP(0 Et)3 }2][CF3S0 3]350 show a similar tetrgonal distortion but 

there was no splitting of the gj_ resonance.

Table 5.16: g-Values for some trans-[Ruin(acac)iL')lfPF(;l complexes.

COMPLEX g l g2 g3

fratts-[Ruin(acac)2(PPh2PC=CH)2]+ 2.27 2.23 1.86
fnms-[Runi(acac)2(PPh2PC=CMe)2]+ 2.26 2.22 1.86

£rans-[Ruin(acac)2(PPh3)2]+ a 2.28 2.23 1.84
frarcs-[Runi(acac)2(BufNC)2]+ a 2.24 2.20 1.89

a) recorded in 1:1 CH2CI2 /toluene at 120 K, taken from ref. 45.

F i g u r e  5.4:  EPR Spectra of  the complexes t r a n s - 

[RuI!I(acac)2(PPh2PC=CR)2][PF6] (R = H, Me) recorded as a frozen glass in 0.5 

M [Bun4N][PF6]/CH2Cl2 at 4.7 K.

trans - [Rufacac^PhzPCCCHte]

40002500

Field / G

trans - [Ru(acac)2(Ph2PCCCH)fcJ

4000

Field / G
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The structure of £nms-[Runi(acac)2(Ph2PCsCM e)2][PF6] was confirmed 

by an X-ray crystallographic study. The molecular structure and selected 

metrical param eters are shown in Figure 5.5 and Table 5.17, respectively. 

Crystal and refinement data of the isomers, together w ith the full set of 

interatom c distances and angles, are given in A ppendix A .18. Two 

m olecules of CH 2C I2 co-crystallised in the unit cell per molecule of 

ru then ium .

The Ru-O d istances charac terising  the coord ination  of the 

acetylacetonato anion are 2.003(3) and 2.011(3) A. These distances, which are 

very similar to the analogous ones (ca.2.00 Ä) in the orthorhom ic and 

monoclinic forms of the [Runi(acac)3],51,52 are ca. 0.05 A shorter than in the 

paren t frarcs-[R u(acac)2 (P h 2P C = C M e)2 ]. They confirm  the stronger 

coordination of acac- anions to Ru(III) than to Ru(II). The Ru-P(l) bond 

distance was found to be 2.393(1) A which is ca. 0.06 Ä longer than in the 

parent Ru(II) complex and may reflect the reduction in 7t-back-bonding 

ability of the Ru(III) ion.53
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Figure 5.5: ORTEP diagram of the ca t ion  o f  t r a n s -

[RuIU(acac)2(Ph2PC=CMe)2][PF6]-

T a b l e  5 .17:  Selected metrical  parameters  o f  t r a n s -

[Ruin(acac)2(Ph2PC^CMe)2][PF61

Bond Distances (A)
R ud)-O (l) 2.011(3)
Ru(l)-0(2) 2.003(3)
Ru(l)-P(l) 2.393(1)

Bond Angles (°)
0 (l)-R u (l)-0 (l)a 180.0 0(1)-Ru(l)-P(l) 89.64(8)
0(l)-R u(l)-0(2) 90.3(1) 0 ( l ) a-Ru(l)-P(l) 90.36(8)
0(l)-R u(l)-0(2)a 89.7(1) 0(2)-Ru(l)-P(l) 88.88(9)
0(2)-Ru(l)-0(2)a 180.0 0(2)a-Ru(l)-P(l) 91.12(9)
P(l)-Ru(l)-P(l)a 180.0
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5.5 Discussion
the complexes

The ligands Ph2PC=CR (R = H, Me, Ph) formj [Ru(acac)2(Ph2PC=CR)2] 

similar to those formed by other monodentate P-donors.31 In most cases 

these exist as trans- and czs-isomers, the latter being, as usual, 

thermodynamically the more stable. In no case was evidence found for co­

ordination of the triple bond.

The complexes show a reversible Ru3+/ 2+ couple at room 

temperature. The E i/2-values, are in the range +0.09 - +0.16 V (vs Ag/AgCl) 

(trans) and +0.45 - +0.49 V (vs Ag/AgCl) (cis), these values being consistently 

ca. 100 mV more positive than the values for the corresponding PPI13 and 

PMePh2 complexes. This trend indicates that there may be an electron- 

withdrawing influence of the alkynyl substituent that slightly stablizes the 

Ru(II) relative to the Ru(III) oxidation state. As in the case of the complexes 

with other monodentate P-donors, the redox process occurs with retention 

of the geometrical configuration at the metal atom.

The trends in the M-O and M-P distances in trans- and cis- 

[Ru(acac)2(Ph2PC=CMe)2] are similar to those in trans- and cis- 

[Ru(acac)2(PPh2Me)2].31 Likewise, the M-O and M-P distances in trans- 

[Ru(acac)2(Ph2PC=CMe)2][PF6] are similar to those in the chelating alkene and 

alkyne N-donor ligand complexes czs-[Ru(acac)2(LL')][SbF6],32'44 and in the 

orthorhomic and monoclinic modifications of [Ru(acac)3].51,54

The complex czs-[{Ru(acac)2(|J.-Ph2PC=CPPh2)}2] shows two fully 

reversible couples at room temperature separated by ca. 300 mV. However, 

the electronic spectra recorded during these oxidation processes indicate that 

the mixed-valence complex displays the properties found for the isolated 

redox centers Ru(II) and Ru(III). Therefore, the mixed-valence complex cis- 

[{RuII/ III(acac)2(Ph2PC=CPPh2)}2]+ is a Class II compound according to the 

Robin-Day classification55 i.e. there is no electronic communication between
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the metal centres and the observed separation of the E i/2-values is probably

due to electrostatic effects. The mixed valence complex is not a Class I 

compound for which the electronic interactions are so weak that only the 

properties of the isolated redox centres are observed and only the only one 

Ei / 2̂ Ru3+//2+  ̂ potential would be anticipated. Similar results were found for 

[{Ru3(CO)n}2(p-Ph2PC=CPPh2)],29 except that fast chemical decomposition of 

the reduced species occurred so the cyclic voltammograms were irreversible 

and any weak interactions could not be detected.
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All of the aims of this study have been met with varying degrees of
further

success, although there many areas which need to be investigate^. The 

complex czs-[Ru(acac)2Cn2-C2H4)2] has been isolated and characterised, and its 

structure in the solid state has been established. This result provides 

support for the form ulation of the m uch m ore labile cis-cy c lo o c ten e  

analogue, which can only be made in situ. Apart from ethene or cyclooctene, 

various other alkenes and disubstituted alkynes probably can be coordinated 

to ru then ium  using this m ethodology. D epending on the reaction 

conditions used, one ethene ligand may be replaced by certain monodentate 

ligands (L) to form complexes of the type czs-[Ru(acac)2(r|2-C2H4)L] (L = NH3, 

MeCN, C5H5N, SbPh3, PPP3, PCy3). These complexes are probably formed 

via the complexes frarcs-[Ru(acac)2(T|2-C2H4)L], which can only be detected or 

isolated in the case of L = NH3, C5H5N. Isolation of the kinetic products 

frazzs-[Ru(acac)2('n2’C2H4)L] (L = NH3, C5H5N) prov ides im portan t 

inform ation about the likely course of the replacem ent reaction of cis- 

[Ru(acac)2(Ti2-alkene)2] (alkene = C2H4, C8H14). In the first step, alkene 

dissociation forms th e  five-coordinateJ s q u a r e  p y r a m i d a l  s p e c i e s  

[Ru(acac)2(Tl2-alkene)] and ligand L then a d d s  preferentially to the vacant 

coordination site. Isom erization of fra7is-[Ru(acac)2(T|2-C2H4)L] to the 

corresponding cis-complexes also occurs with initial loss of the alkene to re­

form the five-coordinate species square pyram idal [Ru(acac)2L], which re­

arranges to a trigonal bipyram idal species; re-coordination of the alkene 

results in the formation of the therm odynam ically favoured cis-isom er.

There is spectroscopic evidence for the five-coordinate species [Ru(acac)2PCy3], 

which is formed when frans-[Ru(acac)2(PCy3)2] or ds-[Ru(acac)2(r|2- 

C2H4)(PCy3)] are dissolved in THF, although the possibility that it is a six- 

coordinate solvento species frans-[Ru(acac)2(PCy3)(THF)] cannot be excluded.
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Since the coordinated ethene of cis- [Ru(acac)2(r|2-C2H4)(PR3)] (R = Pd, 

Cy) is quite labile, these complexes may also prove to be useful starting 

materials. The complexes cis-[Ru(acac)2(PR3)2] (R = Pd, Cy) are also potential 

starting materials as one PR3 ligand may be replaced by 1-alkynes or CO to 

form czs-[Ru(acac)2(PR3) {=C=C(H)R'}] (R' = Ph, SiMe3) and trans-

[Ru(acac)2(PR3)(CO)], respectively. Disubstituted alkynes do not displace 

ethene from these complexes with heating, but dinitrogen reversibly 

displaces ethene from czs-[Ru(acac)2(T|2_C2F4)(PPP3)] to form the binuclear 

complex czs-[{Ru(acac)2(PPd3)}2(M--N2)].

Although the Ru(III) ion undoubtedly has a lower 71-back-bonding 

ability than Ru(II), Ru(III)-r|2-ethene complexes including the parent 

bis(ethene) complex cis-[RuIII(acac)2(i'|2-C2H4)2][PF6], have been detected in 

ca. -50 °C. The effect of the two acac ligands is to reduce the Ru3+/ 2+ 

oxidation potentials for the ethene complexes to between +0.4 and +1.0 V 

(vs Ag/AgCl) relative to [Ru(NH3)5(ti2-C2H4)]2+, [Ru(H2 0 )4(ti2-C2H4)2]2+. 

These oxidised ethene complexes show no signs of isomerization by UV-Vis 

or EPR spectroscopy and although these species appear to be indefinitely 

stable at low temperatures, decomposition occurs at ambient temperatures. 

Despite this instability, the first Runi-alkene complex that is not stabilised by 

chelation, czs-[Ru(acac)2(T|2-C8Hi4)(SbPh3)][PF6], has been isolated as a deep 

blue solid at low temperatures. Thus, it appears that at low temperature and 

with a suitable choice of alkene, a range of Rum-alkene complexes should be 

capable of isolation.

The last aim of this work was to investigate the reactivity of the 

paramagnetic ruthenium(III)-alkene and -alkyne complexes with 

nucleophiles. Because of the instability of most the unchelated alkene- 

ruthenium(III) complexes at room temperature and the lack of analogous 

alkyne complexes, studies have been restricted to the isolable complexes cis- 

[ Ru(acac ) 2 ( o -H 2C = C ( H ) C 6 H 4 N M e 2 ) ] [PFö] and cis-[Ru(acac ) 2 (o-
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PhC=CC6H4NMe2)][PF6] originally prepared by Kovacik in this group. These 

react with various neutral nucleophiles, including PPI13, C5H5N, Et2HN and 

H2O, without displacement of the alkene or alkyne. The crystal structures of 

the pyridine and diethylamine adducts show that these nucleophiles have 

attacked one of the unsaturated carbon atoms with formation of a Ru-C o 

bond. The reasons for the preferential attack of the nucleophile with one 

unsaturated carbon atom over another are not understood. However, if the 

synthetic difficulties in the synthesis of Run-alkyne complexes could be 

overcome, nucleophilic addition reactions with these oxidised species would 

probably present a rich area of chemistry.
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All operations were carried out under an argon atmosphere, unless 

otherwise stated using standard Schlenk techniques. Solvents were purified 

by standard methods. Pentane, hexane, THF, diethyl ether, benzene and 

to luene  w ere p re -d ried  over sod ium  w ire and d is tilled  from  

sodium /benzophenone/tetraglym e under nitrogen. Dichloromethane was 

dried over CaH2 and distilled under nitrogen. Chlorobenzene was washed 

successively with concentrated H 2SO4, aqueous Na2CC>3 and water, pre-dried 

over CaSC>4 and distilled from P2O 5 under nitrogen .1 Dried solvents were 

stored under nitrogen or argon in Schlenk flasks fitted with Young's taps.

Zinc dust was washed successively with dilute H2SO4, water and THF
r\ O  /

immediately before use. Liquid zinc amalgam  (2 - 3% Zn), [Ru(acac)3],

[C p 2Fe][P F 6],7 czs-[R u(acac)2 ('n2_C 8H i 4 )(S b P h 3 )],8 cis-[R u (acac)2 (o-

H 2C=C(H)C6H4NMe2)][PF6]9 andds-[Ru(acac)2(0-PhC=CC6H 4NMe2)][PF6]10

w ere  p re p a re d  a cc o rd in g  to th e  l i te ra tu re  m e th o d s. The

(alkyny l)d ipheny lphosph ines Ph^PC ^C R  (R = H ,11 Me,12 Ph12) were

prepared by Dr. C. Cobley (RSC); bis(diphenylphosphino)acetylene was
used

obtained from Fluka andjas received. Industrial grade ethene (Gas Code 090), 

dihydrogen (Gas Code 135) and anhydrous ammonia (Gas Code 178) were 

used as received from BOC Gases. CO (C.P. Grade, Gas Code 156, 99.0% 

minimum purity) was also used as received from BOC Gases.

All reactions w hich involved ethene were carried out in a Lab Crest 

medium pressure vessel (90 mm height x 50 mm width) in a well ventilated 

room behind a safety screen. Reactions involving CO or dihydrogen were 

carried out in a fum ehood and behind a safety screen if the vessel was 

pressurised higher than 1 bar.

Nuclear magnetic resonance spectra were recorded at 20.5 °C (unless
instruments

otherwise indicated) on a Varian Gemini 300 BB or on Varian VXR 300J  

(*H at 300 MHz, 13C at 75.4 MHz, 31P at 121.4 MHz). Variable tem perature
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NMR spectra were recorded on the Varian VXR 300 instrum ent. The

chemical shifts (8 ) for and 13C are given in ppm  referenced to the

residual protons and the carbon atoms of the deuterated solvents. The 31P

chemical shifts are referenced to external 85% H3P O 4 . The coupling

constants (/) are given in Hertz (Hz). Infrared spectra were recorded on

either a Perkin-Elmer 1800 Fourier Transform Infrared Spectrophotometer or a

Perkin-Elmer Spectrum One infrared spectrometer using KBr discs or 0.1

mm path length KBr cells for the mid-IR range (4000 - 400 cm-1). Fast Atom

Bombardment (FAB) mass spectra were measured on a VG ZAB2-SEQ mass

spectrometer using either 3-nitrobenzyl alcohol or (3-nitrophenyl)octyl ether

as the matrix. The mass spectral data are presented in the relevant chapters.

M icroanalyses were perform ed by the staff of the A ustralian National

University Analytical Services Unit, Canberra.

Cyclic voltammetry (CV) and alternating current voltammetry (ACV) 

m easurem ents were perform ed using a PAR-170 system , linked to a 

M acintosh LC630 com puter via an AD Instrum ents MacLab interface 

system. A standard  three-electrode configuration w as used. S tandard 

electrolyte solutions consisted of 0.5 M [Bun4N][PF6] in CH2CI2. The working 

electrode was a platinum  disc and the auxiliary electrode was a platinum  

bar. The reference electrode was a A g/A gC l electrode.13 Under these 

conditions ferrocene was oxidised at +0.55 V. Typical scan rates for CV were 

50 to 500 m Vs'1 and 20 mVs-1 for ACV. The electrochemical vessel was a 

jacketted glass cell (ca. 5 mL). The electrolyte solutions were purged with N 2 

and the cell m aintained under an inert atm osphere. Low -tem perature 

measurements were performed with the jacketted glass cell connected to a 

Lauda RL6 cooling bath with circulating methanol. The tem perature was 

m onitored by a digital therm om eter w ith  the probe placed in the 

electrochemical solution. The potentials of the complexes were recorded in 

standard electrolyte solutions of 0.5 M [Bun4N][PF6] in CH2CI2 at ambient 

tem peratures unless otherwise indicated and referenced to a A g/A gC l
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electrode. The ferrocene couple was recorded under these non-standard

conditions to assess electrochemical reversibility.

The electronic spectra in the range 6000 - 45000 cm '1 were collected 

from  a c ryogen ica lly  con tro lled , op tically  tran sp a ren t th in -layer 

e l e c t r o d e  (OTTLE) cell placed in the beam of either a Perkin-Elmer 

X9 or a Cary 5E UV-Vis-NIR spectrophotometer, as described previously.13 

The sample solution was prepared and transferred into the sample cell in an 

Argon-filled M-BRAUN Labmaster 130 dry-box. The electrolysis was carried 

out at a potential typically 300 mV past the relevant Ei / 2(Ru3+/ 2+) value, and 

continued until the spectrum ceased to change and the current decayed to a 

constant m inim um . After completion, the potential was reset and the 

spectrum  of the starting complex was regenerated. The observation of 

sharply defined isosbestic points and the full regeneration of the starting 

spectra were taken as evidence for chemical reversibility for the observed 

process.

Solid state reflectance spectra were collected with a Harrick Praying 

Mantis Diffuse Reflection Attachment installed in a Cary 5 UV-Vis-NIR 

spectrophotom eter. The sam ple was d ilu ted  in either MgO, KC1 or 

[Bun4N][BF4].

C ontinuous wave X-band EPR spectra were collected by Dr. R. 

Webster (RSC, ANU) on a Bruker ESP 300e (with a frequency counter for 

accurate g-value m easurem ents) spectrom eter em ploying a rectangular 

TE102 cavity. The m odulation frequency w as set at 50-100 kH z, the 

microwave power to 2.0 mW (sufficiently low to avoid sample saturation), 

the modulation amplitude set at 5 Gauss, the time constant to 0.33 s and the 

sweep time 330 s. The temperature was lowered to 4.8 K using liquid He and 

an Oxford Instrum ents cryostat. The EPR spectral data are presented in 

chapters 3, 4 and 5.
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Raman spectra were collected by Dr. V. Otieno-Alego (University of

Canberra) on a Renishaw Raman system 2000 (Renishaw Pic) configured 

with an external Olympus BH-2 microscope and Peltier cooled (-70 °C.) CCD 

detector comprising ca. 400 x 600 pixels. A holographic notch filter was used 

as a beam splitter. The excitation source was either an air cooled 25 mW 

helium neon (HeNe) laser (Spectra-Physics Lasers, Inc., model 127) emitting 

at 632.8 nm or a Renishaw near infrared (NIR) laser diode (Renishaw Pic 

Transducer Systems) emitting at 780 nm. The system was set to give 3-4 cm'1 

spectral resolution (determined by measuring the FWHM of the laser line by 

curve fitting. Typically, the laser was focussed onto the sample using a x50 

microscope objective and the spectra were collected using integration times 

ranging between 10 and 20 seconds, with 2 to 5 accumulations.

Crystal and molecular structures of the ruthenium complexes were 

collected and solved by Dr A. Edwards, Dr. D. C. R. Hockless and Dr. A. C. 

Willis (RSC ANU Canberra). The experimental conditions and methods 

used are described in the appendices.

7.2.1 Preparation of cis-[Ru(acac)?(C?Hd)?l

Freshly activated zinc dust (2.4 g, 36.7 mmol) was mixed with 

[Ru(acac)3] (930 mg, 2.34 mmol) in a medium pressure vessel which was 

evacuated and backfilled with ethene (1 bar) three times. Freshly distilled 

THF (20 mL) and ca. 12 drops of deoxygenated, distilled H2O were added to 

the mixture via syringe. The flask was then heated to ca. 80 °C with magnetic 

stirring under 3 bar of ethene pressure (safety shield used when pressure of 

the vessel was higher than 1 bar). Within one hour, the colour of the 

solution changed from cherry-red to dark brown then finally orange.

After allowing the reaction vessel to cool to room temperature and 

reducing the ethene pressure (1 bar), the heterogenous reaction mixture was 

allowed to stand for ca. 10 minutes. The zinc dust quickly settled on the
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bottom of the flask and the cloudy orange solution was carefully decanted

into a Schlenk flask under an ethene atmosphere (1 bar). The solvent was

removed in vacuo, leaving an orange residue. Addition of n-pentane (10

mL) resulted in an orange solution with a white colloidal suspension,

presumably containing zinc(II) by-products. Filtration through a short

column (ca. 5 x 2  cm) of neutral alumina (Activity III) under C2H4 (1 bar)

with n-pentane and then benzene gave a clear orange solution. The solvent

was removed in vacuo and the minimum amount of n-pentane (ca. 5 mL)

was added to re-dissolve the residue. After 2 days at -20°C, 500 mg (60%) of

the orange microcrystalline solid cis-[Ru(acac)2(r|2-C2H4)2] was isolated. The

solid was carefully washed with cold n-pentane. Crystals suitable for X-ray

diffraction studies were obtained from the slow evaporation of the

supernatant.

The orange solid appears to be stable indefinitely under an argon 

atmosphere at ca. 25 °C and may also be handled for several hours in the air 

without any visible signs of decomposition. However, after two weeks' 

exposure of a sample to air a change in colour from orange to violet had 

occurred. The bis(ethene) complex cis-[Ru(acac)2(r|2-C2H4)2] forms stable, air- 

sensitive solutions in THF, benzene and toluene, but slowly decomposes in 

CH2C12.

Microanalysis: (Found: C, 47.06 H 5.89%. C14H22O4RU requires C, 47.31; H 

6.24%). IR (KBr): v(acac) 1576 and 1515 cm'1. NMR (C6D5CD3): 5H (300 MHz) 

5.24 [2 H, s, C(0)CHJ; 3.85 - 3.70 [8 H, m, C2H4]; 1.86, 1.82 [6 H each, s, 

C(0 )CH3]; 5c (75.43 MHz) 186.6,185.1 [both s, C(0)CH3]; 98.0 [s, C(0)CH]; 78.2 

[s, C2H4]; 27.5,26.9 [s, C(0)CH3]. Ei / 2(Ru3+/2+): +0.95V (-45 °C; AEP = 100 mV).
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For the following syntheses, a solution of czs-[Ru(acac)2(T|2-C2H 4)2] was 

prepared immediately before as outlined above and the yield was assumed 

to be quantitative.

7.2.2 Preparation of cis-fRu(acac)?(n2-C?Hd)(SbPh^)l

A solution of SbPh3 (412 mg, 1.17 mmol) in THF (40 mL) was added 

dropwise to a THF solution (ca. 40 mL) of cis-[Ru(acac)2(ri2-C2H4)2] (prepared 

from 500 mg [Ru(acac)3], 1.26 mmol) and stirred overnight at room 

temperature to give a brown solution. The solvent was removed in vacuo, 

leaving a brown residue. A yellow band was eluted first when the brown 

residue was chromatographed on a neutral alumina column (Activity III) 

with benzene or toluene. The yellow solution collected was immediately 

pumped to dryness to give a brownish oil. A yellow solid (537mg, 63%) that 

formed after stirring the brown oil in n-pentane (150 mL) for 45 minutes 

was isolated by filtration. An orange fraction from the chromatography was 

collected and discarded; a brown ring remained at the top of the column.

The 1H NMR spectrum of the isolated yellow complex cis- 

[R u(acac)2 (Tj2 -C 2H 4 )(SbPh3 )] showed the presence of a small amount 

of [Ru(acac)2(SbPh3y, which could not be removed. Thesolid czs-[Ru(acac)2Cn2_ 

C2H4)(SbPh3)] appears to be very stable when exposed to air, but forms air- 

sensitive solutions in THF, benzene and toluene.

Microanalysis: (Found: C, 53.36; H 4.79%. C3oH33C>4RuSb requires C, 52.96; H 

4.89%). IR (KBr): v(acac) 1568 and 1514 cm*1. NMR (C6D6): 5H (300 MHz) 7.70- 

7.67 [6 H, m,o-SbC6H5 ]; 7.13-7.00 [9 H, m,m- and p-SbCeEsV, 5.30, 5.15 [1 H 

each, s, C(0)CH]; 4.26 - 3.99 [4 H, m, C2H4]; 2.02, 1.74, 1.69, 1.62 [3 H each, s, 

C(0 )CH3]. 8C (75.43 MHz) 188.7,186.8,185.8,185.3 [all s, C(0)CH3]; 136.6,132.0, 

129.6,128.9 [all s, SbC6H5]; 100.2,98.6 [both s, C(0)CH]; 57.9 [s, C2H4], 28.0, 27.9, 

27.7, 27.4 [all s, C(0)CH3]. Ei / 2(Ru3+/2+): +0.59 V {ca. -50 °C)
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7.2.3 Preparation of cis-lRu(acach(rp-CiHdHMeCN)!
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A solution of a's-[Ru(acac)2 (Tl2 -C2H 4 )2 ] (prepared from 360 mg 

[Ru(acac)3], 0.90 mmol) in THF (20 mL) was stirred with acetonitrile (0.2 mL, 

4.1 mmol) at room temperature overnight and the mixture evaporated to 

dryness. The yellow brown solid cis-[Ru(acac)2 (r|2 -C2H 4 )(MeCN)] was 

isolated by filtration (250 mg, 75%) after the residue had been stirred with n- 

hexane (ca. 10 mL) for 20 minutes and filtered.

Solid czs-[Ru(acac)2Cn2-C2H4)(MeCN)] appears to be stable when stored 

in air for several months at room temperature and readily forms yellow 

solutions in THF, benzene and toluene.

Microanalysis: (Found: C, 45.39; H, 5.99; N, 3.43%. C14H21NO4RU requires C, 

45.65; H, 5.75; N, 3.80%). IR (KBr): v(N=C) 2262 cm'1; v(acac) 1571 and 1518 

cm-L NMR (C6D6): 5H (300 MHz) 5.50, 5.29 [1 H each, s, C(0)CH]; 4.44 - 4.37 [4 

H, m, C2H4]; 2.17,2.01,2.00,1.81 [3 H each, s, C(0 )CH3]; 0.59 [3H, s, CH3CN]. öc 

(75.43 MHz) 187.8, 186.8, 185.8, 185.3 [all s, C (0)CH 3]; 99.1, 99.0 [both s, 

CHC(O)]; 72.5 [s, C2H4]; 28.2, 27.9, 27.7, 27.3 [all s, C(0)CH3]. Ei / 2(Ru3+/2+): 

+0.56 V (ca. -50 °C).

7.2.4 Preparation of trans-fRu(acac)?(T]2-CiHa)(NHi.)1

Bubbling NH3 through a solution of ds-[Ru(acac)2 (T|2 -C2H 4 )2 ] 

(prepared from 1.254 g [Ru(acac)3], 3.15 mmol) in THF for 20 minutes formed 

an orange precipitate. The solvent was removed in vacuo. 670mg (62%) of 

frans-[Ru(acac)2(ri2-C2H4)(NH3)] was isolated after the orange brown solid 

had been washed several times with n-hexane.
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The complex £rans-[Ru(acac)2Cn2-C2H 4 )(N H 3)] is very stable when 

exposed to air as a solid; the solid is insoluble in THF, benzene, toluene and 

n-hexane, but readily dissolves in CH2CI2.

Microanalysis: (Found: C, 41.73; H, 6.07%. N, 4.13; C12H 21NO4RU requires C, 

41.85; H, 6.15; N, 4.07%). IR (KBr): v(NH) 3335 cm '1; v(acac) 1568 and 1509 cnr 

1. NMR (CD2C12): 8h  (300 MHz) 5.38 [2 H, s, C(0)CH]; 3.70 [4 H, s, C2H 4]; 3.05 

[3 H, br, NH3]; 1.91 [12 H, s, 0(0)0*31. 5C (75.43 MHz) 186.9 [s, C(0)CH3]; 99.6 

[s, CHC(O)]; 72.2 [s, C2H4]; 27.8 [s, C(0)CH3]. Ei / 2(Ru3+/2+): +0.37 V.

7.2.5 Preparation o f cis-fRu(acach(V(2-CiHa)(NH^)1

Bubbling N H 3 through a solution of czs-[Ru(acac)2 (T{2-C 2H 4 )2] 

(prepared from 607 mg [Ru(acac)3], 1.52 mmol) in THF for 20 minutes results 

in the formation of an orange precipitate. The m ixture was evaporated to 

dryness and the orange brown residue dissolved in CH2CI2 (ca. 2mL) and 

then chrom atographed on a neutral alum ina column (Activity III) w ith 

CH 2CI2. A red fraction was collected first and discarded. An orange fraction 

was then collected and the solvent rem oved in vacuo leaving a yellow 

residue. Stirring the residue in n-pentane (20 mL) precipitated the required 

compound as a yellow brown micro-crystalline solid (230 mg, 45%). Crystals 

suitable for X-ray diffraction studies w ere obtained from the slow 

evaporation of the supernatant.

The yellow brown solid czs-[Ru(acac)2(T|2-C2H 4)(N H 3)] is stable for 

several m onths when exposed to air at room tem perature, and is also 

soluble in THF, benzene and toluene form ing m oderately air-sensitive 

yellow solutions.
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Microanalysis: (Found: C, 41.76; H, 5.90; N, 4.07; C12H21NO4R.U requires C,

41.85; H, 6.15; N, 4.07). IR (KBr): v(NH) 3334 cm’1; v(acac) 1566 and 1509 cm 'l

NMR (C6D6): 6 h  (300 MHz) 5.28, 5.14 [1 H each, s, C(0)CH]; 4.30 - 4.10 [4 H, m,

C2H4]; 2.35, 2.18, 2.02,1.97 [3 H each, s, C(0 )CH3]; 1.52 [3 H, br, NH3]. 5C (75.43

MHz) 189.1,185.6,185.5,184.0 [all s, C(0)CH3]; 99.1,98.9 [both s, CHC(O)]; 65.9

[s, C2H4]; 28.1,28.0,27.7,27.4 [all s, C(0)CH3]. Ei / 2(Ru3+/2+): +0.37 V.

7.2.6 NMR Studies of the reaction of one equivalent of PR3 (R = Ph,

p-tolyl, Pr\ Cy and R' = Ph, R"- Me) with cis-[Ru(acac)2(ri2-alkene)zl (alkene

= C2H4, CsH14)

A  typical experiment involved the preparation of fresh solutions of 

Ru(acac)2(alkene)2 (alkene = C2H4, C8H 14) in THF, of which aliquots were 

injected into a NMR tube under an inert atmosphere. These tubes were then 

sealed after the addition of a small amount of C6DsCD3. A standard solution 

of PR3 in C6D3CD3 was also prepared. The solutions were then cooled in a 

dry ice/acetone slush bath. After mixing the solutions, the sample were then 

immediately placed into a pre-cooled NMR probe (-40 °C) and 31P{1H} NMR 

spectra were recorded immediately.

7.2.7 Preparation of cis-tRutacachtrf-CiHäHPPr1̂)]

To a magnetically stirred solution of freshly prepared cis- 

[Ru(acac)2Cn2-C2H4)2] (prepared from 1.0 g [Ru(acac)3], 2.51 mmol) in benzene 

(40 mL) was added PPr*3 (0.48 mL, 2.51 mmol) at room temperature. After 

stirring overnight, the solution had changed colour from yellow to orange. 

The solvent was removed in vacuo and the orange residue was redissolved 

in n-pentane (ca. 5mL). The solution was cooled to -20 °C and a red 

crystalline solid formed. The supernatant liquid was carefully decanted from 

the solid which was washed with cold n-pentane. The volume of 

supernatant was reduced to obtain a second crop of the red crystalline
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material. The total amount of the solid ds-[Ru(acac)2(T|2 -C2H 4)(PPrz3)] 

isolated was 676 mg (55 %). Crystals suitable for X-ray diffraction studies 

were obtained from the first crystallisation.

The solid red complex ds-[Ru(acac)2Cn2-C2H4)(PPrz3)] appears to be 

stable indefinitely under an argon atmosphere at ca. 25 °C and is very 

soluble in benzene and toluene to form yellow solutions. Exposure of these 

solutions to air results in the formation of a green solution.

Microanalysis: (Found: C, 51.10 H, 7.61%. C30H51O4PRU requires C, 51.73; H, 

8.06). IR (KBr): v(acac) 1583 and 1514 cnrL NMR (C6D6): 5H (300 MHz) 5.35, 

5.30 [1 H each, s, C(0)CH]; 4.60 - 4.00 [4 H, m, C2H4]; 2.45 [3 H, m CHCH3]; 1.94, 

1.88,1.86,1.84 [3 H each, s, C(0 )CH3]; 1.23,1.08 (9 H each, both dd, JPH = 12 Hz, 

Jhh = 7.2 Hz, PCHCH3 ]. 5C (75.43 MHz) 187.7(s), 185.5 (d, JPC = 2.2 Hz), 

184.7(s), 185.5(s) [C(0)CH3]; 99.8, 98.1 [both s, C(0 )CH]; 69.6 [s, C2H4]; 28.3(s), 

28.1 (d, fpc = 5.6 Hz), 27.5(s), 27.2(s) [C(0)CH3]; 24.8 (d, /PC = 19 Hz, PCHCH3]; 

19.4,19.0 [both s, PCHCH3]. 6P (121.5 MHz) +50.6 (s). E i/2(R u^/2+): +0.42 V (- 

50 °C).

7.2.8 Preparation of cis-fRu(acac)?(r]2-C?HA)(PCy^)l

A freshly prepared solution of czs-[Ru(acac)2(T|2"C2H 4)2] (prepared 

from 420 mg [Ru(acac)3], 1.05 mmol) in benzene (40 mL) was treated 

dropwise with a solution of PCy3 (292 mg, 1.04 mmol) in benzene (10 mL) at 

room temperature and the mixture was stirred overnight. After one hour 

the solution had changed colour from yellow to orange. Removal of the 

solvent in in vacuo resulted in an orange residue which was re-dissolved in 

n-pentane (20 mL) with magnetic stirring. Reducing the volume of solution 

gave a yellow micro-crystalline solid which was washed with cold n- 

pentane. The mother liquor was reduced again in volume, cooled to ca. -20
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°C and allowed to stand overnight. A second crop of the yellow

microcrystalline solid was obtained. Slow evaporation of the supernatant

resulted in yellow crystals suitable for X-ray diffraction studies. The total

yield of solid isolated was 641 mg (68%).

The solid yellow complex ds-[Ru(acac)2(r|2-C2H4)(PCy3)] appears to be 

stable indefinitely under an argon atmosphere at ca. 25 °C, but slowly turns 

green when exposed to air after 3-4 weeks. It also readily dissolves in 

benzene and toluene to form yellow, air-sensitive solutions. Exposure of 

these solutions to air gives a green solution.

Microanalysis: (Found: C, 57.78; H, 8.11%. C30H 51O4PRU requires C, 59.29; H, 

8.46%). IR (KBr): v(acac) 1585 and 1512 cm-*. NMR (C6D6): SH (300 MHz) 5.40, 

5.29 [1 H each, s, C(0)CH]; 4.38 - 3.78 [4 H, m, C2H 4]; 1.98, 1.87, 1.86,1.83 [3 H 

each, s, C(0 )CH3]; 2.25 - 1.10 (33H, br m, C6H n). Sc  (75.43 MHz) 187.7(s), 185.6 

(d, /pc = 2.2 Hz), 185.0(s), 184.6(s) [C(0)CH3]; 99.8,98.2 [both s, C(0)CH]; 69.5 [s, 

C2H 4I; 35.4 [d, /pc  = 19 Hz, PCH(CH2)5]; 28.4(s), 28.1 (d, /PC = 5.6 Hz), 27.7(s), 

27.6(s) [C(0)CH3]; 29.2, 28.9, 28.7, 28.6, 28.5, 27.2 (all s, PCH(CH2)5). 5P (121.5 

MHz) +40.0 (s). Ei / 2(Ru3+/ 2+): +0.43 V (-50 °C).

The C and H elemental analyses are in good agreem ent w ith the 

form ula C28H 47O 4PRU, corresponding to the loss of ethene from cis- 

[Ru(acac)20n2-C2H 4)(PCy3)]. Although the compound does not appear to lose 

ethene at room tem perature in an inert atm osphere, it is possible that 

ethene is lost as the tem perature of the analytical oven is raised before 

combustion occurs. The compound appears to be spectroscopically pure.
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7.2.9 Preparation of trans-\Ru(acach(PPrl?)'>]
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A solution of czs-[Ru(acac)2(Tj2-C8H i4)2] (prepared from 800 mg 

[Ru(acac)3], ca. 2.0 mmol) in THF (30 mL) was cooled to ca. <-25 °C and PPrz3 

(0.78 mL, 4.08 mmol) was added via a gas-tight syringe. After stirring for one 

hour, a fine rust-red solid was observed. The volume of solvent was 

reduced in vacuo by half and cold n-hexane was cannulated into the flask. 

The mixture was stirred for ca. 5 minutes and then allowed to settle. The 

supernatant was decanted from the solid and cold n-pentane was cannulated 

into the flask. The above process was repeated until supernatant was almost 

colourless. The rust-red solid trans-[Ru(acac)2(PPr*3)2] (0.58 g, ca. 45%) was 

isolated after filtration.

The isolated solid is stable under an inert atmosphere and at ca. -20 

°C; slow decomposition occurs when exposed to air at room temperature. 

The solid readily dissolves in cold toluene and isomerises to cis- 

[Ru(acac)2(PPrI3)2] at room temperature in solution. This compound has 

been prepared independently by Werner and coworkers14 by addition of an 

excess of PPrz3 to czs-[Ru(acac)2(SbPrz3)2] or by reduction of [Ru(acac)3] with 

Zn/Hg in the presence of excess PPrz3.

Microanalysis (Found: C, 53.32; H 8.38%. C28H56O4P2RU requires C, 54.26; H 

8.38%). IR (KBr): v(acac) 1565 and 1507 cm'1. NMR (ds-toluene -35 °C): 8h 

(300 MHz) 5.10 [2 H, s, C(0 )CH]; 2.30 [6H, br m, PCH(CH3)2]; 1.75 [12H, s, 

C(0)CH3], 1.32 [36H, br m, PCHfCHßh]. $C (75.43 MHz) 184.1 [s, C(0)CH3]; 

100.5 [s, C(0)CH]; 27.4 [s, C(0)CH3]; 24.8 [br, PCH(CH3)2]; 20.0 [br, PCH(CH3)2]. 

5P (121.5 MHz) +29.6 (s). Ei / 2(Ru3+/2+): -0.14 V (-45 °C).
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7.2.10 Preparation of [Ru(acac)2(PCys)2] (assumed to be trans)

A solution of ds-[Ru(acac)2('n2-C2H 4)2] (prepared from 300 mg 

[Ru(acac)3], 0.75 mmol) in THF (15 mL) was stirred with PCy3 (500 mg, 1.78 

mmol) at room temperature and within approximately 30 minutes a fine 

brown solid had formed. The mixture was stirred for another 6

hours and then allowed to stand overnight. The supernatant was carefully 

decanted off and the solid washed with n-pentane. 530 mg of a brown solid 

was isolated (82%).

The isolated solid is air-stable and insoluble in benzene and toluene 

but dissolves in hot aromatic solvents. The solid appears to be partially 

soluble in THF at room temperature. The solid appears to decompose in 

CH2C12.

Microanalysis (Found: C, 64.23; H 9.57; P 6.93%. C46H80O4P2RU requires C, 

64.23; H 9.37; P 7.20%). IR (KBr): v(acac) 1563 and 1506 cm'1. NMR (d8- 

toluene): 5H (300 MHz) 5.3 [2 H, s, C(0)CH]; 2.40 - 2.20, 2.10 - 1.60, 1.45 - 1.15 

[66H, br m, PC6Hn ]; 1.94, 1.82 [6 H each, s, C(0 )CH3]. 5C (75.43 MHz) 186.7, 

183.5 [both s, C(0 )CH3]; 100.3 [s, C(0 )CH]; 38.0 [br, PCH(CH2)s]; 30.2 [br, 

PCH(CH2)5]; 29.1, 27.5 (m, PCH(CH2)s]; 28.0 (s), 27.7 (d, JPC = 2.2 Hz) 

[C(0)CH3]. 5p (121.5 MHz) +38.5 (vb s).

7.2.11 Attempted reaction of cis-[Ru(acac) 2(0 8^.14) 2} with 

2 equivalents of PBu*3

To a stirred solution of cis-[Ru(acac)2(r|2-C8H i4)2] (prepared from 260 

mg [Ru(acac)3], 0.65 mmol) in THF (20 mL), PBuf3 (250 |iL) was added via 

syringe. After 7 days an aliquot of the solution was removed. The 31P[1H} 

NMR spectrum showed only one singlet due to PBu^ at 5 +62.5, hence no 

reaction had taken place.
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7.2.12 Preparation of trans-tRu(acac)?(PPri^)(CO)l
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A cold solution (-70 °C) of frans-[R u(acac)2(P P rz3)2] (246 mg, 0.40 

mmol) in toluene (2 mL) and n-hexane (5 mL) was slowly warmed to room 

tem perature under a CO atmosphere (1 bar). When the tem perature of the 

solution had reached ca. -15 °C, a yellow solution had formed. Removal of 

the solvent in vacuo left a yellow residue. The residue was stirred with 

pentane (5 mL) and the solution was reduced in volume (ca. 2 mL). The 

yellow solution was cooled to -20 °C for two days during which a yellow 

solid crystallised. The solid was filtered from the solution and washed with 

a small amount of cold pentane (2 mL). 105mg of the required compound 

was isolated was a yellow solid (52%).

It appears to be stable towards air, but after several months the solid 

has a green tinge. The complex is readily soluble in THF, benzene and 

toluene.

Microanalysis (Found: C, 49.10; H, 7.25; P, 6.36%. C20H 35O 5PRU requires C, 

49.27; H, 7.24; P, 6.35%). IR (KBr): v(CO) 1931 cm '1; v(acac) 1566 and 1517 cm '1. 

NMR (C6D6): 5h (300 MHz) 5.08 [2 H, C(0)CH]; 2.27 [3 H, m PCHCH3]; 1.70 

[12H, C(0 )CH3]; 1.23 (18 H, dd, JPH = 12 Hz, Jh h  = 7.1 Hz, PCHCH3]. 5C (75.43 

MHz) 206.5 [d, JPC = 120 Hz, C=0]; 189.1 [C (0)C H 3]; 100.8 [C(0)CH]; 27.0 

[C(0)CH3]; 23.1 [d, JPC = 20 Hz, PCHCH3]; 19.1 [PCHCH3]. 5P (121.5 MHz) +18.9 

(S).

A solution of c is-[R u(acac)2 (PPr*3 )2 ] (197 mg, 0.32 mmol) was 

dissolved in benzene (ca. 10 mL) and stirred for 3 days under a CO 

atomsphere (3 bar) in a medium pressure vessel behind a safety shield. The 

reaction was followed by 31P{1H} NMR spectroscopy and free PPP3, trans-
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[Ru(acac)2(PPrz3)(CO)] and a small am ount czs-[Ru(acac)2(PPr*3)(CO)] were

detected.

CO (1 bar) was gently bubbled through a solution of ds-[Ru(acac)2Cn2- 

C2H4)(PPrz3)] (ca. 15 mg, 0.03 mmol) in (0.4 mL) for 30 minutes. The 1H 

and 31P{1H} NMR spectra were checked periodically over several hours and 

showed that frazzs-[Ru(acac)2(PPrz3)(CO)] was formed quantitatively.

7.2.13 Preparation of trans-[Ru(acach(PCy*)(CO)l

A suspension of [Ru(acac)2(PCy3)2] (200 mg, 0.23 mmol) was stirred in 

benzene (10 mL) under a CO atm osphere (1 bar) and w ithin 30 minutes, a 

clear orange solution had formed; the solvent was evaporated to almost 

d ry n ess . The yellow residue was stirred w ith pentane (5 mL) and the 

solution was then reduced to ca. 2 mL in volume. A yellow solid was 

filtered from the solution and washed with a small amount of pentane (2 

mL). 101mg of trans-[Ru(acac)2(PCy3)(CO)] was isolated (72%).

The yellow solid trans-[Ru(acac)2(PCy3)(CO)j also appears to be stable 

towards air, bu t like trans-[Ru(acac)2(PPrz3)(CO)] after several months the 

solid has a green tinge. The complex is readily soluble in THF, benzene and 

toluene.

Microanalysis (Found: C, 57.08; H, 7.66; P, 4.62%. C29H 47O 5PRU requires C, 

57.31; H, 7.79; P, 5.10%). IR (KBr): v(CO) 1950 cm*1; v(acac) 1572 and 1510 cm '1. 

NMR (C6D6): 5h (300 MHz) 5.09 [2H, C(0)CH]; 2.30 - 1.50,1.40 - 1.05 [33H, br 

m, P(C6H i i )3]; 1.73 [12H, C(0)CH3]. Sc  (75.43 MHz) 206.8 [d, JPC = 120 Hz, 

D O ]; 188.9 [C(0 )CH3]; 100.6 [C(0)CH]; 33.3 [d, JPC = 10 Hz, PCH(CH2)s]; 29.1, 

28.6 (d, /pc = 8.8 Hz), 27.1 [PCH(CH2)5]; 27.0 [C(0)CH3]. 5P (121.5 MHz) +8.4 (s).
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A solution of ds-[Ru(acac)2(ri2-C2H 4)(PCy3)] (20 mg, 0.04 mmol) in 

C öD ö (ca. 0.4 mL) was made up under a CO atmosphere (1 bar) overnight. 

The 1H and 31P{1H} NMR spectra were checked periodically over several 

h o u rs ; they  sh o w ed  the  q u a n ti ta t iv e  fo rm atio n  of t r a n s -  

[Ru(acac)2(PCy3)(CO)].

7.2.14 Preparation of cis-lRu(acac)i(PPrO(CO)]

A  solution of frarcs-[Ru(acac)2(PPrz3)(CO)] (150 mg, 0.31 mmol) was 

prepared in benzene (10 mL) and refluxed for 1 hour during which the 

colour of the solution had faded. The solvent was evaporated almost to 

dryness and n-pentane (ca. 2 mL) was added to the yellow residue. The light 

yellow solution was cooled to -20 °C for two days. The light yellow^ 

crystalline solid cis-[Ru(acac)2(PPrz3)(CO)] was isolated by filtration (85 mg, 

57%) and washed with cold n-pentane.

It is stable in air for several weeks and is readily soluble in aromatic 

solvents.

Microanalysis (Found: C, 49.20; H, 6.90; P, 6.03%. C20H 35O 5PRU requires C, 

49.27; H, 7.24; P, 6.35%). IR (KBr): v(CO) 1928 cnr*; v(acac) 1588, 1573 and 1516 

cm-L NMR (C6D6): 8H (300 MHz) 5.34, 5.16 [1 H each, both s, C(0)CH]; 2.25 [3 

H, m PCHCH3]; 1.91, 1.85,1.79,1.71 [3 H each, all s, C(0 )CH3]; 1.25,1.13 (9 H 

each, both dd, /PH = 13 Hz, Jh h  = 7.0 Hz, PCHCH3 ]. 5C (75.43 MHz) 209.4 [d, 

/PC = 20 Hz, 0= 0]; 189.1, 187.8, 186.6, 186.0 [C(0)CH3]; 100.2, 99.1 [C(0)CH]; 

28.0, 27.8, 27.7, 27.2 [C (0)C H 3]; 24.7 [d, JPC = 22 Hz, PC H C H 3]; 19.4, 18.8 

[PCHCH3]. 5P (121.5 MHz) +61.5 (s).
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7.2.15 Preparation of cis-fRu(acach(PCyi)(CO)]
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A solution of £rarcs-[Ru(acac)2(PCy3)(CO)] (200 mg, 0.33 mmol) was 

prepared in benzene (10 mL) and refluxed for 1 hour during which the 

colour of the solution became paler. The solvent was evaporated almost 

to dryness and n-pentane (ca. 3 mL) was added to the yellow residue. A light 

yellow solid was formed after stirring the solution overnight and isolated 

(123 mg, 62%) after filtration.

The light yellow solid cis-[Ru(acac)2(PCy3)(CO)] stable in air for several 

weeks and is readily soluble in aromatic solvents.

Microanalysis (Found: C, 57.21; H, 7.87; P, 4,87%. C29H47O5PR-U requires C, 

57.31; H, 7.79; P, 5.10%). IR (KBr): v(CO) 1944 c n r1; v(acac) 1589, 1575 and 1520 

cm-L NMR (C6D6): 8h (300 MHz) 5.40, 5.17 [1H each, both s, C(0)CH]; 2.30 - 

2.10, 2.00 -1.50,1.30 -1.10 [33H, br m, P(C6H n )3]; 1.98,1.86,1.86, .173 [3H each, 

all s, C(0)CH3], 8c (75.43 MHz) 209.6 [d, JPC = 18 Hz, C=0]; 189.0,187.9,186.4,

186.0 [C(0)CH3]; 100.3, 99.2 [C(0)CH]; 35.1 [d, JPC = 21 Hz, PCH(CH2)5]; 29.5,

29.0 (d, / pc = 2 Hz), 28.4 (d, JPC = 3 Hz), 28.2 (d, /PC = 2 Hz), 27.0 [PCH(CH2)5]; 

28.1,27.9,27.8 (d, JPC = 5.4 Hz), 27.3 [C(0)CH3]. 5P (121.5 MHz) +52.3 (s).

7.2.16 Preparation of cis-\Ru(acac)?(PPrii)(=C=C(H)Ph)l

A sample of cis-[Ru(acac)2(PPr*3)2] (38 mg, 0.06 mmol) was dissolved 

in CeC>6 (ca. 0.4 mL) and PhC=CH (10 pL, 0.09 mmol) was added via micro­

syringe. The reaction mixture was allowed to stand at room temperature. 

The 31P{1H} NMR spectrum  was checked periodically  and show ed 

quantitative formation of cis-[Ru(acac)2(PPr*3)(=C=C(H)Ph)] [8[31P{1H)] +54.3 

(s)] [literature value of +53.8 (s)]14 after two days. No intermediates were 

detected during the course of the reaction.
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A solution of czs-[Ru(acac)2(T|2-C2H 4)(PPrz3)] (20 mg, 0.04 mmol) in 

C 6Ö 6 (ca. 0.4 mL) and PhC=CH (10 (iL, 0.09 mmol) was added via micro- 

syringe. The reaction mixture allowed to stand at room temperature. After 

tw o days the 31P {1 H } NMR sp e c tru m  sh o w ed  th a t ci s-  

[Ru(acac)2(PPrz3){=C=C(H)Ph|] had formed quantitatively. No intermediates 

were detected during the course of the reaction. This compound has been 

previously prepared14 by treating cis-[Ru(acac)2(PPrz3)2] with PhC=CH in hot 

benzene.

7.2.17 Preparation o f cis-\Ru(acac)i(PPrO {=C=C(H)SiMei}1

To a solution of czs-[Ru(acac)2(PPrz3)2] (99 mg, 0.16 mmol) in benzene 

(8 mL), Me3SiC=CH (ca. 65 jiL, 0.46 mmol) was added via gas-tight syringe 

and the reaction m ixture was refluxed for 1 hour. After allowing the 

solution to cool to room tem perature, the solvent was removed in vacuo 

leaving a sticky red residue. The red residue was dissolved in n-hexane and 

after 2 w eeks at -10 °C, 50 m g of the  red  so lid  c i s -

[Ru(acac)2(PPrl3){=C=C(H)SiCH3)3|] was isolated (56%).

The com pound is stable to air for several weeks but prolonged 

exposure leads to the formation of trans-[Ru(acac)2(PPrz3)(CO)], probably due 

to reaction with oxygen. The compound is readily soluble in benzene or 

toluene but insoluble in methanol.

Microanalysis: (Found: C, 51.91; H, 8.40; P, 5.57%. C24H 45C>4PRuSi requires C, 

51.68; H, 8.13, P, 5.55%). IR (KBr): v(C=C) 1610 cn r1; v(acac) 1589 and 1519 cnr 

L NMR (C6D6): 6h  (300 MHz) 5.35, 5.20 [1 H each, s, CHC(O)]; 3.67 [1 H, d, JPH 

= 4.2 Hz, Ru=C=C(H)Si(CH3)3]; 2.45 [3 H, m, PCHCH3]; 1.94 [6 H, s, C(0 )CH3] 

1.84, 1.79 [3 H each, s, C(0 )CH3]; 1.29,1.21 (9 H  each , both dd, JPH = 12.9 Hz, 

Jhh  = 7.4 Hz, PCHCH3]. 5C (75.43 MHz) 338.5 [d, JPC 19.0 Hz, Ru=C=C]; 188.3,
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187.6.186.8.184.7 [C(0)CH3]; 100.2,99.5 [C(0)CH]; 93.0 [Ru=C=CHSi]; 28.6, 28.5,

28.4, 27.7 [C(0)CH3]; 24.9 (d, JPC = 22 Hz, PCHCH3]; 19.7, 19.4 [PCHCH3]; 2.3 

[Si(CH3)3]; 5P (121.5 MHz) +56.9 (s).

7.2.18 Preparation of cis-[Ru(acac)'>(PPrh)(=C=C(H)Bu£)l

A solution of czs-[Ru(acac)2(PPrz3)2] (205 mg, 0.33 mmol) in benzene 

(10 mL) was refluxed in the presence of Bu*C=CH (41 p,L, 0.33 mmol) for 1 

hour. The solution was evaporated almost to dryness leaving a red residue. 

The red residue was dissolved in the m inim um  am ount of n-hexane (ca. 1 

mL) and the resulting solution was chrom atographed on neutral alumina 

(Activity III) w ith n-hexane. The red fraction eluted w ith n-hexane was 

discarded. Ether was then used to eluate the red band on the top of the 

column. The ether was then removed in vacuo and a small am ount of n- 

hexane was added. The solution was cooled in dry ice/ethanol and 115 mg of 

red crystals were collected (yield 64.2%).

The solid czs-[Ru(acac)2(PPrI3)(=C=C(H)Buf)] appears to be stable to air 

for several weeks but prolonged exposure also leads to the formation of 

frazzs-[Ru(acac)2(PPrz3)(CO)]. The red complex is readily soluble in benzene 

or toluene but insoluble in methanol.

Microanalysis: (Found: C, 55.08; H, 7.73; P, 5.52%. C25H 45O4PRU requires C, 

55.47; H, 8.31, P, 5.72%). IR (C6H 6): v(C=C) 1638 cm’1; v(acac) 1580 and 1514 

cm’1. NMR (C6D6): 6h  (300 MHz) 5.35, 5.18 [1 H, C(0)CH]; 4.11 [1 H, d, JPH = 

4.0 Hz, Ru=C=C(H)C(CH3)3]; 2.47 [3 H, m, PCHCH3]; 1.97, 1.93,1.80, 1.77 [3 H 

each, all s, C(0)CjHb]; 1.29,1.21 (9 H each, both dd, JPH = 12.9 Hz, Jhh  = 7.2 Hz, 

PCHCH3 ]. 5C (75.43 MHz) 356.4 [d, JPC = 20.0 Hz, Ru=C=C(H)C(CH3)3]; 188.3,

187.6.186.8.184.7 [C(0)CH3], 121.2 [=C=C(H)C(CH3)3]; 99.7,98.8 [C(0)CH]; 33.1
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[=C=C(H)C(CH3)3]; 30.1 [=C=C(H)C(CH3)3]; 28.0,27.1,24.6,24.3 [C(0)CH3]; 24.5

(d, /pc = 22.Hz, PCHCH3]; 19.3,18.9 [PCHCH3]. 5P (121.5 MHz) +55.5 (s).

7.2.19 Attempted reaction of HC^CCOjMe with cis-[Ru(acac)?(PPrh)?l

A  sample of cis-[Ru(acac)2(PPrz3)2] (131 mg, 0.21 mmol) was dissolved 

in benzene (5 mL) and HC=CCC>2C H 3 (19 jiL, 0.21 mmol) was added via 

syringe. The mixture was then refluxed for 2 hours. The 31P{1H) NMR 

spectrum of the reaction mixture indicated that no reaction had taken place.

7.2.20 Attempted reaction of PhC^CPh with cis-lRu(acac)~>(PPrC)i]

A  mixture of cis-[Ru(acac)2(PPr*3)2] (33 mg, 0.05 mmol) and PhC=CPh 

(90 mg, 0.50 mmol) in CöDö (ca. 0.4 mL) was heated to 80 °C for two hours. 

31P{1H} NMR spectroscopy of the reaction mixture indicated that no reaction 

had taken place.

7.2.21 Attempted reaction of 3-hexyne with cis-lRu(acac)i(PPri )̂->]

A  m ixture of cis-[R u (a c a c )2 (PPr*3)2 ] (15 mg, 0.02 mmol) and 

CH3CH2C^CCH2CH3 (10 pL, 0.09 mmol) in C6Ö6 (ca. 0.4 mL) was heated to 80 

°C for two hours. 31P{1H} NMR spectroscopy of the reaction m ixture 

indicated that no reaction had taken place.

7.2.22 Attempted reaction of 3-hexyne with cis-\Ru(acac)^(rf2-CyHf)(PCy7)]

A  solution of czs-[Ru(acac)2Cn2-C2H 4)(PCy3)] (31 mg, 0.05 mmol) in 

C6Ö6 (ca. 0.4 mL) was mixed w ith excess 3-hexyne at room temperature. 

There was no detectable reaction at room tem perature after one day or 

heating to 80 °C for one hour by 31P{1H} NMR spectroscopy.
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7.2.23 Attempted reaction o f 2-butyne w ith cis-fRu(acac)'?(rf2-C?Hd)(PPri^)l

A  solution of ds-[Ru(acac)2(r|2-C2H 4)(PCy3)] (28 mg, 0.06 mmol) in 

C6Ö6 (ca. 0.4 mL) was mixed with excess 2-butyne at room tem perature. 

There was no detectable reaction at room temperature after heating to 55 °C 

for three hours by 31P{1H) NMR spectroscopy.

7.2.24 Synthesis o f cis-tRu(acach(PCy?)(SbPh*)l

A  solution of SbPh3 (115 mg, 0.33 mmol) in toluene (10 mL) was 

added dropwise to a solution of czs-[Ru(acac)2Cn2-C2H4)(PCy3)] (200 mg, 0.33 

mmol) and the m ixture was stirred overnight at room tem perature. An 

orange residue was obtained after the solvent had been removed in vacuo. 

The addition of n-pentane (ca. 10 mL) to the residue and subsequent 

magnetic stirring resulted in the formation of an orange micro-crystalline 

solid. The solid w as isolated after filtration and w ashing w ith small 

amounts of n-hexane (256 mg, 83%).

The orange solid ds-[Ru(acac)2(PCy3)(SbPli3)] appears to be air-stable 

and is readily soluble in aromatic solvents.

Microanalysis (Found: C, 58.85; H 6.68; P 3.13%. C46H 46C>4PRuSb requires C, 

59.21; H 6.70; P 3.32%). IR (KBr): v(acac) 1568 and 1510 cm-L NMR (C6D6): 8H 

(300 MHz) 7.80-7.77 [6 H, m, o-SbCeHs]; 7.13-7.06 [9 H, m, m- and p-SbCeEb]; 

5.46, 5.02 [1 H each, s, C(0)CH]; 2.30 -1.00 [33 H, br m, PC6H n]; 2.00,1.93,1.80, 

1.68 [3 H each, s, C(0)CH3]. 5C (75.43 MHz) 186.8,186.2,184.7,184.0 [C(0)CH3]; 

137.1 [SbC6H5]; 136.5 [ipso-SbC6H5]; 129.0,128.4 [SbC6H 5]; 100.4, 99.6 [C(0)CH]; 

38.8 (d, / pc = 19 Hz, PCH(CH2)5]; 29.8 (s), 29.1 (s), 28.6 (d, JPC = 4 Hz), 28.5 (d, 

Jpc = 4 Hz), 27.4 (s) [PCH(CH2)5]; 28.04, 28.00, 27.9 [all s, C (0)CH 3]. 5P (121.5 

MHz) +53.5 (s).
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A mixture of ds-[Ru(acac)2(r|2-C2H4)(SbPh3)] (18 mg, 0.03 mmol) and 

PCy3 (8 mg, 0.03 mmol) in C6Ö6 was left for three days at ca. 25 °C with 

quantitative formation of czs-[Ru(acac)2(PCy3)(SbPh3)] by 1H and 31P{1H) 

NMR spectroscopy.

7.2.25 Attempted reaction of CO with cis-\Ru(acach(T]2-C'>Hd)(SbPh?)1

A  solution of czs-[Ru(acac)2Cn2-C2H4 )(SbPh3)] (170 mg, 0.25 mmol) in 

benzene (10 mL) was placed under CO ( 2- 3  bar) behind a safety shield and 

stirred for 3 days. 1H NMR spectroscopy and IR spectroscopy indicated that 

the replacement of C2H4 was not occurring at a detectable level.

7.2.26 Attempted reaction ofPCys with cis-[Ru(acac)?(rj2-C?Hd)(NH^)l

A  solution of czs-[Ru(acac)2Cn2-C2H4)(NH3)l (41 mg, 0.12 mmol) in 

CeDe (ca. 0.4 mL) was treated with PCy3 (11 mg, 0.04 mmol) and any reaction 

monitored by 31P{1H} NMR spectroscopy. There was no detectable reaction 

after one week at room temperature.

7.2.27 Reaction of dinitrogen with cis-[Ru(acac)j(ri2-C?Hd)(PPri^)l to give cis-

[{Ru(acac)2<PPri3)}2(p-N2)]

Benzene (10 mL) was added to czs-[Ru(acac)2Cn2-C2H4 )(PPrz3)] (167 mg, 

0.34 mmol) under an industrial grade dihydrogen (H2) atmosphere (1 bar) in 

a medium pressure vessel. The dihydrogen probably contains at least 100 

ppm N2 (specified in Grade 3.8 High Purity which contains 100 ppm). The 

H2 pressure was increased (3 bar) and the yellow solution heated to 60 °C for 

two days. After allowing the solution to cool to room temperature and 

reducing the H2 pressure (1 bar), the solution was cannulated into a Schlenk
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flask under a H2 atmosphere and the solvent removed in vacuo. A yellow

residue was isolated and a small amount of n-pentane was added forming a

yellow solution. The flask was then cooled to -20 °C for two days during

which yellow crystals formed. These crystals were isolated (149 mg, 92%)

after filtration under an argon atmosphere and washed with small aliquots

of cold n-pentane. They were identified by X-ray crystallography as the

yellow binuclear dinitrogen complex cis-[{Ru(acac)2(PPrz3))2(li-N2)].

It may be handled for short periods in air but was stored under an 

argon atmosphere. It forms stable, air-sensitive solutions in benzene or 

toluene but decomposes in CH2CI2 to form an unidentified red complex. 

Exposure of the yellow benzene solutions to air results in a green solution 

which also has not been identified.

Microanalysis (Found: C, 48.07; H 7.61; N 2.63%. C38H70O8P2RU2 requires C, 

48.19; H, 7.45; N, 2.96%). IR (KBr): v(acac) 1582 and 1512 cm'1. Raman (solid): 

v(NsN) 2087 cm'1. NMR (C6D6): 6H (300 MHz) (major isomer) 5.33, 5.26 [1 H 

each, both s, C(0)CH]; 2.47 [6 H, m, PCHCH3]; 2.03,1.85,1.83,1.81 [3 H each, all 

s, QOJCife]; 1.40,1.29 [9 H each, both dd JPC = 12.5 Hz, JPH = 7.5 Hz, PCHCH3]; 

(minor isomer) 5.35, 5.29 [1 H each, both s, C(0)CH]; 2.47 [6 H, m, PCHCH3]; 

2.08,1.87,1.80 [3 H each, all s, QOJCIfe]; 1.40,1.29 [9 H each, both dd JPC = 12.5 

Hz, /PH = 7.5 Hz, PCHCH3]; 5C (75.43 MHz) major isomer 187.5, 186.4, 185.7, 

184.6 [all s, C(0)CH 3]; 100.3, 98.5 [both s, C(0)CH]; 24.6 (d, JPC = 20 Hz, 

PCHCH3]; 28.3 (d, fpC = 5.6 Hz), 27.8 (s), 27.6 (s), 27.2 (s) [C(0)CH3]; 19.5, 19.2 

[both s, PCHCH3]; minor isomer 187.6,185.8,184.5 [all s, C(0)CH3]; 100.3, 98.6 

[both s, C(0)CH]; 24.6 (d, JPC = 20 Hz, PCHCH3]; 28.4 (d, JPC = 5.6 Hz), 27.6 (s), 

27.2 (s), [C(0)CH3]; 19.4, 19.1 [both s, PCHCH3]; 5P (121.5 MHz) major isomer 

+60.6 (s); minor isomer +60.5 (s). Ei / 2(Ru3+/ 2+): +0.30 and +0.90 V (ca. -50
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7.2.28 Attempted oxidation of trans-\Ru(acac)i(ri2-C?Ha)(NHi)l with

[Cp2Fe]PF6

A  solution of frarcs-[Ru(acac)2(r|2-Q2H4)(NH3)] (36 mg, 0.10 mmol) in 

CH2CI2 (2 mL) at ca. 20 °C was mixed with [Cp2Fe]PF6 (31 mg, 0.09 mmol). 

Within 5 minutes, the solution had turned initally green and finally purple. 

The solvent was removed in vacuo and n-pentane added. An unidentified 

mauve solid (25 mg) was isolated. Cyclic voltammogram traces indicated 

that Cp2Fe, [Ru(acac)3] and an unidentified compund were present.

7.2.29 Oxidation o f trans-fRu(acac)'>(ri2-C?F[4)(NHz)l with AgPFß

A solution of h''ms-[Ru(acac)2(r|2-C2H4)(NH3)] (105 mg, 0.31 mmol) in 

CH2CI2 (10 mL) was cooled to ca. -70 °C before the addition of AgPF6 (105 

mg, 0.41 mmol). After stirring for one hour at -70 °C, the deep blue solution 

was filtered through Celite (in a dry ice chilled column) and evaporated in 

vacuo resulting in a blue residue. A blue solid, believed to be trans- 

[Ruin(acac)2Cn2-C2H4)(NH3)][PF6] (see Chapter 3), was isolated (115 mg, 70%) 

after stirring the residue with cold ether for two hours. Over a period of two 

weeks at -20 °C, the solid changed colour from blue to purple and finally 

red.

7.2.30 Oxidation of cis-fRu(acac)?(ri2-CßHi4)(SbPh?L)l with AgPFß

AgPFß (165 mg, 0.65 mmol) was added to a chilled solution (-70 °C) of 

czs-[Ru(acac)2(r|2-C8Hi4)(SbPh3)]8 (330 mg, 0.43 mmol) in CH2CI2 (10 mL) and 

the mixture was allowed to stir for one hour, during which a blue solution 

formed. The mixture was filtered through Celite (in a dry ice chilled 

column) and the solvent was removed in vacuo to leave a blue residue. A 

blue solid, believed to be cis-[Runi(acac)2(Ti2-C8Fli4)(SbPh3)][PF6] (see Chapter
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3), was isolated (316 mg, 80%) after stirring in cold ether for two hours. The

blue solid appears to be stable when exposed to air at room temperature as a

solid for several months.

Microanalysis (Found: C, 46.27; H, 4.84; P, 3.33; Ag, 1.60.

C38H36F6O4P3Ru.0.1(AgPF6) requires C, 46.35; FI, 4.65; P, 3.65; Ag, 1.16). IR 

(KBr): v(acac) 1552 and 1518 cm'1; v([PF6]) 840 cm'1. E i / 2 ( R u 3 + / 2 + ) : +0.48 V (ca. 

-45 °C)

7.2.31 Reaction of C5H5N with cis-lRu(acac)i(o-PhC^ZCfJiäNMei)l\PFf3

To a violet solution of ds-[Ru(acac)2(o-PhC=CC6H4NMe2)][PF6] (154 

mg, 0.23 mmol) in CH2CI2 (15 mL), neat C5IT5N (38 jiL, 0.47 mmol) was 

added via microsyringe resulting in an almost immediate colour change to 

red. After stirring for 3 hours, the solvent was evaporated until a

concentrated solution was obtained and then layered with n-hexane (ca. 10 
m L ) .  R e d  c r y s t a l s  i d e n t i f i e d  a s

r n
ris-(E>[RuTn(acac)2lo-Me2NC6Fi4C=C(NC5Fl5)Ph}][PF6] by X-ray crystallography 

(see Chapter 3) were filtered from the colourless solution. The yield was 128 

mg (74%).

Microanalysis (Found: C, 48.20; H, 4.52; N, 3.59%. C31H34F6N2O4PRU requires 

C, 50.00; H, 4.60; N, 3.76%). IR (KBr): v(acac) 1569 and 1519 cm'1; v(PF6) 841 

and 558 cm-1. Ei / 2(Ru3+/2+): -0.50 V.

7.2.32 Reaction ofNEt2Ü with cis-[Ru(acac)?(o-PhC^CCfJldNMe?)lfPFf,]

To a violet solution of ds-[Ru(acac)2(o-PhC=CC6H4NMe2)][PF6] (67 

mg, 0.10 mmol) in CH2CI2 (ca. 3 mL), neat NEt2H (35 pL, 0.34 mmol) was 

added via micro-syringe causing an immediate colour change to deep red. 

After stirring for at least one hour, the solution was concentrated in vacuo
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and layered with n-hexane (ca. 5 mL). Blackish red crystalline material of the

complex c!s-[Runl(acac)2(o-Me2NC6H4C(H)C(=N(C2H5)2|Ph][PF6] was isolated 

by filtration (39 mg, 48%).

An acceptable analysis was not obtained, carbon and hydrogen 

percentages being consistently low. Possible contaminants may include

c h 2ci2.

Microanalysis (Found: C, 44.33; H, 4.90; N, 3.79%. C26H3iF6N2C>5PRu requires 

C, 48.78; H, 5.46; N, 3.79%). IR (KBr): v(acac) 1547 and 1518 cm'1; v(PF6) 842 

and 557 cm-1.

7.2.33 Reaction o/H20  with cis-[Ru(acac)?(o-PhC^CCfdtdNMe?)l[PF^l

Deoxygenated distilled water (101 |iL) was added via microsyringe to a 

violet solution of cis-[Ru(acac)2(o-PhC=CC6H 4NMe2)][PF6] (257 mg, 0.39 

mmol) in THF (40 mL). After stirring overnight, the solution was red. The 

solution was concentrated in vacuo and layered with n-hexane which 

afforded a sticky red residue. A red crystalline solid was isolated after stirring 

rapid ly  w ith dry ether for 30 m inutes. Red crystals of
I-------------------------------------— I

cjs-[Runl(acac)2(o-Me2NC6H4C(0)CH2Ph]][PF6] were identified by X-ray 

crystallography after dissolving the solid in CH2C12 and the solution was 

carefully layered with n-hexane (181 mg, 69 %).

Microanalysis (Found: C, 45.21; H, 4.42; N, 2.29; P, 4.81. C ^H siFöNOsPRu 

requires C, 45.68; H, 4.57; N, 2.05; P, 4.53). IR (KBr): v(C=0) 1594 cnr1; v(acac) 

1523 cm'1; v(PF6) 843 and 558 cm'1. Ei / 2(Ru3+/2+) (vs Ag/AgCl): 0.00 V.
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7.234 Reaction ofPPh 3  w ith cis-fRu(acac)?(o-PhC^CCfiH4NMe?)UPF3

Excess PPh3 (290 mg, 1.11 mmol) was added to a violet solution of cis- 

[Ru(acac)2(o-PhC=CC6H4NMe2)][PF6] (218 mg, 0.33 mmol) in CH2CI2 (15 mL) 

resulting in a red solution within 5 minutes. After 3 hours the solution was 

evaporated leaving a sticky red residue. This residue was rapidly stirred in 

Et2Ü to afford a red crystalline material (180 mg) was isolated after filtration. 

Crystals suitable for X-ray crystallography were not isolated.

Microanalysis (Found: C, 55.67; H 4.75; N 1.58. C44H44F6NO4P2RU requires C, 

56.96; H 4.78; N 1.51, C44H44F6NO5P2R11 requires C, 55.99; H 4.70; N 1.48). IR 

(KBr): v(acac) 1567 and 1517 cm'1; v(PF6) 841 and 558 cm'1. Ei / 2(Ru3+/2+) ( v s  

Ag/AgCl): -0.46 V.

7.2.35 Reaction o f dry MeOH w ith cis-[Ru(acac)2 (o-PhC^CCßH4NMe2 )][PFß]

Dry methanol (ca. 5mL) was added via syringe to a violet solution of 

cis-[Ru(acac)2(o-PhC=CC6H 4NMe2)HPP6] (160 mg, 0.24 mmol) in THF (10 

mL). After stirring for one hour, the solution was red. The solution was 

concentrated in vacuo and dry ether added, from which a red crystalline 

solid (144 mg) was isolated after stirring rapidly for 30 minutes. Although X- 

ray crystals were not isolated, the product is believed to be an 1:1 adduct of 

MeOH per ruthenium cation.

An acceptable elemental analysis could not be obtained, carbon and 

hydrogen percentages being consistently low.

Microanalysis (Found: C, 42.20; H, 4.20; N, 2.01. C27H33F6NO5PRU requires 

C, 46.49; H, 4.77; N, 2.01). IR (KBr): v(CO) 1632 cm'1; v(acac) 1564 and 1523 

cm-1; v(PFö) 843 and 558 cm-1.



230Chapter 7
7.2.36 Reaction of PPh^ with cis-fRu(acac)?(o-H?C=C(H)CdtidNMe?)l[PFd

Excess PPI13 (193 mg, 0.74 mmol) was added to a blue solution of cis- 

[Ru(acac)2(o-H2C=C(H)C6H4NMe2)][PF6] (133 mg, 0.22  mmol) in CH2C12 (15 

mL) resulting in a red solution within 5 minutes. After 1.5 hours the 

solution was evaporated leaving a sticky red residue. This red residue was 

stirred rapidly in Et2Ü to afford a red crystalline solid (156 mg, 56%) after 

filtration. Crystals suitable for X-ray crystallography were grown from a 

CH2Cl2 /n-hexane solution exposed to air.

This reaction was repeated several times; in all cases the 31P{1H} NMR 

spectrum showed the presence of [P C ^ ]-, which may account for the poor 

elemental analysis of the isolated compound.

Microanalysis (Found: C, 50.63; H 4.33; N 1.31. C38H42F6NO4P2RU requires C, 

53.46; H  4.96; N 1.64). IR (KBr): v(acac) 1549 and 1520 cm“1; v(PF6) 840 and 558 

cm '1. E 1 /2 (R u 3+ /2 + ) (vs Ag/AgCl): -0.46 V.

Microanalysis (Found: C, 57.38; H 4.95; N 1.38; P 4.62. C38H 42BF4N O 4PRU 

requires C, 57.37; H 5.32; N 1.76; P 3.89). IR (KBr): v(acac) 1551 and 1516 cm*1; 

v(BF4) 1056 and 520 cm '1.

7.2.37 Preparation of trans-\Ru(acac)i(PhjPC^2H)i 1

A clear solution of c/s-[Ru(acac)2(r|2-C2H 4)2] (prepared from 260 mg 

[Ru(acac)3], 0.65 mmol) in THF (20 mL) was stirred with Ph2PC=CCH (275 

mg, 1.31 mmol) for one hour, w ithin 5 m inutes of mixing, a fine orange 

precipitate had formed. An orange solid was isolated after evaporating the 

mixture to dryness and washing with n-hexane 3 times (ca. 10 mL). 357 mg 

(79%) of fnms-[Ru(acac)2(Ph2PCs=CH)2] was isolated after filtration and air-
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dried. A small amount of the orange solid was recrystallised from CH2CI2

and n-pentane was vapour diffused into the solution resulting in large

orange crystals.

The orange complex frans-[Ru(acac)2(Ph2PC=CH)2] is very stable 

towards air as a solid; the solid is insoluble in benzene, toluene, n-hexane, 

diethyl-ether but is readily soluble in CH2CI2 and C6H5CI forming air-stable 

solutions.

Microanalysis (Found: C, 63.31; H 4.97; P 8.68%. C38H36O4P2R.U requires C, 

63.42; H 5.04; P 8.61%). IR (KBr): v (O C ) 2035 cm-*; v(acac) 1568 and 1511 cm '1. 

NMR (CD2C12): 5h (300 MHz) 7.73-7.66 [8 H, m, 0-PC6H5]; 7.36-7.26 [12 H, m, 

m- and p-PCrffc]; 4.36 [2 H, s, CHCH3]; 3.49 [1 H, t, JPH = 2.4 Hz, =CCH], 1.39 

[12 H, s, C(0)CH3]; Sc (75.43 MHz) 185.5 [s, C(0)CH3]; 132.7 [t, JPC = 6.6 Hz, 0- 

C6H5]; 132.0 [t, /PC = 20 Hz, ipso-CßH.5]; 129.6 [s, p-C6H5]; 128.1 [t, /PC = 4.5 Hz, 

m-£ßH5]; 100.3 [C(0)CH]; 97.7 [d, /PC = 4.2 Hz, -C=CH]; 79.0 (t, JPC = 30 Hz, 

-C=CH]; 27.6 [s, C(0)CH3]; 8P (121.5 MHz) +21.9 (s). E1/2(Ru3+/2+): +0.16 V.

7.2.38 Preparation of trans-lRu(acac)i(Ph">PC^CMe)il

A solution of czs-[Ru(acac)2(T|2-C2H4)2] (prepared from 260 mg 

[Ru(acac)3], 0.65 mmol) in THF (20 mL) was stirred with Ph2PC=CCCH3 (305 

mg, 1.36 mmol) for one hour during which a fine orange precipitate formed. 

An orange solid was isolated after rem oving the solvent in vacuo and 

washed with n-hexane 3 times (ca. 10 mL). 482 mg of the orange solid trans- 

[R u(acac)2(Ph2P C = C C H 3)2] was isolated (98% yield). The solid was 

recrystallised from the vapour diffusion of n-pentane into an orange CH2CI2 

solution resulting in the isolation of orange crystals suitable for X-ray 

diffraction studies.
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The orange solid trans-[Ru(acac)2(Ph2PC=CCH3)2] has similar physical

properties to those described for trans-[Ru(acac)2(Ph2PC=CH)2]

Microanalysis (Found: C, 63.98; H 5.61; P 8.41%. C40H40O4P2RU requires C, 

64.25; H 5.39; P 8.28%). IR (KBr): v(C=C) 2198 cm’1; v(acac) 1568 and 1512 c n r1. 

NMR (CD2C12): ÖR (300 MHz) 7.77-7.71 [8 H, m, o-PCeBsl 7.37-7.32 [12 H, m, 

m- and p-PCeHs]; 4.43 [2 H, s, CHCH3]; 2.20 [6 H, s, -OCCH 3]; 1.42 [12 H, s, 

QOJCIfa]. 5c (75.43 MHz) 185.6 [s, C(0)CH3]; 133.5 [t, JPC = 20 Hz, ipso-P&H5]; 

132.7 [t, / pc  = 6.3 Hz, o-PC6H 5]; 129.2 [s, pPC 6H 5]; 127.9 [t, JPC = 4.3 Hz, 

mPC6H5]; 107.5 [s, -GCCH3]; 99.9 [C(0)CH]; 72.4 [t /PC = 36 Hz, -C=CCH3]; 27.4 

[s, C(0)CH3], 6.0 [s, -O C C H 3]; 5p (121.5 MHz) +21.9 (s). Ei / 2(Ru3+/2+): +0.08 V.

7239 Preparation o f  trans-fRu(acac)?(Ph?PC^CPh)?l

A solution of cis-[Ru(acac)2Cn2-C2H4)2] (208 mg [Ru(acac)3], 0.52 mmol) 

in THF (16 ml) was stirred with Ph2PC=CPh (300 mg, 1.05 mmol) for one 

hour during which an orange solid formed. The solvent was removed in 

vacuo to leave an orange solid which was washed with n-pentane (ca. 20 

mL) and isolated via filtration. The solid was washed a further two times 

w ith n-pentane (ca. 10 mL). The mass of the isolated material was 278 mg 

(61%).

The orange solid frarcs-[Ru(acac)2(Ph2PC=CPh)2] has similar physical 

properties to those described for trans-[Ru(acac)2(Ph2PC=CH)2].

Microanalysis (Found: C, 68.67; H 5.22; P 7.00%. C50H44O4P2RU requires C, 

68.88; H 5.09; P 7.10%). IR (KBr): v(C=C) 2172 cm 'l; v(acac) 1567 and 1512 cm*1. 

NMR (CD2C12): 5h  (300 MHz) 7.84 - 7.30 [30 H, m, C6Hs]; 4.50 [2 H, s, CHCH3]; 

1.37 [12 H, s, C(0)C|fe]. 5C (75.43 MHz) 186.0 [s, C(0)CH3]; 132.9 [t, JPC = 6.5 PIz, 

ipso-PC6H5]; 132.1 [s, ipso-C6H5]; 129.6 [s, C6H 5]; 129.5 [s, C6H5]; 128.8 [s, C6H 5];
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128.1 [t, /pc = 4.3 Hz, mPC6H5]; 108.9 [m, -C=C-Ph]; 100.3 [s, C(0)CH], 83.6 [m,

-C=C-Ph]; 27.5 [s, C(0)CH3]; 5P (121.5 MHz) +22.1 (s). Ei / 2(Ru3+/ 2+): +0.12V.

7.2.40 Preparation o f trans-lRu(acac)^(Ph'yPC^7PPhr)]n

Solid Ph2PC=CPPh2 (400 mg, 1.01 mmol) was added to a THF solution 

of cis-[Ru(acac)2(ri2-C8Hi4)2] (200 mg [Ru(acac)3], 0.51 mmol) and the mixture 

was stirred overnight, during which time an orange solid formed. The solid 

was isolated after filtration (325 mg) and washed several times with n- 

hexane. Free Ph2PC=CPPh2 was detected in the supernatant by 31P{1H} NMR 

spectroscopy but no attempt was made to determine the amount present.

The isolated solid is insoluble in THF, benzene, toluene, CH2C12 and 
C6H5CI and could not, therefore, be purified by recrystallization. The

properties are suggestive of an oligomeric structure trans- 

[Ru(acac)2(Ph2PC=CPPh2)]n.

Microanalysis (Found: C, 64.24; H 4.95. C36H 34C>4P2Ru requires C, 62.33; H 

4.94). IR (KBr): v(acac) 1564 and 1510 cm'1.

7.2.41 Preparation of cis-tRu(acach(PhiPC^CMe)j 1

An orange solution of trans-[Ru(acac)2(Ph2PC=CCH3)2] (232 mg, 0.31 

mmol) in C6H 5CI (5 mL) was refluxed for 1 hour, during which time a 

colour change from orange to yellow occurred. A yellow residue was 

obtained after the solvent was removed in vacuo. The residue was dissolved 

in CH2C12 (2 mL) forming a yellow solution and n-hexane (25 mL) was 

carefully poured into the flask. A yellow micro-crystalline solid was 

obtained the following day which was filtered and washed with n-hexane 

(ca. 5 mL). 151 mg of the bright yellow solid ds-[Ku(acac)2(Ph2PC=CCH3)2] 

was isolated (65%).
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It is very stable towards air and is readily soluble in benzene, toluene,

CH2CI2 and C6H5CI forming yellow air-stable solutions.

Microanalysis (Found: C, 64.54; H 5.43; P 8.33%. C40H40O4P2R.U requires C, 

64.25; H 5.39; P 8.28%). IR (KBr): v(C=C) 2200 cm '1; v(acac) 1574 and 1514 cm '1.
4

NMR (CD2C12): 5h  (300 MHz) 7.90 - 7.00 [40 H, m, Crffc]; 7.59 - 7.53 [4 H, m, 

C6H5]; 7.25 - 7.08 [12 H, m, C6H5]; 5.33 [2 H, s, C(0)CH]; 2.07, 1.32 [6 H each, 

both s, C(0)CH3]; 2.02 [6 H, t, /PH = 12  Hz,-C=CCH3]. 5C (75.43 MHz) 187.2, 

185.4 [both s, C(0)CH3]; 137.5 [t, / PC = 26 Hz, ipso-C6H 5]; 136.7 [t, JPC = 22 Hz, 

ipso-C6H5]; 132.5 [t, / pc = 5.5 Hz, o-C6H 5]; 132.1 [t, JPC = 5.5 Hz, o-C6H5]; 128.7 

[s, P-C6H5]; 127.6 [t, / pc = 5 Hz, m-C6H5]; 127.2 [t, JPC = 5 Hz, m-C6H5]; 107.9 [t, 

/ pc = 5.5 Hz, -0= C C H 3]; 99.5 [s, C (0)C H ]; 72.8 (a symmetrical six line 

m ultiplet, spacing between lines 17.6, 38.4, 6.9, 37.0 and 18.7 Hz, -C=CCH3]; 

28.6, 27.2 [both s, C (0)C H 3]; 5.8 [s, -C=CCH 3]. 5P (121.5 MHz) +39.9 (s). 

Ei / 2(Ru3+/2+) (us Ag/AgCl): +0.19 V.

7.2.42 Preparation o f cis-[Ru(acac)?(Ph?PCzzCPh)7l

A solution of trans-[Ru(acac)2(Ph2PC=CPh)2] (120 mg, 0.14 mmol) in 

C6H5CI (20 mL) was refluxed for one hour during which time the colour 

changed from orange to yellow. The solvent was evaporated leaving a 

yellow residue from which a yellow solid form ed after stirring with n- 

hexane (10 mL). The solid was filtered and washed with n-hexane (ca. 5 mL). 

The yield was 80 mg (67%).

The yellow solid cis-[Ru(acac)2(Ph2PC=CPh)2] has similar physical 

properties to those described for cis-[Ru(acac)2(Ph2PC^CCH3)2].

Microanalysis (Found: C, 67.7A, H 5.08. C5oH44C>4P2Ru requires C, 68.88; H 

5.09). IR (KBr): v(C=C) 2171cm*1; v(acac) 1574 and 1515 cm*1. NMR (CD2C12):
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8h (300 MHz) 7.94 - 7.08 [30 H, m, Crffc], 5.23 [2 H, C(0)CH], 2.02,1.38 [12 H,

C(0 )CÜ3]. 5C (75.43 MHz) 187.3, 185.4 [C(0)CH3]; 137.2 [t, /PC = 26 Hz, ipso- 

C6H5]; 136.7 [t, /pc = 23 Hz, ipso-Qfk]; 132.5 [t, JPC = 5.5 Hz, o-C6H5]; 132.0 [s, 

o-C6H5]; 132.0 [s, o-C6H5]; 131.9 [t, /PC = 5.5 Hz, o-C6H5]; 129.5 [s, o-C6H5]; 128.9 

[s, ^-C6H5]; 128.8 [s, p-C6H5]; 127.7 (t, /PC = 5 Hz, m-C6H5); 109.09 [t, JPC = 5 Hz, 

-C=CPh]; 99.5 [s, C(0)CH]; 84.3 [a symmetrical six line multiplet, spacing 

between lines 18.6, 34.0, 7.7, 34.0 and 17.6 Hz, -CsCCH3]; 28.6, 27.2 [both s, 

C(0)CH3]. 5p (121.5 MHz) +40.3 (s). Ei / 2(Ru3+/2+): +0.49 V.

7.2.43 Preparation of cis-\{Ru(acach(PhiPCz£.PPh'>)h]

A suspension  of the o ligom eric m ateria l t r a n s -  

[Ru(acac)2(Ph2P O C P P h2)]n (157 mg; 0.11 mmol) in C6H 5C1 (20 mL) was 

heated to ca. 150 °C for 3 hours, during which time a clear yellow solution 

formed. After cooling the solution, the solvent was removed in vacuo 

leaving a yellow residue which was dissolved in a small amount of CH2C12 

and layered with n-hexane (20 mL). 63 mg (40%) of the yellow czs-isomer 

was isolated after filtration and washed with n-hexane.

The isolated air-stable yellow solid is readily soluble in CH2C12, 

C6H5CI and also forms yellow air-stable solutions.

Microanalysis (Found: C, 61.18; H 4.95%. C72H680sP4Ru2 requires C, 62.33; H 

4.95%). IR (KBr): v(acac) 1573 and 1514 cm'1. Raman (solid): v(C=C) 2131 cm'1. 

NMR (CD2C12): 5h (300 MHz) 8.16 - 8.10 [16 H, m, Crffc]; 7.25 - 6.99 [14 H, m, 

C6H5]; 5.02 [2 H, C(0)CH]; 1.65, 1.45 [12 H, QC^CH^. 5C (75.43 MHz) 187.4,

184.6 [C(0)CH3]; 135.9 [t, JPC = 24 Hz, z>so-C6H5]; 135.4 [t, JPC = 5.5 Hz, o-C6H5]; 

133.9 [t, /PC = 24 Hz, ipso-C6H5]; 132.0 [t, /PC = 5.2 Flz, o-C6H5]; 129.6 [s, p-C6H5];

128.6 [s, p-C6H5]; 127.6 [t, /PC = 4 Hz, m-C6H5]; 127.5 [t, /PC = 4 Hz, m-C6H5]; 

104.8 [a symmetrical six line multiplet, spacing between lines 19.0, 30.8, 7.7,
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27.0 and 19.2 Hz, -C=CPPh2]; 99.6 [s, C(0)CH]; 27.7, 27.6 [both s, C(0)CH3]. 6P

(121.5 MHz) +43.1 (s). Ei / 2(Ru3+/2+): +0.60 and +0.90 V.

7.2.44 Preparation of trans-[Ru(acac)?(Ph?PC^CH)?l[PF{,1

The addition of AgPFö (50 mg, 0.20 mmol) to a solution of trans- 

[Ru(acac)2(Ph2PC=CH)2] (100 mg, 0.14 mmol) in CH2C12 (10 mL) resulted in 

immediate change in colour from orange to blue-green, a grey metallic 

mirror forming on the flask. The solution was stirred for 30 minutes and 

filtered through Celite. The solvent was removed in vacuo leaving a green 

solid which was dissolved in a small amount of CH2C12 and carefully 

layered with n-pentane. 96 mg (89%) of the green crystalline solid trans- 

[Ru(acac)2(Ph2PC=CH)2][PF6] was isolated.

It is stable towards air and is insoluble in benzene and ether but is 

readily soluble in CH2C12 forming air-stable green solutions.

M icroanalysis (Found: C, 50.52; H 4.11; P 10.40%.

C38H36F6O4P3Ru.0.5(CH2Cl2) requires C, 50.98; H 4.11; P 10.24%). IR (KBr): 

v(C=C) 2059 cm-1; v(acac) 1538 and 1520 cm'1; v(PF6) 841 cm'1. Ei / 2(Ru3+/ 2+): 

+0.16 V.

7.2.45 Preparation of trans-[Ru(acac)2 (Ph2 PC^CCMe)2][PFß]

The addition of AgPFö (52 mg, 0.21 mmol) to an orange solution of 

trarcs-[Ru(acac)2(Ph2PC=CCH3)2] (65 mg, 0.09 mmol) in CH2C12 (5 mL) 

resulted in a immediate colour change to a green and a grey solid formed. 

The reaction was stirred for 90 minutes before filtrating through Celite and 

the removal of the solvent in vacuo resulted in a green residue. A small 

amount of CH2C12 was added to dissolve the residue and layered with n- 

pentane (ca. 5 mL). The solution was then stirred for 1 minute and the
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solution allowed to stand. The green solid settled to the bottom of the flask

leaving a pale orange solution. The solution was decanted off and the above

procedure was repeated until the solution was colourless. The green solid

was dissolved in CH2CI2 (ca. 2 mL) and n-pentane (ca. 10 mL) was carefully

layered onto the green solution, which was left to stand overnight. 70 mg

(90%) of the green crystalline solid frans-[Ru(acac)2(Ph2PC=CCH3)2][PF6] had

formed with some X-ray quality green crystals.

The green crystalline solid trans-[Ru(acac)2(Ph2PC=CCH3)2][PF6] has 

sim ilar physical p roperties to those found for t r a n s -  

[Ru(acac)2(Ph2PCCH)2] [PF6].

Microanalysis (Found: C, 53.61; H 4.55; P, 10.71%). C40H40F6O4P3R11 requires 

C, 53.82; H 4.52; P, 10.41%). IR (KBr): v(C=C) 2201 cn r1; v(acac) 1520 cm'1; 

v([PF6]) 840 cm-1. Ei / 2(Ru3+/2+): +0.09 V.
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Table A .1.1: Crystallographic and refinement data for cis-lRu(acac)i(ri2- 
C2H4h] at 200 K.

Crystal Data
Empirical Formula C 1 4 H 2 2 O 4 R U

Formula Weight 355.40
Crystal Colour, Habit yellow, plate
Crystal Dimensions 0.20 x 0.20 x 0.10 mm

Crystal System triclinic
Lattice Type Prim itive

Lattice Parameters a = 7.6278(2) Ä 
b = 8.9725(4) A 
c = 12.5027(5) Ä
a  = 76.719(2) 0 
P = 74.620(2) 0 
y = 70.659(2) 0 

V = 766.78(3) A3
Space Group P T  (#2)

Z value 2

Dcalc 1.535 g /cm 3
Fooo 364.00

p(MoKa) 10.27 cm-1
Intensity M easurements

diffractometer Nonius KappaCD
Radiation MoKcc (k = 0.71069 Ä) 

graphite monochromated
Detector Aperture 65 mm x 65 mm

Data Images 2.00°/fram e; 20 sec/°
Detector Position 25.00 mm

20max 55.1°
No. of Reflections Measured Total: 8834

Unique: 3476 (Rint = 0.028)
Corrections Lorentz-polarization

Absorption
(trans. Factors: 0.905 - 0.845)
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Table A.1.1 (cont): Crystallographic and refinement data for cis-lRu(acac)i(rf2- 
C2H4)2] at 200 K.

Structure Solution and Refinement
Structure Solution 

Refinement 
Function Minimized 
Least Squares Weights 

p-factor
Anamalous Dispersion 

No. Observations (I>2.0o(I)) 
No. of variables 

Reflection/Parameter Rotation 
Residuals: R; Rw 

Goodness of Fit Indicator 
Max Shift/Error in Final Cycle 
Max peak in Final Diff. Map 
Min peak in Final Diff Map

Patterson Methods (DIRDIF92 PATTY) 
Full-Matrix least squares 

Iw( I Fo I - I Fc I )2 
w =  [gc2(Fo) + 0.25p2Fo2]-1 

0.040
All non-hydrogen atoms 

3285 
196 

16.76
0.025; 0.035 

1.23 
<0.01 

0.44 <r/A3 

-0.96 £T/Ä3

Table A.1.2: Interatomic distances (A) and angles (°) involving non­
hydrogen atoms of the molecular structure of cis-\Ru(acac)i(r\2-CiH 4 )il at 
200 K.

Ru(l)-0(1) 2.080(1) Ru(l)-0(2) 2.068(1)
Ru(l)-0(3) 2.061(1) Ru(l)-0(4) 2.055(1)
R u(l)-C(ll) 2.205(2) Ru(l)-C(12) 2.209(2)
Ru(l)-C(13) 2.212(2) Ru(l)-C(14) 2.183(2)

0(1)-C(2) 1.270(2) 0(2)-C(4) 1.264(2)
0(3)-C(7) 1.272(3) 0(4)-C(9) 1.273(3)
C(l)-C(2) 1.506(3) C(2)-C(3) 1.396(3)
C(3)-C(4) 1.391(3) C(4)-C(5) 1.509(3)
C(6)-C(7) 1.506(3) C(7)-C(8) 1.396(3)
C(8)-C(9) 1.403(3) C(9)-C(10) 1.507(3)

C(ll)-C(12) 1.370(3) C(13)-C(14) 1.353(4)
C(ll)-H(15) 0.90(3) C(ll)-H(16) 0.89(3)
C(12)-H(17) 0.98(2) C(12)-H(18) 0.90(3)
C(13)-H(19) 0.88(3) C(13)-H(20) 1.04(3)
C(14)-H(21) 0.98(3) C(14)-H(22) 0.95(3)

0(l)-R u(l)-0(2) 90.32(6) 0(l)-R u(l)-0(3) 85.87(6)
0(l)-R u(l)-0(4) 170.05(5) 0(1)-Ru(l)-C(ll) 111.64(7)
0(1)-Ru(l)-C(12) 75.63(7) 0(1)-Ru(l)-C(13) 98.47(8)
0(1)-Ru(l)-C(14) 85.18(8) 0(2)-Ru(l)-0(3) 81.56(6)
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Table A.1.2 (cont): Interatomic distances (A) and angles (°) involving non­
hydrogen atoms of the molecular structure of cis-fRu(acac)?(ri2-C?Hd)?l at 
200 K.
0(2)-Ru(l)-0(4) 79.86(6) 0(2)-Ru(l)-C(ll) 152.77(8)
0(2)-Ru(l)-C(12) 160.95 0(2)-Ru(l)-C(13) 112.26(8)
0(2)-Ru(l)-C(14) 79.25(8) 0(3)-Ru(l)-0(4) 94.21(6)
0(3)-Ru(l)-C(ll) 84.11(7) 0(3)-Ru(l)-C(12) 84.60(8)
0(3)-Ru(l)-C(13) 165.35(8) 0(3)-Ru(l)-C(14) 158.74(9)
0(4)-Ru(l)-C(ll) 78.24(7) 0(4)-Ru(l)-C(12) 114.29(7)
0(4)-Ru(l)-C(13) 83.92(8) 0(4)-Ru(l)-C(14) 91.35(8)

C(ll)-Ru(l)-C(12) 36.17(8) C(ll)-Ru(l)-C(13) 81.28(9)
C(ll)-Ru(l)-C(14) 117.13(9) C(12)-Ru(l)-C(13) 83.0(1)
C(12)-Ru(l)-C(14) 111.66(9) C(13)-Ru(l)-C(14) 35.85(9)

Ru(l)-0(1)-C(2) 124.0(1) Ru(l)-0(2)-C(4) 124.4(1)
Ru(l)-0(3)-C(7) 121.4(1) Ru(l)-0(4)-C(9) 121.6(1)
0(1)-C(2)-C(1) 114.9(2) 0(1)-C(2)-C(3) 126.6(2)
C(l)-C(2)-C(3) 118.4(2) C(2)-C(3)-C(4) 127.2(2)
0(2)-C(4)-C(3) 126.4(2) 0(2)-C(4)-C(5) 114.5(2)
0(3)-C(7)-C(8) 127.2(2) C(6)-C(7)-C(8) 118.5(2)
C(7)-C(8)-C(9) 128.3(2) 0(4)-C(9)-C(8) 126.9(2)

O(4)-C(9)-C(10) 114.3(2) C(8)-C(9)-C(10) 118.7(2)
Ru(l)-C(ll)-C(12) 72.1(1) Ru(l)-C(12)-C(ll) 71.7(1)
Ru(l)-C(13)-C(14) 70.9(1) Ru(l)-C(14)-C(13) 73.2(1)
Ru(l)-C(ll)-H(15) 103(2) Ru(l)-C(ll)-H(16) 108(2)
C(12)-C(ll)-H(15) 121(2) C(12)-C(ll)-H(16) 123(2)
H(15)-C(ll)-H(16) 115(2) Ru(l)-C(12)-H(17) 103(1)
Ru(l)-C(12)-H(18) 110(2) C(ll)-C(12)-H(17) 121(2)
C(ll)-C(12)-H(18) 120(2) H(17)-C(12)-H(18) 117(2)
Ru(l)-C(13)-H(19) 105(2) Ru(l)-C(13)-H(20) 116(1)
C(14)-C(13)-H(19) 117(2) C(14)-C(13)-H(20) 126(2)
H(19)-C(13)-H(20) 112(2) Ru(l)-C(14)-H(21) 101(2)
Ru(l)-C(14)-H(22) 109(2) C(13)-C(14)-H(21) 123(2)
C(13)-C(14)-H(22) 118(2) H(21)-C(14)-H(22) 117(2)
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Table A.2.1: Crystallographic and refinement data for trans-\Ru(acac)i(rj2- 
C2H4)(C5H5N)].

Crystal Data
Empirical Formula C17H 2 3 NO 4RU

Formula Weight 406.44
Crystal Colour, Habit orange, plate
Crystal Dimensions 0.27 x 0.19 x 0.08 mm

Crystal System m onoclinic
Lattice Type Prim itive

No. of Reflections Used for
Unit Cell Determination (20 23 (109.2 - 109.8°)

range)
Omega Scan Peak W idth at 0.31°

Half-height

Lattice Parameters
a = 8.340(1) A

b = 17.307(1) A  
c = 13.026(1) Ä 
ß = 99.324(9)° 

V = 1855.3(3) A3
Space Group P 2 i/n  (#14)

Z value 4

Ocalc 1.455 g /cm 3

Fooo 832.00
p(MoKa) 71.42 cm ' 1

Intensity Measurements
diffractometer Rigaku AFC6 R

Radiation CuKa (X = 1.54178 Ä) 
graphite monochromated

Take-off Angle 6 .0 °
Detector Aperture 9 mm horizontal 

7.0 mm vertical
Crystal to Detector Distance 400 mm

Voltage, Current 50 kV, 180 mA
Tem perature -30.0 °C

Scan Type co-261
Scan Rate 16.0°/m in  (in co) (up to 4 scans)

Scan W idth (1.20 +0.30 tan d)°

2 $max 1 2 0 .1 °
No. of Reflections Measured Total: 5970

Unique: 2761 (Rint = 0.044)
Corrections Lorentz-polarization

Absorption
(trans. Factors: 0.2791 - 0.5797)
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Table A .2.1 (cont): Crystallographic and refinement data for t ra n s - 
[Ru(acac)2(Tt2-C2H4)(C5H5N)].

Structure Solution and Refinement
Structure Solution 

Refinem ent 
Function M inimized 

Least Squares Weights 
p-factor

Anamalous Dispersion 
No. Observations (I>2.0g(I)) 

No. of variables 
Reflection/Param eter Rotation 

Residuals: R; Rw 
Goodness of Fit Indicator 

Max Shift/Error in Final Cycle 
Max peak in Final Diff. Map 
Min peak in Final Diff Map

Direct Methods (SIR92) 
Full-Matrix least squares 

Zw( I Fo I - I Fc I )2 
w = [oc2(Fo) + 0.25p2Fo2]-1 

0.0200
All non-hydrogen atoms 

2551 
227 

11.24
0.028; 0.031 

1.83 
0.02

0.71 e~/A3 
-0.58 er/k$

Table A .2 .2: Interatomic distances (A) and angles (°) involving non­
hydrogen atoms of the molecular structure of t r a n s - IRu(acac)?(r i2-
C2H4)(C5H5N).

Ru(l)-0(1) 2.054(2) Ru(l)-0(2) 2.046(2)
Ru(l)-0(3) 2.063(2) Ru(l)-0(4) 2.051(2)
R u(l)-N (l) 2.095(3) Ru(l)-C(110) 2.171(5)

R u(l)-C (lll) 2.164(8)* Ru(l)-C(120) 2.179(5)
Ru(l)-C(121) 2.179(7)* 0(1)-C(2) 1.262(4)

0(2)-C(4) 1.265(4) 0(3)-C (7) 1.270(4)
0(4)-C(9) 1.278(4) N(l)-C(13) 1.337(4)

N(l)-C(17) 1.344(4) C(l)-C(2) 1.514(5)
C(2)-C(3) 1.399(5) C(3)-C(4) 1.389(5)
C(4)-C(5) 1.505(5) C(6)-C (7) 1.516(5)
C(7)-C(8) 1.396(5) C(8)-C(9) 1.387(4)
C(9)-C(10) 1.514(5) C(13)-C(14) 1.375(5)
C(14)-C(15) 1.367(5) C(15)-C(16) 1.361(5)
C(16)-C(17) 1.372(5) C(110)-C(lll) 0.73(2)

C(110)-C(120) 1.35(1) C(lll)-C(121) 1.39(3)

restrained during refinement
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Table A.2.2 (cont): Interatomic distances (A) and angles (°) involving non­
hydrogen atoms of the molecular structure of trans-\Ru(acac)')(n2- 
C2H4)(C5H5N).
0(l)-R u(l)-0(2) 93.58(9) 0(l)-R u(l)-0(3) 169.72(9)
0(l)-R u(l)-0(4) 85.65(9) 0(1)-Ru(l)-C(ll) 83.96(9)

O(l)-Ru(l)-C(110) 112.8(2) 0(1)-R u(l)-C (lll) 98.0(5)
O(l)-Ru(l)-C(120) 76.7(2) 0(1)-Ru(l)-0(121) 96.6(4)
0(2)-Ru(l)-0(3) 86.76(8) 0(2)-Ru(l)-0(4) 176.22(9)
0(2)-Ru(l)-N (l) 88.0(1) O(2)-Ru(l)-C(110) 91.9(2)

0(2)-R u(l)-C (lll) 105.8(5) O(2)-Ru(l)-C(120) 93.4(2)
0(2)-Ru(l)-C(121) 68.7(5) 0(3)-Ru(l)-0(4) 93.34(8)
0(3)-Ru(l)-N (l) 85.78(9) O(3)-Ru(l)-C(110) 77.4(2)

0(3)-R u(l)-C (lll) 91.8(5) O(3)-Ru(l)-C(120) 113.6(2)
0(3)-Ru(l)-C(121) 93.4(4) 0(3)-Ru(l)-N (l) 88.2(1)
0(4)-Ru(l)-C(l 10) 91.8(2) 0(4)-R u(l)-C (lll) 77.9(5)
O(4)-Ru(l)-C(120) 90.0(2) 0(4)-Ru(l)-C(121) 115.1(5)
N(l)-Ru(l)-C(110) 163.2(2) N (l)-R u(l)-C (lll) 165.8(5)
N(l)-Ru(l)-C(120) 160.6(2) N(l)-Ru(l)-C(121) 115.1(5)

C(110)-Ru(l)- 36.1(3) C (lll)-R u(l)- 37.3(7)
C(120) C(121)

Ru(l)-0(1)-C(2) 122.4(2) Ru(l)-0(2)-C(4) 122.2(2)
Ru(l)-0(3)-C(7) 122.6(2) Ru(l)-0(4)-C(9) 122.2(2)

Ru(l)-N(l)-C(13) 121.3(2) Ru(l)-N (1)-C(17) 121.7(2)
C(13)-N(l)-C(17) 117.0(3) 0(1)-C(2)-C(1) 114.3(4)

0(1)-C(2)-C(3) 126.4(3) C(l)-C(2)-C(3) 119.2(3)
C(2)-C(3)-C(4) 128.4(3( 0(2)-C(4)-C(3) 126.9(4)
0(2)-C(4)-C(5) 114.3(3) C(3)-C(4)-C(5) 118.8(3)
0(3)-C(7)-C(6) 115.2(3) 093)-C(7)-C(8) 126.2(3)
C(6)-C(7)-C(8) 118.6(3) C(7)-C(8)-C(9) 128.8(3)
0(4)-C(9)-C(8) 126.8(3) O(4)-C(9)-C(10) 114.4(3)
C(8)-C(9)-C(10) 118.9(4) N(l)-C(13)-C(14) 123.1(3)

C(13)-C(14)-C(15) 118.9(4) C(14)-C(15)-C(16) 122.5(3)
C(15)-C(16)-C(17) 119.7(3) N(l)-C(17)-C(16) 122.5(3)

Ru(l)-C(110)- 72.3(3) R u(l)-C (lll)- 72.0(6)
C(120) C(121)

Ru(l)-C(120)- 71.6(3) Ru(l)-C(121)- 70.7(5)
C(110) C (lll)
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Table A.3.1: Crystallographic and refinement data for cis-[Ru(acac)'?(r\ 
C2H4)(NH3)].

Crystal Data
Empirical Formula C1 2 H 2 1 NO4 RU

Formula Weight 344.37
Crystal Colour, Habit orange, plate
Crystal Dimensions 0.38 x  0.29 x 0.08 mm

Crystal System m onoclinic
Lattice Type Prim itive

No. of Reflections Used for 
Unit Cell Determination (26 

range)

25 (49.7 - 54.8°)

Omega Scan Peak W idth at 0.33°
Half-height

Lattice Parameters a = 11.869(3) Ä  
b = 10.400(4) Ä  
c = 12.247(2) Ä
P = 203.26(1)° 

V = 1471.5(5) A 3

Space Group P 2 i/n  (#14)
Z value 4

D calc 1.554 g /cm 3

Fooo 704.00
fi(MoKa) 10.49 cm -1

Intensity Measurements
diffractometer Rigaku AFC6 S

Radiation CuKa (X = 0.71069 A ) 

graphite monochromated
Take-off Angle 6 .0 °

Detector Aperture 7.0 mm horizontal 
7.0 mm vertical

Crystal to Detector Distance 2 0 0  mm
Voltage, Current 50 kV, 30 mA

Tem perature 23.0 °C
Scan Type co- 2  6
Scan Rate 4.0°/m in  (in co) (up to 4 scans)

Scan W idth (1.20 +0.34 tan 0)°

2$m ax 55.1°
No. of Reflections Measured Total: 3755

Unique: 3589 (R jM* = 0.012)
Corrections Lorentz-polarization

Absorption
(trans. Factors: 0.7525 - 0.9196)
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Table A.3.1 (cont): Crystallographic and refinement data for cis-lRu(acac)i(r\2- 
C2H4XNH3)].

Structure Solution and Refinement
Structure Solution 

Refinement 
Function Minimized 
Least Squares Weights 

p-factor
Anamalous Dispersion 

No. Observations (I>2.0o(I)) 
No. of variables 

Reflection/Parameter Rotation 
Residuals: R; Rw 

Goodness of Fit Indicator 
Max Shift/Error in Final Cycle 
Max peak in Final Diff. Map 
Min peak in Final Diff. Map

Direct Methods (SIR92) 
Full-Matrix least squares 

Zw( I Fo I - I Fc I )2 
w = [oc2(Fo) + 0.25p2Fo2]-1 

0.0200
All non-hydrogen atoms 

2713 
226 

12.00
0.021; 0.022 

1.33 
0.08

0.28 e-/A3
-0.30 e~/A?

Table A.3.2: Interatomic distances (A) and angles (°) involving non­
hydrogen atoms of the molecular structure of cis-fRu(acac)'?(ri2-C'?Hd)(NHi)l.

Ru(l)-0(1) 2.052(2) Ru(l)-0(2) 2.066(2)
Ru(l)-0(3) 2.048(2) Ru(l)-0(4) 2.092(2)
Ru(l)-N (l) 2.108(2) R u(l)-C (ll) 2.147(3)
Ru(l)-C(12) 2.151(3) 0(1)-C(2) 1.275(3)

0(2)-C(4) 1.272(3) 0(3)-C (7) 1.264(3)
0(4)-C(9) 1.275(3) C(l)-C(2) 1.499(3)
C(2)-C(3) 1.272(3) C(3)-C(4) 1.389(3)
C(4)-C(5) 1.507(4) C(6)-C (7) 1.503(3)
C(7)-C(8) 1.409(3) C(8)-C(9) 1.396(3)
C(9)-C(10) 1.500(4) C(ll)-C(12) 1.356(4)

C(ll)-H(18) 0.94(3) C(ll)-H(19) 1.06(3)
C(12)-H(20) 0.96(3) C(12)-H(21) 0.97(3)

0(l)-R u(l)-0(2) 93.07(6) 0(l)-R u(l)-0(3) 176.67(6)
0(l)-R u(l)-0(4) 88.28(6) 0(1)-Ru(l)-N (l) 89.74(8)
0(1)-Ru(l)-C(ll) 89.87(9) 0(1)-Ru(l)-C(12) 90.05(9)
0(2)-Ru(l)-0(3) 90.18(6) 0(2)-Ru(l)-0(4) 83.68(6)
0(2)-Ru(l)-N(l) 165.43(8) 0(2)-Ru(l)-C(ll) 78.30(9)
0(2)-Ru(l)-C(12) 115.02(9) 0(3)-Ru(l)-0(4) 92.79(6)
0(3)-Ru(l)-N (l) 87.29(7) 0(3)-Ru(l)-C(ll) 90.09(9)
0(3)-Ru(l)-C(12) 87.93(9) 0(4)-Ru(l)-N (l) 82.12(8)
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Table A.3.2 (cont): Interatomic distances (Ä) and angles (°) involving non­
hydrogen atoms of the molecular structure of cis-fRu(acac)'?(r/2-C?Hd)(NHi)1.
0(4)-Ru(l)-C(ll) 161.75(9) 0(4)-Ru(l)-C(12) 161.29(9)
N (l)-R u(l)-C (ll) 116.0(1) N(l)-Ru(l)-C(12) 79.2(1)
C(ll)-Ru(l)-C(12) 36.8(1) Ru(l)-0(1)-C(2) 122.9(1)

Ru(l)-0(2)-C(4) 122.0(2) Ru(l)-0(3)-C(7) 123.7(1)
Ru(l)-0(4)-C(9) 121.9(1) 0(1)-C(2)-C(1) 115.3(2)
0(1)-C(2)-C(3) 126.1(2) C(l)-C(2)-C(3) 118.6(2)
C(2)-C(3)-C(4) 128.8(2) 0(2)-C(4)-C(3) 126.9(2)
0(2)-C(4)-C(5) 114.5(2) C(3)-C(4)-C(5) 118.6(2)
0(3)-C(7)-C(6) 114.9(2) 0(3)-C(7)-C(8) 126.0(2)
C(6)-C(7)-C(8) 119.1(2) C(7)-C(8)-C(9) 128.7(2)
094)-C(9)-C(8) 126.6(2) O(4)-C(9)-C(10) 115.2(2)
C(8)-C(9)-C(10) 118.3(2) Ru(l)-C(ll)-C(12) 71.8(2)

Ru(l)-(C12)-C(ll) 71.4(2) Ru(l)-C(ll)-H(18) 110(2)
Ru(l)-C(ll)-H(19) 110(2) C(12)-C(ll)-H(18) 121(2)
C(12)-C(ll)-H(19) 119(1) H(18)-C(ll)-H(19) 115(2)
Ru(l)-C(12)-H(20) 113(2) Ru(l)-C(12)-H(21) 109(2)
C(ll)-C(12)-H(20) 125(2) C(ll)-C(12)-H(21) 118(2)
H(20)-C(12)-H(21) 111(3)
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Table A.4.1: Crystallographic and refinement data for cis-lRu(acac)i(vf--
C2H4)(PPri3) l

Crystal Data
Empirical Formula C2 1 H 3 9 O4 PRU
Formula W eight 487.58

Crystal Colour, Habit orange, wedge
Crystal Dimensions 0.30 x  0.16 x 0 . 1 0  mm

Crystal System triclinic
Lattice Type Prim itive

No. of Reflections Used for Unit Cell 24 (104.5 - 109.4°)
Determination (26 range)

Omega Scan Peak W idth at Half-height 0.33°
Lattice Parameters a = 9.747(1) Ä

Space Group

b = 15.645(2) Ä 
c = 17.270(2) Ä
a  = 66.391(7)° 
p = 81.03(1)° 
y=  89.79(1)°

V = 2378.5(5) A3

P T  (#2)

Z value 4
D calc 1.362 g /cm 3

Fooo 1024.00
|i(MoKa) 62.70 cm - 1
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Table A.4.1 (cont): Crystallographic and refinement data for cis-tRu(acac)?(n2-
C2H4)(PPr'3)L

Intensity Measurements
diffractometer

Radiation
Rigaku AFC6R

CuKoc (X = 1.5178 Ä) 
graphite monochromated

Take-off Angle 
Detector Aperture

6 . 0 °

9.0 mm horizontal 
7.0 mm vertical

Crystal to Detector Distance 
Voltage, Current 

Temperature 
Scan Type 
Scan Rate 

Scan Width 
2$m ax

No. of Reflections Measured 

Corrections

400 mm 
50 kV, 180 mA 

-30.0 °C 
ay-26

32.0°/m in (in co) (up to 4 scans) 
(1.20 +0.30 tan 0)#

120 . 1°

Total: 7548
Unique: 7064 (Rfnf = 0.045) 

Lorentz-polarization 
Absorption

(trans. Factors: 0.3566 - 0.5408) 
Decay (1.41% decline)

Structure Solution and Refinement
Structure Solution 

Refinement 
Function Minimized 
Least Squares Weights 

p-factor
Anamalous Dispersion 

No. Observations (I>2.0o(I)) 
No. of variables 

Reflection/Parameter Rotation 
Residuals: R; Rw 

Goodness of Fit Indicator 
Max Shift/Error in Final Cycle 
Max peak in Final Diff. Map 
Min peak in Final Diff Map

Direct Methods (SIR92) 
Full-Matrix least squares 

Zw(lFo| - I Fc I )2 
w = [oc2(Fo) + 0.25p2Fo2]-1 

0.020
All non-hydrogen atoms 

5865 
511 

11.48
0.036; 0.044 

1.88 
0.03

0.78 e~/A3
-0.74 er/k*
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Table A .4.2: Interatomic distances (Ä) and angles (°) involving non­
hydrogen atoms of the molecular structures of cis-fRu(acac)?(rj2-C'?HA)(PPrl^)l
(ethene hydrogen atoms included).

Ru(l)-P(i) 2.321(1) Ru(l)-0(1) 2.079(3)
Ru(l)-0(2) 2.077(3) Ru(l)-0(3) 2.071(3)
Ru(l)-0(4) 2.094(3) R u(l)-C (ll) 2.172(5)
Ru(l)-C(12) 2.181(5) Ru(2)-P(2) 2.322(1)
Ru(2)-0(5) 2.082(3) Ru(2)-0(6) 2.079(3)
Ru(2)-0(7) 2.064(3) Ru(2)-0(8) 2.089(3)

Ru(2)-C(32) 2.180(6) Ru(2)-C(33) 2.185(5)
P(l)-C(13) 1.864(5) P(D-C(16) 1.866(5)
P(l)-C(19) 1.867(5) P(2)-C(34) 1.869(5)
P(2)-C(37) 1.877(5) P92)-C(40) 1.867(5)
0(1)-C(2) 1.279(6) 0(2)-C(4) 1.269(5)
0(3)-C(7) 1.278(5) 0(4)-C(9) 1.264(5)

095)-C(23) 1.274(5) 0(6)-C(25) 1.279(5)
0(7)-C(28) 1.273(5) O(8)-C(30) 1.257(6)
C(l)-C(2) 1.513(7) C(2)-C(3) 1.381(7)
C(3)-C(4) 1.394(7) C(4)-C(5) 1.505(7)
C(6)-C (7) 1.504(7) C(7)-C(8) 1.389(7)
C(8)-C(9) 1.404(7) C(9)-C(10) 1.500(7)

C(ll)-C(12) 1.350(9) C(13)-C(14) 1.508(7)
C(13)-C(15) 1.532(7) C(16)-C(17) 15.30(7)
C(16)-C(18) 1.515(8) C(19)-C(20) 1.525(7)
C(19)-C(21) 1.516(7) C(22)-C(23) 1.497(7)
C(23)-C(24) 1.389(7) C(24)-C(25) 1.392(6)
C(25)-C(26) 1.501(7) C(27)-C(28) 1.509(7)
C(28)-C(29) 1.388(7) C(29)-C(30) 1.404(7)
C(30)-C(31) 1.499(7) C(32)-C(33) 1.350(9)
C(34)-C(35) 1.495(8) C(34)-C(36) 1.526(7)
C(37)-C(38) 1.536(7) C(37)-C(39) 1.517(8)
C(40)-C(41) 1.521(8) C(40)-C(42) 1.517(7)
C(ll)-H (l) 1.00(6) C(ll)-H(2) 0.87(6)
C(12)-H(3) 0.91(5) C(12)-H(4) 0.88(6)
C(32)-H(5) 0.97(6) C(32)-H(6) 0.92(6)
C(33)-H(7) 0.89(5) C(33)-H(8) 1.08(5)

P(l)-Ru(l)-0(1) 95.68(9) P(l)-Ru(l)-0(2) 91.63(9)
P(l)-Ru(l)-0(3) 90.70(9) P(l)-Ru(l)-0(4) 175.9(1)
P(l)-Ru(l)-C (ll) 99.7(2) P(l)-Ru(l)-C(12) 91.3(2)
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Table A.4.2 (cont): Interatomic distances (A) and angles (°) involving non­
hydrogen atoms of the molecular structure of cis-fRu(acac)')(rf2-C?Hd)(PPrl^)h

0(l)-R u(l)-0(2) 89.1(1) 0(l)-R u(l)-0(3) 167.4(1)
0(l)-R u(l)-0(4) 81.4(1) 0(1)-Ru(l)-C(ll) 111.2(2)
0(1)-Ru(l)-C(12) 77.3(2) 0(2)-Ru(l)-0(3) 79.9(1)
0(2)-Ru(l)-0(4) 85.4(1) 0(2)-Ru(l)-C(ll) 155.3(2)
0(2)-Ru(l)-C(12) 166.3(2) 0(3)-Ru(l)-0(4) 91.6(1)
0(3)-Ru(l)-C(ll) 78.2(2) 0(3)-Ru(l)-C(12) 113.4(2)
0(4)-Ru(l)-C(ll) 84.1(2) 0(4)-Ru(l)-C(12) 90.9(2)

C(ll)-Ru(l)-C(12) 36.1(2) P(2)-Ru(2)-0(5) 95.93(9)
P(2)-Ru(2)-0(6) 91.14(9) P(2)-Ru(2)-0(7) 90.48(9)
P(2)-Ru(2)-0(8) 175.01(9) P(2)-Ru(2)-C(32) 100.5(2)
P(2)-Ru(2)-C(33) 91.0(2) 0(5)-Ru(2)-0(6) 89.5(1)
0(5)-Ru(2)-0(7) 168.1(1) 0(5)-Ru(2)-0(8) 81.4(1)
0(5)-Ru(2)-C(32) 110.2(2) 0(5)-Ru(2)-C(33) 76.9(2)
0(6)-Ru(2)-0(7) 80.3(1) 0(6)-Ru(2)-0(8) 84.7(1)
0(6)-Ru(2)-C(32) 155.6(2) 0(6)-Ru(2)-C(33) 166.4(2)
0(7)-Ru(2)-0(8) 91.5(1) 0(7)-Ru(2)-C(32) 78.3(2)
0(7)-Ru(2)-C(33) 113.1(2) 0(8)-Ru(2)-C(32) 84.4(2)
0(8)-Ru(2)-(C33) 92.5(2) C(32)-Ru(2)-C(33) 36.0(2)
Ru(l)-P(l)-C(13) 112.4(2) Ru(l)-P(l)-C(16) 117.2(2)
Ru(l)-P(l)-C(19) 115.1(2) C(13)-P(l)-C(16) 100.5(2)
C(13)-P(l)-C(19) 108.5(2) C(16)-P(l)-C(19) 101.7(2)
Ru(2)-P(2)-C(34) 112.7(2) Ru(2)-P(2)-C(37) 116.7(2)
Ru(2)-P(2)-C(40) 115.4(2) C(34)-P(2)-C(37) 100.3(2)
C(34)-P(2)-C(40) 108.3(2) C(37)-P(2)-C(40) 101.9(2)
Ru(l)-0(1)-C(2) 123.6(3) Ru(l)-0(2)-C(4) 125.3(3)
Ru(l)-0(3)-C(7) 122.7(3) Ru(l)-0(4)-C(9) 124.0(3)
Ru(2)-0(5)-C(23) 123.9(3) Ru(2)-0(6)-C(25) 124.3(3)
Ru(2)-0(7)-C(28) 123.2(3) Ru(2)-O(8)-C(30) 124.2(3)

0(1)-C(2)-C(1) 113.4(4) 0(1)-C(2)-C(3) 127.1(4)
C(l)-C(2)-C(3) 119.5(5) C(2)-C(3)-C(4) 126.8(5)
0(2)-C(4)-C(3) 125.7(4) 0(2)-C(4)-C(5) 114.9(4)
C(3)-C(4)-C(5) 119.4(4) 0(3)-C(7)-C(6) 113.6(4)
0(3)-C(7)-C(8) 127.6(5) C(6)-C(7)-C(8) 118.8(4)
C(7)-C(8)-C(9) 128.1(5) 0(4)-C(9)-C(8) 125.7(5)

O(4)-C(9)-C(10) 115.6(5) C(8)-C(9)-C(10) 118.6(5)
Ru(l)-C(ll)-C(12) 72.3(3) Ru(l)-C(12)-C(ll) 71.6(3)
P(l)-C(13)-C(14) 114.5(4) P(l)-C(13)-C(15) 117.1(3)

C(14)-C(13)-C(15) 109.4(4) P(l)-C(16)-C(17) 113.0(4)
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Table A.4.2 (cont): Interatomic distances (Ä) and angles (°) involving non­
hydrogen atoms of the molecular structure of cis-\Ru(acac)i(Tj2-C?H4)(PPrh)l.

P(l)-C(16)-C(18) 113.5(4) C(17)-C(16)-C(18) 110.1(5)
P(l)-C(19)-C(20) 113.5(4) P(l)-C(19)-C(21) 117.6(4)

C(20)-C(19)-C(21) 109.2(5) 0(5)-C(23)-C(22) 114.8(4)
0(5)-C(23)-C(24) 126.5(4) C(22)-C(23)-C(24) 118.7(4)
C(23)-C(24)-C(25) 127.1(4) 0(6)-C(25)-C(24) 126.2(4)
0(6)-C(25)-C(26) 114.9(4) C(24)-C(25)-C(26) 119.0(4)
0(7)-C(28)-C(27) 113.9(4) 0(7)-C(28)-C(29) 126.9(5)
C(27)-C(28)-C(29) 119.2(5) C(28)-C(29)-C(30) 128.6(5)
O(8)-C(30)-C(29) 125.4(5) O(8)-C(30)-C(31) 115.8(5)
C(29)-C(30)-C(31) 118.8(5) Ru(2)-C(32)-C(33) 72.2(3)
Ru(2)-C(33)-C(32) 71.8(3) P(2)-C(34)-C(35) 114.6(4)
P(2)-C(34)-C936) 117.4(4) C(35)-C(34)-C(36) 108.8(5)
P(2)-C937)-C(38) 111.6(4) P(2)-C(37)-C(39) 112.9(4)
C(38)-C(37)-C(39) 110.4(5) P(2)-C(40)-C(41) 112.8(4)
P(2)-C(40)-C(42) 118.0(4) C(41)-C(40)-C(42) 109.3(5)

Ru(l)-C(ll)-H (l) 115(4) Ru(l)-C(ll)-H(2) 99(4)
C(12)-C(ll)-H(l) 117(4) C(12)-C(ll)-H(2) 114(4)
H(l)-C(ll)-H(2) 125(6) Ru(l)-C(12)-H(3) 113(4)

Ru(l)-C(12)-H(4) 105(4) C(ll)-C(12)-H(3) 117(4)
C(ll)-C(12)-H(4) 111(4) H(3)-C(12)-H(4) 126(5)
Ru(2)-C(32)-H(5) 108(4) Ru(2)-C(32)-H(6) 97(4)
C(33)-C(32)-H(5) 112(4) C(33)-C(32)-H(6) 109(4)
H(5)-C(32)-H(6) 137(5) Ru(2)-C(33)-H(7) 122(4)

Ru(2)-C(33)-H(8) 102(3) C(32)-C(33)-H(7) 123(4)
C(32)-C(33)-H(8) 102(3) H(7)-C(33)-H(8) 117(5)
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Table A.5.1: Crystallographic and refinement data for cis-\Ru(acac)i(r\^-
C2H4)(PCy3)l

Crystal Data
Empirical Formula C30H51O4PRU
Formula Weight 607.78

Crystal Colour, Habit 
Crystal Dimensions 

Crystal System 
Lattice Type

No. of Reflections Used for 
Unit Cell Determination (26 

range)
Omega Scan Peak Width at 

Half-height
Lattice Parameters

Space Group 
Z value 

Locale

Fooo
|Li(MoKa)

orange, triangular fragment 
0.50 x 0.30 x 0.18 mm 

monoclinic 
Primitive 

24 (104.5 - 109.4°)

0.33°

a = 13.699(4) Ä 
b = 11.780(4) Ä 
c = 19.130(3) A
P = 82.94(2)°

V = 3076(2) Ä3

P 2 i/c (#14)
4

1.31 g/cm3 

1283.00 
62.70 cm-1
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Table A.5.1 (cont): Crystallographic and refinement data for cis-\Ru(acac)i(r\2- 
C2H4)(PCy3)].

Intensity Measurements
diffractometer Rigaku AFC6S

Radiation MoKa (X = 0.7107 Ä) 
graphite monochromated

Take-off Angle 6.0°
Detector Aperture 9.0 mm horizontal 

7.0 mm vertical
Crystal to Detector Distance 400 mm

Voltage, Current 50 kV, 180 mA
Tem perature 23.2 °C

Scan Type co-20
Scan Rate 4.0°/min (in co) (up to 5 scans)

Scan W idth (0.80 +0.34 tan 0)°

2$max 120.1°
No. of Reflections Measured Total: 5995

Corrections
Unique: 5743 (Rznf = 0.050 

Lorentz-polarization 
Absorption

(trans. Factors: 0.3566 - 0.5408) 
Decay (-0.47% decline)

Structure Solution and Refinement
Structure Solution Direct Methods (SIR92)

Refinem ent 
Function M inimized

Full-Matrix least squares 
Xw( | Fo | - 1 Fc | )2

Least Squares Weights w =  [g c2 (F o ) + 0.25p2Fo2]-1
p-factor 0.020

Anamalous Dispersion All non-hydrogen atoms
No. Observations (I>2.0o(I)) 5865

No. of variables 511
Reflection/Param eter Rotation 11.48

Residuals: R; Rw 0.036; 0.044
Goodness of Fit Indicator 1.88

Max Shift/Error in Final Cycle 0.03
Max peak in Final Diff. Map 0.78 e~/A3
Min peak in Final Diff Map -0.74 r /A 3



Appendices 255

Table A .5.2: Interatomic distances (Ä) and angles (°) involving non­
hydrogen atoms of the molecular structure of cis-[Ru(acac)?(ri2-C?Hd)(PCy^)l.

Ru(l)-P(l) 2.356(7) Ru(l)-0(1) 2.06(2)
Ru(l)-0(2) 2.10(2) Ru(l)-0(3) 2.07(2)
Ru(l)-0(4) 2.074(18) Ru(l)-C(110) 2.167(2)

R u(l)-C (lll) 2.151(2) Ru(l)-C(120) 2.190(2)
Ru(l)-C(121) 2.148(2) P(l)-C(13) 1.87(3)

P(l)-C(19) 1.87(3) P(l)-C(25) 1.88(3)
0(1)-C(2) 1.27(4) 0(2)-C(4) 1.27(4)
0(3)-C(9) 1.27(4) 0(4)-C(7) 1.27(4)
C(l)-C(2) 1.52(5) C(2)-C(3) 1.38(5)
C(3)-C(4) 1.39(5) C(4)-C(5) 1.50(5)
C(6)-C (7) 1.51(4) C(7)-C(8) 1.39(5)
C(8)-C(9) 1.40(5) C(9)-C(10) 1.50(5)

c(13)-C(14) 1.53(4) C(13)-C(18) 1.54(4)
C(14)-C(15) 1.52(5) C(15)-C(16) 1.51(6)
C(16)-C(17) 1.52(5) C(17)-C(18) 1.52(4)
C(19)-C(20) 1.54(4) C(19)-C(24) 1.54(4)
C(20)-C(21) 1.53(4) C(21)-C(22) 1.51(5)
C(22)-C(23) 1.51(5) C(23)-C(24) 1.52(4)
C(25)-C(26) 1.52(4) C(25)-C(30) 1.52(4)
C(26)-C(27) 1.52(4) C(27)-C(28) 1.50(5)
C(28)-C(29) 1.50(5) C(29)-C(30) 1.53(4)

C(110)-C(lll)* 1.00 C(110)-C(120)* 1.34
C(110)-C(121)* 0.99 C(lll)-C(120)* 1.10
C(lll)-C(121)* 1.36 C(120)-C(121)* 0.74

*) restrained during refinement and thus no estimated standard deviations are reported.
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Table A.6.1: Crystallographic and refinement data for trans-lRu(acac)i(PCy^)')l
at 200 K.

Empirical Formula 
Formula W eight 

Crystal Colour, Habit 
Crystal Dimensions 

Crystal System 
Lattice Type 

Lattice Parameters

Space Group 
Z value 

H calc 

Fooo
p(MoKa)

Crystal Data
C46H80O4P2RU

860.16
Brown, plate

M onoclinic

a = 9.56650(10) Ä 
b = 17.8085(3) Ä 
c = 13.6210(2) Ä

a  = 90.00 0 
ß = 109.4660(10) 0

Y = 90.00 0 
V = 2187.90(5) A3

P2i/n

1.306 g /cm 3 
924

0.47 cm-1

Intensity Measurements
diffractometer

Radiation

Detector Aperture 
Data Images 

Detector Position
26max

No. of Reflections Measured 

Corrections

Nonius KappaCD 
MoKa (A. = 0.71073 A) 

graphite monochromated 
65 mm x 65 mm 

2.00°/frame; 20 sec/° 
25.00 mm 

66.3°
Total: 45663

Unique: 8233 (R\nt -  0.047) 
Lorentz-polarization

Absorption
(trans. Factors: 0.977 - 0.892)
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Table A .6.1 (cont): Crystallographic and refinement data for t ran s- 
[Ru(acac)2(PCy3)2l at 200 K.

Structure Solution and Refinement
Structure Solution Patterson Methods (DIRDIF92 PATTY)

Refinem ent 
Function Minimized 

Least Squares Weights 
p-factor

Anamalous Dispersion 
No. Observations (I>3.0a(I)) 

No. of variables 
Reflection/Parameter Rotation 

Residuals: R; Rw 
Goodness of Fit Indicator 

Max Shift /E rror in Final Cycle 
Max peak in Final Diff. Map 
Min peak in Final Diff. Map

Full-Matrix least squares 
£w( I Fo I - I Fc I )2 

w = [cc2(Fo) + 0.25p2Fo2H  
0.040

All non-hydrogen atoms 
5902 
241 

24.49
0.038; 0.061 

1.475 
<0.01 

0.46 e r /k 3 

-1.35 e~/A3

Table A .6 .2: Interatomic distances (Ä) and angles (°) involving non­
hydrogen atoms of the molecular structure of trans-IRu(acac)i(PCy3)?7 at 
200 K.

Ru(l)-P(l) 2.4268(3) R u(l)-0 (l) 2.0707(10)
Ru(l)-0(2) 2.0646(10)
P(l)-C(6) 1.8680(10) P(l)-C(12) 1.8880(10
P(l)-C(18) 1.8640(10) 0(1)-C(2) 1.271(2)
0(2)-C(4) 1.276(2) C(l)-C(2) 1.507(2)
C(2)-C(3) 1.401(2) C(3)-C(4) 1.398(2)
C(4)-C(5) 1.511(2) C(6)-C(7) 1.528(2)

C(6 )-C(ll) 1.537(2) C(7)-C(8) 1.532(2)
C(8)-C(9) 1.523(2) C(9)-C(10) 1.516(2)

C(10)-C(ll) 1.531(2) C(12)-C(13) 1.543(2)
C(12)-C(17) 1.542(2) C(13)-C(14) 1.528(2)
C(14)-C(15) 1.517(2) C(15)-C(16) 1.528(2)
C(16)-C(17) 1.524(2) C(18)-C(19) 1.534(2)
C(18)-C(23) 1.541(2) C(19)-C(20) 1.529(2)
C(20)-C(21) 1.522(2) C(21)-C(22) 1.519(2)
C(22)-C(23) 1.529(2)

P(l)-Ru(l)-P(l)a 180.0 P(l)-Ru(l)-0(1) 91.0(1)
P(l)-R u(l)-0(l)a 89.0(1) P(l)-Ru(l)-0(2) 91.1(1)
P(l)-Ru(l)-0(2)a 88.9(1) P (l)a-Ru(l)-0(1) 91.0(1)
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Table A.6.2 (cont): Interatomic distances (Ä) and angles (°) involving non­
hydrogen atoms of the molecular structure of trans-[Ru(acac)'?(PCyi)'?l at 200 
K.
P(l)a-Ru(l)-0(2) 88.9(1) P (l)a-Ru(l)-0(2)a 91.1(1)
0 (l)-R u (l)-0 (l)a 180.0 0(l)-R u(l)-0(2) 91.9(1)
0(l)-R u(l)-0(2)a 88.1(1) 0 ( l ) a-Ru(l)-0(2) 88.1(1)
0 ( l ) a-Ru(l)-0(2)a 91.9(1) 0(2)-Ru(l)-0(2)a 180.0

Ru(l)-P(l)-C(6) 116.9(1) Ru(l)-P(l)-C(12) 113.8(1)
Ru(l)-P(l)-C(18) 113.9(1) Ru(l)-P(l)-C(6) 116.9(1)
Ru(l)-P(l)-C(12) 113.8(1) Ru(l)-P(l)-C(18) 113.9(1)
C(6)-P(l)-C(12) 100.5(1) C(6)-P(l)-C(18) 101.8(1)
C(12)-P(l)-C(18) 108.4(1) Ru(l)-0(1)-C(2) 123.7(1)
Ru(l)-0(2)-C(4) 123.3(1) 0(1)-C(2)-C(1) 115.5(2)
0(1)-C(2)-C(3) 126.2(2) C(l)-C(2)-C(3) 118.3(2)
C(2)-C(3)-C(4) 127.7(2) 0(2)-C(4)-C(3) 126.9(2)
0(2)-C(4)-C(5) 115.0(2) C(3)-C(4)-C(5) 118.1(2)
P(l)-C(6)-C(7) 116.9(2) P(l)-C(6)-C(ll) 110.3(1)

C(7)-C(6)-C(ll) 110.4(2) C(6)-C(7)-C(8) 110.2(2)
C(7)-C(8)-C(9) 111.5(2) C(8)-C(9)-C(10) 111.1(2)

C(9)-C(10)-C(ll) 111.5(2) C(6)-C(ll)-C(10) 110.5(2)
P(l)-C(12)-C(13) 118.6(1) P(l)-C(12)-C(17) 113.9(1)

C(13)-C(12)-C(17) 107.7(2) C(12)-C(13)-C(14) 111.0(2)
C(13)-C(14)-C(15) 112.7(2) C(14)-C(15)-C(16) 110.9(2)
C(15)-C(16)-C(17) 110.6(2) C(12)-C(17)-C(16) 111.5(2)
P(l)-C(18)-C(19) 116.4(1) P(l)-C(18)-C(23) 114.3(1)

C(19)-C(18)-C(23) 109.9(2) C(18)-C(19)-C(20) 110.6(2)
C(19)-C(20)-C(21) 111.2(2) C(20)-C(21)-C(22) 110.8(2)
C(21)-C(22)-C(23) 111.6(2) C(18)-C(23)-C(22) 110.7(2)
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Table A.7.1: Crystallographic and refinement data for cis-[Ru(acac)?(PPrli)'?l.
Crystal Data

Empirical Formula C28H 5 6O4P2RU
Formula W eight 619.77

Crystal Colour, Habit orange, block
Crystal Dimensions 0.22 x 0.18 x 0.15 mm

Crystal System m onoclinic
Lattice Type Prim itive

No. of Reflections Used for
Unit Cell Determination (26 

range)

25 (106.6 - 109.8°)

Omega Scan Peak W idth at 0.30°
Half-height

Lattice Parameters a = 10.660(3) Ä 
b = 19.825(3) Ä 
c = 15.504(3) A 
ß = 98.89(2)° 

V = 3237(1) A3
Space Group P 2 i/n  (#14)

Z value 4

Dcalc 1.272 g /cm 3

Fooo 1320.00
ji(MoKa) 50.76 cm"1

Intensity M easurements
diffractometer Rigaku AFC6 R

Radiation CuKoc (X = 1.5178 Ä) 
graphite monochromated

Take-off Angle 6 .0 °
Detector Aperture 9.0 mm horizontal 

7.0 mm vertical
Crystal to Detector Distance 400 mm

Voltage, Current 50 kV, 180 mA
Tem perature -80.0 °C

Scan Type co- 2  6
Scan Rate 16.0°/min (in co) (up to 4 scans)

Scan W idth (1.00 +0.30 tan 0)°
2$m ax 1 2 0 .1 °

No. of Reflections M easured Total: 6272
Unique: 4813 (Rint = 0.026)

Corrections Lorentz-polarization
Absorption

(trans. Factors: 0.4638 - 0.5780) 
Secondary Extinction 

(coefficient: 1.52(6) x 10"6)
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Table A .7.1 (cont): Crystallographic and refinement data for cis- 
[Ru(acac)2(PPrl3)2J.

Structure Solution and Refinement
Structure Solution 

Refinem ent 
Function M inimized 
Least Squares Weights 

p-factor
Anamalous Dispersion 

No. Observations (I>2.0o(I)) 
No. of variables 

Reflection/Param eter Rotation 
Residuals: R; Rw 

Goodness of Fit Indicator 
Max Shift/Error in Final Cycle 
Max peak in Final Diff. Map 
Min peak in Final Diff Map

Direct Methods (SIR92) 
Full-Matrix least squares 

I Fo I - I Fc I )2 
w = joc2(Fo) + 0.25p2Fo2]-1 

0.030
All non-hydrogen atoms 

4295 
317 

13.55
0.028; 0.034 

1.71 
0.03

0.275 e r / k 3
-0.52 e-/Ä 3

Table A .7.2: Interatomic distances (Ä) and angles (°) involving non­
hydrogen atoms of the molecular structure of cis-[Ru(acac)/?(PPrii)'?l.

Ru(l)-P(l) 2.3525(9) Ru(l)-P(2) 2.3467(8)
Ru(l)-0(1) 2.068(2) Ru(l)-0(2) 2.088(2)
Ru(l)-0(3) 2.059(2) Ru(l)-0(4) 2.104(2)
P(l)-C(ll) 1.873(3) P(l)-C(14) 1.886(3)
P(l)-C(17) 1.863(3) P(2)-C(20) 1.878(3)
P(2)-C(23) 1.884(3) P(2)-C(26) 1.874(3)
0(1)-C(2) 1.276(4) 0(2)-C(4) 1.274(4)
0(3)-C(7) 1.276(4) 0(4)-C(9) 1.272(4)
C(l)-C(2) 1.501(5) C(2)-C(3) 1.395(5)
C(3)-C(4) 1.380(5) C(4)-C(5) 1.513(4)
C(6)-C (7) 1.505(4) C(7)-C(8) 1.395(4)
C(8)-C(9) 1.383(4) C(9)-C(10) 1.518(4)

C(ll)-C(12) 1.532(5) C(ll)-C(13) 1.538(4)
C(14)-C(15) 1.532(5) C(14)-C(16) 1.543(4)
C(17)-C(18) 1.540(4) C(17)-C(19) 1.530(4)
C(20)-C(21) 1.528(4) C(20)-C(22) 1.533(4)
C(23)-C(24) 1.528(5) C(23)-C(25) 1.540(4)
C(26)-C(27) 1.523(5) C(26)-C(28) 1.527(4)
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Table A.7.2 (cont): Interatomic distances (Ä) and angles (°) involving 
hydrogen atoms of the molecular structure of cis-IRu(acac)?(PPrli)')L

P(l)-Ru(l)-P(2) 105.42(3) P(l)-Ru(l)-0(1) 90.20(6)
R(l)-Ru(l)-0(2) 167.23(6) P(l)-Ru(l)-0(3) 93.86(6)
P(l)-Ru(l)-0(4) 87.57(6) P(2)-Ru(l)-0(1) 94.43(6)
P(2)-Ru(l)-0(2) 87.25(6) P(2)-Ru(l)-0(3) 88.73(6)
P(2)-Ru(l)-0(4) 167.01(6) 0(l)-R u(l)-0(2) 90.46(8)
0(l)-R u(l)-0(3) 174.02(7) 0(l)-R u(l)-0(4) 85.28(8)
0(2)-Ru(l)-0(3) 84.62(8) 0(2)-Ru(l)-0(4) 79.77(8)
0(3)-Ru(l)-0(4) 90.50(8) Ru(l)-P(l)-C (ll) 118.7(1)
Ru(l)-P(l)-C(14) 110.6(1) Ru(l)-P(l)-C(17) 118.8(1)
C(ll)-P(l)-C(14) 106.7(1) C(ll)-P(l)-C(17) 101.2(1)
C(14)-P(l)-C(17) 98.4(1) Ru(l)-P(2)-C(20) 117.9(1)
Ru(l)-P(2)-C(23) 110.3(1) Ru(l)-P(2)-C(26) 119.3(1)
C(20)-P(2)-C(23) 106.2(1) C(20)-P(2)-C(26) 101.9(1)
C(23)-P(2)-C(26) 99.0(1) Ru(l)-0(1)-C(2) 123.8(2)
Ru(l)-0(2)-C(4) 123.5(2) Ru(l)-0(3)-C(7) 124.0(2)
Ru(l)-0(4)-C(9) 122.2(2) 0(1)-C(2)-C(1) 114.6(3)
0(1)-C(2)-C(3) 126.3(3) C(l)-C(2)-C(3) 119.1(3)
C(2)-C(3)-C(4) 127.9(3) 0(2)-C(4)-C(3) 126.5(3)
0(2)-C(4)-C(5) 113.6(3) C(3)-C(4)-C(5) 119.9(3)
0(3)-C(7)-C(6) 114.2(3) 0(3)-C(7)-C(8) 126.4(3)
C(6)-C(7)-C(8) 119.5(3) C(7)-C(8)-C(9) 127.4(3)
0(4)-C(9)-C(8) 127.3(3) O(4)-C(9)-C(10) 114.4(3)
C(8)-C(9)-C(10) 118.3(3) P(l)-C(ll)-C(12) 111.0(2)
P(l)-C(ll)-C(13) 118.5(2) C(12)-C(ll)-C(13) 109.5(3)
P(l)-C(14)-C(15) 116.9(2) P(l)-C(14)-C(16) 115.9(2)

C(15)-C(14)-C(16) 109.7(3) P(l)-C(17)-C(18) 112.0(2)
P(l)-C(17)-C(19) 114.6(2) C(18)-C(17)-C(19) 109.5(3)
P(2)-C(20)-C(21) 111.6(2) P(2)-C(20)-C(22) 118.7(2)

C(21)-C(20)-C(22) 109.4(3) P(2)-C(23)-C(24) 117.3(2)
P(2)-C(23)-C(25) 115.5(2) C(24)-C(23)-C(25) 109.2(3)
P(2)-C(26)-C(27) 112.4(2) P(2)-C(26)-C(28) 113.7(2)

C(27)-C(26)-C(28) 109.7(3)
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T ab le  A .8.1: Crystallographic and refinement data for
[Ru(acac)2(PCy3)(SbPhs) ].

Crystal Data
Empirical Formula C46H6204PRuSb

Formula W eight 932.79
Crystal Colour, Habit orange, platelet
Crystal Dimensions 0.19 x 0.18 x 0.08 mm

Crystal System triclinic
Lattice Type

No. of Reflections Used for
Prim itive

Unit Cell Determination (26 25 (29.1 - 32.0°)

range)
a = 12.220(3) Ä

Lattice Parameters b = 12.829(3) Ä 
c = 14.693(3) Ä
a  = 86.39(2)°
P = 73.90(2)° 
y = 89.43(2)°

V = 2208.6(9) A3
Space Group P T  (#2)

Z value 2

Dcalc 1.403 g /cm 3

Fooo 960.00
ji(MoKa) 10.29 cm-1

Intensity Measurements
diffractometer Philips PW1100/20

Radiation MoKa (X = 0.71069 Ä) 
graphite m onochromated

Take-off Angle 3.0°
Detector Aperture 3.4 mm horizontal 

3.4 mm vertical
Crystal to Detector Distance 195 mm

Voltage, Current 50 kV, 30 mA
Tem perature 20.0 °C

Scan Type o-2 6
Scan Rate 2.0°/m in  (in co)

Scan W idth (1.00 +0.35 tan 9)°
20max 52.2°

No. of Reflections Measured Total: 8691
Unique: 8690 (Rjnt = 0.022)

Corrections Lorentz-polarization
Absorption

(trans. Factors: 0.922 - 0.801)
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Table A .8.1 (cont): Crystallographic and refinement data for cis- 
[Ru(acac)2(PCy3)(SbPh3) ].

Structure Solution and Refinement
Structure Solution 

Refinement 
Function Minimized 
Least Squares Weights 

p-factor
Anomalous Dispersion 

No. Observations (I>2.0g(I)) 
No. of variables 

Reflection/Parameter Rotation 
Residuals: R; Rw 

Goodness of Fit Indicator 
Max Shift/Error in Final Cycle 
Max peak in Final Diff. Map 
Min peak in Final Diff Map

Direct Methods (SIR92) 
Full-Matrix least squares 

£zv( I Fo I - I Fc I )2 
w = [oc2(Fo) + 0.25p2Fo2]-1 

0.020
All non-hydrogen atoms 

5927 
478 

12.40
0.045; 0.036 

1.22 
0.02

0.51 e~/A3

-0.56 e~/A3

Figure A .8.1: ORTEP diagram of the molecular structure of cis- 
[Ru(acac)2(PCys)(SbPh3)].

Table A .8.2: Interatomic distances (Ä) and angles (°) involving non­
hydrogen atoms of the molecular structure of cis-[Ru(acac)?(PCyi)(SbPhi)l.

Sb(l)-Ru(l) 2.5847(5) Sb(l)-C(ll) 2.151(5)
Sb(l)-C(17) 2.135(5) Sb(l)-C(23) 2.156(5)
Ru(l)-P(l) 2.309(1) Ru(l)-0(1) 2.059(3)
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Table A.8.2 (cont): Interatomic distances (Ä) and angles (°) involving non­
hydrogen atoms of the molecular structure of cis-[Ru(acac)?(PCyi)(SbPhi)l.

Ru(l)-0(2) 2.058(3) Ru(l)-0(3) 2.059(3)
Ru(l)-0(2) 2.058(3) Ru(l)-0(3) 2.059(3)
Ru(l)-0(4) 2.121(3) P(l)-C(29) 1.865(5)
P(l)-C(35) 1.858(5) P(l)-C(41) 1.873(5)
0(1)-C(2) 1.265(6) 0(2)-C(4) 1.271(6)
0(3)-C(7) 1.277(6) 0(4)-C(9) 1.267(6)
C(l)-C(2) 1.511(7) C(2)-C(3) 1.382(8)
C(3)-C(4) 1.383(7) C(4)-C(5) 1.506(8)
C(6)-C (7) 1.507(7) C(7)-C(8) 1.384(7)
C(8)-C(9) 1.387(7) C(9)-C(10) 1.523(7)

C(ll)-C(12) 1.364(7) C(ll)-C(16) 1.380(7)
C(12)-C(13) 1.388(8) C(13)-C(14) 1.357(9)
C(14)-C(15) 1.357(9) C(15)-C(16) 1.377(8)
C(17)-C(18) 1.377(7) C(17)-C(22) 1.383(7)
C(18)-C(19) 1.400(7) C(19)-C(20) 1.362(7)
C(20)-C(21) 1.363(7) C(21)-C(22) 1.373(7)
C(23)-C(24) 1.377(7) C(23)-C(28) 1.383(7)
C(24)-C(25) 1.388(7) C(25)-C(26) 1.367(9)
C(26)-C(27) 1.355(9) C(27)-C(28) 1.391(8)
C(29)-C(30) 1.529(7) C(29)-C(34) 1.534(7)
C(30)-C(31) 1.521(7) C(31)-C(32) 1.514(8)
C(32)-C(33) 1.507(9) C(33)-C(34) 1.525(8)
C(35)-C(36) 1.521(8) C(35)-C(40) 1.530(7)
C(36)-C(37) 1.533(9) C(37)-C(38) 1.511(9)
C(38)-C(39) 1.502(9) C(39)-C(40) 1.513(8)
C(41)-C(42) 1.522(7) C(41)-C(46) 1.513(7)
C(42)-C(43) 1.525(8) C(43)-C(44) 1.503(8)
C(44)-C(45) 1.499(8) C(45)-C(46) 1.530(8)

Ru(l)-Sb(l)-C(ll) 11.2(1) Ru(l)-Sb(l)-C(17) 115.1(1)
Ru(l)-Sb(l)-C(23) 133.9(1) C(ll)-Sb(l)-C(17) 95.5(2)
C(ll)-Sb(l)-C(23) 95.6(2) C(17)-Sb(l)-C(23) 98.1(2)
Sb(l)-Ru(l)-P(l) 100.20(4) Sb(l)-Ru(l)-0(1) 88.6(1)
Sb(l)-Ru(l)-0(2) 167.42(9) Sb(l)-Ru(l)-0(3) 94.93(9)
Sb(l)-Ru(l)-0(4) 84.09(9) P(l)-Ru(l)-0(1) 95.2(1)
P(l)-Ru(l)-0(2) 92.3(1) P(l)-Ru(l)-0(3) 91.7(1)
0(l)-R u(l)-0(3) 171.6(1) 0(l)-R u(l)-0(4) 82.9(1)
0(2)-Ru(l)-0(3) 83.2(1) 0(2)-Ru(l)-0(4) 83.5(1)
0(3)-Ru(l)-0(4) 89.9(1) Ru(l)-P(l)-C(29) 116.8(2)
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Table A.8.2 (cont): Interatomic distances (A) and angles (°) involving non­
hydrogen atoms of the molecular structure of cis-[Ru(acac)?(PCyi)(SbPhi)l.
Ru(l)-P(l)-C(35) 111.3(2) Ru(l)-P(l)-C(41) 116.8(2)
C(29)-P(l)-C(35) 101.1(2) C(29)-P(l)-C(41) 101.0(2)
C(35)-P(l)-C(41) 108.3(2) Ru(l)-0(1)-C(2) 122.4(4)
Ru(l)-0(2)-C(4) 123.1(4) Ru(l)-0(3)-C(7) 123.6(3)
Ru(l)-0(4)-C(9) 123.0(3) 0(1)-C(2)-C(1) 113.6(6)
0(1)-C(2)-C(3) 127.5(5) C(l)-C(2)-C(3) 118.9(6)
C(2)-C(3)-C(4) 127.4(5) 0(2)-C(4)-C(3) 126.6(5)
0(2)-C(4)-C(5) 114.2(5) C(3)-C(4)-C(5) 119.2(5)
0(3)-C(7)-C(6) 114.0(5) 0(3)-C(7)-C(8) 127.0(5)
C(6)-C(7)-C(8) 118.8(5) C(7)-C(8)-C(9) 127.1(5)
0(4)-C(9)-C(8) 126.9(5) O(4)-C(9)-C(10) 115.2(5)
C(8)-C(9)-C(10) 117.8(5) Sb(l)-C(ll)-C(12) 119.4(4)

Sb(l)-C(ll)-C(16) 121.9(4) C(12)-C(11)-(C16) 118.7(5)
C(ll)-C(12)-C(13) 120.8(6) C(12)-C(13)-C(14) 119.8(6)
C(13)-C(14)-C(15) 119.9(6) C(14)-C(15)-C(16) 120.8(6)
C(ll)-C(16)-C(15) 120.0(6) Sb(l)-C(17)-C(18) 117.6(4)
Sb(l)-C(17)-C(22) 123.2(4) C(18)-C(17)-C(22) 118.7(5)
C(17)-C(18)-C(19) 119.6(5) C(18)-C(19)-C(20) 120.8(5)
C(19)-C(20)-C(21) 119.5(5) C(20)-C(21)-C(22) 120.6(5)
C(17)-C(22)-C(21) 120.9(5) Sb(l)-C(23)-C(24) 121.3(4)
Sb(l)-C(23)-C(28) 120.0(4) C(24)-C(23)-C(28) 118.7(5)
C (23) -C924)-C (25) 120.8(5) C(24)-C(25)-C(26) 119.8(6)
C(25)-C(26)-C(27) 120.0(6) C(26)-C(27)-C(28) 120.8(6)
C(23)-C(28)-C(27) 119.8(6) P(l)-C(29)-C(30) 113.5(4)
P(l)-C(29)-C(34) 114.2(4) C(30)-C(29)-C(34) 109.7(4)
C(29)-C(30)-C(31) 112.0(5) C(30)-C(31)-C(32) 112.3(5)
C(31)-C(32)-C(33) 111.3(5) C(32)-C(33)-C(34) 111.8(5)
C(29)-C(34)-C(33) 111.6(5) P(l)-C(35)-C(36) 115.3(4)
P(l)-C(35)-C(40) 119.2(4) C(36)-C(35)-C(40) 108.5(5)
C(35)-C(36)-C(37) 111.1(5) C(36)-C(37)-C(38) 111.6(6)
C(37)-C(38)-C(39) 111.3(6) C(38)-C(39)-C(40) 111.9(6)
C(35)-C(40)-C(39) 110.9(5) P(l)-C(41)-C(42) 113.4(4)
P(l)-C(41)-C(46) 119.2(4) C(42)-C(41)-C(46) 109.4(4)

C(41)-C(42)-C(43) 113.0(5) C(42)-C(43)-C(44) 112.4(6)
C(43)-C(44)-C(45) 110.3(5) C(44)-C(45)-C(46) 112.4(5)
C(41)-C(46)-C(45) 112.0(5)
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Table A.9.1: Crystallographic and refinement data for cis-\Ru(acac)i(ShPh^)il.
Crystal Data

Empirical Formula C46H4404RuSb2
Formula W eight 1005.42

Crystal Colour, Habit yellow, plate
Crystal Dimensions 0.44 x 0.20 x 0.05 mm

Crystal System triclinic
Lattice Type Prim itive

No. of Reflections Used for
Unit Cell Determination (20 

range)

21 (18.2 - 23.4°)

Lattice Parameters a = 10.810(4) Ä 
b = 11.414(6) A  
c = 18.170(6) Ä
a  = 74.89(4)° 
p = 87.06(4)° 
y = 79.56(3)° 

V = 2129(2) Ä3
Space Group P T  (#2)

Z value 2

Dcalc 1.569 g/cm 3
Fooo 996.00

u(MoKa) 16.49 cm-1
In ten sity  M easu rem en ts

diffractometer Philips PW1100/20
Radiation MoKa (A, = 0.71069 Ä) 

graphite monochromated
Take-off Angle 2 . 8 °

Detector Aperture 3.4 mm horizontal 
3.4 mm vertical

Crystal to Detector Distance 195 mm
Voltage, Current 50 kV, 25 mA

Tem perature 23.0 °C
Scan Type co-20
Scan Rate 3.0°/min (in co)

Scan W idth (1.10 +0.34 tan 0)°
20m ax 52.0°

No. of Reflections Measured Total: 8349
Corrections Lorentz-polarization

Absorption
(trans. Factors: 0.718 - 0.922)
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Table A.9.1 (cont): Crystallographic and refinement data for
[Ru(acac)2(SbPh^)ii.

Structure Solution and Refinement
Structure Solution 

Refinement 
Function Minimized 
Least Squares Weights 

p-factor
Anamalous Dispersion 

No. Observations (I>2.0g(I)) 
No. of variables 

Reflection/Parameter Rotation 
Residuals: R; Rw 

Goodness of Fit Indicator 
Max Shift/Error in Final Cycle 
Max peak in Final Diff. Map 
Min peak in Final Diff Map

Direct Methods (SHELXS86) 
Full-Matrix least squares 

I Fo I - I Fc I )2 
w  = [oc2(Fo) + 0.25p2Fo2]-1 

0.02
All non-hydrogen atoms 

4480 
478 
9.37

0.048; 0.043 
1.41 
0.01

0.94 er /k3
-0.69 e~/A3

Figure A.9.1: ORTEP diagram of the structure cis-[Ru(acac)?(SbPh^)?l.
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Table A .9.2: Interatomic distances (Ä) and angles (°) involving 
hydrogen atoms of the molecular structure of cis-IRu(acac)i(SbPh^)il.

Sb(l)-Ru(l) 2.571(1) Sb(l)-C(ll) 2.163(9)
Sb(l)-C(17) 2.135(9) Sb(l)-C(23) 2.132(9)
Sb(2)-Ru(l) 2.543(1) Sb(2)-C(29) 2.132(9)
Sb(2)-C(35) 2.133(9) Sb(2)-C(41) 2.141(9)
Ru(l)-0(1) 2.052(6) Ru(l)-0(2) 2.067(6)
Ru(l)-0(3) 2.057(6) Ru(l)-0(4) 2.063(6)
0(1)-C(2) 1.25(1) 0(2)-C(4) 1.27(1)
0(3)-C(7) 1.27(1) 0(4)-C(9) 1.27(1)
C(l)-C(2) 1.50(1) C(2)-C(3) 1.39(1)
C(3)-C(4) 1.40(1) C(4)-C(5) 1.51(1)
C(6)-C (7) 1.51(1) C(7)-C(8) 1.38(1)
C(8)-C(9) 1.39(1) C(9)-C(10) 1.51(1)

C(ll)-C(12) 1.36(1) C(ll)-C(16) 1.39(1)
C(12)-C(13) 1.39(1) C(13)-C(14) 1136(2)
C(14)-C(15) 1.36(2) C(15)-C(16) 1.39(1)
C(17)-C(18) 1.35(1) C(17)-C(22) 1.41(1)
C(18)-C(19) 1.41(1) C(19)-C(20) 1.37(2)
C(20)-C(21) 1.34(2) C(21)-C(22) 1.40(1)
C(23)-C(24) 1.36(1) C(23)-C(28) 1.39(1)
C(24)-C(25) 1.40(1) C(25)-C(26) 1.34(1)
C(26)-C(2 7) 1.37(2) C(27)-C(28) 1.36(1)
C(29)-C(30) 1.37(1) C(29)-C(32) 1.35(2)
C(32)-C(33) 1.37(2) C(33)-C(34) 1.40(2)
C(35)-C(36) 1.32(1) C(35)-C(40) 1.39(1)
C(36)-C(37) 1.41(2) C(37)-C(38) 1.37(2)
C(38)-C(39) 1.40(2) C(39)-C(40) 1.35(2)
C(41)-C(42) 1.38(1) C(41)-C(46) 1.37(1)
C(42)-C(43) 1.38(1) C(43)-C(44) 1.33(2)
C(44)-C(45) 1.37(2) C(45)-C(46) 1.39(1)

Ru(l)-Sb(l)-C(ll) 125.1(3) Ru(l)-Sb(l)-C(17) 109.1(3)
Ru(l)-Sb(l)-C(23) 118.9(2) C(ll)-Sb(l)-C(17) 101.5(4)
C(ll)-Sb(l)-C(23) 98.3(4) C(17)-Sb(l)-C(23) 100.1(4)
Ru(l)-Sb(l)-C(29) 121.0(3) Ru(l)-Sb(2)-C(35) 115.4(3)
Ru(l)-Sb(2)-C(41) 116.3(3) C(29)-Sb(2)-C(35) 100.3(4)
C(29)-Sb(2)-C(41) 100.7(4) C(35)-Sb(2)-C(41) 99.6(4)
Sb(l)-Ru(l)-Sb(2) 96.89(3) Sb(l)-Ru(l)-0(1) 87.4(2)
Sb(l)-Ru(l)-0(2) 173.2(2) Sb(l)-Ru(l)-0(3) 94.7(2)
Sb(l)-Ru(l)-0(4) 87.4(2) Sb(2)-Ru(l)-0(1) 92.4(2)
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Table A.9.2 (cont): Interatomic distances (Ä) and angles (°) involving 
hydrogen atoms of the molecular structure of cis-[Ru(acac)'?(SbPh^)?l.
Sb(2)-Ru(l)-0(2) 89.9(2) Sb(2)-Ru(l)-0(3) 89.2(2)
Sb(2)-Ru(l)-0(4) 175.4(2) 0(l)-R u(l)-0(2) 92.3(2)
0(l)-R u(l)-0(3) 177.1(3) 0(l)-R u(l)-0(4) 86.3(2)
0(2)-Ru(l)-0(3) 85.4(2) 0(2)-Ru(l)-0(4) 85.8(2)
0(3)-Ru(l)-0(4) 91.9(2) Ru(l)-0(1)-C(2) 123.8(6)
Ru(l)-0(2)-C(4) 123.0(6) Ru(l)-0(3)-C(7) 123.5(6)
Ru(l)-0(4)-C(9) 122.8(6) 0(1)-C(2)-C(1) 116(1)
0(1)-C(2)-C(3) 125.9(9) C(l)-C(2)-C(3) 118(1)
C(2)-C(3)-C(4) 129.0(9) 0(2)-C(4)-C(3) 125.6(9)
0(2)-C(4)-C(5) 114.5(9) C(3)-C(4)-C(5) 119.9(9)
0(3)-C(7)-C(6) 115(1) 0(3)-C(7)-C(8) 126.5(9)
C(6)-C(7)-C(8) 118(1) C(7)-C(8)-C(9) 128(1)
0(4)-C(9)-C(8) 127(1) O(4)-C(9)-C(10) 114(1)
C(8)-C(9)-C(10) 119(1) Sb(l)-C(ll)-C(12) 119.6(8)

Sb(l)-C(ll)-C(16) 121.3(8) C(12)-C(ll)-C(16) 119.0(9)
C(ll)-C(12)-C(13) 121(1) C(12)-C(13)-C(14) 120(1)
C(13)-C(14)-C(15) 120(1) C(14)-C(15)-C(16) 121(1)
C(ll)-C(16)-C(15) 119(1) Sb(l)-C(17)-C(18) 1202.(8)
Sb(l)-C(17)-C(22) 120.5(8) C(18)-C(17)-C(22) 119(1)
C(17)-C(18)-C(19) 121(1) C(18)-C(19)-C(20) 120(1)
C(19)-C(20)-C(21) 119(1) C(20)-C(21)-C(22) 122(1)
C(17)-C(22)-C(21) 118(1) Sb(l)-C(23)-C(24) 120.3(8)
Sb(l)-C(23)-C(28) 122.7(8) C(24)-C(23)-C(28) 116.9(9)
C(23)-C(24)-C(25) 122(1) C(24)-C(25)-C(26) 119(1)
C925)-C(26)-C(27) 122(1) C(26)-C(27)-C(28) 119(1)
C(23)-C(28)-C(27) 122(1) Sb(2)-C(29)-C(30) 118.3(8)
Sb(2)-C(29)-C(34) 122.8(8) C(30)-C(29)-C(34) 119(1)
C(29)-C(30)-C(31) 123(1) C(30)-C(31)-C(32) 118(1)
C(31)-C(32)-C(33) 122(1) C(32)-C(33)-C(34) 120(1)
C(29)-C(34)-C(33) 118(1) Sb(2)-C(35)-C(36) 119.4(9)
Sb(2)-C(35)-C(40) 122.1(8) C(36)-C(35)-C(40) 118(1)
C(35)-C(36)-C(37) 123(1) C(36)-C(37)-C(38) 118(1)
C(37)-C(38)-C(39) 120(1) C(38)-C(39)-C(40) 119(1)
C(35)-C(40)-C(39) 122(1) Sb(2)-C(41)-C(42) 117.4(8)
Sb(2)-C(41)-C(46) 124.0(8) C(42)-C(41)-C(46) 118(1)
C(41)-C(42)-C(43) 121(1) C(42)-C943)-C(44) 120(1)
C(43)-C(44)-C(45) 120(1) C(44)-C(45)-C(46) 120(1)
C(41)-C(46)-C(45) 120(1)
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T ab le  A .10.1: Crystallographic and refinement data for 
[{Ru(acac)2 (PPrl3 )}2 (ß~N2 )]'C6 Hi4  at 200 K.

Empirical Formula 
Formula Weight 

Crystal Colour, Habit 
Crystal Dimensions 

Crystal System 
Lattice Type 

Lattice Parameters

Space Group 
Z value 

D calc

Fooo
p(MoKa)

Crystal Data
C44H84N2O8P2RU2 

1033.24 
orange, block 

0.20 x 0.10 x 0.10 mm 
monoclinic
C-centered 

a = 20.087(1) Ä 
b = 14.562(1) Ä 
c = 18.065(1) Ä
P = 106.538(4) 0 
V = 5065.5(5) A3

P2/c (#15)
4

1.355 g/cm3 
2176.00 

7.07 cm'1
Intensity Measurements

diffractometer
Radiation

Nonius KappaCD 
MoKcx (k = 0.71069 Ä)

Detector Aperture 
Data Images 

Detector Position

graphite monochromated 
65 mm x 65 mm 

1.9°/frame; 30 sec/0 
25.00 mm

cis-

2 0 m a x

No. of Reflections Measured 

Corrections

55.1°
Total: 9739

Unique: 5751 (Rint = 0.051) 
Lorentz-polarization
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Table A.10.1 (cont): Crystallographic and refinement data for cis- 
[{Ru(acac)2 (PPrl3 )}2 (ß-N2 )].C6H i4  at 200 K.

Structure Solution and Refinement
Patterson Methods (DIRDIF92 PATTY) 

Full-Matrix least squares 
Xw>( I Fo I - I Fc I )2

Structure Solution 
Refinem ent 

Function Minimized 
Least Squares Weights 

p-factor
Anamalous Dispersion 

No. Observations (I>2.0o(I)) 
No. of variables 

Reflection/Param eter Rotation 
Residuals: R; Rw 

Goodness of Fit Indicator 
Max Shift/Error in Final Cycle 
Max peak in Final Diff. Map 
Min peak in Final Diff Map

w = [oc2(Fo) + 0.25p2Fo2]-1 
0.040

All non-hydrogen atoms 
3093 
254 

12.18
0.050; 0.059 

1.44 
0.01

0.62 r /A 3
-0.55 £T/Ä3

T ab le  A .10.2: Interatomic distances (A) and angles (°) involving non-
hydrogen atoms of the 
N 2)]-C6H 14at 200 K.

molecular structure of cis-f{Ru(acac)7(PPrl^))?((i-

Ru(l)-P(l) 2.312(2) Ru(l)-0(1) 2.046(4)
Ru(l)-0(2) 2.035(4) Ru(l)-0(3) 2.050(4)
Ru(l)-0(4) 2.107(4) R u(l)-N (l) 1.919(4)
P(l)-C(ll) 1.855(7) P(l)-C(14) 1.871(9)
P(l)-C(17) 1.88(1) P(l)-C(17a) 1.91(2)
0(1)-C(2) 1.268(7) 0(2)-C(4) 1.273(7)
0(3)-C(7) 1.281(7) 0(4)-C(9) 1.272(7)

N (l)-N (l)a 1.135(8) C(l)-C(2) 1.502(9)
C(2)-C(3) 1.382(9) C(3)-C(4) 1.397(9)
C(4)-C(5) 1.496(9) C(6)-C (7) 1.487(9)
C(7)-C(8) 1.389(9) C(8)-C(9) 1.394(9)

C(9)-C(10) 1.512(9) C(ll)-C(12) 1.53(1)
C(ll)-C(13) 1.53(1) C(14)-C(15) 1.52(1)
C(14)-C(16) 1.53(1) C(17)-C(18) 1.60(2)
C(17)-C(19) 1.49(2) C(17a)-C(19a) 1.54(3)
C(31)-C(32) 1.354(9)* C(32)-C(33) 1.351(9)*
C(33)-C(34)
C(35)-C(36)

1.346(9)*
1.345(9)*

C(34)-C(35) 1.348(9)*
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Table A.10.2 (cont): Interatomic distances (A) and angles (°) involving non­
hydrogen atoms of the molecular structure of cis-[{Ru(acac)?(PPri^))?(fi- 
N2)].C6H14at 200 K.

P(l)-Ru(l)-0(1) 96.0(1) P(l)-Ru(l)-0(2) 92.3(1)
P(l)-Ru(l)-0(3) 90.2(1) P(l)-Ru(l)-0(4) 177.9(1)
P(l)-Ru(l)-N (l) 92.6(1) 0(l)-R u(l)-0(2) 92.4(2)
0(l)-R u(l)-0(3) 173.8(2) 0(l)-R u(l)-0(4) 82.5(2)
0(1)-Ru(l)-N (l) 90.3(2) 0(2)-Ru(l)-0(3) 86.8(1)
0(2)-Ru(l)-0(4) 86.4(1) 0(2)-Ru(l)-N (l) 174.2(2)
0(3)-Ru(l)-0(4) 91.3(2) 0(3)-Ru(l)-N (l) 90.0(2)
0(4)-Ru(l)-N (l) 88.9(2) Ru(l)-P(l)-C (ll) 112.8(3)
Ru(l)-P(l)-C(14) 116.4(3) Ru(l)-P(l)-C(17) 110.8(4)
Ru(l)-P(l)-C(17a) 119.7(6) C(ll)-P(l)-C(14) 101.8(4)
C(ll)-P(l)-C(17) 117.9(5) C(ll)-P(l)-C(17a) 93.6(7)
C(14)-P(l)-C(17) 96.0(5) C(14)-P(l)-C(17a) 108.9(7)
Ru(l)-0(1)-C(2) 122.3(4)
Ru(l)-0(2)-C(4) 123.3(4) Ru(l)-0(3)-C(7) 124.7(4)
Ru(l)-0(4)-C(9) 122.4(4) R u(l)-N (l)-N (l)a 174.2(4)
0(1)-C(2)-C(1) 114.4(6) 0(1)-C(2)-C(3) 127.1(6)
C(l)-C(2)-C(3) 118.4(6) C(2)-C(3)-C(4) 127.4(6)
0(2)-C(4)-C(3) 126.1(5) 0(2)-C(4)-C(5) 114.7(6)
C(3)-C(4)-C(5) 119.2(6) 0(3)-C(7)-C(6) 114.0(6)
0(3)-C(7)-C(8) 125.5(6) C(6)-C(7)-C(8) 120.5(6)
C(7)-C(8)-C(9) 128.7(6) 0(4)-C(9)-C(8) 126.8(6)

O(4)-C(9)-C(10) 115.2(6) C(8)-C(9)-C(10) 118.0(6)
P(l)-C(ll)-C(12) 117.1(6) P(l)-C(ll)-C(13) 114.5(6)

C(12)-C(ll)-C(13) 109.9(7) P(l)-C(14)-C(15) 111.6(6)
P(l)-C(14)-C(16) 110.4(7) C(15)-C(14)-C(16) 112.9(9)
P(l)-C(17)-C(18) 108.8(8) P(l)-C(17)-C(19) 118.5(9)
C(18)-C(17)-C(19) 114(1) P(l)-C(17a)-C(18) 119(1)
P(l)-C(17a)-C(19a) 122(2) C(18)-C(17a)-

C(19a)
118(2)

C(32)-C(31)-C(35) 57(2) C(31)-C(32)-C(33) 108(3)*
C(32)-C(33)-C(34) 112(3)* C(33)-C(34)-C(35) 114(3)*
C(34)-C(35)-C(36) 111(3)*

a) Indicates atom generated by the symmetry operation (2-x, y, 3/2 - z); 
*) Restrained during refinement.
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T a b l e  A . 11.1: Crystallographic and refinement data for

I I
tis-[Ru(acac)2(o-Me2N C 6H 4C=C(NC5H5)Ph)][PF6] (CH3)2CO.

Crystal Data
Empirical Formula C34H40F6N2O5PRU

Formula W eight 683.57
Crystal Colour, Habit brown, block
Crystal Dimensions 0.34 x 0.28 x 0.16 mm

Crystal System m onoclinic
Lattice Type Prim itive

No. of Reflections used for
Unit Cell Determination (26 20 (12.1 - 20.0”)

range)
Omega Scan Peak W idth at 0.33°

Half-height
a = 7.711(7) Ä 

b = 18.807(3) Ä 
c = 20.903(4) Ä
ß = 100.99(3) 0 
V = 2976(3) Ä3

Lattice Parameters

Space Group P2x/ n  (#14)
Z value 4

Dcalc 1.526 g /cm 3
Fooo 1388.00

}i(MoKa) 6.39 cm-1
Intensity Measurements

diffractometer Rigaku AFC6S
Radiation MoKa (X = 0.71069 Ä) 

graphite monochrom ated
Take-off Angle 6.0°

Detector Aperture 3.5 mm horizontal 
3.5 mm vertical

Crystal to Detector Distance 200 mm
Tem perature 23.0 °C

Scan Type a>-2 6

Scan Rate 4.0°/m in  (in 0 ) (up to 4 scans)
Scan W idth (0.80 + 0.34 tan 6)°

50.1°
No. of Reflections Measured Total: 5877

Unique: 5448 (Rint = 0.032)
Corrections Lorentz-polarization

Absorption
(trans. Factors: 0.9535 - 1.0000)
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T able A .11.1 (cont): Crystallographic and refinem ent data for

cis-[Ru(acac)2(o-Me2NC6H4C=C(NC5H5)Ph)][PF6]

Structure Solution and Refinement
Structure Solution 

R efinem ent 
Function M inimized 
Least Squares Weights 

p-factor
Anamalous Dispersion 

No. Observations (I>2.0o(I)) 
No. of variables 

Reflection/Param eter Rotation 
Residuals: R; Rw 

Goodness of Fit Indicator 
Max Shift/Error in Final Cycle 

Max peak in Final Diff. Map 
Min peak in Final Diff Map

Direct Methods (SIR92) 
Full-Matrix least squares 

^zo( I Fo I - I Fc I )2 
w = [oc2(Fo) + 0.25p2Fo2]-1 

0.050
All non-hydrogen atoms 

2626 
347 
7.57

0.058; 0.051 
2.54 
0.05

1.13 e~/A3
-0.65 6 T /Ä 3

Table A .11.2: Interatomic distances (A) and angles (°) involving
h y d r o g e n  a t oms of  the mo l e c u l a r s t r u c t u r e

i i
cis-[Ru(acac)2(o-Me2NC6H4C=C(NC5Hs)Ph)][PF6]

Ru(l)-0(1) 2.116(5) Ru(l)-0(2) 2.018(5)
Ru(l)-0(3) 2.018(5) Ru(l)-0(4) 2.002(5)
R u(l)-N (l) 2.152(5) Ru(l)-C(7) 2.031(7)

P(l)-F(l) 1.452(8) P(l)-F(2) 1.48(1)
P(l)-F(3) 1.491(7) P(l)-F(4) 1.454(9)
P(l)-F(5) 1.428(9) P(l)-F(6) 1.543(7)

0(1)-C(23) 1.268(9) 0(2)-C(25) 1.287(8)
0(3)-C(28) 1.270(8) O(4)-C(30) 1.265(8)
0(5)-C(32) 1.12(2) N(l)-C(l) 1.468(8)
N(l)-C(15) 1.481(9) N(l)-C(16) 1.489(9)
N(2)-C(8) 1.488(8) N(2)-C(17) 1.329(9)
N(2)-C(21) 1.344(9) C(l)-C(2) 1.376(9)
C(l)-C(6) 1.391(9) C(2)-C(3) 1.38(1)
C(3)-C(4) 1.37(1) C(4)-C(5) 1.36(1)
C(5)-C(6) 1.401(9) C(6)-C(7) 1.494(9)
C(7)-C(8) 1.348(9) C(8)-C(9) 1.475(9)
C(9)-C(10) 1.396(9) C(9)-C(14) 1.39(1)
C(10)-C(ll) 1.37(1) C(ll)-C(12) 1.38(1)

non-
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Table A.11.2 (cont): Interatomic distances (Ä) and angles (°) involving 
hydrogen atoms of the molecular structure of 

I I
cis-[Ru(acac)2(o-Me2NC6H4C=C(NC5H5)Ph)][PF6].

C(12)-C(13) 1.37(1)
C(17)-C(18) 1.38(1)
C(19)-C(20) 1.37(1)
C(22)-C(23) 1.50(1)
C(24)-C(25) 1.40(1)
C(27)-C(28) 1.52(1)
C(29)-C(30) 1.39(1)
C(32)-C(33) 1.48(4)

0(l)-R u(l)-0(2) 89.4(2)
0(l)-R u(l)-0(4) 90.5(2)
0(1)-Ru(l)-C(7) 171.8(2)
0(2)-Ru(l)-0(4) 178.1(2)
0(2)-Ru(l)-C(7) 87.4(2)
0(3)-Ru(l)-N (l) 175.5(2)
0(4)-Ru(l)-N (l) 86.7(2)
N(l)-Ru(l)-C(7) 81.1(2)

F(l)-P(l)-F(3) 94.3(2)
F(l)-P(l)-F(5) 91.4(9)
F(2)-P(l)-F(3) 95.4(7)
F(2)-P(l)-F(5) 179.0(7)
F(3)-P(l)-F(4) 86.8(6)
F(3)-P(l)-F(6) 177.2(6)
F(4)-P(l)-F(6) 90.7(5)

Ru(l)-0(1)-C(23) 122.7(5)
Ru(l)-0(3)-C(28) 121.5(5)
Ru(l)-N(l)-C(l) 106.8(4)
Ru(l)-N(l)-C(16) 109.6(4)
C(l)-N(l)-C(16) 111.2(6)
C(8)-N(2)-C(17) 120.6(6)

C(17)-N(2)-C(21) 120.4(7)
N(l)-C(l)-C(6) 117.0(6)
C(l)-C(2)-C(3) 118.7(7)
C(3)-C(4)-C(5) 119.9(7)
C(l)-C(6)-C(5) 117.2(6)
C(5)-C(6)-C (7) 126.2(7)

Ru(l)-C(7)-C(8) 128.4(5)

C(13)-C(14) 1.39(1)
C(18)-C(19) 1.36(1)
C(20)-C(21) 1.37(1)
C(23)-C(24) 1.40(1)
C(25)-C(26) 1.50(1)
C(28)-C(29) 1.38(1)
C(30)-C(31) 1.50(1)
C(32)-C(34) 1.32(3)

0(l)-R u(l)-0(3) 84.2(2)
0(1)-Ru(l)-N (l) 91.7(2)
0(2)-Ru(l)-0(3) 86.7(2)
0(2)-Ru(l)-N (l) 95.2(2)
0(3)-Ru(l)-0(4) 91.4(2)
0(3)-Ru(l)-C(7) 103.1(2)
0(4)-Ru(l)-C(7) 92.9(2)
F(l)-P(l)-F(2) 89.1(8)
F(l)-P(l)-F(4) 178(1)
F(l)-P(l)-F(6) 88.3(5)
F(2)-P(l)-F(4) 92.4(9)
F(2)-P(l)-F(6) 93.7(5)
F(3)-P(l)-F(5) 83.8(6)
F(4)-P(l)-F(5) 87.0(7)
F(5)-P(l)-F(6) 97.1(7)

Ru(l)-0(2)-C(25) 124.1(5)
Ru(l)-O(4)-C(30) 123.5(5)
Ru(l)-N(l)-C(15) 111.4(5)
C(l)-N(l)-C(15) 109.2(6)
C(15)-N(l)-C(16) 108.5(6)
C(8)-N(2)-C(21) 118.9(6)
N(l)-C(l)-C(2) 121.2(7)
C(2)-C(l)-C(6) 121.8(7)
C(2)-C(3)-C(4) 121.0(7)
C(4)-C(5)-C(6) 121.3(7)
C(l)-C(6)-C (7) 116.4(6)

Ru(l)-C(7)-C(6) 110.0(5)
C(6)-C(7)-C(8) 121.0(6)

2 75 

non-
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Table A.11.2 (cont): Interatomic distances (Ä) and angles (°) involving 
hydrogen atoms of the molecular structure of 

I I
cis-[Ru(acac)2(o-Me2NC6H4C=C(NC5H5)Ph)][PF6].

N(2)-C(8)-C (7) 116.1(6) N(2)-C(8)-C(9) 110.5(6)
C(7)-C(8)-C(9) 133.4(6) C(8)-C(9)-C(10) 121.5(7)

C(8)-C(9)-C(14) 122.1(7) C(10)-C(9)-C(14) 116.4(7)
C(9)-C(10)-C(ll) 121.5(7) C(10)-C(ll)-C(12) 121.3(8)
C(ll)-C(12)-C(13) 118.2(8) C(12)-C(13)-C(14) 120.6(8)
C(9)-C(14)-C(13) 121.9(8) N(2)-C(17)-C(18) 120.4(8)
C(17)-C(18)-C(19) 119.4(8) C(18)-C(19)-C(20) 119.8(8)
C(19)-C(20)-C(21) 118.9(8) N(2)-C(21)-C(20) 121.0(7)
0(1)-C(23)-C(22) 115.1(8) 0(1)-C(23)-C(24) 125.5(7)
C(22)-C(23)-C(24) 119.4(8) C(23)-C(24)-C(25) 126.8(7)
0(2)-C(25)-C(24) 126.0(7) 0(2)-C(25)-C(26) 116.1(7)
C(24)-C(25)-C(26) 117.9(7) 0(3)-C(28)-C(27) 113.1(7)
0(3)-C(28)-C(29) 126.8(7) C(27)-C(28)-C(29) 120.1(8)
C(28)-C(29)-C(30) 125.7(7) O(4)-C(30)-C(29) 125.8(7)
O(4)-C(30)-C(31) 115.8(7) C(29)-C(30)-C(31) 118.3(7)
0(5)-C(32)-C(33) 118(4) 0(5)-C(32)-C(34) 137(4)
C(33)-C(32)C(34) 102(3)

276

non-
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T a b l e  A . 1 2 . 1:  Crystal lographic and re f inement  data for
I I

cis-[Ru,u(acac)2<o-Me2NC6H4C(H)-C(=NEt2)Ph)][PF6].

Crystal Data
Empirical Formula C30H40F6N 2O4P Ru

Formula Weight 738.69
Crystal Colour, Habit black, block
Crystal Dimensions 0.63 x 0.20 x 0.20 mm

Crystal System m onoclinic
Lattice Type Prim itive

No. of Reflections used for
Unit Cell Determination (26 

range)

25 (43.1 - 46.5°)

Omega Scan Peak W idth at 0.35°
Half-height

a = 9.965(3) Ä 
b = 21.604(4) Ä 
c = 15.417(2) Ä
P = 100.26(1) 0 
V = 3266(1) A 3

Lattice Parameters

Space Group P 2 i/c  (#14)
Z value 4

Hcalc 1.502 g/cm 3

Fooo 1516.00
ji(MoKa) 5.86 cm -1

Intensity M easurem ents
diffractometer Rigaku AFC6 S

Radiation M oKa (X = 0.71069 A) 
graphite monochromated

Take-off Angle 6.0°
Detector Aperture 4.0 mm horizontal 

4.0 mm vertical
Crystal to Detector Distance 2 0 0  mm

Tem perature 23.0 °C
Scan Type co-26
Scan Rate 8.0°/nriin (in co) (up to 4 scans)

Scan W idth (1.10 + 0.34 tan 6)°
55.1°

No. of Reflections Measured Total: 8160
Unique: 7729 (Rint = 0.020)

Corrections Lorentz-polarization
Absorption

(trans. Factors: 0.8714 - 0.9172)
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T ab le  A .12.1 (con t): Crystallographic and refinement data for

d s fR u m(acac)2(o-Me2NC6H4C(H)-C(=NEt2)Ph) JflP F g J .
Structure Solution and Refinement

Structure Solution 
Refinem ent

Direct Methods (SIR92) 
Full-Matrix least squares

Function M inimized I w (  1 Fo | - 1 Fc |):2

Least Squares Weights w = [ac2(Fo) + 0.25p2Fo2]-1
p-factor 0.020

Anamalous Dispersion All non-hydrogen atoms
No. Observations (I>2.0a(I)) 4652

No. of variables 517
Reflection/Parameter Rotation 9.00

Residuals: R; Rw 0.033; 0.035
Goodness of Fit Indicator 1.42

Max Shift/Error in Final Cycle 0.07
Max peak in Final Diff. Map 0.46 eVÄ3
Min peak in Final Diff Map -0.31 e-/A 3

T ab le  A .12.2: Interatomic distances (A) and angles (°) involving
h y d r o g e n  a t oms of  the mo l e c u l a r  s t r u c t u r e

\ i
cis-[Ru,"(acoc)2(o-Me2NC6H4C(H)-C(=NEt2)Ph)][PF6J.

Ru(l)-0(1) 2.081(2) Ru(l)-0(2) 2.004(2)
Ru(l)-0(3) 2.019(2) Ru(l)-0(4) 1.990(2)
R u(l)-N (l) 2.181(3) Ru(l)-C(8) 2.194(3)

P(l)-F(l) 1.568(3) P(l)-F(2) 1.577(3)
P(l)-F(3) 1.564(3) P(l)-F(4) 1.582(3)
P(l)-F(5) 1.549(3) P(l)-F(6) 1.579(3)

0(1)-C(22) 1.280(4) 0(2)-C(24) 1.286(4)
0(3)-C(27) 1.266(4) 0(4)-C(29) 1.279(5)
N(l)-C(l) 1.472(4) N(l)-C(15) 1.498(5)
N(l)-C(16) 1.503(5) N(2)-C(19) 1.483(4)
C(l)-C(2) 1.383(5) C(l)-C(6) 1.397(4)
C(2)-C(3) 1.383(5) C(3)-C(4) 1.360(6)
C(4)-C(5) 1.377(5) C(5)-C(6) 1.392(4)
C(6)-C(7) 1.495(4) C(7)-C(8) 1.426(4)
C(8)-C(9) 1.500(4) C(9)-C(10) 1.390(5)
C(9)-C(14) 1.392(5) C(10)-C(ll) 1.381(5)
C(ll)-C(12) 1.370(6) C(12)-C(13) 1.369(6)

Of
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Table A.12.2 (cont): Interatomic distances (Ä) and angles (°) involving 
hydrogen atoms of the molecular structure of 

I I
cis-[Runl(acac)2(o-Me2NC6H4C(H)-C(=NEt2)Ph)][PF6]

C(13)-C(14) 1.392(5) C(17)-C(18) 1.503(6)
C(19)-C(20) 1.512(6) C(21)-C(22) 1.510(6)
C(22)-C(23) 1.380(5) C(23)-C(24) 1.379(5)
C(24)-C(25) 1.502(5) C(26)-C(27) 1.497(6)
C(27)-C(28) 1.400(6) C(28)-C(29) 1.377(6)
C(29)-C(30) 1.499(7)

0(l)-R u(l)-0(2) 89.47(9) 0(l)-R u(l)-0(3) 88.43(9)
0(l)-R u(l)-0(4) 90.1(1) 0(1)-Ru(l)-N (l) 88.9(1)
0(1)-Ru(l)-C(8) 173.1(1) 0(2)-Ru(l)-0(3) 88.28(9)
0(2)-Ru(l)-0(4) 179.5(1) 0(2)-Ru(l)-N (l) 93.4(1)
0(2)-Ru(l)-C(8) 87.9(1) 0(3)-Ru(l)-0(4) 92.0(1)
0(3)-Ru(l)-N (l) 176.9(1) 0(3)-Ru(l)-C(8) 85.1(1)
0(4)'R u(l)-N (l) 86.3(1) 0(4)-Ru(l)-C(8) 92.6(1)
N(l)-Ru(l)-C(8) 97.5(1) F(l)-P(l)-F(2) 89.0(2)

F(l)-P(l)-F(3) 91.8(2) F(l)-P(l)-F(4) 178.5(2)
F(l)-P(l)-F(5) 91.4(2) F(l)-P(l)-F(6) 89.0(2)
F(2)-P(l)-F(3) 89.7(2) F(2)-P(l)-F(4) 89.6(2)
F(2)-P(l)-F(5) 179.4(2) F(2)-P(l)-F(6) 88.7(2)
F(3)-P(l)-F(4) 88.8(2) F(3)-P(l)-F(5) 90.7(2)
F(3)-P(l)-F(6) 178.2(2) F(4)-P(l)-F(5) 89.9(2)
F(4)-P(l)-F(6) 90.4(2) F(5)-P(l)-F(6) 90.9(2)

Ru(l)-0(1)-C(22) 124.7(2) Ru(l)-0(2)-C(24) 126.8(2)
Ru(l)-0(3)-C(27) 124.3(3) Ru(l)-0(4)-C(29) 125.1(3)
Ru(l)-N(l)-C(l) 114.6(2) Ru(l)-N(l)-C(15) 109.8(2)
Ru(l)-N(l)-C(16) 108.1(3) C(l)-N(l)-C(15) 107.1(3)
C(l)-N(l)-C(16) 110.8(3) C(15)-N(l)-C(16) 106.1(3)
C(7)-N(2)-C(17) 123.5(3) C(7)-N(2)-C(19) 121.9(3)
C(17)-N(2)-C(19) 114.3(3) N(l)-C(l)-C(2) 121.9(3)

N(l)-C(l)-C(6) 119.0(3) C(2)-C(l)-C(6) 119.1(3)
C(l)-C(2)-C(3) 120.4(4) C(2)-C(3)-C(4) 121.0(4)
C(3)-C(4)-C(5) 119.6(4) C(4)-C(5)-C(6) 120.6(4)
C(l)-C(6)-C(5) 119.4(3) C(l)-C(6)-C(7) 122.7(3)
C(5)-C(6)-C(7) 117.5(3) N(2)-C(7)-C(6) 118.1(3)
N(2)-C(7)-C(8) 122.7(3) C(6)-C(7)-C(8) 119.2(3)
Ru(l)-C(8)-C(7) 95.5(2) Ru(l)-C(8)-C(9) 113.9(2)
C(7)-C(8)-C(9) 123.7(3) C(8)-C(9)-C(10) 126.4(3)
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Table A.12.2 (cont): Interatomic distances (Ä) and angles (°) involving non­
h y d r o g e n  a t oms  of  the mo l e c u l a r  s t r u c t u r e  o f  

I I
cis-[Rum(acac)2(o-Me2NC6H4C<H)-C(=NEt2)Ph)][PF6]_

C(8)-C(9)-C(14) 116.4(3) C(10)-C(9)-C(14) 117.1(3)
C(9)-C(10)-C(ll) 121.1(4) C(10)-C(ll)-C(12) 121.2(4)
C(ll)-C(12)-C(13) 118.7(4) C(12)-C(13)-C(14) 120.8(4)
C(9)-C(14)-C(13) 121.0(4) N(2)-C(17)-C(18) 112.8(3)
N(2)-C(19)-C(20) 112.3(3) 0(1)-C(22)-C(21) 114.7(4)
0(1)-C(22)-C(23) 125.6(3) C(21)-C(22)-C(23) 119.7(4)
C(22)-C(23)-C(24) 127.1(4) 0(2)-C(24)-C(23) 125.4(4)
0(2)-C(24)-C(25) 113.9(3) C(23)-C(24)-C(25) 120.6(3)
0(3)-C(27)-C(26) 115.6(4) 0(3)-C(27)-C(28) 125.7(4)
C(26)-C(27)-C(28) 118.7(4) C(27)-C(28)-C(29) 126.9(4)
0(4)-C(29)-C(28) 125.5(4) O(4)-C(29)-C(30) 114.1(5)
C(28)-C(29)-C(30) 120.4(5)

T a b le  A .13.1: Crystal lographic and re f inement  data f or  
I I

cis-[Ru(acac)2(o-Me2NC6H4C(0)-CH2Ph)][PF6]

Crystal Data
Empirical Formula C26H 31F6NO5PRU

Formula Weight 683.57
Crystal Colour, Habit brown, block
Crystal Dimensions 0.34 x 0.28 x 0.16 mm

Crystal System m onoclinic
Lattice Type Prim itive

No. of Reflections used for
Unit Cell Determination (20 

range)

20 (12.1 - 20.0°)

Omega Scan Peak W idth at 0.33°
Half-height

a = 7.711(7) A  
b = 18.807(3) A  
c = 20.903(4) A
ß = 100.99(3) 0 
V = 2976(3) A3

Lattice Parameters

Space Group P 2 i/n  (#14)
Z value 4

Dcalc 1.526 g /cm 3

Fooo 1388.00
p(MoKa) 6.39 cm*1
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T ab le  A .13.1 (con t): Crystallographic and refinement data for

cis-[Ru(acac)2(o-Me2NC6H4C(0)-CH2Ph)][PF6]

Intensity Measurements
diffractometer Rigaku AFC6S

Radiation

Take-off Angle 
Detector Aperture

Crystal to Detector Distance 
Tem perature 

Scan Type 
Scan Rate 

Scan W idth

26max
No. of Reflections Measured 

Corrections

MoKa (X = 0.71069 Ä) 
graphite monochromated

6.0°
3.5 mm horizontal 

3.5 mm vertical
200 mm 
23.0 °C 

co-26

4.0°/m in  (in co) (up to 4 scans) 
(0.80 + 0.34 tan 6)°

50.1°
Total: 5877

Unique: 5448 (Rin t = 0.032) 
Lorentz-polarization 

Absorption
(trans. Factors: 0.9535 - 1.0000) 

Structure Solution and Refinement 
Structure Solution Direct Methods (SIR92)

R efinem ent Full-Matrix least squares
Function Minimized 
Least Squares Weights 

p-factor
Anamalous Dispersion 

No. Observations (I>2.0g(I)) 
No. of variables 

Reflection/Param eter Rotation 
Residuals: R; Rw 

Goodness of Fit Indicator 
Max Shift/Error in Final Cycle 

Max peak in Final Diff. Map 
Min peak in Final Diff Map

2 > ( 1 Fo 1 - | Fc 1 )2 
w = [ac2(Fo) + 0.25p2Fo2]-1 

0.050
All non-hydrogen atoms 

2626 
347 
7.57

0.058; 0.051 
2.54 
0.05

1.13 e"/A3
-0.65 £T/Ä3
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T ab le  A .13.2: Interatomic distances (Ä) and angles (°) involving
h y d r o g e n  a t oms of  the mo l e c u l a r s t r u c t u r e

i i
cis-[Ru(acac)2(o-Me2NC6H4C(0)-CH2Ph)][PF6]

Ru(l)-0(1) 1.978(7) Ru(l)-0(2) 2.003(6)
Ru(l)-0(3) 1.989(7) Ru(l)-0(4) 1.995(7)
Ru(l)-0(5) 2.016(7) R u(l)-N (l) 2.148(9)

P(l)-F(l) 1.54(1) P(l)-F(2) 1.53(1)
P(l)-F(3) 1.61(2) P(l)-F(3') 1.59(2)
P(l)-F(4) 1.56(2) P(l)-F(4') 1.56(3)
P(l)-F(5) 1.59(2) P(l)-F(5') 1.60(2)
P(l)-F(6) 1.52(3) P(l)-F(6’) 1.63(2)
F(3)-F(3') 0.95(3) F(3)-F(6’) 1.63(3)
F(3’)-F(4) 1.48(2) F(4)-F(4’) 1.06(3)
F(4')-F(5) 1.43(3) F(5)-F(5') 1.15(2)
F(5')-F(6) 1.38(3) F(6)-F(6’) 1.02(3)

0(1)-C(18) 1.27(1) O(2)-C(20) 1.26(1)
0(3)-C(23) 1.26(1) 0(4)-C(25) 1.26(1)
0(5)-C(7) 1.24(1) N(l)-C(l) 1.48(1)

N(l)-C(15) 1.48(1) N(l)-C(16) 1.50(1)
C(l)-C(2) 1.35(1) C(l)-C(6) 1.44(1)
C(2)-C(3) 1.39(2) C(3)-C(4) 1.35(2)
C(4)-C(5) 1.34(2) C(5)-C(6) 1.39(2)
C(6)-C(7) 1.46(2) C(7)-C(8) 1.53(1)
C(8)-C(9) 1.49(2) C(9)-C(10) 1.36(2)
C(9)-C(14) 1.37(2) C(10)-C(ll) 1.39(2)

C(ll)-C(12) 1.34(3) C(12)-C(13) 1.33(4)
C(13)-C(14) 1.43(3) C(17)-C(18) 1.48(1)
C(18)-C(19) 1.40(1) C(19)-C(20) 1.39(1)
C(20)-C(21) 1.51(1) C(22)-C(23) 1.50(1)
C(23)-C(24) 1.40(1) C(24)-C(25) 1.39(1)
C(25)-C(26) 1.50(1)

0(l)-R u(l)-0(2) 92.2(3) 0(l)-R u(l)-0(3) 89.0(3)
0(l)-R u(l)-0(4) 86.8(3) 0(l)-R u(l)-0(5) 174.8(3)
0(1)-Ru(l)-N (l) 99.0(3) 0(2)-Ru(l)-0(3) 90.1(3)
0(2)-Ru(l)-0(4) 177.0(3) 0(2)-Ru(l)-0(5) 92.0(3)
0(2)-Ru(l)-N (l) 87.1(3) 0(3)-Ru(l)-0(4) 92.7(3)
0(3)-Ru(l )-0(5) 87.8(3) 0(3)-Ru(l)-N (l) 171.6(3)
.0(4)-Ru(l)-0(5) 89.2(3) 0(4)-Ru(l)-N (l) 90.2(3)
0(5)-Ru(l)-N (l) 84.3(3) F(l)-P(l)-F(2) 179.1(6)

non-
° f

282
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Table A.13.2 (cont): Interatomic distances (Ä) and angles (°) involving 
hydrogen atoms of the molecular structure of

cis-[Ru(acac)2(o-Me2NC6H4C(0)-CH2Ph)][PF6J

F(l)-P(l)-F(3) 82.6(9) F(l)-P(l)-F(3') 93.4(8)
F(l)-P(l)-F(4) 89.7(7) F(l)-P(l)-F(4') 85(1)
F(l)-P(l)-F(5) 95.5(7) F(l)-P(l)-F(5') 86.2(7)
F(l)-P(l)-F(6) 78(1) F(l)-P(l)-F(6') 103.7(8)
F(2)-P(l)-F(3) 98.1(9) F(2)-P(l)-F(3') 87.4(8)
F(2)-P(l)-F(4) 90.9(7) F(2)-P(l)-F(4’) 95(1)
F(2)-P(l)-F(5) 83.9(7) F(2)-P(l)-F(5') 93.0(7)
F(2)-P(l)-F(6) 101(1) F(2)-P(l)-F(6') 76.2(7)
F(3)-P(l)-F(3') 34.4(9) F(3)-P(l)-F(4) 89(1)
F(3)-P(l)-F(4') 127(1) F(3)-P(l)-F(5) 178(1)
F(3)-P(l)-F(5') 136(1) F(3)-P(l)-F(6) 84(1)
F(3)-P(l)-F(6') 60.6(9) F(3')-P(l)-F(4) 56.3(8)
F(3')-P(l)-F(4') 96(1) F(3')-P(l)-F(5) 147(1)
F(3’)-P(l)-F(5’) 170(1) F(3')-P(l)-F(6) 118(1)
F(3')-P(l)-F(6') 89(1) F(4)-P(l)-F(4') 40(1)
F(4)-P(l)-F(5) 92(1) F(4)-P(l)-F(5') 133(1)
F(4)-P(l)-F(6) 167(1) F(4)-P(l)-F(6’) 144(1)
F(4')-P(l)-F(5) 54(1) F(4')-P(l)-F(5') 94(1)
F(4')-P(l)-F(6) 143(2) F(4')-P(l)-F(6') 170(1)
F(5)-P(l)-F(5') 42.1(7) F(5)-P(l)-F(6) 95(1)
F(5)-P(l)-F(6') 119(1) F(5')-P(l)-F(6) 53(1)
F(5’)-P(l)-F(6') 82(1) F(6)-P(l)-F(6') 37(1)
P(l)-F(3)-F(3') 71(2) P(l)-F(3)-F(6') 60(1)
F(3')-F(3)-F(6') 119(3) P(l)-F(3')-F(3) 74(2)
P(l)-F(3')-F(4) 61(1) F(3)-F(3’)-F(4) 131(3)
P(l)-F(4)-F(3') 63(1) P(l)-F(4)-F(4') 71(2)
F(3')-F(4)-F(4') 133(3) P(l)-F(4')-F(4) 70(2)
P(l)-F(4')-F(5) 64(1) F(4)-F(4’)-F(5) 131(3)
P(1)‘F(5)-F(4') 62(1) P(l)-F(5)-F(5’) 69(1)
F(4')-F(5)-F(5’) 127(2) P(l)-F(5')-F(5) 69(1)
P(l)-F(5')-F(6) 61(1) F(5)-F(5’)-F(6) 130(2)
P(l)-F(6)-F(5') 67(1) P(l)-F(6)-F(6') 77(2)
F(5’)-F(6)-F(6') 122(3) P(l)-F(6')-F(3) 59(1)
P(l)-F(6')-F(6) 66(2) F(3)-F(6')-F(6) 102(3)

Ru(l)-0(1)-C(18) 124.5(6) Ru(l)-O(2)-C(20) 124.3(6)
Ru(l)-0(3)-C(23) 123.8(7) Ru(l)-0(4)-C(25) 125.0(7)
Ru(l)-0(5)-C(7) 130.0(8) Ru(l)-N(l)-C(l) 109.6(6)

non-
283
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Table A.13.2 (cont): Interatomic distances (A) and angles (°) involving 
hydrogen atoms of the molecular structure of 

I I
cis-[Ru(acac)2(o-Me2NC6H4C(0)-CH2Ph)][PF6]

Ru(l)-N(l)-C(15) 108.3(7) Ru(l)-N(l)-C(16) 111.9(7)
C(l)-N(l)-C(15) 112.1(9) C(l)-N(l)-C(16) 108.6(9)
C(15)-N(l)-C(16) 106.4(9) N(l)-C(l)-C(2) 121(1)

N(l)-C(l)-C(6) 120(1) C(2)-C(l)-C(6) 119(1)
C(l)-C(2)-C(3) 121(1) C(2)-C(3)-C(4) 121(1)
C(3)-C(4)-C(5) 120(1) C(4)-C(5)-C(6) 123(1)
C(l)-C(6)-C(5) 117(1) C(l)-C(6)-C(7) 123(1)
C(5)-C(6)-C (7) 120(1) 0(5)-C(7)-C(6) 122(1)
0(5)-C(7)-C(8) 115(1) C(6)-C(7)-C(8) 123(1)
C(7)-C(8)-C(9) 114(1) C(8)-C(9)-C(10) 121(2)
C(8)-C(9)-C(14) 122(2) C(10)-C(9)-C(14) 117(2)
C(9)-C(10)-C(ll) 124(2) C(10)-C(ll)-C(12) 114(3)
C(ll)-C(12)-C(13) 128(4) C(12)-C(13)-C(14) 115(3)
C(9)-C(14)-C(13) 121(2) 0(1)-C(18)-C(17) 115(1)
0(1)-C(18)-C(19) 125(1) C(17)-C(18)-C(19) 120(1)
C(18)-C(19)-C(20) 127(1) O(2)-C(20)-C(19) 125(1)
O(2)-C(20)-C(21) 115(1) C(19)-C(20)-C(21) 120(1)
0(3)-C(23)-C(22) 115(1) 0(3)-C(23)-C(24) 126(1)
C(22)-C(23)-C(24) 119(1) C(23) -C(24) -C(25) 126(1)
0(4)-C(25)-C(24) 125(1) 0(4) -C (25) -C (26) 116(1)
C(24)-C(25)-C(26) 119(1)

284

non-
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T a b l e  A . 14.1: Crystal lographic  and re f inement  data for

cis-[Ru(acac)2(o-Me2NC6H4C(0)-CHPPh3)][PF6J.

Crystal Data
Empirical Formula C3 8 H4 0 F6 NO5 P2 RU

Formula W eight 867.75
Crystal Colour, Habit red, plate
Crystal Dimensions 0.40 x 0.29 x 0.07 mm

Crystal System m onoclinic
Lattice Type Prim itive

No. of Reflections used for
Unit Cell Determination (26 

range)

25 (32.0 - 36.9°)

Omega Scan Peak W idth at 0.34°
Half-height

a = 12.127(1) Ä 
b = 12.397(1) Ä 
c = 26.463(3) Ä
ß = 101.712(9) 0 
V = 3895.4(7) Ä3

Lattice Parameters

Space Group P2i/c  (#14)
Z value 4

Dcalc 1.479 g /cm 3
Fooo 1772.00

ji(MoKa) 5.56 cm '1
Intensity Measurements

diffractometer Rigaku AFC6S
Radiation MoKoc (X = 0.71069 Ä) 

graphite monochromated
Take-off Angle 6.0°

Detector Aperture 4.0 mm horizontal 
4.0 mm vertical

Crystal to Detector Distance 200 mm
Voltage, Current 50 kV, 30 mA

Tem perature 23.0 °C
Scan Type CO

Scan Rate 4.0°/m in  (in c o )  (up to 4 scans)
Scan W idth (1.20 + 0.34 tan 6)°

55.1°
No. of Reflections Measured Total: 9869

Unique: 9432 (Rjnt = 0.031)
Corrections Lorentz-polarization

Absorption
(trans. Factors: 0.8974 - 0.9613)
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T ab le  A .14.1 (cont): Crystallographic and refinement data for

cis-[Ru(acac)2(o-Me2NC6H4C(0)-CHPPh3) ][PF6]

Structure Solution and Refinement
Structure Solution 

R efinem ent 
Function Minimized 
Least Squares Weights 

p-factor
Anamalous Dispersion 

No. Observations (I>2.0o(I)) 
No. of variables 

Reflection/Param eter Rotation 
Residuals: R; Rw 

Goodness of Fit Indicator 
Max Shift/Error in Final Cycle

Direct Methods (SIR92) 
Full-Matrix least squares 

Xw( I Fo I - I Fc I )2 
w = [ac2(Fo) + 0.25p2Fo2]-1 

0.020
All non-hydrogen atoms 

4858 
481 

10.10
0.044; 0.046 

1.53 
0.02

Max peak in Final Diff. Map 0.47
Min peak in Final Diff Map -0.56

T ab le  A .14.2: Interatomic distances 
h y d r o g e n  a t oms  o f  the

(Ä) and angles (°) involving 
mo l e c u l a r  s t r u c t u r e

cis-[Ru(acac)2(o-Me2NC6H4C(0)-CHPPh3)][PF6]

Ru(l)-0(1) 1.999(3) Ru(l)-0(2) 1.996(3)
Ru(l)-0(3) 1.999(3) Ru(l)-0(4) 2.043(3)
R u(l)-N (l) 2.204(4) Ru(l)-C(20) 2.160(4)
P(l)-C(20) 1.794(5) P(l)-C(21) 1.799(5)
P(l)-C(27) 1.814(5) P(l)-C(33) 1.795(5)
P(2)-F(l) 1.430(5) P(2)-F(2) 1.545(5)
P(2)-F(3) 1.519(6) P(2)-F(4) 1.576(6)
P(2)-F(5) 1.514(6) P(2)-F(6) 1.516(5)
0(1)-C(1) 1.286(6) 0(2)-C(4) 1.288(6)
0(3)-C(6) 1.293(6) 0(4)-C(9) 1.277(6)

0(5)-C(19) 1.227(5) N (l)-C (ll) 1.502(6)
N(l)-C(12) 1.502(6) N(l)-C(13) 1.477(6)
C(l)-C(2) 1.498(8) C(l)-C(3) 1.388(8)
C(3)-C(4) 1.393(7) C(4)-C(5) 1.501(7)
C(6)-C (7) 1.490(7) C(6)-C(8) 1.393(7)
C(8)-C(9) 1.373(8) C(9)-C(10) 1.498(7)

C(13)-C(14) 1.392(7) C(13)-C(18) 1.381(6)
C(14)-C(15) 1.371(9) C(15)-C(16) 1.370(9)

non-
o f
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Table A.14.2 (cont): Interatomic distances (Ä) and angles (°) involving 
hydrogen atoms of the molecular structure of

cis-[Ru(acac)2(o-Me2NC6H4C(0)-CHPPh3) ][PP6] .

C(16)-C(l 7) 1.363(8) C(17)-C(18) 1.388(6)
C(18)-C(19) 1.494(6) C(19)-C(20) 1.459(6)
C(21)-C(22) 1.386(7) C(21)-C(26) 1.382(7)
C(22)-C(23) 1.381(7) C(23)-C(24) 1.362(9)
C(24)-C(25) 1.35(1) C(25)-C(26) 1.393(8)
C(27)-C(28) 1.370(7) C(27)-C(32) 1.382(7)
C(28)-C(29) 1.387(7) C(29)-C(30) 1.373(8)
C(30)-C(31) 1.352(9) C(31)-C(32) 1.379(8)
C(33)-C(34) 1.382(7) C(33)-C(38) 1.371(7)
C(34)-C(35) 1.384(7) C935)-C(36) 1.360(9)
C(36)-C(37) 1.34(1) C(37)-C(38) 1.386(9)

0(l)-R u(l)-0(2) 90.3(1) 0(l)-R u(l)-0(3) 88.1(1)
0(l)-R u(l)-0(4) 85.5(1) 0(1)-Ru(l)-N (l) 174.3(1)
O(l)-Ru(l)-C(20) 92.3(2) 0(2)-Ru(l)-0(3) 177.2(1)
0(2)-Ru(l)-0(4) 86.3(1) 0(2)-Ru(l)-N (l) 92.0(1)
O(2)-Ru(l)-C(20) 95.8(2) 0(3)-Ru(l)-0(4) 91.2(1)
0(3)-Ru(l)-N (l) 89.4(1) O(3)-Ru(l)-C(20) 86.6(2)
0(4)-Ru(l)-N (l) 89.4(1) O(4)-Ru(l)-C(20) 177.0(2)
N(l)-Ru(l)-C(20) 92.6(2) C(20)-P(l)-C(21) 108.4(2)
C(20)-P(l)-C(27) 108.4(2) C(20)-P(l)-C(33) 119.0(2)
C(21)-P(l)-C(27) 105.6(2) C(21)-P(l)-C(33) 106.1(2)
C(27)-P(l)-C(33) 108.6(2) F(l)-P(2)-F(2) 93.3(4)

F(l)-P(2)-F(3) 95.9(5) F(l)-P(2)-F(4) 179.3(5)
F(l)-P(2)-F(5) 90.6(5) F(l)-P(2)-F(6) 92.6(5)
F(2)-P(2)-F(3) 87.0(4) F(2)-P(2)-F(4) 86.0(4)
F(2)-P(2)-F(5) 175.9(4) F(2)-P(2)-F(6) 90.4(4)
F(3)-P(2)-F(4) 84.2(4) F(3)-P(2)-F(5) 93.5(4)
F(3)-P(2)-F(6) 171.2(4) F(4)-P(2)-F(5) 90.0(4)
F(4)-P(2)-F(6) 87.3(4) F(5)-P(2)-F(6) 88.6(4)

Ru(l)-0(1)-C(l) 122.5(3) Ru(l)-0(2)-C(4) 122.0(3)
Ru(l)-0(3)-C(6) 122.5(3) Ru(l)-0(4)-C(9) 121.7(3)

R u(l)-N (l)-C (ll) 107.1(3) Ru(l)-N(l)-C(12) 106.9(3)
Ru(l)-N(l)-C(13) 118.9(3) C(ll)-N(l)-C(12) 106.8(4)
C(ll)-N(l)-C(13) 106.6(4) C(12)-N(l)-C(13) 109.9(4)

0(1)-C(1)-C(2) 114.9(6) 0(1)-C(1)-C(3) 125.0(5)
C(2)-C(l)-C(3) 120.1(6) C(l)-C(3)-C(4) 125.5(5)

non-
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Table A.14.2 (cont): Interatomic distances (Ä) and angles (°) involving 
hydrogen atoms of the molecular structure of

cis-[Ru(acac)2(o-Me2NC6H4C(0)-CHPPh3) ][PP6] .

0(2)-C(4)-C(3) 125.4(5) 0(2)-C(4)-C(5) 114.9(5)
C(3)-C(4)-C(5) 119.7(5) 0(3)-C(6)-C (7) 114.2(5)
0(3)-C(6)-C(8) 125.8(5) C(7)-C(6)-C(8) 120.0(5)
C(6)-C(8)-C(9) 126.8(5) 0(4)-C(9)-C(8) 125.8(5)

O(4)-C(9)-C(10) 114.6(5) C(8)-C(9)-C(10) 119.6(5)
N(l)-C(13)-C(14) 120.8(5) N(l)-C(13)-C(18) 119.6(4)
C(14)-C(13)-C(18) 118.9(5) C(13)-C(14)-C(15) 120.2(6)
C(14)-C(15)-C(16) 121.0(6) C(15)-C(16)-C(17) 119.1(6)
C(16)-C(17)-C(18) 121.3(5) C(13)-C(18)-C(17) 119.5(5)
C(13)-C(18)-C(19) 123.8(4) C(17)-C(18)-C(19) 116.7(5)
0(5)-C(19)-C(18) 119.5(4) O(5)-C(19)-C(20) 123.8(5)
C(18)-C(19)-C(20) 116.5(4) Ru(l)-C(20)-P(l) 124.0(2)
Ru(l)-C(20)-C(19) 100.0(3) P(l)-C(20)-C(19) 111.5(3)
P(l)-C(21)-C(22) 118.7(4) P(l)-C(21)-C(26) 123.4(4)

C(22)-C(21)-C(26) 117.9(5) C(21)-C(22)-C(23) 121.4(5)
C (22) -C (23)-C (24) 118.9(6) C (23) -C (24) -C(25) 121.4(6)
C(24)-C(25)-C(26) 120.0(6) C(21)-C(26)-C(25) 120.2(6)
P(l)-C(27)-C(28) 121.5(4) P(l)-C(27)-C(32) 119.5(4)

C(28)-C(27)-C932) 118.9(5) C(27)-C(28)-C(29) 120.3(5)
C(28)-C(29)-C(30) 120.0(6) C(29)-C(30)-C(31) 120.0(6)
C(30)-C(31)-C(32) 120.4(6) C(27)-C(32)-C(31) 120.4(6)
P(l)-C(33)-C(34) 121.3(4) P(l)-C(33)-C(38) 119.2(4)

C(34)-C(33)-C(38) 118.9(5) C(33)-C(34)-C(35) 120.6(5)
C(34)-C(35)-C(36) 119.3(6) C(35)-C(36)-C(37) 120.8(7)
C(36)-C(37)-C(38) 120.8(7) C(33)-C(38)-C(37) 119.6(6)

non-
288
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T ab le  A .15.1: Crystallographic and refinement data for t r a n s - 
[Ru(acac)2(Ph2PC^CMe)2] .2CH2Cl2.

Crystal Data
Empirical Formula C42H4 4 CI4O4P2RU

Formula W eight 917.64
Crystal Colour, Habit orange, block
Crystal Dimensions 0 .2 0  x 0 .1 2  x 0 .1 0  mm

Crystal System triclinic
Lattice Type Prim itive

Lattice Parameters a = 10.247(1) Ä 
b = 11.045(3) A 
c = 11.720(2) A
a  = 117.21(2) 0 

P = 94.27(2) 0 

y = 107.61(1) 0 

V = 1088.3(5) A3
Space Group P 7  (#2)

Z value 1

D c a lc 1.400 g /c m 3

Fooo 470.00
ji(MoKa) 63.16 cm ' 1

Intensity Measurements
diffractometer Rigaku AFC6 R

Radiation CuKa (A. = 1.54178 A) 
graphite monochromated

Take-off Angle 6 .0 °
Detector Aperture 7.0 mm horizontal 

7.0 mm vertical
Crystal to Detector Distance 400 mm

Voltage, Current 180kV, 50mA
Tem perature -80.0 °C

Scan Type (0-26
Scan Rate 32.0°/m in  (in c o )  (up to 4 scans)

Scan W idth (1.42 + 0.30 tan 6 )

2 6 m ax 1 2 0 .0 °
No. of Reflections Measured Total: 3425

Unique: 3241 (Ri n t  = 0.039)
Corrections Lorentz-polarization Absorption 

(trans. factors: 0.4566 - 0.6079)
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T able A .15.1 (cont): Crystallographic and refinement data for trans-
[Ru(acac)2(Ph2PC^CMe)2].2CH2Cl2.

Structure Solution and Refinem ent
Structure Solution 

R efinem ent 
Function Minimized 
Least Squares Weights 

p-factor
Anamalous Dispersion 

No. Observations (I>2.0o(I)) 
No. of variables 

Reflection/Param eter Rotation 
Residuals: R; Rw 

Goodness of Fit Indicator 
Max Shift/Error in Final Cycle 
Max peak in Final Diff. Map 
Min peak in Final Diff Map

Direct Methods (SIR92) 
Full-Matrix least squares 

Zw( I Fo I - | Fc | )2 
w = [oc2(Fo) + 0.25p2Fo2]-1 

0.020
All non-hydrogen atoms 

3026 
307 
9.86

0.028; 0.035 
1.63 
0.04

0.49 r /Ä 3
-0.43 6 T / Ä 3

T able  A .15.2: Interatomic distances (Ä) and angles (°) involving non-
hydrogen atoms of  the molecular s truc ture of t r a n s -
[Ru(acac)2(Ph2PC^CMe2)].2CHzCl2.

Ru(l)-P(l) 2.3330(7) Ru(l)-0(1) 2.060(2)
Ru(l)-0(2) 2.063(2)
CL(1)-C(21) 1.739(5) Cl(2)-C(21) 1.742(5)

P(l)-C(6) 1.760(3) P(l)-C(9) 1.835(3)
P(l)-C(15) 1.827(3) 0(1)-C(2) 1.281(3)
0(2)-C(4) 1.277(3) C(l)-C(2) 1.502(4)
C(2)-C(3) 1.388(4) C(3)-C(4) 1.393(4)
C(4)-C(5) 1.511(4) C(6)-C (7) 1.185(4)
C(7)-C(8) 1.458(5) C(9)-C(10) 1.376(4)

C(9)-C(14) 1.392(4) C(10)-C(ll) 1.404(5)
C(ll)-C(12) 1.372(7) C(12)-C(13) 1.356(6)
C(13)-C(14) 1.388(5) C(15)-C(16) 1.378(4)
C(15)-C(20) 1.402(4) C(16)-C(17) 1.375(5)
C(17)-C(18) 1.382(7) C(18)-C(19) 1.368(7)
C(19)-C(20) 1.391(5)

P(l)-Ru(l)-P(l)a 180.0 P(l)-Ru(l)-0(1) 88.73(6)
P(l)-R u(l)-0(l)a 91.27(6) P(l)-Ru(l)-0(2) 90.22(6)
P(l)-Ru(l)-0(2)a 89.78(6) 0 (l)-R u (l)-0 (l)a 180.0
0(l)-R u(l)-0(2) 93.34(7) 0(l)-R u(l)-0 (2)a 86.66(7)

0(2)-Ru(l)-0(2)a 180.0 Ru(l)-P(l)-C(6) 114.8(1)
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Table A.15.2 (cont): Interatomic distances (A) and angles (°) involving non­
hydrogen atoms of the molecular structure of trans-
[Ru(acac)2(Ph2PC^CMe2) ].2CH2Cl2.

Ru(l)-P(l)-C(9) 113.34(9) Ru(l)-P(l)-C(15) 117.7(1)
C(6)-P(l)-C(9) 102.6(1) C(6)-P(l)-C(15) 103.1(1)

C(9)-P(l)-C(15) 103.5(1) Ru(l)-0(1)-C(2) 122.2(2)
Ru(l)-0(2)-C(4) 121.2(2) 0(1)-C(2)-C(1) 114.9(3)
0(1)-C(2)-C(3) 126.1(3) C(l)-C(2)-C(3) 119.0(3)
C(2)-C(3)-C(4) 128.7(3) 0(2)-C(4)-C(3) 127.2(3)
0(2)-C(4)-C(5) 114.0(3) C(3)-C(4)-C(5) 118.7(3)
P(l)-C(6)-C(7) 174.5(3) C(6)-C(7)-C98) 179.6(4)

P(l)-C(9)-C(10) 121.1(3) P(l)-C(9)-C(14) 119.3(2)
C(10)-C(9)-C(14) 119.4(3) C(9)-C(10)-C(ll) 119.8(4)

C(100-C(ll)-C(12) 119.7(4) C(ll)-C(12)-C(13) 120.9(4)
C(12)-C(13)-C(14) 120.2(4) C(9)-C(14)-C(13) 120.0(4)
P(l)-C(15)-C(16) 118.3(2) P(l)-C(15)-C(20) 122.3(3)

C916)-C915)-C(20) 119.3(3) C(15)-C(16)-C(17) 120.8(4)
C(16)-C(17)-C(18) 120.1(4) C(17)-C(18)-C(19) 119.9(4)
C(18)-C919)-C(20) 120.8(4) C(15)-C(20)-C(19) 119.1(4)
C1(1)-C(21)-C1(2) 112.5(2)

T ab le  A .16.1: Crystallographic and refinement data for
[Ru(acac)2(Ph2PCsCMe)2].0.5CH2Cl2.

Crystal Data
Empirical Formula 
Formula Weight 

Crystal Colour, Habit 
Crystal Dimensions 

Crystal System 
Lattice Type 

Lattice Parameters

Space Group 
Z value 

Dcalc 

F O O O
p(MoKa)

C81H82CI2O8P4RU2

1580.48
yellow, hexagonal prism 

0.52 x 0.24 x 0.16 mm 
triclinic

Prim itive 
a = 16.417(4) A 
b = 16.469(6) A 
c = 18.975(4) Ä
a  = 65.46(2) 0 
P = 66.17(2) 0 
y=  60.76(2) 0 

V = 60.76(2) A3
P T(#2)

2
1.340 g/cm 3 

1628.00 
5.88 cm '1
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T able A.16.1 (cont): Crystallographic and refinement data for cis- 
[Ru(acac)2(Ph2PC^CMe)2l0.5CH2Cl2.

Intensity M easurem ents
diffractometer Rigaku AFC6S

Radiation CuKa (Ä. = 0.71069 Ä)
graphite monochromated

Take-off Angle 
Detector Aperture

Crystal to Detector Distance 
Voltage, Current 

Temperature 
Scan Type 
Scan Rate 

Scan Width 
2 0 m a x

No. of Reflections Measured 

Corrections

6 . 0 °

5.0 mm horizontal
4.0 mm vertical

200 mm 
50kV, 30mA

23.0 °C 
c0-26

8.0°/min (in coi) (up to 4 scans) 
(1.10 + 0.34 tan 6)

55.1 °
Total: 18715

Unique: 18081 (R int = 0.030) 
Lorentz-polarization Absorption 

(trans. factors: 0.8823 - 0.9179) 
Decay (11.82% decline)

Structure Solu tion  and R efinem ent
Structure Solution 

Refinement 
Function Minimized 
Least Squares Weights 

p-factor
Anamalous Dispersion 

No. Observations (I>2.0o(I)) 
No. of variables 

Reflection/Parameter Rotation 
Residuals: R; Rw 

Goodness of Fit Indicator 
Max Shift/Error in Final Cycle 
Max peak in Final Diff. Map 
Min peak in Final Diff Map

Direct Methods (SIR92) 
Full-Matrix least squares 

Xzt>( I Fo I - I Fc I )2 
w = [oc2(Fo) + 0.25p2Fo2]-1 

0.0200
All non-hydrogen atoms 

9045 
876 

10.33
0.042; 0.044 

1.54 
0.03

0.70 r/Ä 3
-0.54 e~ /k3
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Table A.16.2: Interatomic distances (Ä) and angles (°) involving 
hydrogen atoms of the molecular structures of
[Ru(acac)2(Ph2PC^ZMe)2].0.5CH2Cl2-

Ru(i)-P(i) 2.249(1) Ru(l)-P(2) 2.265(1)
Ru(l)-0(1) 2.063(3) Ru(l)-0(2) 2.088(3)
Ru(l)-0(3) 2.059(3) Ru(l)-0(4) 2.098(3)
Ru(2)-P(3) 2.259(1) Ru(2)-P(4) 2.254(2)
Ru(2)-0(5) 2.056(3) Ru(2)-0(6) 2.095(3)
Ru(2)-0(7) 2.069(3) Ru(2)-0(8) 2.104(4)
Cl(l)-C(81) 1.687(8) Cl(21)-C(81) 1.621(8)
P(l)-C(ll) 1.768(5)
P(l)-C(14) 1.834(5) P(l)-C(20) 1.831(5)
P(2)-C(26) 1.770(5) P(2)-C(29) 1.840(5)
P(2)-C(35) 1.840(5) P(3)-C(54) 1.840(6)
P93)-C(60) 1.846(6) P(3)-C(511) 1.77(1)
P(3)-C(512) 1.79(2) P(4)-C(66) 1.770(5)
P(4)-C(69) 1.842(5) P(4)-C(75) 1.835(5)
0(1)-C(2) 1.282(6) 0(2)-C(4) 1.249(6)
093)-C (7) 1.271(5) 0(4)-C(9) 1.271(5)
0(5)-C(42) 1.267(5) 0(6)-C(44) 1.268(6)
0(7)-C(47) 1.265(6) 0(8)-C(49) 1.254(6)
C(l)-C(2) 1.511(7) C(2)-C(3) 1.390(8)
C(3)-C(4) 1.398(8) C(4)-C(5) 1.507(8)
C(6)-C (7) 1.510(7) C(7)-C(8) 1.382(7)
C(8)-C(9) 1.387(7) C(9)-C(10) 1.514(7)

C(ll)-C(12) 1.183(6) C(12)-C(13) 1.458(7)
C(14)-C(15) 1.386(7) C(14)-C(19) 1.381(7)
C(15)-C(16) 1.394(7) C(16)-C(17) 1.372(8)
C(17)-C(18) 1.354(8) C(18)-C(19) 1.375(7)
C(20)-C(21) 1.38797) C(20)-C(25) 1.373(7)
C(21)-C(22) 1.387(8) C(22)-C(23) 1.372(9)
C(23)-C(24) 1.355(9) C(24)-C(25) 1.379(7)
C(26)-C(27) 1.180(6) C(27)-C(28) 1.470(7)
C(29)-C(30) 1.386(7) C(29)-C(34) 1.385(7)
C(30)-C(31) 1.376(8) C(31)-C(32) 1.362(9)
C(32)-C(33) 1.354(9) C(33)-C(34) 1.383(8)
C(35)-C(36) 1.391(6) C(35)-C(40) 1.379(6)
C(36)-C(37) 1.381(7) C(37)-C(38) 1.365(7)
C(38)-C(39) 1.366(7) C(39)-C(40) 1.379(7)
C(41)-C(42) 1.501(7) C(42)-C(43) 1.388(7)
C(43)-C(44) 1.390(7) C(44)-C(45) 1.510(7)

293

non- 
c i s  -
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Table A.16.2 (cont): Interatomic distances (Ä) and angles (°) involving
hydrogen atoms of  the molecular s t ru c tu re of
[[Ru(acac)2(Ph2PC^CMe)2].0.5CH2Cl2.

C(46)-C(4 7) 1.515(7) C(47)-C(48) 1.383(8)
C(48)-C(49) 1.402(8) C(49)-C(50) 1.504(8)
C(54)-C(55) 1.365(8) C(54)-C(59) 1.394(7)
C(55)-C(56) 1.395(8) C(56)-C(57) 1.344(9)
C(57)-C(58) 1.35(1) C(58)-C(59) 1.385(9)
C(60)-C(61) 1.377(8) C(60)-C(65) 1.391(8)
C(61)-C(62) 1.390(8) C(62)-C(32) 1.37(1)
C(63)-C(64) 1.35(1) C(64)-C(65) 1.383(9)
C(66)-C(67) 1.177(6) C(67)-C(68) 1.450(7)
C(69)-C(70) 1.388(7) C(69)-C(74) 1.379(7)
C(70)-C(71) 1.381(7) C(71)-C(72) 1.372(8)
C(72)-C(73) 1.362(8) C(73)-C(74) 1.377(7)
C(75)-C(76) 1.374(7) C(75)-C(80) 1.375(7)
C(76)-C(77) 1.390(8) C(77)-C(78) 1.351(9)
C(78)-C(79) 1.351(8) C(79)-C(80) 1.382(7)

C(511)-C(521) 1.18(2) C(512)-C(522) 1.20(2)
C(521)-C(531) 1.53(2) C(522)-C(532) 1.53(2)

P(l)-Ru(l)-P(2) 94.20(5) P(l)-Ru(l)-0(1) 91.3(1)
P(l)-Ru(l)-0(2) 174.3(1) P(l)-Ru(l)-0(3) 93.5(1)
P(l)-Ru(l)-0(4) 90.1(1) P(2)-Ru(l)-0(1) 89.91(9)
P(2)-Ru(l)-0(2) 91.0(1) P(2)-Ru(l)-0(3) 92.82(9)
P(2)-Ru(l)-0(4) 174.2(1) 0(l)-R u(l)-0(2) 91.2(1)
0(l)-R u(l)-0(3) 174.3(1) 0(l)-R u(l)-0(4) 86.0(1)
0(2)-Ru(l)-0(3) 83.8(1) 0(2)-Ru(l)-0(4) 85.0(1)
0(3)-Ru(l)-0(4) 90.9(1) P(3)-Ru(2)-P(4) 94.30(5)
P(3)-Ru(2)-0(5) 90.6(1) P(3)-Ru(2)-0(6) 176.8(1)
P(3)-Ru(2)-0(7) 92.0(1) P(3)-Ru(2)-0(8) 92.6(1)
P(4)-Ru(2)-0(5) 92.4(1) P(4)-Ru(2)-0(6) 88.8(1)
P(4)-Ru(2)-0(7) 91.8(1) P(4)-Ru(2)-0(8) 172.8(1)
0(5)-Ru(2)-0(6) 90.0(1) 095)-Ru(2)-0(7) 174.9(1)
095)-Ru(2)-0(8) 85.5(1) 0(6)-Ru(2)-0(7) 87.2(1)
0(6)-Ru(2)-0(8) 84.3(1) 0(7)-Ru(2)-0(8) 89.9(1)
Ru(l)-P(l)-C(ll) 115.6(2)
Ru(l)-P(l)-C(14) 116.5(2) Ru(l)-P(l)-C(20) 118.0(2)
C(ll)-P(l)-C(14) 100.9(2) C(ll)-P(l)-C(20) 102.3(2)
C(14)-P(l)-C(20) 100.8(2) Ru(l)-P(2)-C(26) 115.4(2)
Ru(l)-P(2)-C(29) 114.4(2) Ru(l)-P(2)-C(35) 121.0(2)
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Table A.16.2 (cont): Interatomic distances (A) and angles (°) involving
hydrogen atoms of the molecular structure ° f
[Ru(acac)2(Ph2PC^CMe)210.5CH2Cl2.
C(26)-P(2)-C(29) 108.2(2) C(26)-P(2)-C(35) 102.3(2)
C(29)-P(2)-C(35) 100.0(2) Ru(2)-P(3)-C(54) 115.5(2)
Ru(2)-P(3)-C(60) 118.7(2) Ru(2)-P(3)-C(511) 116.6(4)
Ru(2)-P(3)-C(512) 115.4(5) C(54)-P(3)-C(60) 100.6(2)
C(54)-P(3)-C(511) 93.5(6) C(54)-P(3)-C(512) 108.1(6)
C(60)-P(3)-C(511) 108.1(6) C(60)-P(3)-C(512) 95.9(6)
Ru(2)-P(4)-C(66) 115.8(2)
Ru(2)-P(4)-C(69) 115.0(2) Ru(2)-P(4)-C(75) 120.6(2)
C(66)-P(4)-C(69) 101.6(2) C(66)-P(4)-C(75) 1007.(2)
C(69)-P(4)-C(75) 100.2(2) Ru(l)-0(1)-C(2) 122.0(4)
Ru(l)-0(2)-C(4) 123.3(4) Ru(l)-0(3)-C(7) 124.2(3)
Ru(l)-0(4)-C(9) 122.5(3) Ru(2)-0(5)-C(42) 124.3(3)
Ru(2)-0(6)-C(44) 122.5(3) Ru(2)-0(7)-C(47) 123.5(4)
Ru(2)-0(8)-C(49) 123.8(4) 0(1)-C(2)-C(1) 113.5(6)

0(1)-C(2)-C(3) 127.0(5) C(l)-C(2)-C(3) 119.5(6)
C(2)-C(3)-C(4) 127.8(5) 0(2)-C(4)-C(3) 126.0(5)
0(2)-C(4)-C(5) 115.8(6) C(3)-C(4)-C(5) 118.2(6)
0(3)-C(7)-C(6) 113.9(5) 0(3)-C(7)-C(8) 126.6(5)
C(6)-C(7)-C(8) 119.5(5) C(7)-C(8)-C(9) 127.8(5)
094)-C(9)-C(8) 126.9(5) O(4)-C(9)-C(10) 114.5(5)
C(8)-C(9)-C(10) 118.5(5) P(l)-C(ll)-C(12) 175.8(5)

C(ll)-C(12)-C(13) 178.8(6) P(l)-C(14)-C(15) 119.3(4)
P(l)-C(14)-C(19) 121.9(4) C(15)-C(14)-C(19) 118.6(5)

C(14)-C(15)-C(16) 119.2(5) C(15)-C(16)-C(17) 121.4(6)
C(16)-C(17)-C(18) 118.9(6) C(17)-C918)-C(19) 121.1(6)
C(14)-C(19)-C(18) 120.9(6) P(l)-C(20)-C(21) 119.2(4)
P(l)-C(20)-C(25) 122.2(4) C(21)-C(20)-C(25) 118.4(5)

C(20)-C(21)-C(22) 120.1(6) C(21)-C(22)-C(23) 119.9(6)
C(22)-C(23)-C(24) 120.5(6) C(23)-C(24)-C(25) 119.8(6)
C(20)-C(25)-C(24) 121.3(6) P(2)-C(26)-C(27) 176.4(5)
C(26)-C(27)-C(28) 178.9(6) P(2)-C(29)-C(30) 118.1(4)
P(2)-C(29)-C(34) 123.4(4) C(30)-C(29)-C(34) 118.5(5)

C(29)-C(30)-C(31) 120.0(6) C(30)-C(31)-C(32) 120.8(7)
C(31)-C(32)-C(33) 119.8(7) C(32)-C(33)-C(34) 120.6(6)
C(29)-C(34)-C(33) 120.2(6) P(2)-C(35)-C(36) 118.6(4)
P(2)-C(35)-C(40) 122.6(4) C(36)-C(35)-C(40) 118.7(5)

C(35)-C(36)-C(37) 120.2(5) C(36)-C(37)-C(38) 120.2(5)
C(37)-C(38)-C(39) 120.2(5) C(38)-C(39)-C(40) 120.2(5)
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Table A.16.2 (cont): Interatomic distances (A) and angles (°) involving
hydrogen atoms of the
[Ru(acac)2(Ph2PCsCMe)2].0.5CH2Cl2.

molecular structure

C(35)-C(40)-C(39) 120.5(5) 0(5)-C(42)-C(41) 114.2(5)
0(5)-C(42)-C(43) 126.2(5) C(41)-C(42)-C(43) 119.6(5)
C(42)-C(43)-C(44) 127.4(5) 0(6)-C(44)-C(43) 126.3(5)
0(6)-C(44)-C(45) 115.0(5) C(43)-C(44)-C(45) 118.7(5)
0(7)-C(47)-C(46) 113.4(6) 0(7)-C(47)-C(48) 127.7(5)
C(46)-C(47)-C(48) 118.9(6) C(47)-C(48)-C(49) 127.0(5)
0(8)-C(49)-C(48) 126.0(6) O(8)-C(49)-C(50) 115.5(6)
C(48)-C(49)-C(50) 118.5(5) P(3)-C(54)-C(55) 119.3(4)
P(3)-C(54)-C(59) 122.4(5) C(55)-C(54)-C(59) 118.3(6)

C(54)-C(55)-C(56) 120.5(6) C(55)-C(56)-C(57) 120.2(7)
C(56)-C(57)-C(58) 120.7(7) C(57)-C(58)-C(59) 120.1(7)
C(54)-C(59)-C(58) 120.2(7) P(3)-C(60)-C(61) 117.5(5)
P(3)-C(60)-C(65) 124.1(5) C(61)-C(60)-C(65) 118.4(6)

C(60)-C(61)-C(62) 119.9(7) C(61)-C(62)~C(63) 120.9(8)
C(62)-C(63)-C(64) 119.4(8) C(63)-C(64)-C(65) 120.9(8)
C(60)-C(65)-C(64) 120.4(7) P(4)-C(66)-C(67) 177.2(5)
C(66)-C(67)-C(68) 179.4(7) P(4)-C(69)-C(70) 119.0(4)
P(4)-C(69)-C(74) 122.4(4) C(70)-C(69)-C(74) 118.6(5)

C(69)-C(70)-C(71) 120.4(5) C(70)-C(71)-C(72) 119.9(6)
C(71)-C(72)-C(73) 120.2(6) C(72)-C(73)-C(74) 120.2(6)
C(69)-C(74)-C(73) 120.7(5) P(4)-C(75)-C(76) 119.3(4)
P(4)-C(75)-C(80) 122.3(4) C(76)-C(75)-C(80) 118.2(5)

C(75)-C(76)-C(77) 120.2(6) C(76)-C(77)-C(78) 120.2(7)
C(77)-C(78)-C(79) 120.5(6) C(78)-C(79)-C(80) 119.9(6)
C(75)-C(80)-C(79) 121.0(6) C1(1)-C(81)-C1(2) 117.2(5)
P(3)-C(511)-C(521) 173(1) P(3)-C(512)-C(522) 173(2)

C(511)-C(521 )- 
C(531)

177(2) C(512)-C(522)-
C(532)

180(2)

non- 
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Table  A . 1 7 .1 : Crystallographic and refinement data for t r a n s - 
[Ru(acac)2(Ph2PC=CMe)2][PF6].2CH2Cl2'

Crystal Data
Empirical Formula C42H44CI4F6O4P3RU

Formula W eight 1062.60
Crystal Colour, Habit green, rhomboid
Crystal Dimensions 0.08 x 0.07 x 0.07 mm

Crystal System triclinic
Lattice Type Prim itive

Omega Scan Peak W idth at 0.29°
Half-Height

Lattice Parameters a = 9.7900(9) Ä 
b = 11.1192(8) Ä 
c = 11.1518(9) A
a  = 104.946(6) 0 
P = 93.248(7) 0 
y =  97.520(7) 0 

V = 1157.6(2) Ä3
Space Group P T (#2)

Z value 1
Dcalc 1.524 g /cm 3
Fooo 539.00

jx(MoKa) 64.07 cm '1
Intensity Measurements

diffractometer Rigaku AFC6R
Radiation CuKa (X = 1.54178 Ä) 

graphite monochromated
Take-off Angle 6.0°

Detector Aperture 7.0 mm horizontal 
7.0 mm vertical

Crystal to Detector Distance 400 mm
Voltage, Current 180kV, 50mA

Tem perature -80.0 °C
Scan Type co-26
Scan Rate 32.0°/m in  (in co) (up to 4 scans)

Scan W idth (1.30 + 0.30 tan 6)
20max 120.1 0

No. of Reflections Measured Total: 3678
Unique: 3443 (Rjnt = 0.031)

Corrections Lorentz-polarization Absorption 
(trans. factors: 0.5183 - 0.7.467) 

Decay (2.62% decline)
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Table A.17.1 (cont): Crystallographic and refinement data for trans- 
[Ru(acac)2(Ph2PC^CMe)2)][PF6].2CH2Cl2.

Structure Solution and Refinement
Structure Solution 

Refinement 
Function Minimized 
Least Squares Weights 

p-factor
Anamalous Dispersion 

No. Observations (I>2.0o(I)) 
No. of variables 

Reflection/Parameter Rotation 
Residuals: R; Rw 

Goodness of Fit Indicator 
Max Shift/Error in Final Cycle 
Max peak in Final Diff. Map 
Min peak in Final Diff Map

Direct Methods (SIR92) 
Full-Matrix least squares 

Iw( I Fo I - I Fc I )2 
w =  [gc2(Fo) + 0.25p2Fo2H 

0.020
All non-hydrogen atoms 

2737 
340 
8.05

0.036; 0.041 
1.36 
0.09

0.55 fr/Ä 3
-0.46 e~/A3

298

Table A.17.2: Interatomic distances (Ä) and angles (°) involving non­
hydrogen atoms of the molecular s truc tu res  of t r an  s -
[Ru(acac)2(Ph2PC^CMe)2)][PF6]-2CH2Cl2.

Ru(l)-P(l) 2.393(1) Ru(l)-0(1) 2.011(3)
Ru(l)-0(2) 2.003(3) Cl(l)-C(21) 1.756(6)
Cl(2)-C(21) 1.760(6) P(l)-C(6) 1.753(5)
P(l)-C(9) 1.826(4) P(l)-C(15) 1.816(4)
P(2)-F(l) 1.595(3) P(2)-F(2) 1.597(3)
P(2)-F(3) 1.597(3) 0(1)-C(2) 1.280(5)
0(2)-C(4) 1.281(5) C(l)-C(2) 1.503(6)
C(2)-C(3) 1.394(6) C(3)-C(4) 1.403(6)
C(4)-C(5) 1.490(6) C(6)-C(7) 1.185(6)
C(7)-C(8) 1.451(7) C(9)-C(10) 1.395(6)
C(9)-C(14) 1.388(6) C(10)-C(ll) 1.372(7)

C(ll)-C(12) 1.378(8) C(12)-C(13) 1.374(8)
C(13)-C(14) 1.381(7) C(15)-C(16) 1.395(6)
C(15)-C(20) 1.400(6) C(16)-C(17) 1.383(6)
C(17)-C(18) 1.369(7) C(18)-C(19) 1.371(8)
C(19)-C(20) 1.376(7)

P(l)-Ru(l)-P(l)a 180.0 P(l)-Ru(l)-0(1) 89.64(8)
P(l)-R u(l)-0(l)a 90.36(8) P(l)-Ru(l)-0(2) 88.88(9)
P(l)-Ru(l)-0(2)a 91.12(9) 0 (l)-R u (l)-0 (l)a 180.0
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Table A.17.2 (cont): Interatomic distances (Ä) and angles (°) involving non­
hydrogen atoms of the molecular s truc ture  of t r an  s - 
[Ru(acac)2(Ph2PC^CMe)2)][PF6].2CH2Cl2.

0(l)-R u(l)-0(2) 90.3(1) 0 (l)-R u(l)-0 (2 )a 89.7(1)
0(2)-Ru(l)-0(2)a 180.0 Ru(1)-P(1)-C(6) 114.6(2)
Ru(1)-P(1)-C(9) 113.1(1) Ru(l)-P(l)-C(15) 113.8(1)
C(6)-P(l)-C(9) 103.2(2) C(6)-P(l)-C(15) 104.7(2)

C(9)-P(l)-C(15) 106.4(2) F(l)-P(2)-F(l)a 180.0
F(l)-P(2)-F(2) 89.4(2) F(l)-P(2)-F(2)a 90.6(2)
F(l)-P(2)-F(3) 89.9(2) F(l)-P(2)-F(3)a 90.1(2)

F(2)-P(2)-F(2)a 180.0 F(2)-P(2)-F(3) 89.5(2)
F(2)-P(2)-F(3)a 90.5(2) F(3)-P(2)-F(3)a 180.0
Ru(l)-0(1)-C(2) 122.9(3) Ru(l)-0(2)-C(4) 124.2(3)
0(1)-C(2)-C(1) 114.8(4) 0(1)-C(2)-C(3) 125.5(4)
C(l)-C(2)-C(3) 119.6(4) C(2)-C(3)-C(4) 125.8(4)
0(2)-C(4)-C(3) 124.3(4) 0(2)-C(4)-C(5) 115.2(4)
C(3)-C(4)-C(5) 120.4(4) P(l)-C(6)-C(7) 178.9(5)
C(6)-C(7)-C(8) 179.3(6) P(l)-C(9)-C(10) 119.4(4)
P(l)-C(9)-C(14) 121.9(4) C(10)-C(9)-C(14) 118.6(4)

C(9)-C(10)-C(ll) 120.6(5) C(10)-C(ll)-C(12) 120.2(5)
C(ll)-C(12)-C(13) 120.0(5) C(12)-C(13)-C(14) 120.3(5)
C(9)-C(14)-C(13) 120.4(5) P(l)-C915)-C(16) 118.1(3)
P(l)-C(15)-C(20) 122.6(4) C(16)-C(15)-C(20) 119.3(4)
C(15)-C(16)-C(17) 120.0(4) C(16)-C(17)-C(18) 120.1(5)
C(17)-C(18)-C(19) 120.2(5) C(18)-C(19)-C(20) 121.1(5)
C(15)-C(20)-C(19) 119.2(5) C1(1)-C(21)-C1(2) 110.9(3)

a) Atom generated by the symmetry operation (1-x, 1-y, 1-z)


