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Structure, Property and Reactivity Relations in Organometallic
Aqua-Complexes of Ruthenium (II)
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Abstract

The aqua complexes [Ru(dppe)(C0 )(H20 )3](X) (X = OSO2CF3 (5a), BF4 (5b), SbF6
(5c) and N(SC>2CF3)2 (5d)) have been successfully synthesised from the corresponding
silver (I) salts with [Ru(dppe)(CO)2Cl2] in the presence of trace amounts of water.
When the same reaction was carried out employing AgNC>3, the product was not an
aqua complex but the bis-nitrate complex [Ru(dppe)(C0 )(N 03 )2] (13). This complex
reacts readily with carbon monoxide yielding [Ru(dppe)(C0 )2(N 03 )2] (14). The
differences in water-solubility exhibited between complexes 5a-5d prompted the study
of their behaviour in solution by means of PGSE (pulsed-gradient spin echo) NMR
experiments in an attempt to elucidate whether the aforementioned differences in
solubility arise due to interactions between the cation and anions in solution.

The successful synthesis of the aqua-complexes 5a-5d led us to pursue the synthesis of
an analogous series of complexes by variation of the bidentate phosphine associated
with the ruthenium (II) metal centre. The use of tBu 2PCH2CH2PtBu2 (d*bpe) resulted in
the successful synthesis of the aqua complex [Ru(dtbpe)(C 0 )(H 20 )3](0 S0 2 CF3)2 (22 ).
The reactivity of this complex towards a series of substrates L (L = CH3CN, Me2SO)
was studied and resulted in the synthesis of [Ru(dtbpe)(C 0 )(CH 3CN)3](0 SO2CF3) (24)
and [Ru(dtbpe)(C 0 )(Me2S0 ) 3](0 S02 CF3) (25). The activity of this complex in the
water-gas shift cycle was also explored and reaction of 22 with carbon monoxide led to
the characterisation of [Ru(dtbpe)(C0 )3H](0 S02 CF3) (26).

The coordinatively unsaturated complex [Ru(dtbpe)(CO)Cl2] (16) was obtained by
exposure of a solid sample of an isomeric mixture of [Ru(dtbpe)(CO)2Cl2] (15a, 15b)
to vaccum at 120° C over the course of 36 hours. It was found that a CD2CI2 solution
of 16 degraded over the course of several hours yielding [ {Ru(dtbpe)(CO)}2(11Cl)3][Ru(dtbpe)(CO)Cl3] (17). The reactivity of 16 toward a series of substrates (L =

iii

CH3CN, H2O) has been explored resulting in the synthesis of
[Ru(dlbpe)(CO)(CH 3CN)Cl2] (18) and [Ru(d‘bpe)(C 0 )(H20 )Cl2] (19).

Reaction of [Ru(CO)2Cl2]n with Et2PCH 2CH2PEt2 in EtOH under a gentle stream of
CO resulted in the successful synthesis of fra/2s-(Cl)2-[Ru(depe)(CO)2Cl2] (27). The
reactivity of this complex towards Ag 0 S02 CF3 was studied and resulted in the
spectroscopic characterisation of [Ru(depe)(C0 )2(0 S02 CF 3)2] (28). Complex 28 reacts
with H 2O over the course of several weeks yielding a series of aqua-complexes which
have not been fully identified.

Abbreviations
‘Bu
Bpy
B A //
Me2bpy
AgOTf
OTf
d‘bpe
d'ppe
depe
dppe
DMSO
Me
Tol
Tos
TPPTS
R
Ph
Cp
Cp*
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2 ,2 ’-bipyridyl
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l, 2 -bis(diphenylphosphino)ethane
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Toluene
/7-toluenesulfonate
Triphenylphosphinetrisulfonate
Generic alkyl substituent
Phenyl
Cyclopentadienyl
Pentamethylcyclopentadienyl

ROMP
PGSE
WGSR
NMR
5
ppm
J
Hz
IR
cm*1

Ring Opening Methathesis Polymerisation
Pulsed-field gradient spin echo
Water-Gas-Shift Reaction
Nuclear Magnetic Resonance
Chemical Shift
Parts per million
Coupling constant
Hertz
Infra-Red
Frequency
Wavenumbers

h
min
mol
mmol
g
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mL
pL
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moles
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Complex Numbering Scheme
[Ru(dppe)(CO)2Cl2] (1)
[Ru(dppe)(C0)2(0 S 0 2CF3)2] (2)
[Ru(dppe)(C0)(H 20 ) (0 S 0 2CF3)2] (3)
[Ru(dppe)(C0)(H 20 ) 2(0 S 0 2CF3)](0 S 0 2CF3) (4)
[Ru(dppe)(C0)(H 20 ) 3](0 S 0 2CF3)2 (5a)
[Ru(dppe)(C0)(H 20 ) 3](BF4)2 (5b)
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[Ru(dppe)(C0)(H 20 ) 3][N(S0 2CF3)2]2 (5d)
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[Ru(dppe)(C0)3H ](0 S 0 2CF3) (12)
[Ru(dppe)(C0)(N03)2] (13)
[Ru(dppe)(C0)2(N 03)2] (14)
all cz>[Ru(dtbpe)(CO)2Cl2] (15a)
^a«j-(CO) 2-[Ru(dtbpe)(CO)2Cl2] (15b)
[Ru(dtbpe)(CO)Cl2] (16)
[ (Ru(dtbpe)(CO)}2(p-Cl)3] [Ru(dtbpe)(CO)Cl3] (17)
[Ru(dtbpe)(CO)(CH 3CN)Cl2] (18)
[Ru(dtbpe)(C0)(H 20)C l2] (19)
[{Ru(dtbpe)(C0)} 2(p -0 S 0 2CF3)(p-Cl)2](0 S 0 2CF3) (20)
[Ru(dtbpe)(C0) 2(0 S 0 2CF3)2] (21)
[Ru(dtbpe)(C0)(H 20 ) 3](0 S 0 2CF3)2 (22)
[Ru(dtbpe)(C0)(H 20 ) 2(0 S 0 2CF3)](0 S 0 2CF3) (23)
[Ru(dtbpe)(C0)(CH 3CN)3](0 S 0 2CF 3)2 (24)
[Ru(dtbpe)(C0)(Me2S 0 ) 3](0 S 0 2CF3)2 (25)
[Ru(dtbpe)(C0) 3H ](0 S 0 2CF3) (26)
^fl« 5-(Cl)2-[Ru(depe)(CO)2Cl2] (27)
rrfl«5-(0 S0 2CF3)2-[Ru(depe)(C0 )2(0 S0 2CF3)2] (28)
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Introduction to Organometallic Aqua Chemistry

CHAPTER 1:
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Chapter 1

Introduction to Organometallic Aqua Chemistry

1.1 Preface
Organometallic chemistry has long been limited to non-aqueous media due to the
notorious reactivity of most organometallics with water. Synthetic chemists have
employed the most stringent of measures in order to avoid even trace amounts of
moisture in the presence of organometallic complexes with varying degrees of success.
While this approach has yielded phenomenal results in many areas it has meant that
two fundamental aspects of organometallic chemistry have been left largely
unexplored: the chemistry of organometallic complexes in aqueous solution, and the
chemistry o f organometallic complexes bearing water as a ligand. Both of these areas,
and the overlap between them, are worthy of study due to the significant ecological
and economical advantages water has to offer over most common solvents. Water is
readily abundant and non-toxic, therefore its use as a solvent in catalytic processes can
lower production costs as well as minimise any potential hazards derived from solvent
toxicity. While water has been employed in a series of catalytic processes involving
water-soluble organometallics, aqueous organometallic chemistry still remains a
relatively new field.

1.2 Synthesis of water-soluble organometallic complexes
1.2.1 Synthesis of water-soluble organometallic complexes by using hydrophilic
ligands

There are two main approaches towards synthesising water-soluble organometallic
complexes. The first of these strategies involves the attachment of ionic or polar
substituents to known ligands of active transition metal catalysts, one of the earliest
examples of this approach being the sulfonation of phosphines. The first water soluble
sulfonated phosphine, m-sulfonatophenyldiphenylphosphine (TPPMS),1 was reported
in 1958 and has been used extensively since then as a ligand in complexes for aqueous
alkene hydrogenation,2,3 hydroformylation3 and cross-coupling reactions.4,5 Further
sulfonation to give the di-substituted TPPDS or the trisubstituted TPPTS6,7 (Scheme
1.1) found that with an increasing number of sulfonate substituents, greater water-

2
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solubility was achieved. TPPTS was found to be highly water-soluble to the extent of
approximately

1 1 0 0

grams dissolving in a litre of water.

2. NaOH

Scheme 1.1. Synthesis o f TPPTS.6

In 1974 Rhone-Poulenc began a series of studies on TPPTS complexes of rhodium
with the aim of developing aqueous hydroformylation systems which ultimately
resulted in great commercial success. 6 , 7 ’ 8 , 9 , 1 0 , 11 The continuous biphasic
hydroformylation process for the production of /2 -butyraldehyde from propene
developed in collaboration between Ruhrchemie AG and Rhone-Poulenc yielded
remarkable results, not exclusively limited to the commercial viability of the process.
A schematic representation of this process can be seen in Scheme 1.2. The process
reduced environmental emissions to almost zero as well as implementing the use of
water as a non-toxic, non-flammable solvent. At the heart of this catalytic process is
the rhodium complex [HRh(CO)(TPPTS)3 ].
CHO

R h / TPPTS

n-butyraldehyde (+ 96%)

iso-

Scheme 1.2. Rhone-Poulenc hydroformylation process.

Sulfonation of phosphines has been extensively studied since the discovery of TPPTS
and its successful application to aqueous catalysis. There have been a number of other
sulfonated phosphines synthesized such as the bidentate DPPETS (l,2-bis[di(/w-

3
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sodiosulfonatophenyl)phosphino]ethane) , 1 2 or more complicated systems such as
Herrmann’s BINAS (Scheme 1.3) . 1 3 ’ 1 4

P

\

DPPTS

BINAS

Scheme 1.3. Schematic representations ofDPPETS12 and BINAS.13,14

While direct functionalisation of ligands has been used extensively in the synthesis of
water soluble organometallics it poses a series of problems, primarily the difficulty
obtaining precise control over the number and position of the substituents. The
sulfonation of triphenylphosphine with fuming sulphuric acid requires strict control
and monitoring in order to achieve the desired product and avoid oxidation. There has
been a series of advances recently which have limited the extent of this problem by
improving the methods used for direct functionalisation, 15 introducing a wider range of
ionic or polar substituents3 , 1 6 and by using more ingenious synthetic routes to build up
specific water-soluble molecules without the need to synthesise the corresponding non
polar or non-ionic analogues.

Water-soluble phosphines are not, however, exclusively limited to those bearing
sulfonate substituents. There are numerous polar groups which can be introduced in
order to achieve water-solubility. Aside from the aforementioned sulfonate group,
carboxylate, ammonium, phosphonium and hydroxyl groups have been employed
(Scheme 1.4) . 16 Other hydrophilic groups such as phosphates have yet to be studied.

4

Chapter 1

Introduction to Organometallic Aqua Chemistry

S 0 3H

Sulfonate

S 0 3'A+

,0
Carboxylate
OH
Ammonium

NR3+

Phosphonium

PR3+

Hydroxyl

OH

0 ’A+

Scheme 1.4. Functional groups used in water-soluble phosphines (A+= cation)}6

A number of examples which use cationic ammonium groups to achieve watersolubility have also been reported. One of the first ammonium substituted phosphines
was AMPHOS (Scheme 1.5), which upon coordination to rhodium led to water soluble
hydrogenation and hydroformylation systems. 1 7 , 1 8 , 19 Following the synthesis of
AMPHOS numerous groups were able to extend this synthesis to other mono- and
bidentate phosphines.

P

CH2CH2NMe3+

Scheme 1.5. Schematic representation o f AMPHOS.

There have also been numerous accounts of aliphatic water-soluble phosphines
developed for catalysis. Pringle et al. synthesised tris(hydroxymethyl)phosphine,
THMP from PH3 and formaldehyde.20,21*22 It was found that while in many ways this
phosphine behaves similarly to triethylphosphine, the presence of intramolecular
hydrogen bonding gives it slightly different properties, most notably, stability in air.
Similarly addition of formaldehyde to 1,2-diphosphinoethane yields chelating ligands
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such as l,2-bis[bis(hydroxymethyl)phosphino]ethane, 2 0 pictured in Scheme 1.6, which
has been used to synthesise novel Pt complexes. The role played by intramolecular
hydrogen bonding has proven to be important in the structure and reactivity of these
systems.

HOH2C
hoh2c ^

ch 2oh

p— c h — C H - P
hoh 2c

ch 2oh

Scheme 1.6. Tris(hydroxymethyl)phosphine and 1,2bis[bis (hydroxymethyl)phosphinoj ethane.

Water-soluble ligands are not exclusively restricted to phosphine-based systems. There
are also numerous examples of cyclopentadienyl-based ligands that have been
reported. Tyler and co-workers have investigated the use of a carboxylate and
ammonium substituted cyclopentadienyl (pictured in Scheme 1.7) in order to obtain
dimeric, water-soluble tungsten systems. 2 3 , 2 4 , 2 5 Examples of substituted pyridines have
also been employed to form a series of water-soluble, zero-valent molybdenum and
tungsten complexes. 2 6

COO‘

Scheme 1.7. Examples o f some water-soluble substituted cyclopentadienyl ligands.

1.2.2 Synthesis of water-soluble organometallic complexes by using w ater as a
ligand

The second available route towards the synthesis of water-soluble transition metal
complexes is through direct interaction of the metal centre with water. This involves
the complexation of water to the metal centre, forming a transition metal aqua complex
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[LxM (0H2)y]. While there are a variety of different complexes with varying physical

properties that can be categorised as transition metal aqua-complexes, the majority of
them exhibit fairly good solubility in water. This is presumably due to the hydrogenbonding interactions that can arise between coordinated water ligands and free water.
Water as a ligand has fairly good crystal field splitting properties, residing between
oxygen donors and nitrogen donors, such as pyridines in the Spectrochemical Series:27

I" < Br' < Cl' < F' < OH* < CH3CO2' < oxalate < H 2O < pyridine ~ NH 3 < NCh’ < CN*,
CO, CNR

Water is a strong a-donor, whereas 71-backbonding is negligible between a coordinated
water ligand and a metal centre. For this reason, mid-valent transition metals tend to
form the more stable aqua complexes. Simple aqua-ions are confined generally to
oxidation states 2 and 3. Lower oxidation states are too highly reducing or tend to
disproportionate to the metal and a higher valent ion or oxide. Aqueous ions of charge
higher than +3 are in most cases too acidic to exist even in highly acidic aqueous
solutions. If we take chromium as an example, d° [Cr(CO)6] exists as stable compound
due to the 71-backbonding ability of the carbonyl substituents, whereas the
corresponding zero-valent water analogue, [Cr(H20)6], does not exist. The trivalent
species [Cr(H20 ) 6]3+ is a known complex, in which the a-donor water ligands stabilise
o 1

the electron deficient metal, however in the case of Cr , the hexacarbonyl complex is
not known. Despite the fact that higher-valent transition metals favour water as a
ligand, the nature of the metal itself is also a determining factor in whether it chooses
to coordinate water or not. The chemistry of the lower oxidation states of the heavier
early transition metals is dominated by metal-metal binding leading to dimers or
octahedral clusters. When moving to the right in the transition metal series, oxidation
states +2 and +3 are less strongly reducing and the tendency for metal-metal bonding
decreases with increasing number of d electrons, this in turn, gives way to the
formation of aqua ions. A list of all known transition metal aqua ions is shown in
Table 1.1.28
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Metal

Hydration number (n)

Charge (q)

Ti

6

4,3

V

6

3,2

Cr

6

3,2

Mn

6

3,2

Fe

6

3,2

Co

6

3,2

Ni

6

2

Cu

(6 )

1 , 2

Mo

6

3

Ru

6

3,2

Rh

6

3

Ir

6

3

Pd

4

2

Pt

4

2

Table 1.1. [M(H20)rJq+ aqua ions o f the transition metals.

Water can bind to transition metals in a number of ways, 2 9 either as a planar (a) or
pyramidal aquo ligand (b), in a “non-classical” fashion analogous to r| -H2 (c), or in a
cleaved or activated mode to afford hydrido and hydroxo ligands (d). A representation
of the possible water binding modes is pictured below in Scheme 1.8.
H

M— 0.

M

A Hh

0‘

H
M-

J

1
CX

M

O,

\

Scheme 1.8. Water-binding modes.

There are a growing number of examples of 18 electron aqua-complexes in which
coordinated water is bound in a planar (a) or square pyramidal fashion (b). In many
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cases water was not introduced intentionally, but obtained from adventitious sources,
such as glassware or solvents. These complexes are predominantly cationic species,
often derived from complexes bearing weakly coordinating anions,30 and neutral
systems are relatively unknown. It has been proposed that this may be due to the fact
that the positive charge may be delocalised onto the protons of the coordinated H2O
<51

ligand, stabilising the complex. However, too high a positive charge can lead to
^9
deprotonation. Examples of water bound in a “non-classical” fashion (c) are
unknown to date and unlikely as water has a lone pair of electrons on the oxygen atom
which would no doubt be preferred by an electron-deficient metal centre over r^-O-H
electron donation. Complexes deriving from the oxidative addition of H2O to a metal
centre are considered to be key intermediates in many of the transformations involving
“water-activation”, however, well-documented examples of oxidative addition of H 2O
to afford hydrido-hydroxo complexes (d) are sparse,33’34,35,36,37,38,39 due to
unfavourable formation constants and the lability of the M-OH bond of the late
transition metals in polar media.

There are three principal features which determine the stability of aqua-ions:

9ft

the

redox potential of the metal centre, the acidity of the coordinated water ligands (pKa)
and the kinetics of water exchange between free and coordinated water molecules.
Potentially all of these properties may be affected by the presence of a it ligand. The
first property concerns the thermodynamic stability of a given oxidation state to
disproportionate to the metal and the oxide. The acidity determines the ease with
which water ligands can be deprotonated in order to afford the hydroxo species, which
can have a different structure and hence a different reactivity. The kinetics governing
exchange between free and coordinated water molecules has been extensively studied
by Merbach and others for a series of transition metal and organometallic aquacomplexes, and will be discussed in depth further into this chapter. These
measurements can give us a relatively clear picture of the lability of coordinated water
molecules, and hence of their reactivity.

A relatively recent example of these “intrinsically” water-soluble complexes is
[Ru(H20 )6](tos)2 (tos = £>-toluenesulfonate), pictured in Scheme 1.9, synthesised by
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Bernhard and co-workers. 4 0 , 4 1 This compound is very water-soluble and has proven to
be an effective catalyst for ROMP processes. 4 2

OH2

H20/,,. | ixXw\OH2

h2c t

I ^oh2
oh2

Scheme 1.9. [Ru(H20)6](tos)2.

Grubbs and co-workers have studied ROMP with this catalyst and have also
investigated the mechanism with which this compound catalyses alkene
isomerisation. 4 3 We will discuss this complex in depth in the section dedicated to the
catalytic activity of transition metal aqua-complexes.

Numerous examples of arene transition metal aqua complexes have been reported.

A

most notable example is the complex studied by Fish et al., [Cp*Rh(OH2 ) 3 ]2+ (Cp* =
pentamethylcyclopentadienyl) 4 4 , 4 5 pictured in Scheme 1.10, and its behaviour in
solution as a function of pH . 4 6 They showed that the [Cp*Rh(OH2 )3 ]2+ fragment
interacts with a number of nitrogen ligands including amino acids, which was an
enormous contribution to the field of bio-organometallic chemistry. 4 7
2+

Scheme 1.10. Structure o f Cp*Rh(OH2) 32+.

Work carried out by Hubbard and co-workers studied the aqueous chemistry of the
[Cp*Ru(NO)]2+ fragment which resulted in the isolation and structural characterisation
of both the mono- and the bis-aqua complexes, [Cp*Ru(N0 )(0 Tf)(H2 0 )]+ and
[Cp*Ru(N0)(H2 0 ) 2 ] 2 + . 4 8
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Alberto et al. have recently reported the synthesis of trisaqua carbonyl complexes of
rhenium and technetium, [M(C0 )3 (H2 0 )3 ]+, using the corresponding halides as starting
materials (Scheme 1.10) . 4 9 These complexes, specifically the ones synthesised using
the radioisotopes ( 1 8 8 / 1 8 6 Re, 9 9 mTc), have potential radiopharmaceutical applications.

h 2o

CM

X

O C^ I^ c o
CO

o-

2-

1-----

I

X
X//// 1

H20///,, 1 lS\\\OH2
oor

1^c o
CO

M= 188/186Rej 99mTc
X = Cl, Br

Scheme 1.11. Synthesis o f [M(CO)3(H20 )3] + (M = Re, 99Tc).

1.3 Reactions of organom etallic complexes with w ater

The reactivity metal-carbon bonds exhibit in the presence of water is the principal
justification as to why organometallic aqua chemistry is a relatively underdeveloped
field. Most M-C bonds can be hydrolysed with ease to form more thermodynamically
stable products by way of either electrophilic or nucleophilic attack of water (see
Scheme 1.12). High bond polarity increases the susceptibility of the metal-carbon bond
to hydrolysis, whereas low bond polarity or efficient metal shielding can make the
metal-carbon bond inert.

Ligands such as carbon monoxide or ethene are activated towards nucleophilic attack
upon coordination to metals. This effect is predominant in the case of low-valent
metals such as Pd2+. Metal alkyls are subject to electrophilic attack due to the
polarization of the M-R bond towards the organyl group (R5*) to generate metal
hydroxides, which can in turn react further to yield metal oxides, either in mononuclear
or di- and oligonuclear form. Also subject to electrophilic attack are terminal 1,3-diene
carbon groups which result in the formation of allyl ligands after proton attack.
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f

OH2 or OH‘ |

Nucleophilic
attack

H ^

I°hJ

/H

c
M-------1|

M----- C = : 0

H

H

.OH
/ '

M

C

0

A

f

M

r \/H

Electrophilic
attack

CH 2— CH2— OH

■

/K il

0

M----- CH3

M

OH

1.3 "d

+ CH4
.CH
allyl

Scheme 1.12. Basic reactions o f organometallic complexes in water.

There are also numerous cases in which it is not the organometallic complex as such,
but the coordinated ligands which react with water. Such is the case with organic
phosphines which, under specific circumstances, may react with water to form
phosphine oxides.

1 6 ,27

1.4 Catalytic reactions in water

1.4.1 Water-gas shift reaction

The water-gas shift reaction is perhaps the most well-known and studied reaction of
organometallic complexes with water. The most efficient of these catalysts are the late
transition metals such as iron. While there are several soluble transition metal
complexes which act as catalysts, the majority of commercial plants work with
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heterogeneous catalysts. Among the soluble complexes which catalyse this reaction are
[Fe(CO)5 ] 5 0 and its hydrido derivative [HFe(CO)4 ]', [Ru3 (CO)i2 ] and the rhodium
complex [Rh(CO)2 l2 ]‘, which is the key catalytic precursor of the Monsanto acetic acid
process. 51

The water-gas shift cycle in the case of the [Fe(CO)4 ] catalysed process occurs by
nucleophilic attack of water at a metal-coordinated carbon monoxide resulting in the
formation of the metallocarboxylic acid, [Fe(CO)4 COOH]\ This complex can then
generate a carbonyl hydride through loss of carbon dioxide. Protonation of the hydride
subsequently results in loss of hydrogen gas yielding coordinatively unsaturated
[Fe(CO)4 ] which binds carbon monoxide resulting in the reformation of the initial
starting complex. A representation of the WGS cycle is shown in Scheme 1.13.

(OC)4Fe

C =

CO

{F e (C O )4}
OH

Scheme 1.13. Example o f the water-gas shift cycle in the case o f Fe(CO)s.

The water-gas shift process is normally an unwanted side reaction of homogeneous
catalysis when carbon monoxide is employed as a substrate and if water is present in
the medium or arises as a side product of the reaction. Both a basic pH medium and
metal complexes that deprotonate water favour the WGS reaction.
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1.4.2 Oxidation of alkenes to carbonyl compounds (Wacker-Hoechst process)

Water is involved as a substrate in the Wacker-Hoechst process, which is based on a
partial, selective oxidation of ethene. 5 2 C2 H4 undergoes nucleophilic attack by water
upon coordination to a metal centre resulting in the formation of acetaldehyde (Scheme
1.14).

[ h^ I
.C l
PdCI2 + H2C = C H 2

*-

“\

C |^

Cl

^ C H 2

^

''

"O

HCI

Scheme 1.14. Formation o f acetaldehyde by reaction o f water with ethene in the
presence o f PdCh.

Alkene oxidation with an aqueous palladium chloride occurs stoichiometrically. A
catalytic reaction is only possible if the metallic palladium can be reoxidised
immediately. Gaseous oxygen is often employed although the conditions are not
optimal and a full conversion of palladium metal to palladium (II) is not always
possible. Metal salts such as cupric and ferric chlorides, chromates, or other oxidants
are suitable for re-oxidation of the palladium metal.

Pd
2CuCI

+

+
2HCI

2 C u CI2
+

1 /2 0 2

► PdCI2 +

2CuCI

► 2CuCI2 +

H20

Scheme 1.15. Oxidation o f palladium metal to PdCh with the assistance o f CuCh.

The addition of copper (II) chloride to the reaction mixture has proven to be a suitable
oxidant for the palladium metal which results from the reaction. The resulting copper
(I) chloride is easily reoxidised by air, closing the catalytic cycle. A representation of
the redox reactions present upon addition of Cu2+ is pictured in Scheme 1.15.
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The Wacker-Hoechst process catalytically converts a variety of substrates to their
corresponding carbonyl-containing products. A list of substrates and products is shown
in Table 1.2.

Substrate

Interm ediate assumed

Product

Ethene

Acetaldehyde

Propene

Acetone (Propionaldehyde)

1- and 2- Butene

Butanone (butyraldehyde)

1-Alkenes

Methyl ketones (aldehydes)

Cyclopentene

Cyclopentanone

Cyclohexene

Cyclohexanone

Styrene

Acetophenone

Acrylic acid

OHC-CH2-COOH

Acetaldehyde

Acrylonitrile

Cyanoacetaldehyde

Nitroethene

Nitroacetaldehyde

Table 1.2. Some examples o f oxidation o f alkenic compounds with aqueous palladium
chloride solution.

1.5 Kinetics of water exchange
All of the reactions undergone by transition metal aqua complexes involve the loss of
one or several labile water ligands. The impressive reactivity exhibited by many
organometallic aqua-complexes has its origin in the facile displacement of water by
other, more coordinating ligands. The lability of coordinated water ligands varies
greatly from one aqua-complex to another, which is why it is of crucial importance to
develop an understanding of the factors that contribute to the lability or inertness of
coordinated water molecules.

The majority of the work done until now has focused on homoleptic, transition-metal
aqua-complexes.

The study o f solvent exchange has assumed fundamental

importance ever since the pioneering work of Eigen and Wilkins, which showed that,
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in aqueous solution, the rates and activation parameters for ligand substitution were
closely similar to those of solvent exchange. If we consider the range of complexes of
generic formula [M(H20)6]n+, we can see that at one end of the lability scale we have
[Cs(H20)6]+’ in which the coordinated water ligands have a mean lifetime (th 2o) of
2x1 O'10 seconds. At the other end of the scale lies [Ir(H20)6]3+ where the water ligands
exhibit a TH20 of 300 years. It is clear from the literature on homoleptic hexa-aqua
complexes that properties such as charge, ionic radius and electron distribution in the
valence orbits are important contributors to the mean lifetime of coordinated water
ligands as well as to the mechanism by which these water ligands exchange. A list of
exchange constants for the majority o f aqua-ions is shown in Table 1.3.

M etal ion

kmoei / s

Electron configuration

Ir3+

l .l x l 0 'lu

+
t2g6

Rh3+

2.2xl0'9

t2g6

Ru3+

S.SxlC6

t2g5

Cr3*

2.4xl0"s

t2g3

Al3+

1.29

Fe3+

1.6xl02

+ 3 2
*2g Cg

Ga3+

4.0xl02

t 2g eg

V3+

5.0xl02

t2g2

Ti3+

1.8x10s

t2g

Ru2+
V2+

1.8xl0‘2

t2g6

8.7x10*

Ni2+

3.4xl04

t2g3
+
t 2g6 eg2

Co2+

3.2x10s

Fe2+

4.4x10s

Zn2+

=107

f

Mn2+

2.1xl07

♦

Cd2+

=108

f-2g Cg

Cs+

=109

-

-

^2g Cg
+
o 2
^2g4 C
g
i2g6 oeg4
^2g3 oeg2

Table 1.3. Rates o f water exchange (kex, s'1) and electronic configuration fo r a series o f
octahedral hexa-aqua complexes, [M(H 2 0 )<Jn+.
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1.5.1 Classification of mechanisms

There are two extreme possibilities that arise for the entry of Lx' into the first
coordination sphere o f [M(H20)n]m+. The first of these occurs when [M(H20)n]m+ loses
a coordinated water ligand to form a reactive intermediate of decreased coordination
number, [M(H20)n-i]m+, which in an attempt to fill its coordination sphere, reacts with
Lx' to form [M(H20)n-iL](m'x^+. In this first case the rate-determining step is the
dissociation o f H 2O, and the substitution rate is independent of the nature o f Lx‘. This
mechanism is said to be dissociatively activated (d) (Scheme 1.16). By the principle
of microscopic reversibility, the loss of Lx' from [M(H20)n-iL](m‘x)+ will also proceed
through a dissociate mechanism, and the rate will depend on the nature of Lx\
|<1
[M(H20 ) n]m+ + L* -«

»

[M(H20 ) „ .J m* + H20 + Lx’ -

_

Kobs ~

[M(H20 )„ .,L ]M

* +

H20

kik2[Lxl+ k_ik_2
Y
k .i + k2[Lxl

Scheme 1.16. Dissociatively activated mechanism fo r ligand substitution.

At the other extreme we have the associatively activated (a) mechanism, in which the
rate determining step for substitution by Lx' proceeds through a reactive intermediate
of increased coordination number, [M(H20)nL](m'x)+, which eventually loses a
coordinated water molecule to form [M(H20 )n. 1L ] ( S c h e m e 1.17).

ki
[M (H 20 ) /7]m+ + Lx”

k2

--------------------- [M (H 20 ) nL]M +

k.-j

^

[M (H 20 ) /7_^L]rm-x;+ +

H20

k.2

k0bs = k2[L ] + k_2

Scheme 1.17. Associatively activated mechanism fo r ligand substitution.

Between these two extremes, there is a continuum of mechanisms in which leaving and
entering ligands make a varying contribution to the transition state energies, and which
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are classified as interchange mechanisms. These mechanisms vary from the d-activated
dissociative interchange (Id) mechanism, in which bond-breaking has a more
significant contribution, through the interchange (I) mechanism where bond-breaking
and formation are of similar importance, to the a-activated associative interchange (Ia)
mechanism, in which bond-formation has major importance.

The question arises as to how these mechanisms are to be distinguished. For a dactivated mechanism Lx' cannot substitute faster than the rate of water exchange, and
when statistical factors are taken into account, it may substitute more slowly. Also AH*
should be similar to that of the water exchange process. However, within the
continuum of mechanisms, an Id mechanism may experience a contribution from the
entering Lx‘ ligand. For an a-activated interchange mechanism the rate of substitution
of Lx' may range from being significantly less than to significantly greater than the rate
of water exchange. The variations of enthalpy and entropy of activation within a series
of similar ligand substitution reactions can give an idea of mechanistic change, dactivated mechanisms tend to have greater AH* values than a-activated mechanisms.

AS* tends to be positive for d- and negative for a-activated mechanisms. However, we
are not always presented with a series of similar ligand substitutions in which these
comparisons may be made, and a further criterion for ligand substitution is very
desirable.

The volume of activation AV*, is a potent tool for the identification of the mechanism
of water and other solvent exchange reactions and to some extent has modified the
criteria for assigning such mechanisms. In general terms, AV* is defined as the
difference between the partial molar volume of the transition state and the reactants
and is related to the pressure dependence of the ligand substitutional rate constant.
Thus, the substitution reaction is either slowed or accelerated by increasing pressure
when AV* is either positive or negative, respectively. Without going into further detail,
by studying the variation of pressure in the rate of water exchange we can calculate a
value for AV*, which allows us in turn to determine whether we are dealing with an aactivated mechanism (negative value of AV*) or a d-activated mechanism (positive
value of AV*).
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Among the work done by Merbach and co-workers is the study of the labilising effects
of 7t-ligands on the rates of water exchange. Taking [Ru(H20)6](tos) (tos = ptoluenesulfonate) and substituting three of the coordinated water ligands with C6H6 to
form [Ru(r|6-C6H6)(H 20 ) 3]2+, leads to some interesting findings and comparisons of
rates of solvent exchange and mechanistic details (Table 1.4).

Compound

r(M -0)

AH*

AS*

AV*

A

s’1

K J mol'1

JK ^ m o l1

cm3 m o l1

[Ru(H20 ) 6]2+

2.131

1.8xl0'2

88 ± 4

+16 ± 15

-0.4 ±0.7

[Ru(H20 ) 6]3+

2.029

3.5xl0‘6

90 ± 4

-48 ±14

-8 ±2

[Ru(q6-C6H6)(H20)3]2+

2.127

11.5

16 ± 4

+30 ±11

1.5 ±0.4

Table 1.4. Comparison o f kinetic results for a series o f ruthenium aqua-complexes.

The rate of water exchange for [Ru(r| -C6H6)(H20)3]

is 3 orders of magnitude faster

than that observed for [Ru(H20)6]2+. The faster rate of water exchange is neither due to
the variations in the R u-0 bond distances as the differences between them are
negligible, nor due to 7c-backbonding effects. The difference was ultimately ascribed to
transition state properties. Also, we can observe from Table 1.4 that the higher valent
hexa-aqua complex is more stable, as it exhibits a considerably lower rate constant
than its divalent counterpart. This behaviour is expected as the higher-valent ruthenium
(III) centre is stabilised by the n-bonding capabilities of the coordinated water ligands.

By studying the activation parameters, conclusions can be drawn as to the mechanism
of water exchange. A variation in AS* is indicative of different pathways for water
substitution, and the same conclusions can be drawn from AV*. As AV* is effectively
zero for [Ru(H20)6] , an interchange mechanism (I) with equal associative and
dissociative contributions can be assigned. [Ru(H20 )6]3+ has a negative AV* value,
which is compatible with an associative mechanism (Ia). The small positive value for
[Ru(ri6-C6H6)(H20 ) 3]2+ is comparable with an interchange mechanism where bondbreaking has a stronger contribution than bond-formation. This is in all likelihood due
to the strong £ra/w-labilising effect of the aromatic ligand on the coordinated water
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molecules. Large variations in exchange mechanisms can be seen from substitution of
water with simple organometallic ligands.

1.5.2 Effect of axial ligands on the exchange kinetics of water in complexes of
general formula [Ru(H 20 )5L]

2+

Merbach and co-workers have also studied the effect of different ligands on the rates
of water exchange at the axial (trans) and equatorial (cis) positions for complexes of
the general type [Ru(H2 0 ) 5 L]2+ (L = H2 0, MeCN, Me2 SO, H2 C=CH2>N2, CO,
isCand

F2 C=CF2) (Scheme 1.18).54' 55’5 6 , 5 7

effects have been studied in dept

square-planar geometries but are slightly less understood in the case of octahedral
complexes.

CO

It was found that the czs-effect of these ligands could be summarised as

seen in Table 1.5.
2+
h2°///.

I ,v\W\OH2
R u^
HoO
OH:
OH,
Scheme 1.18. [Ru(H20 )5L] 2 +

keq/kex

f 2c = c f 2

CO

Me2SO

n2

CH2=CH2

MeCN

h 2o

0.0002

0.0002

0.001

0.0016

0.02

0.08

1

Table 1.5. Effect ofL on the reactivity o f equatorial water molecules.

kex represents the water exchange rate constant for [Ru(H2 0 )6 ] . It was found that
there was a linear dependence between the reactivity of the equatorial water molecules
and the redox potential of the Ru(II) metal centre. This type of relationship has been
reported previously on numerous occasions, the increase in the Ru(III) character of the
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metal has been used to explain the lability of water molecules, as Ru(IH) is known to
be less reactive than Ru(II).

The effect of L on the reactivity of the axial water molecule differs substantially from
that observed in the case of the equatorial substituents. A table of the results observed
can be seen in Table 1.6.

kax/kex

n2

MeCN

H zO

CO

Me2SO

0.0015

0.3

1

2.5

45

h 2c = c h 2 f 2c = c f 2

173

373

Table 1.6. Effect o fL on the reactivity o f the axial water molecule.

The reactivity of the trans water molecule can no longer be linearly related to the redox
potential of the corresponding complex. No satisfactory explanation can be given for
this behaviour. Some authors tend to attribute these effects to the substantial a overlap
between the 7c-acceptor ligands and the metal centre however no conclusive evidence is
available. The trans-effect of L on octahedral geometries is still far from understood
and requires a great deal of investigation if we are to comprehend what governs the
properties and reactivity of these complexes.

1.6 Organometallic aqua-complexes in catalysis

1.6.1 ROMP polymerisation

As we mentioned earlier Grubbs and Novak reported the ROMP of aqueous solutions
of functionalised 7-oxanorbomenes using RuCb or [Ru(H20)6](tos)2 as catalyst
precursors (Scheme 1.19).42’59’60 Polymer molecular weights were found to be higher
with more narrow weight distributions than those obtained by polymerisation in
organic solvents. There was also the added advantage that the initiation period of the
catalyst prior to polymerisation was reduced by the presence of water from 22-24
hours in organic solvents to approximately 30-40 minutes in aqueous solution. The
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ability to recycle the aqueous solution also proved to be an added advantage to using
water as a medium in which to carry out this reaction.

R u(H 2Q )6(to s)2

(n-1)
e q u iv a len ts

H20

r

of t

(OH2)5R u ^ r /

L

-

/ ---- OMe
J /------OMe

Scheme 1.19. Grubb's ROMP o f functionalised norbornenes.

Upon subsequent polymerisations the aqueous solution containing the catalytic species
was found to have an increased activation rate, dropping from 37 minutes for the first
polymerisation to 10-12 seconds after two to three polymerisations. This was attributed
to the formation of the Ru2+ alkene complex [Ru(H2 0 )5 (7 -oxanorbomene) ] 2 + . 5 9

[Ru(H2 0 ) 6 ](tos) 2 was also found to be active in alkene isomerisation reactions for a
variety of different substrates. 4 3 While alkene isomerisation is an important
transformation in a number of transition metal catalysed reactions such as
hydroformylation, 6 1 hydrosilylation6 2 and hydrocyanation, 6 3 none are carried out in
aqueous solution. Grubbs and co-workers focused on the isomerisation of allylic
alcohols and ethers to the corresponding carbonyl compounds. Although most
mechanistic studies on alkene isomerisation have focused strictly on hydrocarbon
substrates, alkene isomerisation has its greatest potential applications in the
isomerisation of functionalised substrates. Allylic alcohols were found to be
isomerised to saturated aldehydes or ketones, via an intermediate enol, while allyl
ethers were isomerised to enol ethers. These reactions are pictured in Scheme 1.20.
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[R u (H20)6]'

[R u (H20 ) 6]'

R, R1 = H ; R" = H, M e, Et
R = Me ; R \ R" = H
R, R" = H ; R ' = Me

0
[R u (H20 ) 6]
h 2o

,

2+

rt

Scheme 1.20. Alkene isomerisation catalysed by [Ru(H20) 6] (tos)2.

Soon after Grubbs and co-workers investigated the ROMP capabilities of
[Ru(H2 0 ) 6 ](tos)2, Merbach and co-workers investigated its behaviour in the presence
of ethene and found that it could catalyse the dimerisation of C2 H4 in aqueous solution
under mild conditions, 6 4 as pictured in Scheme 1.21. The formation of a mono
substituted ethene complex, [Ru(CH2 =CH2 )(H2 0 )5 ](tos)2, and of a di-substituted
ethene complex [Ru(CH2 =CH2 )2 (H2 0 )4 ](tos) 2 was observed. The alkene complexes
formed also proved to be good, simple models for alkene bonding in aqueous solution.
The results reported by Merbach et al. showed that while the aqueous catalytic
dimerisation reaction is not selective (all of the possible butenes are formed with the
exception of 2 -methylpropene), it is exclusively a dimerisation catalyst, as there was
no sign of the formation of any higher oligomers.

23

Chapter 1

Introduction to Organometallic Aqua Chemistry

2+
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H20 //,.
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HoO

2

2+
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OH;
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OH;
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Z-but-2-ene 18%
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<< I ^ o h 2
OH;

Scheme 1.21. Synthesis o f [Ru(CH2=CH2) 2^ 20) 4] (tos)2 and its dimerisation o f ethane.

If one single coordination compound such as hexa-aqua ruthenium (II) can be
successfully used as a catalyst for the dimerisation of ethene, the polymerisation of
functional monomers and the isomerisation of alkenes, then it is clear that there is a
large scope for substituted aqua-complexes and their potential applications.

1.6.2 pH-dependent transfer hydrogenation

One of the many applications of organometallic aqua complexes is pH selective
catalysis. The structure and properties of organometallic aqua-complexes can change
drastically depending on the pH of the medium. In recent years Ogo and co-workers
have described the pH-dependent catalytic activity of [Cp*Ir(H2 0 )3 ](S0 4 ) (Cp* = r|5CsMes) as a transfer hydrogenation catalyst using HCOONa as a hydrogen source.65,66,
6 7 ’ 68

The [Cp*Ir(H2 0 )3 ]2+ complex exists in equilibrium with the tris-hydroxo bridged

dimer, [(Cp*Ir)2 (p-OH)3 ]+, the predominant species being determined by the pH of the
aqueous solution. The hydroxo-bridged dimer is catalytically inactive, therefore
transfer-hydrogenation only takes place at low pH values. Ogo and co-workers were
also able to isolate and characterise the active catalyst, a dimeric p-hydride complex
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[(Cp*Ir)2 (|i-H)(|i-OH)(^i-HCOO)]+ and found that maximum catalytic activity was
observed at pH 3.2. A proposed mechanism for the transfer hydrogenation process can
be seen in Scheme 1.21.

-3H+ -3H20
2[Cp* lr(H20 )3]

~
3H

[(Cp*lr)2(p-OH)3]

+3H20

c a t a ly s t p r e c u r s o r

2HCOO-

su b str a te

C 02

a c tiv e c a ta ly s t

H

Ir\

+

H

Ir— O

O -------

c^

li

© (h

/ c\
h y d r id e
tr a n s fe r

h y d r id e vN
r e g e n e r a tio n

HO

C

R

H+ + HCOO'

R'

p roduct

Scheme 1.22. Catalytic cycle for the pH-dependent transfer hydrogenation o f water
soluble carbonyl compounds by [Cp*Ir(H20) 3] 2+.
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[Cp*Ir(H2 0 )3 ]2+ was found to catalyse the hydrogenation of a series of carbonyl
complexes in the presence of HC02Na in water. A table of the different substrates
studied and their corresponding products can be seen in Table 1.7.

Substrate

Product

HC(0)-CH 2 -CH2 -CH3

CH2 OH-CH2 -CH2 -CH3

CH3 -CH2 -C(0)-CH 3

c h 3-c h 2 -c h o h -c h 3
^ c h 2o h
H3c — CH

h 2c = c

ch 3

ch 3

^C ^O H

CH3 -(CH2)2OH

H2C = C ^
H

HC(0)-C00H

O

H2 C(OH)-COOH

OH

Table 1.7. List o f substrates and products fo r the pH-dependant transfer
hydrogenation catalysed by [Cp *Ir(H20) 3] (SO4).

More recent work by Ogo et al. has resulted in the application of a new and highly
active water soluble organometallic aqua-complex as a catalyst for the pH dependent
transfer-hydrogenation of ketones with HC02Na as a hydrogen donor. The highly
water-soluble (132.2 mg/mL) complex [(r|6 -C6 Me6 )Ru(bpy)(H2 0 )](S0 4 ) was found to
be the catalytic precursor for the transfer hydrogenation process (see Scheme 1.23).69
As with the iridium complex studied previously, it was found that in the absence of
ketones, [(q6 -C6 Me6 )Ru(bpy)(H2 0 )](S0 4 ) reacted with HCOONa to form the
catalytically active hydride species [(r|6 -C6 Me6 )Ru(bpy)H]+ by p-hydrogen elimination
of the intermediate formato complex. Koelle, Merbach and co-workers had previously
studied the behaviour of this species in aqueous solution7 0 upon variation o f the pH of
the aqueous medium and found that the pKa for the coordinated water ligand was 7.3.
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Above this pH the predominant species was the catalytically inactive hydroxo
complex, [(rj6 -C6 Me6 )Ru(bpy)(OH)]+.

H—

C =

OH

H+

+

HCOO'

H20

N_

Run W\
' - r v 'c - o

Scheme 1.23. Catalytic cycle for the pH-dependent transfer hydrogenation o f ketones
by [(rj6-C6Me6)Ru(bpy)(H20)](S04) using H C 02Na as a hydrogen source.

Catalytic tests were performed for both water-soluble and hydrophobic substrates
either in aqueous solution or in biphasic media. In both cases the catalytic cycle
yielded excellent results. A list of substrates and their corresponding products
catalysed by [(rj6 -C6 Me6 )Ru(bpy)(H2 0 )](S0 4 ) can be seen in Table 1.8.
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Substrate

Product

COOH

COOH

Table 1.8. Substrates and their corresponding products for the pH-dependent transferhydrogenation with [(r/6-C6Me6)Ru(bpy)(H20)] (SO4) as a catalyst precursor and
HCOONa as a hydrogen donor in water and biphasic media.

1.6.3 pH-dependent I^-activation

Continued investigations into the activity of [Cp*Ir(H2 0 ) 3 ]2+ carried out by Ogo and
co-workers showed that it was an effective catalyst for I^-activation in aqueous
solution in the presence of HNO3 . 71 The H^-activation cycle is pH-dependent, being
only active between a pH range of -1 to +4, and is coupled to the reduction of the
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nitrate anion (NO3 '). The tris-aqua complex [Cp*Ir(H2 0 )3 ]2+ reacts with H2
quantitatively within the aforementioned pH range to yield a well-known trihydrido
complex [(Cp*Ir)2 (p-H)3 ]+ which results from heterolytic H2 -activation. 7 2 This
trihydrido species loses H2 and H+, yielding the bis-nitrate species [Cp*Ir(NC>3 )2 ], in
which one of the nitrate groups is monodentate while the other is bound in a bidentate
fashion. The nitrate groups can be displaced by water yielding the initial tris-aqua
starting complex. As we have discussed previously, for pH values higher than 4
[Cp*Ir(H2 0 )3 ]2+ is deprotonated to form the inactive trishydroxo-bridged dimer,
[(Cp*Ir)2 (p-OH)3 ]+, hence the catalytic cycle is only active in acidic media. The
proposed mechanism for this catalytic cycle is figured in Scheme 1.24. The mechanism
of reduction of NCV is shown in Scheme 1.25.

3H

3H

2+
— Ir^ u l H

2

1r—

4e'

2
o = n"

N 0 3' r e d u c tio n

Scheme 1.24. pH-dependent H2-activation by [Cp^Ir(H20)s]2+.
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NO gas

N 0 2 gas

n o 3-

NO;

N 0 2‘

L

^ ^

N 0 2'
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+
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,

h 2o
h 2o

e

Scheme 1.25. Mechanism o f NO 3 reduction in the catalytic heterolytic H2-activation
cycle

by

[Cp*Ir(H

1.6.4 pH-dependent reductive amination and dehalogenation

Further studies on [Cp*Ir(H2 0 )3 ]2+ have focused on altering the Lewis acidity of this
complex by substituting two of the coordinated water ligands with bpy to form
[Cp*Ir(bpy)(H2 0 )]2+ or replacing the Cp* ligand with CpApy (CpApy = rj5n

1

nn

(tetramethylcyclopentadienyl)methylpyridine) forming [(CpApy)Ir(H 2 0 )2] . These
complexes were found to act as catalysts for transfer hydrogenation, reductive
amination (using HCOONH4 as a hydrogen donor: HCOCT, and an amine source:
NH4+) and dehalogenation of water soluble alkyl halides. The tris-aqua complex,
[Cp*Ir(H2 0 )3 ]2+, acts as a fairly good transfer hydrogenation catalyst as we have seen
previously, however under reductive amination or dehalogenation conditions it has
proven to be an inefficient catalyst. In the case of the bipyridine complex,
[Cp*Ir(bpy)(H2 0)]2+, it was found to be an effective catalyst for reductive amination
and dehalogenation of water-soluble substrates, as well as an active transferhydrogenation catalyst. Ultimately, [(CpApy)Ir(H2 0 )2]2+ was found to be catalytically
active for all three processes, however its activity was substantially lower than that
exhibited by either [Cp*Ir(H2 0 )3 ]2+ for transfer hydrogenation, or than
[Cp*Ir(bpy)(H2 0 )]2+ when it came to either transfer hydrogenation, amination or
dehalogenation of alkyl halides.

Presumably the difference in activities of the three catalysts is due to the Lewis acidity
of the Ir metal centre, and subsequently of the coordinated water ligands. Due to the
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different electron-donating abilities of Cp*, CpApy and the bpy ligands the Lewis
acidity of the iridium ions are ordered in strength as follows:

[Cp*Ir(H2 0 )3]2+ > [(CpApy)Ir(H 2 0 ) 2]2+ > [Cp*Ir(bpy)(H2 0 )]2+

A schematic representation of the behaviour of these three species as a function of pH
is shown in Scheme 1.26.

2+
pH = 3 .2

OH

2+
2+
pH = 4 .5

OH

N
/

2+
pH = 6 .6

Scheme 1.26. pH dependence o f [Cp *Ir(H20)s]2+, [(CpApy)Ir(H20) 2] 2+ and
[Cp*Ir(bpy)(H20)]2\

The greater the Lewis acidity of the iridium ions the lower the pKa values o f the
coordinated H20 ligands, thus while the trisaqua complex was deprotonated to form
the tris-hydroxo bridged dimer at pH 3.2, the CpApy complex, [(CpApy)Ir(H2 0 )2 ]2+ is
deprotonated at pH 4.5 to form the catalytically inactive dimeric hydroxo complex
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[{CpApy)Ir]2 (p-OH)2]2+ and [Cp*Ir(bpy)(H2 0)]2+ is deprotonated at pH

6 .6

to form the

inactive mononuclear hydroxo species [Cp*Ir(bpy)(OH)]+.

1.6.5 Polymerisation of ethene

Work carried out by Flood and co-workers on the complex [CnRhMe(OTf)2] (Cn =
1,4,7-trimethyl-1,4-7-triazacyclononane) showed that in aqueous solution both triflate
ligands were displaced by water to form the bis-aqua complex [CnRhMe(H2 0 )2]2+,
which upon adjusting the pH of the solution yields [CnRhMe(H2 0)(OH)]+ and at even
higher pH values, the bis-hydroxo species [CnRhMe(OH)2] (Scheme 1.27).74 The
reactivity of these complexes was studied in the presence of C2 H4. It was found that of
these three complexes, only the mono-aqua, mono-hydroxo species,
[CnRIiMe(H2 0)(OH)]+ was capable of polymerising ethene while the other two
species were inactive. The ultimate product of the polymerisation reaction was found
to be a polymer of low molecular weight (Mw= 5100) with a polydispersity index of
1. 6 .

Cn

o so

2c f 3

Cn
pKa = 8 .6

HoO

H3C J
F3CO2SO

2+

Rh-^
/ \ 'OH'
wn2
h3C
OH'

/

R h^
\ 'OH'
^ n2

H3C

oh

pKa = 1 0 .7

Cn

/ h\ ^ 0H
h 3c

oh

Scheme 1.27. Behaviour o f [CnRhMe(H20) 2] 2+ in aqueous solution upon variation o f
the pH.
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1.7 Transition m etal aqua complexes in medicinal chem istry

1.7.1 Bio-organometallic chemistry

Bioorganometallic chemistry is a slowly growing, but promising field. Since the
discovery of the anti-neoplastic activity of cw-[PtCl2 (NH3 )2 ] (cisplatin) in the late
1960s,75 a great deal of effort has gone into understanding its mechanism of action and
improving its therapeutic ability. It was found that in aqueous solution the chloride
substituents on cisplatin were displaced by water to give the mono-aqua complex, cis[PtCl(H2 0 )(NH3 )2 ]+ and the bis-aqua complex, c/5 -[Pt(H2 0 )2 (NH 3 )2 ]2+, as pictured in
Scheme 1.28.76
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^
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Scheme 1.28. Hydrolysis equilibria o f cis- [P tC htN H ^J.

Since this discovery there has been a strong focus on developing new water-soluble,
non-toxic organometallics capable of interacting with DNA/RNA77, as it is this
property which gives cisplatin its cytotoxicity and, in all likelihood, its antitumor
activity. 7 8 , 7 9

In the early 80s, Kopf and Kopf-Maier carried out a series of studies on the antitumor
activity of metallocene dihalides and bis(pseudo-halides) of the early transition
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metals.
C5H5;

cn __
c
They studied numerous complexes of general formula CP2 MX2 (Cp = t] -

M = Ti, V, Nb, Mo; X = F, Cl, Br, I, NCS, N 3 ) and found them to be a highly

potent class of organometallic antitumor agents. Analogies to cisplatin were drawn as
both of these sets of complexes possess similar C/5 -MX2 functionalities. The primary
biological target for both of these species is believed to be DNA, which is comprised
of arrays of 2’-desoxyribonucleotide-5’-monophosphates. In an attempt to elucidate
the interaction mechanism between these complexes and their biological targets,
several research groups set out to study the interaction of these complexes with
nucleotides and phosphoesters.

8 1 , 8 2 , 8 3 , 8 4 , 8 5 , 86

Work carried out by Fish et al. has studied the reactivity of r|5pentamethylcyclopentadienyl)rhodium aqua complexes with a variety of different
biological motifs such as DNA/RNA nucleobases, nucleosides and nucleotides in
aqueous solution. 4 7 , 8 7 The results reveal that the changes in structure of aqua
complexes upon variation of the pH of the medium (see Scheme 1.29) have an
enormous influence on the reactivity of these complexes. This is an aspect of
organometallic aqua complexes which we have discussed previously in terms of their
catalytic ability, but which proves to be true in the realm of bio-organometallic
chemistry as well.

OH'

+

—Rh^O ^Rh—

Scheme 1.29. Behaviour o f [Cp*Rh(H20) 3] 2+ in aqueous solution upon variation o f the
pH.
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94*

At pH values between 2 and 5 the monomeric tris-aqua complex [Cp*Rh(H20)3] is
the only species present in solution. However, when the pH is raised to values between
5 and 7 there is a rapid equilibrium present in solution between the monomer and
several dimeric species. Finally when the pH of the medium is above 7, the only
species remaining in solution is the tris-hydroxo bridged dimer [(Cp*Rh)2(jx-OH)3]+.

Fish and co-workers found that the aforementioned Cp* rhodium (El) tris-aqua
complex formed a series of complexes with an array of nucleobases and nucleosides.
The structure of these complexes ranged from monomeric complexes, as observed for
the reaction of [Cp*Rh(H20 )3]2+ with guanine and hypoxanthine complexes, to cyclic
complexes involving three different Cp*Rh moieties, observed for the reaction of the
tris-aqua complex with 9-substituted adenine compounds. These cyclic trimer
structures are of particular interest due to their potential applications as molecular
receptors for biologically important molecules or drug delivery.

The ability exhibited by this complex to bind biological nitrogen donors makes it a
potentially useful reagent for sequencing and mapping DNA bases, as well as a
possible antitumor agent.

1.7.2 Radiopharm acy

The use of radio-nuclides of transition metals in the synthesis of organometallic
complexes has had an important role in the development of complexes with diverse
medical applications such as the diagnosis of cancer, myocardial diseases,
inflammation and others. Transition metal centres can have two main applications in
nuclear medicine: as highly stable, unreactive complexes resistant to metabolical
degradation used to make biological functions visible, or as metal complexes attached
to specific biomolecules, which allows the following of the biological pathways of said
biomolecules.
1 0 0 /1 0 / 1

0 Q_»

Organometallic complexes of technetium (

Tc) and rhenium (

Re) in low

oxidation states have been used in the design of novel radiolabelled organometallic
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complexes with potential diagnostic and therapeutic applications. The synthesis of the
/flc-[M (C0)3(H20)3]+ (M = " mTc, 188/186Re) precursor as reported by Alberto et a l49
has proven to be a gateway towards a series or novel organometallic complexes now
available for diagnosis and pre-clinical medical studies. Dissolution of
(NEt4) 2[M(CO)3(Br)3] in water affordsyhc-[M(C 0 ) 3(H20 )3]+, which is readily soluble
in water and has good stability over a broad pH range (pH = 2-12).

The major advantage of [M(H20)3(C0)3]+ emerges from the high stability of this
complex in aqueous solution and its potential for exchanging labile solvent ligands (i.e.
H20 ) for other more coordinating groups that can act as anchor groups to a variety of
biomolecules. As with many of the complexes we have mentioned previously the three
coordinated water molecules are readily substituted by a variety of functional groups
such as amines, thioethers, thiols and phosphines. The results showed that complex
formation of [M(H2 0 )3(C 0 ) 3]+ with aromatic amines was the most favourable as the
complexation rate was relatively fast (as opposed to thioether groups) and the
complexes showed high thermodynamic or kinetic stability (as opposed to aliphatic
amines and carboxylate groups). Of particular interest are the complexes formed by
[M(H20 )3(C 0)3]+ with imidazole groups, as imidazole occurs naturally in the side
chain of histidine and is thus present in most proteins.

The ability to substitute coordinated water ligands for other functional groups allows
for design of organometallic complexes that can target specific receptors. The metal
complex must possess bioaffinity in order to be used in medicine. Theyhc-[M(CO)3]
core is ideal in the respect that it allows for straightforward functionalisation and
radioactive labelling of even the smallest of biomolecules. This was demonstrated with
various examples of receptor avid molecules, e.g.,/tfc-[M(CO)3]-labelled derivatives
of biotin or an analogue of a central nervous system ligand (WAY-100635) which
targets stereogenic receptor (5-HT1 A). In both cases the functionalised Tc(I) carbonyl
labelled biomoecules exhibit almost the same affinity and selectivity as the native
ligand.
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1.8 Rationale for research
As we have seen throughout this chapter, aqueous organometallic chemistry is a rich
and diverse field with a variety of potential applications both in catalysis and medicinal
chemistry. In an attempt to further develop an understanding of organometallic aqua
complexes and the factors that govern their behaviour in aqueous solution, we have
been involved in a research programme studying the solution reactivity and physical
properties of a series of ruthenium (II) organometallic aqua complexes that has been
running since the discovery of [Ru(dppe)(C0)(H20)3](0S02CF3)2 by Whittlesey and
co-workers.88

We have systematically varied both (a) the nature of the anion associated with the
[Ru(dppe)(C0)(H20)3]2+ dication and (b) the bidentate phosphine associated with the
ruthenium (II) metal centre in an attempt to elucidate what effect different substituents
have on the reactivity and physical properties of said complex. By varying the counter
anion associated with the tris-aqua moiety we were able to synthesise complexes of
general formula [Ru(dppe)(C0)(H20 )3](X)2 (X = 0 S 0 2CF3, BF4, SbF6, N (S 02CF3)2)
and observe that this apparently insignificant modification can result in quite notable
changes of the physical properties of the complex. These results along with others
relating to the solution reactivity and behaviour of these complexes will be discussed
in depth in Chapter 2.

The variation of the bidentate phosphine associated with the ruthenium (II) metal
centre for others with greater electron donating/withdrawing properties was pursued
with the intent of studying what effect could be expected on any resulting aqua
complexes. By using (tBu)2PCH 2CH2P(tBu)2 (dlbpe) as a chelating phosphine we have
successfully isolated an analogous tris-aqua species,
[Ru(dtbpe)(C0)(H20)3](0S02CF3)2- In the process of synthesising this novel tris-aqua
complex we have come across many interesting findings which will be discussed in
depth in Chapter 3.
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0 S 0 2CF3, BF4, SbF(„ N(S02CF3)2)
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2.1 Introduction

The work discussed in this chapter will encompass the synthesis, reactivity and
physical properties o f a series of novel Ru2+ aqua complexes. Ruthenium (II) was
selected as a suitable oxidation state as it exhibits an ideal compromise between
“hardness” and “softness”, binding to soft ligands such as CO, as well as to hard
ligands such as water. In accordance with the Jorgensen rule a metal ion will bond to
either hard or soft ligands, 1,2 but not to both at the same time. For this reason late
second or third row transition metal complexes with a strong affinity for soft ligands
such as CO and phosphines will only form weak bonds with hard water ligands. The
hard-soft contradiction exhibited by ruthenium (II), and the weakness of the RU-OH2
bond is ultimately responsible for the reactivity of the complexes we are to discuss.

The synthesis of [Ru(dppe)(C0 )(H2 0 )3](0 S0 2 CF3)2 by Whittlesey et al? prompted us
to pursue the study o f a series of analogous complexes by variation of the counter
anion associated with the tris-aqua moiety. We will discuss the synthesis and
characterisation of a series of complexes o f general formula
[Ru(dppe)(CO)(H2 0 )3](X )2 (X = BF4', SbF6', N(S 0 2 CF3)2')5 their behaviour in solution
and the subtle differences existing between them. These complexes incorporate a
variety o f spectroscopic reporter ligands which allows for in situ monitoring of their
1 ^1
formation and reactivity by IR (v(CO)) and multinuclear NMR spectroscopy ( H, P,
13C, 19F). Single crystal X-ray diffraction of these complexes has revealed that there

are significant differences in the hydrogen-bonding interactions arising from the
presence of the different anions in the tris-aqua complexes. We hold these differences
in hydrogen-bonding responsible for the differences in physical properties observed for
these complexes, in particular their different solubility in water. In an attempt to
elucidate whether these interactions were present in solution, and if so to what extent, a
series o f PGSE (pulsed-field gradient spin echo) NMR experiments were conducted in
collaboration with Professor Paul S. Pregosin and co-workers at the ETH in Zurich.
These NMR experiments will be discussed in depth in the latter part of this chapter.

The interaction of the [Ru(dppe)(CO)2] fragment with more strongly coordinating
ligands such as N (V will also be discussed.
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2.2 Background work

2 .2.1 Synthesis of [Ru(dppe)(C 0 )2( 0 S0 2CF3)2]

2 .2 . 1.1 [Ru(dppe)(CO)2Cl2] (1)

[Ru(dppe)(CO)2Cl2] has proven to be an excellent gateway towards a series of new
organometallic aqua complexes which will be discussed in depth further into this
chapter.

[Ru(dppe)(CO)2Cl2] (1) is obtained as a mixture of separable isomers by means of
refluxing RuCl3*3 H20 in a mixture of concentrated hydrochloric and formic acid to
give [Ru(CO)3C12]2, which is in turn reacted with dppe in 2 -methoxyethanol to give an
insoluble precipitate of approximate composition [Ru(CO)2Cl2(dppe) 1.14]. This
complex when heated to 270°C under an atmosphere of CO ultimately affords
[Ru(dppe)(CO)2Cl2] as a mixture of all three possible isomers (Scheme 2.2); all cis,
trans-(CO)z and tams-(Cl)2, as observed by IR and 31P{!H} NMR spectroscopy.4’ 5
These isomers can be easily separated by column chromatography with the all-cis
isomer as the predominant product. A schematic representation of the synthesis of
[Ru(dppe)(CO)2Cl2] is shown in Scheme 2.1.

con c. HCI / formic acid
R u CI3 -3H20

^

[R u (CO)3CI2]2

reflux 11 h.
dpp e

reflux 2 .5 h .

270° C
[Ru(CO)2CI2(d p p e)1.14]

[Ru(dppe)(C O ) 2 CI2]
CO

Scheme 2.1. Schematic representation o f the synthesis of 1.
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All -cis isomer

Trans-(CO)2 isomer

Trans-{ Cl)2 isomer

Scheme 2.2. Different isomers o f 1.

22.1.2 Ru(dppe)(C0 )2(0 S0 2CF3)2 (2)

Work conducted by Whittlesey et dl. showed that by reaction of a dichloromethane
solution of all cfr-[Ru(dppe)(CO)2 Cl2 ] with 2 . 2 equivalents of Ag 0 S0 2 CF3 under strict
moisture-free conditions, the all cis, bis-triflate species [Ru(dppe)(CO)2 (OS 0 2 CF3 )2 ]
(2) (Scheme 2.3) could be obtained in reasonable yield. 3

A\CO

2.2 eq. Ag0S02CF3

Scheme 2.3. Synthesis o f 2.

The IR spectrum exhibits two carbonyl bands at 2106 and 2030 cm' 1 of equal intensity
consistent with the cis geometry. These peaks are shifted 26-27 cm' 1 to a higher
frequency relative to the dichloride precursor which reflects the weaker 7t-donor ability
of triflate compared to chloride. The 3 1 P{ 1 H} NMR spectrum exhibits two doublet
resonances for the dppe ligand indicating that the two phosphorus nuclei are
inequivalent, hence the complex must be in an all cis arrangement.

13

C{]F[} NMR

spectroscopy shows two carbonyl resonances with coupling constants indicating that
one of the carbons is cis to both phosphorus nuclei, whereas the other is cis to one
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1

P{ H} NMR spectrum indicates that the two phosphorus nuclei of the dppe ligand

are in different environments. The 1 3 C{lH} NMR spectrum contains a single carbonyl
resonance at 197.1 ppm with coupling to two cis phosphorus nuclei (J = 17.7 Hz). The
19

F{!H} NMR spectrum of [Ru(dppe)(C0 )(H2 0 )( 0 S0 2 CF3 )2 ] is similar to that of

[Ru(dppe)(C0 )2 (0 S0 2 CF3 )2 ] and shows two quartet resonances for the coordinated
triflate ligands, although the 1 9 F-19F coupling constant is marginally larger (3.84 Hz)
that that observed for the bis-triflate species.

The weakly coordinating water ligand was found to be substitutionally labile as
exposure of a dichloromethane solution of [Ru(dppe)(C0 )(H2 0 )(0 S0 2 CF3 ) 2 ] to
carbon monoxide for

10

minutes results in quantitative conversion back to

[Ru(dppe)(C0 )2 (0 S0 2 CF3 )2 ] (Scheme 2.5).

Scheme 2.5. Conversion o f [Ru(dppe)(C0 )(H20)(0 S02CF3)2] hack to
[Ru(dppe)(C0) 2(0 S02CFs)2] in the presence o f CO.

222.2 [Ru(dppe)(C0)(H20)3](0S 02CF3)2 (5a)
The formation of the mono-aqua species [Ru(dppe)(C0 )(H2 0 )(0 S0 2 CF3 )2] prompted
the study of the solution reactivity of [Ru(dppe)(C0 )2 (0 S0 2 CF3)2] in the presence of
water. The findings revealed that addition of a

1 0

-fold excess of water to a CH 2 CI2

solution of the bis-triflate complex readily displaced the coordinated triflate
substituents. This behaviour is somewhat different to that observed by Hubbard and
co-workers for the reaction of water with the triflate complexes
[Cp’Ru(NO)(OS0 2 CF3)2] (Cp* = ti 5 -C5 (CH3 )5 , ti 5 -Cs(CH3 )4 (CH2 CH3)) and
[Rh(PPh3 )2 (C0 )(0 S0 2 CF3)] in CH2 CI2 solution. They found that with their systems
the coordinated triflate groups acted as relatively “strong” ligands and that their
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displacement by water was not possible in a CH2 CI2 solution. 6 , 7 However, in contrast
to Hubbard’s findings, the facile displacement of triflate substituents by water has been
reported recently by Higgins et al. for the bis-triflate, ruthenium (II) complex
[Ru(dppen)2 (0 S0 2 CF3 )2] (dppen = (Ph2 P)2 C=CH), which reacts with trace amounts of
o

water yielding the bis-aqua complex [Ru(dppen)2 (H2 0 )2 ](0 S0 2 CF3 )2 -

Addition of 10 equivalents of water to a solution of 3 results in an immediate reaction
to give a series of at least six dppe containing complexes as observed by 3 1 P{ 1 H} NMR
01

1

spectroscopy. After 12 hours the P{ H} NMR spectrum only exhibits one resonance
at 66.1 ppm. The corresponding ^F^H } spectrum exhibits two resonances, a sharp
singlet at -77.66 and a broader singlet at -77.72 ppm. There is only one band present in
the carbonyl region of the ER spectrum at 1997 cm'1. This species was tentatively
assigned as the cationic diaqua complex [Ru(dppe)(C0 )(H2 0 )2 ( 0 S0 2 CF3 )]( 0 S0 2 CF3 )
(4) which is formed by displacement of a carbonyl and a triflate group by water. The
two water ligands must be trans to dppe in order for both phosphorus nuclei to be
equivalent. Unfortunately, this species could not be characterised further due to its
reactivity in solution. Removal of the water/CHC^ solvent mixture and redissolution
of the dry residue regenerates complexes [Ru(dppe)(C0 )2 (0 S0 2 CF3 )2 ] and
[Ru(dppe)(C0 )(H2 0 )(0 S0 2 CF3 )2 ] in a 2:1 ratio as shown by 3 1 P{‘H} NMR
spectroscopy.
+

P////. | lX\\\\CO
Ru'-L

10 e q . H20
1 2 h.

OSO2CF3

2 4 h.

H20

Scheme 2 . 6. Reactivity o f 2 with H2O over time.
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When a CHCI3 solution of [Ru(dppe)(C0 )2(0 S02 CF3) 2] is left in the presence of 10
equivalents of H2O for over 24 hours the resonance in the 31P{ 1H} NMR spectrum due
to [Ru(dppe)(C0 )(H20 )2(0 S02 CF3)](0 S02 CF3) ultimately gives way to a new
resonance at 51.9 ppm. This complex was isolated and fully characterised by
multinuclear NMR and IR spectroscopy, elemental analysis and single crystal X-ray
crystallography as the dicationic tris-aqua carbonyl species
[Ru(dppe)(C0 )(H20 ) 3](0 S02 CF3)2 (5a). The 19F{'H} NMR spectrum of 5a shows a
single, sharp resonance at -78.63 ppm which corresponds to the uncoordinated triflate
groups. The ^ NMR spectrum reveals a very broad resonance for the coordinated
water ligands at 5 4.93 as well as exhibiting a broad resonance for free water at 1.73
ppm. The broadness o f this resonance suggests that there is exchange between free and
bound water in solution. The infrared spectrum exhibits a single band at 1990 cm ' 1
corresponding to the stretching frequency of the carbonyl ligand. A schematic
representation of the reactivity of [Ru(dppe)(C0 )2(0 S02 CF3)2] with water is pictured
in Scheme 2.6. Later studies revealed that the tris-aqua complex could be obtained by
direct reaction of a CH2CI2 solution of [Ru(dppe)(CO)2Cl2] as a mixture of isomers
with Ag 0 S02 CF3 in the presence o f H 2O. This facilitates the synthesis of the tris-aqua
complex by eliminating the need for isomer separation by chromatography.

Despite having three coordinated water molecules, this complex was found to be
insoluble in H2O. It is soluble in acetone, CHCI3 and CH2CI2, however it is only stable
in these solvents in the presence of trace amounts of water. When a solid sample is
taken and dissolved in a dry deuterated solvent, the 31P{ 1H} NMR spectrum exhibits a
series of other species present in solution. Presumably this behaviour is due to the
lability of the coordinated water molecules and hence to interactions that may arise
between solvent and the complex present in solution. Upon addition of trace amounts
of water all of these species revert back to the initial tris-aqua complex.

The tris-aqua complex crystallises slowly from a CHCb/water solution upon cooling
affording pale yellow crystals which were suitable for X-ray diffraction. An ORTEP
representation of this complex is shown in Figure 2.1. Tables of selected bond lengths
and bond angles are shown in Table 2.1 and Table 2.2, respectively.
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As seen in the crystal structure diagram, the [Ru(dppe)(CO)(H2 0 )3 ]2+ dication has an
octahedral structure with the three coordinated water molecules arranged in a fac
configuration. The asymmetric unit contains the octahedral dicationic complex, two
free triflate anions and 1.8 molecules of free water. Two of the coordinated water
molecules are located trans to the dppe substituent, while the other is cis to the two
phosphorus atoms and trans to CO. The Ru-0 bond lengths are similar for the two
water ligands in the equatorial plane (Ru-0 (2 ) = 2.180(2) A, Ru-0(3) = 2.170(2) A),
whereas the Ru-0 distance for the water trans to CO is slightly shorter (Ru-0(4) =
2.157(2) A).

Figure 2 . 1. ORTEP diagram o f 5a (thermal ellipsoids pictured at 50 % probability
level). Hydrogen atoms have been omitted fo r clarity.
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Selected bond Lengths for [Ru(dppe)(C0)(H 20)3](0S02CF3)2*1.8 H20
R u(l)-C (l)

1.833(3)

Ru(l)-0(2)

2.180(2)

R u(l)-0(4)

2.157(2)

Ru(l)-P(2)

2.2654(7)

Ru(l)-0(3)

2.170(2)

Ru(l)-P(l)

2.2876(7)

Table 2.1. Selected bond lengths for 5a as determined by single-crystal X-ray
diffraction

Selected bond angles for for [Ru(dppe)(C0)(H20 )3 ](0 S 0 2CF3)2’1.8 H 20
C(l)-Ru(l)-0(4)

176.53(10)

0(4)-Ru(l)-P(2)

95.70(6)

C(l)-Ru(l)-0(3)

95.47(10)

0(3)-Ru(l)-P(2)

95.09(6)

0(4)-Ru(l)-0(3)

81.40(8)

0(2)-Ru(l)-P(2)

176.92(6)

C(l)-Ru(l)-0(2)

96.19(10)

C (l)-Ru(l)-P(l)

88.31(8)

0(4)-Ru(l)-0(2)

82.17(8)

0(4)-Ru(l)-P(l)

94.81(6)

0(3)-Ru(l)-0(2)

86.80(8)

0(3)-Ru(l)-P(l)

176.21(6)

C(l)-Ru(l)-P(2)

86.05(8)

0(2)-Ru(l)-P(l)

92.51(6)

P(2)-Ru(l)-P(l)

85.44(3)

Table 2.2. Selected bond angles fo r 5a as determined by single-crystal X-ray
diffraction

Analysis of the supramolecular array reveals that the gross structure is dominated by
hydrogen bonding chains parallel to the c axis of the unit cell. These chains are
propagated by two sets of alternating interactions (Figure 2.2). Each dicationic centre
is hydrogen-bound to the lattice neighbour (generated by the inversion centre) closest
to its ligated waters. In particular, the two protons attached to 0(2) and 0 (3 ), along
with one of the protons attached to 0(4), interact with the oxygen atoms of the triflate
counteranions from the same asymmetric unit along with those generated by the
inversion centre. These units are the “cemented” further by interaction of the
remaining proton on 0(4) and a lattice water molecule (0(12)). This cementing is
consolidated by interaction of 0(12) with a triflate anion (0(5)).
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Figure 2.2. Hydrogen-bonding array exhibited by 5a in the lattice.
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2.2.3 Solution reactivity of [Ru(dppe)(C0)(H20)3](0S02CF3)2

2.2.3.1 Substitution reactions of [Ru(dppe)(C0)(H20)3](0S02CF3)2

The solution reactivity of [Ru(dppe)(C0)(H20)3](0S02CF3)2 has been studied in depth
by Hargreaves et al? with the aim of developing an understanding of the stability of
this complex and the possible products that can be derived from it. The lability of the
three coordinated water substituents allows for a series of substitution reactions with a
variety of reagents. We have previously mentioned the instability of the tris-aqua
complex in solvents such as dichloromethane and acetone, and how it is necessary to
add trace amounts of water to these solutions in order to avoid mixed solvent
complexes. This led to the study of [Ru(dppe)(C0)(H20)3](0S02CF3)2 in a series of
more strongly coordinating solvents such as acetonitrile and DMSO. When a solid
sample of the tris-aqua complex was dissolved in either of these two solvents the facile
displacement of all three coordinated water ligands was observed along with the
formation o f the corresponding tris-acetonitrile, [Ru(dppe)(CO)(CH3CN)3](OSC>2CF3)2
(6a), and tris-DMSO, [Ru(dppe)(CO)(Me3SO)3](OSC>2CF3)2 (7a), complexes. The
same behaviour was observed when [Ru(dppe)(C0 )(H 20 )3](0 SC>2CF3)2 was reacted
with an excess of MesCNC, which resulted in the displacement of all three coordinated
water ligands by isocyanide affording [Ru(dppe)(C0 )(Me3CNC)3](0 S02 CF 3)2 (8).

Reaction of [Ru(dppe)(C0)(H20)3](0S02CF3)2 with 1 equivalent of 2,2,-bipyridyl
(bpy) resulted in the rapid formation of [Ru(dppe)(C0)(H20)(bpy)](0S02CF3)2 (9)
with the bpy ligand occupying two equatorial positions along with the bidentate
phosphine. However, after approximately 1 hour in solution, this complex had fully
converted to an isometric product, with the 2,2’-bipyridyl ligand occupying an
1

I

equatorial position and an axial one, as evidenced by P{ H} NMR spectroscopy. Due
to extensive overlap of the pyridyl and phenyl signals in the aromatic region of the !H
NMR spectrum, this reaction was repeated using a substituted pyridyl ligand 4,4’dimethyl-2,2’-bipyridyl (Me2bpy), which could be used as a spectroscopic handle.
Thus, formation of [Ru(dppe)(C0)(H20)(Me2bpy)](0S02CF3)2 (10) in which the
coordinated water molecule was situated trans to the carbonyl group was followed by
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rapid isomerisation to the cis complex. A diagram of the different substitution
reactions exhibited by [Ru(dppe)(C0 )(H2 0 )3 ](0 S0 2 CF3 ) 2 is shown in Scheme 2.7.
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Scheme 2.7. Substitution reactions o f 5a.
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Addition of 3 equivalents of 1-propanethiol to an acetone/water solution of
[Ru(dppe)(C0 )(H2 0 )3 ](0 S0 2 CF3 ) 2 results in the formation of the dimeric complex
[{Ru(dppe)(C0 )}2 (p-SCH2 CH2 CH3 )3 ](0 S0 2 CF3 ) (11), as pictured in Scheme 2.8. This
complex exhibits two Ru(dppe)(CO) fragments bridged by three 1 -propanethiol
ligands.

CH3CH2CH2SH
P► RirU '' ' S(fl IM

n . R (j- *

Scheme 2.8. Formation o f 11.

2.2.3.2 Water-gas-shift reaction of [Ru(dppe)(C0)(H20 )3 l(0 S 0 2CF3)2

In contrast to the rapid displacement of the water ligands by strongly coordinating
groups such as acetonitrile or DMSO, the reaction of
[Ru(dppe)(C0 )(H2 0 )3 ](0 S0 2 CF3 ) 2 with CO (latm) proceeds very slowly with
complete conversion to a single, new ruthenium containing complex over three weeks
at room temperature. The product was characterised as the cationic ruthenium
tricarbonyl hydride, [Ru(dppe)(C0 )3 H](0 S0 2 CF3 ) (12). Use of 13CO allowed the
observation of 1 3 C 0 2 formation, which implies that the reaction proceeds according to
a water-gas-shift reaction mechanism, involving nucleophilic attack of water at a
coordinated carbonyl ligand. A number of recent examples of water-gas-shift
chemistry involving non-phosphine stabilised ruthenium complexes have been
reported.10, n> 1 2 , 1 3 , 1 4 A postulated pathway is shown in Scheme 2.9. 15
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COOH

Scheme 2.9. Proposed Water-gas-shift reaction mechanism

In an attempt to elucidate how different chemical substituents could influence the
solubility and reactivity of [Ru(dppe)(C0 )(H2 0 )3 ](0 SC>2 CF3 ) 2 in water, we undertook
a series of experiments in which we aimed to vary specific characteristics o f this
molecule, such as the anion associated with the tris-aqua dication, or the bidentate
phosphine coordinated to the ruthenium (II) metal centre. The results observed will be
discussed in depth both in the remaining part of this chapter as well as in Chapter 3.
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2.3 Results and discussion

2.3.1 Synthesis of fRu(dppe)(C0)(H20 ) 3](X)2

2.3.1.1 [Ru(dppe)(C0)(H20)3](BF4)2 (5b)

The synthesis and characterisation of [Ru(dppe)(C0 )(H2 0 )3 ](0 S0 2 CF3 ) 2 led us to
pursue the synthesis of an analogous group of compounds through variation of the
counter-anion associated with the tris-aqua moiety. The ultimate objective was to
modify certain physical properties of the tris-aqua complex, namely solubility, without
fundamentally changing the nature or reactivity of the cation. The first of the
complexes we attempted to synthesise was [Ru(dppe)(C0 )(H2 0 )3 ](BF4 )2. Reaction of
[Ru(dppe)(CO)2 Cl2] with AgBF4 in CH2 CI2 in the presence of trace amounts of water
yielded [Ru(dppe)(C0 )(H2 0 ) 3 ](BF4 ) 2 (5b) (Scheme 2.10), which was characterised by
multinuclear NMR, IR, elemental analysis and single crystal X-ray diffraction
techniques.

2.2 eq. AgBF4

>

oh 2

Scheme 2.10. Synthesis o f 5b.

The 3 1 P{ 1 H} NMR of [Ru(dppe)(C0 )(H2 0 )3 ](BF4 ) 2 shows a single resonance at 67.3
ppm (Figure 2.3), due to the two equivalent phosphorus nuclei, while the

13

C{!H}

NMR spectrum exhibits a triplet at 197.2 ppm with a C-P coupling constant of 21.7
Hz corresponding to the carbonyl substituent coupling with two cis phosphorus nuclei
(Figure 2.5). *H and ^F^H } NMR spectra are pictured in Figure 2.4 and 2.6,
respectively. The IR spectrum showed only one band in the carbonyl region at 1992
cm'1, which is of a comparable value to that observed for
[Ru(dppe)(C0 )(H2 0 )3 ](0 S0 2 CF3)2.
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All attempts to synthesise the presumed bis-tetrafluoroborate intermediate complex
[Ru(dppe)(CO)2 (BF4)2] proved unsuccessful, presumably due to the more weakly
coordinating nature of the BF4' anion in comparison to that of OSO2 CF3 '. We believe
that the bis-tetrafluoroborate complex is formed during the reaction, however the
greater lability of the BF4' substituents makes this complex highly sensitive to even
trace amounts of water present in the reaction mixture, making it difficult to isolate.
Crystals of 5b suitable for single-crystal X-ray diffraction were obtained from an H20
saturated CH2 C12 solution upon cooling. An ORTEP representation of the X-ray
structure is shown in Figure 2.7. Selected lists of bond distances and angles for this
crystal structure can be seen in Table 2.3 and Table 2.4, respectively.

Figure 2 . 7. ORTEP diagram o f 5b (thermal ellipsoids pictured at 50% probability
level). Hydrogen atoms have been omitted fo r clarity. The disorder in one o f the BF 4
anions is not shown.
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It is clear from Figure 2.7 that, as with the triflate analogue, the cation has an
octahedral structure with the three water ligands in a fac arrangement. There is some
disorder observed concerning two of the fluorine positions in one of the BF4’ anions
(B(l)). Accompanying the cation in the unit cell there are two BF4- anions along with
two water molecules which are hydrogen-bonded to the dication. This complex was
found to be moderately water-soluble (10 mg/mL). We believe that the hydrogen
bonding array present in the lattice is ultimately responsible for the greater watersolubility o f this complex relative to that exhibited by 5a.

Selected bond lengths

[A] for [Ru(dppe)(C 0 )(H 20 ) 3](BF 4)2*2H 20

Ru(l)-C(27)

1.836(3)

R u(l)-0(2)

2.142(2)

Ru(l)-0(3)

2.186(2)

R u(l)-0(4)

2.196(2)

Ru(l)-P(2)

2.2780(8)

Ru(l)-P(l)

2.2876(8)

Table 2.3. Selected bond lengths as determined by single crystal X-ray diffraction for
5b.

Selected bond angles [°] for [Ru(dppe)(C0)(H20)3](BF4)2*2H20
C(27)-Ru( 1)-0(2)

176.80(11)

C(27)-Ru(l)-0(3)

95.92(11)

0(2)-R u(l)-0(3)

81.18(9)

C(27)-Ru( 1)-0(4)

96.40(12)

0(2)-Ru(l)-0(4)

81.76(9)

0(3)-Ru(l)-0(4)

78.69(9)

C(27)-Ru(l)-P(2)

85.56(10)

0(2)-Ru(l)-P(2)

96.24(7)

0(3)-Ru(l)-P(2)

100.46(7)

0(4)-Ru(l)-P(2)

177.92(7)

C(27)-Ru(l)-P(l)

88.09(10)

0(2)-R u(l)-P(l)

94.69(7)

0(3)-R u(l)-P(l)

173.47(7)

0(4)-R u(l)-P(l)

95.77(7)

P(2)-Ru(l)-P(l)

84.95(3)

Table 2.4. Selected bond angles as determined by single crystal X-ray diffraction for
5b.
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Figure 2.8. Localised hydrogen-bonding exhibited by 5b. Hydrogen atoms of the dppe
substituent have been omitted for clarity.

The hydrogen-bonding network for 5b is illustrated in Figures 2.8 and 2.9. There is
significant hydrogen bonding throughout the lattice involving free water molecules and
BF4 ' anions. The hydrogen atoms of the coordinated water molecule 0(2) are
hydrogen-bonded to both free water molecules, 0(5) and 0(6) which in turn interact
with neighbouring molecules in the lattice, generated by symmetry transformations.
The hydrogen atoms of the coordinated water molecule 0(3) are hydrogen-bonded to
fluorine atoms of the two free BF4 anions, which are in turn hydrogen-bonded to the
free water molecules of a lattice neighbour. Finally, the coordinate water molecule
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0(4) is involved in hydrogen-bonding to the free anion based around B(l) and to a free
water molecule of a lattice neighbour.

Figure 2.9. Extended hydrogen-bonding array exhibited by 5b in the lattice.
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Ultimately, the hydrogen bonding interactions present in the lattice render the
formation of ribbon-like arrays throughout the lattice, as shown in Figure 2.9. The free
water molecules in the lattice are found to act as “cement”. This hydrogen-bonding
network does not seem to exhibit as high a level of hydrogen-bonding as was observed
for the triflate analogue. We believe that it is due to this lack of lattice “organisation”
that solvation of complex 5b by water is thermodynamically possible in the case of the
B F 4 '

tris-aqua complex, while it is was not possible in the case of the triflate complex.

2.3.1.2 [Ru(dppe)(C0)(H20)3](SbF6)2 (5c)

The synthesis of [Ru(dppe)(C0 )(H2 0 )3 ](SbF6 ) 2 (5c) was achieved in the same manner
as for the tetrafluoroborate analogue. Silver hexafluoroantimonate was added to a
solution ofRu(dppe)(CO)2 Cl2 in CH2 CI2 , , immediately followed by

1 0

equivalents of

H2 O (Scheme 2.11). The reaction was followed by IR spectroscopy and once it had
come to completion our desired product was extracted.

2.2 eq. AgSbF6

(SbF6)2

Scheme 2.11. Synthesis o f 5c.

[Ru(dppe)(C0 )(H2 0 )3 ](SbF6 ) 2 was isolated and characterised by multinuclear NMR
spectroscopy, IR spectroscopy and elemental analysis.

31

P{ 1 H} NMR spectroscopy for

[Ru(dppe)(C0 )(H2 0 )3 ](SbF6 ) 2 exhibits a single resonance at 67.4 ppm in D 2 O,
whereas the 1 3 C{!H} NMR exhibits a triplet at 197.2 ppm with a trans C-P splitting of
17.9 Hz. IR shows a band in the carbonyl region at 1994 cm’1, which is of a similar
value to what we have come to expect for the carbonyl stretching frequency of the
[Ru(dppe)(C0 )(H2 0 )3 ]2+dication. This complex was found to be even more water
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soluble than the BF4 ' analogue, allowing 18 mg of the complex to be dissolved in 1 mL
of H2 0.

Figure 2.10. ORTEP diagram o f 5c (thermal ellipsoids shown at 50% probability
level). Hydrogen atoms have been omittedfo r clarity. The disorder in the SbF6 anions
is not shown.

Crystals suitable for X-ray diffraction were grown from a CH2 CI2 /H2 O solution upon
cooling. The full molecular geometry was elucidated by single crystal X-ray
diffraction at 150 K, an ORTEP representation of which is shown in Figure 2.10.
Selected bond lengths and angles are given in Tables 2.5 and 2.6, respectively.
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Selected bond distances [A] for [Ru(dppe)(C0)(H20)3](SbF6)2,3H20‘CH2Cl2
R u(l)-C (l)

1.843(4)

Ru(l)-0(3)

2.163(3)

R u(l)-0(2)

2.173(3)

Ru(l)-0(4)

2.182(3)

Ru(l)-P(2)

2.2860(9)

Ru(l)-P(l)

2.3046(9)

Table 2.5. Selected bond distances as determined by single crystal X-ray diffraction for
5c.

Selected bond angles [°] for [Ru(dppe)(C0)(H20)3](SbF6)2-3H20-CH2Cl2
P(2)-Ru(l)-P(l)

84.94(3)

C (l)-Ru(l)-0(3)

179.55(14)

C(l)-R u(l)-0(2)

96.62(14)

0(3)-Ru(l)-0(2)

83.48(11)

C(l)-Ru(l)-0(4)

95.04(14)

0(3)-Ru(l)-0(4)

85.40(11)

0(2)-Ru(l)-0(4)

83.91(11)

C(l)-Ru(l)-P(2)

86.36(12)

0(3)-Ru(l)-P(2)

93.54(7)

0(2)-Ru(l)-P(2)

176.93(9)

0(4)-Ru(l)-P(2)

95.11(8)

C(l)-Ru(l)-P(l)

91.66(12)

0(3)-R u(l)-P(l)

87.89(8)

0(2)-R u(l)-P(l)

95.69(9)

0(4)-R u(l)-P(l)

173.29(9)

Table 2.6. Selected bond angles as determined by single crystal X-ray diffraction for
5c.

The X-ray diffraction data obtained show that there is disorder of both of the
hexafluoroantimonate counter-anions. The anion based on Sb(2) is positionally
disordered with an Sb(2a) based anion in a 1:1 ratio. The anion based on S b(l) exhibits
4:1 positional disorder of the equatorial fluorines.

The hydrogen-bonding interactions present in the lattice for complex 5c are shown in
Figures 2.11 and 2.12. The hydrogen atoms on 0(3) are hydrogen-bound to free water
molecules (0(5) and 0(7)), which are in turn bound to the fluorine atoms (F(3) and
F(2)) of the SbF6' anion based on Sb(l). One of the hydrogen atoms of the coordinated
water molecule 0(4) is bound to the free water molecule 0(5), whereas the other
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hydrogen is bound to a free SbF6 " anion in a lattice neighbour. Similarly, one of the
hydrogen atoms on 0(2) is hydrogen-bonded to the free water molecule 0(7), whereas
the other one is hydrogen-bonded to the remaining free water molecule 0(6). The
hydrogen atoms on 0 (6 ) go on to interact with two different SbF6 ‘ anions from a
neighbouring cation-anion pair.

H(6B)

Figure 2.11. Localised hydrogen-bonding exhibited by 5c. Hydrogen atoms of the dppe
substituent have been omitted for clarity.
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Figure 2.12. Extended hydrogen-bonding array exhibited by 5c in the lattice.
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Ultimately, the interactions form a relatively complicated array which is not very
tightly packed, resulting in relatively easy water-solvation. Overall the hydrogenbonding interactions dominate the crystal lattice as shown in Figure 2.10, to give
sheet-like arrays within the lattice. CH2 CI2 molecules fill in the small cavities in the
lattice and there may be C-H---F and/or C-H--0 interactions present involving the
hydrogen atoms therein.

2.3.1.3 [Ru(dppe)(C0)(H20)3][N(S02CF3)2]2

[Ru(dppe)(C0)(H20)3][N(S02CF3)2]2 (5d) was synthesised in the same manner as the
previous tris-aqua complexes we have discussed. Analytically pure crystals were
obtained from a CH2 CI2 solution in the presence of trace amounts of water upon
cooling and characterised by IR, multinuclear NMR spectroscopy and elemental
analysis.

CO
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[N( s o 2c f 3)2]2

oh2

y b
Scheme 2.12. Synthesis o f 5d.

This complex proved to be the most water-soluble of all of the tris-aqua complexes we
have previously discussed, allowing for approximately 25 mg of complex to be
dissolved in 1 mL of H2 O. The IR and NMR spectra proved to be similar to what we
have seen previously for the OSO2 CF3 *, BF4‘ and SbF6 _analogues.
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2.3.1.4 Comparison between [Ru(dppe)(C0)(H20)3](X)2 complexes

As discussed previously we have successfully synthesised a series of different ionic
ruthenium (II) tris-aqua complexes with an identical dication, [Ru(dppe)(C0 )(H20 )3]2+
(5), accompanied by several different anions (OSO2CF3', BF4', SbFe" and
N[(S0 2CF3)2]'). These anions were chosen due to their weakly coordinating nature in
an attempt to limit the competition for metal-bonding between the anions and water
molecules. While the cationic fragments of these complexes exhibit roughly the same
structural characteristics, they exhibit considerably different interactions between
cations and anions in the solid state. We believe that it is due to these differences in the
solid state structure o f the complexes that they posses different solubility in water.
These differences in water solubility can be summarised by the following series
ranging from the least water-soluble to the most:

5*0S0 2CF3 < 5-BF4 < 5-SbF6 < 5-N[(S0 2CF3)2]2

Table 2.7 summarises the RU-OH2 and Ru-CO bond distances observed for the
different tris-aqua complexes synthesised. We see that for all of them the distances
from the metal centre to the axial water molecules are slightly shorter than those
observed between the metal centre and the equatorial ones. These differences arise due
to the different nature of the ligands located in the trans position to the water
molecules. Table 2.7 also allows us to observe that there is a direct relationship
between the Ru-CO bond distance and the carbonyl stretching frequency. The longer
the Ru-CO distance the higher the frequency of the band due to v(CO). This is a
consequence of a lesser degree of 7t-backbonding from the metal centre to the n
orbitals of the carbonyl substituent.

The differences in the RU-OH2 and Ru-CO distances between the different tris-aqua
complexes are negligible and presumably arise due to the hydrogen-bonding
interactions between cations, anions and free solvent molecules.
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Compound

d Ru-OH2(ax)

d Ru-OH2(eq)

d Ru-CO

v(CO) (cm-1)

5a

2.157(2)

2.170(2)

1.833(3)

1990a

1.836(3)

1992b

1.843(4)

1994b

2.180(2)
5b

2.142(2)

2.186(2)
2.196(2)

5c

2.163(3)

2.173(3)
2.182(3)

2005°

5d

All bond distances are given in Angstrom s.a IR spectrum recorded of solid in KBr p lates.b IR spectrum
recorded as H20 solution in CaF2 p lates.c IR recorded of nujol mull on KBr plates.

Table 2.7. List o f IR carbonyl stretching frequencies, Ru-CO and RU-OH2 distances for
all o f the [Ru(dppe)(C0)(H20)3] (X)2 complexes synthesised to date.

2.3.2 Reactivity of [Ru(dppe)(CO)2Cl2] with AgN03

2.3.2.1 [Ru(dppe)(C0)(N03)2] (13)
Addition of 2 . 2 equivalents of silver nitrate to a CH2 CI2 solution of
[Ru(dppe)(CO)2 Cl2 ] and subsequent stirring in the absence of light for 1.5 hours
yielded [Ru(dppe)(C0 )(N0 3 )2 ] (13) (Scheme 2.13), which exhibits two coordinated
nitrate substituents, one of which is bound in a mono-dentate fashion whereas the other
nitrate group acts as a bidentate ligand.

vNXCO

2.2 eq. AgN03

Scheme 2.13. Synthesis o f 13.
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This complex was characterised by multinuclear NMR spectroscopy, IR spectroscopy
and elemental analysis. The 3 1 P{1H} NMR shows a singlet at 73.4 ppm (Figure 2.13),
which implies that there is a certain degree of fluxionality of the nitrate ligands in
solution as the two phosphorus nuclei are equivalent. Even at -90°C, the NMR
spectrum of a CD2 CI2 solution of [Ru(dppe)(C0 )(N0 3 )2 ] exhibits identical 3 1 P{1 H}
and !H NMR spectra to those run at room temperature, implying that the fluxionality
of the nitrate ligands is present even at low temperatures. The

13

C{ 1H} NMR exhibits a

triplet resonance at 2 0 0 . 2 ppm due to the carbonyl substituent, which couples to the
two equivalent phosphorus nuclei with a trans C-P coupling constant of 18.6 Hz
(Figure 2.15).
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Figure 2.14. *HNMR spectrum (300 MHz) o f 13 in CD2Ch.
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Figure 2.15. Carbonyl region o f the 13Cf!H} NMR spectrum (75 MHz) o f 13 in
CD2Cl2.
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IR studies of complex 13 show a band at 1990 cm' 1 in the carbonyl stretching
frequency region, which is a similar value to those observed for the different tris-aqua
complexes. This similarity reflects the similar a-donor ability of the nitrate group in
comparison to water. 1 6 IR spectroscopy also allowed us to observe bands
corresponding to the coordinated nitrate substituents at 1531, 1471, 1272, 1225, 1095
and 994 cm'1. The bands at 1471 va(N0 2 ), 1272 vs(N0 2 ) and 992 v(NO) cm' 1 arise
from the monodentate substituent. The remaining bands are due to the bidentate nitrate
ligand. The band at 1531 cm' 1 corresponds to the N=0 stretching frequency, while the
bands at 1225 and 1092 cm' 1 are due to the asymmetric and symmetric NO2 stretching
vibrations, respectively. 17 These values are consistent with the frequencies reported by
Robinson and Critchlow for a series of ruthenium (II) bis-phosphine nitrate
complexes. 1 8 , 19

Crystals suitable for X-ray diffraction were grown from CHC^/hexane. Single crystal
X-ray diffraction techniques allowed for a full structural characterisation and proved
that there are two coordinated nitrate ligands, one of them bound in a monodentate
fashion and the other acting as a bidentate ligand. There are two enantiomers of
[Ru(dppe)(C0 )(N0 3 )2 ] in the unit cell along with one molecule of CHCI3 . An ORTEP
diagram of one of these enantiomers is shown in Figure 2.16. Selected lists of bond
lengths and angles can be seen in Tables 2.8 and 2.9, respectively.

Scheme 2.14. Mixture o f enantiomers o f [Ru(dppe)(CO)(NOs)2] .
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Figure 2.16. ORTEP diagram o f one o f the enantiomers o f [Ru(dppe)(CO)(NOs)2]
(thermal ellipsoids shown at 50% probability levels). Hydrogen atoms have been
omittedfo r clarity.

Selected bond lengths [A] for [Ru(dppe)(CO)(NO3)2]*0.5CHCl3
Ru(l)-C(l)

1.845(2)

Ru(l)-0(2)

2.1470(16)

Ru(l)-0(5)

2.1600(15)

Ru(l)-0(3)

2.1683(17)

Ru(i)-P(l)

2.2713(6)

Ru(l)-P(2)

2.2963(6)

Table 2.8. Selected bond lengths as determined by single crystal X-ray diffraction
studies for 13.
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Selected bond angles [°] for 2[R u(dppe)(C 0)(N 03)2]-CHCl3
C (l)-Ru(l)-0(2)

169.02(9)

C (l)-Ru(l)-0(5)

98.59(8)

0(2)-Ru(l)-0(5)

80.09(6)

C(l)-Ru(l)-0(3)

108.89(9)

0(2)-Ru(l)-0(3)

60.13(6)

0(5)-Ru(l)-0(3)

79.08(6)

C (l)-Ru(l)-P(l)

87.59(7)

0(2)-Ru(l)-P(l)

103.38(5)

0(5)-Ru(l)-P(l)

95.81(5)

0(3)-Ru(l)-P(l)

163.23(5)

C(l)-Ru(l)-P(2)

91.03(7)

0(2)-Ru(l)-P(2)

90.39(4)

0(5)-Ru(l)-P(2)

170.37(4)

0(3)-Ru(l)-P(2)

97.49(5)

P(l)-Ru(l)-P(2)

84.92(2)

Table 2.9. Selected bond angles as determined by single crystal X-ray diffraction
studies for 13.

[Ru(dppe)(C0)(N03)2] exhibits a distorted octahedral geometry, presumably enforced
by the bidentate nitrate ligand. The 0(2)-Ru(l)-0(3) angle is 60.13° which is
considerably more acute than would be expected of a cis configuration in an octahedral
structure. This in turn has an effect on the overall geometry of the molecule. The RuCO distance (1.845 A) is similar to those observed for the different tris-aqua
complexes (1.833 (5a), 1.836 (5b) and 1.843 A (5c)), which is in accordance with the
similar IR values for v(CO) which we have discussed previously. As we have seen
previously in the case of the tris-aqua complexes, we observe that the Ru-Oox/a/
distance (2.147 A) is shorter than that observed for the two R u-0 equatorial distances
(2.160 and 2.168 A) due to the strong 7t-backbonding nature of the carbonyl substituent

trans to the axial nitrate oxygen.

[Ru(dppe)(C0)(N03)2] was found to be stable in the presence of water, even at high
temperatures, therefore the corresponding tris-aqua species could not be obtained.
Presumably this is due to the stronger a-donor ability of N 0 3*as a ligand in
comparison to the more weakly coordinating anions which we have discussed
previously. This behaviour has been reported previously by Amouri and coworkers for
the complexes [(C5Me5)M(r|2-N 03)(r|1-N 03)] (M = Rh, Ir).20 They found that the
nitrate substituents could not be displaced by coordinating solvents, whereas when
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they attempted the synthesis of the BF4' analogue they obtained mixed-solvent
complexes.

23.2.2 [Ru(dppe)(C 0 )2(N0 3)2] (14)
^P^H } NMR spectroscopy proved a valuable tool in studying the reaction of
[Ru(dppe)(C0)(N0 3 )2] with carbon monoxide. When a CD2 CI2 solution of
[Ru(dppe)(C0)(N0 3 )2] in a Young’s NMR tube is ffeeze-pump-thaw degassed and
placed under an atmosphere of

C O

we see immediate conversion of the starting

material (singlet at 73.4 ppm) to a product exhibiting two doublets at 8 63.4 and 42.5
(./(P-P) = 15.9 Hz) (Figure 2.17). This is consistent with a cis geometry in which the
two phosphorus nuclei are inequivalent. We assigned this species as the bis-nitrate,
bis-carbonyl species [Ru(dppe)(C0)2(N03)2] (14). Carbon monoxide coordinates to
the metal centre displacing one of the arms of the bidentate nitrate group making it go
from rj2 to r\l-coordinate. 13C{1H} NMR spectroscopy shows two different carbonyl
environments, a triplet at 195.1 (J(C-P) = 13.9 Hz) corresponding to the carbonyl
substituent cis to the two phosphorus nuclei, and a doublet of doublets at 189.1
Pirons)= 108.4 Hz;

J ( C

- P Ci s )

( J ( C

-

= 9.7 Hz) corresponding to the carbonyl in the equatorial

plane, which is trans to one phosphorus nucleus and cis to the other (Figure 2.18).

Scheme 2.15. Synthesis o f 14.

Careful monitoring of this reaction is necessary in order to stop at the bis-nitrate, biscarbonyl product and avoid further carbonylation to zero-oxidation state complexes.
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2.4 PGSE Diffusion studies on [Ru(dppe)(C0)(H20 ) 3]2+(X‘)2
2.4.1 Introduction

Cationic moieties of transition metal salts are finding an ever increasing number of
applications in organic synthesis. The use of these salts in catalysis has had the
underlying theme of accompanying the “active” cationic component with a relatively
“innocent” anion. There has been a widespread use of anions such as BFT, OSO2CF3',
TJ

PF6', SbF6_and BAr 4' (tetrakis(3,5-bis(trifluoromethyl)phenyl)borate) in association
with a variety of cationic fragments. These anions are widely regarded as non
coordinating and are therefore considered not to interfere with the reactions in which
the cation is involved. There are, however, indications that these anions may on
71 77 91
occasion not be as “innocent” as they appear, i.e., they may coordinate or react. ’ ’
There is also very little information as to how cation and anion interact in solution.

With the collaboration of Prof. Paul S. Pregosin at the ETH in Zurich we decided to
study the interactions present in solution between cation and anion for our series of
compounds of generic formula [Ru(dppe)(C0 )(H 20 )3]2+(X ‘)2 (X = OSO2CF 3', BF4',
SbF6\ N (S0 2CF3)2') by way of pulsed-field gradient spin-echo (PGSE) diffusion
studies.24 PGSE methods were introduced in 1965 by Stejskal and co-workers25,26 and
have, since then, been widely used. During the 1970’s, PGSE studies were used to
determine the diffusion coefficients of organic molecules.27 Variants of this technique
were used in the following decade as a method of solving problems with polymer
chemistry.28 Recently, diffusion data has been used as a valuable tool in elucidating the
behaviour and aggregation number of dendrimers in solution.29,30,31 Its application has
been extended to work on peptides

as well as on molecules in different environments

such as porous silca33 and zeolites.34 However the applications of PGSE measurements
have remained sparse it terms of studying the behaviour of organometallic and
coordination complexes.35,36

By use of pulsed-field gradient spin echo measurements we can calculate the
molecular self-diffusion constants (.D) of a wide variety of complexes in solution.
Diffusion constants can be a valuable tool in finding molecular volumes, hydrogen
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bonding interactions (i.e. increased volume via association) and how individual
charged species translate in solution. This latter point stems from the ability to use a
multinuclear NMR approach to follow how the anions and cations interact; *H and 31P
NMR in case of the cation and 19F for the anion. The application of !H-19F NOESY
experiments can be used to establish orientation effects and site specific interactions as
well.

2.4.2 Methodology

The basic element of an NMR diffusion experiment consists of a spin-echo sequence in
combination with the application of static- or pulsed-field gradient. ’ One of these
sequences, the Stejskal-Tanner sequence, can be seen in Figure 2.19.

t= 0
1

n /2

2t
1

71

LM L
Figure 2.19. Stejskal-Tanner sequence

A transverse magnetisation is generated by the initial rc/2 pulse which, in the absence
of the static- or pulsed-field gradients, dephases due to chemical-shift and hetero- and
homonuclear-coupling evolution, and spin-spin {Tf) relaxation. After applying an
intermediate n pulse at t = t, the magnetisation refocuses, generating an echo at t = 2t.
At this point, sampling (signal-intensity measurement) of the echo-decay starts.
Fourier transformation of this data results in a conventional NMR spectrum, in which
the signal intensities are weighed by their individual T2, and the signal phases of the
multiplets are distorted by the product Utlx. Both effects are present in the diffusion
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experiment, however, due to the fixed timing, these are kept constant during the
experiment.

In a PGSE experiment, the function of the gradient is to diphase magnetisation from
spins which have diffused to a new location over a period A. The application of the
first pulsed-linear field gradient at time t (0 < t < x) results in an additional (strong)
dephasing of the magnetisation with a phase angle proportional to the length (5) and
the amplitude (G) of the gradient. Because the strength of the gradient varies linearly
along one axis, only spins contained in a narrow slice of the sample have the same
phase angle. The result is that the spins are phase encoded in a one-dimensional space.
The second gradient pulse, which has to be exactly equal to the first, reverses the
respective phases and the echo forms in the usual way. If however, spins move out of
their slice into neighbouring ones via Brownian motion, the phase they acquire in the
refocusing gradient will not be the one they acquired in the preparation step. This leads
to incomplete refocusing, as in the T2 dephasing, and hence to an attenuation of the
echo amplitude. As smaller molecules move faster, they translate during the time
interval A into slices that are further apart than the one they resided in originally, thus
giving rise to smaller echo intensities. Ultimately, smaller molecules, which possess
the ability to move faster than their larger counterparts, will experience a greater signal
decrease. The faster a particular peak decreases, the smaller the molecule it
corresponds to.

Figure 2.20. Stimulated-Echo Method sequence
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The experiment seen in Figure 2.20., works quite the same way as an experiment using
the Stejskal-Tanner sequence with the difference that the phase angles encoding the
position of the spins are stored along the z-axis in the rotating frame of reference by
the action of the second nil pulse. Transverse magnetisation and the respective phases
are restored by the third n!2 pulse. This method is advantageous in that, during A, T\
rather than Ti is the effective relaxation path. Since T\ is often longer than T2 , a better
signal to noise ratio is obtained. An extra advantage of this method is that dephasing of
the multiplets is not as dramatic. Technically both types of experiment are performed
by repeating the sequence while systematically modifying one of the variables while
the others remain constant. Either 3, A or G is modified while the other two are left the
same. Mathematically the diffusion part of the echo can be expressed by Equation 1:

ln(///0) = -(y8)2G2(A - 5/3 )£>
Equation 1.G = gradient strength, A = delay between the midpoints o f the gradients,
D = diffusion coefficient and 3 = gradient length.

The diffusion coefficient is obtained by plotting ln(Z7/o) {IH0 is the observed spin-echo
intensity/intensity without gradients) versus either A, 5 (A-8/3) or G . Once we have
determined the value of the diffusion coefficient we can easily obtain the
hydrodynamic radius of the molecules by use of the Stokes-Einstein equation
(Equation 2).

rn = k T / 67irjD
Equation 2. Stokes-Einstein equation correlating the diffusion constant (D) with the
hydrodynamic radius, r^ (k = Boltzmann constant; rj = viscosity; T = absolute
temperature).

The viscosity of the solvent plays an important role and it is important that we take
into account the differences in viscosity when comparing values of D determined in
different solvents.
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2.4.3 Determination of molecular size by PGSE

Determining molecular size has proven to be a difficult task in the case of
organometallic complexes in which there is the possibility of forming polynuclear
species.39 There are numerous conventional methods of approaching this problem 40
such as light scattering, X-ray diffraction techniques and methods based on colligative
properties (cryoscopy, ebullioscopy, osmometry etc.). Light scattering and X-ray
diffraction both require a relatively large particle size, which is not always obtainable.
X-ray diffraction has the added disadvantage of requiring particles with a high degree
of structural regularity. Methods based on colligative properties such as cryoscopy are
very sensitive to impurities and the presence of these can greatly affect the outcome of
the experiment leading to the wrong conclusions. Mass spectrometry, particularly
electrospray ionisation, is also a valuable tool in determining molecular aggregation
but has the main disadvantage that not all compounds can survive even the mildest of
ionisations, and even if they do it is very possible that the metal complex will not
survive as a cation for a long enough period of time for the measurement to be taken.
NMR methods involving dipole-dipole relaxation rates (R) can also provide
information of the molecular volume (V) of the species in solution. While
measurements involving relaxation can be very useful there is always the possibility
that either internal motions will compete with the overall tumbling and/or
paramagnetic impurities, particularly oxygen, will lead to enhanced rates.

Pulsed field gradient spin-echo (PGSE)37 has proven to be a valuable tool in
determining molecular size in solution. PGSE methods make use of the translational
and not rotational properties of molecules and allow us to determine the molecular size
of a molecule by calculating its diffusion coefficient. There are many advantages to
PGSE methods, the main one being that impurities are no longer a problem as they
were with many of the other methods of determining molecular size. The evaluation is
done selectively for the specific signals of the compound that is being studied. This has
the added advantage of being able to use several different signals corresponding to the
same molecule allowing for various simultaneous determinations. It allows us as well
to make calculations for the signals of several other species that may be present
(including those of a reference) at the same time. Internal movements do not influence
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the diffusion process being studied as they did with dipole-dipole relaxation
techniques. Finally, it is also possible to determine diffusion coefficients for a mixture
of isomers (or diastereomers) which may not readily crystallise.

Since the molecular size of the complex is not measured directly we need to correlate
the values observed for the translation property, that is the diffusion coefficient (D), to
a molecular property, i.e. the hydrodynamic radii (rn). This is easily achieved via the
Stokes-Einstein equation (Equation 2) which allows us to use our measured values D
to estimate the hydrodynamic radii.

The larger the molecule is, the slower it translates which in turn gives us a smaller D
value. The calculated r values assume that the molecule is spherical, which is clearly
an approximation. It is a more precise approximation to consider the molecule either
oblate or prolate in shape as opposed to spherical. However, as crude as this
approximation may be, this method has proven to give very reliable results as observed
in the case of a series of palladium complexes reported by Pregosin et al? 1' 41,42 where
the hydrodynamic radii as calculated by PGSE measurements was compared to the
radii as determined by X-ray data.

Com pound

Hydrodynamic radius

Radius(a) from X-ray

A

4.8

4.8

B

5.4

5.4

C

7.1

6.8

D

6.0

6.2

E

6.2

6.3

F

4.2

4.1

G

5.8

5.8

^For compounds A, B, F and G the radii in the solid state were estimated on the basis o f reported
structures for closely related phosphine complexes, instead o f arsine complexes.

Table 2.10. Estimated hydrodynamic radii r&
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2.4.5 Results and discussion of PGSE measurements for
[Ru(dppe)(C0)(H 20 ) 3](X)2

As we have discussed earlier in this chapter the tris-aqua salts
[Ru(dppe)(C0)(H20 )3]2+(X‘)2 (X = 0 S 0 2CF3~(5a), BF4‘ (5b), SbF<f (5c) and
N (S02CF3)2' (5d)) (Scheme 2.20) exhibit some interesting hydrogen-bonding arrays in
the solid-state lattice. In an attempt to elucidate whether the hydrogen-bonding
interactions that we observed in the solid state through single-crystal X-ray diffraction
were present to any degree in solution as well, we decided to conduct a series of PGSE
measurements on these complexes.24. Understanding the nature and extent of these
interactions could prove a vital tool in terms of comprehending why, by mere variation
of the counter-anion, the solubility of these complexes in water can differ so much
from one complex to another.

^w\OH2

Scheme

2.20.

[Ru(dppe)(C0)(H20 )3] 2+(X)2

Figure 2.21 exhibits the experimentally measured values of ln(I/Io) plotted against
arbitrary units proportional to the square of the gradient field for the anionic
components of 5a, 5b and 5d in ^-acetone/water. This data is a good visual tool in
understanding the nature of the PGSE experiment. The slope of the regression line is
proportional to the diffusion coefficient, therefore the sharper the slope the faster the
anion diffuses in solution. As it is the smallest particles which diffuse the fastest, the
“steepness” of the slope is invariably related to particle size. The diffusion coefficients
for the cationic moieties were calculated by monitoring the decrease in the intensity of
the !H NMR signals, while D values for the anions were obtained through the study of
the intensity of 19F NMR signals. We see that the smallest of anions, BFf, diffuses
fastest, while the largest anion N(S02CF3)2' is the slowest. Comparison of the diffusion
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coefficients in different solvents can give us an idea of the hydrogen-bonding
interactions present between cation and anion in solution, as these pairings are strongly
solvent dependent.

-

1. 0 -

-

2 .0 -

-3.0-

-4.0-

-5.0-

-

6.0 -

Figure 2.21. ln(I/Io) plotted versus the square o f the gradient strength for the anionic
components o f [Ru(dppe)(C0)(H20)s]2+(X)2 in d6-acetone/water.

Table 2.11 shows PGSE diffusion data for the ruthenium (Il)-aqua complexes
[Ru(dppe)(C0)(H20 )3](X)2 (X = 0 S 0 2CF3‘ (5a), BF4*(5b), SbF6‘ (5c) and
N(S02CF3)2' (5d)) in deuterated water, ^-acetone and in the case of the
hexafluoroantimonate complex, in deuterated dichloromethane. Determination of the
diffusion coefficient for each species present in solution allows us to calculate their
hydrodynamic radii by way of the Stokes-Einstein equation. This has proven a useful
tool in understanding the cation-anion interactions in solution and their solventdependence.
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5a

D a,b

r(A)c

cation

9.24

7.8

anion

15.58

4.6

cation

3.47

6 .1

anion

9.25

2.3

cation

9.36

7.7

anion

19.88

3.6

cation

3.44

6 .2

anion

15.29

1.4

^-acetone

cation

9.95

7.3

D20

cation

3.30

6.5

CD2 CI2

cation

6.76

7.9

^-acetone

cation

9.31

7.7

anion

17.59

4.1

cation

3.43

6 .2

anion

6.74

3.2

X~

solvent

CF3 SO3

^-acetone

D20

5b

BF4‘

c^-acetone

D20

5c

5d

SbF6_

N (0 2 SCF3)2'

d 2o

# All measurements are for 2mM solutions. Anions were measured using iyF and cations via

*11. bD

values are in units o f 10'10m2s'1. c Values for the radii are given to only one number after the decimal
point. The viscosities used in the calculations (300K) are as follows: CH2C12, 0.405; (CH3)2CO, 0.303.

Table 2.11. Diffusion constants and hydrodynamic radii fo r
[Ru(dppe)(CO)(H20 )3] 2+(X )2.

These cationic dppe complexes are only modestly stable in acetone and CD2 CI2
solutions and only when in the presence of trace amounts of water. Comparing D and r
values for 5a-d in both water and acetone solutions suggests that in aqueous solution
we have well separated ions, on the basis of the 19F D and subsequent r values. The
BF4‘, CF3 SO3' and N( 0 2 SCF3 )2 "anions exhibit significantly larger hydrodynamic radii
in ^-acetone than they do in H2 O. For the three same salts we observe that the cationic
components in water reveal reduced hydrodynamic radii by approximately 1.5-1. 6 A.
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Since strong water solvation of the anions does not reduce their actual volume, the
relatively large r values for the cations and anions in acetone are likely to result from
hydrogen-bonding effects. The three complexed water molecules interact with the
anions thereby significantly increasing their relative averaged volumes, while
simultaneously increasing the volume of the cationic fragment to a lesser extent.
Nevertheless, in acetone the cations diffuse at different rates relative to the anions, so
that the nature of the H-bonding is not 100%. This hydrogen bonding is present in the
solid state as can be observed in the single crystal X-ray structures commented on
previously in this chapter.

2.5 Conclusions
Throughout this chapter we have discussed the synthesis and characterisation of a
series of novel cationic ruthenium (II) organometallic aqua complexes, accompanied
by weakly coordinating anions, of general formula [Ru(dppe)(C0 )(H20 )3]2+(X')2 (X' =
BF4', SbF6‘ and N(Tf)2*)- The synthesis of these complexes was achieved by salt

metathesis of Ru(dppe)(CO)2Cl2 with the corresponding silver (I) salts of the weakly
coordinating anions in the presence of trace amounts of water, resulting in the facile
displacement of the coordinated anions and of a carbonyl substituent. When this same
reaction was carried out employing more strongly coordinating ligands, such as NO 3',
the corresponding tris-aqua complex could not synthesised.

We have also discussed how the interactions between the cationic fragments and the
aforementioned weakly coordinating anions are present in solution as well as
throughout the solid state structures. Solution NMR studies using PGSE pulse
sequences have given us an insight into the extent of these interactions in solution and
their solvent-dependence. No matter how “weak” the counter-anion associated with the
tris-aqua moiety, it is inevitable that interactions between cations and anions will arise
both in the solid state and in solution. Developing an understanding of these
interactions can prove crucial in understanding (a) the solubility of these complexes,
(b) how these complexes behave in solution and (c) how to avoid interactions that may
ultimately have repercussions in their reactivity.
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3.1 Introduction
Throughout this chapter we will discuss the effects we have observed in the reactivity
of [Ru(dppe)(CO)2Cl2] upon variation of the bidentate phosphine associated with the
ruthenium (II) metal centre. In an attempt to develop a new family of aqua-complexes
which would prove an interesting comparison to [Ru(dppe)(C0 )(H20 )3]2+(X ')2 (X' =
OSO2CF3', BF4', SbF6_and N(S 02 CF3)2_) we set out to vary the dppe ligand for a series
of other bidentate phosphines. The most interesting results were obtained when dppe
was replaced by the sterically bulky bidentate alkyl phosphine, 1,2-Bis(di(tertbutyl)phosphino)ethane (d^pe). This work ultimately resulted in the synthesis and
characterisation of [Ru(dtbpe)(C 0 )(H20 )3](0 S02 CF3)2, which while structurally
similar to the tris-aqua complexes discussed in Chapter 2, exhibits considerable
differences in reactivity.

The reactivity of [Ru(dtbpe)(C 0 )(H 20 )3](0 S02 CF3)2 will also be addressed in this
chapter and will encompass a series o f substitution reactions, in which the coordinated
water molecules were found to be displaced by more strongly coordinating solvents, as
observed previously for the dppe analogue. Water-gas-shift chemistry exhibited by this
complex will be discussed as well.

In the process of synthesising [Ru(dtbpe)(C0 )(H20 )3](0 S02 CF3)2 we have come
across many interesting findings which have resulted in the characterisation of a
variety of novel complexes. The bulky nature of the d*bpe ligand has proven to be a
constant influence in the structure and reactivity of [Ru(dtbpe)(CO)2Cl2] and of the rest
of the complexes discussed throughout this chapter. The steric bulk of the c^bpe
substituent has also played a vital role in the isolation of the coordinatively unsaturated
complex, [Ru(dtbpe)(CO)Cl2]. This species exhibits an agostic interaction between the
ruthenium metal centre and a C-H bond of one of the tert-butyl substituents in the solid
state. The reactivity of this complex will also be discussed in this chapter.

The final part of this chapter will deal with the synthesis of the novel dichloride
precursor [Ru(depe)(CO)2Cl2] (depe = Et2PCH 2CH2PEt2) and its reactivity with
Ag0 S02 CF3 and water.
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3.2 Synthesis and reactivity o f a series o f novel complexes bearing
tBu 2 PCH 2CH2PtBu 2 (d*bpe) as a bidentate phosphine

3.2.1 Synthesis of [Ru(dtbpe)(CO)Cl2]

Complexes bearing bulky phosphines such as PtBu2Me or P‘Pr3 are currently receiving
a great deal of interest due to their ability to form coordinatively unsaturated
complexes with unique properties and reactivities.1,2’3’4 In an attempt to establish what
effect variation of the bidentate phosphine ligand would have on the physical
properties and reactivity of [Ru(dppe)(C0)(H20)]2+(X')2 (X‘ = 0 S 0 2CF3\ BF4‘, SbF6\
N (S02CF3)2') we decided to pursue the synthesis of an analogous complex using
(tBu)2PCH2CH2P(tBu)2 (dlbpe)5 as the chelating phosphine.

Caulton et al. recently reported the synthesis of [Ru(dtbpe)(CO)2Cl2] as a mixture of
the all cis (15a) and trans-(CO)2 (15b) isomers.6 The reactivity of the chloride
substituents on the ruthenium metal centre makes this mixture of isomers the ideal
precursor for the synthesis of novel aqua complexes. Simple salt metathesis in the
presence of trace amounts of water has proven to be a relatively effortless route
towards this type of organometallic aqua complexes, as we have seen in the case of
[Ru(dppe)(CO)2Cl2] and its reactivity with AgX (X'= 0 S 0 2CF3', BF4', SbF6_,
N (S02CF3)3_) in the presence of water (see Chapter 2).

Reflux of [RuC12(CO)2]2 with dlbpe in EtOH in the presence of a gentle stream of CO
affords [Ru(dtbpe)(CO)2Cl2] as the reported mixture of isomers in approximately a 3:1
cis to trans ratio, as pictured in Scheme 3.1.
__

m JLI 9°
[Ru(CI)2(CO)2]2 + tBu2PCH2CH2PtBu 2

co

/

9°

*

A

J

I^C I

ci

A

\

I -'Cl

co

Scheme 3.1. Synthesis o f [Ru(^bpe)(CO)2Ch] as a mixture o f the all-cis and trans(CO)2 isomers.
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The 31P{1H} NMR spectrum exhibits one singlet and two doublets (/(PP) = 9.7 Hz)
(Figure 3.1), while the 13C{!H} NMR spectrum shows one doublet of doublets and two
triplets in the carbonyl region (Figure3.2). The IR spectrum of the isomeric mixture
shows three CO bands at 2065, 2013 and 1984 cm'1 of approximately the same
intensity, as shown in Figure 3.3. The two IR bands at 2064 and 1984 cm'1 as well as
the two doublets in the 31P{1H} NMR spectrum, and the doublet of doublets and one of
the triplets in the 13C{1H} spectrum correspond to the all-cis isomer of
[Ru(dtbpe)(CO)2 Cl2 ]. The third CO absorption band in the IR spectrum at 2013 cm'1,
the singlet in the 31P{1H} NMR spectrum and the second triplet in the 13C{!H} NMR
spectrum are assigned to the trans-(CO) 2 isomer. The isolation of the trans-(CO)i
isomer is unexpected as it is thermodynamically unfavourable for two 7r-acceptor
ligands to be trans to one another. However, both the single band in the IR spectrum
and the triplet in the 13C{!H} NMR spectrum rule out the possibility of a trans-(CY)2
stereochemistry.

co

co

104

102

100

98

96

94

CO

92

90

88

86

84

82

80

78

76

74

72

Figure 3.1. 31P{!H} NMR spectrum (122 MHz) o f an isomeric mixture o f all-cis and
trans-(CO)2-[Ru(dtbpe)(CO)2Cl2] in CDCf.
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Figure 3.2. Carbonyl region o f the 13C{!H} NMR spectrum (75 MHz) o f an isomeric
mixture o f all-cis and trans-(CO)2~[Ru(dtbpe)(CO)2ClJ in CDCI3.
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Figure 3.3. v(C0) region o f the IR spectrum o f an isomeric mixture o f all cis and
trans-(CO)2-[Ru(dtbpe)(CO)2Cl2] in CH2Cl2.

Crystals suitable for single crystal X-ray diffraction of the trans-(C0 ) 2 isomer were
grown from CH2 C^/hexane. An ORTEP representation of 15b can be seen in Figure
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3.4. Selected bond lengths and angles are given in Table 3.1 and Table 3.2,
respectively.

C18

Figure 3.4. ORTEP diagram o f 15b (thermal ellipsoids shown at 50%probability
level). Hydrogen atoms and the dichloromethane molecule have been omitted for
clarity.

Selected bond lengths

[A] for t/*fl«5-(CO)2-[Ru(dtbpe)(CO)2Cl2]*CH2Cl2

Ru(l)-C(2)

1.948(2)

Ru(l)-C(l)

1.954(2)

Ru(l)-P(2)

2.3760(6)

Ru(l)-P(l)

2.3766(6)

Ru(l)-Cl(l)

2.4475(6)

Ru(l)-Cl(2)

2.4560(6)

Table 3.1. Selected bond lengths as determined by single crystal X-ray diffraction
studies for 15b.
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Selected bond angles [°] for tra/is-(CO) 2-[Ru(dtbpe)(CO) 2Cl 2],CH 2Cl2
C(2)-Ru(l)-C(l)

160.89(9)

C(2)-Ru(l)-P(2)

100.06(7)

C(l)-Ru(l)-P(2)

94.02(7)

C(2)-Ru(l)-P(l)

93.43(7)

C (l)-R u(l)-P(l)

100.28(7)

P(2)-Ru(l)-P(l)

86.589(18)

C(2)-Ru(l)-Cl(l)

83.82(7)

C(l)-Ru(l)-Cl(l)

82.38(7)

P(2)-Ru(l)-Cl(l)

176.03(2)

P(l)-Ru(l)-Cl(l)

92.40(2)

C(2)-Ru(l)-Cl(2)

83.29(7)

C(l)-Ru(l)-Cl(2)

83.25(7)

P(2)-Ru(l)-Cl(2)

92.56(2)

P(l)-Ru(l)-Cl(2)

176.41(2)

Cl(l)-Ru(l)-Cl(2)

88 .68 (2 )

Table 3.2. Selected bond angles as determined by single crystal X-ray diffraction
studies for 15b.

X-ray diffraction studies show that the structure of ^ra«j-(CO)2-[Ru(dtbpe)(CO)2Cl2] is
/wewJo-octahedral exhibiting some distortion due to the steric bulk of the lBu groups of
the bidentate phosphine. The C(2)-Ru(l)-C(l) angle is more acute than would be
expected (160.89°), as opposed to the 180° angle that would be characteristic of a rigid
octahedral geometry. We believe that this effect is predominantly due to the steric bulk
of the tert-butyl groups of the bidentate phosphine. It is arguable that to a certain
degree this effect may arise from the two carbonyl substituents competing for the
electron density of the same d-orbital of the ruthenium metal centre, however we
observe this same distortion of the octahedral structure in similar complexes that we
have synthesised which do not have two 7t-backbonding ligands trans to one another.
As we have mentioned previously it is quite unusual for two carbonyl substituents to
be trans to one another. To date there are only three comparable [Ru(PR3)2(CO)2X 2] or
[Ru(P-P)(CO)2X2] systems with carbonyls trans to one another that have been
structurally characterised by single crystal X-ray diffraction (Table 3.3). In addition, if
we compare the C(2)-Ru(l)-C(l) angle in 15b with that of other trans-(C0 )2
ruthenium halide species with less sterically demanding phosphines, such as all trans[Ru(PPh3)2(CO)2(Cl)2],7 all fra«j-[Ru(Bzl3P)2(CO)2Cl2] (Bzl = CH2-C6H 5) ,8 or to that
of all frYz«s-[Ru(Ph2P-R-PPh2)(CO)2Cl2]9 (where R represents a calixarene backbone)
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we see that the C-Ru-C angle of trans--(CO)2-[Ru(dtbpe)(CO)2Cl2] is much more acute
than in any o f these three species.

Complex

C-Ru-C angle [°]

d Ru-CO [A]

d C-O [A]

^ra«5-(CO)2-[Ru(dtbpe)(CO)2Cl2]

160.89

1.948

1.090

1.954

1.123

2.055

1.028

1.946

0.997

1.948

1.122

1.948

1.122

1.961

1.024

1.876

1.079

all /ra«j-[Ru(PPh3)2(CO)2(Cl)2]

all rranj-[Ru(Bzl3P)2(CO)2Cl2]

all rra«5-[Ru(Ph2P-R-Phi)(CO)2Cl2]

177.99

180.00

177.20

Table 3.3. C-Ru-C angles, Ru-C and C-0 bond distances for octahedral trans-(CO) 2
ruthenium, (II) phosphine halides.

This same distortion of the octahedral geometry in 15b is present, albeit less
pronounced, in the P(2)-Ru(l)-Cl(l) and P(l)-Ru(l)-Cl(2) angles (176.03° and
176.41°, respectively) as well. The steric bulk of dlbpe will be a recurring theme in this
chapter and, as we will see, will influence not only the structure, but the reactivity and
stability of many of the compounds we will discuss.

3.2.2 Synthesis of [Ru(dtbpe)(CO)Cl2] and reactivity

3.2.2.1 [Ru(dtbpe)(CO)Cl2] (16)

Exposure of a solid sample of [Ru(dtbpe)(CO)2Cl2] to vacuum at 120°C for 36 hours
initially yielded a new, rust-red complex exhibiting a single band in the v(CO) region
of the IR spectrum at 1934 cm'1. This complex, when dissolved in CD2C12, exhibits a
sharp singlet at 96.1 ppm in the 31P{1H} NMR spectrum, and is associated with the 16
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electron complex [Ru(dtbpe)(CO)Cl2 ] (16) (Figure 3.5). The !H NMR spectrum shows
a broad multiplet corresponding to the hydrogen atoms of the methylene backbone at
2.11 ppm as well as two doublets corresponding to two different environments of the
CH3groups at 1.49 ppm (/(CP) =13.6 Hz) and 1.44 ppm (/(CP) = 14.0 Hz) (Figure
3.6). ^C^H } NMR spectroscopy reveals a triplet resonance in the carbonyl region of
the spectrum with a C-P coupling constant of 16.5 Hz, which is of a similar value to
what we have observed for other complexes in which a carbonyl substituent couples to
two equivalent phosphorus nuclei in the cis position. The ^C^H } NMR spectrum also
reveals two virtual triplets at 39.0 and 38.5 ppm, corresponding to the two different
environments of the quaternary carbon nuclei of the dlbpe ligand along with another
virtual triplet at 23.5 ppm due to the carbon atoms of the methylene backbone of the
bidentate phosphine, as shown in Figure 3.7. Assignment of these signals was possible
by DEPT NMR spectroscopy.

I
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Figure 3.6. !H NMR spectrum (400 MHz) o f 16.
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Figure 3.7. 1SC{JH} NMR spectrum (101 MHz) o f 16.
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W e propose that upon heating a solid sam ple o f both isom ers o f [Ru(dtbpe)(C O ) 2 Cl 2 ]
in vacuo the trans-(C 0 ) 2 isom er loses one o f the carbonyl substituents due to the
instability o f tw o 7c-acceptor ligands being trans to one another. This forces the
isom erisation o f the all cis isom er to the trans-{C 0 ) 2 isom er and ultim ately results in a
com plete conversion o f the mixture o f isom ers to [Ru(dtbpe)(C O )C l 2 ], as pictured in
S chem e 3.2.

Vacuum
36h, 120C

Scheme 3.2. Synthesis o f 16.

W hen a C D 2 CI2 solution o f this 16 electron com plex is placed under an atm osphere o f
CO it eventually reverts back to [Ru(dtbpe)(C O ) 2 C l 2 ] in the sam e 3:1 m ixture o f the
all-c/s and trans-(CO) 2 .

Confirm ation o f the structure o f [Ru(dtbpe)(C O )C l 2 ] w as accom plished by X -ray
diffraction at 150 K o f a single crystal grow n from C FhC ^/hexane. A representation o f
this structure is pictured in Figure 3.8. S elected lists o f bond lengths and angles are
given in Table 3.4 and Table 3.5, respectively. In the solid state [Ru(d bpe)(C O )C l 2 ]
exhibits an agostic interaction betw een one o f the C-H bonds o f the lB u groups and the
ruthenium metal centre. The steric bulk o f the dlbpe ligand sh ields the ruthenium metal
centre stabilising this otherw ise coordinatively unsaturated com plex.
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6
a

Figure 3.8. ORTEP diagram o f 16 (thermal ellipsoids shown at 50% occupancy level).
All hydrogen atoms have been omittedfor clarity with the exception o f H I la.

Selected bond lengths

[A] for [Ru(dtbpe)(CO)Cl2]

Ru(l)-C(l)

1.7838(15)

Ru(i)-P(i)

2.3267(4)

Ru(l)-P(2)

2.3660(4)

Ru(l)-Cl(2)

2.4031(4)

Ru(l)-Cl(l)

2.4103(4)

Ru(l)-H(11A)

2.55(2)

Ru(l)-H(19B)

3.12(2)

Ru(l)-H(l IB)

3.20(2)

Ru(l)-C(l 1)

3.1205(17)

Ru(l)-C(19)

3.6722(18)

Table 3.4. Selected bond lengths as determined by single crystal X-ray studies o f 16.
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Selected bond angles [°] for [Ru(dtbpe)(CO)Cl 2]
C (l)-Ru(l)-P(l)

92.53(5)

C(l)-Ru(l)-P(2)

96.38(5)

P(l)-Ru(l)-P(2)

86.702(13)

C(l)-Ru(l)-Cl(2)

99.57(5)

P(l)-Ru(l)-Cl(2)

167.902(15)

P(2)-Ru(l)-Cl(2)

91.915(14)

C(l)-Ru(l)-Cl(l)

90.98(5)

P(l)-Ru(l)-Cl(l)

94.384(14)

P(2)-Ru(l)-Cl(l)

172.512(14)

Cl(2)-Ru(l)-Cl(l)

85.471(15)

C(l)-Ru(l)-H(l 1A)

154.9(5)

P(l)-Ru(l)-H (l 1A)

71.3(5)

P(2)-Ru(l)-H(l 1A)

101.6(5)

Cl(2)-Ru(l)-H(l 1A)

97.3(5)

Cl(l)-Ru(l)-H(l 1A)

71.9(5)

C( 1)-Ru( 1)-H( 19B)

146.2(4)

P(l)-Ru(l)-H(19B)

110.8(4)

P(2)-Ru( 1)-H( 19B)

62.4(4)

Cl(2)-Ru(l)-H(19B)

58.4(4)

Cl( 1)-Ru( 1)-H( 19B)

110.4(4)

P(l)-Ru(l)-H (l IB)

61.5(4)

C(l)-Ru(l)-H(l IB)

152.0(4)

Cl(2)-Ru( 1)-H( 11B)

106.6(4)

P(2)-Ru(l)-H(l IB)

73.2(4)

C(l)-Ru(l)-H(19A)

148.2(3)

Cl(l)-Ru(l)-H(l IB)

100.8(4)

P(2)-Ru( 1)-H( 19A)

51.8(3)

P( 1)-Ru( 1)-H( 19A)

87.5(3)

Cl( 1)-Ru( 1)-H( 19A)

120.8(3)

Cl(2)-Ru( 1)-H( 19A)

82.2(3)

C(4)-P(l)-Ru(l)

122.85(5)

C(2)-P(l)-Ru(l)

107.76(5)

C(12)-P(2)-Ru(l)

115.54(5)

C(8)-P(l)-Ru(l)

105.78(5)

0(1)-C(l)-Ru(l)

173.16(13)

C(16)-P(2)-Ru(l)

116.94(5)

Table 3.5. Selected bond angles as determined by single crystal X-ray diffraction
studies for 16.

All of the hydrogen atoms on C(11) and C(19) were located and refined without any
restraints. There is unequivocally an agostic interaction between the C(11)-H(1 la)
bond (see Figure 3.8) of one of the *Bu groups of the phosphine and the ruthenium
centre. The difference in the distances between Ru(l)-C(19) and Ru(l)-C(l 1), ca. 0.5

A, reveals a clear ruthenium-carbon contact between the ruthenium metal centre and
C(11). The Ru(l)-H(l la) distance (2.55 A) is also considerably shorter than any other
distance between a hydrogen atom and the metal. Both the M-C and M-H bond
distances lie within the values quoted by Kubas as characteristic of an agostic
interaction (^mh = 1.75-2.8 A; <4 ic = 1.9-3.5 A).10 The agostic interaction is also
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evident in the Ru(l)-P(l)-C(8) angle (105.78 °), as it is significantly more acute than
one would expect, and by direct comparison with the Ru(l)-P(2)-C(16) angle
(116.94°) it is apparent that one of the two tert-butyl groups facing in the direction of
the vacant site is much more drawn towards the ruthenium metal centre. However,
there was no evidence of an elongation of the C(11)-H(1 la) bond as one would expect
as an effect of an agostic interaction. The value observed for the C(11)-H(1 la) bond
distance (0.99 A ) is of a similar value to that of the other C-H bond distances (0.920.99 A), which implies a relatively weak interaction.

Also worth noting of the data obtained by single crystal X-ray diffraction studies of
complex 16 is the substantial decrease in the Ru-CO bond distance (1.78 A) in
comparison to the values found in the trans-(C0)2 isomer of [Ru(dtbpe)(CO)2Cl2]
(1.948, 1.954 A). The shortening of this bond is easily attributable to the lack of
competition between the two 7c-acceptor ligands for the electron density of the metal
centre.

3.2.2.2 Comparison of Ru(dtbpe)(CO)Cl2 with other ruthenium (II) complexes
exhibiting agostic interactions

The use of sterically bulky ligands has led to the isolation of coordinatively
unsaturated 14 and 16 electron ruthenium complexes on numerous occasions. In many
cases, these coordinatively unsaturated species are stabilised by agostic interactions
11 19
between the electron deficient metal and C-H bonds belonging to a bulky ligand, ’
as is the case with [Ru(dtbpe)(CO)Cl2].

Crabtree defines an agostic interaction as “a three centre, two electron bond between a
C-H bond and a metal centre with 16 or fewer valence electrons, capable o f accepting
11
the 2 electron donor C-H as an additional ligand”. These interactions arise as a result
of steric crowding, which forces the R group of the ligand in close proximity of the
metal centre favouring the induction of an agostic interaction. Use of bulky ligands can
help in the isolation of electron deficient species and prevent the loss of unsaturation
by formation of six-coordinate dimers14 or by solvent coordination.3
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There have been several examples of 14 and 16 electron monomeric ruthenium (II)
complexes characterised by single crystal X-ray diffraction reported in the literature in
the past five years. Phosphine substituents bearing bulky R-groups such as terl-butyl
and /5 0 -propyl seem to be predominant although there are examples of more
“complex” bulky ligand systems involved in these types of interactions. Scheme 3.3
pictures a series of some recent complexes exhibiting agostic interactions.
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Scheme 3.3. Recent examples o f ruthenium (II) coordinatively unsaturated complexes
stabilised by agostic interactions.
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Compound

Ru***C distance

Ru*”H distance

[Tp'"Ru(dppe)]+(I)13

2.63(6) A

1.83(6) A

[RuCl2{PPh2(2, 5-Me2C6H3)}2] (II)16

2.65(2) A

Not reported

2.65(2) A
[RuH(H2)(o-C6H5py)(PiPr3)2]+ (HI)17

2.83(3) A

1.924(33) A

[RuH(CO)(P‘Bu2Me)2]+ (IV)3' 18

2.85(2) A

2.17 A (calc.)

2.74(2) A
[Ru(Ph)(CO)(PtBu2Me)2]+ (V)1

2.87 A

2.88 A
[Cp*Ru(d‘ppe)]+ (VI)19' 20

2.95(4) A

2.26 A (calc.)

[Ru(d'bpe)(CO)Cl2] (16)

3.1205(15)A

2.55 A

[RuCl(bnpe)2]+ (VH)21

3.13 A

2.40 A (calc.)

Table 3.6. Ru—C and Ru—H bond distances for a series o f crystallographically
characterised ruthenium (II) agostic complexes:

As seen in Table 3.6 the Ru—C and Ru—H distances for the agostic interaction present
in [Ru(dtbpe)(C0)Cl2] are quite long in comparison to the other complexes, implying
that it is medium to weak interaction. This presumably has to do with the steric
constraints imposed on the geometry by the bidentate phosphine, as distortion of one
of the P-C(CH3)3 arms will have an overall effect on the entire molecular structure. Of
the other complexes reported, only complex VH exhibits a longer Ru—C distance.
There are significant differences between all of the listed complexes, therefore it is
very difficult to make any general observations that may apply to all of them. The
strength of each individual interaction is directly related to the Ru—C and R u—H bond
distances. These distances are in turn affected both by the electron-deficiency of the
metal centre and by the thermodynamic favourability of distorting the molecular
geometry in order to give way to a situation in which an agostic interaction may arise.
Due to the weakness of the agostic interaction in complex 16 we have not been able to
observe a signal attributable to the agostic proton by NMR spectroscopy. Even at -90°
C, assignment of the agostic proton has proven elusive.
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Figure 3.9. Variable temperature lH NMR spectrum (400 MHz) o f 16 at (from front to
back) 10° C, -10°C, -30° C, -50° C, -70°C, -80° C and -90° C in CD2Cl2.

The variable temperature

NMR spectrum of complex 16 (pictured in Figure 3.9)

reveals that at room temperature there are two different environments for the tert-butyl
groups of the bidentate phosphine. The two tertiary butyl groups facing in the direction
of the carbonyl substituent are represented by a doublet (1.49 ppm; /(CP) =13.6 Hz)
which seems to remain greatly unperturbed at lower temperatures. The doublet
corresponding to the two tert-butyl groups facing toward the vacant site of the metal
centre (1.44 ppm; /(CP) = 14.0 Hz) observed at room temperature broadens upon
cooling, which we believe is a result of the formation of an agostic interaction between
one of the methyl groups of a lBu substituent and the metal centre. Due to the weak
nature of this agostic interaction and to the temperature limit imposed on us by our
choice of NMR solvent (i.e. CD2 CI2 ), it was not possible to observe the agostic proton
by !H NMR spectroscopy. However, it is obvious from the appearance of a single
singlet resonance in the 3^ ^ H } spectra at all temperatures, that the agostic interaction
must be highly fluxional to leave the two ends of the dlbpe ligand apparently identical.
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Agostic species can afford vital information as to the reactivity of transition metal
complexes, as they are effectively coordinatively unsaturated complexes.
Coordinatively unsaturated complexes are considered to be the key intermediates in the
various reactive processes undergone by transition metal complexes.22,23 Similarly,
ligand substitution reactions of coordinatively saturated complexes generally proceed
by way of dissociation of a more weakly bound substituent, generating an electron
deficient transition state, before a new more strongly coordinating substrate enters the
coordination sphere of the transition-metal species.

3.2.2.3 Isotopic labelling of [Ru(dtbpe)(CO)Cl2]

Treatment of a solution of [Ru(dlbpe)(CO)Cl2] in CD 2CI2 with isotopically labelled
1^
CO results in the conversion of the agostic complex to a partially labelled mixture of
the all cis and trans-(CO)2 isomers of [Ru(dlbpe)(CO)2Cl2]. The 31P{1H} NMR
11
spectrum of the CO treated mixture (Figure 3.10) exhibits a multiplet at 101.3 ppm
corresponding to the trans-(CO)2 , isomer and two multiplets at 103.9 and 72.9 ppm
respectively, corresponding to the all cis isomer of [Ru(dtbpe)(CO)2Cl2]. The ^C ^H }
NMR spectrum (Figure 3.11) exhibits a triplet in the carbonyl region at 202.1 ppm, a
multiplet at 199.3 and a multiplet at 191.6 ppm. The triplet at 202.1 ppm corresponds
to the trans-{CO) 2 isomer of [Ru(dtbpe)(CO)2Cl2], whereas the multiplet at 199.3 and
the multiplet at 191.6 correspond to the all cis isomer

This solution was reduced to a solid in vacuo and heated at 120°C under vacuum to
afford the partially isotopically labelled 16 as a rust-red solid. This complex was
dissolved in CD2CI2 and the 3lP{1H} NMR of the solution recorded immediately,
revealing a multiplet at 96.2 ppm corresponding to a mixture of labelled and
unlabelled [Ru(dtbpe)(CO)Cl2], as pictured in Figure 3.12. This multiplet consists of a
singlet corresponding to the unlabelled complex with a doublet component underneath
for labelled [Ru(dtbpe)(CO)Cl2]. The 13C{!H} NMR of this sample displayed a triplet
in the carbonyl region at 205.9 ppm with a coupling constant of 16.5 Hz due to the
coupling of the l3C enriched CO ligand with both of the equivalent phosphorus nuclei
(Figure 3.13).
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Figure 3.10. 31P f1H} NMR spectrum (122 MHz) o f a partially isotopically labelled
sample o f 15a and 15b in CD2 CI2 .
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Figure 3.13. Carbonyl region o f the 13C{lH} NMR spectrum (76 MHz) o f a partially
isotopically labelled sample o f 16.
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3.2.2.4 Synthesis of [{Ru(dtbpe)(CO)}2(ii-Cl)3 ][Ru(d,bpe)(CO)Cl3] (17)

It was observed that over a period of several hours at room temperature, a CD2CI2
solution of [Ru(dtbpe)(CO)Cl2] loses its dark red colour and begins to exhibit two
■51

-I

broad new signals in the P{ H} NMR spectrum at 102.4 and 103.0 ppm in addition to
the single resonance initially observed at 96.1 ppm (Figure 3.14). These two new
signals were found to be associated with the dimeric species [ {Ru(dlbpe)(CO)}2(11Cl)3][Ru(dtbpe)(CO)Cl3] (17). This complex consists of a dimeric mono-cation formed
by two [Ru(dlbpe)(CO)] fragments bridged by three chloride substituents,
accompanied by the anionic fragment [Ru(dtbpe)(CO)Cl3]‘. There are only a handful of
complexes comparable to “[Ru(dtbpe)(CO)Cl2]2” such as the iron (II) complex
reported by Rauchfuss and Moreland [{(Me3TACN)Fe}2(p-Cl)3]+[(Me3TACN) F e C y
(TACN = 1,4,7-triazacyclononane)24 obtained by reaction of FeCb with MesTACN, or
the RunRun, RunRura and RumRum face-sharing bioctahedral complexes reported by
Cotton et al.

The mechanism by which these complexes are formed is not, as of yet,

fully understood, although studies conducted by Rauchfuss et al. on their iron (II)
system reveal that the Cl' ligands of the anionic component are kinetically labile,
therefore it is possible that these complexes may be formed through Cl' dissociation.
1

1

The C{ H} NMR spectrum of the CD2CI2 solution exhibits a new broad triplet
resonance at 8 202.9 (Figure 3.15). *H NMR spectroscopy studies proved unsuccessful
in the characterisation of this complex as the presence of small amounts of complex 16
in solution results in an overlap of signals corresponding to the two species. This
solution was reduced to a solid in vacuo and the solid was found to exhibit a single
broad band in the carbonyl region of the IR spectrum at 1963 cm'1. This is unusual as
we would expect to see two carbonyl bands in the IR spectrum, one of them
corresponding to the cationic fragment and the other to the anion, however the
chemical similarity of the cation and anion as well as the broadness of the carbonyl
band observed for complex 17 could potentially give rise to this apparent
contradiction.

The mechanism by which 17 is formed is not clear, but it is apparent that the 16
electron complex, [Ru(dtbpe)(CO)Cl2] is unstable in CD2CI2 over any lengthy period
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of time yielding complex 17 over the course of several hours. Complete conversion to
[{Ru(dtbpe)(CO)}2 (p-Cl)3 ][Ru(dtbpe)(CO)Cl3 ] does not appear to be possible, as
monitoring of the solution by 31P{1H} NMR spectroscopy at 24 hour intervals over the
course of several weeks always reveals the presence of small amount of the 16 electron
complex in solution. Heating of the solution in an attempt to achieve complete
conversion to the dimeric species proved equally unsuccessful. However, it was found
that a mixture of complexes 16 and 17 could be reverted back to complex 16 by
exposure of a solid sample of the mixture to vacuum over a period of 36 hours at 120°
C. A schematic representation of the synthesis of complex 17 is illustrated in Scheme
3.4.
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Scheme 3.4. Synthesis o f 17.
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Figure 3.14. Room temperature31Pf H} NMR spectrum (162 MHz) o f a solution o f
[Ru(c?bpe)(CO)Cl2] after several hours in CD2CI2.
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Figure 3.15. Carbonyl region o f the ISC{1H} NMR spectrum (101 MHz) o f a solution
of[Ru(Jbpe)(CO)ClJ after several hours in CD2CI2.

Crystals of complex 17 suitable for single crystal X-ray diffraction were grown from a
CH2 CI2 solution layered with hexane. Due to the small size of the crystals and the large
nature of the unit cell an optimal X-ray characterisation with an Ri value below 0.5
could not be obtained. However, the data collected allows us to unequivocally assign
this new species as the trichloride bridged cation [{Ru(dtbpe)(CO)}2 (p--Cl)3 ]+ which is
accompanied in the unit cell by the anionic species [Ru(dtbpe)(CO)Cl3 ]'.

The asymmetric unit contains one cation accompanied by an anion and two molecules
of dichloromethane. The R factor is higher than ideal due to a fall-off in the diffracting
power of crystal at higher Bragg angles and a chemically insignificant residual peak of
2.105 e/A3 proximate to the tert-butyl group based on C(51). Application of an
absorption correction did not improve the convergence or the height of this residual
peak, and hence was not included in the final refinement. An ORTEP diagram of this
structure is shown in Figure 3.16. Selected lists of bond lengths and angles can be seen
in Tables 3.7 and 3.8.
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I
CI2
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Ru1

i

CM

P2
CI3

01

Figure 3.16. ORTEP diagram o f 17 (thermal ellipsoids pictured at 30% probability
level). Hydrogen atoms and lattice solvent molecules have been omittedfo r clarity.

Selected bond lengths

[A] for [{Ru(dtbpe)(CO)}2(n-Cl)3][Ru(dtbpe)(CO)Cl3]

Ru(l)-C(l)

1.850(17)

Ru(l)-P(l)

2.353(3)

Ru(l)-P(2)

2.368(3)

Ru(l)-Cl(l)

2.448(3)

Ru(l)-Cl(3)

2.472(3)

Ru(l)-Cl(2)

2.479(3)

Ru(2)-C(4)

1.806(12)

Ru(2)-P(3)

2.376(3)

Ru(2)-P(4)

2.378(3)

Ru(2)-Cl(6)

2.475(3)

Ru(2)-Cl(4)

2.480(3)

Ru(2)-Cl(5)

2.542(3)

Ru(3)-C(5)

1.814(15)

Ru(3)-P(5)

2.375(3)

Ru(3)-P(6)

2.385(3)

Ru(3)-Cl(6)

2.472(3)

Ru(3)-Cl(4)

2.476(3)

Ru(3)-Cl(5)

2.539(3)

Table 3.7. Selected bond lengths as determined by single crystal X-ray diffraction
studies for 17.

117

Chapter 3

Synthesis o f novel ruthenium (II) complexes bearing bidentate alkyl phosphines

Selected bond angles [°] for [{Ru(dtbpe)(CO)} 2(ji-Cl)3][Ru(dtbpe)(CO)Cl 3]
C (l)-Ru(l)-P(l)

92.6(4)

C(l)-Ru(l)-P(2)

96.3(4)

P(l)-Ru(l)-P(2)

87.25(12)

C(l)-Ru(l)-Cl(l)

83.2(4)

P(l)-Ru(l)-Cl(l)

90.99(12)

P(2)-Ru(l)-Cl(l)

178.13(12)

C(l)-Ru(l)-Cl(3)

84.4(4)

P(l)-Ru(l)-Cl(3)

175.79(12)

P(2)-Ru(l)-Cl(3)

90.21(11)

Cl(l)-Ru(l)-Cl(3)

91.51(11)

C(l)-Ru(l)-Cl(2)

160.3(4)

P(l)-Ru(l)-Cl(2)

102.72(13)

P(2)-Ru(l)-Cl(2)

96.82(12)

Cl(l)-Ru(l)-Cl(2)

84.16(13)

Cl(3)-Ru(l)-Cl(2)

80.91(12)

C(4)-Ru(2)-P(3)

93.2(3)

C(4)-Ru(2)-P(4)

91.6(3)

P(3)-Ru(2)-P(4)

86.06(11)

C(4)-Ru(2)-Cl(6)

85.4(3)

P(3)-Ru(2)-Cl(6)

177.89(12)

P(4)-Ru(2)-Cl(6)

95.48(11)

C(4)-Ru(2)-Cl(4)

86.7(3)

P(3)-Ru(2)-Cl(4)

94.94(11)

P(4)-Ru(2)-Cl(4)

178.05(12)

Cl(6)-Ru(2)-Cl(4)

83.47(10)

C(4)-Ru(2)-Cl(5)

156.2(3)

P(3)-Ru(2)-Cl(5)

104.44(11)

P(4)-Ru(2)-Cl(5)

105.28(11)

Cl(6)-Ru(2)-Cl(5)

76.56(11)

Cl(4)-Ru(2)-Cl(5)

76.11(10)

C(5)-Ru(3)-P(5)

94.7(4)

C(5)-Ru(3)-P(6)

92.6(4)

P(5)-Ru(3)-P(6)

86.04(11)

C(5)-Ru(3)-Cl(6)

84.8(4)

P(5)-Ru(3)-Cl(6)

178.57(11)

P(6)-Ru(3)-Cl(6)

95.30(11)

C(5)-Ru(3)-Cl(4)

84.7(4)

P(5)-Ru(3)-Cl(4)

95.03(11)

P(6)-Ru(3)-Cl(4)

177.18(12)

Cl(6)-Ru(3)-Cl(4)

83.60(10)

C(5)-Ru(3)-Cl(5)

154.6(3)

P(5)-Ru(3)-Cl(5)

103.44(12)

P(6)-Ru(3)-Cl(5)

106.09(11)

Cl(6)-Ru(3)-Cl(5)

76.64(11)

Cl(4)-Ru(3)-Cl(5)

76.22(10)

Table 3.8. Selected bond angles as determined by single crystal X-ray diffraction
studies for 1 7.

X-ray diffraction revealed a cationic moiety consisting of two face-sharing distorted
octahedra, with a non-bonding Ru—Ru separation of 3.39 A. The cation consists of
two [Ru(dtbpe)(CO)] fragments bridged by three chloride ligands, and possesses a high
degree of symmetry, with the carbonyl substituents of both [Ru(dtbpe)(CO)] fragments
occupying axial positions pointing in the same direction. The phosphines o f each
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fragment are left occupying equatorial position along with Cl(4) and Cl(6), while Cl(5)
occupies the remaining axial position. Accompanying the cation is an anion of formula
[Ru(dtbpe)(C0)Cl3]'. The anion exhibits the same distortion of the octahedral
geometry that we have observed for many of the complexes we have synthesised with
dlbpe as a ligand, most observable in the Cl(2)-Ru(l)-C(l) angle (160.3°), which is ca.
20° more acute than would be expected of an octahedral geometry. The two Ru-CO
distances in the cationic moiety are comparable (1.806(12) and 1.814(15) A), while the
Ru-CO distance exhibited by the anion is marginally longer (Ru(l)-C(l) = 1.850 A).
The equatorial Ru-Cl bond distances for the cation (2.480(3), 2.475(3), 2.476(3),
2.472(3)) are of similar values and slightly shorter than the bond distances between the
metal centre and the axial chloride substituent (2.542(3), 2.539(3)). The three Ru-Cl
distances in the anion are of similar values with one of the equatorial distances
(2.448(3) A) being marginally shorter than the other two distances (2.472(3) A,
2.479(3) A).

Variable temperature NMR experiments of a mixture of 16 and 17 in CD2CI2 solution
revealed some interesting results. Upon cooling to -50° C the two broad signals in the
31P{1H} NMR spectrum give way to two doublets at 6 102.1 and 101.4 (J(PP) = 6.8
Hz), as well as to a single resonance at 101.3 ppm (pictured in Figure 3.17). While we
can tentatively assign the two doublets to the cation and the singlet resonance to the
anion, this is at odds with the single crystal X-ray data obtained for complex 17. We
would expect to see a single resonance in the 31P{1H} spectrum as the four phosphorus
nuclei in 17 are equivalent. This must imply that in solution complex 17 exists as
either a different isomer (with two different phosphorus environments for the
phosphorus nuclei) or as a different species as to what we have been able to
characterise in the solid state. A series of PGSE experiments on complexes 16 and 17
are to be carried out in order to elucidate whether the two broad signals which we see
01

1

in the P{ H} NMR spectrum do indeed correspond to a dimeric species. Variable
temperature NMR experiments of a 13CO enriched mixture of 16 and 17 show that the
broad triplet resonance observed at room temperature in the ^C ^H } NMR spectrum
(101 MHz) resolves to two triplet resonances at 8 203.6 and 202.7 at -50° C. We have
provisionally assigned the larger one of the two triplet resonances (202.7 ppm) to the
cation and the smaller triplet to the anion.
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Figure 3.17. Variable temperature31P{!H} NMR spectrum (162 MHz) o f a mixture o f
16 and 17 in CD2 CI2 .

120

Chapter 3

Synthesis o f novel ruthenium (II) complexes bearing bidentate alkyl phosphines

3.2.2.5 [Ru(dtbpe)(CO)(CH3CN)Cl2] (18)

The 16 electron complex [Ru(dtbpe)(CO)Cl2 ] easily achieves an 18 electron
configuration in the presence of a moderately coordinating solvent. Upon addition of
10 equivalents of acetonitrile to a dark red CD2 CI2 solution of [Ru(dtbpe)(CO)Cl2 ], a
yellow powder instantly precipitates from solution. The solid was isolated by filtration,
dried in vacuo and characterised by multinuclear NMR spectroscopy, IR, and single
crystal X-ray diffraction. As would be expected, it was found that acetonitrile had
coordinated to the vacant site on the metal centre to give the 18 electron complex
[Ru(dtbpe)(CO)(CH3 CN)Cl2] (18), as shown in Scheme 3.5.
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Scheme 3.5. Synthesis o f 18.

Evidence for the formation of this complex has been reported by Caulton et al.
previously by another synthetic route however it was not fully characterised. 6 The IR
spectrum of 18 exhibits a single band in the carbonyl region at 1961 c m 1. This band is
shifted ca. 27 cm" 1 to a higher frequency than the v(CO) band corresponding to the 16
electron complex, but at the same time is considerably lower than the values observed
for the all cis and trans-{CO)i isomers of [Ru^bpeXCO^Cb] (2065,2013 and 1984
cm'1). Also observable in the IR spectrum is a band at 2248 cm' 1 corresponding to the
v(CN) of the acetonitrile group. The 3 1 P{ 1 H} NMR spectrum in CD3 CN exhibits a
singlet at 94.8 ppm which suggests that the two chloride ligands must be cis to one
another and occupy the equatorial plane along with the chelating phosphine leaving
both the CO and the acetonitrile substituents to occupy the apical positions. Crystals of
this complex were grown from an acetonitrile solution upon cooling to -4° C. Single
crystal X-ray diffraction studies allowed for a full structural characterisation and
showed two molecules of [Ru(dtbpe)(CO)(CH3 CN)Cl2 ] and three molecules of
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acetonitrile per asymmetric unit. An ORTEP representation of this complex is shown
in Figure 3.18. Selected bond lengths and angles are given in Table 3.9 and Table 3.10,
respectively.

iC3
C21
C 19

C7

C9

02
€18

C20

C6
C8

C4

C5
P2
C16

C 12

Ru1

CI1

CI2
C 17

C10

014

C11

C 13

C 15

Figure 3.18. ORTEP diagram o f 18 (thermal ellipsoids shown at 50% probability
level). Hydrogen and lattice solvent molecule atoms have been omittedfor clarity.

Selected bond lengths [A] for 2[Ru(dtbpe)(CH3CN)(CO)Cl2]*3CH3CN
Ru(i)-C(i)

1.825(3)

Ru(l)-N(l)

2.128(3)

Ru(l)-P(l)

2.3744(8)

Ru(l)-P(2)

2.3824(8)

Ru(l)-Cl(l)

2.4675(8)

Ru(l)-Cl(2)

2.4807(8)

Table 3.9. Selected bond lengths as determined by single crystal X-ray diffraction
studies for 18.
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Selected bond angles [°] for 2[Ru(dtbpe)(CH3CN)(CO)Cl2] -3CH3CN
C(l)-Ru(l)-N (l)

164.91(11)

C (l)-Ru(l)-P(l)

91.79(10)

N (l)-R u(l)-P(l)

99.27(6)

C(l)-Ru(l)-P(2)

97.02(9)

N(l)-Ru(l)-P(2)

93.82(7)

P(l)-Ru(l)-P(2)

86.86(3)

C(l)-Ru(l)-Cl(l)

84.82(9)

N (l)-Ru(l)-Cl(l)

84.81(7)

P(l)-Ru(l)-Cl(l)

90.71(3)

P(2)-Ru(l)-Cl(l)

176.99(3)

C(l)-Ru(l)-Cl(2)

86.72(10)

N(l)-Ru(l)-Cl(2)

82.57(7)

P(l)-Ru(l)-Cl(2)

177.43(3)

P(2)-Ru(l)-Cl(2)

91.24(3)

Cl(l)-Ru(l)-Cl(2)

91.24(3)

Table 3.10. Selected bond angles as determined by single crystal X-ray diffraction
studies for 18.

Once again due to the steric bulk of the bidentate phosphine there is a distortion of the
octahedral geometry, observable in the C(l)-Ru(l)-N (l) angle (164.91°), which is
15.09° more acute than would be expected of an octahedral structure. It is also worth
noting that both the C(6)-P(l)-Ru(l) and C(18)-P(2)-Ru(l) angles are of comparable
values (119.69° and 115.98°, respectively) and that there is no longer any evidence of
the agostic interaction which was present in the starting material. The Ru-CO distance
(1.825 A) is longer than that observed for [Ru(dtbpe)(CO)Cl2] (1.784 A) due to the
presence of a strong a-donor in the trans position. Coordination of acetonitrile to the
ruthenium (II) metal centre results in a lengthening of the Ru-CO distance which is
observable by single crystal X-ray diffraction as well as by IR spectroscopy (shift of
v(CO) band to higher frequency), as we have discussed previously.

3.2.2.6 [Ru(d'bpe)(C0)(H20)CI2] (19)

In a similar manner as seen for the mono-acetonitrile complex, addition of water to a
CH2CI2 solution of [Ru(dlbpe)(CO)Cl2] yields the mono-aqua complex
[Ru(dtbpe)(C0)(H20)Cl2] (19), as depicted in Scheme 3.6. The mono-aqua complex
precipitates out of solution as a bright yellow precipitate immediately after the addition
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of H2 O. However, this complex is only sparingly soluble in most solvents (i.e. CH2 CI2 ,
CHCI3 , H2 O, C6 H6 , MeOH and EtOH), therefore a full characterisation by NMR
spectroscopy could not be achieved. The IR spectrum of this complex exhibits a band
in the carbonyl region at 1950 cm' 1 which is, as we would expect, intermediate
between the coordinatively unsaturated 16 electron complex (1934 cm'1) and the
mono-acetonitrile complex (18) (1961 cm'1).

HoO
Ru

Cl
CO

PC

-

J _ CO
yp/

Scheme 3.6. Synthesis o f 19.

Complex

v(CO)/cm 1

d R u-CO/A

d C-O/A

all cis-[Ru(dtbpe)(CO)2 Cl2] (15a)

2064

not

not

1984

determined

determined

2013

1.954(2)

1.123(3)

1.948(2)

1.090(3)

/ra 7 7 5 -(CO)2 -[Ru(dtbpe)(CO)2 Cl2] (15b)

[Ru(dtbpe)(CO)Cl2] (16)

1934

1.7838(15)

1.1542(18)

[Ru(dtbpe)(CO)(CH3 CN)Cl2] (18)

1961

1.825(3)

1.151(3)

[Ru(dtbpe)(C0)(H 2 0)Cl2] (19)

1950

not

not

determined

determined

Table 3.11. Ru-CO, C-O distances and carbonyl stretching frequencies fo r complexes

15a, 15b, 16, 18 and 19.
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Table 3.11 lists carbonyl stretching frequencies, Ru-CO and C -0 bond distances for
complexes 15a, 15b, 16,18 and 19. A direct correlation between the carbonyl
stretching frequency and the Ru-CO bond distance can be observed. The stronger the
7i-backbonding interaction between the metal centre and the carbonyl substituents, the
lower the frequency of the v(CO) band. Thus, [Ru(dtbpe)(CO)Cl2] exhibits the shortest
Ru-CO distance and lowest v(CO) band due to the lack of competition for the electron
density of the metal centre, as there is no ligand situated trans to the carbonyl. As the
a-donor strength of the ligands bonding trans to the carbonyl increases, so does the
Ru-CO distance, and hence the band attributable to the carbonyl stretching frequency.
This would allow us, in principle, to make estimates as to the length of the Ru-CO
distance of [Ru(dtbpe)(C 0 )(H20 )Cl2], as it exhibits an IR band at 1950 cm ' 1 which is
situated in between the bands corresponding to complexes 16 and 18. Hence, we can
make a rough estimate as to the distance of Ru-CO for the mono-aqua complex
situating it between 1.78 and 1.83 A. In the case of complex 15b, the carbonyl
substituent is trans to another carbonyl, therefore competition for the electron density
of the d-orbital of the metal centre is fierce, hence lengthening both Ru-CO bonds.

3.2.3 Synthesis of [{Ru(dtbpe)(C 0 )}2(p- 0 S 02 CF 3)(p-CI)2](0 S0 2CF 3) (20)

Reaction of [Ru(dtbpe)(CO)2Cl2] with Ag 0 S0 2CF3 in toluene led to some unexpected
but interesting results. After an hour and a half at room temperature the presence of
AgCl could be observed in the reaction mixture along with a light yellow powder. This
suspension was filtered and toluene fraction discarded as it was found not to contain
any d*bpe containing products. Our product was extracted from the precipitate by
dissolving it in CHCI3. The solution was filtered and reduced to a solid in vacuo. This
1
*311
solid exhibits a single carbonyl band in the IR spectrum at 1984 cm' . The P{ H}
NMR spectrum in CDCI3 exhibits a singlet at 99.8 ppm, while the 19F{!H} NMR
spectrum shows a sharp singlet at -77.84 ppm, and a broader signal due to free
trifluoromethanesulfonate at -78.63 ppm. The ^C ^H } NMR spectrum reveals a triplet
resonance in the carbonyl region at 205.5 ppm (/(CP) = 16.1 Hz). Crystals of this
complex were grown from CHC^/hexane and single crystal X-ray diffraction studies
allowed for the complex to be characterised as the triflate-bridged dimer
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[{Ru(dtbpe)(CO)}2 (|x-OSO2 CF3 )0 i-Cl)2 ](OSO2 CF3 ) (20). A representation of the
single crystal X-ray structure is shown in Figure 3.19 Selected bond lengths and angles
are given in Tables 3.12 and 3.13, respectively.

. .
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Scheme 3.7. Synthesis o f 20.
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Figure 3.19. ORTEP diagram o f 20 (thermal ellipsoids shown at 50%probability
level). Hydrogen atoms have been omitted fo r clarity.
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Selected bond lengths [A] for [{Ru(dtbpe)(C0 )}2 (n-0 S0 2 CF3 )(fiCl)2](0S02CF3)-3CHCl3
Ru(l)-C(2)

1.806(4)

Ru(l)-0(2)

2.226(3)

Ru(i)-P(i)

2.3713(10)

Ru(l)-P(2)

2.3804(10)

Ru(l)-Cl(2)

2.4722(9)

Ru(l)-Cl(l)

2.4825(9)

Ru(2)-C(3)

1.808(4)

Ru(2)-0(1)

2.219(3)

Ru(2)-P(3)

2.3713(10)

Ru(2)-P(4)

2.3883(10)

Ru(2)-Cl(2)

2.4739(9)

Ru(2)-Cl(l)

2.4840(9)

Table 3.12. Selected bond lengths as determined by single crystal X-ray diffraction for
20 .

Selected bond angles [°] for [{Ru(dtbpe)(C0)}2(p -0 S 0 2CF3)(p-Cl)2](0S02CF3)
•3CHC13
C(2)-Ru(l)-0(2)

162.78(13)

C(2)-Ru(l)-P(l)

95.48(12)

0(2)-Ru(l)-P(l)

95.52(7)

C(2)-Ru(l)-P(2)

92.45(12)

0(2)-Ru(l)-P(2)

101.45(7)

P(l)-Ru(l)-P(2)

86.27(4)

C(2)-Ru(l)-Cl(2)

85.35(12)

0(2)-Ru(l)-Cl(2)

83.36(7)

P(l)-Ru(l)-Cl(2)

178.39(3)

P(2)-Ru(l)-Cl(2)

95.08(3)

C(2)-Ru(l)-Cl(l)

84.27(12)

0(2)-Ru(l)-Cl(l)

81.53(7)

P(l)-Ru(l)-Cl(l)

95.46(3)

P(2)-Ru(l)-Cl(l)

176.42(3)

Cl(2)-Ru(l)-Cl(l)

83.25(3)

C(3)-Ru(2)-0(1)

164.05(13)

C(3)-Ru(2)-P(3)

94.90(12)

0(1)-Ru(2)-P(3)

96.42(7)

C(3)-Ru(2)-P(4)

91.74(13)

0(1)-Ru(2)-P(4)

100.15(7)

P(3)-Ru(2)-P(4)

86.34(4)

C(3)-Ru(2)-Cl(2)

85.17(12)

0(1)-Ru(2)-Cl(2)

83.08(7)

P(3)-Ru(2)-Cl(2)

177.75(3)

P(4)-Ru(2)-Cl(2)

95.90(3)

C(3)-Ru(2)-Cl(l)

87.00(13)

0(1)-Ru(2)-Cl(l)

80.94(7)

P(3)-Ru(2)-Cl(l)

94.58(3)

P(4)-Ru(2)-Cl(l)

178.49(4)

Cl(2)-Ru(2)-Cl(l)

83.18(3)

Ru( 1)-Cl( 1)-Ru(2)

95.89(3)

Ru( 1)-Cl(2)-Ru(2)

96.41(3)

Table 3.13. Selected bond angles as determined by single crystal X-ray diffraction
studies for 20.
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The asymmetric unit contains one cationic dimer, one triflate anion (disordered over
two positions in a 1:1 ratio) and three molecules of chloroform, one of which is
disordered over two sites in a 4:1 ratio. The structure shows two [Ru(dtbpe)(CO)]
fragments bridged by two chloride substituents located on the equatorial plane along
with the phosphines. This forms a four-membered ring with ruthenium and chloride
atoms occupying alternate positions in which all of the distances are approximately
similar. The square is slightly distorted with both Cl-Ru-Cl distances having values
under 90°, as shown in Figure 3.20.

Figure 3.20. Schematic representation o f the four-membered ring formed between
ruthenium and chloride atoms in the crystal structure o f 20.

Both carbonyl substituents are occupying axial positions facing in the same direction
while the two remaining apical positions are bridged by a.triflate substituent. The
triflate substituent is bound to Ru(l) via 0(2) and to Ru(2) via 0(1). The Ru(l)-C(2)
and Ru(2)-C(3) distances are very similar (1.806(4) and 1.808(4) A, respectively) as
are the Ru(l)-0(2) (2.226(3)

A) and Ru(2)-0(1) (2.219(3) A) distances. Both

[Ru(dlbpe)(CO)] fragments exhibit almost identical bond lengths and angles.

While there are numerous ruthenium (II) dimers bridged by two chloride substituents,
the number of these complexes in which there is an additional bridging ligand between
both ruthenium (II) centres is small. The bidentate nature of the bridging triflate allows
the ruthenium and chloride atoms forming the four-membered ring to be within the
same plane, which makes it comparable to the dimeric ruthenium (III) complex,
Ru2 (dmpm)2 Cl6 reported by Cotton and co-workers.26
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3.2.4 Synthesis of [Ru(dtbpe)(C 0)2(0S02CF3)2] (21)

The unexpected formation of the triflate-bridged dimer in toluene prompted us to
explore the reactivity of [Ru(dtbpe)(CO)2 Cl2 ] with A g0S0 2 CF3 in CH2 C12, the solvent
in which our previous work involving the synthesis of [Ru(dppe)(C0 )2 (0 S0 2 CF3 )2]
was conducted. When [Ru(dtbpe)(CO)2 Cl2] is reacted with silver
trifluoromethanesulfonate in CH2 C12 under the strictest inert atmosphere conditions we
observe the formation of a complex believed to be the all cis bis-triflate species
[Ru(dtbpe)(C0)2 (0 S 0 2 CF3)2] (21) (Scheme 3.8). We observe two doublets in the
31

P{1 H} NMR at 103.4 and 81.4 ppm along with a signal due to coordinated

trifluoromethanesulfonate at -76.87 in the 1 9 F{!H} NMR spectrum. The presence of a
single resonance in the 19F NMR spectrum is at odds with the assignment of an all cis
geometry to the molecule, as we would expect two different triflate environments.
However, due to the great reactivity of this species towards the slightest traces of
moisture a full characterisation could not be achieved therefore a more in depth study
of this complex proved unaccessable. This complex is highly unstable in comparison
to the dppe equivalent discussed in Chapter 2. We believe that this is due to the greater
electron donating properties of d'bpe, which in turn weakens the R u-0S0 2 CF 3 bond.
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Scheme 3.8. Synthesis o f 20.

When [Ru(dlbpe)(CO)2 Cl2] was reacted with silver triflate in the presence o f 10
equivalents of water, we observed the unexpected formation of a series of d lbpe
containing complexes but not of the tris-aqua complex which we were expecting to
isolate. The unexpected reactivity of [Ru(dlbpe)(CO)2 Cl2] with silver triflate led us to
pursue an alternative synthesis of the tris-aqua complex,
[Ru(dtbpe)(C0 )(H2 0 )3 ](0 S0 2 CF3 ) 2 by using the mono-aqua complex, 19, as a starting
material.
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3.2.5 Synthesis of [Ru(dtbpe)(C0)(H20)3](0S 02CF3)2 and reactivity

3.2.5.1 [Ru(dtbpe)(C0)(H20 )3](0 S 0 2CF3)2 (22)

It was found that when 16 was reacted with silver triflate in CH 2 C12 in the presence of
water, [Ru(dtbpe)(C0 )(H 2 0 )3 ](0 S0 2 CF3 ) 2 (22) was formed. Presumably, the water
present in the reaction mixture initially coordinates to the ruthenium metal centre to
form [Ru(dtbpe)(C0)(H 2 0)Cl2], as shown in Scheme 3.9. This is followed by
metathesis of both Ru-Cl bonds and the displacement of weakly coordinating
0

S0 2 CF3 _by water to form the tris-aqua species.

vX\CI

2.2 eq. A g 0 S 0 2 CF3

\\

(S0 3CF3)2

Scheme 3.9. Synthesis o f 22.

When the reaction had come to completion, the solution was filtered and the filtrate
reduced to approximately half of the original volume under vaccum. The resulting
solution was allowed to cool at -4°C affording pale yellow crystals. This crystalline
solid was found to be fully water-soluble (120 mg/mL) and was characterised by
multinuclear NMR and IR spectroscopy as [Ru(dtbpe)(C0 )(H2 0 )3 ](0 S0 2 CF 3 )2. The
fact that this complex is water soluble is a surprise in itself as the analogous complex
with dppe, 5a, was only sparingly soluble. The 3 1 P{!H} NMR spectrum of 22 in D20
exhibits a singlet at 5 100.5 (Figure 3.21), while the 19F NMR spectrum exhibits a
single resonance due to uncoordinated trifluoromethanesulfonate at -79.5 ppm (Figure
3.24). The 1 3 C{!H} NMR spectrum displays a triplet in the carbonyl region at 205.0
ppm (J(CP) = 17.4 Hz), due to the coupling of CO with the two equivalent phosphorus
nuclei, as pictured in Figure 2.23. The IR spectrum contains a single band in the
carbonyl region at 1971 cm'1, 19 cm' 1 to lower frequency than found for the dppe
analogue 5a, as would be expected for the more electron-donating dlbpe ligand.
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3.2.5.2 [Ru(dtbpe)(C0)(H20)2(0S02CF3)](0S02CF3) (23)

While searching for suitable single crystals of [Ru(dtbpe)(C0 )(H 2 0 )3 ](0 S0 2 CF3 ) 2 for
X-ray diffraction it was observed that along with the crystals corresponding to the trisaqua complex there were a set of different crystals which we decided to also study by
X-ray. X-ray diffraction showed that these crystals were of the previously unobserved
complex [Ru(dtbpe)(C0)(H 2 0 ) 2 (0 S 0 2 CF3 )](0S0 2 CF3) (23). The full molecular
geometry was elucidated at 150 K. An ORTEP diagram of one of the cation-anion
pairs is pictured in Figure 3.25, while selected bond lengths and angles are listed in
Table 3.14 and Table 3.15, respectively. All attempts to characterise this complex by
multinuclear NMR spectroscopy proved ineffective as even the slightest traces of
moisture displace the triflate substituent yielding the tris-aqua complex

2 2

.

Figure 2.25. ORTEP diagram o f 23 (thermal ellipsoids pictured at 50%probability
level). Hydrogen atoms have been excluded fo r clarity.
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Selected bond lengths [A] for
2 [R u (d tb p e )(C 0 )(H 2 0 )2 (0 S 0 2 C F 3 )2 ](0 S 0 2 C F 3 )* 2 C H 2C l2*1.25H 20

R u(l)-C (l)

1.813(7)

Ru(l)-0(3)

2.165(4)

Ru(l)-0(2)

2.171(4)

Ru(l)-0(4)

2.213(4)

R u(l)-P(l)

2.3476(18)

Ru(l)-P(2)

2.3634(17)

Table 3.14. Selected bond lengths as determined by single crystal X-ray diffraction for
23.

Bond angles [°] for 2[Ru(dtbpe)(C0)(H20)2(0S02CF3)2](0S02CF3)
•2CH2C12 1.25H20
C (l)-Ru(l)-0(3)

163.8(2)

C(l)-Ru(l)-0(2)

88.3(2)

0(3)-Ru(l)-0(2)

80.62(18)

C(l)-Ru(l)-0(4)

90.1(2)

0(3)-Ru(l)-0(4)

78.41(16)

0(2)-Ru(l)-0(4)

90.85(15)

C(l)-Ru(l)-P(l)

93.65(19)

0(3)-Ru(l)-P(l)

98.25(14)

0(2)-Ru(l)-P(l)

90.98(13)

0(4)-Ru(l)-P(l)

175.88(11)

C(l)-Ru(l)-P(2)

90.74(19)

0(3)-Ru(l)-P(2)

100.76(13)

0(2)-Ru(l)-P(2)

177.64(13)

0(4)-Ru(l)-P(2)

91.29(11)

P(l)-Ru(l)-P(2)

86.94(6)

Table 3.15. Selected Bond angles as determined by single crystal X-ray diffraction for
23.

The asymmetric unit consists of two cations (each with a coordinated triflate
substituent), two triflate anions and two heavily disordered molecules of
dichloromethane. The coordinated triflate substituent is occupying one of the
equatorial positions trans to P(l) and cis to P(2) with a coordinated water molecule
(0(2)) occupying the remaining equatorial position. The RU-OSO2CF3 bond distance
(2.213 A), is comparable to those observed in the case of the dppe complex,
[Ru(dppe)(C0 )(H20 )(0 S0 2CF3)2] (d Ru-OTfeq = 2.199 A, d Ru-OTfax = 2.187 A),
which implies that R u-0S 0 2CF3 bonds must be of similar strength. Thus, w e can
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safely assume that the coordinated triflate substituent in complex 23 is relatively labile
and can be readily displaced by water. The structure exhibits a distorted octahedral
geometry, as have most of the structures we have discussed so far, due to the steric
bulk of the dlbpe substituent. This distortion of the octahedral geometry is most
apparent in the C(l)-Ru(l)-0(3) bond angle which is 163.8°, 16.2° more acute than
expected for an octahedral configuration.

3.2.5.3 [Ru(d'bpe)(C0)(CH3CN)3l(0S02CF3)2 (24)

When a solid sample of [Ru(d'bpe)(C0 )(H2 0 )3 ](0 S0 2 CF3 ) 2 is dissolved in acetonitrile
we found that the three water ligands were instantly displaced affording the complex
[Ru(dtbpe)(C 0 )(CH3 CN)3 ](0 S0 2 CF3 ) 2 (24) (Scheme 3.10) due to the more strongly
coordinating nature of acetonitrile as a ligand. This behaviour is identical to that
exhibited by [Ru(dppe)(C0 )(H2 0 )3 ](0 S0 2 CF3 )2 .

2+

Rto*. I ,3V\\\OH2
,^ r
oh2

2+

"K ~

c h 3cn

\\*

NCCH,
r— P/n,. I itX\\\NCCH3

\ S p - Rr

■

co

CO

rNCCH3

Scheme 3.10. Synthesis o f 24.

*11

1

<5

The P{ H} NMR spectrum of complex 24 in d -acetonitrile exhibits a singlet
resonance at 98.3 ppm, while the 1 3 C{!H} NMR spectrum shows a triplet in the
carbonyl region at 201.4 ppm (J(CP) = 13.8 Hz).

13

C{ 1 H} NMR spectroscopy also

exhibits evidence of bound acetonitrile in the form of a septet at 4.19 ppm which is
shifted 2.87 ppm to a lower field than the signal corresponding to free CD3 CN. We
only observe one signal due to coordinated acetonitrile despite there being two
different acetonitrile environments however it is possible that the two signals may have
similar chemical shifts and overlap. This behaviour is not unprecedented as we have
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noted the difficulty of spectroscopically detecting the NMR resonance corresponding
to coordinated solvent molecules previously in the case of the dppe analogue.

3.2.5.4 [Ru(dtbpe)(CO)(Me2SO)3](O S02CF3)2 (25)

As we have mentioned previously, the three coordinated water ligands in
[Ru(dtbpe)(C0 )(H2 0 )3 ](0 S0 2 CF3 ) 2 can easily be displaced by more strongly
coordinating substituents. When a solid sample of [Ru(dtbpe)(C0 )(H2 0 )3 ]( 0 S0 2 CF3 ) 2
is dissolved in DMSO we see that the three coordinated water substituents are easily
displaced affording the tris-DMSO complex [Ru(dtbpe)(C0 )(Me2 S0 )3 ](0 S 0 2 CF3 ) 2
(25), as pictured in Scheme 3.11. This solution was filtered and the filtrate
characterised by IR, multinuclear NMR spectroscopy and elemental analysis.
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| ,tX\\\OH2

\ >
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Scheme 3.11. Synthesis o f 25.

3

IP{ 1 H} NMR reveals a single resonance due to the two equivalent phosphorus nuclei.

There is a triplet at 5 206.7 in the carbonyl region of the 13C {!H} NMR spectrum
arising from coupling of the carbonyl substituent to the two phosphorus nuclei (/(CP)
= 14.5 Hz). There is a single resonance at 2.08 ppm in the !H NMR spectrum which
we believe arises due to coordinated DMSO, however integration of the signal could
offer no information as the NMR spectrum was run in ^-DMSO. As in the case of the
tris-acetonitrile complex, we were only able to observe one resonance corresponding to
the coordinated DMSO despite there being two different environments.

Crystals suitable for single crystal X-ray diffraction were obtained by layering a
CHCI3 /DMSO solution of [Ru(dtbpe)(C0 )(Me2 S0 )3 ](0 S0 2 CF3 ) 2 with hexane. The full
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molecular structure, elucidated by X-ray crystallography, is shown in Figure 3.26.
Tables of selected bond lengths and angles are given in Table 3.16 and Table 3.17,
respectively.

C3
Figure 3.26. ORTEP diagram o f 25 (thermal ellipsoids shown at 50% occupancy
level). All hydrogen atoms have been omittedfo r clarity.

Selected bond lengths [A] for [Ru(dtbpe)(C 0 )(Me2S 0 )3](0 S0 2CF 3)2
Ru(l)-C(i)

1.8170(17)

Ru(l)-0(3)

2.1297(12)

Ru(l)-0(2)

2.1612(12)

Ru(l)-0(1)

2.1858(12)

Ru(l)-P(l)

2.3831(4)

Ru(l)-P(2)

2.3958(4)

Table 3.16. Selected bond lengths as determined by single crystal X-ray diffraction for

25.
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Bond angles [°] for [Ru(dtbpe)(C 0 )(Me 2S 0 )3](0 S 0 2 CF 3)2
C(l)-R u(l)-0(3)

167.07(6)

C(l)-Ru(l)-0(2)

90.44(6)

0(3)-Ru(l)-0(2)

78.92(5)

C(l)-Ru(l)-0(1)

91.65(6)

0(3)-R u (l)-0 (l)

79.33(5)

0(2)-R u(l)-0(l)

79.76(5)

C(l)-Ru(l)-P(l)

93.73(6)

0(3)-Ru(l)-P(l)

95.85(4)

0(2)-R u(l)-P(l)

171.11(4)

0(1)-Ru(l)-P(l)

92.26(3)

C(l)-Ru(l)-P(2)

94.08(5)

0(3)-Ru(l)-P(2)

95.27(3)

0(2)-Ru(l)-P(2)

101.79(4)

0(1)-Ru(l)-P(2)

174.04(3)

P(l)-Ru(l)-P(2)

85.750(15)

Table 3.17. Selected bond angles as determined by single crystal X-ray diffraction for
25.

The X-ray structure of 25 reveals that the molecule has a distorted octahedral geometry
with three coordinated DMSO substituents in a fac arrangement. One Me2SO
substituent is located trans to the carbonyl substituent, while the other two are
occupying equatorial positions along with the bidentate phosphine. The two RuOSMe2 distances for the equatorial dimethylsulfoxide substituents have similar values,
2.1858(12) A (Ru(l)-O(l)) and 2.1612(12) A (Ru(l)-0(2)), while the DMSO
substituent trans to the carbonyl is slightly shorter 2.1297(12) A. This structural trait
has been observed for all of the complexes of general formula [Ru(P-P)(CO)(S)3](X)2
we have synthesised to date. As expected in a cationic ruthenium complex, all three
DMSO ligands are oxygen bound to the metal centre. Although O-bonded DMSO is
sterically less demanding than S-bonded DMSO, 27 the cation in complex 25 is still
subject to steric crowding in the metal coordination sphere. In the case of the dppe
analogue, complex 7a this steric crowding was reflected in the large Ru-O-S angles of
the equatorial DMSO ligands (121.8° and 131.4°) relative to the axial bound group
(118.5°).28 However, in the case of the dlbpe complex 25 this effect is no longer
apparent due to the additional steric crowding induced by the bulky tert-butyl
substituents of the phosphine. Therefore the Ru-O-S angle of the axial DMSO
substituent (123.37°) is of an intermediate value to those observed for the equatorial
substituents (119.19° and 132.39°).
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3.2.5.5 [Ru(dtbpe)(C0) 3H ](0 S 0 2CF3) (26)

Treatment of a solution of [Ru(dtbpe)(C0 )(H2 0 )3 ](0 S0 2 CF3 ) 2 in ^-acetone/F^O with
CO results in the rapid formation of [Ru(dtbpe)(C0 )3 H](0 S0 2 CF3) (26) as the only
ruthenium (II) product after 2 hours at room temperature. This type of reactivity was
observed previously for [Ru(dppe)(C0 )(H2 0 )3 ](0 S0 2 CF3 ) 2 and was proposed to
involve a water-gas-shift reaction mechanism via the nucleophilic attack of H2 O on the
coordinated CO ligand, followed by loss of CO2 (Scheme 3.12). In the case of
[Ru(dtbpe)(C0 )(H2 0 )3 ](0 S0 2 CF3 ) 2 however, the reaction proceeds at a much faster
rate than that observed for [Ru(dppe)(C0 )(H2 0 )3 ](0 S0 2 CF3 ) 2 resulting in complete
conversion to the hydride within two hours under one atmosphere of carbon monoxide,
whereas the same reaction with the dppe analogue was found to require three weeks at
room temperature. Nucleophilic attack of H2 O on a coordinated CO to give the
[Ru(dtbpe)(C0 )(C0

0

H)(H2 0 )2 ](0 S0 2 CF3) intermediate is fast whereas elimination of

CO2 is the slower of the steps and hence the rate determining step of the water-gasshift cycle. Two unidentified intermediate species can be observed in the 3 1 P{ 1 H}
NMR spectrum of this reaction at 104.7 and 83.2 ppm, both of them singlets.

Scheme 3.12. Water-gas shift reaction cycle
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The 3 1 P{ 1H} NMR spectrum of the tricarbonyl hydride exhibits a singlet at 110.7 ppm,
while the

NMR spectrum reveals a triplet at -7.97 ppm, due to the hydride coupling

with both equivalent phosphorus nuclei (/(HP) = 21.6 Hz). The l9 F{]H} NMR
spectrum shows that there is no evidence for bound triflate. This data is consistent with
that reported by Caulton and co-workers for the BArF4' (BArV = tetrakis(3,5bis(trifhioromethyl)phenyl)borate) analogue obtained by reaction of CO with
[Ru(dtbpe)(CO)2 H]BArF 4 . 6

When a sample of [Ru(dtbpe)(C0 )(H2 0 )3 ](0 S0 2 CF3 ) 2 was taken in a solution of Z6acetone and put under an atmosphere of 13CO the water-gas shift reaction was followed
by ^C^H } NMR and formation of 1 3 C 0 2 (125.2 ppm) observed as a side-product of
the reaction (Figure 3.29). We were also able to observe some exchange between
labelled and unlabelled CO on the tris-aqua species, through the appearance of extra
couplings in both the 3 1 P{!H} and *H NMR spectra.
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Figure 3.28. High fie ld JH NMR spectrum (400 MHz) a partially labelled solution o f
26 in CDCI3/H 2 O.
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Analytically pure crystals of the tricarbonyl hydride complex were grown from
acetone/f^O/hexane and the structure determined by X-ray diffraction. An ORTEP
diagram of the single crystal X-ray structure is pictured in Figure 3.30. Selected bond
lengths and angles are given in Tables 3.18 and 3.19, respectively.

The asymmetric unit contains one molecule of water in addition to one molecule of the
salt. The water and hydride hydrogens were located and refined at a distance of 0.89 A
from the parent oxygen (0(7)) and at

1 .6

A from the ruthenium metal centre. The X-

ray structure shows that 26 has an octahedral geometry with two carbonyl substituents
occupying equatorial positions along with the bidentate phosphine. This leaves the
third carbonyl ligand and the hydride occupying the axial positions trans to one
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another. The Ru-CO distance between the ruthenium metal centre and the two
equatorial carbonyl substituents are very similar, 1.917(3) and 1.923(3) A for Ru(l)C(3) and Ru(l)-C(l), respectively. The Ru-CO distance is much longer for the axial
carbonyl ( 1 .999(3) A) due to the trans labilising effect of the strong a-donating
hydride.
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C16
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Figure 3.30. ORTEP diagram o f 26 (thermal ellipsoids shown at 50%probability
level). All hydrogen atoms have been omitted fo r clarity with the exception o f HI.
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Selected bond lengths [A] for [Ru(dtbpe)(CO) 3H] (0 S 0 2CF 3)-H 20
Ru(l)-C(3)

1.917(3)

Ru(l)-C(l)

1.923(3)

Ru(l)-C(2)

1.999(3)

Ru(l)-P(2)

2.4456(6)

Ru(l)-P(3)

2.4470(7)

C(l)-0(1)

1.133(3)

C(2)-0(2)

1.129(3)

C(3)-0(3)

1.131(3)

Table 3.18. Selected bond lengths as determined by single crystal X-ray diffraction
studies for 26.

Selected bond angles [°] for [Ru(dtbpe)(C 0 ) 3H]( 0 S0 2CF 3)*H20
C(3)-Ru(l)-C(l)

91.53(11)

C(3)-Ru(l)-C(2)

91.76(10)

C(l)-Ru(l)-C(2)

91.35(11)

C(3)-Ru(l)-P(2)

166.69(8)

C(l)-Ru(l)-P(2)

90.83(8)

C(2)-Ru(l)-P(2)

101.28(7)

C(3)-Ru(l)-P(3)

90.20(8)

C(l)-Ru(l)-P(3)

170.48(8)

C(2)-Ru(l)-P(3)

97.96(7)

P(2)-Ru(l)-P(3)

85.40(2)

Table 3.19. Selected bond angles as determined by single crystal X-ray diffraction techniques
for 26.

3.3 Synthesis of [Ru(depe)(CO)2Cl2] and reactivity
3.3.1 Synthesis of [Ru(depe)(CO)2Cl2] (27)

Reaction of [Ru(CO)2Cl2]n with l,2-bis(diethylphosphino)ethane (depe) in ethanol
yielded a variety of products as observed by 31P{!H} NMR. The numerous peaks seen
in the phosphorus NMR ultimately converted to a single peak at 54.5 ppm over the
course of two weeks. This product is the trans-(Cl)2 isomer of [Ru(depe)(CO)2Cl2]
(27). While this behaviour has not been studied in detail it is a result, in all likelihood,
of the isomerisation of the resulting complexes to ultimately yield the trans-{C\)i
isomer. A schematic representation of the synthesis of ?ra«^-(Cl)2-[Ru(depe)(CO)2Cl2]
is pictured in Scheme 3.13.
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EtOH
[R u (C O )2CI2]n + d e p e

m ixture o f p rod u cts
CO

Scheme 3.13. Synthesis o f 27.

C om plex

27 exhibits a single resonance in the 31P { 1H} N M R spectrum at 54.5 ppm

w hich clearly im plies that both phosphorus nuclei are equivalent, thus ruling out the
p o ssib ility o f the product being the all -cis isom er. IR along w ith ^ C ^ H } N M R
spectroscopy proves unequivocally that the product is the trans-{C\)i isom er as there
are tw o bands in the carbonyl stretching frequency region o f the IR spectrum (2059,
2 0 0 6 cm '1) and a doublet o f doublets in the

N M R spectrum (8 193.21,

‘/(CPtrans)= 104.2 H z, /(C P CiS) = 17.9 H z). The tw o carbonyl ligands are occu p yin g
equatorial p osition s along w ith the bisphosphine, w h ile the tw o chloride ligands are
occup ying the apical positions. The formation o f this particular isom er as th e exclu sive
product o f the reaction is a novelty, considering that w hen the sam e reaction is carried
out using other phosphines the trans-{C\)i isom er is always present as a m inor product
or not even present at all. !H N M R studies allow us to clearly differentiate b etw een the
CH2 protons o f the m ethylene backbone o f the bis phosphine (5 1.91, 4H ) w ith those
corresponding to the ethyl groups (5 2.05, 8H). A nalytically pure crystals o f the trans(C l ) 2 com plex w h ich proved suitable for single crystal X-ray diffraction studies were
grown from C H C ^ /hexane and allow ed for a full m olecular geom etry to b e elucidated.
An ORTEP plot o f the results obtained by single crystal X -ray diffraction is pictured in
Figure 3.31. S elected bond lengths and angles are given in Tables 3.20 and 3.21,
respectively.
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C12

C11

CI2

C5
C6

C3
C4

C10

C8
C9

Ru1

C7

C2

02

CM

Figure 3.31. ORTEP diagram o f 2 7 (thermal ellipsoids shown at 50 % probability
level). Hydrogen atoms have been omitted fo r clarity.

Selected Bond Lengths [A] for tran 5-(Cl)2-[Ru(depe)(CO)2Cl 2]
Ru(l)-C(2)

1.921(2)

Ru(l)-C(l)

1.928(2)

Ru(l)-P(2)

2.3784(5)

Ru(l)-P(l)

2.3964(5)

Ru(l)-Cl(l)

2.4109(5)

Ru(l)-Cl(2)

2.4189(5)

Table 3.20. Selected bond lengths as determined by single crystal X-ray diffraction fo r
27.
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Selected Bond Angles [°] for frfl/is-(Cl)2-[Ru(depe)(CO) 2Cl2]
C(2)-Ru(l)-C(l)

93.24(8)

C(2)-Ru(l)-P(2)

90.20(6)

C(l)-Ru(l)-P(2)

175.98(6)

C(2)-Ru(l)-P(l)

173.33(6)

C(l)-Ru(l)-P(l)

93.42(6)

P(2)-Ru(l)-P(l)

83.133(16)

C(2)-Ru(l)-Cl(l)

90.90(7)

C(l)-Ru(l)-C l(l)

91.48(6)

P(2)-Ru(l)-Cl(l)

86.384(17)

P(l)-Ru(l)-Cl(l)

88.747(18)

C(2)-Ru(l)-Cl(2)

92.70(7)

C(l)-Ru(l)-Cl(2)

89.80(6)

P(2)-Ru(l)-Cl(2)

92.117(17)

P(l)-Ru(l)-Cl(2)

87.511(17)

Cl(l)-Ru(l)-Cl(2)

176.112(18)

Table 3.21. Selected bond lengths as determined by single crystal X-ray diffraction
studies for 27.

As seen in Figure 3.31 complex 27 exhibits an octahedral geometry with both carbonyl
substituents occupying equatorial positions along with the bidentate phosphine. Both
Ru-CO distances are of comparable lengths (1.921(2) and 1.928(2) A), which is
unsurprising as they both have the same geometric environments. The same occurs
with the Ru-Cl distances (2.4109(5) and 2.4189(5) A). The bond angles reveal that due
to the less bulky nature of depe in comparison to d*bpe there is no longer such a
pronounced deformation of the octahedral structure with the Cl(l)-Ru(l)-Cl(2)
distance being very close to 180° (176.112(18)°).

3.3.2 Synthesis of fra/«-( 0 S0 2 CF 3) 2-[Ru(depe)(C 0 )2(0 S0 2 CF) 2] and reactivity

3.3.2.1 fra#is-(0 S0 2CF 3)2-[Rii(depe)(C 0 )2(0 S 0 2 CF) 2] (28)

Upon reaction of [Ru(depe)(CO)2Cl2] with 2.2 equivalents of silver triflate we were
able to spectroscopically detect the bis-triflate complex trans-(0 S02 CF3)2[Ru(depe)(C0)2(0 S 0 2CF3)2] (28) (Scheme 3.14).
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A g 0 S 0 2CF3

Scheme 3.14. Synthesis 28.

The IR spectrum of complex 28 exhibits two bands in the carbonyl stretching
frequency region at 2078 and 2031 cm'1, while the 3 1 P{ 1H} NMR spectrum exhibits a
single resonance at 57.9 ppm which is relatively close to the shift of the dichloride
precursor. This led us to assign the complex a Jra/w-(0 S0 2 CF3 ) 2 geometry as the
single resonance in the 3 1 P{!H} NMR spectrum rules out the all cis isomer, whereas
the two bands in the IR spectrum imply that the species in question is not the trans(CO) 2 isomer. The ^C^H} NMR spectrum is consistent with this assignment as it
exhibits two doublets, each one corresponding to one of the carbonyl substituents.
19F {

NMR studies reveal that there is bound OSO2 CF3 ' as there is a single

resonance at -77.57 ppm, which is the characteristic shift of trifluoromethanesulfonate
coordinated through an oxygen atom.

3.3.2.2 Reactivity of fra/!s-(0 S02 CF 3) 2-[Ru(depe)(C 0 )2(0 S 02 CF)3] with water

Upon addition of 10 equivalents of water to a CDCI3 solution of frYZ«£-(0 S0 2 CF3 )2 [Ru(depe)(C0 )2 (0 S0 2 CF3 )2 ] we observe a series of new depe containing species in the
<11

1

P{ H} NMR spectrum of the solution. A clear assignment of what species are present
and which peaks correspond to them was not possible. Over the course of several
weeks the intensity of most of these signals decreases and there seems to be one
predominant product in solution at 61.3 ppm. However further characterisation of this
complex could not be achieved.
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3.4 Conclusions
Throughout this chapter we have discussed the synthesis and reactivity of a series of
novel ruthenium (II) bidentate alkyl phosphine complexes. When l,2-bis(di(tertbutyl)phosphino)ethane (dlbpe) was employed as a ligand we successfully synthesised
the tris-aqua complex [Ru(dtbpe)(C0 )(H20 ) 3](0 S02 CF3)2, which is analogous to the
complexes discussed in Chapter 2. We found that the variation of the bidentate
phosphine associated with the ruthenium metal centre had significant influence in the
reactivity of the complexes synthesised as well as in their physical properties. The
d*bpe tris-aqua species was found to be the most water-soluble of the aqua-complexes
we have synthesised to date. It was also observed that while the substitution reactivity
exhibited by the d*bpe tris-aqua complex is similar to that of its dppe analogue
[Ru(dppe)(C0 )(H 20 )3](0 S02 CF3)2, its activity in the water-gas-shift reaction cycle
was considerably higher. The nature of the d*bpe subsitutent, in particular its greater
electron donating capacity, in unison with the steric bulk of the tert-butyl substituents
is responsible for the differences observed between the d*bpe tris-aqua species
synthesised and the dppe analogues seen in Chapter 2.

We have also successfully synthesised and characterised a novel coordinatively
unsaturated 16 electron complex, [Ru(dtbpe)(CO)Cl2] which is stabilised by the
presence of an agostic interaction in the solid state. This interaction arises between a
C-H bond of one of the tert-butyl groups of the bidentate phosphine and the ruthenium
metal centre. We have been unable to observe the presence of this interaction by NMR
spectroscopy, which in conjunction with the relatively large Ru-C and Ru-H distances
observed for this interaction in the solid state leads us to believe that it is relatively
weak. We believe that the weakness of this interaction arises from the need to distort
the geometry of the d*bpe substituent in order to give way to a situation in which the
formation of an agostic interaction may arise.

In an attempt to synthesise a ruthenium (II) dichloride precursor which we could
potentially use to mimic the behaviour exhibited by [Ru(dtbpe)(CO)2Cl2] we have also
synthesised the depe ruthenium (II) complex [Ru(depe)(CO)2Cl2]. This complex was
obtained exclusively as the trans-(Cl)2 isomer, therefore due to the lack of two
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carbonyl substituents in the trans position, we were unable to explore the synthesis of
a coordinatively unsaturated complex analogous to [Ru(dtbpe)(CO)Cl2]. The reactivity
of the ruthenium (II) depe dichloride with silver triflate in the presence of water has
also been investigated. This reaction proceeds very slowly and a full characterisation
of the aqua-complexes obtained has not been possible.

All in all, throughout this chapter we have explored how the variation of the bidentate
phosphine associated with the ruthenium metal centre can affect the reactivity of both
the dichloride precursors and the aqua complexes resulting from them. The
combination of electronic and steric factors introduced by the phosphine has been
found to have a significant effect not just in the reactivity of the complexes synthesised
as would be expected, but also in the stability and solubility of these complexes in
solution.
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4.1 General methods
All manipulations were carried out under an argon atmosphere using standard Schlenk,
high-vacuum or glovebox techniques.

All solvents (unless otherwise stated) were distilled from purple solutions o f sodium
benzophenone ketyl (hexane, diethyl ether, toluene, benzene), Mg/l2 (ethanol), or CaFk
(chloroform, dichloromethane, acetonitrile, DMSO) and stored under argon. Ethylene
glycol was dried by reaction with Na metal and distilled under nitrogen. 13CO
(Cambridge Isotopes, 99%) and CO (BOC, 99.9%) were used as received. All silver
salts were purchased from Aldrich Ltd. and used without further purification. 1,2bis(dichlorophosphino)ethane (Aldrich) and l,2-bis(diethylphosphino)ethane (Strem)
were freeze-pump-thaw degassed and used without further purification. RuCl3*3H20
was kindly donated by Johnson-Matthey.

NMR solvents were purchased from Goss Scientific Ltd and were dried, degassed and
stored under argon in gastight solvent bulbs; /-dichloromethane, cf-chloroform, / acetonitrile and /-dimethylsulfoxide were vacuum transferred from CaFL; /-benzene
was vacuum transferred from a purple solution of potassium benzophenone ketyl; / acetone was freeze-pump-thaw degassed and used without any further purification;
D 2O was degassed by bubbling with argon.

4.2 Physical and analytical measurements
NMR spectra were recorded on Bruker AVANCE 300 MHz or Varian MERCURY
400 MHz NMR spectrometers at 293K unless otherwise stated. The *H NMR spectra
were referenced to the chemical shifts of residual protio solvent resonances ( / benzene: 8 7.16, /-acetone: 5 2.05, /-dichloromethane: 8 5.35, d-chloroform: 8 7.26,
<i3-acetonitrile: 81.94, /-dimethylsulfoxide: 2.50, D 2O: 8 4.79). The 13C NMR spectra
were referenced to (/-benzene (128.0), /-acetone (8 29.9), /-dichlorom ethane (8
53.8), J-chloroform (8 77.2), /-acetonitrile (8 1.3) and /-dim ethylsulfoxide (8 39.52).
The 31P NMR chemical shifts were referenced externally to 85% H3PO4 (8 0.0). The
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19F NMR spectra were referenced to external CFCI3 (8 0.00). IR spectra were recorded
as mijol mulls (unless otherwise stated) on a Nicolet Protege FTIR spectrometer.
Elemental analyses were performed at the University of Bath. Crystallographic data for
compounds 5a, 5b, 5c, 1 3 ,15b, 16,17,18, 20, 23, 25, 26, 27 is given in the
corresponding appendices and was collected and solved by Dr. Mary F. Mahon on a
Nonius Kappa CCD diffractometer at the University of Bath. Full matrix anisotropic
refinement (SHELX-97) 1,2 was implemented in the final least-squares cycles for all
structures. All data were corrected for Lorentz, polarization and extinction.

Pulsed-gradient field spin-echo NMR measurements were performed by Prof. Paul
Pregosin and P.G. Anil Kumar at the Laboratory of Inorganic Chemistry, ETH,
Zurich, on Bruker AVANCE spectrometers (300 and 400MHz) equipped with
microprocessor-controlled gradient units and multinuclear probes (normal or inverse)
with actively shielded Z-gradient coils. The shape of the gradient pulse was
rectangular, its length was set at 1.75 ms, and its strength (G) was varied automatically
in the course of the experiment. The time between midpoints of the gradients (A) was
chosen as 167.75 ms. Measurements were carried out without sample spinning and in
the absence of external airflow.

The slope of the lines, m, were obtained by plotting their decrease in signal intensity

vs. G . The diffusion coefficients reported were estimated using the diffusion
coefficient of HDO in D2O as a reference. The data obtained were used to calculate the

D values of the samples, according to Equation 1:

D = mobsd^HDo/^HDO
Equation 1

All of the diffusion coefficient (D) values reported for the complexes pertaining to this
thesis are derived from lines which have correlation coefficients above 0.99. The
recovery delay for ^ diffusion measurements was kept constant (D1 = 5s). For the 19F
measurements, the T1 values (~l-5 s, for complexes 5a-d in different solvents) were
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calculated using Bruker Xwin-NMR software and the delay, D l, was set to 5(T1)
accordingly. The number of scans was 16 for

and between 4 and 16 for l9F

experiments. The sample was dissolved in 0.6 mL of the deuterated solvent, with the
concentration maintained at 2 mM. The solutions for 5a-d were stabilized by adding
lOpL of distilled water.

4.3 Compounds relating to Chapter 2
4.3.1 Synthesis of all cis-[Ru(dppe)(CO)2 Cl2]4’5
RuCl3’3H20 (4.0 g, 15.0 mmol) was weighed out into a large Schlenk tube and
dissolved in a mixture of conc. HC1 (80 mL) and formic acid (80 mL) and was refluxed
for 9 hours until the solution changes from a dark reddish-brown colour to golden
yellow. The solvent was removed under vacuum yielding an orange/yellow residue,
[Ru(CO)3(C1)2]2. The residue was dissolved in 2 -methoxyethanol (100 mL) and dppe
(5.6 g, 14.0 mmol) was added and stirred until it had all dissolved. The mixture was
refluxed for 2.5 hours until a creamy precipitate, [Ru(dppe)u 4(CO)2(Cl)2] (IR (nujol
mull, cm'1): 2047,1985 v(CO)) precipitated from solution. The solvent was filtered off
and the precipitate dried in vacuo. Portions of [Ru(dppe)u 4(CO)2(Cl)2] were heated to
270°C in an ampoule placed under 1 atmosphere of CO. The precipitate melted,
forming a yellow glass on cooling. This glass was extracted with CHCI3 and filtered.
IR and NMR studies show that all three isomers of [Ru(dppe)(CO)2Cl2] are present.
The filtrate was concentrated in vacuo and the fractions were separated by column
chromatography using silica gel 60 and CHC^M eOH (95:5) as an eluent. The first
fraction obtained was found to be the all cw-isomer of [Ru(dppe)(CO)2Cl2] .
Analytically pure white crystals were grown from a solution of CH2Cl2/hexane. IR
(nujol, cm'1): 2079,2004 v(CO). 31P{ 1H} NMR (CDCI3): 5 63.0 (d, J(PP) = 9.7 Hz),
38.1 (d,/(PP) = 9.6Hz).
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4.3.2 Synthesis of [Ru(dppe)(C0)(H20 )3 ](0 S 0 2CF3)2
[Ru(dppe)(C0 )(H20 ) 3](0 S0 2CF3)2was synthesised by a modified synthetic route to
that reported by Whittlesey and co-workers6. Silver trifluoromethanesulfonate (90 mg,
0.35 mmol) was added to a Schlenk tube containing a stirred solution of all cisRu(dppe)(CO)2Cl2 (100 mg, 0.16 mmol) in CH2C12 (30 mL). Immediately afterwards,
distilled, degassed water was added (30jiL, 1.6 mmol) to the solution. The solution was
allowed to stir at room temperature for 1.5 hours in the absence of light. Upon
completion of the reaction, the reaction mixture was filtered under argon and the
filtrate concentrated to approximately half of the original volume. This solution was
stored at 4°C for several days and afforded pale yellow crystals of
[Ru(dppe)(C0 )(H20 ) 3](0 S0 2CF3)2 in reasonably good yield (60.5 mg, 43%). Anal.
Found (calcd.) for C29H34F 60 i2P2RuS2 1.8H20 : C, 38.56 (38.19); H, 3.57 (3.71). IR
(KBr, cm '1): 1990 v(CO).

NMR (CDC13/H 20): 6 51.9 (s).

NMR

(CDC13/H 20): 6 -78.63 (s).

4.3.3 Synthesis of [Ru(dppe)(C0)(H20 ) 3](BF4)2
Silver tetrafluoroborate (68 mg, 0.35 mmol) was added to a Schlenk tube containing a
stirred solution of all ds-[Ru(dppe)(CO)2Cl2] (lOOmg, 0.16 mmol) in CH2C12 (30 mL).
To this solution distilled, degassed water was added (30pL, 1.6 mmol). The solution
was allowed to stir at room temperature for 1.5 hours in the absence of light. Upon
completion of the reaction, the reaction mixture was filtered under argon and the
filtrate concentrated to approximately half of the original volume. This solution was
stored at 4°C for several days and afforded pale yellow crystals of
[Ru(dppe)(C0 )(H 20 )3](BF4)2 in reasonably good yield (77.3 mg, 64%). Anal. Found
(calcd.) for C27H3oB2F 80 4P2Ru-2H20 : C, 41.40 (40.99); H, 4.12 (4.33). IR (H20 ,
cm'1): 1992 v(CO). lH NMR (D20): 8 7.67-7.39 (m, 20H, C6H5), 3.01 (br s, 2H, CH2),
2.75 (br s, 2H, CH2). 13C{'H} NMR (D20): 8 197.2 (t, J(CP) = 21.7 Hz, CO), 131.4 (s
br, C«H5), 130.8 (s, br, C 6H5), 130.3 (s br, C 6H6), 128.9 (s br, C 6H5), 127.3 (m, C 6H5),
25.4 (m, CH2). ^ { ‘H} NMR (D20): 8 67.3 (s). 19F{‘H} NMR (D20): 8 -150.30 (s,
u BFO, -150.42 (s, 10BF4').
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4.3.4 Synthesis of [Ru(dppe)(CO)(CH 3CN)3](BF 4)2
A solid sample of [Ru(dppe)(C0 )(H 20 )3](BF4)2 (50 mg, 0.07 mmol) was taken in a
small Schlenk tube and dissolved in acetonitrile (20 mL). The solution was filtered and
the filtrate reduced to a solid in vacuo. The solid was then transferred to a Young’s
NMR tube and dissolved in d3-acetonitrile. The corresponding solution was
characterised by multinuclear NMR spectroscopy, revealing the presence o f
[Ru(dppe)(CO)(CD3CN)3](BF4)2 as the only product present in solution. Anal. Found
(calcd.) for C33H 33B2F 8N 3OP2RU: C, 47.30 (48.09); H, 4.02 (4.04); N, 5.48 (5.10). IR
(nujol, c m 1): 2020 v(CO). 31P{'H} NMR (CD3CN): 5 62.4. ‘H NMR (CD 3CN): 5
7.76-7.51 (m, 20H, C 6H5), 3.21 (m, 2H, CH2), 2.99 (m, 2H, CH2). 13C{'H} NMR
(CDjCN): 8 194.7 (t,/(C P) = 15.9 Hz, CO), 132.7 (s, C 6H5), 132.4 (s, C 6H5), 132.0
(m, C<sH5), 129.9 (m, Q H s), 26.1 (m, CH2). ‘’Fj'H } NMR (CD3CN): 5 -151.52 (s,

” BFO , -151.57 ( s , '"BFO.

4.3.5 Synthesis of [Ru(dppe)(C 0 )(H 2 0 )3](SbF 6)2
Silver hexafluoroantimonate (120 mg, 0.35 mmol) was added to a Schlenk tube
containing a stirred solution of all cz’5-[Ru(dppe)(CO)2Cl2] (100 mg, 0.16 mmol) in
CH2CI2 (30 mL). To this solution distilled, degassed water was added (30jiL, 1.6
mmol). The solution was left stirring at room temperature for 1.5 hours in the absence
of light. Once the reaction had come to completion, the solution was filtered under
argon and the filtrate concentrated to approximately half of the original volume in
vacuo. This solution was stored at 4°C for several days and ultimately afforded pale
yellow crystals of [Ru(dppe)(C0 )(H 20 ) 3](SbF6)2 in good yield (91 mg, 54%). Anal.
Found (calcd.) for C27H 3oFi204P2RuSb2-H20 : C, 30.10 (30.28); H, 2.91 (3.01). IR
(H20 , cm'1): 1994 v(CO). ‘H NMR (D20): 8 7.66 (s br, C6H5), 7.45 (s br, C 6H5), 3.08
(br s, 2H, CH2), 2.88 (br s, 2H, CH2).

NMR (D20): 8 197.2 (t, /(C P) = 17.9

Hz, CO), 131.5 (m, C 6H5), 130.8 (m, C 6H5), 128.9 (m, C 6H5), 25.5 (m, CH2). 3IP{'H}
NMR (D20): 8 67.4 (s). 19F{'H} NMR (D20): -109.59 to -136.04 (m, SbF6').
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4.3.6 Synthesis of [Ru(dppe)(CO)(CH3CN)3 ](SbF6) 2
A solid sample of [Ru(dppe)(C0 )(H20 )3](SbF6)2 (50 mg, 0.05 mmol) was weighed out
into a small Schlenk tube and dissolved in acetonitrile (20 mL). The solution was
filtered and the filtrate reduced to a solid in vacuo. The resulting white solid was
characterised by IR and multinuclear NMR spectroscopy as
[Ru(dppe)(CO)(CD 3CN)3](SbF6)2. Anal. Found (calcd.) for C 33H 33F 12N 3OP2RU Sb2: C,
35.50 (35.32); H, 2.90 (2.96); N 4.00 (3.74). IR (nujol, cm'1): 2018 v(CO). 31P{ 1H}
NMR (CD3CN): 5 62.5. *H NMR (CD3CN): 6 7.75-7.52 (m, 20H, C6H5), 3.18 (m, 2H,
CH2), 2.99 (m, 2H, CH2). 13C{ 1H} NMR (CD3CN): 8 194.8 (t, J(CP) = 15.9 Hz, CO),
132.7 (s, C 6H5), 132.3 (s, C 6H5), 132.0 (m, C 6H5), 129.9 (m, C 6H5), 26.1 (m, CH2).
i5F{'H} NMR (CD3CN): 8 -101.27 to -152.25 (m, SbF6‘).

4.3.7 Synthesis of AgN(S02CF3)2
AgN(S 02 CF3)2 was synthesised according to a route reported in the literature. To a
solution ofH N (S0 2CF3)2 (5.6 g, 20 mmol) in H2O (40 mL) a slight excess of Ag 2CC>3
(3.3 g, 12 mmol) was added and the reaction mixture was allowed to stir in the absence
of light. The reaction mixture was heated to 65°C, allowed to stir for several hours and
filtered. The filtrate was reduced to a solid under vacuum and dried at 80°C for 6
hours. This solid was then dissolved in 50 mL of Et20 , stirred for 2 hours and filtered
to remove any impurities. Removal of the solvent gave AgN(SC>2CF3)2 as a fine white
powder, 6.13 g, 79 % yield. 19F{ 1H} NMR (D20): -79.80

4.3.8 Synthesis of [Ru(dppe)(C0)(H20 ) 3][N(S02CF3)]2
Silver bis((trifluoromethyl)sulphonyl)amide (136 mg, 0.35 mmol) was added to a
Schlenk tube containing a stirred solution of all cis-[Ru(dppe)(CO)2Cl2] (100 mg, 0.16
mmol) in CH 2CI2 (30 mL). To this solution distilled, degassed water was added (30
pL, 1.6 mmol). This solution was allowed to stir for 1.5 hours at room temperature in
the absence of light. By this time copious amounts of AgCl could be seen in the
reaction vessel. The reaction mixture was filtered under argon and the filtrate
concentrated to approximately half of the original volume in vacuo. This solution was
stored at 4°C and after several days it afforded pale yellow crystals of
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[Ru(dppe)(C 0 )(H 20 )3][N(S0 2CF3)]2. Yield: 71.6 mg, 43%. Anal. Found (calcd.) for
C 3iH 3oFi2N 2Oi2P2RuS4: C, 32.80 (32.61); H, 2.38 (2.65); N, 2.41 (2.45). IR
(CH 2C12/H 20 , cm"1): 2010 v(CO). ‘H NMR (/-acetone/H 20): 7.86 (m, C6H 5), 7.51
(m, CsHs), 7.38 (s, C6H5), 6.77 (s, C6H5), 3.48 (m, CH2), 3.12 (m, CH2). 31P{*H}
NMR (</-acetone/H 20): 66.2 (s). 13C{'H} NMR (/-acetone/H 20): 198.7 (t, /(CP) =
18.2 Hz, CO), 132.9 (m, Q H j), 132.4 (s, C 6H5), 132.1 (m, C 6H5), 130.0 (m, C 6H5),
121.0 (q,/(C F ) = 320.9 Hz, S 0 2CF3'), 26.1 (m, CH2). '^ { 'H } N M R ( /acetone/H 20): -80.37 (s).

4.3.9 Synthesis of [Ru(dppe)(C0)(N03)2]
Silver nitrate (60 mg, 0.35 mmol) was added to a Schlenk tube containing a stirred
solution o f all cw-[Ru(dppe)(CO)2Cl2] (100 mg, 0.16 mmol) in CH 2C12 (30 mL). The
solution was left stirring at room temperature for 1.5 hours in the absence o f light.
Once the reaction had come to completion, the solution was filtered under argon and
the filtrate concentrated to approximately half of the original volume in vacuo. The
solution was then treated Et20 and stirred vigorously until a white precipitate
appeared. This precipitate was isolated by filtration and dried in vacuo. Analytically
pure crystals of [Ru(dppe)(C0 )(N 03 )2] were grown from CHC^/hexane. Yield: 75.05
mg, 72%. Anal. Found (calcd.) for C27H24N 20 7P2Ru: C, 49.30 (49.75); H, 3.99 (3.71);
N, 4.07 (4.22). IR (KBr disc, cm'1): 1990 v(CO), 1531 v(N 03), 1471 v(N 03), 1272
v (N 0 3), 1095 v (N 0 3), 994 v(N 0 3) , 31P{,H} NMR (CD2C12): 73.4 (s). 13C{ 1H} NMR

(CD2C12): 8 200.2 (t, /(CP) = 18.6 Hz, CO), 132.1 (m, C 6H5), 129.7 (m, C 5H5), 26.8
(m, CH2). 'H NMR (CD2C12): 7.78-7.37 (m, 20H, C6H5), 2.88 (m, 2H, CH2), 2.73 (m,
2H, CH2).

4.3.10 Synthesis of [Ru(dppe)(C0)2(N 03)2]
A solid sample of [Ru(dppe)(C0)(N03)2] (100 mg, 0.15 mmol) was dissolved in
CD2C12 in a Young’s NMR tube and freeze-pump-thaw degassed. Into this tube 1 atm
of CO was condensed and the reaction followed by 31P{ 1H} NMR spectroscopy. After
2 hours all of the starting material has reacted to give the bis-nitrate, bis-carbonyl

species [Ru(dppe)(C0 )2(N 03 )2]. At this point the complex was fully characterised by
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multinuclear NMR spectroscopy in order to avoid further reaction with CO.

1
P { H}

NMR (CD 2C12): 6 63.38 (d, J(P-P) = 15.9 Hz), 42.46 (d, J(P-P) = 15.9 Hz). 'H NMR
(CD2C12): 8 7.86 (m, C6H5), 7.837 (m, C6H5), 7.54 (m, C6H 5), 3.06 (m br, CH2).
13C{'H} NM R(CD 2C12): 195.1 (t,/(C -P) = 13.9 Hz, CO), 189.1 (dd, J{C-?,ram) =

108.4 Hz,7(C-Pcis) = 9.7 Hz, CO), 131.4 (m, C 6H5), 129.7 (m, C 6H5), 27.5 (d d ,/(C P) = 35.3, /(C -P ) = 11.1 Hz, CH2), 23.13 (dd, j'(C -P ) = 33.1 Hz, /(C -P ) = 6.9 Hz,
CH2).

4.4 Compounds relating to Chapter 3

4.4.1 Synthesis of [Ru(CO)2 Cl2 ]n
o

[Ru(CO)2Cl2]n was prepared according to a literature-reported route. A round-bottom,
three-necked flask equipped with an argon inlet, a reflux condenser, an outlet bubbler
and a magnetic stirred was charged with paraformaldehyde (1 gr) and RuCl3*3H20 (2.0
g, 9.74 mmol). A degassed solution of 95-97% formic acid (50mL) was added, and the
solution was heated at reflux for 6 hours. The solution changes in colour from dark red
to deep green over the course of 1 to 2 hours. The solution ultimately changes to a pale
yellow colour after six hours. The reaction vessel was then allowed to cool to room
temperature and stored at 4°C overnight to allow complete conversion to the polymer.
The solution was then evaporated to dryness in an oil bath at 70°C and the residue
triturated with hexane and Et20 and dried in vacuo. Yield: 1.48 g, 64%. IR (nujol,
cm '1): 2074,2017 v(CO).

4.4.2 Synthesis o f ‘B u2PCH2CH2P‘B u2
*Bu2PCH 2CH 2P,Bu2 (d'bpe) was prepared according to a route proposed in the
literature.9 A solution of C12PCH2CH 2PC12 (4.6 g, 20 mmol) in Et20 (20mL) was
transferred into a flame-dried, three-necked, round-bottom flask fitted with an argon
inlet, a pressurised addition-funnel, a reflux condenser, an outlet bubbler and a
magnetic stirrer. The solution was cooled to -78°C after which a 1.7M solution of
LilBu (47mL) was added dropwise. The reaction is very exothermic so it is crucial that
the addition of LilBu be done at such a low temperature. The reaction vessel was
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allowed to slowly warm to room temperature while stirring. Once the reaction had
come to completion the LiCl which results as a side-product of the reaction was
filtered off and the solution reduced to dryness in vacuo. The solid residue was
dissolved in 20 mL of hexane and filtered. The filtrate was stored between -50 and
-78°C and crystals of the desired product were obtained in good yield. The crystals
were isolated by filtration, washed with cold hexane and dried under vacuum. Yield:
2.14 g, 34%. 31P{ 1H} NMR (C6D6 ): 5 36.3.

NMR (C6D6): 8 1.79 (m, 4H, CH2),

1.18 (m, 36H, CH3). l3C{lU} NMR (C6D6): 8 31.7 (m, CCH3), 30.2 (t, /(CP) = 6.8 Hz,
CH3), 23.4 (m, CH2).

4.4.3 Synthesis of all cis and rrflns-(CO)2-[Ru(dtbpe)(CO)2 Cl2 ]
[Ru(dtbpe)(CO)2Cl2] was prepared as a mixture of the all cis and trans-{CO )2 isomers

via a synthetic route reported in the literature.10 A yellow suspension of [Ru(CO)2Cl2]n
(300 mg) and dlbpe (419 mg, 1.32 mmol) in degassed EtOH (30 mL) was prepared in a
round-bottom, three-necked flask equipped with an argon inlet, a reflux condenser and
a magnetic stirrer. The suspension was heated at reflux while a gentle stream of CO
was bubbled through. After approximately 15 minutes a clear yellow solution was
formed. The reaction vessel was allowed to cool to room temperature and the solution
was reduced to a solid in vacuo. The solid was washed twice with Et20 (10 mL) and
once with hexane (10 mL) and dried under vacuum. Analytically pure crystals of the
complex were grown from CH3Cl/hexane. Anal. Found (calcd.) for C2oH4oC120 2P2Ru:
C, 43.50 (43.96), H, 7.24 (7.38). IR (CH2C12, cm'1): 2064,2013,1984 v(CO). 31P{'H}
NMR (CDCI3): 5 103.1 (d, J(PP) = 9.7 Hz), 100.8 (s), 72.1 (d, J(PP) = 9.7 Hz).

4.4.4 Synthesis of [Ru(d'bpe)(CO)Cl2]
A solid sample of [Ru(d'bpe)(CO)2Cl2] (50mgs, 0.09 mmol) in a Youngs NM R tube
was placed under vacuum and heated in an oil bath at 120°C for 36 h. The sample
changes from a yellow powder to an orange solid, which when dissolved in CD2C12
initially exhibits a characteristic singlet in the 31P{ 1H} at 95.4 ppm. This complex was
characterised as [Ru(dtbpe)(CO)Cl2]. This complex was obtained in quantitative yield.
In the solid state this species exhibits an agostic interaction between the metal centre
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and one of the protons on the lBu groups. Anal. Found (calcd.) for C 19H40CI2OP2RU: C,
43.70 (44.02); H, 7.51 (7.78). IR(nujol, cm'1): 1934 v(CO). 31P{ 1H} NMR (CD2C12): 8
95.4. lH NMR (CD 2C12): 8 2.11 (br m, CH2), 1.49 (d, ./(CP) = 13.6 Hz, CH3), 1.44 (d,
/(CP) = 14.0, CH3). 13C{!H} (CD2CI2): 8 204.4 (t, /(CP) = 16.5 Hz, CO), 39.0 (m,
C(CH3)3), 38.5 (m, C(CH3)3), 30.2 (d, /(CP) = 26.2 Hz, CH3), 23.5 (m, CH2).

It was found that after several hours a CD2CI2 solution of [Ru(dtbpe)(CO)Cl2] begins
to lose its characteristic dark-red colour turning yellow over the course of 24 h.
Monitoring of this solution by NMR spectroscopy reveals the formation of a novel
complex characterised as [{Ru(dtbpe)(CO)}2(|J.-Cl)3][Ru(dtbpe)(CO)Cl3]. Complete
conversion to this species was not possible therefore a full characterisation by !H
NMR spectroscopy could not be achieved due to the extensive overlap of signals
corresponding to Ru(dlbpe)(CO)Cl2. IR(nujol, cm'1): 1963 v(CO). 31P{!H} NMR
(CD2CI2): 8 103.0 (s,br), 102.4(s, br). ^C ^H } (CD2C12): 8 202.9 (tbr, CO).

4.4.5 Synthesis of [Ru(dtbpe)(CO)(CH3CN)Cl2]
10 equivalents (40 pL) of CH3CN were added to a solution of [Ru(dtbpe)(CO)Cl2] (50
mg, 0.96 mmol) in CH2CI2 (0.5 mL). Upon addition of the acetonitrile a yellow
precipitate appears. The solvent was filtered off and the solid sample dried in vacuo.
Crystals of this complex were obtained from an acetonitrile solution upon cooling.
Anal. Found (calcd.) for C2iH43C12NOP2Ru-CH3CN: C, 45.40 (46.00); H, 7.58 (7.58);
N, 4.64 (4.66). IR (nujol, cm'1): 1961 v( CO), 2248 v(CN). 31P{!H} NMR (CD 3CN) : 8
94.9 (s). 13C{ 1H} NMR (CD3CN): 8 209.2 (t, /(CP) = 13.9 Hz, CO), 39.8 (m,
C(CH3)3), 38.7 (m, C(CH3)3), 30.9 (s, CH3), 24.7 (m, CH2). lU NMR (CD3CN): 8 2.21
(br m, CH2) 1.43 (d, /(PH ) = 6.6 Hz, CH3), 1.38 (d, /(PH) = 7.2 Hz, CH3).

4.4.6 Synthesis of [Ru(dtbpe)(C0)(H20)C l2]
20 equivalents (35 pL) of H20 were added to a solution of [Ru(dtbpe)(CO)Cl2] (50
mg, 0.96 mmol) in CH 2CI2 (0.5 mL). Upon addition of water a yellow precipitate
appears. This precipitate was isolated by filtration and dried under vacuum. IR (nujol,
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cm'1): 1950 v(CO). Due to the lack of solubility of this compound in common solvents
a full characterisation by multinuclear NMR spectroscopy could not be achieved.

4.4.7 Synthesis of {[Ru(dtbpe)(C 0 )]2(lA-Cl)2(p- 0 S0 2 CF 3)}(0 S 0 2CF 3)
\

0

z CF=
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Ag0 S0 2CF 3 (103.4 mg, 0.40 mmol) was added to flame-dried Schlenk tube containing
a suspension of [Ru(d'bpe)(CO)2Cl2] (100 mg, 0.18 mmol) in toluene (30mL). The
reaction mixture was stirred in the absence of light for 2 hours after which it was
filtered under argon. The filtrate was discarded and the solid residue dried in vaccuo.
The final product was separated from the AgCl which results as a side product o f the
reaction by dissolving it with CHCI3. This solution was filtered, leaving the silver
chloride behind, and the filtrate dried to yield a yellow powder which was
characterised as {[Ru(dtbpe)(C 0 )Mp-Cl) 2(p- 0 S02 CF3)}( 0 S02 CF3). Yield: 68 mg,
64%. Anal, found (calcd.) forC ^H g o C feF eC ^R t^^C H C ls: C, 33.80 (33.57); H,
5.54 (5.50). IR (KBr/nujol, cm"1): 1984 v(CO). 31P{'H} NMR (CD 3CI): 8 99.8 (s).
13C{'H} NMR (CDjCl): 8 205.5 (t,/(C P) = 16.1 Hz, CO), 128.6 (q, / ( CF) = 81.1 Hz,

CF3), 40.8 (m, C(CH3)3), 39.5 (m, C(CH3)3), 30.9 (m, CH3), 23.6 (m, CH2). 19F{*H}
NMR (CDCI3): 8 -77.85 (s, coordinated 0 S 0 2CF3"), -78.50 (s br, free 0 S 0 2CF3"). lH
NMR (CDCI3): 8 2.02 (s br, 2H, CH2), 1.77 (s br, 2H, CH2), 1.42 (s br, 36H, CH3).

4.4.8 Synthesis of [Ru(d‘bpe)(C 0 )2(0 S 0 2 CF 3) 2]
[Ru(d'bpe)(CO)2Cl2] (lOOmg, 0.18 mmol) was taken in a flame-dried ampoule and
dissolved in CH2CI2 (30 mL). To this solution silver trifluoromethanesulfonate (102
mg, 0.40 mmol) was added. The reaction mixture was stirred for 1.5 hours in the
absence of light and filtered under strict inert-atmosphere techniques. The filtrate was
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reduced to a solid in vacuo and characterised as [Ru(d'bpe)(C0 )2(0 S02 CF 3)2]. This
complex proved to be extremely reactive so a full characterisation could not be
achieved.

NMR (CD2C12): 5 103.4 (d, /(PP) = 7.3 Hz), 81.4 (d, /(P P ) = 7.3

Hz). 19F{‘H} NMR (CD2C12): 8 -76.87 (s). ‘H N M R (CD2C12): 2.21 (m, 2H, CH2),
1.84 (m, 2H, CH2), 1.35 (m, 36H, CH3).

4.4.9 Synthesis of [Ru(d‘bpe)(C 0 )(H 20 )3](0 S0 2CF 3)2
Silver trifluoromethanesulfonate (109 mg, 0.42 mmol) was added to a Schlenk tube
containing a solution of [Ru(dtbpe)(CO)Cl2] (100 mg, 0.19 mmol) in CH2CI2 (30 mL).
Immediately afterwards 10 equivalents of H2O (35 jiL, 1.9 mmol) was added to the
solution. The reaction mixture was allowed to stir at room temperature in the absence
of light for 2 hours. The reaction mixture was then filtered and the filtrate reduced to a
solid in vacuo. This solid was washed with hexane and dried yielding a pale yellow
powder which was characterised as [Ru(dtbpe)(C0 )(H20 )3](0 S02 CF3)2. Analytically
pure crystals were obtained from a CH2CI2 solution in the presence of trace amounts of
water upon cooling. Yield: 68 mg, 41%. Anal. Found (calcd.) for
C2iH46F6OioP2RuS2-H20 : C, 30.90 (30.84); H, 5.70 (5.92). IR (H20 , cm’1): 1971
v(CO). 31P{'H} NMR (D20): 8 100.5 (s). I9F{'H} NMR (D20): 8 -79.48 (s). i3C{‘H}
NMR (D20): 205.0 (t, /(C P) = 17.4 Hz, CO), 119.3 (q, /(C F) = 318.1 Hz, O S 0 2CF3'),
38.9 (m, CCH3), 37.4 (m, CCH3), 29.8 (d, /(CP) = 30.9 Hz, CH3), 22.9 (m, CH2). 'H
NMR (D20): 8 2.12 (m, 2H, CH2), 1.91 (m, 2H, CH2), 1.38 (m, 36H, CH3).

4.4.10 Synthesis of [Ru(d‘bpe)(CO)(CH 3CN)3](OS 0 2CF 3)2
A solid sample of [Ru(dtbpe)(C 0 )(H20 )3](0 S 02 CF 3)2 (50 mg, 0.063 mmol) was
placed in a Schlenk tube under argon and dissolved in CH 3CN. The solution was
filtered and the filtrate dried in vacuo yielding a yellow powder in quantitative yield,
which was characterised as [Ru(dtbpe)(C 0 )(CH3CN)3](0 S02 CF3)2. Anal. Found
(calcd.) for C27H49F6N 3O7P2R11S2: C, 37.00 (37.33); H, 5.42 (5.68); N, 5.14 (4.84). IR
(KBr/nujol, cm'1): 2019 v(CO). 31P {lH} NMR (CD3CN) : 6 98.3 (s). ^C ^H } NMR
(CD3CN): 8 201.4 (t, /(CP) = 13.8 Hz, CO), 127.4 (m, CD3CN), 121.5 (q, /(C F) =
318.9 Hz, OSO2CF3), 39.8 (m, C(CH3)3), 39.4 (m, C(CH3)3), 30.7 (d, /(C P) = 20.21
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Hz, CH3), 23.7 (m, CH2), 4.2 (m, CD3CN). 19F{'H} NMR (CD3CN): 8 -79.75 (s). 'H
NMR (CD3CN): 8 2.22-1.99 (br m, CH2), 1.50 (br s, CH3).

4.4.11 Synthesis of [Ru(d'bpe)(C0)(Me2S 0 )3] (0 S 0 2CF3)j
A solid sample of [Ru(d'bpe)(C0)(H20 ) 3](0 S 0 2CF3)2 (50 mg, 0.063 mmol) was
placed in a Schlenk tube under argon and dissolved in DMSO. The solution was
filtered and the filtrate dried in vacuo yielding a yellow powder in quantitative yield,
which was characterised as [Ru(dtbpe)(C0)(Me2S0)3](0S02CF3)2. Anal. Found (calc.)
for C27H 58F6OioP2RuS5: C, 32.30 (33.09); H, 5.78 (5.96). IR (KBr/nujol, cm '1): 1931
v(CO). 31P{‘H} NMR ((CD3)2SO) : 8 98.54 (s). I3C{'H} NM R((CD3)2SO): 8 206.7 (t,
J(CP) = 14.5 Hz, CO), 120.4 (q, J(C-F) = 321.1 Hz, 0 S 0 2CF3), 54.9 (s, (CD3)2SO),
38.4 (m, C(CH3)3), 30.3 (d, J(CP) = 31.8 Hz, CH3), 28.2 (m, CH2). ' ’Ff'H} NMR
((CD3)2SO): 8 -78.33 (s). 'H NMR ((CD3)2SO): 8 1.99 (br m, CH2), 1.77 (br m, CH2),
1.34 (m, CH3).

4.4.12 Synthesis of [Ru(d*bpe)(C0)3H ](0 S 0 2CF3)
To a solution of [Ru(d‘bpe)(C0)(H20 )3](0 S 0 2CF3)2 (50 mg, 0.06 mmol) in (^-acetone
in a Youngs NMR tube, 10 equivalents of H2O were added (11 pL, 0.63 mmol). This
solution was freeze-pump-thaw degassed and placed under one atmosphere of CO. The
reaction was monitored via 31P{!H} and !H NMR. After 2 hours at room temperature
all of the starting material had converted to a new product which was characterised as
[Ru(dtbpe)(C0)3H ](0 S 0 2CF3). Anal. Found (calcd.) for C22H41F 3O6P2RUS H2O: C,
39.30 (39.34), H, 6.27 (6.45). IR (nujol, cm'1): 2092,2038, 2028 v(CO). 31P{1H} NMR
(/-acetone): 8 110.4 (s). n C{lH} NMR (/-acetone): 5 194.0 (t, /(CP) = 8.2 Hz, axial
CO), 192.7 (dd, /(CPtrans) = 70.4 Hz, /(C Pcis) = 15.2 Hz, equatorial CO), 242.7 (q,
/(CF) = 320.4 Hz, OSO2CF 3'), 38.1 (m, CH), 30.3 (m, signal obscured by / - acetone,
CH3), 24.5 (m, CH2). 19F{!H} NMR (/-acetone): 8 -79.51 (s). lR NMR (/-acetone):
8 2.31 (m, 4H, CH2), 1.44 (m, 36H, CH3), 7.96 (t, /(HP) = 21.6 Hz, Ru-H).
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4.4.13 Synthesis of fraHS-(Cl)2-[Ru(depe)(CO) 2Cl2]
/raw.s-(Cl)2-[Ru(depe)(CO)2Cl2] was prepared following a similar route to that
proposed for the synthesis of Ru^bpeX CO ^Cl* A yellow suspension of
[Ru(CO)2Cl2]n (300 mg, 1.3 mmol) and depe (272 mg, 1.32 mmol) in degassed EtOH
(30 mL) was prepared in a round-bottom, three-necked flask equipped with an argon
inlet, a reflux condenser, an outlet bubbler and a magnetic stirrer. The suspension was
heated at reflux while a gentle stream of CO was bubbled through. After
approximately 10 minutes a clear orange solution was formed. The reaction vessel was
allowed to cool to room temperature and the solution was reduced to a solid in vacuo.
The solid was washed twice with Et20 and once with hexane and dried under vacuum.
The 31P{ 1H} NMR (CDCI3) of this solid exhibits numerous peaks, however if the solid
^1 1
is allowed to sit in solution for several weeks the P { H} NMR ultimately exhibits just
one single peak at 54.4 ppm corresponding to tnms-(Cl)2 Ru(depe)(CO)2Cl2.
Analytically pure crystals of the complex were grown from CH 3Cl/hexane. IR(CH 2C12,
cm*1): 2059, 2006 v(CO). 31P{ 1H} NMR (CDC13): 6 54.5 (s). 13C {lU} NMR (CDC13):
5 193.2 (dd, J( CPtrans) = 104.2 Hz, J(CPcis) = 17.9 Hz, CO), 22.1 (m, backbone CH2),
13.4 (m, CH2), 8.1 (s, CH3).

NMR (CDC13): 5 2.05 (m, 8H, CH2), 1.91 (s, 4H,

CH2), 1.20 (m, 12H, CH3).

4.4.14 Synthesis of [Ru(depe)(C 0 ) 2(0 S0 2CF 3)2]
[Ru(depe)(CO)2Cl2] (100 mg, 0.23 mmol) and silver trifluoromethanesulfonate (130
mg, 0.51 mmol) were transferred to a flame-dried Schlenk tube to which CH 2C12 (30
mL) was added. The reaction mixture was allowed to stir in the absence of light at
room temperature for 1.5 hours. Once the reaction had come to completion the reaction
mixture was filtered and the filtrate concentrated in vacuo to approximately half of the
original volume. Et20 (40 mL) was then added to the solution and stirred. A white
solid precipitated out of solution and was isolated by filtration under argon. This solid
was dried under vacuum and characterised as fr<ZH.y-(0 S0 2CF3)2[Ru(depe)(C0)2(0 S 0 2CF3)2]. IR(nujol, cm*1): 2078, 2031 v(CO). 31P{ 1H} NMR
(CD2C12): 5 57.9 (s). ^F ^H } NMR (CD2C12): 8 -77.57 (s). ^C ^H } NMR (CD 2C12): 6
192.3 (dd, /(CP) = 100.5 Hz, /(CP) = 16.9 Hz, CO), 22.0 (m, backbone CH 2), 13.8 (m,
CH2), 7.7 (s, CH3).
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APPENDICES

Appendix 1: Crystallographic data, bond lengths and bond for complex 5a.
[Ru(dppe)(C 0 )(H 20 )3](0 S0 2CF 3) 2-1.8 H 20
Empirical formula

C29 H 30 Fg O 10 P2 Ru Sr 1-8 H20

Formula weight

912.09

Temperature

198(2) K

Wavelength

0.71069 A

Crystal system

Monoclinic

Space group

P2i/c

Unit cell dimensions

a = 11.719(1)A a = 90°
b = 23.365(3)A p = 102.54(1)°
c = 13.851(2)A y = 90°

Volume

3702.1(8) A3

Z

4

Density (calculated)

1.636 Mg/m 3

Absorption coefficient

0.710 mm -1

F(000)

1848

Crystal size

0.15 x 0.15 x 0.15 mm

Theta range for data collection

2.24 to 25.00°.

Index ranges

0<h<13; 0<k<27; -16<l<16

Reflections collected

7045

Independent reflections

6495 [R(int) = 0.0106]

Refinement method

Full-matrix least-squares on F

Data / restraints / parameters

6 4 8 8 /6 /4 9 4

Goodness-of-fit on F2

0.981

Final R indices [I>2o(I)]

R i= 0.0302 wR2 = 0.0731

R indices (all data)

Ri = 0.0369 wR2 = 0.0835

Largest diff. peak and hole

0.701 and -0.538 eA '3

Weighting scheme

calc w=1/[o2(Fo2)+(0.0358P)2+6.4816P]
where P=(Fo 2+2Fc2)/3

Extinction coefficient

0.00039(11)

Extinction expression

Fc*=kFc[l+0.001xFc 2X3/sin(20 )]'1/4
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Bond Lengths for [Ru(dppe)(C0)(H20)3](0SC>2CF3)2*1.8 H 2O
R u(l)-C (l)

1.833(3)

C(7)-C(8)

1.383(4)

R u(l)-0(4)

2.157(2)

C(8)-C(9)

1.374(5)

Ru(l)-0(3)

2.170(2)

C(9)-C(10)

1.370(5)

Ru(l)-0(2)

2.180(2)

C(10)-C(ll)

1.386(5)

Ru(l)-P(2)

2.2654(7)

C(12)-C(17)

1.388(4)

R u(l)-P(l)

2.2876(7)

C(12)-C(13)

1.398(4)

P(l)-C(12)

1.811(3)

C(13)-C(14)

1.384(4)

P(1)"C(6)

1.819(3)

C(14)-C(15)

1.384(5)

P(l)-C(2)

1.833(3)

C(15)-C(16)

1.375(5)

P(2)-C(18)

1.813(3)

C(16)-C(17)

1.383(4)

P(2)-C(24)

1.817(3)

C(18)-C(19)

1.389(4)

P(2)-C(3)

1.830(3)

C(18)-C(23)

1.394(4)

S(l)-0(5)

1.420(3)

C(19)-C(20)

1.378(4)

S(l)-0(6)

1.432(3)

C(20)-C(21)

1.383(5)

S(l)-0(7)

1.450(2)

C(21)-C(22)

1.371(5)

S(l)-C(4)

1.822(3)

C(22)-C(23)

1.386(4)

S(2)-O(10)

1.431(2)

C(24)-C(29)

1.391(4)

S(2)-0(8)

1.435(2)

C(24)-C(25)

1.396(4)

S(2)-0(9)

1.446(2)

C(25)-C(26)

1.383(4)

S(2)-C(5)

1.813(4)

C(26)-C(27)

1.381(5)

0(1)-C(1)

1.145(3)

C(27)-C(28)

1.376(5)

C(2)-C(3)

1.528(4)

C(28)-C(29)

1.391(4)

C(4)-F(3)

1.317(4)

C(5)-F(6)

1.322(4)

C(4)-F(2)

1.320(4)

C(5)-F(4)

1.333(4)

C(4)-F(l)

1.325(4)

C(6)-C (ll)

1.390(4)

C(5)-F(5)

1.309(4)

C(6)-C(7)

1.395(4)
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Bond angles for for [Ru(dppe)(C0)(H20)3](0S02CF3)2,1.8 H 2 O
C (l)-R u(l)-0(4)

176.53(10)

S(l)-0(5)-0(12)

131.9(2)

C (l)-R u(l)-0(3)

95.47(10)

S(l)-0(7)-0(3)

127.92(12)

0(4)-R u(l)-0(3)

81.40(8)

S(2)-0(9)-0(2)

133.50(14)

C(l)-R u(l)-0(2)

96.19(10)

S(2)-0(9)-0(4)

154.1(2)

0(4)-R u(l)-0(2)

82.17(8)

0(2)-0(9)-0(4)

62.08(7)

0(3)-R u(l)-0(2)

86.80(8)

S(2)-O(10)-O(12)

123.1(2)

C(l)-Ru(l)-P(2)

86.05(8)

0(12)#2-0(11)-0(4)

128.2(2)

0(4)-Ru(l)-P(2)

95.70(6)

0 ( 12)#2 -0 ( 11)-0 ( 11)#2

85.0(2)

0(3)-Ru(l)-P(2)

95.09(6)

0 (4 )-0 (ll)-0 (ll)# 2

121 .0 (2 )

0(2)-Ru(l)-P(2)

176.92(6)

0(5)-0(12)-0(10)

91.01(11)

C(l)-Ru(l)-P(l)

88.31(8)

0(1)-C(l)-Ru(l)

177.4(2)

0(4)-R u(l)-P(l)

94.81(6)

C(3)-C(2)-P(l)

109.1(2)

0(3)-R u(l)-P(l)

176.21(6)

C(2)-C(3)-P(2)

109.2(2)

0(2)-R u(l)-P(l)

92.51(6)

F(3)-C(4)-F(2)

108.0(3)

P(2)-Ru(l)-P(l)

85.44(3)

F(3)-C(4)-F(l)

108.0(3)

C(12)-P(l)-C(6)

106.16(13)

F(2)-C(4)-F(l)

107.5(3)

C(12)-P(l)-C(2)

107.79(13)

F(3)-C(4)-S(l)

111 .6 (2 )

C(6)-P(l)-C(2)

105.55(13)

F(2)-C(4)-S(l)

111.3(2)

C(12)-P(l)-Ru(l)

113.17(9)

F(l)-C(4)-S(l)

110.3(2)

C(6)-P(l)-Ru(l)

115.54(9)

F(5)-C(5)-F(6)

109.3(3)

C(2)-P(l)-Ru(l)

108.14(9)

F(5)-C(5)-F(4)

107.5(3)

C(18)-P(2)-C(24)

102.72(12)

F(6)-C(5)-F(4)

107.7(3)

C(18)-P(2)-C(3)

108.13(13)

F(5)-C(5)-S(2)

110 .6 (2 )

C(24)-P(2)-C(3)

105.31(12)

F(6)-C(5)-S(2)

110.7(3)

C(18)-P(2)-Ru(l)

113.18(9)

F(4)-C(5)-S(2)

111 .0 (2 )

C(24)-P(2)-Ru(l)

119.22(9)

C(ll)-C(6)-C(7)

118.9(3)

C(3)-P(2)-Ru(l)

107.61(9)

C (ll)-C ( 6 )-P(l)

121.7(2)

0(5)-S(l)-0(6)

116.5(2)

C(7)-C(6)-P(l)

119.4(2)

0(5)-S(l)-0(7)

115.1(2)

C(8)-C(7)-C(6)

120.4(3)

0(6)-S(l)-0(7)

112.87(14)

C(9)-C(8)-C(7)

120.1(3)

0(5)-S(l)-C(4)

103.5(2)

C(10)-C(9)-C(8)

120.1(3)

0(6)-S(l)-C(4)

104.0(2)

C(9)-C(10)-C(ll)

120.7(3)
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0(7)-S(l)-C(4)

102.64(14)

C(10)-C(ll)-C(6)

119.9(3)

O(10)-S(2)-O(8)

114.4(2)

C(17)-C(12)-C(13)

118.7(3)

O(10)-S(2)-O(9)

114.75(14)

C(17)-C(12)-P(l)

123.2(2)

0(8)-S(2)-0(9)

114.96(14)

C(13)-C(12)-P(l)

118.1(2)

O(10)-S(2)-C(5)

104.8(2)

C( 14)-C( 13)-C( 12)

120.6(3)

0(8)-S(2)-C(5)

103.0(2)

C(13)-C(14)-C(15)

120.1(3)

0(9)-S(2)-C(5)

102.8(2)

C(16)-C(15)-C(14)

119.3(3)

R u(l)-0(2)-0(9)

109.19(10)

C(15)-C(16)-C(17)

121.2(3)

R u(l)-0(3)-0(8)#l

106.03(10)

C(16)-C(17)-C(12)

120.1(3)

R u(l)-0(3)-0(7)

115.21(9)

C( 19)-C( 18)-C(23)

119.4(3)

0(8)#l-0(3)-0(7)

110. 12( 10)

C(19)-C(18)-P(2)

117.5(2)

R u (l)-0 (4 )-0 (ll)

139.06(12)

C(23)-C(18)-P(2)

123.1(2)

R u(l)-0(4)-0(9)

106.18(9)

C(20)-C(l 9)-C(l 8)

120.2(3)

0 (ll)-0 (4 )-0 (9 )

107.98(11)

C( 19)-C(20)-C(21)

120.4(3)

C(25)-C(24)-P(2)

118.3(2)

C(22)-C(21)-C(20)

119.6(3)

C(26)-C(25)-C(24)

119.9(3)

C(21)-C(22)-C(23)

120.9(3)

C(27)-C(26)-C(25)

120.2(3)

C(22)-C(23)-C(l 8)

119.5(3)

C(28)-C(27)-C(26)

120.3(3)

C(29)-C(24)-C(25)

119.5(3)

C(27)-C(28)-C(29)

120.1(3)

C(29)-C(24)-P(2)

122 . 1(2 )

C(24)-C(29)-C(28)

119.9(3)
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Appendix 2: Crystallographic data, bond lengths and angles for complex 5b.
[Ru(dppe)(C 0 )(H 20 )3](BF 4)2 *2H20
Empirical formula

C27H34B2F8O6P2Ru*2H 20

Formula weight

791.17

Temperature

150(2) K

Wavelength

0.71070 A

Crystal system

Orthorhombic

Space group

Pbca

Unit cell dimensions

a = 10.81400(10)A a = 90°
b = 22.9740(2)A p = 90°
c = 26.8330(2)A y = 90°

Volume

6666.41(10) A3

Z

8

Density (calculated)

1.577 Mg/m 3

Absorption coefficient

0.649 mm ' 1

F(000)

3200

Crystal size

0.20 x 0.20 x 0.15 mm

Theta range for data collection

3.87 to 27.55 °.

Index ranges

0<h<14; -29<k<29; -34<1<34

Reflections collected

117588

Independent reflections

7334 [R(int) = 0.0642]

Reflections observed (>2o)

5897

Max. and min. transmission

0.9089 and 0.8811

Refinement method

Full-matrix least-squares on F

Data / restraints / parameters

7334/26/475

Goodness-of-fit on F2

0.876

Final R indices [I>2o(I)]

Ri = 0.0378 wR2 = 0.0998

R indices (all data)

Ri = 0.0527 wR 2 = 0.1121

Largest diff. peak and hole

1.291 and -0.824 e.A'3
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Bond lengths

[A] for [Ru(dppe)(C 0

)(H 2 0 ) 3](BF 4)2 *2 H 2 0

Ru(l)-C(27)

1.836(3)

Ru(l)-0(2)

2.142(2)

R u(l)-0(3)

2.186(2)

Ru(l)-0(4)

2.196(2)

Ru(l)-P(2)

2.2780(8)

R u(l)-P(l)

2.2876(8)

P (l)-C (l)

1.812(3)

P(1)*C(7)

1.815(3)

P(l)-C(13)

1.838(3)

P(2)-C(15)

1.818(3)

P(2)-C(21)

1.827(3)

P(2)-C(14)

1.827(3)

0(1)-C(27)

1.144(4)

B(1)-F(3A)

1.249(8)

B(l)-F(4)

1.319(7)

B(l)-F(2)

1.342(5)

B (l)-F (l)

1.384(5)

B(l)-F(3)

1.536(8)

B(1)-F(4A)

1.582(9)

F(3)-F(3A)

1.090(12)

F(3A)-F(4)

1.251(14)

F(4)-F(4A)

1.156(9)

B(2)-F(7)

1.339(5)

B(2)-F(8)

1.348(5)

B(2)-F(5)

1.370(5)

B(2)-F(6)

1.402(6)

C(l)-C(2)

1.391(5)

C(l)-C( 6)

1.401(5)

C(2)-C(3)

1.391(5)

C(3)-C(4)

1.379(6)

C(4)-C(5)

1.373(6)

C(5)-C(6)

1.396(6)

C(7)-C(8)

1.389(5)

C(7)-C(12)

1.396(5)

C(8)-C(9)

1.388(6)

C(9)-C(10)

1.363(7)

C(10)-C(ll)

1.383(7)

C(ll)-C(12)

1.385(5)

C(13)-C(14)

1.519(5)

C(15)-C(16)

1.385(5)

C(15)-C(20)

1.387(5)

C(16)-C(17)

1.390(6)

C(17)-C(18)

1.388(6)

C(18)-C(19)

1.371(6)

C(19)-C(20)

1.385(5)

C(21)-C(26)

1.378(5)

C(21)-C(22)

1.390(5)

C(22)-C(23)

1.388(6)

C(23)-C(24)

1.350(7)

C(24)-C(25)

1.362(7)

C(25)-C(26)

1.387(5)
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Bond angles [°] for [Ru(dppe)(C0)(H20)3](BF4)2’2H20
C(27)-Ru( 1)-0(2)

176.80(11)

C(27)-Ru(l)-0(3)

95.92(11)

0(2)-R u(l)-0(3)

81.18(9)

C(27)-Ru(l)-0(4)

96.40(12)

0(2)-R u(l)-0(4)

81.76(9)

0(3)-Ru(l)-0(4)

78.69(9)

C(27)-Ru(l)-P(2)

85.56(10)

0(2)-Ru(l)-P(2)

96.24(7)

0(3)-Ru(l)-P(2)

100.46(7)

0(4)-Ru(l)-P(2)

177.92(7)

C(27)-Ru(l)-P(l)

88.09(10)

0(2)-Ru(l)-P(l)

94.69(7)

0(3)-R u(l)-P(l)

173.47(7)

0(4)-Ru(l)-P(l)

95.77(7)

P(2)-Ru(l)-P(l)

84.95(3)

C(l)-P(l)-C(7)

104.24(15)

C(l)-P(l)-C(13)

104.42(15)

C(7)-P(l)-C(13)

107.39(16)

C(l)-P(l)-Ru(l)

117.97(11)

C(7)-P(l)-Ru(l)

113.03(10)

C(13)-P(l)-Ru(l)

109.00(11)

C(15)-P(2)-C(21)

105.30(15)

C(15)-P(2)-C(14)

107.88(16)

C(21)-P(2)-C(14)

102.86(16)

C(15)-P(2)-Ru(l)

113.99(11)

C(21)-P(2)-Ru(l)

117.32(11)

C(14)-P(2)-Ru(l)

108.62(11)

F(3A)-B(1)-F(4)

58.2(7)

F(3A)-B(1)-F(2)

119.0(6)

F(4)-B(l)-F(2)

124.3(6)

F(3A)-B(1)-F(1)

121.8(6)

F(4)-B(l)-F(l)

111.5(4)

F(2)-B(l)-F(l)

112.2(4)

F(3A)-B(1)-F(3)

44.6(6)

F(4)-B(l)-F(3)

102.3(6)

F(2)-B(l)-F(3)

100.9(4)

F(l)-B(l)-F(3)

101.6(5)

F(3A)-B(1)-F(4A)

102.1(7)

F(4)-B(1)-F(4A)

45.9(4)

F(2)-B(1)-F(4A)

93.1(4)

F(1)-B(1)-F(4A)

100.8(4)

F(3)-B(1)-F(4A)

146.5(6)

F(3A)-F(3)-B(1)

53.6(5)

F(3)-F(3A)-B(1)

81.8(7)

F(3)-F(3A)-F(4)

144.2(8)

B(1)-F(3A)-F(4)

63.7(6)

F (4A)-F (4)-F (3A)

133.4(8)

F(4A)-F(4)-B(1)

79.2(6)

F(3A)-F(4)-B(1)

58.1(5)

F(4)-F(4A)-B(1)

55.0(5)

F(7)-B(2)-F(8)

114.4(4)

F(7)-B(2)-F(5)

111.2(4)

F(8)-B(2)-F(5)

110.0(4)

F(7)-B(2)-F(6)

106.4(4)

F(8)-B(2)-F(6)

109.5(4)

F(5)-B(2)-F(6)

104.8(4)

C(2)-C(l)-C(6)

119.1(3)

C(2)-C(l)-P(l)

121.5(3)

C(6)-C(l)-P(l)

119.3(3)

C(3)-C(2)-C(l)

120.1(3)

C(4)-C(3)-C(2)

120.6(4)

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

119.8(4)

C(4)-C(5)-C(6)

120.8(4)

C(5)-C(6)-C(l)

119.6(4)
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C(8)-C(7)-C(12)

119.2(3)

C(8)-C(7)-P(l)

122.4(3)

C(12)-C(7)-P(l)

118.3(3)

C(9)-C(8)-C(7)

119.9(4)

C(10)-C(9)-C(8)

120.5(4)

C(9)-C(10)-C(ll)

120.4(4)

C(10)-C(ll)-C(12)

119.9(4)

C(ll)-C(12)-C(7)

120.0(4)

C(14)-C(13)-P(l)

110.0 (2)

C(13)-C(14)-P(2)

110.3(2)

C( 16)-C( 15)-C(20)

119.7(3)

C(16)-C(15)-P(2)

118.5(3)

C(20)-C(15)-P(2)

121.7(3)

C(15)-C(16)-C(17)

120.2(4)

C(18)-C(17)-C(16)

119.5(4)

C(19)-C(18)-C(17)

120.4(4)

C( 18)-C( 19)-C(20)

120.3(4)

C( 19)-C(20)-C( 15)

119.9(4)

C(26)-C(21)-C(22)

117.9(3)

C(26)-C(21)-P(2)

122.2(3)

C(22)-C(21)-P(2)

119.9(3)

C(23)-C(22)-C(21)

120.1(4)

C(24)-C(23)-C(22)

120.9(4)

C(23)-C(24)-C(25)

120.0(4)

C(24)-C(25)-C(26)

120.0(4)

C(21)-C(26)-C(25)

121.1(4)

0(1)-C(27)-Ru(l)

177.9(3)
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Appendix 3: Crystallographic data, bond lengths and angles for complex 5c.
[Ru(dppe)(C 0 )(H 20 )3](SbF 6) 2-3 H 2 0 *CH2Cl2
Empirical formula

C 2 7 H 3 0 F i 2 0 4 P 2 S b 2 R u - 3 H 2 O C H 2 C l2

Formula weight

1191.99

Temperature

150(2) K

Wavelength

0.71073 A

Crystal system

Monoclinic

Space group

P2i/n

Unit cell dimensions

a = 14.9330(2)A a = 90°
b = 13.8810(2)A p = 91.8860(10)°
c = 19.8660(3)A y = 90°

Volume

4115.69(10) A3

Z

4

Density (calculated)

1.924 Mg/m 3

Absorption coefficient

1.968 mm ’1

F(000)

2320

Crystal size

0.50 x 0.40 x 0.20 mm

Theta range for data collection

3.71 to 27.47°

Index ranges

-16<h<19; -18<k<17; -25<1<25

Reflections collected

55835

Independent reflections

9400 [R(int) = 0.0585]

Reflections observed (>2a)

7637

Data Completeness

0.996

Refinement method

Full-matrix least-squares on F

Data / restraints / parameters

9400/50/662

Goodness-of-fit on F2

0.980

Final R indices [I>2c(I)]

Ri = 0.0379 wR 2 = 0.0922

R indices (all data)

Ri = 0.0517 wR 2 = 0.1010

Largest diff. peak and hole

1.283 and-1.513 eA'3
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Bond distances

[A] for

[Ru(dppe)(C0)(H20)3](SbF6)2#3H20»CH2Cl2

Sb(l)-F(5A)

1.70(3)

Sb(l)-F(2A)

1.73(2)

Sb(l)-F(4)

1.817(6)

Sb(l)-F(6)

1.859(4)

Sb(l)-F(5)

1.866 (6)

Sb(l)-F(l)

1.869(3)

Sb(l)-F(3)

1.874(3)

Sb(l)-F(2)

1.906(4)

Sb(l)-F(4A)

1.97(2)

Sb(l)-F( 6A)

1.976(16)

Sb(2)-F(ll)

1.817(7)

Sb(2)-F(9)

1.846(8)

Sb(2)-F(7)

1.849(13)

Sb(2)-F(8)

1.851(10)

Sb(2)-F(12)

1.859(10)

Sb(2)-F(10)

1.869(8)

Sb(2A)-F(9A)

1.822(12)

Sb(2A)-F(10A)

1.824(8)

Sb(2A)-F(7A)

1.831(11)

Sb(2A)-F(12A)

1.842(9)

Sb(2A)-F(llA)

1.849(9)

Sb(2A)-F(8A)

1.850(9)

Ru(l)-C(l)

1.843(4)

Ru(l)-0(3)

2.163(3)

Ru(l)-0(2)

2.173(3)

Ru(l)-0(4)

2.182(3)

Ru(l)-P(2)

2.2860(9)

Ru(l)-P(l)

2.3046(9)

Cl(l)-C(4)

1.733(8)

Cl(2)-C(4)

1.759(8)

P(1)"C(21)

1.819(4)

P (l)-C (ll)

1.823(4)

P(1)"C(2)

1.832(4)

P(2)-C(41)

1.813(4)

P(2)-C(31)

1.817(4)

P(2)-C(3)

1.831(4)

0(1)-C(1)

1.146(5)

C(2)-C(3)

1.533(5)

C(ll)-C(16)

1.387(6)

C(11)-C(12)

1.398(6)

C(12)-C(13)

1.394(6)

C(13)-C(14)

1.369(8)

C(14)-C(15)

1.369(8)

C(15)-C(16)

1.398(6)

C(21)-C(22)

1.388(5)

C(21)-C(26)

1.393(5)

C(22)-C(23)

1.398(6)

C(23)-C(24)

1.384(6)

C(24)-C(25)

1.370(7)

C(25)-C(26)

1.388(6)

C(31)-C(36)

1.391(5)

C(31)-C(32)

1.393(5)

C(32)-C(33)

1.395(5)

C(33)-C(34)

1.387(6)

C(34)-C(35)

1.384(6)

C(35)-C(36)

1.390(5)

C(41)-C(42)

1.386(5)

C(41)-C(46)

1.396(5)

C(42)-C(43)

1.392(6)

C(43)-C(44)

1.374(7)

C(44)-C(45)

1.385(7)

C(45)-C(46)

1.381(6)
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Bond angles [°] for [Ru(dppe)(C0)(H20)3](SbF6)2,3H20*CH2Cl2
F(5 A)-Sb( 1)-F (2A)

98.4(19)

F(5A)-Sb(l)-F(4)

116.3(16)

F(2A)-Sb(l)-F(4)

143.9(11)

F(5A)-Sb(l)-F(6)

150.6(16)

F(2A)-Sb(l)-F(6)

52.1(12)

F(4)-Sb(l)-F(6)

92.6(3)

F(5A)-Sb(l)-F(5)

23.7(16)

F(2A)-Sb(l)-F(5)

122.2 ( 12)

F(4)-Sb(l)-F(5)

93.0(3)

F(6)-Sb(l)-F(5)

174.3(3)

F(5A)-Sb(l)-F(l)

93.1(11)

F(2A)-Sb(l)-F(l)

97.0(9)

F(4)-Sb(l)-F(l)

90.9(2)

F(6)-Sb(l)-F(l)

91.67(16)

F(5)-Sb(l)-F(l)

89.4(2)

F(5A)-Sb(l)-F(3)

85.8(11)

F(2A)-Sb(l)-F(3)

83.1(9)

F(4)-Sb(l)-F(3)

89.6(2)

F(6)-Sb(l)-F(3)

89.29(16)

F(5)-Sb(l)-F(3)

89.6(2)

F(l)-Sb(l)-F(3)

178.89(13)

F(5A)-Sb(l)-F(2)

63.8(15)

F(2A)-Sb(l)-F(2)

36.2(10)

F(4)-Sb(l)-F(2)

179.4(3)

F(6)-Sb(l)-F(2)

87.3(2)

F(5)-Sb(l)-F(2)

87.1(3)

F(l)-Sb(l)-F(2)

88.52(16)

F(3)-Sb(l)-F(2)

90.95(17)

F(5A)-Sb(l)-F(4A)

92.8(18)

F(2A)-Sb(l )-F(4A)

167.9(13)

F(4)-Sb(l)-F(4A)

24.1(7)

F(6)-Sb(l)-F(4A)

116.5(8)

F(5)-Sb(l)-F(4A)

69.2(9)

F(l)-Sb(l)-F(4A)

86.8(7)

F(3)-Sb(l)-F(4A)

93.3(7)

F(2)-Sb(l)-F(4A)

155.9(8)

F(5A)-Sb(l)-F(6A)

176.6(16)

F(2A)-Sb(l)-F(6A)

84.4(14)

F(4)-Sb(l)-F(6A)

60.6(8)

F(6)-Sb(l)-F( 6A)

32.3(7)

F(5)-Sb(l)-F(6A)

153.4(8)

F(l)-Sb(l)-F( 6A)

88.5(5)

F(3)-Sb(l)-F(6A)

92.6(5)

F(2)-Sb(l)-F(6A)

119.3(8)

F(4A)-Sb(l)-F(6A)

84.3(11)

F(ll)-Sb(2)-F(9)

90.7(5)

F(11)-Sb(2)-F(7)

92.8(9)

F(9)-Sb(2)-F(7)

175.6(10)

F(ll)-Sb(2)-F(8)

91.6(6)

F(9)-Sb(2)-F(8)

89.5(7)

F(7)-Sb(2)-F(8)

87.8(11)

F(ll)-Sb(2)-F(12)

178.5(7)

F(9)-Sb(2)-F(12)

89.8(5)

F(7)-Sb(2)-F(12)

86 .8( 10)

F(8)-Sb(2)-F(12)

89.8(7)

F(ll)-Sb(2)-F(10)

89.1(5)

F(9)-Sb(2)-F(10)

91.0(6)

F(7)-Sb(2)-F(10)

91.6(10)

F(8)-Sb(2)-F(10)

179.1(7)

F(12)-Sb(2)-F(10)

89.5(6)

F(9A)-Sb(2A)-F(10A)

92.5(9)

F(9A)-Sb(2A)-F(7A)

175.5(9)

F(10A)-Sb(2A)-F(7A)

83.1(7)

F(9A)-Sb(2A)-F(12A)

89.1(9)
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F(10A)-Sb(2A)-F(12A)

93.7(8)

F(7A)-Sb(2A)-F(12A)

90.6(7)

F(9A)-Sb(2A)-F(l 1A)

92.6(9)

F(10A)-Sb(2A)-F(l 1A)

92.0(7)

F(7A)-Sb(2A)-F(l 1A)

88.1(7)

F(12A)-Sb(2A)-F(l 1A)

174.0(7)

F(9A)-Sb(2A)-F(8A)

87.8(9)

F(10A)-Sb(2A)-F(8A)

178.3(7)

F(7A)-Sb(2A)-F(8A)

96.6(7)

F( 12A)-Sb(2 A)-F (8 A)

88 .0 (6)

F(11A)-Sb(2A)-F(8A)

86.3(5)

C(l)-Ru(l)-0(3)

179.55(14)

C (l)-R u(l)-0(2)

96.62(14)

0(3)-Ru(l)-0(2)

83.48(11)

C (l)-R u(l)-0(4)

95.04(14)

0(3)-Ru(l)-0(4)

85.40(11)

0(2)-R u(l)-0(4)

83.91(11)

C(l)-Ru(l)-P(2)

86.36(12)

0(3)-Ru(l)-P(2)

93.54(7)

0(2)-Ru(l)-P(2)

176.93(9)

0(4)-Ru(l)-P(2)

95.11(8)

C(l)-Ru(l)-P(l)

91.66(12)

0(3)-R u(l)-P(l)

87.89(8)

0(2)-R u(l)-P(l)

95.69(9)

0(4)-R u(l)-P(l)

173.29(9)

P(2)-Ru(l)-P(l)

84.94(3)

C(21)-P(l)-C(l 1)

106.20(17)

C(21)-P(l)-C(2)

106.80(18)

C (ll)-P(l)-C (2)

105.84(18)

C(21)-P(l)-Ru(l)

117.17(12)

C (ll)-P (l)-R u(l)

113.38(12)

C(2)-P(l)-Ru(l)

106.73(12)

C(41)-P(2)-C(31)

103.80(16)

C(41)-P(2)-C(3)

105.65(17)

C(31)-P(2)-C(3)

107.02(17)

C(41)-P(2)-Ru(l)

118.20(12)

C(31)-P(2)-Ru(l)

113.13(11)

C(3)-P(2)-Ru(l)

108.30(12)

0(1)-C(l)-Ru(l)

178.3(4)

C(3)-C(2)-P(l)

108.7(2)

C(2)-C(3)-P(2)

108.2(3)

C1(1)-C(4)-C1(2)

113.3(4)

C(16)-C(ll)-C(12)

119.2(4)

C(16)-C(l l)-P(l)

121.9(3)

C(12)-C(l l)-P(l)

118.7(3)

C(13)-C(12)-C(ll)

119.3(5)

C(14)-C(13)-C(12)

120.9(5)

C(15)-C(14)-C(13)

120.2(4)

C(14)-C(15)-C(16)

120.1(5)

C(ll)-C(16)-C(15)

120.2(4)

C(22)-C(21)-C(26)

118.9(4)

C(22)-C(21)-P(l)

119.8(3)

C(26)-C(21)-P(l)

121.2(3)

C(21)-C(22)-C(23)

120.3(4)

C(24)-C(23)-C(22)

119.9(4)

C(25)-C(24)-C(23)

120.0(4)

C(24)-C(25)-C(26)

120.6(4)

C(25)-C(26)-C(21)

120.3(4)

C(36)-C(31)-C(32)

119.2(3)

C(36)-C(31)-P(2)

117.3(3)

C(32)-C(31)-P(2)

123.5(3)

C(31)-C(32)-C(33)

120.2(4)

C(34)-C(33)-C(32)

120.0(4)

C(35)-C(34)-C(33)

120.0(4)

C(34)-C(3 5)-C(3 6)

120.1(4)

C(31)-C(3 6)-C(3 5)

120.5(4)
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C(42)-C(41)-C(46)

119.6(4)

C(42)-C(41)-P(2)

119.6(3)

C(46)-C(41)-P(2)

120.7(3)

C(41)-C(42)-C(43)

119.7(4)

C(44)-C(43)-C(42)

120.4(4)

c(43)-C(44)-C(45)

120.1(4)

C(46)-C(45)-C(44)

120.1(4)

C(45)-C(46)-C(41)

120.1(4)
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Appendix 4: Crystallographic data, bond lengths and angles for complex 13.
2[Ru(dppe)(C0)(N03)2]-CHCI3
Empirical formula

C54H48N4O14P4RU2CHCI3

Formula weight

711.18

Temperature

200(2) K

Wavelength

0.71073 A

Crystal system

Monoclinic

Space group

P2i/n

Unit cell dimensions

a = 19.4040(1)A a = 90°
b = 13.6650(1)A p = 110.551(1)°
c = 24.2100(2) A y = 90°

Volume

6010.89(7) A3

Z

8

Density (calculated)

1.572 Mg/m 3

Absorption coefficient

0.809 mm ' 1

F(000)

2872

Crystal size

0.50 x 0.50 x 0.13 mm

Theta range for data collection

3.54 to 27.49°.

Index ranges

-25<h<25; -17<k<17; -31<1< 31

Reflections collected

88104

Independent reflections

13760 [R(int) = 0.0510]

Reflections observed (>2a)

11181

Data Completeness

0.997

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.91 and 0.79

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

13760/0/739

Goodness-of-fit on F2

1.017

Final R indices [I>2o(I)]

Ri = 0.0309 w R 2 = 0.0695

R indices (all data)

R i = 0.0450 w R 2 = 0.0773

Largest diff. peak and hole

0.871 an d -0.704 e.A'3

182

Bond lengths [A] for [Ru(dppe)(COXNO3)2]-0.5CHCl3
R u(l)-C (l)

1.845(2)

Ru(l)-0(2)

2.1470(16)

R u(l)-0(5)

2.1600(15)

Ru(l)-0(3)

2.1683(17)

Ru(l)-P(l)

2.2713(6)

Ru(l)-P(2)

2.2963(6)

Ru(2)-C(28)

1.837(2)

Ru(2)-0(13)

2.1455(16)

Ru(2)-0(9)

2.1660(16)

Ru(2)-0(12)

2.1896(17)

Ru(2)-P(3)

2.2757(6)

Ru(2)-P(4)

2.2969(6)

Cl(l)-C(99)

1.740(3)

Cl(2)-C(99)

1.760(3)

Cl(3)-C(99)

1.765(3)

P(l)-C(10)

1.819(2)

P(l)-C(4)

1.826(2)

P(l)-C(2)

1.837(2)

P(2)-C(22)

1.819(2)

P(2)-C(16)

1.825(2)

P(2)-C(3)

1.835(2)

P(3)-C(31)

1.814(2)

P(3)-C(37)

1.818(2)

P(3)-C(29)

1.829(3)

P(4)-C(49)

1.807(2)

P(4)-C(43)

1.809(3)

P(4)-C(30)

1.832(2)

0(1)-C(1)

1.141(3)

0(2)-N(2)

1.290(3)

0(3)-N(2)

1.286(3)

0(4)-N(2)

1.200(3)

0(5)-N (l)

1.297(2)

0(6)-N (l)

1.224(3)

0(7)-N(l)

1.229(2)

0(8)-C(28)

1.139(3)

0(9)-N(3)

1.301(2)

O(10)-N(3)

1.222(3)

0(11)-N(3)

1.232(3)

0(12)-N(4)

1.277(3)

0(13)-N(4)

1.290(3)

0(14)-N(4)

1.207(3)

C(2)-C(3)

1.533(3)

C(4)-C(5)

1.381(4)

C(4)-C(9)

1.384(3)

C(5)-C(6)

1.387(4)

C(6)-C(7)

1.364(4)

C(7)-C(8)

1.371(4)

C(8)-C(9)

1.380(4)

C(10)-C(15)

1.383(4)

C(10)-C(ll)

1.385(4)

C(ll)-C(12)

1.389(4)

C(12)-C(13)

1.365(5)

C(13)-C(14)

1.368(5)

C(14)-C(15)

1.383(4)

C(16)-C(17)

1.386(3)

C(16)-C(21)

1.394(3)

C(17)-C(18)

1.390(4)

C(18)-C(19)

1.369(4)

C(19)-C(20)

1.384(4)

C(20)-C(21)

1.386(4)

C(22)-C(27)

1.376(4)

C(22)-C(23)

1.393(4)

C(23)-C(24)

1.386(4)

C(24)-C(25)

1.370(5)
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C(25)-C(26)

1.362(5)

C(26)-C(27)

1.390(4)

C(29)-C(30)

1.527(4)

C(31)-C(36)

1.372(4)

C(31)-C(32)

1.386(4)

C(32)-C(33)

1.382(4)

C(33)-C(34)

1.365(5)

C(34)-C(35)

1.361(5)

C(35)-C(36)

1.397(5)

C(37)-C(38)

1.381(4)

C(37)-C(42)

1.384(3)

C(38)-C(39)

1.382(4)

C(39)-C(40)

1.372(4)

C(40)-C(41)

1.376(4)

C(41)-C(42)

1.381(4)

C(43)-C(48)

1.383(4)

C(43)-C(44)

1.393(4)

C(44)-C(45)

1.380(5)

C(45)-C(46)

1.356(7)

C(46)-C(47)

1.367(7)

C(47)-C(48)

1.398(5)

C(49)-C(54)

1.384(4)

C(49)-C(50)

1.402(3)

C(50)-C(51)

1.378(4)

C(51)-C(52)

1.373(4)

C(52)-C(53)

1.374(5)

C(53)-C(54)

1.386(4)
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Bond angles [°] for [Ru(dppe)(CO)(NO3)2]*0.5CHCl3
C (l)-R u(l)-0(2)

169.02(9)

C(l)-Ru(l)-0(5)

98.59(8)

0(2)-R u(l)-0(5)

80.09(6)

C(l)-Ru(l)-0(3)

108.89(9)

0(2)-R u(l)-0(3)

60.13(6)

0(5)-Ru(l)-0(3)

79.08(6)

C (l)-R u(l)-P(l)

87.59(7)

0(2)-Ru(l)-P(l)

103.38(5)

0(5)-R u(l)-P(l)

95.81(5)

0(3)-Ru(l)-P(l)

163.23(5)

C(l)-Ru(l)-P(2)

91.03(7)

0(2)-Ru(l)-P(2)

90.39(4)

0(5)-Ru(l)-P(2)

170.37(4)

0(3)-Ru(l)-P(2)

97.49(5)

P(l)-Ru(l)-P(2)

84.92(2)

C(28)-Ru(2)-0(13)

169.10(8)

C(28)-Ru(2)-0(9)

96.10(9)

0(13)-Ru(2)-0(9)

80.31(6)

C(28)-Ru(2)-0( 12)

109.84(9)

0(13)-Ru(2)-0(12)

59.68(6)

0(9)-Ru(2)-0( 12)

83.61(7)

C(28)-Ru(2)-P(3)

85.92(7)

0(13)-Ru(2)-P(3)

104.70(4)

0(9)-Ru(2)-P(3)

97.45(5)

0(12)-Ru(2)-P(3)

164.06(5)

C(28)-Ru(2)-P(4)

89.56(8)

0(13)-Ru(2)-P(4)

93.86(5)

0(9)-Ru(2)-P(4)

174.16(5)

0 ( 12)-Ru(2)-P(4)

93.11(5)

P(3)-Ru(2)-P(4)

84.38(2)

C(10)-P(l)-C(4)

102.34(11)

C(10)-P(l)-C(2)

106.70(11)

C(4)-P(l)-C(2)

107.00(11)

C(10)-P(l)-Ru(l)

118.21(8)

C(4)-P(l)-Ru(l)

113.25(8)

C(2)-P(l)-Ru(l)

108.61(8)

C(22)-P(2)-C( 16)

102.55(10)

C(22)-P(2)-C(3)

106.97(12)

C(16)-P(2)-C(3)

106.64(11)

C(22)-P(2)-Ru( 1)

116.31(8)

C(16)-P(2)-Ru(l)

116.85(8)

C(3)-P(2)-Ru(l)

106.81(8)

C(31)-P(3)-C(37)

102.96(11)

C(31)-P(3)-C(29)

107.20(12)

C(37)-P(3)-C(29)

105.81(12)

C(31)-P(3)-Ru(2)

113.50(8)

C(37)-P(3)-Ru(2)

118.17(8)

C(29)-P(3)-Ru(2)

108.46(8)

C(49)-P(4)-C(43)

107.01(13)

C(49)-P(4)-C(30)

106.79(12)

C(43)-P(4)-C(30)

106.01(12)

C(49)-P(4)-Ru(2)

112.83(8)

C(43)-P(4)-Ru(2)

115.50(9)

C(30)-P(4)-Ru(2)

108.16(9)

N(2)-0(2)-Ru(l)

93.13(13)

N(2)-0(3)-Ru(l)

92.25(13)

N (l)-0(5)-R u(l)

121.24(14)

N(3)-0(9)-Ru(2)

120.67(14)

N(4)-0( 12)-Ru(2)

92.12(13)

N(4)-0( 13)-Ru(2)

93.75(13)

0(6)-N (l)-0(7)

122.8(2)

0(6)-N (l)-0(5)

120.23(19)

0(7)-N (l)-0(5)

116.9(2)

0(4)-N(2)-0(3)

123.3(2)

185

0(4)-N(2)-0(2)

122.6 (2 )

0(3)-N(2)-0(2)

114.11(19)

0(10)-N(3)-0(11)

122 .8(2 )

O(10)-N(3)-O(9)

120.4(2)

0(ll)-N (3 )-0 (9 )

116.9(2)

0(14)-N(4)-0(12)

123.5(2)

0(14)-N(4)-0(13)

122 . 1(2)

0(12)-N(4)-0(13)

114.38(19)

0(1)-C (l)-R u(l)

179.2(2)

C(3)-C(2)-P(l)

107.49(16)

C(2)-C(3)-P(2)

108.33(15)

C(5)-C(4)-C(9)

118.8(2)

C(5)-C(4)-P(l)

120.68(19)

C(9)-C(4)-P(l)

120.06(18)

C(4)-C(5)-C(6)

120.1(3)

C(7)-C(6)-C(5)

120.6(3)

C(6)-C(7)-C(8)

119.7(3)

C(7)-C(8)-C(9)

120.4(3)

C(8)-C(9)-C(4)

120.4(2)

C(15)-C(10)-C(ll)

119.1(2)

C(15)-C(10)-P(l)

119.8(2)

C(ll)-C(10)-P(l)

120.90(19)

C(10)-C(ll)-C(12)

119.7(3)

C(13)-C(12)-C(ll)

120.3(3)

C(12)-C(13)-C(14)

120.7(3)

C(13)-C(14)-C(15)

119.5(3)

C(10)-C(15)-C(14)

120.7(3)

C( 17)-C( 16)-C(21)

119.0(2)

C(17)-C(16)-P(2)

121.64(19)

C(21)-C(16)-P(2)

119.23(18)

C(16)-C(17)-C(18)

119.9(3)

C(19)-C(18)-C(17)

120.8(3)

C( 18)-C( 19)-C(20)

119.9(3)

C( 19)-C(20)-C(21)

119.8(3)

C(20)-C(21)-C( 16)

120 .6 (2)

C(27)-C(22)-C(23)

118.7(2)

C(27)-C(22)-P(2)

123.1(2)

C(23)-C(22)-P(2)

118.23(19)

C(24)-C(23)-C(22)

120.7(3)

C(25)-C(24)-C(23)

119.5(3)

C(26)-C(25)-C(24)

120.5(3)

C(25)-C(26)-C(27)

120.4(3)

C(22)-C(27)-C(26)

120.2(3)

0(8)-C(28)-Ru(2)

178.8(3)

C(30)-C(29)-P(3)

108.11(17)

C(29)-C(30)-P(4)

108.42(16)

C(36)-C(31)-C(32)

118.8(3)

C(36)-C(31)-P(3)

123.1(2)

C(32)-C(31)-P(3)

117.84(19)

C(33)-C(32)-C(31)

120.6(3)

C(34)-C(33)-C(32)

120.2(3)

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

119.7(3)

C(34)-C(35)-C(36)

120.7(3)

C(31)-C(3 6)-C(3 5)

119.9(3)

C(38)-C(37)-C(42)

119.1(2)

C(38)-C(37)-P(3)

119.15(19)

C(42)-C(37)-P(3)

121.66(19)

C(37)-C(38)-C(39)

120.7(3)

C(40)-C(3 9)-C(3 8)

120.0(3)

C(39)-C(40)-C(41)

119.7(3)

C(40)-C(41)-C(42)

120.6(3)

C(41)-C(42)-C(37)

119.9(3)

C(48)-C(43)-C(44)

119.6(3)

C(48)-C(43)-P(4)

121.6 (2 )

C(44)-C(43)-P(4)

118.7(2)

C(45)-C(44)-C(43)

119.9(4)
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C(46)-C(45)-C(44)

119.8(4)

C(45)-C(46)-C(47)

121.7(4)

C(46)-C(47)-C(48)

119.4(4)

C(43)-C(48)-C(47)

119.5(4)

C(54)-C(49)-C(50)

119.0(2)

C(54)-C(49)-P(4)

123.02(19)

C(50)-C(49)-P(4)

117.86(19)

C(51)-C(50)-C(49)

120.2(3)

C(52)-C(51)-C(50)

120.0(3)

C(51)-C(52)-C(53)

120.5(3)

C(52)-C(53)-C(54)

120.1(3)

C(49)-C(54)-C(53)

120.1(3)

C1(1)-C(99)-C1(2)

109.83(16)

C1(1)-C(99)-C1(3)

110.37(19)

C1(2)-C(99)-C1(3)

110.66(16)
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Appendix 5: Crystallographic data, bond lengths and angles for complex 15b.
7>a« 5-(CO)2-[Ru(dtbpe)(CO) 2Cl2]*CH2Cl 2

Empirical formula

C2oH37Cl202P2Ru-CH2Cl2

Formula weight

628.33

Temperature

150(2) K

Wavelength

0.71073 A

Crystal system

Orthorhombic

Space group

Pbn21

Unit cell dimensions

a = 9.4470(1)A a = 90°
b = 16.1500(1)A P = 90°

c = 18.4840(1)A y = 90°
Volume

2820.09(4) A3

Z

4

Density (calculated)

1.480 Mg/m 3

Absorption coefficient

1.064 mm'1

F(000)

1292

Crystal size

0.20 x 0.20 x 0.10 mm

Theta range for data collection

3.99 to 33.14°

Index ranges

-14<h<14; -24<k<24; -28<1<28

Reflections collected

69600

Independent reflections

10642 [R(int) = 0.0408]

Reflections observed (>2o)

9715

Data Completeness

0.998

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.92 and 0.86

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

10642/ 1/283

Goodness-of-fit on F 2

1.027

Final R indices [I>2c(I)]

R ' = 0.0304 wR2 = 0.0745

R indices (all data)

R 1 = 0.0358 wR 2 = 0.0777

Largest diff. peak and hole

1.415 a n d -0.815 eA'3

188

Bond lengths

[A] forfr««s-(CO ) 2-[Ru(d*bpe)(CO)2Cl2]-CH2 Cl2

Ru(l)-C(2)

1.948(2)

Ru(l)-C(l)

1.954(2)

Ru(l)-P(2)

2.3760(6)

Ru(l)-P(l)

2.3766(6)

R u(l)-C l(l)

2.4475(6)

Ru(l)-Cl(2)

2.4560(6)

Cl(3)-C(21)

1.763(5)

Cl(4)-C(21)

1.747(5)

P(l)-C(3)

1.845(2)

P(l)-C(9)

1.899(3)

P(l)-C(5)

1.905(2)

P(2)-C(4)

1.845(2)

P(2)-C(13)

1.899(3)

P(2)-C(17)

1.907(2)

0(1)-C(1)

1.123(3)

0(2)-C(2)

1.090(3)

C(3)-C(4)

1.532(3)

C(5)-C(8)

1.536(4)

C(5)-C(7)

1.544(3)

C(5)-C(6)

1.549(4)

C(9)-C(12)

1.521(4)

C (9)-C(ll)

1.531(4)

C(9)-C(10)

1.549(4)

C(13)-C(16)

1.535(4)

C(13)-C(15)

1.541(4)

C(13)-C(14)

1.546(4)

C(17)-C(18)

1.533(4)

C(17)-C(20)

1.541(4)

C(17)-C(19)

1.544(4)
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Bond angles [°] for ^rfl/i5-(CO)2-[Ru(dtbpe)(CO)2Cl2]*CH2Cl2
C(2)-Ru(l)-C(l)

160.89(9)

C(2)-Ru(l)-P(2)

100.06(7)

C(l)-Ru(l)-P(2)

94.02(7)

C(2)-Ru(l)-P(l)

93.43(7)

C (l)-R u(l)-P(l)

100.28(7)

P(2)-Ru(l)-P(l)

86.589(18)

C(2)-Ru(l)-Cl(l)

83.82(7)

C(l)-Ru(l)-Cl(l)

82.38(7)

P(2)-Ru(l)-Cl(l)

176.03(2)

P(l)-Ru(l)-Cl(l)

92.40(2)

C(2)-Ru(l)-Cl(2)

83.29(7)

C(l)-Ru(l)-Cl(2)

83.25(7)

P(2)-Ru(l)-Cl(2)

92.56(2)

P(l)-Ru(l)-Cl(2)

176.41(2)

Cl(l)-Ru(l)-Cl(2)

88 .68 (2)

C(3)-P(l)-C(9)

102.92(11)

C(3)-P(l)-C(5)

103.83(11)

C(9)-P(l)-C(5)

108.02(12)

C(3)-P(l)-Ru(l)

106.11(7)

C(9)-P(l)-Ru(l)

118.78(10)

C(5)-P(l)-Ru(l)

115.32(8)

C(4)-P(2)-C(13)

103.95(11)

C(4)-P(2)-C(17)

103.28(10)

C(13)-P(2)-C(17)

107.31(12)

C(4)-P(2)-Ru(l)

106.40(7)

C(13)-P(2)-Ru(l)

115.45(9)

C(17)-P(2)-Ru(l)

118.72(8)

0(1)-C(l)-Ru(l)

167.9(2)

0(2)-C(2)-Ru(l)

168.4(2)

C(4)-C(3)-P(l)

114.14(14)

C(3)-C(4)-P(2)

113.62(14)

C(8)-C(5)-C(7)

105.4(2)

C(8)-C(5)-C(6)

110.3(2)

C(7)-C(5)-C(6)

108.2(2)

C(8)-C(5)-P(l)

108.87(16)

C(7)-C(5)-P(l)

113.62(19)

C(6)-C(5)-P(l)

110.37(18)

C(12)-C(9)-C(ll)

108.0(2)

C(12)-C(9)-C(10)

106.1(2)

C(ll)-C(9)-C(10)

109.8(2)

C(12)-C(9)-P(l)

109.93(18)

C(ll)-C(9)-P(l)

112.4(2)

C(10)-C(9)-P(l)

110.34(19)

C(16)-C(13)-C(15)

109.0(2)

C(16)-C(13)-C(14)

110.0 (2 )

C(15)-C(13)-C(14)

104.3(2)

C(16)-C(13)-P(2)

111.48(17)

C(15)-C(13)-P(2)

113.9(2)

C(14)-C(13)-P(2)

107.92(17)

C( 18)-C( 17)-C(20)

107.1(2)

C(18)-C(17)-C(19)

106.8(2)

C(20)-C(17)-C(19)

110.7(2)

C(18)-C(17)-P(2)

109.12(17)

C(20)-C(17)-P(2)

112.09(17)

C(19)-C(17)-P(2)

110.88(18)

C1(4)-C(21)-C1(3)

111.73(17)
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Appendix 6: Crystallographic data, bond lengths and angles for complex 16.
[Ru^bpeXCOJCh]
Empirical formula

C 19H40 CI2 O P2 Ru

Formula weight

518.42

Temperature

150(2) K

Wavelength

0.71073 A

Crystal system

Monoclinic

Space group

P21/c

Unit cell dimensions

a = 11.0660(1)A a = 90°
b = 15.7550(2)A 0 = 109.178(1)°
c = 14.3190(l)Ay = 90°

Volume

2357.90(4) A3

Z

4

Density (calculated)

1.460 Mg/m 3

Absorption coefficient

1.033 mm'1

F(000)

1080

Crystal size

0.30 x 0.20 x 0.20 mm

Theta range for data collection

3.83 to 30.05°

Index ranges

-15<h<15; -22<k<22; -20<1<18

Reflections collected

50276

Independent reflections

6879 [R(int) = 0.0476]

Reflections observed (>2a)

6074

Data Completeness

0.997

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.82 and 0.75

Refinement method

Full-matrix least-squares on F

Data / restraints / parameters

6 8 7 9 /0 /2 6 0

Goodness-of-fit on F2

1.054

Final R indices [I>2c(I)]

R ' = 0.0239 wR2 = 0.0533

R indices (all data)

R ‘ = 0.0304 wR2 = 0.0565

Largest diff. peak and hole

0.605 an d -0.671 eA'3
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Bond lengths [A] for [Ru(dtbpe)(CO)Cl 2 ]
R u(l)-C (l)

1.7838(15)

R u(l)-P(l)

2.3267(4)

Ru(l)-P(2)

2.3660(4)

Ru(l)-Cl(2)

2.4031(4)

R u(l)-C l(l)

2.4103(4)

Ru(l)-H(11A)

2.55(2)

Ru(l)-H(19B)

3.12(2)

Ru(l)-H(11B)

3.20(2)

Ru(l)-H(19A)

3.83(2)

P(1)"C(2)

1.8437(15)

P(l)-C(4)

1.8868(15)

P(l)-C( 8)

1.8964(15)

P(2)-C(3)

1.8531(15)

P(2)-C(12)

1.8887(15)

P(2)-C(16)

1.9088(15)

0(1)-C(1)

1.1542(18)

C(2)-C(3)

1.530(2)

C(4)-C(5)

1.540(2)

C(4)-C(7)

1.541(2)

C(4)-C(6)

1.541(2)

C( 8)-C(l 1)

1.536(2)

C(8)-C(9)

1.536(2)

C(8)-C(10)

1.537(2)

C(11)-H(11C)

0.92(2)

C(11)-H(11B)

0.99(2)

C(11)-H(11A)

0.99(2)

C(12)-C(15)

1.540(2)

C(12)-C(13)

1.540(2)

C(12)-C(14)

1.542(2)

C(16)-C(19)

1.535(2)

C(16)-C(17)

1.541(2)

C(16)-C(18)

1.543(2)

C(19)-H(19C)

0.98(2)

C(19)-H(19B)

0.99(2)

C(19)-H(19A)

0.99(2)
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Bond angles [°] for [Ru(d‘bpe)(CO)Cl2]
C (l)-R u(l)-P(l)

92.53(5)

C(l)-Ru(l)-P(2)

96.38(5)

P(l)-Ru(l)-P(2)

86.702(13)

C(l)-Ru(l)-Cl(2)

99.57(5)

P(l)-Ru(l)-Cl(2)

167.902(15)

P(2)-Ru(l)-Cl(2)

91.915(14)

C (l)-R u(l)-C l(l)

90.98(5)

P(l)-Ru(l)-Cl(l)

94.384(14)

P(2)-Ru(l)-Cl(l)

172.512(14)

Cl(2)-Ru(l)-Cl(l)

85.471(15)

C(l)-Ru(l)-H (l 1A)

154.9(5)

P(l)-Ru(l)-H (l 1A)

71.3(5)

P(2)-Ru( 1)-H( 11A)

101.6(5)

Cl(2)-Ru(l)-H(l 1A)

97.3(5)

Cl(l)-Ru(l)-H (l 1A)

71.9(5)

C( 1)-Ru( 1)-H( 19B)

146.2(4)

P(l)-Ru(l)-H(19B)

110.8(4)

P(2)-Ru( 1)-H( 19B)

62.4(4)

Cl(2)-Ru( 1)-H( 19B)

58.4(4)

Cl( 1)-Ru( 1)-H( 19B)

110.4(4)

H(11A)-Ru(l)-H(19B)

58.8(6)

C(l)-Ru(l)-H(l IB)

152.0(4)

P(l)-R u(l)-H (l IB)

61.5(4)

P(2)-Ru(l)-H(l IB)

73.2(4)

Cl(2)-Ru(l)-H(l IB)

106.6(4)

Cl(l)-Ru(l)-H(l IB)

100.8(4)

H(11A)-Ru(l)-H(l IB)

29.7(6)

H( 19B)-Ru( 1)-H( 11B)

51.0(6)

C( 1)-Ru( 1)-H( 19A)

148.2(3)

P( 1)-Ru( 1)-H( 19A)

87.5(3)

P(2)-Ru( 1)-H( 19A)

51.8(3)

Cl(2)-Ru( 1)-H( 19A)

82.2(3)

Cl( 1)-Ru( 1)-H( 19A)

120.8(3)

H(11A)-Ru(l)-H(19A)

52.9(5)

H( 19B)-Ru( 1)-H( 19A)

24.2(5)

H( 11B)-Ru( 1)-H( 19A)

32.7(5)

C(2)-P(l)-C(4)

102.69(7)

C(2)-P(l)-C(8)

106.06(7)

C(4)-P(l)-C(8)

110.59(7)

C(2)-P(l)-Ru(l)

107.76(5)

C(4)-P(l)-Ru(l)

122.85(5)

C(8)-P(l)-Ru(l)

105.78(5)

C(3)-P(2)-C(12)

106.22(7)

C(3)-P(2)-C(16)

101.92(7)

C(12)-P(2)-C(16)

109.03(7)

C(3)-P(2)-Ru(l)

105.65(5)

C(12)-P(2)-Ru(l)

115.54(5)

C(16)-P(2)-Ru(l)

116.94(5)

0(1)-C(l)-Ru(l)

173.16(13)

C(3)-C(2)-P(l)

113.30(10)

C(2)-C(3)-P(2)

112.98(10)

C(5)-C(4)-C(7)

107.43(13)

C(5)-C(4)-C(6)

106.89(13)

C(7)-C(4)-C(6)

110.78(14)

C(5)-C(4)-P(l)

110.17(11)

C(7)-C(4)-P(l)

110.53(11)

C(6)-C(4)-P(l)

110.92(11)

C(ll)-C(8)-C(9)

108.07(13)

C(ll)-C(8)-C(10)

108.08(14)

C(9)-C(8)-C(10)

109.45(13)

C (ll)-C ( 8)-P(l)

104.47(10)

C(9)-C(8)-P(l)

113.46(11)

C(10)-C(8)-P(l)

112.96(11)

H(11C)-C(11)-H(1 IB)

108.4(18)
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H(11C)-C(11)-H(11A)

107.2(18)

H(11B)-C(11)-H(11A)

108.3(17)

H(11C)-C(11)-C(8)

107.1(14)

H(11B)-C(11)-C(8)

113.6(13)

H(11A)-C(l 1)-C(8)

112.0 ( 12)

C(15)-C(12)-C(13)

106.12(13)

C(15)-C(12)-C(14)

109.11(13)

C(13)-C(12)-C(14)

109.01(13)

C(15)-C(12)-P(2)

113.80(11)

C(13)-C(12)-P(2)

109.15(10)

C(14)-C(12)-P(2)

109.52(11)

C(19)-C(16)-C(17)

108.15(14)

C(19)-C(16)-C(18)

106.68(14)

C(17)-C(16)-C(18)

109.10(13)

C(19)-C(16)-P(2)

108.43(11)

C(17)-C(16)-P(2)

112.20 ( 11)

C(18)-C(16)-P(2)

112.04(11)

H(19C)-C(19)-H(19B)

110.5(17)

H(19C)-C(19)-H(l 9A)

106.7(17)

H(19B)-C(19)-H(l 9A)

109.0(17)

H(19C)-C(19)-C(16)

107.5(12)

H(19B)-C(19)-C(16)

112.2 ( 12)

H(19A)-C(19)-C(l 6)

110.8 ( 12)
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Appendix 7: Crystallographic data, bond lengths and angles for complex 17.
[{Ru(d'bpe)(CO)}2(n-Cl)3 ][Ru(d,bpe)(CO)CI3]
Empirical formula

C57 H 120 Cl6 O3 P6 RU3*2CH2Cl2

Formula weight

1150.08

Temperature

150(2) K

Wavelength

0.71073 A

Crystal system

Monoclinic

Space group

P2i/c

Unit cell dimensions

a = 11,2880(2)A a = 90°
b = 16.9870(2)A p = 96.055(1)°
c = 40.6410(7)A y = 90°

Volume

7749.4(2) A3

Z

4

Density (calculated)

0.986 Mg/m 3

Absorption coefficient

0.723 mm ' 1

F(000)

2384

Crystal size

0.20 x 0.20 x 0.17 mm

Theta range for data collection

3.45 to 26.72°

Index ranges

-13<h<14; -21<k<21; -51<1<51

Reflections collected

54055

Independent reflections

14116 [R(int) = 0.1236]

Reflections observed (>2o)

7264

Data Completeness

0:858

Absorption correction

None

Refinement method

Full-matnx least-squares on F

Data / restraints / parameters

14 1 1 6 /0 /7 6 8

Goodness-of-fit on F2

1.030

Final R indices [I>2o(I)]

Ri = 0.0981 wR 2 = 0.2109

R indices (all data)

Ri = 0.1998 wR2 = 0.2569

Largest diff. peak and hole

2.105 and -0.906 eA"3
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Bond lengths

[A] for [{Ru(d‘bpe)(CO)}2(n-Cl)3][Ru(d'bpe)(CO)Cl3]

R u(l)-C (l)

1.850(17)

Ru(l)-P(l)

2.353(3)

Ru(l)-P(2)

2.368(3)

Ru(l)-Cl(l)

2.448(3)

Ru(l)-Cl(3)

2.472(3)

Ru(l)-Cl(2)

2.479(3)

Ru(2)-C(4)

1.806(12)

Ru(2)-P(3)

2.376(3)

Ru(2)-P(4)

2.378(3)

Ru(2)-Cl(6)

2.475(3)

Ru(2)-Cl(4)

2.480(3)

Ru(2)-Cl(5)

2.542(3)

Ru(3)-C(5)

1.814(15)

Ru(3)-P(5)

2.375(3)

Ru(3)-P(6)

2.385(3)

Ru(3)-Cl(6)

2.472(3)

Ru(3)-Cl(4)

2.476(3)

Ru(3)-Cl(5)

2.539(3)

P(1)"C(2)

1.866(14)

P(1)"C(21)

1.894(15)

P (l)-C (ll)

1.912(12)

P(2)-C(3)

1.833(15)

P(2)-C(31)

1.906(12)

P(2)-C(41)

1.955(14)

P(3)-C(6)

1.817(13)

P(3)-C(51)

1.905(15)

P(3)-C(61)

1.899(12)

P(4)-C(7)

1.836(15)

P(4)-C(81)

1.862(15)

P(4)-C(71)

1.907(11)

P(5)-C(8)

1.829(12)

P(5)-C(101)

1.891(14)

P(5)-C(91)

1.897(14)

P(6)-C(9)

1.827(12)

P(6)-C(121)

1.896(13)

P(6)-C (lll)

1.920(14)

0(1)-C(1)

1.069(15)

0(4)-C(4)

1.156(12)

0(5)-C(5)

1.157(14)

C(2)-C(3)

1.492(18)

C(8)-C(9)

1.460(17)

C(ll)-C(14)

1.502(17)

C(ll)-C(13)

1.535(18)

C(ll)-C(12)

1.546(19)

C(21)-C(23)

1.48(2)

C(21)-C(22)

1.542(18)

C(21)-C(24)

1.543(19)

C(31)-C(34)

1.506(16)

C(31)-C(33)

1.509(16)

C(31)-C(32)

1.529(17)

C(41)-C(44)

1.525(19)

C(41)-C(43)

1.54(2)

C(41)-C(42)

1.54(2)

C(51)-C(54)

1.323(19)

C(51)-C(53)

1.445(17)

C(51)-C(52)

1.82(3)

C(61)-C(62)

1.495(17)

C(61)-C(63)

1.521(15)

C(61)-C(64)

1.523(18)

C(71)-C(72)

1.494(17)

C(71)-C(73)

1.514(16)

C(71)-C(74)

1.531(16)

C(81)-C(82)

1.34(2)

C(81)-C(83)

1.510(17)
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C(81)-C(84)

1.73(2)

C(91)-C(93)

1.44(2)

C(91)-C(94)

1.45(3)

C(91)-C(92)

1.53(2)

C(101)-C(104)

1.44(2)

C(101)-C(102)

1.464(17)

C(101)-C(103)

1.58(2)

C(111)-C(114)

1.46(2)

C(111)-C(112)

1.498(17)

C(111)-C(113)

1.54(2)

C(121)-C(124)

1.477(19)

C(121)-C(123)

1.56(2)

C(121)-C(122)

1.563(17)

C(1S)-C1(1S)

1.687(18)

C(1S)-C1(2S)

1.732(18)

C(2S)-C1(3S)

1.735(13)

C(2S)-C1(4S)

1.774(13)

C(6)-C(7)

1.377(19)
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Bond angles [°] for [{Ru(d'bpe)(CO)}2 (n-Cl)3 ][Ru(d‘bpe)(CO)Cl3]
C (l)-R u(l)-P(l)

92.6(4)

C(l)-Ru(l)-P(2)

96.3(4)

P(l)-Ru(l)-P(2)

87.25(12)

C(l)-Ru(l)-Cl(l)

83.2(4)

P(l)-R u(l)-C l(l)

90.99(12)

P(2)-Ru(l)-Cl(l)

178.13(12)

C(l)-Ru(l)-Cl(3)

84.4(4)

P(l)-Ru(l)-Cl(3)

175.79(12)

P(2)-Ru(l)-Cl(3)

90.21(11)

Cl(l)-Ru(l)-Cl(3)

91.51(11)

C(l)-Ru(l)-Cl(2)

160.3(4)

P(l)-Ru(l)-Cl(2)

102.72(13)

P(2)-Ru(l)-Cl(2)

96.82(12)

Cl(l)-Ru(l)-Cl(2)

84.16(13)

Cl(3)-Ru(l)-Cl(2)

80.91(12)

C(4)-Ru(2)-P(3)

93.2(3)

C(4)-Ru(2)-P(4)

91.6(3)

P(3)-Ru(2)-P(4)

86.06(11)

C(4)-Ru(2)-Cl(6)

85.4(3)

P(3)-Ru(2)-Cl(6)

177.89(12)

P(4)-Ru(2)-Cl(6)

95.48(11)

C(4)-Ru(2)-Cl(4)

86.7(3)

P(3)-Ru(2)-Cl(4)

94.94(11)

P(4)-Ru(2)-Cl(4)

178.05(12)

Cl(6)-Ru(2)-Cl(4)

83.47(10)

C(4)-Ru(2)-Cl(5)

156.2(3)

P(3)-Ru(2)-Cl(5)

104.44(11)

P(4)-Ru(2)-Cl(5)

105.28(11)

Cl(6)-Ru(2)-Cl(5)

76.56(11)

Cl(4)-Ru(2)-Cl(5)

76.11(10)

C(5)-Ru(3)-P(5)

94.7(4)

C(5)-Ru(3)-P(6)

92.6(4)

P(5)-Ru(3)-P(6)

86.04(11)

C(5)-Ru(3)-Cl(6)

84.8(4)

P(5)-Ru(3)-Cl(6)

178.57(11)

P(6)-Ru(3)-Cl(6)

95.30(11)

C(5)-Ru(3)-Cl(4)

84.7(4)

P(5)-Ru(3)-Cl(4)

95.03(11)

P(6)-Ru(3)-Cl(4)

177.18(12)

Cl(6)-Ru(3)-Cl(4)

83.60(10)

C(5)-Ru(3)-Cl(5)

154.6(3)

P(5)-Ru(3)-Cl(5)

103.44(12)

P(6)-Ru(3)-Cl(5)

106.09(11)

Cl(6)-Ru(3)-Cl(5)

76.64(11)

Cl(4)-Ru(3)-Cl(5)

76.22(10)

C(2)-P(l)-C(21)

104.1(7)

C (2)-P(l)-C(ll)

100.9(6)

C(21)-P(l)-C(ll)

107.2(6)

C(2)-P(l)-Ru(l)

105.4(5)

C(21)-P(l)-Ru(l)

116.1(4)

C (ll)-P (l)-R u(l)

120.7(4)

C(3)-P(2)-C(31)

104.1(6)

C(3)-P(2)-C(41)

101.1(7)

C(31)-P(2)-C(41)

106.0(6)

C(3)-P(2)-Ru(l)

106.3(5)

C(31)-P(2)-Ru(l)

118.6(4)

C(41)-P(2)-Ru(l)

118.4(4)

C(6)-P(3)-C(51)

101.0(9)

C(6)-P(3)-C(61)

104.4(6)

C(51)-P(3)-C(61)

106.1(7)

C(6)-P(3)-Ru(2)

106.7(5)

C(51)-P(3)-Ru(2)

119.0(5)

C(61)-P(3)-Ru(2)

117.4(3)

C(7)-P(4)-C(81)

103.4(9)
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C(7)-P(4)-C(71)

103.2(7)

C(81)-P(4)-C(71)

109.2(7)

C(7)-P(4)-Ru(2)

104.9(5)

C(81)-P(4)-Ru(2)

115.9(5)

C(71)-P(4)-Ru(2)

118.1(3)

C(8)-P(5)-C(101)

102.0 ( 6)

C(8)-P(5)-C(91)

104.4(7)

C(101)-P(5)-C(91)

107.2(8)

C(8)-P(5)-Ru(3)

106.6(5)

C(101)-P(5)-Ru(3)

118.3(4)

C(91)-P(5)-Ru(3)

116.5(5)

C(9)-P(6)-C(121)

103.4(6)

C(9)-P(6)-C(lll)

102.6(7)

C(121)-P(6)-C(lll)

106.7(7)

C(9)-P(6)-Ru(3)

107.8(5)

C(121)-P(6)-Ru(3)

116.0(4)

C(lll)-P(6)-Ru(3)

118.5(4)

Ru(3)-Cl(4)-Ru(2)

86.26(10)

Ru(3)-Cl(5)-Ru(2)

83.66(10)

Ru(3)-Cl(6)-Ru(2)

86.48(11)

0(1)-C(l)-Ru(l)

170.7(12)

0(4)-C(4)-Ru(2)

167.2(9)

0(5)-C(5)-Ru(3)

168.1(10)

C(3)-C(2)-P(l)

116.3(10)

C(2)-C(3)-P(2)

114.2(10)

C(9)-C(8)-P(5)

119.6(9)

C(8)-C(9)-P(6)

117.2(9)

C(14)-C(ll)-C(13)

111.9(12)

C( 14)-C( 11)-C( 12 )

105.7(13)

C(13)-C(ll)-C(12)

106.7(12)

C(14)-C(l l)-P(l)

109.4(8)

C(13)-C(ll)-P(l)

114.5(10)

C( 12)-C( 11)-P( 1)

108.2(8)

C(23)-C(21)-C(22)

107.4(13)

C(23)-C(21)-C(24)

114.1(13)

C(22)-C(21)-C(24)

101.1(13)

C(23)-C(21)-P(l)

112.7(10)

C(22)-C(21)-P(l)

114.7(10)

C(24)-C(21)-P(l)

106.4(10)

C(34)-C(31)-C(33)

111.0 ( 12)

C(34)-C(31)-C(32)

104.8(11)

C(33)-C(31)-C(32)

107.9(11)

C(34)-C(31)-P(2)

107.6(8)

C(33)-C(31)-P(2)

110.8 ( 8)

C(32)-C(31)-P(2)

114.6(9)

C(44)-C(41)-C(43)

104.6(14)

C(44)-C(41)-C(42)

111.2 ( 12)

C(43)-C(41)-C(42)

108.1(12)

C(44)-C(41)-P(2)

110.4(10)

C(43)-C(41)-P(2)

111.3(9)

C(42)-C(41)-P(2)

111. 1( 11)

C(54)-C(51)-C(53)

122.7(14)

C(54)-C(51)-C(52)

83.0(16)

C(53)-C(51)-C(52)

100.6(15)

C(54)-C(51)-P(3)

117.7(12)

C(53)-C(51)-P(3)

115.9(10)

C(52)-C(51)-P(3)

106.1(11)

C(62)-C(61)-C(63)

110.4(11)

C(62)-C(61)-C(64)

109.7(14)

C(63)-C(61)-C(64)

105.0(11)

C(62)-C(61)-P(3)

108.6(10)

C(63)-C(61)-P(3)

115.9(8)

C(64)-C(61)-P(3)

107.1(8)

C(72)-C(71)-C(73)

110.1(15)

C(72)-C(71)-C(74)

105.2(12)

C(73)-C(71)-C(74)

108.3(11)
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C(72)-C(71)-P(4)

109.1(8)

C(73)-C(71)-P(4)

109.2(9)

C(74)-C(71)-P(4)

114.8(8)

C(82)-C(81)-C(83)

119.3(16)

C(82)-C(81)-C(84)

98.5(19)

C(83)-C(81)-C(84)

98.0(11)

C(82)-C(81)-P(4)

117.3(12)

C(83)-C(81)-P(4)

116.1(10)

C(84)-C(81)-P(4)

100.7(12)

C(93)-C(91)-C(94)

101.1(19)

C(93)-C(91)-C(92)

117.4(17)

C(94)-C(91)-C(92)

106.9(13)

C(93)-C(91)-P(5)

107.9(12)

C(94)-C(91)-P(5)

108.7(14)

C(92)-C(91)-P(5)

113.8(10)

C( 104)-C( 101 )-C( 102)

111.7(15)

C( 104)-C( 101)-C( 103)

106.5(18)

C(102)-C(101)-C(103)

104.0(12)

C( 104)-C( 101 )-P(5)

111.6 ( 11)

C( 102)-C( 101 )-P(5)

116.8(10)

C( 103)-C( 101 )-P(5)

105.2(12)

C(114)-C(111)-C(112)

105.9(13)

C(114)-C(111)-C(113)

104.9(16)

C(112)-C(111)-C(113)

109.1(14)

C(114)-C(lll)-P(6)

111.4(13)

C(112)-C(lll)-P(6)

115.3(9)

C(113)-C(lll)-P(6)

109.7(10)

C(124)-C(121)-C(123)

112.8(16)

C(124)-C(121)-C(122)

112.2(13)

C( 123)-C( 121 )-C(l 22)

101.0 ( 11)

C( 124)-C( 121 )-P(6)

111.0 ( 10)

C(123)-C( 121 )-P(6)

105.0(9)

C( 122)-C( 121 )-P( 6)

114.1(10)

C1(1S)-C(1S)-C1(2S)

113.9(10)

Cl(3 S)-C(2S)-C1(4S)

114.3(8)

C(7)-C(6)-P(3)

118.4(10)

C(6)-C(7)-P(4)

121.9(10)
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Appendix 8: Crystallographic data, bond lengths and angles for complex 18.
2[Ru(d,bpe)(CH 3CN)(CO)CI2]-3CH3CN
Empirical formula

C42H86Cl4N20 2P4Ru2 • 3 CH3CN

Formula weight

1242.1

Temperature

150(2) K

Wavelength

0.71073 A

Crystal system

Orthorhombic

Space group

Pbca

Unit cell dimensions

a = 15.64900(10)A a = 90°
b = 21.6770(2)Ap = 90°
c = 35.1500(4)A y = 90°

Volume

11923.70(19) A3

Z

8

Density (calculated)

1.384 Mg/m3

Absorption coefficient

0.832 mm *1

F(000)

5200

Crystal size

0.20 x 0.15 x 0.08 mm

Theta range for data collection

3.56 to 30.03°

Index ranges

-21<h<22; -30<k<30; -49<1<49

Reflections collected

125399

Independent reflections

17213 [R(int) = 0.1132]

Reflections observed (>2a)

9708

Data Completeness

0.988

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.92 and 0.82

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

1 7 2 1 3 /0 /6 1 5

Goodness-of-fit on F2

0.982

Final R indices [I>2a(I)]

R ' = 0.0481 wR 2 = 0.0810

R indices (all data)

R 1 =0.1242 wR 2 = 0.0995

Largest diff. peak and hole

0.818 and -0.732 eA'3
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Bond lengths [A] for 2[Ru(d‘bpe)(CH3CN)(CO)Cl2]*CH3CN
Ru(l)-C (l)

1.825(3)

Ru(l)-N(l)

2.128(3)

R u(l)-P(l)

2.3744(8)

Ru(l)-P(2)

2.3824(8)

R u(l)-C l(l)

2.4675(8)

Ru(l)-Cl(2)

2.4807(8)

Ru(2)-C(22)

1.831(3)

Ru(2)-N(2)

2.123(3)

Ru(2)-P(3)

2.3708(8)

Ru(2)-P(4)

2.3773(8)

Ru(2)-Cl(3)

2.4651(7)

Ru(2)-Cl(4)

2.4648(7)

P(1)"C(4)

1.843(3)

P(l)-C(10)

1.905(3)

P(1)'C(6)

1.915(3)

P(2)-C(5)

1.841(3)

P(2)-C(18)

1.907(3)

P(2)-C(14)

1.911(3)

P(3)-C(25)

1.837(3)

P(3)-C(27)

1.903(3)

P(3)-C(31)

1.908(3)

P(4)-C(26)

1.838(3)

P(4)-C(35)

1.905(3)

P(4)-C(39)

1.908(3)

0(1)-C(1)

1.151(3)

0(2)-C(22)

1.147(3)

N(l)-C(2)

1.127(4)

N(2)-C(23)

1.135(4)

N(3)-C(43)

1.119(5)

N(4)-C(45)

1.145(4)

N(5)-C(47)

1.132(4)

C(2)-C(3)

1.459(4)

C(4)-C(5)

1.528(4)

C(6)-C(7)

1.526(4)

C(6)-C( 8)

1.537(4)

C(6)-C(9)

1.538(4)

C(10)-C(ll)

1.541(4)

C(10)-C(12)

' 1.543(4)

C(10)-C(13)

1.548(4)

C(14)-C(15)

1.523(4)

C(14)-C(17)

1.534(4)

C(14)-C(l 6)

1.533(4)

C(18)-C(20)

1.543(4)

C(18)-C(21)

1.538(4)

C(18)-C(19)

1.542(4)

C(23)-C(24)

1.463(4)

C(25)-C(26)

1.528(4)

C(27)-C(30)

1.529(4)

C(27)-C(28)

1.543(4)

C(27)-C(29)

1.561(4)

C(31)-C(32)

1.542(4)

C(31)-C(33)

1.542(4)

C(31)-C(34)

1.546(4)

C(35)-C(38)

1.535(4)

C(35)-C(37)

1.541(4)

C(35)-C(36)

1.542(4)

C(39)-C(40)

1.534(4)

C(39)-C(41)

1.534(5)

C(39)-C(42)

1.550(4)

C(43)-C(44)

1.476(5)

C(45)-C(46)

1.422(5)

C(47)-C(48)

1.464(5)
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Bond angles [°] for 2[R u(dV e)(C H 3CN)(CO)Cl2]*3CH3CN
C (l)-R u(l)-N (l)

164.91(11)

C(l)-Ru(l)-P(l)

91.79(10)

N (l)-R u(l)-P(l)

99.27(6)

C(l)-Ru(l)-P(2)

97.02(9)

N(l)-Ru(l)-P(2)

93.82(7)

P(l)-Ru(l)-P(2)

86.86(3)

C(l)-R u(l)-C l(l)

84.82(9)

N(l)-Ru(l)-Cl(l)

84.81(7)

P(l)-R u(l)-C l(l)

90.71(3)

P(2)-Ru(l)-Cl(l)

176.99(3)

C(l)-Ru(l)-Cl(2)

86.72(10)

N(l)-Ru(l)-Cl(2)

82.57(7)

P(l)-Ru(l)-Cl(2)

177.43(3)

P(2)-Ru(l)-Cl(2)

91.24(3)

Cl(l)-Ru(l)-Cl(2)

91.24(3)

C(22)-Ru(2)-N(2)

164.55(11)

C(22)-Ru(2)-P(3)

97.11(9)

N(2)-Ru(2)-P(3)

94.24(7)

C(22)-Ru(2)-P(4)

91.08(9)

N(2)-Ru(2)-P(4)

99.98(7)

P(3)-Ru(2)-P(4)

86.97(3)

C(22)-Ru(2)-Cl(3)

86.14(9)

N(2)-Ru(2)-Cl(3)

83.28(7)

P(3)-Ru(2)-Cl(3)

90.62(3)

P(4)-Ru(2)-Cl(3)

176.07(3)

C(22)-Ru(2)-Cl(4)

85.46(9)

N(2)-Ru(2)-Cl(4)

83.45(7)

P(3)-Ru(2)-Cl(4)

177.16(3)

P(4)-Ru(2)-Cl(4)

91.79(3)

Cl(3)-Ru(2)-Cl(4)

90.76(3)

C(4)-P( 1)-C( 10)

103.48(14)

C(4)-P(l)-C(6)

102.58(13)

C(10)-P(l)-C(6)

106.31(14)

C(4)-P(l)-Ru(l)

105.41(10)

C(10)-P(l)-Ru(l)

117.14(10)

C(6)-P(l)-Ru(l)

119.69(10)

C(5)-P(2)-C(18)

103.74(13)

C(5)-P(2)-C(14)

102.45(14)

C(18)-P(2)-C(14)

107.39(14)

C(5)-P(2)-Ru(l)

105.55(9)

C(18)-P(2)-Ru(l)

115.98(9)

C(14)-P(2)-Ru(l)

119.60(10)

C(25)-P(3)-C(27)

103.06(15)

C(25)-P(3)-C(31)

103.91(14)

C(27)-P(3)-C(31)

106.42(14)

C(25)-P(3)-Ru(2)

105.16(9)

C(27)-P(3)-Ru(2)

119.66(10)

C(31)-P(3)-Ru(2)

116.59(10)

C(26)-P(4)-C(35)

103.00(15)

C(26)-P(4)-C(39)

103.48(14)

C(35)-P(4)-C(39)

106.20(14)

C(26)-P(4)-Ru(2)

105.45(10)

C(3 5)-P(4)-Ru(2)

116.98(10)

C(39)-P(4)-Ru(2)

119.59(11)

C(2)-N(l)-Ru(l)

173.7(2)

C(23)-N(2)-Ru(2)

171.4(2)

0(1)-C(l)-Ru(l)

169.9(3)

N(l)-C(2)-C(3)

174.3(3)

C(5)-C(4)-P(l)

113.88(19)

C(4)-C(5)-P(2)

113.5(2)

C(7)-C(6)-C(8)

105.7(3)

C(7)-C(6)-C(9)

106.8(3)

C(8)-C(6)-C(9)

110.4(3)

C(7)-C(6)-P(l)

109.5(2)
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C(8)-C(6)-P(l)

112.5(2)

C(9)-C(6)-P(l)

111.6(2)

C(ll)-C(10)-C(12)

104.5(2)

C(ll)-C(10)-C(13)

109.7(2)

C(12)-C(10)-C(13)

108.5(3)

C(ll)-C(10)-P(l)

109.2(2)

C(12)-C(10)-P(l)

113.6(2)

C(13)-C(10)-P(l)

111.0(2)

C( 15)-C( 14)-C( 17)

106.7(3)

C(15)-C(14)-C(16)

106.9(3)

C(17)-C(14)-C(16)

109.8(3)

C(15)-C(14)-P(2)

109.0(2)

C(17)-C(14)-P(2)

111 .8 (2)

C(16)-C(14)-P(2)

112.4(2)

C(20)-C( 18)-C(21)

109.4(2)

C(20)-C(l 8)-C(l 9)

108.1(2)

C(21)-C(18)-C(19)

105.2(2)

C(20)-C(18)-P(2)

110.99(19)

C(21)-C(18)-P(2)

108.7(2)

C(19)-C(18)-P(2)

114.2(2)

0(2)-C(22)-Ru(2)

170.2(3)

N(2)-C(23)-C(24)

175.5(3)

C(26)-C(25)-P(3)

113.5(2)

C(25)-C(26)-P(4)

113.65(19)

C(3 0)-C(27)-C(28)

107.1(3)

C(30)-C(27)-C(29)

109.5(3)

C(28)-C(27)-C(29)

106.3(3)

C(30)-C(27)-P(3)

112.4(2)

C(28)-C(27)-P(3)

109.2(2)

C(29)-C(27)-P(3)

112.0 (2)

C(32)-C(31)-C(33)

109.7(3)

C(32)-C(31)-C(34)

104.9(2)

C(33)-C(31)-C(34)

108.9(2)

C(32)-C(31)-P(3)

108.5(2)

C(33)-C(31)-P(3)

111.01(19)

C(34)-C(31)-P(3)

113.7(2)

C(38)-C(35)-C(37)

104.6(3)

C(3 8)-C(3 5)-C(3 6 )

109.3(3)

C(3 7)-C(3 5)-C(3 6 )

108.5(2)

C(38)-C(35)-P(4)

109.1(2)

C(37)-C(35)-P(4)

113.6(2)

C(36)-C(35)-P(4)

111.5(2)

C(40)-C(3 9)-C(41)

105.5(3)

C(40)-C(39)-C(42)

110.2 (2)

C(41)-C(39)-C(42)

107.0(3)

C(40)-C(39)-P(4)

111.5(2)

C(41)-C(39)-P(4)

109.0(2)

C(42)-C(39)-P(4)

113.3(2)

N(3)-C(43)-C(44)

178.7(5)

N(4)-C(45)-C(46)

176.8(5)

N(5)-C(47)-C(48)

179.5(4)
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Appendix 9: Crystallographic data, bond lengths and angles for complex 20.
{[Ru(d‘bpe)(C0)]2(n-0S02CF3)(n-Cl)2}(0S02CF3)*3CHCl3
Empirical formula

C4oH8oC12F6OsP4Ru2S2'3CHC13

Formula weight

1622.18

Temperature

150(2) K

Wavelength

0.71073 A

Crystal system

Orthorhombic

Space group

P2i/n

Unit cell dimensions

a = 10.86890(10)A a = 90°
b = 20.1360(2)A p = 90°
c = 31.2785(4) A y = 90°

Volume

6845.49(13) A3

Z

4

Density (calculated)

1.574 Mg/m 3

Absorption coefficient

1.084 mm ’1

F(000)

3304

Crystal size

0.50 x 0.50 x 0.13 mm

Theta range for data collection

3.61 to 30.00°

Index ranges

-15<h<15; -28<k<28; -43<1<44

Reflections collected

102369

Independent reflections

19835 [R(int) = 0.0757]

Reflections observed (>2a)

16545

Data Completeness

0.996

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.91 and 0.68

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

19 8 35/33/819

Goodness-of-fit on F2

1.015

Final R indices [I>2o(I)]

R ' = 0.0440

R indices (all data)

R ' = 0.0601 wR2 = 0.1043

Absolute structure parameter

0.00(2)

Largest diff. peak and hole

1.241 and -0.953 eA'3

wR 2 =

0.0975
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Bond lengths

[A] for {[Ru(d‘bpe)(CO)]2(fi-OSO2C F 3 )0 i-a)2}(OSO2CF3)*3CHCl3

Ru(l)-C(2)

1.806(4)

Ru(l)-0(2)

2.226(3)

R u(l)-P (l)

2.3713(10)

Ru(l)-P(2)

2.3804(10)

Ru(l)-Cl(2)

2.4722(9)

Ru(l)-Cl(l)

2.4825(9)

Ru(2)-C(3)

1.808(4)

Ru(2)-0(1)

2.219(3)

Ru(2)-P(3)

2.3713(10)

Ru(2)-P(4)

2.3883(10)

Ru(2)-Cl(2)

2.4739(9)

Ru(2)-Cl(l)

2.4840(9)

Cl(3)-C(40)

1.751(4)

Cl(4)-C(40)

1.749(5)

Cl(5)-C(40)

1.746(5)

Cl(6)-C(41)

1.666(7)

Cl(7)-C(41)

1.748(7)

Cl(8)-C(41)

1.766(6)

Cl(9)-C(42)

1.734(7)

Cl(10)-C(42)

1.716(7)

Cl(ll)-C(42)

1.725(7)

C1(9A)-C(42A)

_ 1.748(14)

C1(9B)-C(42A)

1.727(15)

C1(9C)-C(42A)

1.738(15)

S(l)-0(3)

1.428(3)

S(l)-0(2)

1.459(3)

S(l)-0(1)

1.462(3)

S(l)-C(l)

1.836(5)

S(1A)-0(1A)

1.426(8)

S(1A)-0(3A)

1.422(14)

S(1A)-0(2A)

1.45(2)

S(1A)-C(1A)

1.793(16)

S(1B)-0(2B)

1.434(17)

S(1B)-0(1B)

1.432(8)

S(1B)-0(3B)

1.426(16)

S(1B)-C(1B)

1.809(12)

P(l)-C(4)

1.852(4)

P(l)-C(10)

1.901(4)

P(1)"C(6)

1.903(4)

P(2)-C(5)

1.845(4)

P(2)-C(18)

1.905(5)

P(2)-C(14)

1.918(4)

P(3)-C(22)

1.842(4)

P(3)-C(28)

1.890(4)

P(3)-C(24)

1.898(4)

P(4)-C(23)

1.846(4)

P(4)-C(32)

1.901(4)

P(4)-C(36)

1.902(4)

F(l)-C (l)

1.314(5)

F(2)-C(l)

1.324(6)

F(3)-C(l)

1.332(5)

F(1A)-C(1A)

1.274(15)

F(2A)-C(1A)

1.45(2)

F(3A)-C(1A)

1.469(18)

F(1B)-C(1B)

1.19(2)

F(2B)-C(1B)

1.41(2)

F(3B)-C(1B)

1.22(3)

0(4)-C(2)

1.152(5)

0(5)-C(3)

1.154(5)

C(4)-C(5)

1.523(6)

C(6)-C(9)

1.520(7)

C(6)-C(8)

1.542(7)

C(6)-C(7)

1.542(6)

C(10)-C(ll)

1.525(6)
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C(10)-C(13)

1.537(6)

C(10)-C(12)

1.548(6)

C(14)-C(15)

1.534(7)

C(14)-C(17)

1.526(6)

C(14)-C(16)

1.532(6)

C(18)-C(19)

1.528(6)

C(18)-C(21)

1.534(6)

C(18)-C(20)

1.547(6)

C(22)-C(23)

1.528(6)

C(24)-C(26)

1.529(6)

C(24)-C(27)

1.534(6)

C(24)-C(25)

1.542(6)

C(28)-C(31)

1.535(6)

C(28)-C(29)

1.536(7)

C(28)-C(30)

1.543(6)

C(32)-C(34)

1.522(7)

C(32)-C(33)

1.535(7)

C(32)-C(35)

1.538(7)

C(36)-C(37)

1.525(7)

C(36)-C(39)

1.547(7)

C(36)-C(38)

1.548(6)
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Bond angles [°] for{[Ru(dtbpe)(CO)]2(n-OS02CF3)(n-CI)2}(OS02CF3)»3CHCl3
C(2)-Ru(l)-0(2)

162.78(13)

C(2)-Ru(l)-P(l)

95.48(12)

0(2)-R u(l)-P(l)

95.52(7)

C(2)-Ru(l)-P(2)

92.45(12)

0(2)-Ru(l)-P(2)

101.45(7)

P(l)-Ru(l)-P(2)

86.27(4)

C(2)-Ru(l)-Cl(2)

85.35(12)

0(2)-Ru(l)-Cl(2)

83.36(7)

P(l)-Ru(l)-Cl(2)

178.39(3)

P(2)-Ru(l)-Cl(2)

95.08(3)

C(2)-Ru(l)-Cl(l)

84.27(12)

0(2)-Ru(l)-Cl(l)

81.53(7)

P(l)-R u(l)-C l(l)

95.46(3)

P(2)-Ru(l)-Cl(l)

176.42(3)

Cl(2)-Ru(l)-Cl(l)

83.25(3)

C(3)-Ru(2)-0(1)

164.05(13)

C(3)-Ru(2)-P(3)

94.90(12)

0(1)-Ru(2)-P(3)

96.42(7)

C(3)-Ru(2)-P(4)

91.74(13)

0(1)-Ru(2)-P(4)

100.15(7)

P(3)-Ru(2)-P(4)

86.34(4)

C(3)-Ru(2)-Cl(2)

85.17(12)

0(1)-Ru(2)-Cl(2)

83.08(7)

P(3)-Ru(2)-Cl(2)

177.75(3)

P(4)-Ru(2)-Cl(2)

95.90(3)

C(3)-Ru(2)-Cl(l)

87.00(13)

0(1)-Ru(2)-Cl(l)

80.94(7)

P(3)-Ru(2)-Cl(l)

94.58(3)

P(4)-Ru(2)-Cl(l)

178.49(4)

Cl(2)-Ru(2)-Cl(l)

83.18(3)

Ru(l)-Cl(l)-Ru(2)

95.89(3)

Ru( 1)-Cl(2)-Ru(2)

96.41(3)

0(3)-S(l)-0(2)

115.64(16)

0 (3)-S (l)-0(l)

115.36(16)

0 (2 )-S (l)-0 (l)

114.29(15)

0(3)-S(l)-C (l)

104.2(2)

0(2)-S(l)-C (l)

102.63(18)

0(1)-S(1)-C(1)

102.11(18)

0(1A)-S(1A)-0(3A)

113.3(7)

0 ( 1A)-S( 1A)-0(2 A)

113.8(9)

0(3A)-S(1A)-0(2A)

116.4(12)

0(1A)-S(1A)-C(1A)

105.5(6)

0(3A)-S(1A)-C(1A)

103.6(8)

0(2A)-S(1A)-C(1A)

102.3(12)

0(2B)-S(1B)-0(1B)

115.8(12)

0(2B)-S(1B)-0(3B)

113.3(12)

0(1B)-S(1B)-0(3B)

114.5(5)

0(2B)-S(1B)-C(1B)

104.6(10)

0(1B)-S(1B)-C(1B)

100.1(7)

0(3B)-S(1B)-C(1B)

106.6(9)

C(4)-P(l)-C(10)

102.07(19)

C(4)-P(l)-C(6)

105.3(2)

C(10)-P(l)-C(6)

108.2(2)

C(4)-P(l)-Ru(l)

106.21(13)

C(10)-P(l)-Ru(l)

119.12(14)

C(6)-P(l)-Ru(l)

114.32(13)

C(5)-P(2)-C(18)

102.2 (2 )

C(5)-P(2)-C(14)

103.85(19)

C(18)-P(2)-C(14)

108.9(2)

C(5)-P(2)-Ru(l)

107.15(14)

C(18)-P(2)-Ru(l)

119.27(13)

C(14)-P(2)-Ru(l)

113.68(15)

C(22)-P(3)-C(28)

101.8(2)

C(22)-P(3)-C(24)

106.21(19)
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C(28)-P(3)-C(24)

107.7(2)

C(22)-P(3)-Ru(2)

106.23(14)

C(28)-P(3)-Ru(2)

119.20(13)

C(24)-P(3)-Ru(2)

114.26(14)

C(23)-P(4)-C(32)

104.8(2)

C(23)-P(4)-C(36)

101.4(2)

C(32)-P(4)-C(36)

108.9(2)

C(23)-P(4)-Ru(2)

106.81(14)

C(3 2)-P(4)-Ru(2)

114.67(15)

C(3 6)-P(4)-Ru(2)

118.45(13)

S(l)-0(1)-Ru(2)

130.32(15)

S(l)-0(2)-Ru(l)

129.48(16)

F(l)-C(l)-F(2)

109.0(4)

F(l)-C(l)-F(3)

109.2(4)

F(2)-C(l)-F(3)

108.0(4)

F(l)-C (l)-S(l)

110.1(3)

F(2)-C(l)-S(l)

111.6(3)

F(3)-C(l)-S(l)

108.9(3)

0(4)-C(2)-Ru(l)

168.9(3)

0(5)-C(3)-Ru(2)

168.8(3)

C(5)-C(4)-P(l)

114.4(3)

C(4)-C(5)-P(2)

114.1(3)

C(9)-C(6)-C(8)

110.1(4)

C(9)-C(6)-C(7)

106.7(4)

C(8)-C(6)-C(7)

108.9(4)

C(9)-C(6)-P(l)

107.5(3)

C( 8)-C(6)-P(l)

109.9(3)

C(7)-C(6)-P(l)

113.7(3)

C( 11)-C( 10)-C( 13)

107.3(4)

C(ll)-C(10)-C(12)

109.5(4)

C(13)-C(10)-C(12)

106.8(4)

C(ll)-C(10)-P(l)

111.6(3)

C(13)-C(10)-P(l)

110.4(3)

C(12)-C(10)-P(l)

111.0(3)

C(15)-C(14)-C(17)

111.3(4)

C(15)-C(14)-C(16)

106.0(4)

C(17)-C(14)-C(16)

107.5(4)

C(15)-C(14)-P(2)

107.7(3)

C(17)-C(14)-P(2)

110.9(3)

C(16)-C(14)-P(2)

113.4(3)

C(19)-C(18)-C(21)

105.8(4)

C(19)-C(18)-C(20)

108.6(4)

C(21)-C(18)-C(20)

109.2(4)

C(19)-C(18)-P(2)

109.4(3)

C(21)-C(18)-P(2)

113.8(3)

C(20)-C(18)-P(2)

109.8(3)

C(23)-C(22)-P(3)

114.8(3)

C(22)-C(23)-P(4)

113.7(3)

C(26)-C(24)-C(27)

109.3(4)

C(26)-C(24)-C(25)

106.1(3)

C(27)-C(24)-C(25)

109.6(4)

C(26)-C(24)-P(3)

107.4(3)

C(27)-C(24)-P(3)

110.7(3)

C(25)-C(24)-P(3)

113.6(3)

C(31)-C(28)-C(29)

106.4(4)

C(31)-C(28)-C(30)

106.6(4)

C(29)-C(28)-C(30)

109.5(4)

C(31)-C(28)-P(3)

110.7(3)

C(29)-C(28)-P(3)

111.8(3)

C(30)-C(28)-P(3)

111.7(3)

C(34)-C(32)-C(33)

111.4(4)

C(34)-C(32)-C(35)

107.7(4)

C(33)-C(32)-C(35)

105.5(4)

C(34)-C(32)-P(4)

111.3(3)

C(33)-C(32)-P(4)

107.7(3)

C(35)-C(32)-P(4)

113.1(4)
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C(37)-C(36)-C(39)

108.2(4)

C(3 7)-C(3 6)-C(3 8)

109.5(4)

C(3 9)-C(3 6)-C(3 8)

104.3(4)

C(37)-C(36)-P(4)

111.2(3)

C(39)-C(36)-P(4)

109.5(3)

C(38)-C(36)-P(4)

113.8(3)

C1(5)-C(40)-C1(3)

110.7(2)

C1(5)-C(40)-C1(4)

109.6(2)

C1(3)-C(40)-C1(4)

110.6(3)

C1(6)-C(41)-C1(7)

113.0(4)

C1(6)-C(41)-C1(8)

111.6(4)

C1(7)-C(41)-C1(8)

109.7(3)

Cl(l 1)-C(42)-Cl( 10)

109.4(4)

Cl(l 1)-C(42)-C1(9)

113.2(4)

Cl( 10)-C(42)-Cl(9)

110.1(4)

F(1A)-C(1A)-F(2A)

110.0(13)

F(1A)-C(1A)-F(3A)

109.9(13)

F(2A)-C(1A)-F(3A)

97.1(12)

F(1A)-C(1A)-S(1A)

113.8(10)

F(2A)-C(1A)-S(1A)

113.5(14)

F(3A)-C(1A)-S(1A)

111.4(9)

C1(9A)-C(42A)-C1(9B)

111.7(13)

C1(9A)-C(42A)-C1(9C)

108.0(11)

C1(9B)-C(42A)-C1(9C)

107.0(13)

F(1B)-C(1B)-F(3B)

115(2)

F(1B)-C(1B)-F(2B)

110.4(15)

F (3 B)-C( 1B)-F (2B)

114.2(16)

F(1B)-C(1B)-S(1B)

104.2(12)

F (3 B)-C( 1B)-S (1B)

104.5(14)

F (2B)-C( 1B)-S( 1B)

107.9(11)
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Appendix 10: Crystallographic data, bond lengths and angles for complex 23.
2[Ru(d*bpe)(CO)(H2O)2(OSO2CF3)2](OSO2CF3)*2.5CH2CV0.5H2C>
Empirical formula

C2iH44F609P2Ru2* 1.25CH2Cl2*0.25H2O

Formula weight

892.86

Temperature

30(2) K

Wavelength

0.71073 A

Crystal system

Orthorhombic

Space group

Pcab

Unit cell dimensions

a = 16.1010(2)A a = 90°
b = 20.6870(4)A p = 90°
c = 43.9940(7)A y = 90°

Volume

14653.6(4) A3

Z

16

Density (calculated)

1.619 Mg/m 3

Absorption coefficient

0.886 mm *1

F(000)

7320

Crystal size

0.20 x 0.20 x 0.10 mm

Theta range for data collection

3.57 to 26.00°

Index ranges

-19<h<19; -24<k<25; -45<1<54

Reflections collected

39757

Independent reflections

11285 [R(int) = 0.0769]

Reflections observed (>2ct)

6241

Data Completeness

0.784

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.94 and 0.78

Refinement method

Full-matrix least-squares on F

Data / restraints / parameters

11285/ 14/904

Goodness-of-fit on F2

1.003

Final R indices [I>2a(I)]

R* = 0.0573 wR 2 = 0.0974

R indices (all data)

R '= 0.1433 wR 2 = 0.1176

Largest diff. peak and hole

0.890 and-0.732 eA'3

211

Bond lengths

[A] for

2[Ru(dtbpe)(CO)(H2O)2(OSO2CF3)2](OSO2CF3)-2.5CH2Cl2*0.5H2O
Ru(l)-C(l)

1.813(7)

Ru(l)-0(3)

2.165(4)

Ru(l)-0(2)

2.171(4)

Ru(l)-0(4)

2.213(4)

Ru(l)-P(l)

2.3476(18)

Ru(l)-P(2)

2.3634(17)

S(I)-0(6)

1.425(4)

S(l)-0(5)

1.443(4)

S(l)-0(4)

1.465(4)

S(l)-C(20)

1.806(7)

S(2)-0(7)

1.440(4)

S(2)-0(9)

1.442(4)

S(2)-0(8)

1.452(4)

S(2)-C(21)

1.823(7)

P(1)"C(2)

1.828(6)

P(1)”C(4)

1.894(7)

P(l)-C( 8)

1.906(6)

P(2)-C(3)

1.855(6)

P(2)-C(12)

1.904(7)

P(2)-C(16)

1.909(6)

F(l)-C(20)

1.323(6)

F(2)-C(20)

1.337(6)

F(3)-C(20)

1.348(6)

F(4)-C(21)

1.325(7)

F(5)-C(21)

1.344(6)

F(6)-C(21)

1.332(6)

0(1)-C(1)

1.165(6)

C(2)-C(3)

1.518(8)

C(4)-C(5)

1.537(7)

C(4)-C(7)

1.539(7)

C(4)-C(6)

1.546(8)

C(8)-C (ll)

1.522(8)

C(8)-C(9)

1.539(8)

C(8)-C(10)

1.550(7)

C(12)-C(14)

1.527(8)

C(12)-C(15)

1.539(8)

C(12)-C(13)

1.544(8)

C(16)-C(18)

1.532(8)

C(16)-C(19)

1.543(8)

C(16)-C(17)

1.553(8)

Ru(lA)-C(lA)

1.793(7)

Ru(lA)-0(2A)

2.178(4)

Ru(lA)-0(3A)

2.183(4)

Ru(lA)-0(4A)

2.205(4)

Ru(lA)-P(lA)

2.3558(18)

Ru(lA)-P(2A)

2.3680(18)

S(1A)-0(5A)

1.424(4)

S(1A)-0(6A)

1.450(4)

S(1A)-0(4A)

1.478(4)

S(1A)-C(20A)

1.829(7)

S(2A)-0(7A)

1.428(4)

S(2A)-0(9A)

1.446(4)

S(2A)-0(8A)

1.452(4)

S(2A)-C(21A)

1.823(7)

P(1A)-C(2A)

1.827(6)

P(1A)-C(4A)

1.892(6)

P(1A)-C(8A)

1.902(6)

P(2A)-C(3A)

1.848(6)

P(2A)-C(12A)

1.886(7)

P(2A)-C(16A)

1.900(6)

F(1A)-C(20A)

1.352(6)

F(2A)-C(20A)

1.314(7)
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F(3A)-C(20A)

1.318(6)

F(4A)-C(21A)

1.355(6)

F(5A)-C(21A)

1.302(7)

F(6A)-C(21A)

1.342(7)

0(1A)-C(1A)

1.174(7)

C(2A)-C(3A)

1.519(8)

C(4A)-C(7A)

1.541(8)

C(4A)-C(6A)

1.544(8)

C(4A)-C(5A)

1.553(8)

C(8A)-C(11A)

1.542(8)

C(8A)-C(9A)

1.545(8)

C(8A)-C(10A)

1.556(8)

C(12A)-C(14A)

1.533(8)

C(12A)-C(15A)

1.545(8)

C(12A)-C(13A)

1.553(8)

C(16A)-C(19A)

1.521(8)

C(16A)-C(18A)

1.527(7)

C(16A)-C(17A)

1.531(8)

C1(1B)-C(1B)

1.73(3)

C1(1B)-C(2B)

1.798(10)

C1(2B)-C(1B)

1.70(3)

C1(3B)-C(2B)

1.778(9)

C1(1C)-C(1C)

1.804(12)

C1(3C)-C(2C)

1.802(17)

C1(2C)-C(1C)

1.776(11)

C1(4C)-C(2C)

1.825(18)

C1(1D)-C1(2D)#1

0.992(5)

C1(1D)-C(1D)

1.755(13)

C1(2D)-C1(1D)#1

0.992(5)

C1(2D)-C(1D)

1.749(13)

C1(2D)-C(1D)#1

2.111(14)

C(1D)-C1(2D)#1

2.111(14)
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Bond angles [°] for
2[Ru(dtbpe)(CO)(H2O)2(OSO2CF3)2](OSO2CF3)*2.5CH2Cl2*0.5H2O
C (l)-R u(l)-0(3)

163.8(2)

C(l)-Ru(l)-0(2)

88.3(2)

0(3)-R u(l)-0(2)

80.62(18)

C(l)-Ru(l)-0(4)

90.1(2)

0(3)-R u(l)-0(4)

78.41(16)

0(2)-Ru(l)-0(4)

90.85(15)

C (l)-R u(l)-P(l)

93.65(19)

0(3)-Ru(l)-P(l)

98.25(14)

0(2)-R u(l)-P(l)

90.98(13)

0(4)-Ru(l)-P(l)

175.88(11)

C(l)-Ru(l)-P(2)

90.74(19)

0(3)-Ru(l)-P(2)

100.76(13)

0(2)-Ru(l)-P(2)

177.64(13)

0(4)-Ru(l)-P(2)

91.29(11)

P(l)-Ru(l)-P(2)

86.94(6)

0(6)-S(l)-0(5)

114.9(2)

0(6)-S(l)-0(4)

115.3(2)

0(5)-S(l)-0(4)

113.6(2)

O(6)-S(l)-C(20)

105.0(3)

O(5)-S(l)-C(20)

104.1(3)

O(4)-S(l)-C(20)

101.9(3)

0(7)-S(2)-0(9)

115.7(3)

0(7)-S(2)-0(8)

113.7(2)

0(9)-S(2)-0(8)

115.0(2)

0(7)-S(2)-C(21)

103.4(3)

0(9)-S(2)-C(21)

104.2(3)

0(8)-S(2)-C(21)

102.7(3)

C(2)-P(l)-C(4)

103.4(3)

C(2)-P(l)-C(8)

105.5(3)

C(4)-P(l)-C(8)

106.9(3)

C(2)-P(l)-Ru(l)

106.5(2)

C(4)-P(l)-Ru(l)

119.0(2)

C(8)-P(l)-Ru(l)

114.3(2)

C(3)-P(2)-C(12)

103.3(3)

C(3)-P(2)-C(16)

104.4(3)

C(12)-P(2)-C(16)

109.7(3)

C(3)-P(2)-Ru(l)

106.0(2)

C(12)-P(2)-Ru(l)

117.74(19)

C(16)-P(2)-Ru(l)

114.1(2)

S(l)-0(4)-Ru(l)

127.9(2)

0(1)-C (l)-R u(l)

169.2(5)

C(3)-C(2)-P(l)

114.1(4)

C(2)-C(3)-P(2)

114.5(4)

C(5)-C(4)-C(7)

105.8(5)

C(5)-C(4)-C(6)

110.0(5)

C(7)-C(4)-C(6)

106.7(5)

C(5)-C(4)-P(l)

110.7(4)

C(7)-C(4)-P(l)

111.6(4)

C(6)-C(4)-P(l)

111.7(4)

C(11)-C(8)-C(9)

105.8(5)

C(ll)-C(8)-C(10)

108.6(5)

C(9)-C(8)-C(10)

108.5(5)

C(ll)-C (8)-P(l)

107.5(4)

C(9)-C(8)-P(l)

114.5(4)

C(10)-C(8)-P(l)

111.8(4)

C(14)-C(12)-C(15)

107.8(5)

C(14)-C(12)-C(13)

105.5(5)

C(15)-C(12)-C(13)

110.3(6)

C(14)-C(12)-P(2)

110.3(4)

C(15)-C(12)-P(2)

109.7(4)

C(13)-C(12)-P(2)

113.1(4)

C(18)-C(16)-C(19)

106.2(5)
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C(18)-C(16)-C(17)

111.6(5)

C(19)-C(16)-C(17)

105.4(5)

C(18)-C(16)-P(2)

111.6(4)

C(19)-C(16)-P(2)

114.0(4)

C(17)-C(16)-P(2)

107.9(4)

F(l)-C(20)-F(2)

108.1(5)

F(l)-C(20)-F(3)

107.4(5)

F(2)-C(20)-F(3)

107.4(5)

F(l)-C(20)-S(l)

113.0(4)

F(2)-C(20)-S(l)

109.3(4)

F(3)-C(20)-S(l)

111.3(4)

F(4)-C(21)-F(6)

108.5(5)

F(4)-C(21)-F(5)

107.8(5)

F(6)-C(21)-F(5)

107.6(5)

F(4)-C(21)-S(2)

111.5(5)

F(6)-C(21)-S(2)

110.7(4)

F(5)-C(21)-S(2)

110.6(4)

C( 1A)-Ru( 1A)-0(2 A)

86.6(2)

C(lA)-Ru(lA)-0(3A)

164.1(2)

0(2A)-Ru( 1A)-0(3 A)

82.83(18)

C( 1A)-Ru( 1A )-0(4 A)

93.1(2)

0(2A)-Ru(l A)-0(4A)

91.75(15)

0(3 A)-Ru(l A)-0(4A)

75.37(17)

C( 1A)-Ru( 1A)-P( 1A)

90.3(2)

0(2A)-Ru( 1A)-P(l A)

91.27(12)

0(3 A)-Ru( 1A)-P( 1A)

101.79(15)

0(4 A)-Ru( 1A) -P (1A)

175.56(11)

C( 1A)-Ru( 1A)-P(2 A)

95.2(2)

0(2A)-Ru( 1A)-P(2 A)

177.63(14)

0(3 A)-Ru( 1A)-P(2 A)

95.62(14)

0(4A)-Ru( 1A)-P(2 A)

89.58(11)

P( 1A)-Ru( 1A)-P(2A)

87.30(6)

0(5 A)-S( 1A)-0(6 A)

115.4(2)

0(5A)-S(1A)-0(4A)

115.1(2)

0(6 A)-S( 1A)-0(4A)

113.5(2)

O(5A)-S(lA)-C(20A)

106.1(3)

O(6A)-S(lA)-C(20A)

104.7(3)

0(4A)-S( 1A)-C(20A)

99.9(3)

0(7A)-S(2A)-0(9A)

115.1(3)

0(7A)-S(2A)-0(8A)

116.4(3)

0(9A)-S(2A)-0(8A)

114.1(3)

0(7A)-S(2 A)-C(21A)

104.1(3)

0(9A)-S(2A)-C(21A)

102.7(3)

0(8A)-S(2A)-C(21A)

101.7(3)

C(2A)-P( 1A)-C(4A)

104.8(3)

C(2A)-P(1A)-C(8A)

102.7(3)

C(4A)-P(1A)-C(8A)

107.8(3)

C(2A)-P( 1A)-Ru( 1A)

105.4(2)

C(4A)-P( 1A)-Ru( 1A)

117.2(2)

C(8 A)-P( 1A)-Ru( 1A)

117.2(2)

C(3 A)-P(2 A)-C( 12A)

106.1(3)

C(3 A)-P(2A)-C( 16A)

103.1(3)

C( 12A)-P(2 A)-C( 16A)

107.2(3)

C(3A)-P(2A)-Ru(lA)

105.0(2)

C( 12A)-P(2A)-Ru( 1A)

114.2(2)

C( 16A)-P(2A)-Ru( 1A)

119.8(2)

S(lA)-0(4A)-Ru(lA)

127.1(2)

0(1A)-C(1 A)-Ru( 1A)

169.1(5)

C(3A)-C(2A)-P(1 A)

114.3(4)

C(2A)-C(3A)-P(2A)

113.2(4)

C(7A)-C(4A)-C(6A)

105.1(5)

C(7A)-C(4A)-C(5A)

109.5(5)

C(6A)-C(4A)-C(5A)

107.2(5)

C(7A)-C(4A)-P(1A)

108.9(4)

C(6A)-C(4 A)-P( 1A)

113.6(4)

C(5A)-C(4A)-P(1A)

112.3(4)
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C(11A)-C(8A)-C(9A)

106.4(5)

C( 11A)-C(8 A)-C( 10A)

106.4(5)

C(9 A)-C(8 A)-C( 10A)

109.9(5)

C(11A)-C(8A)-P(1 A)

110.7(5)

C(9A)-C(8A)-P(1A)

111.4(4)

C( 10A)-C(8 A)-P( 1A)

111.8(4)

C( 14A)-C( 12A)-C( 15A)

108.4(5)

C( 14A)-C( 12A)-C( 13A)

105.1(5)

C(15A)-C(12A)-C(13A)

108.2(5)

C( 14A)-C( 12A)-P(2 A)

113.7(4)

C(15A)-C(12A)-P(2A)

112.4(4)

C( 13A)-C( 12A)-P(2 A)

108.7(4)

C( 19A)-C( 16A)-C( 18A)

109.5(5)

C( 19A)-C( 16A)-C( 17A)

107.2(5)

C( 18A)-C( 16A)-C( 17A)

106.3(5)

C( 19A)-C( 16A)-P(2A)

112.3(4)

C( 18A)-C( 16A)-P(2 A)

111.9(4)

C( 17A)-C( 16A)-P(2 A)

109.4(4)

F(2A)-C(20A)-F(3A)

110.5(6)

F(2A)-C(20A)-F(1A)

107.4(5)

F(3 A)-C(20 A)-F (1 A)

107.1(5)

F(2A)-C(20A)-S(1A)

111.5(4)

F(3A)-C(20A)-S(1A)

111.1(4)

F(1A)-C(20A)-S(1A)

109.0(4)

F (5 A)-C(21A)-F (6A)

108.3(6)

F(5A)-C(21A)-F(4A)

107.8(5)

F(6A)-C(21A)-F (4A)

105.9(5)

F(5A)-C(21A)-S(2A)

113.1(5)

F(6A)-C(21A)-S(2A)

110.7(4)

F (4A)-C(21A)-S(2 A)

110.8(5)

C( 1B)-C1( 1B)-C(2B)

38.9(9)

C1(2B)-C( 1B)-C1( 1B)

111.2(16)

C1(3B)-C(2B)-C1(1B)

110.3(5)

C1(2D)# 1-Cl(l D)-C( 1D)

96.5(7)

Cl( 1D)# 1-C1(2D)-C( 1D)

112.4(8)

Cl( 1D)# 1-C1(2D)-C( 1D)# 1

55.7(6)

C( 1D)-C1(2D)-C( 1D)# 1

81.6(6)

C1(2D)-C( 1D)-C1( 1D)

113.1(7)

C1(2D)-C(1D)-C1(2D)#1

98.4(6)

C1(1D)-C(1D)-C1(2D)#1

27.8(3)

C1(2C)-C( 1C)-C1( 1C)

109.5(7)

C1(3C)-C(2C)-C1(4C)

104.4(16)
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Appendix 11: Crystallographic data, bond lengths and angles for complex 25.
Experimental data for [Ru(dtbpe)(C0)(Me2S0)3](0S02CF3)2
Empirical formula

C27H58F6O 10P2S5R11

Formula weight

980.04

Temperature

173(2) K

Wavelength

0.71073 A

Crystal system

Monoclinic

Space group

Pi 2 i/ci

Unit cell dimensions

a = 13.59400(10) A

a= 90°

b = 18.9780(2) A

p= 94.31°

c = 16.28000(10) A

7 = 90°

Volume

4188.14(6) A3

Z

4

Density (calculated)

1.554 Mg/m3

Absorption coefficient

0.774 mm_l

F(000)

2032

Crystal size

0.25 0.3 0.5

Theta range for data collection

2.95 to 33.16°

Index ranges

-20<h<20, -29<k<29, -25<1<22

Reflections collected

99085

Independent reflections

15928 [R(int) = 0.0685]

Completeness to theta = 33.16°

99.7 %

Absorption correction

None

Refinement method

Full-matrix least-squares on F^

Data / restraints / parameters

1 5 9 2 8 /0 /4 7 9

Goodness-of-fit on F^

1.164

Final R indices [I>2c(I)]

Ri = 0.0361, wR2 = 0.0896

R indices (all data)

Ri = 0.0570,

Extinction coefficient

0.0086(4)

Largest diff. peak and hole

1.163 and-1.376 e.A'3

wR2 =

0.1087
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Bond lengths

[A] for [Ru(d,bpe)(C0)(M e2S0)3](0S02CF3)2

R u(l)-C (l)

1.8170(17)

Ru(l)-0(3)

2.1297(12)

Ru(l)-0(2)

2.1612(12)

Ru(l)-0(1)

2.1858(12)

Ru(i)-P(i)

2.3831(4)

Ru(l)-P(2)

2.3958(4)

S(2)-0(2)

1.5328(13)

S(2)-C(4)

1.779(2)

S(2)-C(5)

1.786(2)

S(l)-0(1)

1.5467(13)

S(l)-C(2)

1.7810(19)

S(l)-C(3)

1.7914(19)

S(3)-0(3)

1.5400(12)

S(3)-C(6)

1.781(2)

S(3)-C(7)

1.782(2)

P(2)-C(17)

1.8441(18)

P(2)-C(18)

1.8936(19)

P(2)-C(22)

1.913(2)

P(l)-C(16)

1.8421(18)

P(1)~C(12)

1.9009(18)

P(l)-C(8)

1.905(2)

S(4)-0(5)

1.4287(18)

S(4)-0(6)

1.4299(16)

S(4)-0(7)

1.4481(18)

S(4)-C(26)

1.819(2)

S(5)-O(10)

1.437(2)

S(5)-0(8)

1.441(2)

S(5)-0(9)

1.447(2)

S(5)-C(27)

1.817(2)

0(4)-C(l)

1.155(2)

F(l)-C(26)

1.341(3)

F(4)-C(27)

1.324(3)

C(15)-C(12)

1.537(3)

C(17)-C(16)

1.522(3)

C(14)-C(12)

1.542(2)

F(3)-C(26)

1.316(3)

F(5)-C(27)

1.333(3)

C(22)-C(23)

1.533(3)

C(22)-C(25)

1.533(3)

C(22)-C(24)

1.546(3)

C(13)-C(12)

1.541(3)

C(19)-C(18)

1.535(3)

F(6)-C(27)

1.328(3)

C(8)-C(10)

1.534(3)

C(8)-C(9)

1.538(3)

C(8)-C(ll)

1.542(3)

F(2)-C(26)

1.320(3)

C(21)-C(18)

1.544(3)

C(20)-C(18)

1.544(3)
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Bond angles [°] for [Ru(d'bpe)(C0)(M e2S 0 )3 ](0 S 0 2CF3)2
C(l)-R u(l)-0(3)

167.07(6)

C(l)-Ru(l)-0(2)

90.44(6)

0(3)-R u(l)-0(2)

78.92(5)

C (l)-Ru(l)-0(1)

91.65(6)

0 (3)-R u (l)-0 (l)

79.33(5)

0(2)-R u(l)-0(l)

79.76(5)

C(l)-R u(l)-P(l)

93.73(6)

0(3)-Ru(l)-P(l)

95.85(4)

0(2)-R u(l)-P(l)

171.11(4)

0(1)-Ru(l)-P(l)

92.26(3)

C(l)-Ru(l)-P(2)

94.08(5)

0(3)-Ru(l)-P(2)

95.27(3)

0(2)-Ru(l)-P(2)

101.79(4)

0(1)-Ru(l)-P(2)

174.04(3)

P(l)-Ru(l)-P(2)

85.750(15)

0(2)-S(2)-C(4)

102.15(9)

0(2)-S(2)-C(5)

105.67(9)

C(4)-S(2)-C(5)

99.30(11)

0(1)-S(1)-C(2)

103.20(9)

0(1)-S(1)-C(3)

105.57(8)

C(2)-S(l)-C(3)

98.53(10)

0(3)-S(3)-C(6)

106.14(9)

0(3)-S(3)-C(7)

101.13(9)

C(6)-S(3)-C(7)

98.43(12)

C(17)-P(2)-C(18)

106.52(9)

C(17)-P(2)-C(22)

100.00(9)

C(18)-P(2)-C(22)

107.11(9)

C(17)-P(2)-Ru(l)

106.26(6)

C(18)-P(2)-Ru(l)

112.86(6)

C(22)-P(2)-Ru(l)

122.31(6)

C(16)-P(l)-C(12)

104.96(8)

C(16)-P(l)-C(8)

101.56(9)

C(12)-P(l)-C(8)

108.40(9)

C(16)-P(l)-Ru(l)

107.62(6)

C(12)-P(l)-Ru(l)

113.61(6)

C(8)-P(l)-Ru(l)

119.08(6)

0(5)-S(4)-0(6)

116.24(12)

0(5)-S(4)-0(7)

113.55(15)

0(6)-S(4)-0(7)

114.61(10)

0(5)-S(4)-C(26)

103.71(12)

0(6)-S(4)-C(26)

104.15(10)

0(7)-S(4)-C(26)

102.31(11)

O(10)-S(5)-O(8)

115.48(13)

O(10)-S(5)-O(9)

114.42(15)

0(8)-S(5)-0(9)

115.18(17)

O(10)-S(5)-C(27)

103.90(12)

0(8)-S(5)-C(27)

103.65(14)

0(9)-S(5)-C(27)

101.72(13)

S(l)-0(1)-Ru(l)

119.19(7)

S(3)-0(3)-Ru(l)

123.37(7)

S(2)-0(2)-Ru(l)

132.39(8)

C(16)-C(17)-P(2)

115.14(12)

0(4)-C(l)-Ru(l)

167.91(15)

C(23)-C(22)-C(25)

106.79(18)

C(23)-C(22)-C(24)

107.11(17)

C(25)-C(22)-C(24)

109.11(16)

C(23)-C(22)-P(2)

109.95(13)

C(25)-C(22)-P(2)

112.16(14)

C(24)-C(22)-P(2)

111.49(14)

C(10)-C(8)-C(9)

109.11(19)

C(10)-C(8)-C(ll)

109.74(18)

C(9)-C(8)-C(ll)

104.90(17)

C(10)-C(8)-P(l)

109.87(14)

C(9)-C(8)-P(l)

109.22(14)
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C(11)-C(8)-P(1)

113.81(15)

C(15)-C(12)-C(13)

106.12(15)

C(15)-C(12)-C(14)

107.26(15)

C(13)-C(12)-C(14)

109.79(16)

C(15)-C(12)-P(l)

114.86(13)

C(13)-C(12)-P(l)

108.39(12)

C(14)-C(12)-P(l)

110.28(12)

C(17)-C(16)-P(l)

113.84(12)

C(19)-C(18)-C(20)

109.08(16)

C(19)-C(18)-C(21)

109.50(16)

C(20)-C( 18)-C(21)

106.15(17)

C(19)-C(18)-P(2)

109.56(13)

C(20)-C(18)-P(2)

114.88(14)

C(21)-C(18)-P(2)

107.54(13)

F(4)-C(27)-F(6)

108.0(2)

F(4)-C(27)-F(5)

107.0(2)

F(6)-C(27)-F(5)

107.7(2)

F(4)-C(27)-S(5)

111.37(16)

F(6)-C(27)-S(5)

111.62(16)

F(5)-C(27)-S(5)

110.98(19)

F(3)-C(26)-F(2)

109.1(2)

F(3)-C(26)-F(l)

106.1(2)

F(2)-C(26)-F(l)

106.96(18)

F(3)-C(26)-S(4)

111.68(16)

F(2)-C(26)-S(4)

110.94(18)

F(l)-C(26)-S(4)

111.91(15)
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Appendix 12: Crystallographic data, bond lengths and angles for complex 26.
Experimental data for [Ru(dtbpe)(C0)3H ](0S02CF3)*H20
Empirical formula

C22H41F3O6P2RUS‘lUO

Formula weight

671.63

Temperature

200(2) K

Wavelength

0.71073 A

Crystal system

Monoclinic

Space group

P2i/n

Unit cell dimensions

a = 15.8970(2)A a = 90°
b = 10.4600(1)A p = 104.029(1)°
c = 18.5370(3)A y = 90°

Volume

2990.44(7) A3

Z

4

Density (calculated)

1.492 Mg/m3

Absorption coefficient

0.756 mm'1

F(000)

1392

Crystal size

0.15 x 0.15 x 0.15 mm

Theta range for data collection

3.68 to 27.49°

Index ranges

-20<h<20; -13<k<13; -24<1<24

Reflections collected

46121

Independent reflections

6839 [R(int) = 0.0579]

Reflections observed (>2a)

5322

Data Completeness

0.996

Absorption correction

None

Refinement method

Full-matrix least-squares on F

Data / restraints / parameters

6839/3 /350

Goodness-of-fit on F2

1.024

Final R indices [I>2a(I)]

R' = 0.0328 wR2 = 0.0713

R indices (all data)

R‘ = 0.0545 wR2 = 0.0788

Largest diff. peak and hole

0.841 an d -0.735 eA'3
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Bond lengths

[A] for [Ru(d‘bpe)(C 0)3H ](0 S 0 2CF3)*H20

Ru(l)-C(3)

1.917(3)

R u(l)-C(l)

1.923(3)

Ru(l)-C(2)

1.999(3)

Ru(l)-P(2)

2.4456(6)

Ru(l)-P(3)

2.4470(7)

S(l)-0(6)

1.416(3)

S(l)-0(4)

1.415(3)

S(l)‘0(5)

1.419(2)

S(l)-C(22)

1.811(3)

P(2)-C(5)

1.836(2)

P(2)-C(18)

1.896(2)

P(2)-C(14)

1.898(2)

P(3)-C(4)

1.841(2)

P(3)-C(6)

1.895(2)

P(3)-C(10)

1.902(2)

F(l)-C(22)

1.317(3)

F(2)-C(22)

1.321(4)

F(3)-C(22)

1.280(3)

0(1)-C(1)

1.133(3)

0(2)-C(2)

1.129(3)

0(3)-C(3)

1.131(3)

C(4)-C(5)

1.530(3)

C(6)-C(7)

1.532(3)

C(6)-C(9)

1.539(4)

C(6)-C(8)

1.539(3)

C(10)-C(12)

1.538(4)

C(10)-C(ll)

1.539(4)

C(10)-C(13)

1.542(4)

C(14)-C(16)

1.535(4)

C(14)-C(17)

1.534(4)

C(14)-C(15)

1.536(4)

C(18)-C(21)

1.523(3)

C(18)-C(20)

1.534(4)

C(18)-C(19)

1.535(4)
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Bond angles [°] for [Ru(d*bpe)(C0)3H](0S02CF3)*H20
C(3)-Ru(l)-C(l)

91.53(11)

C(3)-Ru(l)-C(2)

91.76(10)

C(l)-Ru(l)-C(2)

91.35(11)

C(3)-Ru(l)-P(2)

166.69(8)

C(l)-Ru(l)-P(2)

90.83(8)

C(2)-Ru(l)-P(2)

101.28(7)

C(3)-Ru(l)-P(3)

90.20(8)

C(l)-Ru(l)-P(3)

170.48(8)

C(2)-Ru(l)-P(3)

97.96(7)

P(2)-Ru(l)-P(3)

85.40(2)

0(6)-S(l)-0(4)

114.1(2)

0(6)-S(l)-0(5)

114.78(17)

0(4)-S(l)-0(5)

116.0(2)

0(6)-S(l)-C(22)

102.63(15)

0(4)-S(l)-C(22)

102.77(17)

0(5)-S(l)-C(22)

104.17(14)

C(5)-P(2)-C(18)

103.16(11)

C(5)-P(2)-C(14)

105.71(11)

C(18)-P(2)-C(14)

108.94(11)

C(5)-P(2)-Ru(l)

105.37(7)

G(18)-P(2)-Ru(l)

118.01(8)

C(14)-P(2)-Ru(l)

114.24(8)

C(4)-P(3)-C(6)

105.75(11)

C(4)-P(3)-C(10)

102.93(11)

C(6)-P(3)-C(10)

109.43(11)

C(4)-P(3)-Ru(l)

105.76(8)

C(6)-P(3)-Ru(l)

114.93(8)

C(10)-P(3)-Ru(l)

116.65(9)

0(1)-C(l)-Ru(l)

177.1(2)

0(2)-C(2)-Ru(l)

171.6(2)

0(3)-C(3)-Ru(l)

177.4(3)

C(5)-C(4)-P(3)

114.53(16)

C(4)-C(5)-P(2)

115.21(16)

C(7)-C(6)-C(9)

106.8(2)

C(7)-C(6)-C(8)

109.2(2)

C(9)-C(6)-C(8)

108.5(2)

C(7)-C(6)-P(3)

107.94(16)

C(9)-C(6)-P(3)

113.62(17)

C(8)-C(6)-P(3)

110.71(17)

C(12)-C(10)-C(ll)

107.1(2)

C(12)-C(10)-C(13)

108.6(2)

C(ll)-C(10)-C(13)

107.7(2)

C(12)-C(10)-P(3)

110.99(17)

C(ll)-C(10)-P(3)

110.23(17)

C(13)-C(10)-P(3)

111.98(18)

C(16)-C(14)-C(17)

107.9(2)

C(16)-C(14)-C(15)

109.5(2)

C(17)-C(14)-C(15)

106.8(2)

C(16)-C(14)-P(2)

110.94(18)

C(17)-C(14)-P(2)

108.86(17)

C(15)-C(14)-P(2)

112.73(18)

C(21)-C( 18)-C(20)

107.1(2)

C(21)-C(18)-C(19)

107.0(2)

C(20)-C( 18)-C( 19)

109.7(2)

C(21)-C(18)-P(2)

109.00(17)

C(20)-C(18)-P(2)

112.03(18)

C(19)-C(18)-P(2)

111.80(17)

F(3)-C(22)-F(l)

106.9(3)

F(3)-C(22)-F(2)

107.2(3)

F(l)-C(22)-F(2)

105.4(3)

F(3)-C(22)-S(l)

113.1(2)

F(l)-C(22)-S(l)

112.9(2)

F(2)-C(22)-S(l)

110.9(2)
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Appendix 13: Crystallographic data, bond lengths and angles for complex 27.
Experimental data for [Ru(depe)(CO)2Cl2]
Empirical formula

C 12 H 24 C I2 O 2 P 2 R u

Formula weight

434.22

Temperature

150(2) K

Wavelength

0.71073 A

Crystal system

Trigonal

Space group

R3c

Unit cell dimensions

a = 24.9150(3)A a = 90°
b = 24.9150(3)A p = 90°

c=14.9660(2)A y=120°
Volume

8045.59(17) A3

Z

18

Density (calculated)

1.613 Mg/m3

Absorption coefficient

1.350 mm*1

F(000)

3960

Crystal size

0.50 x 0.38 x 0.30 mm

Theta range for data collection

4.33 to 33.10°

Index ranges

-38<h<38; -38<k<38; -22<1<22

Reflections collected

51758

Independent reflections

6722 [R(int) = 0.0631]

Reflections observed (>2a)

5707

Data Completeness

0.998

Absorption correction

None

Refinement method

Full-matrix least-squares on F

Data / restraints / parameters

6722 / 1 / 173

Goodness-of-fit on F2

0.941

Final R indices [I>2 a(I)]

Ri = 0.0266

R indices (all data)

Ri = 0.0429 wR2 = 0.0466

Absolute structure parameter

0.000(15)

Largest diff. peak and hole

0.374 and -0.724 eA'3

w R2 =

0.0434
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Bond lengths

[A] for [Ru(depe)(CO>2 Cl2]

Ru(l)-C(2)

1.921(2)

Ru(l)-C(l)

1.928(2)

Ru(l)-P(2)

2.3784(5)

Ru(l)-P(l)

2.3964(5)

R u(l)-C l(l)

2.4109(5)

Ru(l)-Cl(2)

2.4189(5)

P(1)"C(5)

1.8170(19)

P(l)-C(7)

1.8234(19)

P(1)~C(3)

1.8367(18)

P(2)-C(l 1)

1.8205(19)

P(2)-C(9)

1.8226(19)

P(2)-C(4)

1.8337(18)

0(1)-C(1)

1.127(2)

0(2)-C(2)

1.137(3)

C(3)-C(4)

1.525(3)

C(5)-C(6)

1.529(3)

C(7)-C(8)

1.532(3)

C(9)-C(10)

1.520(3)

C(ll)-C(12)

1.522(3)
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Bond angles [°] for [Ru(depe)(CO) 2 Cl2]
C(2)-Ru(l)-C(l)

93.24(8)

C(2)-Ru(l)-P(2)

90.20(6)

C(l)-Ru(l)-P(2)

175.98(6)

C(2)-Ru(l)-P(l)

173.33(6)

C(l)-Ru(l)-P(l)

93.42(6)

P(2)-Ru(l)-P(l)

83.133(16)

C(2)-Ru(l)-Cl(l)

90.90(7)

C(l)-Ru(l)-Cl(l)

91.48(6)

P(2)-Ru(l)-Cl(l)

86.384(17)

P(l)-Ru(l)-Cl(l)

88.747(18)

C(2)-Ru(l)-Cl(2)

92.70(7)

C(l)-Ru(l)-Cl(2)

89.80(6)

P(2)-Ru(l)-Cl(2)

92.117(17)

P(l)-Ru(l)-Cl(2)

87.511(17)

Cl(l)-Ru(l)-Cl(2)

176.112(18)

C(5)-P(l)-C(7)

105.32(9)

C(5)-P(l)-C(3)

103.90(9)

C(7)-P(l)-C(3)

105.67(9)

C(5)-P(l)-Ru(l)

117.84(6)

C(7)-P(l)-Ru(l)

115.64(6)

C(3)-P(l)-Ru(l)

107.24(6)

C(ll)-P(2)-C(9)

105.08(9)

C(ll)-P(2)-C(4)

104.52(9)

C(9)-P(2)-C(4)

106.07(9)

C(ll)-P(2)-Ru(l)

117.05(7)

C(9)-P(2)-Ru(l)

115.72(7)

C(4)-P(2)-Ru(l)

107.35(6)

0(1)-C(l)-Ru(l)

178.18(19)

0(2)-C(2)-Ru(l)

177.99(19)

C(4)-C(3)-P(l)

110.32(12)

C(3)-C(4)-P(2)

109.29(12)

C(6)-C(5)-P(l)

113.39(14)

C(8)-C(7)-P(l)

115.29(13)

C(10)-C(9)-P(2)

115.30(14)

C(12)-C(ll)-P(2)

113.70(14)
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