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ABSTRACT

Three classes of catalyst based on the "RuCl(PP)" (PP = chelating diphosphine)
core have been prepared: dinuclear species containing two such moieties, and mononuclear
complexes in which the remaining coordination sites are occupied by a potentially labile
arene or nitrile ligand.

High catalytic activity, and in some cases excellent

enantioselectivity, have been demonstrated previously in olefin and ketone hydrogenation
with several such complexes, but a systematic investigation, examining the effect of
catalyst structure, had not been undertaken. Comparative studies focusing on activity
toward imine hydrogenation were undertaken, as despite its synthetic importance the
catalytic reduction of the C=N functionality remains largely undeveloped.
A range of chiral (PP = diop, binap, chiraphos; see Figure 1) and achiral (PP =
Ph2p(CH2)nPPh2-: n = 2; dppe, or 4; dppb) catalysts has been prepared, as shown in
Figure 2. Efficient routes to the nitrile derivatives were developed for diphosphines
forming a seven-membered chelate ring with the metal. Treatment of the readily accessible
precursor RuCl2(PP)(PPh3) with nitrile, and a halide-abstracting agent where necessary,
permits in a single step complete conversion to

Ru2Cl4(PP)2(RCN),

Ru2Cl3(PP)2(RCN)2+X-, RuCl2(PP)(RCN)2, RuCl(PP)(RCN)3+X- (X = CI, PFe) or the
dication Ru(PP)(RCN)42+ 2PF6', which was characterised by X-ray crystallography (PP =
dppb, R = Me). A complex series of equilibria relating these species in halogenated and
nitrile solvents is elucidated.

Synthetic routes to cationic arene species

RuCl(C6H6)(PP)+X' were investigated, and two new, chiral complexes of this type were
prepared (PP = chiraphos, diop). Improved syntheses, circumventing formation of
bis(diphosphine) species t-RuCl2(PP)2, were devised for diphosphines forming a fivemembered chelate ring. A very mild and potentially valuable route to the useful chiral
catalyst RuCl(C6H6)(binap)+X- via the dmso adduct RuCl2(C6H6)(dmso) was discovered;

reaction of the dmso precursor with less bulky phosphines gave instead the phosphinebridged complexes [RuCl2(C6H6)]2(|i-PP).
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Figure 1. Chiral phosphines used in this thesis work.
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Figure 2. Summary of complexes (X = CI or PFe; L = MeCN or PhCN) examined for
catalytic activity.

Most of the phosphine complexes shown in Figure 2 demonstrated high activity in
the hydrogenation of imines at unusually low catalyst concentrations (ca. 0.77 mM Ru),
permitting study of the catalysis under relatively mild conditions (room temperature and
hydrogen pressures of up to 70 atm). The dinuclear complexes, in particular the air-stable
and readily accessible Ru2Cl5(PP)2, were most active. Mechanistic studies using
m

Ru2Cl5(dppb)2 suggest that catalysis follows the unsaturate route, and imply a common
catalyst species RuCl2(PP)SS' (S = solvent, S' = solvent or imine) for the neutral
complexes. The ability of these systems to effect asymmetric induction in prochiral
ketimines was investigated. Consistent with the mechanistic work, enantioselectivities
were essentially constant for a given phosphine within a neutral series of complexes (PP =
binap or diop). These results imply a previously unrecognised basis for comparison of
asymmetric hydrogenation data derived from structurally related catalyst systems, and
highlight the importance of such comparative and mechanistic work as a means of
establishing guidelines for catalyst design.
The reactivity of the catalyst precursorsRu2Cl5(dppb)2andRu2Cl4(dppb)2(as well
as RuCl2(dppb)(PPh3), which generates the latter species in situ), toward imines was
investigated. An imine adduct [RuCl(dppb)]2[PhCH2N=C(H)Ph] was identified; further
substitution reactions (possibly yielding all-m RuCl2(dppb)[PhCH2N=C(H)Ph]2) are
masked by the accessibility of an imine-hydrolysis pathway, which leads to the novel
amine-bridged complexRu2Cl4(dppb)2(M.2'Tl^-NH2CH2Ph),in which the amine ligand is
proposed to coordinate by an agostic bond from a benzylic C-H group, as well as the
nitrogen donor. Routes to this species from a number of imines, as well as benzylamine
itself, were established, and the thermodynamic relationship between this complex and the
less stable, terminal amine isomer was investigated. The generality of the amine-bridged
coordination mode was established by preparation of analogous complexes of other
primary amines (NH2R; R = methyl, isopropyl, cyclohexyl, phenyl). Reactions with
excess benzylamine were undertaken in order to assess the maximum extent of amine
substitution; bis(amine) species were isolated and characterised, but cationic tris(amine)
derivatives (analogous to the nitrile complexes described above) were not formed.
Examination of the corresponding reactions with the secondary amine dibenzylamine
suggested that amine dealkylation is facile, probably occurring via dehydrogenation of
coordinated amine, followed by hydrolysis of the imine thus formed.
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CHAPTER 1
Introduction

1.1. Homogeneous Catalysis

The homogeneous catalysis of organic transformations remains one of the chief
applications of organometallic chemistry, and a principal driving force behind the
development of the field. Use of a catalyst to minimise energy requirements can be a
key factor in establishing the commercial viability of an industrial process, and can also
bring into the range of feasibility reactions otherwise inaccessible to the benchtop
chemist. Most of the catalysts in current use for either purpose are heterogeneous:
insoluble solids, generally poorly understood at the molecular level, but characterised by
high durability under conditions of catalysis and (especially in the case of industrial
processes) frequently based on the cheaper metals.^ These are the workhorses of the
chemical industry, used in petroleum refining and the large-scale manufacturing of
commodity chemicals. Soluble transition-metal catalysts, in contrast, are in general both
more expensive and less robust, and frequently cannot be recovered or reused.^ What
such complexes do offer is a potentially well-defined metal environment, which translates
into greater selectivity in the transformations effected at the metal centre.^
The description of a catalyst as homogeneous or heterogeneous, generally taken to
refer to its phase relative to that of the substrate, is equally applicable to the structural
anisotropy of the active site. Efforts to minimise the innate variability of the metal sites
on the surface of solid catalysts have led to the development of techniques such as vapour

1

and sputter deposition, plating, and melt quenching, for the preparation of amorphous
metal surfaces."^ (The metal foils or ribbons obtained by these methods are only 10-60
|xm thick, also increasing the efficiency of utilisation of the metal). The level of
development in this area is so far rather low, however, and the technical difficulties are
considerable. Homogeneous transition-metal catalysts, composed of discrete molecular
species, are inherently isotropic, with a consequently higher capacity for molecular
discrimination, and the presence of ancillary hgands extends control over the geometry of
the active site. Reaction selectivity is reinforced by the generally higher activity of
homogeneous systems, which permits use of milder operating conditions (20-200'^C, vs.
>250oC for many heterogeneous catalysts),^ as well as by the improved regulation of
temperature and mixing which results from operating in liquid phase.
Organic transformations can be effected at the metal centre with a level of control
ranging from chemoselectivity (discrimination between functional groups) and
regioselectivity (site selectivity) to stereoselectivity (discrimination between
stereoisomeric products), the last of which may be considered the particular domain of
homogeneous catalysis.^'^ High selectivity is especially important in process chemistry,
both for optimum efficiency in use of starting materials (thus minimising formation of
byproducts at best commercially less valuable, and at worst environmentally burdensome)
and for maximum purity of the products, especially where these are destined for sensitive
applications such as the electronics or fine-chemicals industries. Keim has noted that
even in buUc-chemicals markets tolerance for impurities is decreasing; the purity of the
ethylene used as feedstock for polyethylene, for instance, is >99%.^ Industrial processes
based on homogenous catalysis by transition-metal complexes now number above forty,
of which some (notably olefin polymerisations to give a-olefins, polyethylene, and
polypropylene) have more than doubled in production scale between 1980 and 1990.^
One of the more recently developed large-scale processes is the Eastman Chemical acetic
anhydride synthesis, using a rhodium iodide catalyst with synthesis gas (generated from

coal, rather than petroleum) as the only carbon source.^ New hydroformylation processes
have also been implemented by Rhone-Poulenc and Arco Chemical,^ while redeployment
of processes previously used for production of bulk chemicals in value-added specialty
markets is gaining interest. The nickel phosphite catalysts used in hydrocyanation of
butadiene to adiponitrile, for instance, are now under investigation for their utility in the
manufacture of the antiinflammatory drugs ibuprofen and naproxen.^
The growing sophistication of the fine-chemicals market has contributed much to
the recent growth in the field of homogeneous catalysis.^ Rapid developments can accrue
because soluble catalyst systems are much more amenable to study than bulk metals: the
ability to monitor molecular changes in organometallic complexes enables a level of
mechanistic understanding which (despite recent innovations in the spectroscopic
examination of metal surfaces by methods such as in situ X-ray absorption^ or magicangle spinning nmr^) remains without parallel in the longer-established field of
heterogeneous catalysis. ^'^^ The insight gained from spectroscopic and kinetic analysis
has permitted in some cases a fine degree of product control by informed modification of
catalyst structure, ^^ and while empirical investigations continue to dominate the field,
studies directed at expanding our mechanistic insight (see next Section) offer broader
potential for exploiting the high selectivity of soluble transition-metal catalysts.

1.2. Asymmetric Catalysis

The development of methods for efficient transmission and amplification of
molecular chirality has led to significant recent advances in the synthesis of chiral organic
compounds. Approaches based on chiral catalysts, whether biological or synthetic,
circumvent the waste, expense, and tedium inherent in stoichiometric formation and
removal of the undesired enantiomer. (Resolution of the enantiomeric mixture by
preferential crystallisation of one enantiomer, exploited on industrial scale in the

manufacture of a-methyl-L-dopa, is particularly useful where accompanied by
racemisation of the mother liquor, but is comparatively rare.^^ The more common
process of diastereomer crystallisation requires addition of a resolving agent in
stoichiometric amounts). Biocatalytic methods based on enzyme catalysis, originally
limited to the production of natural microbial metabolites, have expanded greatly in the
last few years, to encompass synthesis not only of natural and "unnatural" products of
opposite configuration, but of chiral synthons for use in building up novel chemical
entities. Recent advances in this area have been reviewed in detail.^^ The scope of the
technique is expanding as a result of rapid advances in molecular biology and
immunology: modification of existing enzymes by techniques such as site-directed
mutagenesis is being explored as a means of increasing catalyst selectivity and efficiency,
while a more novel approach, harnessing the powerful synthetic capacity and high
selectivity of the immune system in order to generate enzyme-like catalysts, is at the core
of the emerging science of antibody catalysis. In the latter technique, a stable analogue of
the transition-state structure of the reaction of interest is synthesised and linked to an
immunogenic protein, and injected into an animal. Spleen cells generating antibodies to
this synthetic hapten are removed, separated and fused to a modified tumour cell to
produce an endless series of monoclonal antibodies. Very high regio- and stereospecificity have been reported for transformations catalysed by such "abzymes",
including reduction of prochiral ketones^"^ and a-ketoamides;^^ the scope of the method,
not surprisingly, appears wide, though catalyst efficiency remains a problem. Progress in
the area has been extensively reviewed.^^"^^
Developments in asymmetric homogenous transition-metal catalysis have also
been rapid, and the scope of the technique is rather broad, encompassing asymmetric
hydrogenation, hydrosilylation, hydroformylation, oxidation, isomerisation, and C-C
bond coupling.^'2^'22 Sy^jj reactions, involving product selectivity of a very high order,
are of especial relevance to industrial applications, most notably in the agrochemical and

fine chemicals industries. The fundamental issue, irrespective of application, is that
where the desired activity of a racemic compound resides solely or principally in one
enantiomer, the presence of the second is an unnecessary burden.

In context of

agriculture, the consequences are of considerable environmental and economic
importance. Increasing public and governmental concern about pesticide residues in food
and the environment is exerting considerable pressure to reduce the high chemical
dependence of modem farming methods. Use of enantiomerically pure forms of
important agrochemicals such as the a-phenoxypropionic acid herbicides, for example (in
which only the (/?)-enantiomer is active),^^ permits a reduction in the applied dose by an
extent difficult to attain by other means. The same is generally true of chiral compounds
used in other applications: pheromones and fragrances, flavours and other food additives,
and pharmaceuticals. The enormous public interest in matters relating to human health,
coupled with the high financial stakes and the maturing of the pharmaceutical industry,
has brought a high profile to several of the issues relating to racemic drugs within the last
few years. As these exemplify many of the key arguments likely to emerge in other
areas, they will be briefly summarised below.
Owing to the inherent chirality of biological systems, much or all of the desired
pharmaceutical effect of a racemic drug is frequently associated with one enantiomer (the
eutomer), while the other (the distomer) may not be merely "chemical ballast", but may
actually do harm.* Thalidomide, now reappearing as a proposed treatment for leprosy, is
the most notorious example of this principle: the (/?)-isomer has a sedative effect, while
the (5')-form is teratogenic; widespread use of the racemate as a sleeping pill and a
remedy for morning sickness caused more than eight thousand cases of severe fetal
deformities in Western Europe between 1957 and 1961.^"^'^^ Examples of drugs still used
in racemic form despite negative side-effects known to be associated with the distomer

The eudismic ratio is defined as the ratio of activity in any given property (i.e. potency, affinity, etc.) of
the eutomer relative to that of the distomer. ^^

include the common anaesthetic ketamine, the ('/?)-isomer of which causes postanaesthesia hallucinations and agitation,^^ and the antiarrhythmic drug disopyramide, the
inotropic side-effect of which is associated with the (/?)-antipode.'^^ In some cases the
severity of the side-effects associated with the distomer dictate the development of
enantiopure therapies. The antiinflammatory drug naproxen, for instance, is marketed as
the (5)-isomer only, as the (i?)-antipode is a liver toxin;^ similarly, the often-overlooked
impetus behind the commercialisation of the Monsanto L-dopa synthesis lay in the serious
side-effects (principally granulocytopenia)^^ associated with D-dopa, which furthermore
exhibits none of the desired anti-Parkinsonian activity.-^^
While drug absorption and distribution involving passive transport across lipid
membranes is unaffected by chirality, active transport is effected by asymmetric
molecules, channels, and receptors. Thus even if the desired therapeutic action of the
drug is non-stereospecific (i.e. the enantiomers have similar pharmacological activity but
different potencies), use of a single enantiomer will almost invariably be more efficient,
unless the pharmacological action of one enantiomer coincidentally promotes the action
of the other. Setting aside those cases in which the distomer possesses a unique and
undesirable mode of pharmacological action,* side-effects such as toxicity may be
general. The eudismic ratio for the activity of the antitumour drug cyclophosphamide, for
example, is 2:1 in favour of the (-)-isomer, but the enantiomers are equally toxic, and
both may be implicated in the carcinogenicity of the drug.^^'-^^ The importance of this
factor clearly increases as the desired activity of the distomer drops, and the severity of
the non-stereospecific side-effects increases. As the diastereomeric relationship between
chiral drugs and enzymes or plasma proteins can result in widely differing reaction rates
for the enantiomers, development of an accurate pharmacokinetic picture requires clinical
evaluation of racemates by chiral assay techniques. (The measurement of parameters
This includes cases where the desired therapeutic effect is non-stereospecific and one enantiomer exhibits
a secondary, unintended mode of pharmacological action. Both (/?)- and (5)-enantiomers of timolol, for
instance, relieve interocular pressure, but in topical application for the relief of glaucoma, the p-blocking
action of the (5)-isomer has caused fatal cases of bronchoconstriction.^^

such as the half-life and bioavailability of a drug based on retention of the 1:1 ratio of
enantiomers in vivo has been bluntly described as a pharmacokinetic fiction).•^^ The
potential hazards associated with the use of racemic drugs have been the focus of
increasing attention over the past few years, and the routine therapeutic administration of
racemates has been sharply criticised. The magnitude of the issue is illustrated by the fact
that of the 1367 wholly synthetic drugs marketed worldwide as of 1990, 528 are chiral,
but of these, only 61 are sold as the pure enantiomer.^^
Despite the weakness of a recent FDA ruling on the development of racemic
therapies, which left the decision on whether to pursue a single-enantiomer form to the
discretion of the drug company involved,^^ these issues are unlikely to fall into abeyance.
Stereochemically pure drugs have been described as "the next generation of ethical
pharmaceuticals",^^ and the economic rewards associated with their development are
likely to be enormous. A growing trend toward enantiopure drugs is found worldwide; in
the West, this is expected to be magnified by the increasing drug-sensitivity of an aging
population^^'^^ (one which is moreover increasingly educated and drug-wary, and
accustomed to involvement in health-care decisions). Purely market forces are also
reinforcing the economic incentives for development of single-enantiomer drugs. The
lucrative practice of racemic switching, involving development and patenting of an
enantiopure form of an older racemic drug, offers not only an improved therapeutic agent,
but an extension of the patent life (based on either the asymmetric synthesis or a new
property of the enantiomer).^^

In the case of the widely-used racemic analgesic

ibuprofen, both Merck and Sterling Winthrop Co. have developed routes to the pure (S)enantiomer. Several small "third-party" chirotechnology companies have developed
enantiopure forms of existing, highly profitable drugs marketed by larger firms, either in
collaboration (as in the development of the analgesic (5)-ketoprofen by Chiros on behalf
of the large Italian pharmaceutical company Menarini) or separately, in which case the
larger company effectively ransoms its market share by buying out the patent.^^

The decision to develop a racemic form of a drug is fundamentally an economic
one.^^ Cost-benefit analyses increasingly favour enantiopure therapies, for several
reasons: as oudined above, the potential marketing risks associated with racemates are
growing, and development of new racemic drugs therefore involves investment in an old
and vulnerable technology, while the growing recognition of single-enantiomer drugs as
safer and more effective therapies means that the benefits of being the first to develop
such products are correspondingly greater. This trend coincides with advances in
catalytic methods for the introduction and amplification of chirality, which promise
dramatic improvements in the economic viability of large-scale syntheses of enantiopure
compounds. Similar pressures in other areas of application, briefly noted above, are
expected to lead to widespread developments in chiral technology, as indeed suggested by
the recent proliferation of industrial conferences and symposia focussing on the catalysis
of enantioselective reactions. ^^

1.3. Homogeneous Hydrogenation

Homogeneous hydrogenation is one of the principal applications of homogeneous
catalysis, and has been the subject of many books and reviews,^"^""*^ a number of which
are devoted solely to asymmetric hydrogenation. ^^'^^"•^^''^^''^^ Hydrogenation of enamides
has been exploited industrially, in the Monsanto synthesis of L-dopa (commercialised in
1971 as the first and, until the mid-1980s, the sole industrial example of homogeneous
asymmetric catalysis), and in the synthesis of A^-acetyl-L-phenylalanine for preparation of
the synthetic sweetener aspartame, although the latter process may be displaced by a
more economical fermentation technology commercialised by Ajinomoto^'"^^ The most
important application of the method has historically been stereoselective reduction of
carbon-carbon double bonds (but see Section 6.1), and most of our mechanistic
understanding derives from hydrogenation of olefins using rhodium-phosphine catalyst

8

systems. Two general pathways may be followed, involving initial coordination of
hydrogen (initiating the so-called hydride route) or of substrate (the unsaturate route).
The established mechanism for Wilkinson's catalyst, RhCl(PPh3)3, illustrates the former:
oxidative addition of hydrogen to the low-valent metal centre* is followed by 7Ucoordination of the unsaturated substrate, transfer of hydride to the bound substrate to
give a a-complex, and elimination of the remaining hydride and alkyl as alkane,
regenerating the catalyst.'*^''^^ Coordination of first substrate, then hydrogen (the
unsaturate route) is preferred for cationic Rh systems.'*^"^^ The mechanisms have in some
cases been studied in great detail, as in the well-known asymmetric hydrogenation of
prochiral olefinic acids using Rh(PP)S2"'" as catalyst (PP = chiraphos, dipamp (Figure
1.1); S = solvent).^^'^^ The sense and extent of asymmetric induction in this system
provided a subtle probe of the nature and rates of the various steps, and one of the
important conclusions to emerge from this work was the unexpected finding that the
major product is derived from the less stable of the two diastereomeric rhodium-olefin
complexes initially formed: that is, the enantioselectivity is kinetically controlled, being
determined by the relative rates of hydrogenation of these two species.^^'^^
In this catalyst system, as indeed in the majority of asymmetric transition-metal
catalysts, transfer of chirality from the phosphine ligand to the substrate is effected by
steric constraints transmitted through the phosphine phenyl rings. More than a thousand
chiral phosphines have now been used for asymmetric catalysis;"^^ despite much effort
directed at the rational design of systems intended to maximise asymmetric induction, the
results in this area remain largely empirical. The five chiral phosphines shown in Figure
1.1 exhibit several distinct modes of chiral expression. Dipamp, one of the firstsynthesised chiral phosphines, and used for many years in the Monsanto L-Dopa
synthesis, is chiral at phosphorus. In diop and chiraphos, chirality resides on the carbon

* The increasingly well-documented T|2-H2 bonding mode'^^ may be viewed as an intennediate state en
route to the oxidative-addition product.
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backbone, each ligand possessing two chiral carbon centres. The ferrocene derivative
bppfa possesses both carbon and planar chirality, while binap possesses axial chirality.
Diop is obtained from the natural chiral pool, by derivatisation of tartaric acid. The four
remaining phosphines are totally synthetic, and the enantiomers must be resolved.'^^''^^

rA#A
PPh.
,P*

c

OMe

diop
dipamp
NMen

PPhn
binap

bppfa

Figure 1.1: Common chiral phosphines, showing four different modes of asymmetry

Of the many chiral phosphines which have been investigated for their efficacy in
asymmetric induction, binap has exhibited the widest scope. Both Rh and Ru systems
have been used, and while excellent enantioselectivities have been attained with the
former, the range of substrates is limited. The ruthenium complexes, in contrast, have
been used to effect >95% enantioselectivity in reduction of allylic alcohols and amines,
P" and y-ketoesters, and other functionalised ketones, in addition to the commonly used
a,P-unsaturated carboxylic acids such as acrylic acids and a-acetamidocinnamic
acids.^^'"^^'^3 Despite the wider scope of the Ru systems, detailed kinetic and mechanistic
studies are few. Different reactivity patterns for Ru-based systems may occur as a result
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of a tendency to retain the octahedral geometry of the metal throughout a catalytic cycle,
though the general mechanistic features are expected to accord with those established for
the Rh catalysts. Recent studies of the H2-hydrogenation of a,(3-unsaturated carboxylic
acids using RuII(binap)(0Ac)2 as catalyst indicated a mechanism broadly consistent with
the unsaturate route outlined above, but revealed two distinct features. ^'^'^^ Firstly, the
substrate coordinates through the carboxyl group, rather than the C=C bond; if
coordination through the olefinic bond does occur, it must follow the rate-determining
reaction with H2. Secondly, the mode of activation of H2 is not oxidative addition (i.e.
homolytic cleavage), as described above, but heterolytic splitting to give initially a
monohydride dicarboxylate. Subsequent protonolysis of the Ru-C bond generates the
organic product and regenerates the catalyst. Base-promoted heterolytic splitting of H-H
is well established in closely related systems.^^

1.4. Scope of Thesis Work

This thesis describes the synthesis of a range of Ru-ditertiary phosphine
complexes, and their application to the homogeneous H2-hydrogenation of imines. The
catalysts investigated are based on a RuCl2(PP) core: in the mononuclear derivatives, the
remainder of the coordination sphere is made up by labile ligands such as nitrile or arene,
while in the dinuclear species, the chloride-bridged framework can be cleaved to generate
coordinatively unsaturated species. Routes to Ru arene derivatives containing achiral (PP
= Ph2P(CH2)nPPh2; n = 2, dppe; n = 4, dppb)* and chiral (PP = chiraphos, diop, and
binap) phosphines are described in Chapter 3; introductions to this area and those
discussed in subsequent Chapters are given at the beginning of each. Chapter 4 outlines
the preparation of both dinuclear and mononuclear nitrile derivatives (PP = dppb, diop,
binap; the nitriles used are MeCN and PhCN), and the pathways relating these species in
These phosphines formfive-or seven-membered chelate rings, respectively, and are used as simple
models for such chelate complexes of the chiral phosphines.
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solution and (in some cases) in the solid state. Reactions of chlororuthenium-dppb
complexes with imines and amines were undertaken, as described in Chapter 5, in order
to gain insight into the stoichiometric processes underlying the application of such
species to the homogeneous hydrogenation of imines. The corresponding catalytic work
is described in Chapter 6. The complexes prepared as outlined in Chapters 3 and 4 (as
well as some of the amine derivatives described in Chapter 5) were screened for activity
in reduction of the aldimine PhCH2N=C(H)Ph, and for activity and asymmetric induction
in reduction of the analogous ketimine PhCH2N=C(Me)Ph. The results of a limited
kinetic investigation into the mechanism of imine hydrogenation using Ru2Cl5(dppb)2 as
catalyst are also presented. General conclusions and recommendations for future work
appear in Chapter 7.

12

1.5. References

(1)

Gates, B. C. Catalytic Chemistry; John Wiley and Sons: New York, 1992, p. 310.

(2)

Dickson, R. S. Homogeneous Catalysis with Compounds of Rhodium and Iridium;
D. Reidel: Dordrecht, 1985, p. 2.

(3)

Parshall, G.; Ittel, S. D. Homogeneous Catalysis: The Applications and Chemistry
of Soluble Transition-Metal Complexes; 2nd ed.; John Wiley & Sons: New York,
1992.

(4)

Baiker, A. In Advances in Cato/y^/^De^/gn; M. Graziani and C. N. R. Rao, Eds.;
World Scientific: Singapore, 1993, Vol. 2; p. 217.

(5)

Keim, W. In Metal Promoted Selectivity in Organic Synthesis; A. F. Noels, M.
Graziani and A. J. Hubert, Eds,; Kluwer Academic Publishers: Dordrecht, 1991;
p.l.

(6)

Chan, A. S. C ; Laneman, S. A.; Miller, R. E.; Wagenknecht, J. H.; Coleman, J. P.
In Catalysis of Organic Reactions; J. R. Kosak and T. A. Johnson, Eds.; Marcel
Dekker, Inc.: New York, 1994; p. 49.

(7)

Haggin, J. Chem. and Eng. News, 21 May 1990, p. 30.

(8)

Moggridge, G. D.; Rayment, T.; Ormerod, R. M.; Morris, M. A.; Lambert, R. M.
Nature 1992, 358, 658.

(9)

Worthy, W. Chem. and Eng. News, 13 May 1991, p. 25.

(10)

For a generalist's review of conventional techniques used to study reactions on
metal surfaces, see Friend, C. M. Scientific American, April 1993, p. 74.

(11)

Knowles, W. S. Ace. Chem. Res. 1983,16, 106.

(12)

Sheldon, R. Chem Ind. (London) 1990, 212.

(13)

Santaniello, E.; Ferraboschi, P.; Grisenti, P.; Manzocchi, A. Chem. Rev. 1992, 92,
1071.

13

(14)

Hsieh, L. C ; Yonkovich, S.; Kochersperger, L.; Schultz, P. G. Science 1993,260,
337.

(15)

Nakayama, G. R.; Schultz, P. G. /. Am. Chem. Soc. 1992,114, 780.

(16)

Stewart, J. D.; Benkovic, S. J. Chem. Soc. Rev. 1993,22, 213.

(17)

Hilvert, D. Ace. Chem. Res. 1993,26, 552.

(18)

Hilvert, D. Pure Appl Chem. 1992, 64, 1103.

(19)

Lemer, R. A.; Benkovic, S. J.; Shultz, P. G. Science 1991,252, 659.

(20)

Blystone, S. L. Chem. Rev. 1989, 89, 1663.

(21)

Noyori, R. Science 1990,248, 1194.

(22)

Morrison, J. D., Ed.; Asymmetric Synthesis, Academic Press: New York, 1985,
Vol. 5.

(23)

Testa, B. In Chirality and Biological Activity; B. Holmstedt, H. Frank and B.
Testa, Eds.; Alan R. Liss, Inc.: New York, 1990; p. 15-32.

(24)

Thomas, C. L., Ed.; Taber's Cyclopedic Medical Dictionary; 17th ed.; F. A.
Davis: Philadelphia, 1989, p. 1974.

(25)

Chernow, B. A.; Vallis, G. A., Eds.; The Columbia Encyclopedia; 5th ed.;
Houghton-Mifflin Co.: Boston, 1993.

(26)

Hyneck, M.; Dent, J.; Hook, J. In Chirality in Drug Design and Synthesis; C.
Brown, Ed.; Academic Press: Toronto, 1990; p. 1.

(27)

Knowles, W. S. /. Chem. Ed 1986, 63, 111.

(28)

Budavari, S., Ed.; The Merck Index; 11th ed.; Merck & Co.: Rahway, N. J., 1989,
p. 430.

(29)

Ariens, E. J. In Chirality in Drug Design and Synthesis; C. Brown, Ed.;
Academic Press: Toronto, 1990; p. 29.

(30)

Chem. andEng. News, 15 June 1992, p. 5.

(31)

Carter, J. E. In Drug Stereochemistry: Analytical Methods and Pharmacology; I.
W. Wainer and D. E. Drayer, Eds.; Dekker: New York, 1988.

14

(32)

Borman, S. Chem. and Eng. News, 9 July 1990, p. 9.

(33)

Stinson, S. C. Chem and Eng. News, 27 Sept. 1993, p. 38.

(34)

Rylander, P. Hydrogenation Methods; Academic Press: New York, 1985.

(35)

James, B. R. In Comprehensive Organometallic Chemistry; G. Wilkinson, Ed.;
Pergamon Press: Oxford, 1982, Vol. 8.

(36)

Rylander, P. Catalytic Hydrogenation in Organic Syntheses; Academic Press:
New York, 1979.

(37)

James, B. R. Adv. Catal. 1979, i 7, 319.

(38)

McQuillen, F. J. Homogeneous Hydrogenation in Organic Chemistry; D. Reidel:
Dordrecht, 1976.

(39)

James, B. R. Homogeneous Hydrogenation; John Wiley & Sons: New York,
1973.

(40)

Freifelder, M. Practical Catalytic Hydrogenation; Wiley-Interscience: New York,
1971.

(41)

Brunner, H. In Advances in Catalysis Design; M. Graziani and C. N. R. Rao,
Eds.; World Scientific: London, 1993, Vol. H; p. 245.

(42)

Amtz, D.; Schafer, A. In Metal Promoted Selectivity in Organic Synthesis; A. F.
Noels, M. Graziani and A. J. Hubert, Eds.; Kluwer Academic Publishers:
Dordrecht, 1991; p. 161.

(43)

Noyori, R. Chemtech 1992, 360.

(44)

Bosnich, B., Ed.; Asymmetric Catalysis, Martinus Nijhoff: Dordrecht, 1986.

(45)

Kagan, H. B. In Comprehensive Organometallic Chemistry; G. Wilkinson, Ed.;
Pergamon Press: Oxford, 1982, Vol. 8.

(46)

Jessop, P. G.; Morris, R. H. Coord. Chem. Rev. 1992,121, 155.

(47)

Koga, N.; Morokuma, K. Chem. Rev. 1991, 91, 823.

(48)

Brown, J. M.; Evans, P. L.; Lucy, A. R. J. Chem. Soc, Perkin Trans. 2 1987,
1589.

15

(49)

Landis, C. R.; Halpem, J. /. Am. Chem. Soc. 1987,109, 1746.

(50)

Halpem, J. Science 1982,217,401.

(51)

Chan, A. S. C ; Pluth, J. J.; Halpem, J. J. Am. Chem. Soc. 1980,102, 5952.

(52)

Bosnich, B.; Fryzuk, M. D. Top. Stereochem. 1981,12, 119.

(53)

Noyori, R. Chem. Soc. Rev. 1989,18, 187.

(54)

Ashby, M. T.; Halpem, J. J. Am. Chem. Soc. 1991,113, 589.

(55)

Ohta, T.; Takaya, H.; Noyori, R. Tetrahedron Lett. 1990, 7189.

16

CHAPTER 2
Experimental Procedures

2.1. Materials

2.1.1. Solvents
Spectral or reagent grade solvents were obtained from MCB, BDH, Mallinckrodt,
Fisher, Eastman or Aldrich Chemical Co. Solvents were refluxed over and distilled from
an appropriate drying agent under an atmosphere of N2: benzene, diethyl ether, and
hexanes over sodium benzophenone ketyl; dichloromethane over calcium hydride;
acetone and 2-propanol over anhydrous K2CO3; methanol and ethanol over Mg/l2. N,Ndimethylacetamide (DMA) was stirred over CaH2 for at least 24 h, vacuum distilled at
35-40 °C, and stored under Ar in the dark.
Deuterated solvents (CD3CN, C6D6, CDCI3, CD2CI2, CD3OD, dmso-dg), were
obtained from MSD Isotopes, Cambridge Isotope Ltd., or Isotec Inc.

All were

deoxygenated and (with the exception of D2O) dried over activated molecular sieves
(Fisher Type 4 A, 4-8 mesh). All were stored under Ar.

2.1.2. Gases
Purified argon, nitrogen, and hydrogen (Extra Dry) were obtained from Union
Carbide Canada Ltd. and used without further purification.
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2.1.3. Phosphines
All phosphines were of reagent grade and were used as received.
Triphenylphosphine (PPha), tri(p-tolyl)phosphine (P(p-tol)3), and Ph2P(CH2)nPPh2 (n =
2, dppe; 4, dppb) were obtained from Aldrich Chemical Co. The chiral phosphines 5,5or/?,/?-chiraphos {2S,3S- or 2/?,3/?-bis(diphenylphosphino)butane), S,S- or R,R-diop
(2R,3R- or 25,55-2,3-0-isopropylidene-2,3-dihydroxy-l,4-bis(diphenylphosphino)butane), and R- and 5-binap (/?- and 5-2,2'-bis-(diphenylphosphino)-l,r-binaphthyl) were
obtained from Strem Chemical Co. Diop and chiraphos were used and stored under an
atmosphere of Ar.

2.1.4. Nitrile and Imine Substrates
Acetonitrile and benzonitrile (both from BDH) were distilled from CaH2 and
stored under Ar. A^-benzylidene methylamine, obtained from Aldrich Chemical Co., and
A/^-benzylidene aniline, synthesised by Dr. Pal Kvintovics of this laboratory (visiting from
University of Veszpren, Hungary) were stored under Ar in the dark. Other imines were
synthesised as described in Section 2.14, chromatographed on neutral alumina to remove
excess amine (hexanes eluant), and stored in Schlenk tubes sealed with ground-glass
stoppers or Kontes valves, under Ar in the dark.

2.1.5. Other Materials
Amines (all from MCB or Aldrich) were stirred over KOH and purified by
distillation. Polyvinylpyridine (PVP) was dried and degassed by heating at ~40''C under
vacuum for 24 h prior to use.
Ruthenium was provided on loan by Johnson Matthey Ltd. as hydrated RuCls;
depending upon the batch, the ruthenium content varied from 38 to 43%.
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2.2. Instrumentation

Infrared spectra were recorded on a Bomem Michelson

100 FT-Ir

spectrophotometer. Nuclear magnetic resonance (nmr) spectra were recorded on a Bruker
AC200 (200.1 MHz for iR, 50.3 MHz for l^c, 81.0 MHz for 31p), a Varian XL300
(300.0 MHz for iH, 75.0 MHz for l^C, 121.4 MHz for 31p), or a Bruker AMX500 (500.0
MHz for iH, 125.0 MHz for l^C) FT-nmr spectrometer, using as internal standards the
residual proton (for ^H nmr spectra) or carbon (for ^^C nmr spectra) signals from the
deuterated solvent. For 31p nmr spectra PPh3 was used as an internal standard (5 -5.06,
CeDg; -5.46, CDCI3; -5.64, CD2CI2; -6.49, CD3CN); shifts are reported relative to 85%
H3PO4. Downfield shifts are taken as positive for all nuclei.
Variable temperature nmr spectra and APT 2-D spectra were measured on the
Varian XL300 spectrometer; COSY and HETCOR 2-D nmr experiments were performed
on the Bruker AMX500 spectrometer.
Gas chromatographic analyses were performed on a temperature programmable
Hewlett Packard 5890A instrument equipped with a thermal conductivity detector and a
flame ionisation detector, using helium as the carrier gas (flow rate -40 mL/min). The
utility of gas chromatography as a method of separating enantiomeric mixtures of
secondary amines was examined using a 25 m x 0.25 mm I.D. capillary chiral column,
Chirasil-Val IE (Alltech) (Section 2.4.3.2).
Gas uptakes for kinetic studies were performed on a conventional constantpressure, constant-temperature gas-uptake apparatus. A detailed procedure employed for
gas-uptake measurements is described elsewhere. ^'^
Elemental analyses were performed by Mr. Peter Borda of this department. All
microanalytical samples, with the exception of the Ru2CL4(PP)2 (PP = dppb, diop, binap)
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complexes, were handled in air. Single crystal X-ray diffraction studies were carried out
by Dr. Steven Rettig of the departmental crystallographic service.

2.3. Catalytic Hydrogenation

2.3.1. Ambient Pressures
A constant pressure gas uptake apparatus was used to study the rate of catalytic
hydrogenation of imine substrates at a H2 pressure of 1 atmosphere and a temperature of
50°C. The apparatus and procedure have been described. ^'^ Degassed solvents were used
in the H2-uptake experiments, and the solutions of imine and solvent were further
degassed by three freeze-pump-thaw cycles while connected to the uptake assembly. No
contact with air took place between this step and addition of the solid catalyst to the
solution.

2.3.2. High Pressures
Reactions at H2 pressures of up to 1000 psi (68 atm, 6.895 MPa) were conducted
in machined steel autoclaves equipped with glass liners. Results were highly dependent
on the method of assembly of the autoclave, which is therefore described in detail in
Section 6.2.1.1.

2.4. Analysis of Hydrogenation Products

2.4.1. Measurement of Conversion
Product conversions for ambient-pressure hydrogenations were determined by
total H2 uptake, where experiments were conducted on the gas-uptake assembly. These
data were confirmed in some cases by ^H nmr spectroscopic analysis of the residues
obtained by evaporation of the solvent. Conversions for high-pressure hydrogenations

20

were determined from ^H nmr spectra in CDCI3 or C^De', in view of the slow reaction
observed between dibenzylamine and CDCI3 (Section 2.15.2.1), samples to be examined
in this solvent were dissolved immediately before measuring the nmr spectra.
Conversions of the ketimine PhCH2N=C(Me)Ph were more easily measured in C^D^, as
the imine appears to exist solely in the anti form in this solvent (only one methylene
singlet is apparent, instead of the two singlets, in a ratio of ca. 9:1, observed in CDCI3.
iR nmr shift positions for both solvents are listed in Section 2.14.3).

2.4.2. Isolation of Chiral Amines
Amine products were separated from the reaction mixtures by chromatography on
neutral alumina. The residues from hydrogenation, after evaporation of solvent, were
taken up in hexanes (in which the metal complexes were largely insoluble, permitting
their removal at this stage by filtration through glass wool) for introduction onto the
column.

Residual imine was eluted with pure hexanes, and amine with 10:1

hexanes:Et20. The eluant was monitored by thin-layer chromatography (using Et20 as
tic eluant); the presence of acetophenone (from imine hydrolysis) and amine could also be
detected by monitoring with 2,4-dinitrophenylhydrazine and Dragendorff's reagent
(BiONOs/KI), respectively.
An alternative procedure, involving conversion of amine to its hydrochloride salt,
gave less satisfactory results. Residues were taken up in Et20, treated with aqueous HCl,
and extracted with Et20 to remove any imine remaining, as well as aldehyde resulting
from hydrolysis of the imine. The aqueous phase was treated with a saturated solution of
Na2C03 until effervescence ceased, then extracted with Et20 to isolate the free amine.
As benzylamine is highly soluble in water, most of the amine generated by hydrolysis
remained in the aqueous phase, but traces were evident by ^H nmr. Use of CH2CI2
instead of Et20 gave mixtures of the primary and secondary amines and residual imine.
Even small amounts of benzylamine cannot be tolerated, however, as they interfere with
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the enantioselectivity measurements described in the next Section. Chromatography was
therefore the preferred method of isolating the product amine.

2.4.3. Measurement of Asymmetric Induction
Enantioselectivity measurements are reported as % enantiomeric excess, defined
by the following equation:

where [/?] and [S] denote the concentrations of the two enantiomers. In practice the
enantiomer concentrations were inferred from the measured concentrations of
diastereomeric derivatives, and care was taken to ensure complete reaction of both
enantiomers with the chiral derivatising agent.

2.4.3.1. Nmr Methods
Enantioselectivities were determined from ^H nmr spectra of the diastereomeric
salts formed on addition of (/?)(-)-mandelic acid, PhC*(H)(0H)(C02H), to clean amine in
CDCl3.^ The relative integrated intensity of the diastereotopic methyl singlets cannot be
measured with accuracy, owing to overlap with the hydroxyl proton of mandelic acid.
Enantiomeric excesses were instead determined from the ratio of the integrations of the
isolated methine quartet and the combined methine and methylene signals of the salts. A
representative spectrum, showing the methylene and methine region only, is seen in
Figure 2.1. In a typical procedure, a mixture of (+)- and (-)-NH(CH2Ph)[C*H(Me)Ph]
(~5 mg, 0.024 mmol) was dissolved in CDCI3 (0.7 mL) in an nmr tube, the ^H nmr
spectrum obtained, and (-)-mandelic acid added in ~1 mg (0.006 mmol) increments. The
tube was shaken well and the ^H nmr spectrum rerun after each addition; this process was
continued until the integration of the methine singlet for mandelic acid (4.88 ppm; not
shown in the spectrum below) slightly exceeded that of the isolated methine quartet of the
diastereomeric amine salts.
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Figure 2.1. Use of mandelic acid as a chiral shift reagent: ^H nmr spectra (300 MHz,
CDCI3; methylene and methine region only) of (a) a mixture of (+)- and (-)NH(CH2Ph)[C*H(Me)Ph]; (b) diastereomeric salts formed by addition of
(-)-PhC*(H)(0H)C02H (sUghtly greater than 1 equivalent).

2.4.3.2. GC Methods
The use of gas chromatography to measure the extent of asymmetric induction in
enantiomeric mixtures of NH(CH2Ph)[C*H(Me)Ph] was investigated, as diastereomeric
urea derivatives of chiral primary amines have been separated by GC using columns
packed with chiral supports.'* A mixture of the diastereomeric urea derivatives was
prepared by reaction of a racemic mixture of the amines (5 p.L) with excess isopropyl
isocyanate (100 |LIL) in CH2CI2 (200 |LIL), in a tightly sealed screw-cap vial, in an oil bath
at lOO^C for 30 min. The solvent and excess isocyanate were removed by evaporation
under a stream of N2, and the residues taken up in Et20 (0.5 mL) or CDCI3 (0.5 mL) for
injection onto the column. A Chirasil-Val III column was employed, at an (isothermal)
oven temperature of I6O0C, with injector and detector temperatures of 300oC and 325oC,
respectively. In contrast with the earlier results obtained with derivatives of primary
amines,"^ no separation was effected with secondary amines of the type pertinent to this
thesis work.
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2.5. Synthesis of Ruthenium Precursors

The following ruthenium complexes were prepared by literature methods, for use
as starting materials for the synthesis of derivatives containing chelating ditertiary
phosphines:

RuCl3(PAr3)2(DMA)DMA solvate (Ar = phenyl or /7-tolyl),^"^

RuCl2(PPh3)3,^-^0 and Ru2Cl4(C6H6)2.^^'^2

2.5.1. RuCl3(PPh3)2(DMA)DMA5^^i3
Solid PPh3 (4.34 g, 16.6 mmol) was added to a dark brown solution of RuCl33H2O (2.0 g, 8.3 mmol) in DMA (60 mL), and the reaction mixture was stirred at room
temperature for 24 h. The green precipitate was filtered off, washed with DMA ( 2 x 5
mL) and hexanes ( 3 x 5 mL), and dried under vacuum. Yield 5.2 g (69%).
Ir (Nujol): -0(0=0) 1632 (m, free DMA), 1590 cm-1 (m, coordinated DMA). Analysis
calc'd for C44H48N2O2CI3P2RU: C, 58.32; H, 5.34; N, 3.09. Found: C, 58.22; H, 5.23;
N, 3.01%. The ir data agree with the values described.^'^^

2.5.2. RuCl3[P(p-tol)3]2(DMA)DMA713
The green complex was prepared in the same manner as its PPh3 analogue, by
addition of P(p-tolyl)3 (5.2 g, 17.2 mmol) to RuCls- 3H2O (2.1 g, 8.4 mmol) in DMA (30
mL). Yield 5.5 g (70%).
Ir (Nujol): 'U(C=0) 1646 (m, free DMA); -0(0=0) 1598 cm-1 (m, coordinated DMA).
Analysis calc'd for C50H60N2O2CI3P2RUO.5H2O: C, 60.09; H, 6.15; N, 2.80. Found: C,
60.06; H, 6.02; N, 2.73%. The ir data agree with the values described. ^^

2.5.3. RuCl2(PPh3)3^ 1°
A solution of RuCl3-3H20 (2.0 g, 8.2 mmol) in MeOH (300 mL) was refluxed
under Ar for 1 h, then allowed to cool. Solid PPh3 (12.9 g, 49.2 mmol) was added under
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a stream of Ar, and the mixture refluxed for an additional 3 h. The resulting brown
precipitate was filtered off, washed with MeOH (4 x 20 mL), then with hot hexanes (~8 x
10 mL, or until the washings showed no traces of residual phosphine by tic), and dried
under vacuum. Yield 7.2 g (91%).
Analysis calc'd for C54H45CI2P3RU: C, 67.64; H, 4.73. Found: C, 67.53; H, 4.71%.

2.5.4. [RuCl2(C6H6)]2 (1)
(a) Red (dimeric) 1:^^ To a solution of degassed H2O (5 mL) and EtOH (45 mL)
were added RuCl3-3H20 (0.61 g, 2.5 mmol) and excess 1,3-cyclohexadiene (3 mL, 31.5
mmol). The dark brown solution was heated at 45"C in an oil-bath for 3.5 h, over which
time the colour turned to deep red-orange and a dark red precipitate formed. This was
filtered off, washed with EtOH (3 x 15 mL), hexanes (3 x 10 mL), and CH2CI2 ( 5 x 5
mL), then dried under vacuum. Yield 0.55g (88%).
iH nmr (300 MHz, dmso-ds) 8 5.98 (s, T16-C6H6).
13C{ IH} nmr (50 MHz, dmso-de) 5 87.6 (s,

^^-C^6)•

Analysis calc'd for C12H12CI4RU2: C, 28.82; H, 2.42; CI, 28.35. Found: C, 28.80; H,
2.20; CI, 28.24%. The ^H nmr spectrum corresponds to that reported; the l^CflH} nmr
spectrum was not described. ^^
(b) Brown (oligomeric) 1:^^ A suspension of RuCl3-3H20 (1.73 g, 7.12 mmol) in
EtOH (100 mL) was refluxed with excess 1,3-cyclohexadiene (7 mL, 73 mmol) under Ar
for 4 h. The resulting brown precipitate was filtered off, washed with dry EtOH (3 x 30
mL) and hexanes (3 x 10 mL), and dried under vacuum. Yield 1.69 g (95% based on
Ru2Cl4(C6H6)2 as the product). The spectroscopic data conformed to those found for
method (a), in agreement with the literature report^^ (but see discussion in Section 3.2).
Analysis calc'd for C12H12CI4RU2: C, 28.82; H, 2.42; CI, 28.35. Found: C, 25.66; H,
2.53; CI, 32.63%.
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2.6. Arene Derivatives (see Chapter 3)

The syntheses of complexes 2, 3, and 4 were based on literature methods, though
detailed experimental procedures were published only for 3. Preparation of complex 5 by
an approach identical to that given below was reported during the course of this thesis
work.

2.6.1. RuCl2(C6H6)(dinso)i4 (2)
To a small volume of dmso (-0.5 mL) was added brown Ru2Cl4(C6H6)2 (1) (0.22
g, 0.43 mmol). Most of the orange-red precipitate immediately formed dissolved upon
addition of CH2CI2 (15 mL). The solution was stirred for 30 min, then filtered to remove
a small amount (30 mg) of an orange-brown precipitate. Concentration of the filtrate and
addition of Et20 produced a orange-red precipitate, which was filtered off, reprecipitated
from CH2Cl2-Et20, and dried under vacuum. Yield 0.15 g (60%).
iH nmr (300 MHz, CDCI3) 5 5.83 (s, 6H, T16-C6H6), 3.11 (s, 6H, Me).
Ir (Nujol) D(S=0) 1099 cm-1 (s, S-bonded dmso). Analysis calc'd for C8H12CI2ORUS:
C, 29.28; H, 3.69. Found: C, 29.14; H, 3.65%. The infrared spectrum corresponds to
that reported; ^H nmr data in CDCI3 were not reported, possibly because (in contrast to
the results described above) the isolated product was found to be only sparingly soluble in
chlorinated solvents. ^^

2.6.2. RuCl2(C6H6)(PPh3)i2 (3)
To a suspension of brown 1 (0.203 g, 0.407 mmol) in C^D^, (10 mL) was added
excess PPh3 (0.534 g, 2.03 mmol). The mixture was refluxed for 4 h, cooled, and filtered
to obtain an orange-red crystalline product. This was redissolved in CH2CI2, filtered, and
concentrated to ~5 mL. Addition of Et20 precipitated dark red-orange needles, which
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were filtered off, washed with dry Et20 ( 2 x 5 mL), and dried under vacuum. Yield 0.13
g (64%).
IR nmr (300 MHz, CDCI3) 5 7.7-7.8 (m, 5H, Ph), 7.3-7.5 (m, lOH, Ph), 5.38 (d, J = 0.9
Hz, 6H, T16-C6H6).
31p{ IH} nmr (121.4 MHz, CDCI3) 5 26.7 (s).
Analysis calc'd for C24H21CI2PRU: C, 56.26; H, 4.13. Found: C, 56.21; H, 4.11%. The
iH nmr data are in good agreement with those reported;^^'^^ the 31p{lH} data have not
previously been described.

2.6.3. RuCl2(C6H6)(MeCN)ii (4)
(a) A sample of red Ru2Cl4(C6H6)2 (1) (0.106 g, 0.212 mmol) on a frit was
extracted with MeCN ( 5 x 5 mL) into a Schlenk tube under Ar. Only approximately half
of the starting complex was dissolved, ~53 mg remaining on the frit, but the undissolved
material was discarded to limit the possibility of contamination by RuCl2(MeCN)4
(Section 2.7.8). The combined filtrates were concentrated to ~1 mL and Et20 (1 mL)
added. The orange-brown precipitate was filtered off and washed with CeDe ( 3 x 5 mL)
and CH2CI2 ( 3 x 5 mL) to remove any traces of MeCN. Yield 39 mg (32%).
IH nmr (300 MHz, CDCI3) 6 5.67 (s, 6H, r\^-C^6), 1.99 (s, 3H, Me), 1.53 (s, 2H, H2O);
(CD3CN) 5 5.7 (s, T16-C6H6).
Ir (Nujol): •u(C=N) 2244 cm-1 (w). Analysis calc'd for C8H9Cl2NRu-H20: C, 31.08; H,
3.59; N, 4.53. Found: C, 30.69; H, 3.37; N, 4.43%. The ^H nmr spectrum in CD3CN
accords with that reported for the in situ product. ^^

2.6.4. RuCI(C6H6)(MeCN)2+PF6- {Sf^
A suspension of red Ru2CU(C6H6)2 (0.270 g, 0.540 mmol) in MeCN (10 mL) was
stirred with NH4PF6 (0.185 g, 1.13 mmol) for 18 h. The solution was filtered and the frit
washed with MeCN (5 mL). The combined solutions were concentrated to ~2 mL, and
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Et20 added to precipitate a yellow-orange solid, which was filtered off, washed with
Et20 (3 X 15 mL) and CeHe ( 2 x 5 mL), and dried under vacuum. Yield 0.31 g (65%).
IH nmr (300 MHz, CD3CN) 5 5.93 (s, ri^-QHe).
13C{ IH} nmr (50 MHz, CD3CN) 5 87.1 (s, ri6-QH6).
Ir (Nujol): 'u(C=N) 2326, 2300 cm-1 (w). Analysis calc'd for C10H12CIF6N2PRU: C,
27.19; H, 2.74; N, 6.34. Found: C, 27.50; H, 2.79; N, 6.30%. The spectroscopic data
conform to the values reported for the BF4 salt.^^

2.6.5. Phosphine-Bridged Arene Complexes, [RuCl2(C6H6)]2(|ii-PP) (6)
Complexes of type 6 were prepared from 1 according to the method reported for
the dppe and dppb species. ^^

2.6.5.1. PP = dppei6 (6a)
(a) A suspension of brown 1 (0.103 g, 0.207 mmol) in CeHg (40 mL) was
refluxed with dppe (0.823 g, 0.207 mmol) for 2 h, over which time the mixture turned
orange. The precipitate was filtered off, then washed through the frit with CH2CI2 ( 3 x 5
mL). An orange precipitate was obtained on concentration of the solution to ~1 mL and
addition of Et20. Yield 35 mg (25% based on Ru2Cl4(C6H6)2 as the starting material).
(b) Clean 6a was prepared in situ by addition of dppe (14.1 mg, 0.035 mmol) to a
solution of RuCl2(C6H6)(dmso) (2) (23.3 mg, 0.071 mmol) in CH2CI2 (5 mL). The
orange solution was stirred for 0.5 h at room temperature, then stripped of solvent for
immediate nmr analysis of the residue. The only signal in the 31p{lH} nmr spectrum
(CDCI3) was that for the bridged product.
IH nmr (300 MHz, CDCI3) 6 7.2-7.6 (m, 20H, Ph), 5.37 (s, 12H, ^^-C^lie), 2.65-2.70 (m,
4H, CH2).
31P{ IH} nmr (121.4 MHz, CDCI3) 6 23.3 (s).
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Analysis calc'd for C38H36CI4P2RU2: C, 50.79; H, 4.04; CI, 15.78. Found: C, 50.67; H,
4.18; CI, 15.90%. The Ifi nmr data agree with those reported;^^ the 31p{lH} nmr
spectrum has not previously been described.

2.6.5.2. PP = dppbi6 (6b)
(a) A suspension of brown 1 (94.6 mg, 0.189 mmol) and dppb (80.6 mg, 0.189
mmol) in C6H6 (25 mL) was refluxed for 2 h, over which time the mixture turned orange.
The precipitate was filtered off and washed with CgHs to remove unreacted dppb, then
dried under vacuum. Yield 94 mg of impure 6b (54% based on Ru2CL4(C6H6)2 as the
starting material). The insolubility of both brown 1 and the product precluded further
purification.
(b) Small amounts of analytically pure 6b were obtained by treating brown 1
(56.8 mg, 0.114 mmol based on Ru2) with excess dppb (0.195 g, 0.457 mmol) in 2:1
EtOH-CeHe (total volume 30 mL). The mixture was heated at reflux for 2 h, over which
time the brown-yellow suspension turned green-yellow and an orange precipitate formed.
The precipitate was filtered off, washed with CH2CI2 ( 2 x 5 mL) and dried under vacuum.
Yield 13.3 mg of 6b (13%).
A green precipitate was isolated from the filtrate by removal of the solvent and
addition of CH2CI2 (2 mL). This was identified as [RuCl2(PP)]2(|i-dppb) (14 mg, 8%),
see Section 2.7.5. 31p{lH} nmr spectra of the mother liquor (spiked with CeDg)
indicated the presence of a mixture of unidentified products in addition to 6b and 7b
(Section 2.6.6.2). Similar results were found for reaction in refluxing MeOH; details of
the 31p{ iR} data are described in Chapter 3, Section 3.3.2.
(c) Complex 6b was obtained in quantitative yields from the room-temperature
reaction of RuCl2(C6H6)(dmso) (2) with excess dppb, in an attempt to prepare cationic 7b
(Section 2.6.6.2). Dppb (60.2 mg, 0.141 mmol) was added by cannula, as a solution in
CH2CI2 (2 mL), to a solution of 2 (46.2 mg, 0.141 mmol) in MeOH (20 mL). An orange-
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yellow precipitate immediately formed in the clear orange solution. The suspension was
stirred for 1 h with no further change, and then the solid was filtered off and washed with
CH2CI2 (3 X 1 mL). Yield 63 mg (97%). 31p{lH} nmr analysis of the filtrate showed
only singlets for 7b and free dppb.
IH nmr (300 MHz, CDCI3) 8 7.68-7.77 (m, 8H, Ph), 7.40-7.53 (m, 12H, Ph), 5.26 (d, J =
0.7 Hz, 12H, ri6-C6H6), 2.20-2.30 (m, 4H, CH2), 0.97-1.07 (m, 4H, CH2).
31p{ IH} nmr (121.4 MHz, CDCI3) 5 25.0 (s).
Analysis calc'd for C40H40CL4P2RU2: C, 51.85; H, 4.35. Found: C, 52.14; H, 4.46%.
Spectroscopic data have not previously been reported for this complex, which was
described as too insoluble for ^H nmr characterisation.^^

2.6.5.3. PP = chiraphos (6c)
Treatment of red, dimeric Ru2Cl4(C6H6)2 with one equivalent of chiraphos in
refluxing C^He gives principally r-RuCl2(chiraphos)2, as described in Section 3.3.1.
Clean 6c was prepared in situ by addition of/?,/?-chiraphos (13.6 mg, 0.032 mmol) to a
solution of RuCl2(C6H6)(dmso) (20.8 mg, 0.063 mmol) in CH2CI2 (5 mL) under Ar. The
clear orange solution was stirred at room temperature for 5 min, then stripped of solvent
and the residue redissolved in CDCI3. A 31p{lH} nmr spectrum obtained immediately
showed only two broad signals (centred at 31.4 and 35 ppm) for the phosphine-bridged
product. A red-orange precipitate was isolated on addition of hexanes, but the product is
air-sensitive in the solid state, and decomposed to a dark brown powder on standing in air
overnight.
IH nmr (300 MHz, -50oC, CDCI3) 6 6.6-8.5 (m, 20H, Ph), 5.45 (s, 6H, r|6-C6H6), 5.26 (s,
6H, 'n6-C6H6), 4.40-4.55 (m, IH, CH), 4.05-4.20 (m, IH, CH), 0.85-0.95 (m, 3H, Me),
0.55-0.64 (m, 3H, Me).
31P{ IH} nmr (121.4 MHz, CDCI3) 6 31.4, 34.8 (ABq, 7 = 58 Hz).

30

2.6.5.4. PP = diop (6d)
Clean 6d was prepared in situ by addition of/?,/?-diop (14.4 mg, 0.029 mmol) to a
solution of RuCl2(C6H6)(dmso) (18.9 mg, 0.058 mmol) in CDCI3 (0.7 mL) under Ar. A
31p{lH} nmr spectrum, obtained immediately, showed only signals for the phosphinebridged product.
IH nmr (300 MHz, CDCI3) 5 7.3-7.9 (m, 20H, Ph), 5.29 (s, 12H, ri^-CeHe), 3.5-3.6 (m,
2H, CH), 2.8-2.9 (m, 2H, CH2), 2.4-2.7 (m, 2H, CH2), 0.74 (s, 6H, Me).
31P{ IH} nmr (121.4 MHz, CDCI3) 5 22.3 (s)

2.6.5.5. PP = binap (6e)
The binap-bridged complex was not obtained from the in situ reaction of
RuCl2(C6H6)(dmso) (13.5 mg, 0.041 mmol) with 5-binap (12.8 mg, 0.020 mmol) in
CH2CI2 (5 mL). The clear orange solution was stirred at room temperature for 12 h, then
stripped of solvent for nmr analysis. The only peaks in the ^^Pf ^H} nmr spectrum were
the AB quartet for the cationic complex RuCl(C6H6)(binap)"*'Cl" (7e); Section 2.6.6.5.

2.6.6. Cationic Arene Complexes, RuCI(C6H6)(PP)+X- (7)
Several routes to complexes of type 7 were investigated, including the method
reported in the literature for synthesis of 7a.Cl and 7b'Cl, involving treatment of 1 with
phosphine in refluxing ethanol.^^

2.6.6.1. PP = dppei^ (7a)
X = CI: (a) A suspension of brown Ru2Cl4(C6H6)2 (0.160 g, 0.321 mmol) and
dppe (0.256 g, 0.643 mmol) in EtOH (70 mL) was refluxed for 1 h. A cloudy light
orange solution formed, with traces of 1 still undissolved. The solution was filtered and
cooled, causing yellow f-RuCl2(dppe)2 (8a; Section 2.7.1) to precipitate. The solid was
filtered off (70 mg, 12%). An aliquot of the filtrate indicated a mixture of 7a, 8a, and
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bridged 6a, from which the desired 7a could not be isolated by repeated precipitations
from CH2Cl2-Et20.
(b) A mixture of dimeric Ru2Cl4(C6H6)2 (0.147 g, 0.295 mmol) and dppe (0.234
g, 0.587 mmol) in EtOH (25 mL) was refluxed for 1 h, after which time an aliquot
showed peaks for 7a and 6a, integrating 1:1, in the 31p{lH} nmr spectrum) and a small
singlet for the bis(dppe) species 8a (<5% of total integration). A small amount of clean
7a (34 mg, 9%) was obtained after several reprecipitations from CH2Cl2-Et20.
(c) A solution of RuCl2(C6H6)(dmso) (13.8 mg, 0.0422 mmol) and dppe (16.9
mg, 0.0424 mmol) in CH2Cl2-MeOH (1:20, total volume 10.5 mL) was stirred at room
temperature. The solution was stirred for 20 h, then stripped of solvent and the residue
redissolved in CDCI3 for 31p{ iR} nmr analysis. In addition to signals for 6a, 7a, and 8a,
unassigned peaks were observed at ca. 20.9, 22.4, and (as unresolved, broad resonances)
24-27 ppm. The singlet for 7a accounts for only 27% of the total integrated intensity.
Analysis (method b) calc'd for C32H30CI2P2RUH2O: C, 57.66; H, 4.84. Found: C,
57.27; H, 4.89%.
X = PF6: A solution of dppe (72.2 mg, 0.181 mmol) in CH2CI2 (1 mL) was
added to RuCl(C6H6)(MeCN)2+PF6- (5) (80 mg, 0.181 mmol) in MeCN (5 mL). The
solution was stirred for 24 h, then the solvent removed and the residue taken up in
CH2CI2 and treated with Et20 to precipitate the product. Yield 50 mg (36%).
IH nmr (300 MHz, CDCI3) 5 7.1-7.9 (m, 20H, Ph), 5.85 (s, 6H, x\^-C^^),

2.8-2.9 (m,

2H, CH2), 2.4-2.5 (m, 2H, CH2), 1.53 (s, 2H, H2O).
31p{lH} nmr (121.4 MHz, CDCI3) 5 70.4 (s).
Analysis calc'd for C32H30CIF6P3RUH2O: C, 49.53; H, 3.90. Found: C, 49.23; H,
3.81%. The position of the 'r|6-C6H6 singlet in the ^H nmr spectrum is shifted slightly to
low field, relative to the literature value (t 4.03, or 5.97 ppm);^^ the signal is also
observed as a singlet, rather than the triplet reported, probably owing to limitations in
resolution. The 31p{ iH} nmr spectrum has not previously been described.
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2.6.6.2. PP = dppbi6 (71,)
X = CI: A mixture of red, dimeric 1 (66.3 mg, 0.132 mmol) and dppb (0.113 g,
0.265 mmol) in EtOH-C6H6 (6:1, total volume 28 mL) was heated at SO^C in an oil-bath
for 1 h. A suspension containing an orange solid was obtained, from which bridged 6b
(60 mg, 49%) was removed by filtration. The filtrate was concentrated to ~5 mL, and
filtered to remove a white precipitate, identified from its 31p{lH} nmr spectrum as dppb
(32.6 mg, 29% of added dppb). The filtrate was treated with hexanes to precipitate the
desired Tb-Cl, which was reprecipitated from C6H6-hexanes, washed with warm hexanes
( 5 x 3 mL) and dried under vacuum. Yield 68 mg (33%). Nmr parameters are as
reported below for the PFg salt, ignoring the septet for the PFg counter-ion in the ^^P{ ^H}
nmr spectrum. Microanalytical data were not obtained for the chloride salt.
X = PF6: (a) A suspension of brown Ru2Cl4(C6H6)2 (0.520 g, 1.04 mmol) and
dppb (0.887 g, 2.08 mmol) in EtOH (70 mL) was refluxed for 1 h. A green precipitate
came out of solution over this period; the soUd was filtered off, washed with CH2CI2 (3 x
5 mL) and dried under vacuum.

This product was tentatively identified as

[RuCl2(dppb)]2(|J--dppb) (see Section 2.7.5), but confirmation by elemental analysis was
not possible, owing to contamination by insoluble residues of 1.

Some

[RuCl2(C6H6)]2(M^-dppb) is also present, as indicated by 31P{lH} nmr. Yield 0.361 g
(21%, based on Ru2Cl4(dppb)3 as the sole product and Ru2Cl4(C6H6)2 as the starting
complex). The filtrate was stripped of solvent, and the residue redissolved in CH2CI2; the
solution was filtered, and the filtrate treated with Et20 to precipitate an orange powder
(0.689 g). This is also a mixture, however; in addition to the singlet at 30.5 ppm in the
31p{lH} nmr spectrum (CDCI3), an unresolved series of peaks is observed between 20
and 24 ppm. Several singlets also appear in the rj^-CgHe region of the ^H nmr spectrum
(5 5.56, 5.52, 5.49, 5.32). The precipitate was dissolved in MeCN (15 mL) and treated
with NH4PF6 (0.184 g, 1.13 mmol). The solution was stirred for 15 h at room
temperature, then filtered through Celite; the filtrate was concentrated and treated with
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Et20 to precipitate a yellow-orange product. Reprecipitation from CH2Cl2-Et20 and
washing with a small amount of cold CH2CI2 (5 mL) gave clean 7b«PF6; 0.102 g (6%
based on RuCl2(C6H6)2 as precursor).
(b) To a suspension of brown Ru2Cl4(C6H6)2 (82.3 mg, 0.165 mmol) in MeOH
(15 mL) was added by cannula a solution of dppb (0.140 g, 0.329 mmol) in CH2CI2 (5
mL). An orange suspension formed, which was left to stir at room temperature for 8 h,
then treated with a solution of NH4PF6 (54.5 mg, 0.334 mmol) in MeOH (10 mL). The
colour of the solution lightened to yellow-orange over the next 12 h, after which the
solvent was removed, the residue taken up in CH2CI2, and the solution filtered through
Celite. The Celite was washed with CH2CI2 ( 3 x 5 mL), the combined solutions
concentrated to ~3 mL, and Et20 added. The resulting yellow precipitate was filtered off,
washed with C^He ( 2 x 5 mL), reprecipitated twice from CH2Cl2-Et20, and dried under
vacuum. Yield 41 mg (16% based on Ru2Cl4(C6H6)2 as the starting material).
IH nmr (300 MHz, CDCI3) 5 7.1-7.8 (m, 20H, Ph), 5.74 (s, 6H, T16-C6H6), 3.2-3.35 (m,
2H, CH2), 2.1-2.2 (m, 2H, CH2), 1.6-1.75 (m, 2H, CH2), 1.2-1.3 (m, 2H, CH2).
31p{lH} nmr (121.4 MHz, CDCI3) 5 30.50 (s), -144.3 (sept, / = 713 Hz).
Analysis calc'd for C34H34CIF6P3RUH2O: C, 50.79; H, 4.51. Found: C, 50.52; H,
4.31%. The ^H nmr data are in good agreement with those reported;^^ the ^IPI^H} nmr
spectrum has not previously been described.

2.6.6.3. PP = chiraphos (7c)
X = CI: (a) A suspension of brown 1 (60.4 mg, 0.121 mmol) and 5',iS'-chiraphos
(0.1033 g, 0.242 mmol) in EtOH (10 mL) was refluxed for 1 h to yield an orange-brown
solution containing a yellow-brown insoluble residue. The mixture was filtered and the
filtrate stripped of solvent; the residue was taken up in CH2CI2 and an aliquot removed
for nmr analysis. The 31p{lH} nmr spectrum (CH2CI2-CDCI3), presented in Section
3.3.3, shows a large singlet for ?-RuCl2(chiraphos)2 (54% of the total integration), and a
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small amount of the desired 7C'C1 (5%), as well as unassigned peaks: 5 80.9 (s); 89.8,
85.4 (ABq, 7 = 3 7 Hz).
(b) A mixture of red Ru2Cl4(C6H6)2 (58.6 mg, 0.117 mmol) and /?,/?-chiraphos
(99.9 mg, 0.234 mmol) in EtOH (40 mL) was refluxed for 1 h. The clear, deep red
solution was cooled, the solvent evaporated, and the residue taken up in CDCI3. The
31p{ iH} nmr spectrum of the residue shows in addition to the AB quartet for the desired
7C'C1 a second, downfield, AB pattern of equal integrated intensity, which remains
unassigned: 5 (C^Dg) 87.0, 80.6, 7 = 37 Hz. (These values are close to those observed in
CH2CI2-CDCI3 for a byproduct from the reaction using oligomeric 1, and are probably
due to the same species). A small amount of the bridged complex is also formed (10% of
total integrated intensity). Attempts at purification by reprecipitation from C6H6-Et20
were unsuccessful.
X = PF6: A solution of 5,5-chiraphos (0.106 g, 0.249 mmol) in CH2CI2 was
added to a solution of RuCl(C6H6)(MeCN)2+PF6- (0.110 g, 0.249 mmol) in MeCN (10
mL), and the mixture stirred at room temperature for 15 h. An aliquot of the clear orange
solution showed by 31p{ ^H} nmr only the AB pattern for 7C'PF6 and an A2B2 pattern,
assigned to ^RuCl(chiraphos)2(MeCN)+PF6• (9; see Section 2.7.4 and discussion in
Section 3.4.4). The bis(PP) species was extracted by repeated washing with hot CeHg (6
X 5 mL). Reprecipitation of the residue from MeCN (-0.5 mL) diluted with C6H6 (-0.5
mL) by addition of Et20 gave 7c.PF6. Yield 0.118 g (61%).
IH nmr (300 MHz, CDCI3) 5 7.1-7.9 (m, 20H, Ph), 5.76 (s, 6H, T16-C6H6), 3.1-3.3 (m,
IH, CH), 2.1-2.3 (m, IH, CH), 1.0-1.2 (m, 6H, Me).
31P{1H} nmr (121.4 MHz, CDCI3) 5 66.0, 71.8 (ABq, / = 44 Hz).
Analysis calc'd for C34H34CIF6P3RU: C, 51.95; H, 4.36; CI, 4.51. Found: C, 51.77; H,
4.40; CI, 4.33%.
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2.6.6.4. PP = diop (7d)
X = CI: (a) A mixture of red Ru2Cl4(C6H6)2 (36.8 mg, 0.0736 mmol) and R,Rdiop (73.5 mg, 0.147 mmol) in EtOH (40 mL) was refluxed for 1 h. An aliquot of the
clear yellow solution showed only the AB quartet for the desired product by 31p{lH}
nmr. The solution was filtered and the filtrate stripped of solvent; the residue was taken
up in CH2CI2 (2 mL), to which Et20 was added to precipitate the product.
Reprecipitation from CH2Cl2-Et20 gave clean 7d-Cl Yield 73.3 mg (66%).
(b) A suspension of brown 1 (53.5 mg, 0.106 mmol) and R,R-diop (0.107 g, 0.215
mmol) in EtOH (20 mL) was refluxed for 1 h. The orange-yellow solution was filtered,
concentrated to 2 mL, treated with Et20 and stirred for 12 h to induce crystallisation of
the resulting oil. A yellow precipitate of Td-Cl was filtered off (62 mg, 40%). Small
amounts of an orange precipitate (~2 mg) were isolated from the mother liquor by further
concentration. 31p{lH} nmr analysis of this material (C6D6) indicated a mixture of the
desired Vd-Cl and an unidentified product characterised by an AB quartet at 6 45.2, 32.2
(7=41 Hz). Signals for both Td-Cl and the new species, as well as a small singlet at -23
ppm for the bridged complex 6d, were observed in the 31p{lH} nmr spectrum of the
filtrate (CDCI3 spike).
IH nmr (300 MHz, CDCI3) 6 7.29-7.81 (m, 20H, Ph), 5.80 (s, 6H, r|6-C6H6), 4.14-4.28
(m, IH, CH), 3.40-3.62 (m, 2H, CH), 3.25 (t, / = 15.3 Hz, IH, CH), 2.59-2.72 (m, IH,
CH), 2.35-2.49 (m, IH, CH), 1.23 (s, 3H, Me), 1.20 (s, 3H, Me).
31P{iH} nmr (121.4 MHz, CDCI3) 8 23.9, 25.8 (ABq, 7 = 57 Hz).
Analysis calc'd for C37H38CI2O2P2RUH2O: C, 57.97; H, 5.26. Found: C, 57.86; H,
5.43%.

2.6.6.5. PP = binap" (7e)
X = CI: (a) The complex was prepared by the reported method.^^ Benzene (2
mL) and EtOH (16 mL) were added to a mixture of red, dimeric Ru2Cl4(C6H6)2 (1)
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(0.104 g, 0.208 mmol) and R-hinwp (0.259 g, 0.416 mmol) under Ar, and the suspension
heated to 50"C for 1 h to give a clear dark yellow-brown solution. An aliquot removed
after this period showed a single r\^-C^Q peak by ^H nmr (CDCI3), and no starting
phosphine in the 31p{ iR} nmr spectrum, though an unidentified, poorly resolved series of
peaks between 49 and 60 ppm accounted for -10% of the total integration. The solution
was stripped of solvent and the residue taken up in CH2CI2 (5 mL); the solution was
filtered, and the filtrate concentrated and treated with Et20 to precipitate the yelloworange product. Yield after reprecipitation from CH2Cl2-Et20: 0.229 g (63%). Nmr
data accorded with those of the PFg salt (with the exception of the high-field 5p FFg
septet for the latter); microanalytical data were not obtained for the chloride salt.
(b) The complex was prepared in situ by dissolving /?-binap (9.3 mg, 0.015
mmol) and RuCl(C6H6)(dmso) (5.0 mg, 0.015 mmol) in CDCI3 (0.7 mL) at room
temperature. The sample was examined by 31p{ iR} nmr after 14 h in solution.
X = PFe: To a suspension of brown Ru2Cl4(C6H6)2 (70.8 mg, 0.142 mmol) in
EtOH (20 mL) was added by cannula a solution of binap (0.160 g, 0.257 mmol) in C6H6
(3 mL). The solution turned yellow-brown on gentle heating {.-40^0) for 1 h, and
distinctly yellower on addition of a solution of NR4PF6 (46.1 mg, 0.283 mmol) in MeOH
(4 mL). The solution was stirred overnight at room temperature, then filtered through
Celite. The Celite was washed with CH2CI2 ( 3 x 5 mL), the combined solutions
concentrated to ~3 mL, and Et20 added. The resulting yellow precipitate was filtered off,
washed with cold C^HQ ( 2 X 5 mL), reprecipitated from CH2Cl2-Et20, and dried under
vacuum. Yield 64 mg (23% based on Ru2Cl4(C6H6)2 as the starting material).
IR nmr (300 MRz, CDCI3) 5 6.8-7.9 (m, 32R, Ph), 6.43 (d, 7 = 9.1 Rz, IR, Ph), 5.92 (d,
/ = 9.1 Rz, IR, Ph), 5.52 (s, 6H, Ti^-CeHe).
31P{ IR} nmr (121.4 MRz, CDCI3) 5 29.6, 37.4 (ABq, / = 64.5 Rz).
Analysis calc'd for C50H38CIF6P3RU: C, 61.14; R, 3.89 Found: C, 61.11; R, 4.05%.
The 31p{ 1R} nmr data are in good agreement with those reported.^^
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2.7. Products from Arene-Displacement Reactions

2.7.1. ^RuCl2(dppe)2 (8a)
The complex was not prepared by the literature method, ^^ but by displacement of
coordinated benzene from 1. A suspension of brown Ru2Cl4(C6H6)2 (50.0 mg, 0.100
mmol) and dppe (0.160 g, 0.402 mmol) was refluxed in dry EtOH (40 mL) under Ar for 2
h. The resulting yellow precipitate of RuCl2(dppe)2 was filtered off; a second crop was
obtained on concentration of the filtrate and addition of Et20. Yield 75.5 mg (78%) after
drying under vacuum.
IH nmr (300 MHz, CDCI3) 6 6.9-7.3 (m, 40H, Ph), 2.65-2.75 (m, 8H, CH2), 1.5 (s, IH,
H2O).
31p{lH} nmr (121.4 MHz, CDCI3) 5 45.0 (s).
Analysis calc'd for C52H48CI2P4RUO.5H2O: C, 63.87; H, 5.05. Found: C, 63.98; H,
5.14%. The spectroscopic data accord with those reported for the non-solvated species.^^
The complex was recently characterised crystallographically.'^^

2.7.2. ^RuCl2(chi^aphos)2 (8b)
This complex was not deliberately prepared, but was isolated in the attempted
preparation of the mixed-valence dimer Ru2Cl5(chiraphos)2 (13c, Section 2.9.3). Similar
results, though lower yields, were described in earlier work, in which 8 b was
characterised by X-ray analysis;^^"'^^ the complex has also been prepared by a phosphineexchange reaction with RuCl2(PPh3)3.^^ A sample of the material obtained from the
attempted preparation of 13c (0.161 g), which was impure by elemental analysis and
presumed to be a mixture of r-RuCl2(chiraphos)2 and Ru2Cl5(chiraphos)2, was stirred
with polyvinylpyridine (0.7 g) under H2 in C6H6 (10 mL) for 30 h at room temperature.
The solution was filtered to remove PVP, concentrated to ~3 mL, and treated with
hexanes to precipitate a pale brown product. This was filtered off and dried under
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vacuum. The product was not characterised at this stage, but was dissolved in MeCN (2.5
mL) for attempted conversion to RuCl(chiraphos)(MeCN)3+Cl". The solution turned
green immediately on addition of MeCN; CgHg (2.5 mL) was added, and the solution
stirred for 12 h, over which time a yellow precipitate formed. This was filtered off,
washed with hexanes ( 2 x 1 mL) and dried under vacuum; yield 27 mg. The product
contains half a mole of C^He solvate which was not removed by drying under vacuum;
the presence of C6H6 was confirmed by the appearance of a large singlet at 7.26 ppm in
the ^H nmr spectrum.
IH nmr (300 MHz, CDCI3) 5 6.8-7.6 (m, 43H, Ph and CeHeX 2.75-2.95 (m, 4H, CH), 0.7
(s, 12H, Me).
31p{lH} nmr (121.4 MHz, CDCI3) 6 47.1 (s).
Analysis calc'd for C56H56CI2P4RUO.5 CeHe: C, 66.60; H, 5.58; CI, 6.66. Found: C,
66.81; H, 5.65; CI, 6.80%. No spectroscopic data were reported in the earlier work.'^^'^^

2.7.3. c-RuCl2(chiraphos)2
A small A2B2 pattern was discerned in the 3lp{lH} nmr spectrum (undegassed
CDCI3) of the ^rans-chloride isomer of this complex within 10 min of dissolving the
original sample. The new signals grow in if the solution is left to stand in the nmr tube at
room temperature; after 24 h the two species are present in 1:1 mole ratio as judged from
31p{ 1H} nmr integration ratios. The rate of isomerisation appears variable, however, as a
second sample prepared after allowing the precipitate to air-dry overnight showed less
than 10% conversion to the cis-chloride isomer after 24 h in degassed CDCI3. The
product was not isolated.
31p{lH} nmr (121.4 MHz, CDCI3) 5 44.3, 52.8 (A2B2, / = 25 Hz).

2.7.4. ^RuCl(chi^aphos)2(MeCN)+PF6- (9)
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This complex was isolated from the reaction of RuCl(C6H6)(MeCN)2'''PF6' with
i'.S-chiraphos, as described in Section 2.6.6.3(a). It was characterised by ^H and 31p{lH}
nmr spectroscopy (see Section 3.4.4, Figure 3.12), but was obtained in amounts too small
for purification and subsequent elemental analysis.
iH nmr (300 MHz, CDCI3) 5 6.7-7.9 (m, 40H, Ph), 2.9-3.1 (m, 2H, CH), 2.4-2.6 (m, 2H,
CH), 1.01 (s, 3H, MeCN), 0.77 (dd, % . ? = 12.3 Hz, VH-H = 6.3 Hz, 6H, Me), 0.51 (dd,
3/H-P

= 12.3 Hz, V H - H = 6.3 Hz, 6H, Me).

31p{ IH} nmr (121.4 MHz, CDCI3) 5 44.2, 52.8 (A2B2, / = 25 Hz).

2.7.5. [RuCl2(dppb)]2(|i-dppb)24
(a) A mixture of RuCl2(PPh3)3 (0.215 g, 0.224 mmol) and dppb (0.163 g, 0.382
mmol) turned a deep green immediately on addition of CH2CI2 (10 mL) under Ar. A
deep green precipitate, which began to form almost immediately, was filtered off after
stirring the solution for 2.5 h, washed with CH2CI2 ( 5 x 5 mL), and dried under vacuum.
Yield 0.146 g (80%).
(b) A green precipitate of [RuCl2(dppb)]2(|J--dppb) was also formed by reaction
of 1 with excess dppb in refluxing EtOH (Section 2.6.5.2) or MeOH (Section 3.3.2).
The insolubility of the complex precluded nmr analysis.
Analysis calc'd for C84H84CI4P6RU2: C, 62.15; H, 5.22. Found: C, 62.32; H, 5.19%.

2.7.6. f-RuCl2(dmso>i (10)
The complex was not prepared by the literature methods,^^'-^^ but by the
photochemical reaction of brown (oligomeric) Ru2Cl4(C6H6)2 with dmso solvent. A
solution of the ruthenium precursor (0.102 g, 0.20 mmol based on Ru2) in dmso (1.5 mL)
was left to stand exposed to air and sunlight for 1 week. The dark brown solution slowly
deposited a yellow-orange precipitate, which was filtered off, washed with Et20 ( 4 x 5
mL), and dried under vacuum. Yield 0.14 g (71% based on Ru2).
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iH nmr (300 MHz, CDCI3) 5 3.39 (s, Me), 2.60 (s, residual dmso).
Ir (Nujol): ^(S^O) 1086 cm-1 (g^ S-bonded dmso). The spectroscopic data agreed with
those reported.-^^''^^

2.7.7. c-RuCl2(dmso)4
The complex was not prepared by the literature method,^^ but by the thermal
reaction of brown (oligomeric) Ru2Cl4(C6H6)2 with dmso solvent. A solution of the
ruthenium precursor (97.8 mg, 0.19 mmol based on Ru2) in dmso-MeOH (2:5 v/v, total
volume 14 mL) was heated to reflux under Ar for 6 h, then stirred at room temperature
for an additional 10 h. The initially orange solution turned yellow over this period, and
precipitated a pale yellow product. This was filtered off, washed with Et20 ( 3 x 5 mL),
and dried under vacuum; a second crop was obtained by concentrating the mother liquor
to ~2 mL and adding Et20. Yield 0.110 g (58% based on Ru2). The ^H nmr spectrum is
complicated by the establishment of an equilibrium between c-RuCl2(dmso)4 and
RuCl2(dmso)3 (the latter complex possibly solvated) and free dmso.^^ Signals for the
tetrakis- and tris(dmso) species in the parameters listed below are indicated by A and B,
respectively. Relative integral intensities could not be accurately measured, owing to the
proximity of the peaks, but approximate values could be determined.
iH nmr (300 MHz, CDCI3) 5 3.55 (s, 6H, dmso Me, B), 3.52 (s, 12H, dmso Me, A), 3.46
(s, 6H, dmso Me, A), 3.35 (s, 3H, dmso Me, B), 2.75 (s, 6H, dmso Me, A), 2.62 (free
dmso).
Ir (Nujol): 'u(S=0) 1115 (s, S-bonded dmso), 958 cm-1 (§, 0-bonded dmso). The
spectroscopic data are in good agreement with those reported.-^^

2.7.8. ^RuCl2(MeCN)428 29 ( n )
The complex was prepared by a modification of the literature methods.-^^'^^ A
brown suspension of RuCl3-3H20 (0.585 g, 2.40 mmol) and Pt02 (5 mg) in MeCN (5
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mL) under H2 (1.2 atm) was stirred at room temperature for 24 h, over which time a deep
orange solution formed, turned yellow and deposited a yellow precipitate. This was
filtered off, washed with Et20 ( 3 x 5 mL), and reprecipitated from CH2Cl2-MeOH by
addition of Et20. The dull yellow precipitate was dried under vacuum (0.534 g, 66%);
spectroscopic and analytical data indicated formation of a solvate of 0.5 mol H2O.
IH nmr (300 MHz, CDCI3) 5 2.51 (s, 12 H, Me), 1.55 (s, 1 H, H2O).
Ir (Nujol): ^(C^N) 2278 cm-1 (m). Analysis calc'd for C8H12N4CI2RUO.5H2O: C,
27.84; H, 3.79; N, 16.23; CI, 20.54. Found: C, 27.87; H, 3.62; N, 16.24; CI, 20.75%.
The infrared data agree with those reported for the non-solvated species; the ^H nmr data
were not reported. ^^'^^

2.8. Mixed-Phosphine Complexes, RuCl2(PP)(PPh3) (12)

2.8.1. PP = dppb303i (12a)
The complex was prepared by the reported method.^^ A dark green solution of a
mixture of RuCl2(PPh3)3 (1.07 g, 1.12 mmol) and dppb (0.478 g, 1.12 mmol) in CH2CI2
(20 mL) was stirred at room temperature for 2 h, then filtered to remove any
Ru2Cl4(dppb)3 formed. (None of this CH2Cl2-insoluble green precipitate^'^ is obtained if
the ruthenium precursor is pure; its formation is apparently associated with the presence
of residual PPh3).^^ The solution was then concentrated to ~5 mL and MeOH (10 mL)
added to precipitate the product. The mixture was stirred for 1 h, after which the green
precipitate was filtered off, washed with MeOH ( 2 x 5 mL) and hexanes (3x15 mL), and
dried under vacuum. Yield 0.87 g (90%).
Analysis calc'd for C46H43CI2P3RU: C, 64.19; H, 5.04; CI, 8.24. Found: C, 64.20; H,
4.99; CI, 8.34%. The 31p{lH} nmr spectrum of this complex, which is complicated by
dissociation of PPh3 and dimerisation of the Ru species to give Ru2Cl4(dppb)2, has been
described.^ ^
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2.8.2. PP = diop5 (12b)
The complex was not prepared by the method previously described;^ both (+)- and
(-)-diop (i.e. S,S- and R,R-diop) complexes were prepared in the same manner as the dppb
analogue, omitting the filtration step, as Ru2Cl4(diop)3 is CH2Cl2-soluble.^

A

representative procedure is described for (-)-diop. A deep green solution of a mixture of
RuCl2(PPh3)3 (0.411 g, 0.428 mmol) and (-)-diop (0.214 g, 0.428 mmol) in CH2CI2 (10
mL) was stirred for 24 h under Ar. The solution was then concentrated, Et20 (15 mL)
added, and the resulting green suspension stirred for 5 h. The green precipitate was
filtered off, washed with hexanes ( 3 x 5 mL), and dried under vacuum. Yield 0.34 g
(86%).
Analysis calc'd for C49H47CI2O2P3RU: C, 63.09; H, 5.08. Found: C, 63.03; H, 5.11%.
The 31p{ ^H} nmr spectrum of this complex has been described.^

2.8.3. PP = binap30'33 (12c)
Both (+)- and (-)-binap (i.e. R- and iS-binap) complexes were prepared, by the
published method;^^ a representative procedure is described for the latter. An orangebrown solution formed by addition of CH2CI2 (15 mL) to a mixture of RuCl2(PPh3)3
(0.251 g, 0.262 mmol) and (-)-binap was stirred for 24 h, then concentrated to ~5 mL.
Addition of Et20 (10 mL) precipitated an orange product, which was filtered off, washed
with hexanes ( 2 x 5 mL), and dried under vacuum. Yield 0.23 g (83%).
Analysis calc'd for C62H47CI2P3RU: C, 70.46; H, 4.48. Found: C, 70.25; H, 4.61%.
The 31p{ 1H} nmr spectrum of this complex has been described.^^

2.9. Mixed-Valence Dimers, Ru2Cl5(PP)222^^ (13)

Preparation of all complexes of type 13, with the exception of the dppe species,
was undertaken by the reported method. ^^'^°
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2.9.1. PP = dppe (13a)
Isolation of exclusively ?-RuCl2(dppe)2 (8a; Section 2.7.1) on treatment of
RuCl3[P(p-tol)3]2(DMA)DMA with dppe in refluxing hexanes was reported in earlier
work.^^ The room-temperature reaction in CH2CI2 was investigated, in the hope of
minimising the apparent thermodynamic preference for 8a. A solution of dppe (98.1 mg,
0.246 mmol) in CH2CI2 (2 mL) was added to a clear solution of RuCl3[P07tol)3]2(DMA)DMA (0.244 g, 0.246 mmol) in CH2CI2 (3 mL). An instant colour change
from brown-yellow to orange-red was observed. The solution was concentrated and
hexanes added. A red-brown precipitate was filtered off, washed with hexanes (2 x 10
mL) and reprecipitated from CH2Cl2-Et20 (0.129 g after drying under vacuum). The
product was impure; the microanalytical data were consistent with a mixture of the
desired product and 8a (and residual DMA), and the presence of 8a was confirmed by
31p{lH}nmr (Section 2.7.1).
31p{lH} nmr (121.4 MHz, CDCI3) 5 45.1 (s).
Analysis calc'd for C52H48CI5P4RU2: C, 53.10; H, 4.11; N, 0. Found: C, 61.31; H, 5.03;
N, 0.12%. {Cf. values calculated for RuCl2(dppe)2: C, 64.47; H, 4.99%).

2.9.2. PP = dppb2230 (13b)
A suspension of RuCl3(PPh3)2(DMA)DMA (1.05 g, 1.16 mmol) and dppb (0.493
g, 1.16 mmol) in hexanes (150 mL) was refluxed under Ar for 24 h, over which time the
colour changed from green to red. The solution was filtered while hot, and the red-brown
precipitate washed well with hot hexanes (8 x 20 mL, or until no trace of PPh3 remained
in the washings, as judged by tic). The crude product was washed through the frit with
CH2CI2 ( 3 x 5 mL). Concentration of the solution to 5 mL, followed by addition of Et20
(-10 mL) precipitated the product as a red-brown solid. Yield after drying under vacuum
0.58 g (81%).
Analysis calc'd for C56H56CI5P4RU2: C, 54.58; H, 4.58. Found: C, 54.69; H, 4.70%.
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2.9.3. PP = chiraphos^^^o (13c)
A suspension of 5*,S-chiraphos (0.370 g, 0.867 mmol) and RuCl3[P(ptol)3]2(DMA)DMA (0.859 g, 0.867 mmol) in hexanes (150 mL) under Ar was heated to
reflux. The green suspension began to change colour immediately, and had turned deep
red within 1.5 h. The mixture was refluxed for 24 h, then the red-orange solid filtered off
and washed with hot hexanes (3 x 20 mL). 3lp{ 1H} nmr spectra (CDCI3) of the residues
obtained on stripping the hexanes washings indicated the presence of f-RuCl2(chiraphos)2
(5 47.0); see Section 2.7.2. This complex was not removed by reprecipitation, though
relative amounts could not be assessed owing to the paramagnetism of the desired
product. Because of the relative non-polarity of the bis(diphosphine) complex, however,
it is slightly soluble in hexanes, and was removed by exhaustive trituration of the crude
product with warm hexanes (-30 x 30 mL). Reprecipitation from CH2Cl2-Et20 gave as a
first crop Ru2Cl5(chiraphos)2 (with half a mole of DMA solvate, in contrast to the nonsolvated product found in earlier work),^^-^^ but subsequent crops contained the
bis(diphosphine) as judged by ^IPI^H} nmr. The isolated yield of the desired product
was therefore very low: 0.10 g (9%).
Analysis calc'd for C56H56CI5P4RU2O.5 DMA (C4H9NO): C, 54.60; H, 4.78; N, 0.55;
CI, 13.89. Found: C, 54.69; H, 4.88; N, 0.50; CI, 14.20%. The presence of DMA as a
solvate was confirmed by infrared spectroscopy:
Ir (Nujol): 'u(C=0) 1648 cm-1 (m, free DMA).
This approach to 13c was found to be much less selective than previously
described.^'^'^^ The reasons for this are not understood, but the thermodynamic
susceptibility of the chiraphos systems to formation of chelating bis(diphosphine)
complexes (see Chapter 3, Sections 3.3.3 and 3.4.4) suggests that the reaction might more
profitably be carried out at room temperature. It should be noted in this context that the
reaction with the related diphosphine dppe gave solely ?-RuCl2(dppe)2, in either refluxing
hexanes, ^^ or at room temperature in CH2CI2 (Section 2.9.1).
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2.9.4. PP = diop22'30 (13d)
The complex was prepared in the same manner as its dppb analogue (Section
2.9.2), handling the oxygen-sensitive phosphine in air as briefly as possible.

A

suspension of RuCl3(PPh3)2(DMA)DMA (1.06 g, 1.17 mmol) and (-)-diop (0.583 g, 1.17
mmol) in hexanes (150 mL) was heated to reflux under Ar. A colour change from green
to brown-red occurred within 10 min. The suspension was refluxed for 24 h, filtered, and
the red-brown precipitate washed well with warm hexanes (5 x 20 mL). The crude
product was washed through the frit with CH2CI2 ( 3 x 5 mL). Concentration of the
filtrate to ~2 mL, followed by addition of Et20 (10 mL) precipitated the product, which
was washed well with hexanes (6 x 10 mL) to remove DMA, and reprecipitated from
CH2Cl2-Et20. Yield after drying under vacuum 0.62 g (77%).
Analysis calc'd for C62H64CI5O4P4RU2: C, 54.10; H, 4.69. Found: C, 54.26; H, 4.59%.

2.9.5. PP = binap^o (13e)
A suspension of RuCl3[P(/7-tol)3]2(DMA)DMA (0.669 g, 0.675 mmol) and Sbinap (0.423 g, 0.679 mmol) in hexanes (150 mL) was heated to reflux under Ar. A
colour change from green to brown-red occurred on refluxing for 24 h. The solution was
allowed to cool, filtered, and the red-brown precipitate washed well with warm hexanes
(5 x 20 mL). The crude product was washed through the frit with CH2CI2 (~3 x 5 mL).
Concentration of the solution to 2 mL and addition of Et20 precipitated the product,
which was washed with hexanes (20 x 10 mL) and reprecipitated twice from CH2CI2hexanes. Yield after drying under vacuum 0.39 g (68%).
Ir (Nujol):

i) (C=0)

1648 cm-1 (m, free DMA).

Analysis calc'd

for

C88H64CI5P4RU2DMA (C4H9NO): C, 64.55; H, 4.30; N, 0.82. Found: C, 64.09; H,
4.31; N, 0.59%. In the reported synthesis of 13e, a solvate of water, rather than DMA,
was isolated.^^
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2.10. Ruthenium(II, II) Dimers, Ru2Cl4(PP)22^'3° (14)

Air-sensitive [RuCl(PP)(p,-Cl)]2 complexes were prepared by the published
method, by H2-hydrogenation of the Ru(II,III)-diphosphine precursors, Ru2Cl5(PP)2, in
the presence of either DMA (PP = dppb) or polyvinylpyridine (PVP; PP = diop, binap) as
base.^^'^^ The products were stored under Ar.

2.10.1. PP = dppb (14a)
A solution of Ru2Cl5(dppb)2 (1.01 g, 0.819 mmol) in DMA (10 mL) was stirred
under 1 atm H2 for 16 h, over which time its colour changed from red-orange to brownorange. The solution was concentrated to ~5 mL, the product precipitated with dry
MeOH (40 mL), and the mixture stirred for 8 h under H2. The brown-orange product was
filtered off, washed with MeOH ( 3 x 5 mL) and Et20 ( 2 x 5 mL) and dried under
vacuum. Yield: 0.73 g (74%).
31p{lH} nmr (121.4 MHz, CeDe) 5 64.1, 55.0 (ABq, / = 47.9 Hz).
Analysis calc'd for C56H56CI4P4RU2H2O: C, 55.36; H, 4.81. Found: C, 55.43; H,
4.89%. The 31p{lH} data agree with those reported;^^ the hygroscopic character of the
product has also been noted. ^^-^^

2.10.2. PP = diop (14b)
A mixture of Ru2Cl5(diop)2 (0.112 g, 0.0813 mmol) and PVP (0.5 g) in C^6 (10
mL) was stirred under 1 atm H2 for 48 h. The solution was filtered to remove PVP, the
filtrate concentrated to ~2 mL, and hexanes added to precipitate a brown product, which
was filtered off, washed with hexanes ( 3 x 5 mL) and dried under vacuum. Yield 78.2
mg (72%).
31p{lH} nmr (121.4 MHz, CDCI3) 5 50.1, 47.1 (ABq, 7 = 46.0 Hz).
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Analysis calc'd for C62H64CI4O4P4RU2: C, 55.53; H, 4.81. Found: C, 55.46; H, 4.96%.
The complex was characterised by 31p{lH} nmr in CD3CN (Section 2.11.7.2), rather
than in CeDg or CDCI3 as earlier reported.-^^'^^

2.10.3. PP = binap (14c)
A mixture of Ru2Cl5(binap)2DMA (0.109 g, 0.0636 mmol) and PVP (0.5 g) in
C6H6 (10 mL) was stirred under 1 atm H2 for 24 h. The solution was filtered to remove
PVP, and the filtrate concentrated to ~1 mL, then treated with hexanes. The brown
product was filtered off, washed with hexanes ( 3 x 5 mL) and dried under vacuum. Yield
69 mg (68%).
Analysis calc'd for C88H64CI4P4RU2H2O C, 65.76; H, 4.14. Found: C, 65.45; H,
4.12%. The complex was characterised by 31p{lH} nmr in CD3CN (Section 2.11.7.3),
rather than in CgDg or CDCI3 as earlier reported.'^^'^^

2.11. Nitrile Derivatives (see Chapter 4)

2.11.1. Ru2Cl4(dppb)2(MeCN) (15)
(a) A solution of RuCl2(dppb)(PPh3) (0.117 g, 0.136 mmol) in MeCN-CeHg (1:2,
6 mL total) was stirred for 16 h. The solvent was then removed by evaporation, and
C6H6 (~1 mL) added to the yellow-orange residue, giving an orange suspension. The
product was filtered off, washed with hexanes ( 2 x 5 mL), and dried under vacuum. A
second crop was obtained on addition of hexanes (5 mL) to the mother liquor. Yield 73
mg (92%).
(b) A suspension of Ru2Cl4(dppb)2 (0.40 g, 0.33 mmol) in MeCN (10 mL) was
stirred for 2 h at room temperature. The solvent was removed under vacuum, and the
residue dissolved in hot C^H^ (-20 mL). Addition of Et20 precipitated an orange solid.
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which was filtered off, washed with Et20 ( 3 x 5 mL), and dried under vacuum. Yield
0.29 g (71%).
iH nmr (300 MHz, CeDe) 5 8.72 (t, J = 8.6 Hz, IH, Ph), 8.64 (t, / = 8.9 Hz, IH, Ph), 8.07
(t, J = 8.4 Hz, IH, Ph), 7.87 (t, 7 = 8.9 Hz, IH, Ph), 7.83 (t, 7 = 8.1 Hz, IH, Ph), 6.65-7.60
(m, 35H, Ph), 4.30-4.48 (m, IH, CH of CH2), 2.85-3.03 (m, IH, CH of CH2), 2.11-2.62
(m, 3H, CH2), 0.68-2.07 (m, IIH, CH2), 0.80 (s, 3H, Me); (CDCI3) 5 8.11-8.31 (m, 4H,
Ph), 6.64-7.8 (m, 36H, Ph), 3.35-4.0 (m, IH, CH of CH2), 2.2-2.8 (m, 4H, CH2), 0.8-2.16
(m, IIH, CH2), 1.64 (s, 3H, Me).
31p{lH} nmr (121.4 MHz, CgDe) 5 53.5, 52.2 (ABq, 7 = 44.3 Hz); 51.0, 45.8 (ABq, 7 =
36.2 Hz); (CD2CI2) 5 52.3 (s); 50.8,46.5 (ABq, 7 = 36.4 Hz); (CDCI3) 6 53.5, 52.0 (ABq,
7 = 44.3 Hz); 51.0, 46.6 (ABq, 7 = 36.1 Hz).
Ir (Nujol): 'o(C=N) 2282 cm-1 (w). Analysis calc'd for C58H59CI4NP4RU: C, 56.27; H,
4.80; N, 1.13; CI, 11.45. Found: C, 56.07; H, 4.94; N, 1.24; CI, 11.60%.

2.11.2. Ru2Cl4(PP)2(PhCN) (16)

2.11.2.1. PP = dppb (16a)
A bright yellow suspension of RuCl2(dppb)(PhCN)2 (51 mg, 0.063 mmol) in
CgHg (10 mL) was stirred at room temperature for 24 h, until reaction was complete as
judged by 31p{ ^H} nmr. The solution was concentrated and Et20 was added to obtain an
orange-yellow precipitate, which was filtered off and dried under vacuum. Yield 29 mg
(71%).
iH nmr (300 MHz, CeDe) 5 8.63-8.76 (m, 2H, Ph), 8.00-8.10 (m, IH, Ph), 7.68-7.89 (m,
3H, Ph), 6.56-7.55 (m, 39H, Ph), 4.38-4.55 (m, IH, CH of CH2), 3.03-3.22 (m, IH, CH of
CH2), 0.75-2.58 (m, 14H, CH2); (CDCI3) 6 8.12-8.35 (m, 4H, Ph), 6.64-7.85 (m, 41H,
Ph), 3.37-4.0 (m, IH, CH of CH2), 2.84-3.1 (m, IH, CH of CH2), 2.24-2.70 (m, 4H,
CH2), 0.8-2.16 (m, lOH, CH2); (CD2CI2) 6 8.26-8.38 (m, 2H, Ph), 8.10-8.20 (m, 2H, Ph),
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6.73-8.00 (m, 41H, Ph), 3.82-4.00 (m, IH, CH of CH2), 2.82-3.00 (m, IH, CH of CH2),
1.02-2.72 (m, 14H, CH2).
31P{ iH} nmr (121.4 MHz, Ce^e) 5 54.7, 54.4 (ABq, / = 44.2 Hz); 52.4, 45.7 (ABq, J =
35.8 Hz); (CD2CI2) 5 52.2 (s); 50.7,45.3 (ABq, / = 36.3 Hz); (CDCI3) 5 53.2, 52.5 (ABq,
J = 44.3 Hz); 51.0, 45.3 (ABq, J = 36.3 Hz).
Ir (Nujol): \)(C=W} 2230 cm-l (w). Analysis calc'd for C63H61CI4NP4RU2: C, 58.21; H,
4.73; N, 1.08; CI, 10.91. Found: C, 58.35; H, 4.65; N, 1.15; CI, 10.73%.

2.11.2.2. PP = diop (16b)
To a green solution of RuCl2(5,5'-diop)(PPh3) (107.7 mg, 0.115 mmol) in CeUe (5
mL) was added a small excess of PhCN (8 |iL, 0.078 mmol), causing a colour change to
yellow within 5 min. The solution was stirred at room temperature for 1 h, concentrated
to -0.25 mL, and treated with Et20 to precipitate the orange product. Yield after
reprecipitating from C6H6-hexanes and drying under vacuum: 71 mg (85%).
IH nmr (300 MHz, CeDe) 6 8.61 (t, / = 9.5 Hz, 4H, Ph), 8.29 (t, / = 8.3 Hz, 2H, Ph),
6.57-8.13 (m, 84H, Ph), 4.45-4.96 (m, 6H, CH), 3.81-3.96 (m, 4H, CH and CH2), 3.463.69 (m, 4H, CH2), 2.55-3.29 (m, lOH, CH2), 1.23-1.34 (overlapping singlets, 24H, Me;
peaks can be discerned at 1.32, 1.31, 1.29, 1.27, 1.24).
31P{1H} nmr (121.4 MHz, CeDe) 6 47.1, 44.1 (ABq, / = 42.1 Hz); 44.7, 35.8 (ABq, J =
34.7 Hz); 44.6, 39.0 (ABq, / = 35.6 Hz); -44-45 (unobservable, see Section 4.3.2.1).
Ir (Nujol): 'U(C=N) 2232 cm-l (w). Analysis calc'd for C69H69CI4NO2P4RU2: C, 57.39;
H, 4.82; N, 0.97; CI, 9.82. Found: C, 57.37; H, 4.86; N, 1.10; CI, 9.83%.

2.11.2.3. PP = binap (16c)
Yellow RuCl2(/?-binap)(PhCN)2 (18c, see below) (92 mg, 0.092 mmol) was
dissolved in CeHg (5 mL) and the solution stirred for 4 h at room temperature, over which
time it turned deep yellow-orange. The solution was concentrated to ~1 mL and treated
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with hexanes to precipitate the orange product, which was reprecipitated from CsHghexanes and dried under vacuum. Yield 0.65 g (83%).
IH nmr (300 MHz, C^De) 5 5.3-9.1 (m, Ph), 0.46 (br s, H2O).
31p{lH} nmr (121.4 MHz, CeDe) 6 62.5, 56.3 (ABq, 7 = 42.0 Hz); 62.3, 58.4 (ABq, 7 =
41.0 Hz); 57.0, 51.2 (ABq, 7 = 33.5 Hz); 55.3, 53.8 (ABq, 7 = 35.1 Hz).
Ir (Nujol):

'D(C=N)

2229 cm'l (w). Analysis calc'd for C95H69CI4NP4RU2H2O: C,

66.71; H, 4.18; N, 0.82. Found: C, 66.89; H, 4.13; N, 0.93%.

2.11.3. RuCl2(PP)(MeCN)2 (17)

2.11.3.1. PP = dppb (17a)
(a) A solution of Ru2Cl4(dppb)2 (74 mg, 0.060 mmol) in MeCN (10 mL),
showing only signals for the cationic species 21a'Cl by

31{1H}

nmr (Section 2.11.7.1),

was stirred at room temperature for 15 h, then concentrated to ~4 mL and treated with
Et20 to precipitate yellow 17a (48 mg, 69% yield). Samples of the isolated product
turned orange on drying under air or vacuum overnight, and were identified as a mixture
of 17a and Ru2Cl4(dppb)2(MeCN) (15) by 31p{lH} nmr (CeDe). Loss of nitrile from
isolated 17a also occurred rapidly in benzene solution.
(b) Attempts to prepare 17a in the same manner as the PhCN analogue 18a (see
below), by treatment of RuCl2(dppb)(PPh3) (0.117 g, 0.136 mmol) with MeCN (2 mL)
and CeHg (4 mL), gave only 15 as judged by 31p{lH} nmr (see Section 2.11.1).
IH nmr (300 MHz, C6D6) 5 8.05-8.2 (m, 4H, Ph), 7.55-7.7 (m, 4H, Ph), 6.9-7.35 (m,
12H, Ph), 3.25-3.42 (m, 2H, CH2), 1.9-2.2 (m, 4H, CH2), 1.1-1.23 (m, 2H, CH2), 1.5 (s,
6H, Me).
31P{lH} nmr (121.4 MHz, C6D6) 5 50.3 (s).

2.11.3.2. PP = binap (17b)
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The complex was not prepared directly, but was observed by 31p{lH} nmr in
spectra of RuCl(binap)(MeCN)3+PF6- (Zlc-PFe), in CD3CN as well as in halogenated
solvents. Thus a sharp AB pattern assigned to c,c,c-17b, as well as the broad resonances
due to 21c.Cl, is evident in spectra of RuCl2(binap)(PPh3) (~5 mg, 0.005 mmol) in
CD3CN (0.7 mL). A sample of 21c.PF6 (~7 mg, 0.007 mmol) in CH2CI2 spiked with
C6D6 (total volume 0.7 mL) showed immediately on dissolution only a singlet for a
trans-nitdle isomer of 17b, assigned by analogy to the PhCN complex 18c (Section
2.11.4.3). Reprecipitation of 21c'PF6 from CH2CI2-C6H6 gave a yellow product which
on dissolving in C^e

showed an AB pattern assigned to an all-cis isomer of 17b.

31P{ iH} nmr (121.4 MHz, CD3CN) 5 46.9, 41.3 (ABq, J = 38.0 Hz; c,c,c-17b); (CDCI3)
6 51.9 (s, M7b); (CeDe) 6 47.7, 45.1 (ABq, 7= 31.9 Hz; c,c,c-17b).
The 31p{ 1H} nmr data given above contrast with those reported for 17b in a paper which
appeared during the course of this work.^^ Details of the differences are described in
Section 4.3.1.2.

2.11.4. RuCl2(PP)(PhCN)2 (18)

2.11.4.1. PP = dppb (18a)
Benzonitrile (0.5 mL, 2.45 mmol) was added to RuCl2(dppb)(PPh3) (0.233 g,
0.270 mmol) under Ar, causing a colour change to yellow-brown as the green solid
dissolved. Benzene (8 mL) was added, and the solution stirred at room temperature. An
orange suspension formed within 10 min, which lightened to yellow on being stirred for
12 h. The resulting yellow precipitate was filtered off, washed with hexanes ( 3 x 1 0 mL)
and dried under vacuum. Yield 0.182 g (83%). The complex was also prepared, on about
the same scale, in CH2Cl2-PhCN, stirring for 1 h before adding Et20 to precipitate the
product.
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IH nmr (300 MHz, CeDe) 5 8.0-8.15 (m, 4H, Ph), 7.68-7.8 (m, 4H, Ph), 6.56-7.36 (m,
22H, Ph), 3.36-3.54 (m, 2H, CH2), 1.97-2.3 (m, 4H, CH2), 1.08-1.4 (m, 2H, CH2).
31p{lH} nmr (121.4 MHz, C^e) 8 50.5 (s).
Ir (Nujol):

'D(C=N)

2241 cm-1 (w). Analysis calc'd for C42H38CI2N2P2RU: C, 62.69; H,

4.76; N, 3.48; CI, 8.81. Found: C, 62.78; H, 4.87; N, 3.35; CI, 8.69%.

2.11.4.2. PP = diop (18b)
Benzonitrile (0.25 mL) was added to green RuCl2(5,5-diop)(PPh3) (0.105 g, 0.112
mmol) under Ar, giving a yellow suspension. The mixture was stirred for 15 min, then
treated with hexanes (5 mL) to precipitate a yellow product, which was filtered off,
washed with hexanes ( 3 x 5 mL) and dried under vacuum overnight. Yield 76 mg (77%).
IH nmr (300 MHz, C6D6) 5 8.68 (t, J = 9.0 Hz, IH, Ph), 8.05 (t, / = 9.0 Hz, IH, Ph),
7.66-7.72 (m, IH, Ph), 7.75, 7.49 (ABq, / = 8.8 Hz, 2H, Ph), 6.7-7.3 (m, 2H, Ph), 6.586.66 (m, 28H, Ph), 5.24, 5.18 (ABq, J = 8.9 Hz, IH, CH), 4.56-4.69 (m, IH, CH), 3.453.57 (m, IH, CH2), 3.21 (t, 7 = 16 Hz, IH, CH2), 2.81 (t, / = 15 Hz, IH, CH2), 2.56-2.66
(m, IH, CH2), 1.19 (s, 3H, Me), 1.13 (s, 3H, Me).
31P{ IH} nmr (121.4 MHz, C^e) 5 49.7, 36.0 (dd, / = 38.2 and 5.7 Hz).
Ir (Nujol): ^(C^N) 2237 cm-1 (w). Analysis calc'd for C45H42CI2N2O2P2RU: C, 61.65;
H, 4.83; N, 3.19; CI, 8.09. Found: C, 61.60; H, 4.88; N, 3.15; CI, 7.95%.

2.11.4.3. PP = binap (18c)
(a) To a red solution of RuCl2(/?-binap)(PPh3) (106.7 mg, 0.101 mmol) in CgHe
(5 mL) was added PhCN (0.3 mL, 2.9 mmol), previously degassed by two freeze-pumpthaw cycles. The yellow solution was stirred at room temperature for 4 h, concentrated to
~1 mL, and treated with Et20 to precipitate the product, which was filtered off and
washed with hexanes ( 3 x 5 mL). Yield 92 mg (91%).
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(b) A solution of RuCl2(/?-binap)(PPh3) (76.3 mg, 0.0721 mmol) and PhCN (-0.1
mL, 0.979 mmol) in C^tie (5 niL) under Ar was stirred at room temperature for 15 h, then
concentrated to ~1 mL and treated with Et20 (1 mL) and hexanes. The yellow-brown
precipitate was filtered off, washed with hexanes ( 3 x 5 mL) and dried under vacuum
overnight. Yield 53 mg (74%). In other attempts to prepare 18c, the complex sometimes
turned orange, suggesting that loss of PhCN is facile.
IH nmr (300 MHz, CeDe) 6 6.0-9.0 (m, Ph), 0.56 (s, H2O).
31p{lH} nmr (121.4 MHz, C^DQ) 5 50.3 (s, immediate, t-lSc); 55.3, 53.6 (ABq, J = 35.0
Hz, grows in rapidly, c,c,c-18c); (10:1 PhCN-CeDg) 5 50.1 (s, t-lSc); 47.9, 44.3 (ABq, J
= 35.0 Hz; c,c,c-18c).
Ir (Nujol): a)(C=N) 2232 cm-1 (w). Analysis calc'd for C58H42CI2N2P2RUH2O: C,
68.37; H, 4.35; N, 2.75. Found: C, 67.96; H, 4.21; N, 2.45%. Slightly different 31p{lH}
nmr parameters were described for 18c in a report which appeared during the course of
this work, as discussed in Section 4.3.1.1.-^^

2.11.5. Ru2Cl3(PP)2(MeCN)2+X- (19)

2.11.5.1. PP = dppb (19a)
X = CI: A solution of Ru2Cl4(dppb)2 (74 mg, 0.062 mmol) in MeCN (10 mL)
was stirred for 10 h at room temperature, then concentrated to ~2 mL and treated with
Et20 to precipitate a yellow product (probably RuCl2(dppb)(MeCN)2; see Section
2.11.3.1), which was washed well with Et20 ( 4 x 5 mL) to remove MeCN.
Reprecipitation from CH2Cl2-Et20 gave yellow 19a.Cl; yield 40 mg (51%). 3lp{ I R }
nmr and analytical data suggest that the complex loses MeCN in solution and the solid
state. ^H nmr spectra measured immediately after dissolving the sample in CD2CI2 are
identical to those of the PFe salt, as is the 3lp{lH} nmr spectrum (ignoring the PFg
septet).
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Analysis calc'd for C60H62CI4N2P4RU2: C, 56.34; H, 4.88; N, 2.19. Found: C, 53.46; H,
5.13; N, 2.06%.
X = PFg: This complex was not prepared by the method originally reported, ^^ but
by two new routes.
(a) To a solution of RuCl2(dppb)(PPh3) (0.151 g, 0.175 mmol) in MeCN (5 mL)
was added by cannula a solution of NH4PF6 (14.3 mg, 0.088 mmol) in MeCN ( 2 x 1 mL).
The mixture was stirred for 2 h at room temperature, then stripped of solvent. The
residue was redissolved in CH2CI2 (5 mL), filtered through Celite, and the filtrate
concentrated to ~1 mL. The yellow product was precipitated with CsHe and dried under
vacuum; yield 0.107 g (88%).
(b) A sample of RuCl(dppb)(MeCN)3+PF6- (1.67 g, 2.00 mmol), washed well
with Et20 (3 X 10 mL) to remove MeCN and pumped on to dry, was reprecipitated from
CH2CI2 (~5 mL) by addition of Et20 (-15 mL). Yield 1.27 g (91%) of yeUow 19a.PF6.
IH nmr (300 MHz, CD2CI2) 6 7.88 (t, / = 9.0 Hz, 4H, Ph), 7.67-7.76 (m, 4H, Ph), 7.127.66 (m, 32H, Ph), 2.74-2.91 (m, 2H, CH of CH2), 2.37-2.67 (m, 4H, CH2), 1.29-2.11 (m,
lOH, CH2), 2.02 (s, 6H, Me).
31p{lH} nmr (121.4 MHz, CD2CI2) 5 49.4, 46.6 (ABq, J = 37.2 Hz), -144.5 (sept, J =
712 Hz, PF6); (CDCI3) 5 49.7, 46.6 (ABq, / = 37.5 Hz), -144.2 (sept, 7 = 713 Hz, PFe).
Ir (Nujol): a)(C=N) 2275 cm-1 (w). Analysis calc'd for C60H62CI3F6N2P5RU2: C, 51.89;
H, 4.47; N, 2.02; CI, 7.68. Found: C, 51.56; H, 4.56; N, 2.04; CI, 7.69%. The3lp{lH}
nmr spectroscopic data agree with those reported,^^ as does the position of the infrared
'u(C=N) band: a second band at 2315 cm"l described in the original work^^ is probably
due to CO2. The ^H nmr spectrum was not described.

2.11.5.2. PP = diop,X = PF6 (19bPF6)
The complex was prepared in situ by dissolving ~5 mg (0.006 mmol) of undried
RuCl(diop)(MeCN)3+PF6- (21b.PF6; Section 2.11.7.2) in CDCI3 (0.7 mL). The sample
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was allowed to stand in solution at room temperature for 3 h before measuring the
31p{lH} nmr spectrum, after which time solely peaks for 191>PF6 were observed.
Signals for this species were also evident in nmr samples of crude, undried 21b-PF6 in
CH2CI2-C6D6 immediately following dissolution.
31p{lH} nmr (121.4 MHz, CDCI3) 5 43.8, 37.4 (ABq, / = 36.0 Hz), -144.5 (sept, 7 = 713
Hz, PFe); (CH2CI2-C6D6) 5 42.8, 37.1 (ABq, / = 36.9 Hz), -144.3 (sept, / = 711 Hz,
PF6).

2.11.5.3. PP = binap, X = CI (19c.Cl)
The complex was not prepared directly, but was observed by ^IPf^H} nmr in
spectra of RuCl(binap)(MeCN)3+PF6" (21C'PF6) in halogenated solvents. The complex is
shown as the chloride salt, however, because the initial product of reaction between the
sample and the solvent is the neutral species RuCl2(binap)(MeCN)2 (see Sections
2.11.3.2 and 4.3.1.2). Thus, a sample of 21c.PF6 (~7 mg, 0.007 mmol) in CH2CI2-C6D6
(0.7 mL) was monitored by ^^Pf ^H} nmr over 15 h. The spectrum after this time showed
an AB pattern for 19C'C1 and a singlet at ~44 ppm, in a ratio of ca. 3:1.
31p{lH} nmr (121.4 MHz, CDCI3) 6 54.3, 53.0 (ABq, J = 36.1 Hz); (CH2CI2-C6D6) 5
52.7, 52.2 (ABq, 7 = 35.2 Hz).

2.11.6. Ru2Cl3(PP)2(PhCN)2+X- (20)

2.11.6.1. PP = dppb (20a)
X = CI: A clear yellow solution of RuCl2(dppb)(PhCN)2 (43.8 mg, 0.0457 mmol)
in CH2CI2 (0.5 mL) was stirred at room temperature for 1 h, then treated with Et20 (~2
mL). A bright yellow powder precipitated, which was filtered off and dried overnight
under vacuum. Yield 26 mg (68%). Nmr and infrared data are as indicated below for the
PF6 salt, allowing for the 31p{ iH} septet for PF6 and a singlet integrating for 1 mole of
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H2O in the ^H nmr spectrum of 20a-Cl. The elemental analysis of the product was
acceptable for a H2O solvate, but reprecipitation from CH2Cl2-Et20 caused a further
decrease in the carbon content, suggesting partial loss of nitrile.
Analysis calc'd for C70H66CI4N2P4RU2H2O: C, 59.16 H, 4.82, N, 1.97. Found: C,
58.79; H, 4.77; N, 2.00%. Found after reprecipitation: C, 58.42; H, 4.73; N, 2.00%.
X = PF6: (a) To a clear yellow solution of RuCl2(dppb)(PhCN)2 (87.6 mg, 0.109
mmol) in CH2CI2 (5 mL) was added by cannula a solution of NH4PF6 in acetone. The
mixture was stirred for 1 h, then filtered through Celite. The filtrate was concentrated to
~1 mL and Et20 added to precipitate the yellow product, which was filtered off and dried
overnight under vacuum.
(b) A mixture of RuCl(dppb)(PhCN)3+PF6- and Ru2Cl3(dppb)2(PhCN)2+PF6(0.101 g, 0.114 mmol Ru), in a molar ratio estimated at 2:1 by 31p{lH} nmr, was
dissolved in CH2CI2 (5 mL) and stirred for 48 h at room temperature. The solution was
concentrated to ~1 mL, Et20 added, and stirring continued for 1 h. The solution was then
filtered and the bright yellow precipitate dried under vacuum. Yield 82 mg (95%).
iH nmr (300 MHz, CDCI3) 5 6.8-8.1 (m, 50H, Ph), 2.4-3.0 (m, 7H, CH2), 1.3-2.1 (m, 9H,
CH2); (CD2CI2) 5 6.6-8.0 (m, 50H, Ph), 2.4-3.0 (m, 7H, CH2), 1.2-2.14 (m, 9H, CH2).
31p{lH} nmr (121.4 MHz, CD2CI2) 5 49.3, 46.0 (ABq, J = 36.2 Hz), -144.5 (sept, / =
713 Hz, PF6); (CDCI3) 5 49.5, 45.9 (ABq, 7 = 37.0 Hz), -144.2 (sept, / = 712 Hz, PFe);
(PhCN-C6D6) 5 49.8, 46.3 (ABq, / = 36.7 Hz), -144.3 (sept, 7 = 713 Hz, PFe).
Ir (Nujol): a)(C=N) 2234 cm-l (w). Analysis calc'd for C70H66CI3F6N2P5RU2: C, 55.58
H, 4.40, N, 1.85; CI, 7.03. Found: C, 55.27 H, 4.52, N, 2.00; CI, 7.09%. The iH nmr
data (X = CI) are in excellent agreement with those previously described for a complex
inaccurately

identified

as the neutral,

doubly-chloride

bridged

species

Ru2Cl4(dppb)2(PhCN)2^^ (see discussion in Section 4.2.6.1). The reported 31p{lH} shift
positions are 0.7 ppm upfield of those described above, owing to inaccuracies in
referencing to the external standard PPh3.^°'^^
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2.11.6.2. PP = diop (20b)
X = CI: The complex was prepared in situ by dissolving RuCl2(dppb)(PhCN)2
18b (~5 mg, 0.0057 mmol) in CDCI3. 31p{lH} nmr spectra obtained immediately
showed only signals for 20b'Cl; the phosphine shift positions were identical to those of
20b.PF6.
X = PFe: The complex was prepared in situ by dissolving RuCl(diop)(PhCN)3+
PF6- 22b-PF6 (5 mg, 0.0046 mmol) in CDCI3 (0.7 mL); the solution was stirred at room
temperature for 12 h before the 31p{lH} nmr spectrum was measured.
31p{ IH} nmr (121.4 MHz, CDCI3) 5 43.5, 36.4 (ABq, J = 35.6 Hz), -144.3 (sept, / = 713
Hz,PF6).

2.11.6.3. PP = binap, X = PF6 (20c.PF6)
A solution of RuCl2(/?-binap)(PhCN)2 (59.8 mg, 0.0597 mmol) in CH2CI2 (5 mL)
was stirred at room temperature for 8 h, then treated with a solution of NH4PF6 (4.8 mg,
0.029 mmol) in acetone ( 2 x 1 mL). The mixture was stirred for 8 h, filtered through
Celite, and the filtrate concentrated to ~1 mL. Addition of Et20 precipitated the product,
which was filtered off and reprecipitated from CH2Cl2-Et20. Yield after drying under
vacuum 38 mg (68%).
31P{1H} nmr (121.4 MHz, CDCI3) 5 54.1, 52.0 (ABq, J = 35.0 Hz), -144.2 (sept, J = 713
Hz, PFe); (CeDe) 5 54.7, 53.1 (ABq, 7= 35.2 Hz), -144.4 (sept, / = 711 Hz, PFe).
Analysis calc'dfor C102H74CI3F6N2P5RU2H2O: C, 63.71; H, 3.98; N, 1.46. Found: C,
63.36; H, 3.89; N, 1.45.

2.11.7. RuCl(PP)(MeCN)3+X- (21)

2.11.7.1. PP = dppb (21a)
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X = CI: This complex was stable only in the presence of MeCN (see Section
2.11.3.1). In situ spectra were identical to those of the PFg salt, neglecting the absence of
the PFg septet.
X = PF6: (a) To a solution ofRu2Cl4(dppb)2 (0.154 g, 0.129 mmol) in MeCN (5
mL) was added by cannula a solution of NH4PF6 (41.9 mg, 0.0257 mmol) in acetone (2 x
1 mL). The solution was left to stir for 5 h, over which time its colour changed from
orange to yellow, then filtered through Celite to remove NH4CI. The filtrate was
concentrated to ~1 mL, diluted slightly with CH2CI2 (1 mL) and the product precipitated
by addition of Et20. Reprecipitation from a 1:1 mixture of MeCN and CH2CI2 gave a
fine yellow powder; in the absence of MeCN clean products (free

of

Ru2Cl3(dppb)2(MeCN)2"'" PF6", Section 2.11.5.1) could not be obtained. The precipitate
was washed with Et20 and hexanes ( 3 x 5 mL each) to remove free MeCN, then dried
under vacuum. The complex exhibited some thermal sensitivity (a sample decomposed
on heating in a drying pistol with refluxing EtOH). Yield 0.158 g (74%).
(b) Solid RuCl2(dppb)(PPh3) (0.104 g, 0.121 mmol) was added to MeCN (5 mL)
under Ar to give a yellow solution, which was stirred for 1 h at room temperature. On
slow addition by cannula of a solution of NH4PF6 (19.7 mg, 0.121 mmol) in acetone (2 x
1 mL) to the vigorously stirred solution, a white precipitate of NH4CI formed. The
solution was filtered through Celite, and the filtrate concentrated to ~1 mL, diluted with
CeHg (1 mL) and treated with Et20 to precipitate the product. Yield 76 mg (76%) after
washing well with Et20 and C6H6 ( 3 x 5 mL each) to remove MeCN and drying under
vacuum.
IH nmr (300 MHz, CDCI3) 5 7.30-7.73 (m, 20H, Ph), 3.26-3.42 (m, 2 H, CH2), 2.10-2.28
(m, 2H, CH2), 2.00 (s, 6H, Me), 1.92 (s, 3H, Me), 1.67-1.83 (m, 2H, CH2), 1.34-1.48 (m,
2H, CH2).
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31p{ iH} nmr (121.4 MHz, CD2CI2) 5 41.2 (s), -144.5 (sept, 7 = 713 Hz, PFe); (CDCI3) 5
41.7 (s), -144.2 (sept, 7 = 713 Hz, PFe); (CD3CN) 5 40.6 (s,/ac); 42.5, 35.7 (ABq, 7 =
34.4 Hz, mer), -145.3 (sept, 7 = 706 Hz, PFe).
Ir (Nujol): ^(C^N) 2268 cm-1 (w). Analysis calc'd for C34H37CIF6N3P3RUH2O: C,
48.09; H, 4.63; N, 4.95. Found: C, 48.20; H, 4.49; N, 4.^

2.11.7.2. PP = diop (21b)
X = CI: The complex was prepared in situ by dissolving Ru2Cl4(diop)2 in
CD3CN. The 31p{lH} nmr parameters agreed with those for the PF6 salt, ignoring the
absence of the PFg septet.
X = PFg: A solution of RuCl2(/?,/?-diop)(PPh3) (0.151 g, 0.162 mmol) in MeCN
(5 mL) was treated with NH4PF6 (26.4 mg, 0.162 mmol) and stirred at room temperature
for 5 h. The solution was filtered through Celite, the filtrate stripped to a yellow oil, and
a sample removed for 31p{ iH} nmr analysis (CD3CN). The spectrum consisted of an AB
quartet at 5 37.1, 30.5; 7 = 40.2 Hz (21b.PF6), a small singlet at 26.0 ppm (assigned to
diop dioxide), a large single at -6.49 (free PPh3), and a septet at -145.1 (PF6). Similarly,
in CeDg the principal signal was an AB pattern at 38.3, 30.3 (7 = 40.3 Hz). A yellow
precipitate (93 mg, 73%) was obtained on dissolution of the oil in CgHg (~1 mL) and
addition of hexanes. On exposure to vacuum, however, this material underwent loss of
MeCN: a colour change to white, then pink, was observed on drying overnight, and a
complex series of peaks was apparent on dissolving the pink solid in CQDQ or CDCI3 (see
Section 4.3.2.2). Addition of MeCN (-0.2 mL) to the nmr sample regenerated the
original spectrum.
31p{lH} nmr (121.4 MHz, CD3CN) 5 37.1, 30.5 (ABq, 7= 40.2 Hz; -145.1 (sept, 7 = 707
Hz,PF6).
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2.11.7.3. PP = binap (21c)
X = CI: The complex was prepared in situ by dissolving Ru2CL4(binap)2 in
CD3CN. The 31p{lH} nmr parameters agreed with those for the PF6 salt, ignoring the
absence of the PFg septet.
X = PF6: A solution of RuCl2(/?-binap)(PPh3) (0.108 g, 0.102 mmol) in MeCN
(5 mL) was treated with NH4PF6 (16.9 mg, 0.104 mmol) and stirred at room temperature
for 48 h. The solution was filtered through Celite, the filtrate stripped to a yellow oil, and
C6H6 added to the residue, giving a yellow precipitate which was filtered off and washed
with benzene ( 4 x 1 mL). Yield after drying under vacuum 74 mg (70%). Microanalysis
indicated a low nitrogen content, which was not improved by reprecipitating from MeCNC6H6.
31p{lH} nmr (121.4 MHz, CD3CN) 5 47.5, 45.2 (br ABq, J unobservable); 47.5, 44.3
(ABq, J = 40.2 Hz); -145.1 (sept, J = 706 Hz, PFe).
Ir (Nujol): ^(C^N) 2280 cm-1 (w). Analysis calc'd for C50H41CIF6N3P3RUH2O: C,
58.46; H, 4.02; N, 4.09. Found: C, 57.59; H, 3.96; N, 2.84%.

2.11.7.4. PP = (PPh3)2, X = PF6 (21d.PF6)
Brown RuCl2(PPh3)3 (0.252 g, 0.263 mmol) was dissolved in MeCN (5 mL) to
obtain a deep green solution. Solid NH4PF6 (42.9 mg, 0.263 mmol) was added and the
solution stirred at room temperature for 24 h, over which time its colour lightened to
yellow-green. The solution was filtered through Celite, concentrated to ~1 mL, and Et20
added to precipitate a pale yellow powder, which was washed with CgHg ( 3 x 5 mL) to
remove PPh3. Yield after drying in vacuum 0.175 g (72%).
IH nmr (300 MHz, CD3CN) 5 7.2-7.8 (m, 30H, Ph), 2.15 (s, 6H, Me), 2.12 (s, 3H, Me),
2.02 (s, 2H, H2O).
31P{ IH} nmr (121.4 MHz, CD3CN) 5 43.8 (m), 40.4 (m), -145.3 (sept, J = 706 Hz, PFe).
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Ir (Nujol): 'U(C=N) 2279 cm-1 (w). Analysis calc'd for C42H39CIF6N3P3RUH2O: C,
53.26; H, 4.36; N, 4.44. Found: C, 53.43; H, 4.13; N, 4.28%.

2.11.8. RuCl(PP)(PhCN)3+X- (22)

2.11.8.1. PP = dppb (22a.PF6)
(a) To a solution of RuCl2(dppb)(PPh3) (0.121 g, 0.141 mmol) in PhCN (2 mL)
under Ar was added CH2CI2 (5 mL), giving a yellow solution which was immediately
subjected to vacuum for 10 min to remove CH2CI2. The mixture was stirred for 2 h at
room temperature, after which time only signals for 22a'Cl and free PPh3 were evident in
the 31p{lH} nmr spectrum (CeDg spike). A solution of NH4PF6 (22.9 mg, 0.141 mmol)
in acetone ( 2 x 1 mL) was slowly added to the vigorously stirred solution. The mixture
was stirred for 8 h, then filtered through Celite; the filtrate was concentrated to a yellow
oil, diluted with CgHg (1 mL) and treated with Et20 to precipitate the product. Yield
0.102 g (71%) after washing with Et20 and C6H6 ( 3 x 5 mL each) and drying under
vacuum.
(b) A yellow solution of RuCl2(dppb)(PPh3) (0.345 g, 0.360 mmol) in PhCNCH2CI2 (2:5 v/v; 7 mL) was treated with NH4PF6 (58.6 mg, 0.36 mmol); the mixture was
stirred for 12 h at room temperature, then stripped to an oil. The crude product showed
signals for both 22a-PF6 and 20a-PF6 by 31p{lH} nmr (PhCN-CeDa), and the material
obtained by dissolving the residue in C^H^ and adding Et20 (0.268 g, 73% based on
22a-PF6) gave low microanalytical values for carbon and nitrogen.
IH nmr (300 MHz, CD2CI2) 5 7.3-7.78 (m, 13H, Ph), 7.10 (t, / = 7.8 Hz, 4H, Ph), 6.69
(d, y = 7.2 Hz, 4H, Ph), 2.60-2.77 (m, 4H, CH2), 1.54-1.80 (m, 4H, CH2), 1.6 (s, IH,
H2O); (CD3CN,/ac isomer) 5 7.0-8.1 (m, 35H, Ph), 2.46-3.29 (m, 2H, CH2), 2.24-2.39
(m, 2H, CH2), 1.91-2.09 (m, 2H, CH2), 1.31-1.49 (m, 2H, CH2). Two of the CH
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multiplets for the minor mer isomer, which grows in over time, are observed (2.86-2.96
and 2.55-2.66 ppm); the others are concealed beneath the signals for the fac species.
31p{lH} nmr (121.4 MHz, CD2CI2) 5 43.6 (s), -144.5 (sept, J = 713 Hz, PFe); (CD3CN)
6 40.3 (s,/ac); 41.7, 34.4 (ABq, / = 33.5 Hz, mer), -145.3 (sept, J = 706 Hz, PFe);
(PhCN-C6D6) 6 40.3 (s,/ac); 41.4, 34.6 (ABq, 7 = 32.4 Hz, mer), -144.8 (sept, J = 710
Hz, PF6).
Ir (Nujol): 'O(ON) 2236 cm-1 (w). Analysis calc'd for C49H43CIF6N3P3RUO.5H2O: C,
57.34; H, 4.32; N, 4.09. Found for (a): C, 57.32; H, 4.25; N, 3.83%; for (b): C, 56.33;
H, 4.26; N, 2.88%.

2.11.8.2. PP = diop (22b.PF6)
A clear yellow-green solution obtained on addition of PhCN (0.25 mL) to solid
(green) RuCl2(5,5-diop)(PPh3) (78.5 mg, 0.0842 mmol) turned cloudy yellow on addition
of a solution of NH4PF6 (13.7 mg, 0.0840 mmol) in acetone (2 mL). The mixture was
diluted with CH2CI2 (2 mL), filtered through Celite, and the filtrate concentrated to -0.25
mL. A pale yellow precipitate formed on addition of Et20; the solid was filtered off,
washed with hexanes ( 3 x 5 mL), and dried under vacuum. Yield 76.3 mg (83%).
IH nmr (300 MHz, CDCI3) 5 8.11 (t, / = 8.5 Hz, 2H, Ph), 7.75 (t, J = 8.6 Hz, 2H, Ph),
7.05-7.69 (m, 31H, Ph), 4.91, 4.85 (ABq, J = 9.3 Hz, IH, CH), 4.16-4.29 (m, IH, CH),
3.25-3.36 (m, IH, CH2), 2.59-2.99 (m, 3H, CH2), 1.36 (s, 3H, Me), 1.26 (s, 3H, Me).
31p{lH} nmr (121.4 MHz, CDCI3) 5 37.2, 28.2 (ABq, J = 39.3 Hz), -144.2 (sept, 7 = 713
Hz,PF6).
Ir (Nujol): ^(C^N) 2265, 2247 cm-1 (w). Analysis calc'd for C52H47CIF6N3O2P3RU: C,
57.33; H, 4.35; N, 3.86; CI, 3.25. Found: C, 57.50; H, 4.55; N, 4.02; CI, 3.23%.

2.11.8.3. PP = binap (22c.PF6)
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A solution of RuCl2(S-binap)(PPh3) (67.8 mg, 0.064 mmol) in PhCN (4 mL) was
stirred at room temperature for 24 h, then treated with a solution of NH4PF6 (10.5 mg,
0.064 mmol) in acetone ( 2 x 1 mL), while stirring rapidly. The mixture was stirred for 2
h, diluted with C^He (5 mL), filtered through Celite, and the filtrate stripped to a yellow
oil. The residue was redissolved in C6H6 (1 mL) and treated with Et20 to precipitate the
yellow product, which was washed with warm hexanes ( 4 x 2 mL). Yield 47 mg (61%).
The microanalytical data are in poor agreement with the proposed structure, probably
owing to loss of PhCN in the solid state (see discussion in Section 4.3.1.1).
31p{lH} nmr (121.4 MHz, 10:1 PhCN-CDCls) 5 46.0, 44.4 (ABq, J = 29.8 Hz); -144.4
(sept, 7 = 712 Hz, PFe).
Ir (Nujol):

'D(C=N)

2234 cm-1 (w). Analysis calc'd for C65H47CIF6N3P3RU: C, 64.33;

H, 3.90; N, 3.46. Found: C, 63.45; H, 3.89; N, 2.41%.

2.11.9. Ru(dppb)(MeCN)4+2 2PF6- (23)
(a) A solution of Ru2Cl4(dppb)2 (76.1 mg, 0.0635 mmol) and NH4PF6 (41.4 mg,
0.254 mmol) in MeCN (5 mL) was stirred for 3 h, over which time its colour changed
from orange to very pale yellow. The solution was stripped of solvent, the residue
redissolved in CH2CI2, and the resulting mixture filtered through Celite to remove
NH4CI. Concentration of the filtrate to ~1 mL and addition of Et20 precipitated a white
crystalline product, which was washed with Et20 and hexanes and dried under vacuum.
Yield 0.107 g (86%). Cubic crystals suitable for X-ray analysis were grown from MeCNEt20 solutions.
(b) Addition of MeCN (10 mL) to a mixture of green RuCl2(dppb)(PPh3) (0.140
g, 0.163 mmol) and NH4PF6 (53.4 mg, 0.328 mmol) gave a yellow solution, which turned
very pale and deposited a white precipitate within 5 min. The colour of the solution
lightened further on stirring for 30 min, after which time only 23 was present as judged
by in situ 31p{lH} nmr. The solvent was removed, the residue taken up in CH2CI2, and
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the mixture filtered through Celite as above. Concentration of the filtrate and addition of
Et20 gave the product; yield 0.133 g (83%).
IH nmr (300 MHz, CD2CI2) 6 7.2-8.0 (m, 20H, Ph), 2.63-2.73 (m, 4H, CH2), 2.30 (s, 6H,
Me), 2.14 (s, 6H, Me), 1.66-1.80 (m, 4H, CH2); (CD3CN) 5 7.54-7.673(m, 20H, Ph),
2.79-2.89 (m, 4H, CH2), 2.36 (s, 6H, Me), 2.30 (s, 6H, Me), 1.75-1.89 (m, 4H, CH2).
31p{ IH} nmr (121.4 MHz, CD2CI2) 6 38.8 (s), -144.6 (sept, / = 708 Hz, PFe); (CDCI3) 5
39.2 (s), -144.5 (sept, 7= 713 Hz, PFe).
Ir (Nujol): ^(C^N) 2291, 2320 cm-l (w). Analysis calc'd for C36H40F12N4P4RU: C,
44.05; H, 4.11; N, 5.71.

Found:

C, 43.99; H, 4.12; N, 5.77%.

The X-ray

crystallographic analysis of this complex is described in Section 4.2.8.1. The 31p{ iH}
nmr spectrum in CDCI3 accords with that previously described, and incorrectly assigned
to the five-coordinate complex RuCl(dppb)(MeCN)2"'"PF6".^^'^^

2.11.10, Ru(dppb)(PhCN)4+2 2PF6- (24)
A solution of RuCl2(dppb)(PPh3) (47.4 mg, 0.055 mmol) and NH4PF6 (35.7 mg,
0.219 mmol) in PhCN (3 mL) showed no reaction after 24 h, as judged by in situ 31p{ iH}
nmr (CgDg spike). A cloudy yellow solution formed on addition of acetone (10 mL); this
was stirred at room temperature for 24 h, then stripped of solvent. The residue was taken
up in CH2CI2 and the mixture filtered through Celite. Concentration of the filtrate and
addition of Et20 gave the product as a white precipitate; yield 42 mg (63%).
IH nmr (300 MHz, CDCI3) 5 7.3-7.7 (m, 40H, Ph), 2.8-3.0 (m, 4H, CH2), 1.8-2.0 (m, 4H,
CH2), 1.54(s,2H,H20).
31p{lH} nmr (121.4 MHz, CDCI3) 6 37.3 (s), -144.2 (sept, / = 713 Hz, PFg).
Ir (Nujol): ^(C^N) 2245 cm-l (w) Analysis calc'd for C56H48F12N4P4RUH2O: C,
53.89; H, 4.04; N, 4.49. Found: C, 54.08; H, 4.00; N, 4.36%.
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2.12. Imine Derivatives (see Chapter 5)

2.12.1. Ru2Cl4(dppb)2[PhCH2N=C(H)Ph] (25)
A dark brown solution of Ru2Cl4(dppb)2 (97.2 mg, 0.0812 mmol) and A'^benzylidene benzylamine (30.6 pL, 0.163 mmol) in C6H6 (6 mL) was stirred for 5 d at
room temperature. The solvent was removed and the residue taken up in C6D6 for
31p{lH} analysis, which indicated the presence of a mixture of products, including 28
(see Sections 2.13.3, 5.2.1). An orange precipitate (ca. 8 mg, 7%), isolated by careful
decantation of the dark brown solution, was washed with hexanes ( 2 x 2 mL) to remove
any free imine.
IH nmr (300 MHz, CDCI3) 6 8.41 (s, IH, imine H), 8.1-8.35 (m, 5H, Ph), 6.65-7.8 (m,
45H, Ph), 4.84 (s, 2H, NCH2), 3.83-4.0 (m, IH, CH of dppb CH2), 1.05-2.85 (m, 15H,
dppb CH2).
31p{ IH} nmr (121.4 MHz, CDCI3) 5 53.5, 52.0 (ABq, J = 44.3 Hz); 51.0, 46.6 (ABq, J =
36.1 Hz).

2.13. Amine Derivatives (see Chapter 5)

2.13.1. Ru2Cl4(dppb)2(Til-NH2CH2Ph) (26).
Complex 26 was prepared in situ by addition of benzylamine (3.3 p.L, 0.030
mmol) to a solution of Ru2Cl5(dppb)2 (13b; 17.7 mg, 0.0144 mmol) in CDCI3 (0.8 mL)
under H2. After being stirred for 1 h, the solution had changed in colour from red to
yellow. It was transferred to an nmr tube under Ar for spectroscopic analysis.
iH nmr (300 MHz, CDCI3) 6 8.6 (br s, NH; signal not always apparent), 6.8-7.8 (m, 45H,
Ph), 3.85-4.0 (br s, 2H, benzylamine CH2), 2.8-3.0 (m, 4H, dppb CH2), 2.0-2.25 (m, 4H,
dppb CH2), 1.6-1.9 (m, 4H, dppb CH2), 1.25-1.5 (m, 4H, dppb CH2).
31P{ IH} nmr (121.4 MHz, CDCI3) 8 48.9 (s).
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2.13.2. Ru2Cl4(dppb)2[NH(CH2Ph)2] (27).
(a) A suspension of 13b (96 mg, 0.078 mmol) and A^-benzylidene benzylamine
(PhCH2N=C(H)Ph; 30 |iL, 0.159 mmol) in C^He (5 mL) was stirred under H2. A colour
change from red to clear orange-brown occurred over 4 h. After 24 h an orange
precipitate had deposited, which was filtered off, washed with hexanes, and reprecipitated
from CH2Cl2-hexanes. Yield 83 mg (77%).
(b) Clean 27 was also obtained by treatment of 13b (0.156 g, 0.127 mmol) with
dibenzylamine (53 |iL, 0.276 mmol) in C^6

(10 mL) under H2. A colour change from

red to yellow-brown occurred over 10 min. After 30 min the solution was concentrated
and MeOH added to precipitate the orange-brown product, which was filtered off, washed
with MeOH ( 4 x 5 mL), and reprecipitated from CH2Cl2-hexanes. Yield 0.110 g (61%).
IH nmr (300 MHz, CDCI3): 5 8.6 (br s, NH), 6.8-7.8 (m, 50H, Ph), 3.9-4.0 (s, 4H,
dibenzylamine CH2), 2.85-3.1 (m, 4H, dppb CH2), 2.1-2.3 (m, 4H, dppb CH2), 1.6-1.85
(m, 4H, dppb CH2), 1.3-1.5 (m, 4H, dppb CH2).
31p{lH} nmr (121.4 MHz, CDCI3): 648.9 (s).
Analysis calc'd for C70H71CI4NP4RU2: C, 60.31; H, 5.13; N, 1.00. Found: C, 60.02; H,
5.28; N, 1.06%.

2.13.3. Ru2Cl4(dppb)2(|i2,Tl2-NH2CH2Ph) (28).
(a) From PhCH2NH2: A solution of RuCl2(dppb)(PPh3) (12a) (0.123 g, 0.143
mmol) in CgHs (15 mL) was heated at reflux for 1 h. Benzylamine (7.8 ^L, 0.071 mmol)
was then injected into the rapidly stirred solution, which immediately changed colour
from green to orange. Heating was continued for 15 min. The solution was cooled,
concentrated to ~2 mL, and treated with hexanes (4 mL) to precipitate the product, which
was filtered off, washed with hexanes ( 3 x 5 mL), and reprecipitated from CH2CI2hexanes to afford orange-brown 28 (78 mg, 84% yield).
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Analysis calc'd for C63H65CI4NP4RU2: C, 58.03; H, 5.02; N, 1.07; CI, 10.87. Found: C,
58.07; H, 5.10; N, 1.04; CI, 10.71%.
(b) From PhCH2N=C(H)Ph: A deep green solution of 12a (0.144 g, 0.168 mmol)
and PhCH2N=C(H)Ph (100 ^iL, 0.531 mmol) in C6H6 (10 mL) was stirred at room
temperature for 4 d. On concentration of the solution, a green solid precipitated which
was assumed to be the starting complex 12a; the solvent was therefore replenished and
the reaction left to stir for an additional 6 days. The solution was then concentrated to ~1
mL. An orange product precipitated, which was filtered off, washed with hexanes ( 2 x 1 5
mL) and reprecipitated from CH2Cl2-hexanes (76 mg, 69%).
Analysis calc'd for C63H65CI4NP4RU2: C, 58.03; H, 5.02; N, 1.07. Found: C, 57.67; H,
5.06; N, 0.95%.
(c) From PhCH2N=C(Me)Ph: A solution of 12a (0.103 g, 0.12 mmol) and
PhCH2N=C(Me)Ph (0.125 g, 0.60 mmol) in CeHg (15 mL) was stirred for 24 h, during
which it changed in colour from green to yellow-brown. The solution was filtered,
concentrated to ~1 mL, and Et20 added to precipitate the product. Reprecipitation from
CeHfi-hexanes gave the orange-brown product. Yield 48 mg (63% yield).
Analysis calc'd for C63H65CI4NP4RU2: C, 58.03; H, 5.02; N, 1.07. Found: C, 57.81; H,
4.98; N, 0.96%.
(d) From PhCH2N=C(H)(p-C6H4-OMe): A solution of Ru2Cl4(dppb)2 (14a)
(53.9 mg, 0.045 mmol) and PhCH2N=C(H)(p-C6H4-OMe) (18.6 mg, 0.09 mmol) was
stirred in CDCI3 (RT, 10 d), and the reaction monitored by ^IPflR} and ^H nmr as
described in Section 5.2.3. Concentration to -0.25 mL and addition of hexanes gave
clean 28 in low yield; 22 mg, 38%.
Analysis calc'd for C63H65CI4NP4RU2: C, 58.03; H, 5.02; N, 1.07. Found: C, 58.31; H,
5.12; N, 0.97%.
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IH nmr (300 MHz, CDCI3) 6 8.2-8.4 (m, 4H, Ph), 6.3-7.9 (m, 41H, Ph), 3.90-4.04 (m,
IH, CH of dppb CH2), 3.1 (dt, / = 3.4 Hz and 14 Hz; IH, CH of benzylamine CH2), 2.253.0 (m, 6H, dppb and benzylamine CH2, and NH), 1.1-2.2 (m, 12H, NH and dppb CH2);
(CgDe) 5 8.6-8.7 (m, 3H, Ph), 8.0-8.2 (m, 3H, Ph), 6.3-7.6 (m, 39H, Ph), 4.3-4.45 (m, IH,
CH of dppb CH2), 3.4-3.53 (m, IH, CH of CH2), 2.8-3.2 (m, 2H, dppb or benzylamine
CH2, and NH), 0.8-2.6 (m, 16H, dppb and benzylamine CH2, and NH).
13C{ IH} nmr (75 MHz, CD2CI2) 6 51.8 (s, benzylamine CH2).
31p{lH} nmr (121.4 MHz, CDCI3) 5 55.7, 51.3 (ABq, 7 = 39 Hz); 52.7 (s); (CgDg) 5
56.5, 51.3 (ABq, 7 = 38.6 Hz); 53.7, 53.6 (ABq, 7 = 44.1 Hz).
The 500 MHz ^H nmr spectrum (CD2CI2) is presented and analysed in Chapter 5, Section
5.2.5; this and other spectroscopic data for 28 (including l^CjlH}, ^^CAPT, iH-lH
COSY, ^H-^^C HETCOR,

and iH-^H selective decoupling nmr experiments) are

contained in Appendix C.

2.13.4. Ru2Cl4(dppb)2(^2,Tl2-NH2R), R = CHMei, Cy, Ph.
Adducts of other primary amines were prepared by addition of half an equivalent
of amine to a refluxing solution of 12a in CgHg, as described above for 28 (method a).
The products were identified by 31p{ iH} nmr; see Chapter 5, Section 5.3.1.3.

2.13.5. RuCl2(dppb)(NH2CH2Ph)2 (29).
(a) Solid RuCl2(dppb)(PPh3) (12a) (84 mg, 0.098 mmol) was added to degassed
benzylamine (0.5 mL) under Ar, and the suspension shaken gently for a few minutes,
over which time the colour changed from green to yellow. The solution was diluted with
CgHg (5 mL); on stirring for 8 h a yellow precipitate deposited. Precipitation could be
accelerated by addition of Et20. The product was filtered off, washed with Et20 ( 3 x 5
mL), and reprecipitated from CgHg-hexanes. Yield after drying under vacuum 49 mg
(62%).
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(b) Addition of benzylamine (8 |iL, 0.07 mmol) to a solution of 14a (11 mg,
0.009 mmol) in Q D g (0.8 mL) under Ar in an nmr tube equipped with a J. Young valve
also gave 29 as judged by 31P{lH} nmr. The brown-red solution turned yellow on
addition of amine; formation of 29 was complete within the time required to measure the
spectrum.
(c) Ru2Cl5(dppb)2 (13b) gives the Ru(II) product 29 under either H2 or in air.
For the reaction in air, solid 13b (84 mg, 0.068 mmol) was added to undegassed,
undistilled benzylamine (300 |LiL, 2.75 mmol). An immediate colour change from red to
yellow was observed. The solution was diluted with C^H^ (5 mL) and filtered to remove
benzylamine hydrochloride (8.2 mg, 84% after extracting with C6H6, 3 x 5 mL). The
combined filtrates were stripped to a yellow-brown oil and treated with hexanes to
precipitate the yellow product.

This was filtered off, washed with hexanes, and

reprecipitated from C6H6-hexanes. Yield after drying under vacuum 79 mg (71%).
IH nmr (300 MHz, CeDe) 5 7.85-7.95 (m, 5H, Ph), 6.5-7.3 (m, 25H, Ph), 3.7-3.8 (br s,
4H, benzylamine CH2), 3.05-3.2 (br s, 4H, NH2), 2.9-3.05 (m, 4H, dppb CH2), 1.4-1.6
(m, 4H, dppb CH2).
31p{lH} nmr (121.4 MHz, C^e) 5 47.1 (s).
Analysis calc'd for C42H46CI2N2P2RU: C, 62.07; H, 5.70; N, 3.45; CI, 8.72. Found: C,
62.30; H, 5.77; N, 3.62; CI, 8.46%.

2.14. Imine Synthesis

The most widely used route to aldimines and ketimines utilises the reaction of an
aldehyde or ketone with an amine. The general approach, involving acid-catalysed
condensation of the carbonyl compound with the amine under reflux, with azeotropic
removal of the water formed,^^ is however unnecessarily vigorous for synthesis of the
aldimines described below. Attempted preparation of A^-benzylidene benzylamine by the
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reported method,^ ^ via reaction of benzaldehyde with excess benzylamine in refluxing
toluene, resulted in fact in considerable decomposition. The desired aldimines were
accessible under much milder conditions, in quantitative yields, by addition of neat amine
(1.05 equivalents) to the appropriate aldehyde (typically -50 mmol), and removal of the
(immiscible) water layer formed with a pipette. Residual water was removed by addition
of CaHg (~40 mL) and azeotropic distillation of the solvent on a rotary evaporator.
Products were purified by chromatography on neutral alumina (hexanes eluant). The
liquid aldimines (RN=C(H)Ph; R = Me, CH2Ph, Pri, CeHn) were stored under Ar; all
were stored in the dark. ^H nmr data are Usted individually for the products.

2.14.1. RN=C(H)Ph

2.14.1.1. R = Me
(Purchased from Aldrich Chemical Co.)
iR nmr (300 MHz, CDCI3) 6 8.26 (s, IH, CH), 7.6-7.8 (m, 2H, PhC), 7.38-7.4 (m, 3H,
Ph), 3.50 (s, 3H, Me).
13c{lH} nmr (75.0 MHz, CDCI3) 5 162.5 (imine C), 136.4 (Ph, Cipso), 130.5 (Ph), 128.6
(Ph), 127.8 (Ph), 48.2 (Me).

2.14.1.2. R = CH2Ph
iH nmr (300 MHz, CDCI3) 5 8.39 (s, IH, CH), 7.74-7.82 (m, 2H, PhC), 7.22-7.45 (m,
8H, Ph), 4.83 (s, 2H, CH2); (CeDe) 6 7.98 (s, IH, CH), 7.72-7.79 (m, 2H, PhC), 7.05-7.34
(m, 8H, Ph), 4.59 (s, 2H, CH2).
13C{ IH} nmr (75.0 MHz, CDCI3) 5 162.0 (imine C), 139.2 (Ph, Cipso), 136.1 (Ph, Cipso),
130.7 (Ph), 128.4 (Ph), 128.2 (Ph), 127.9 (Ph), 126.9 (Ph), 65.0 (CH2).
Ir(neat): v(C=N) 1634 cm-1 (m).
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2.14.1.3. R = CHMe2
IH nmr (300 MHz, CDCI3) 5 8.29 (s, IH, CH), IM-l.lA

(m, 2H, Ph), 7.3-7.4 (m, 3H,

Ph), 3.52 (sept, 7= 6.3 Hz, IH, CH), 1.25 (d, / = 6.3 Hz, 6H, Me).
13C{lH} nmr (75.0 MHz, CDCI3) 5 158.2 (imine C), 136.6 (Ph, Qpso), 130.3 (Ph), 128.5
(Ph), 128.0 (Ph), 61.7 (CH), 24.2 (Me).

2.14.1.4. R = C6Hii
IH nmr (300 MHz, CDCI3) 5 8.30 (s, IH, CH), 7.65-7.75 (m, 2H, Ph), 7.3-7.4 (m, 3H,
Ph), 3.10-3.25 (m, IH, CH), 1.15-2.0 (m, lOH, CH2).
13C{lH} nmr (75.0 MHz, CDCI3) 5 158.6 (imine C), 136.6 (Ph, Qpso), 130.3 (Ph), 128.4
(Ph), 128.0 (Ph), 70.0 (CH), 34.3 (CH2), 25.6 (CH2), 24.8 (CH2).

2.14.1.5. R = Ph
IH nmr (300 MHz, CDCI3) 8 8.46 (s, IH, CH), 7.8-8.0 (m, 2H, Ph), 7.2-7.5 (m, 8H, Ph).

2.14.2. PhCH2N=C(H)[C6H4(p-OMe)]
IH nmr (300 MHz, CDCI3) 5 8.32 (s, IH, CH), 7.72 (d, J = 8.7 Hz, 2H, anisaldehyde Ph),
7.2-7.36 (m, 5H, Ph), 6.92 (d, / = 8.7 Hz, 2H, anisaldehyde Ph), 4.78 (s, 2H, CH2), 3.83
(s, 3H, Me); (CeDe) 6 8.02 (s, IH, CH), 7.74 (d, J = 8.7 Hz, 2H, anisaldehyde Ph), 7.36
(d, / = 7.5 Hz, 2H, anisaldehyde Ph), 7.05-7.25 (m, 3H, Ph), 6.74 (d, / = 8.7 Hz, 2H,
anisaldehyde Ph), 4.64 (s, 2H, CH2), 3.21 (s, 3H, Me).
13C{lH} nmr (75.0 MHz, CDCI3) 5 161.3 (imine C), 139.6 (Ph, Cipso), 126.8-129.8 (Ph),
65.0 (CH2), 55.4 (Me).

2.14.3. PhCH2N=C(Me)Ph
Acetophenone (10.0 mL, 85.6 mmol) and benzylamine (9.3 mL, 85.6 mmol) were
refluxed in C^e

(40 mL) with a few grains of/?-toluenesulfonic acid, during which time
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water was removed by azeotropic distillation into a Dean-Stark trap. The solvent was
evaporated when reaction was complete as judged by ^H nmr (~8 h); a little dry MeOH
was added, and the oily mixture cooled briefly in N2(/) to induce crystallisation of the
product. A white crystalline precipitate was obtained, which was further purified by
recrystallisation from MeOH. Yield 11.3 g (70%): m.p. 43-440C (lit. 43.5-44.0).39 The
ketimine is sensitive to hydrolysis, and decomposes on prolonged exposure to air; the
product was stored under Ar in the dark.
IH nmr (300 MHz, CDCI3) 57.9-8.0 (m, 2H, Ph), 7.3-7.6 (m, 8H, Ph), 4.8 and 4.4 (both
s, total 2H, anti and syn CH2, respectively; 93% anti), 2.3 and 2.4 (both s, 3H total, syn
and anti CH3, respectively); (CeDe) 5 7.85-7.95 (m, 2H, Ph), 7.5-7.6 (d, 2H, Ph), 7.17.33 (m, 6H, Ph), 4.48 (s, 2H, anti CH2), 1.74 (s, 3H, antiMe).
Analysis calc'd for C15H15N: C, 86.08; H, 7.22; N, 6.69. Found: C, 85.96; H, 7.29; N,
6.80%.
Ir (Nujol): v(C=N) 1635 cm-1 (m).

2.15. Nmr Characterisation of Reduction Products

Conversions in catalytic hydrogenation runs were calculated from ^H nmr spectra
of the residues obtained by evaporation of the solvent, as indicated in Section 2.4.1. ^H
nmr data for the reduction products are given below.

2.15.1. NH(Me)(CH2Ph)
iH nmr (300 MHz, CDCI3) 6 7.2-7.4 (m, 5H, Ph), 3.75 (s, 2H, CH2), 2.40 (s, 3H, Me),
2.0 (br s, IH, NH).

2.15.2. NH(CH2Ph)2, Dibenzylamine
IH nmr (300 MHz, CDCI3) 5 7.2-7.4 (m, lOH, Ph), 3.82 (s, 4H, CH2), 1.8 (br s, IH, NH).
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2.15.2.1. Reaction of Dibenzylamine with CDCI3
Transparent crystals slowly formed as a thin layer on top of the solution in CDCI3
solutions containing dibenzylamine, being visible after -24 h at room temperature. The
crystals were isolated from a collection of such samples which had been allowed to stand
for 2 weeks. The solids were filtered off, rinsed with hexanes, and identified as the
dibenzylamine deuterochloride, ND2(PhCH2)2"''Cl", by ^H nmr (MeOD). An analytically
pure sample of the salt was obtained on addition of hexanes to the nmr solution.
IR nmr (300 MHz, CD3OD) 5 7.4-7.6 (m, lOH, Ph), 4.25 (s, 4H, CH2).
Analysis calc'd for C14H14D2CIN: C, 71.33; H, 6.83; N, 5.94. Found: C, 71.10; H, 6.90;
N, 5.89%.

2.15.3. NH(Pri)(CH2Ph)
IH nmr (300 MHz, CDCI3) 5 7.2-7.4 (m, 5H, Ph), 3.8 (s, 2H, CH2), 2.85 (sept, J = 6.5
Hz, IH, CH), 1.7 (br s, IH, NH), 1.1 (d, J = 6.5 Hz, 6H, Me).

2.15.4. NH(C6Hii)(CH2Ph)
IH nmr (300 MHz, CDCI3) 5 7.2-7.4 (m, 5H, Ph), 3.8 (s, 2H, CH2), 2.4-2.55 (m, IH,
CH), 1.0-2.0 (m, lOH, CH2).

2.15.5. NH(Ph)(CH2Ph)
IH nmr (300 MHz, CDCI3) 5 7.2-7.4 (m, 5H, Ph), 6.6-6.8 (m, 5H, NPh), 4.3 (s, 2H,
CH2), 1.8(brs, 1H,NH).

2.15.6. NH(CH2Ph)[C*H(Me)Ph]
IH nmr (300 MHz, CDCI3) 5 7.21-7.39 (m, lOH, Ph), 3.82 (q, J = 6.6 Hz, IH, CH), 3.67,
3.60 (ABq, J = 13.2 Hz, 2H, CH2), 1.63 (br s, IH, NH), 1.38 (d, / = 6.6 Hz, 3H, Me);
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(C6D6) 6 6.88-7.51 (m, lOH, Ph), 3.59 (q, / = 6.5 Hz, IH, CH), 3.55, 3.43 (ABq, 7 = 13.2
Hz, 2H, CH2), 1.20 (br s, IH, NH), 1.17 (d, 7 = 6.6 Hz, 3H, Me).
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CHAPTER 3

P h o s p h i n e D e r i v a t i v e s of R u t h e n i u m ( I I ) A r e n e

3.1.

Complexes

Introduction

The functional resemblance between arene complexes based on RuCl2(C6H6) and
the hydrogenation catalyst RuCl2(PPh3)3 led in early work to exploration of the catalytic
properties of the former. Poorly characterised arene complexes of Ru(n) halides were used
as catalysts for the hydrogenation of olefins, with limited success.^''^ Related, well-defined
species have shown promising results in catalytic hydrogenation of olefins,^"^ ketones,'^'^
and arenes,^'^ and have met with some success in the ring-opening metathesis
polymerisation of cycloolefins.^ These catalysts fall into two groups; those which rely on
dissociation of the ancillary ligands for activation, and those requiring loss of the arene
itself. In either case, product selectivity is likely to be limited by the margin of lability
between the arene and ancillary ligands. Use of catalysts of the first type may therefore be
limited to readily reducible substrates, as competing loss of arene under forcing conditions
would produce several active species, compromising the controlled geometry of the active
site which is one of the principal advantages of homogeneous catalysis. Higher product
selectivity (particularly under forcing conditions), as well as broader applicability, may
therefore be an intrinsic property of those catalysts activated by arene loss, providing that
the labihty of the supporting ligands is low. Selectivity may be amplified by use of a ligand
which exerts a high degree of steric control over the active site. Thus very high
enantioselectivity, as well as chemoselectivity, has been attained in the hydrogenation of
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prochiral olefins and ketones using arene complexes of the chelating diphosphine binap.^'^
As little other work on such catalyst species has been reported, in spite of these promising
results, the preparation of a number of such complexes was undertaken for examination of
their catalytic utility. Synthetic routes were investigated using complexes of the achiral
phosphines dppe and dppb to approximate the five- and seven-membered chelate
complexes of the chiral phosphines chiraphos, diop, and binap (the structures of which are
given in Figure 1.1, Chapter 1).
Direct reaction of the bis(arene) species Ru2Cl4(C6H6)2 (1) with various
phosphines was previously utilised to prepare complexes of the type RuCl(C6H6)(PP)+Cl"
(7.C1) (Method A, Figure 3.1). The achiral phosphines used include dppb and dppe;^ a
chiral system based on the atropisomeric phosphine binap has also been prepared.'^
Difficulties encountered with this approach, described in the following Section, prompted
the exploration of other routes to these complexes, and to the previously unreported chiral
analogues based on chiraphos and diop. One alternative, which was not investigated in
detail, involves abstraction of halide from Ru2Cl4(PP)2 (14) by silver salts in the presence
of an aromatic solvent (Method B, Figure 3.1). This approach was exploited by Thorbum
et al. ^° in synthesis of the toluene complex RuCl(C7H8)(dppb)"'" PFs", and adopted recently
for preparation of the corresponding triphenylphosphine species. ^^ The method is of
interest in part because it reveals a formal link between the class of complexes based on the
neutral dimer Ru2Cl4(PP)2, and that comprised by the ruthenium arene derivatives, the
chemistry of which can then be recognised as an extension of the detailed reaction
pathways delineated in Chapter 4 (see Figure 6.1 for summary). This route may, however,
be limited to electron-rich arenes; attempts to prepare the benzene complex
RuCl(C6H6)(dppb)+PF6" in the course of this thesis work, by dehalogenation of
Ru2Cl4(dppb)2 in benzene-acetone, were unsuccessful. The increased length of the
synthesis, with introduction of the diphosphine in the second of four steps, also incurs
higher losses of diphosphine than does Method A. The practical application of this method
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may therefore be limited to the preparation of arene derivatives for which the
Ru2Cl4(arene)2 species is not accessible, owing to the unavailability of a cyclohexadiene
precursor (see Figure 3.1).

As the principal interest was in complexes of chiral

phosphines, attention was focussed on more direct routes to 7, which would permit
introduction of the diphosphine in a final synthetic step.

R
2RuCl3.H20

[Method A ]
•

Ru2Cl4(arene)2

2 RuCl3(PPh3)2 ^ ^ ^> RUzClgCP P)2

"

• ^base

2|I^Ru-.iiip

RujCUCP P)2

Method B
Figure 3.1: Literature routes to RuCl(C6H6)(PP)+X- complexes (7).

3.2.

Preparation and Characterisation of Ru2Cl4(C6H6)2 (1)

Mono-arene complexes of ruthenium(II) are generally prepared from the bis(arene)
species Ru2Cl4(Ar)2, itself obtained by reaction of ruthenium trichloride with a 1,3- or 1,4cyclohexadiene in ethanol (Figure 3.1, Method A). Treatment of RUCI3XH2O with 1,3cyclohexadiene in refluxing ethanol, for example, generates the first-reported complex of
this type, a brown diamagnetic powder of empirical formula [RuCl2(C6H6)].^^ Because of
the extreme insolubility of this species, its structure is ambiguous. It was originally
described as a polymer containing chloride bridges and Tj^-bound benzene, a structure
analogous to the well-known diene complexes [RuCl2(diene)]n.^^ A dinuclear formulation
with T|6-benzene is now generally accepted, initially on the basis of a molecular weight
determination carried out on the more soluble p-cymene complex,^^ and, more recently.
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crystallographic analysis of the hexamethylbenzene analogue. ^^ Little regard has been
given to the distinction made by Zelonka and Baird between the usual brown powder and a
more soluble, dark red product formed by gentle heating of RUCI3XH2O with the diene in
90% aqueous ethanol.^^ These authors suggest that the latter only is dinuclear, and remark
that the brown species is rather unreactive by comparison. Most subsequent workers
appear to have followed the original method of preparation,^^ after the example of Bennett
and Smith, who published a detailed study of a purportedly dinuclear product obtained by
this means, which, however, exhibited no difference in colour or solubility from the
originally reported brown material. ^^
In this thesis work, elemental analysis of the brown product obtained by the
original method^^ was consistently low in carbon and hydrogen, while that of the redbrown complex accorded with the dinuclear formulation. Similarly poor microanalytical
results for the brown material were reported by earlier workers, who suggested that
reaction in neat ethanol (irrespective of temperature) induces loss of the arene functionality
and formation of chloride-bridged oligomers (see Figure 3.2).^ No supporting data were
presented, perhaps because the insolubility of the complex makes direct structural
information difficult to obtain. Infrared and ^H nmr data, both of which have been
adduced as evidence for the dinuclear structure,^^ are unreliable. The observation of both
bridging and terminal metal-chloride stretching frequencies in the infrared spectrum is
equally consistent with an oligomeric formulation, providing that the chain lengths are not
too long. Product characterisation by nmr analysis in dmso-d6 (in which the brown
complex is partially or fully soluble, depending on the volume of solvent) does not permit
distinction between oligomeric and dinuclear species. Either would give rise only to a Tj^C6H6 singlet for RuCl2(C6H6)[(CD3)2SO] {cf. 2, Figure 3.2) in the ^H nmr spectrum.
Peaks due to RuCl2[(CD3)2SO]4 (cf. 10, see below), the expected coproduct from
solvolysis of oligomeric 1, would be overlooked, as their intensity is limited by the extent
of isotopic impurity of the solvent.
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Figure 3.2: Reaction of chloride-bridged ruthenium arene complexes with dmso.

Spectroscopic examination of the products obtained on reaction of brown 1 with
Me2S0 was undertaken in the present work, in an effort to determine the ratio of 2 to 10,
and thus the length of the oligomeric chain. Concentrated solutions of brown 1 in protiodmso were prepared, adding only sufficient solvent to completely decompose the solid
sample (ca. 10 mg in 100 |iL). Small aliquots of this solution were diluted with CDCI3,
both to reduce the size of the dmso signal and to eliminate the interference due to the water
peak: 6 3.30 in dmso-d6,1.5 in CDCI3. The methyl singlet due to free dmso (6 2.62) was,
however, still orders of magnitude larger than the corresponding signals for the two
ruthenium species (2, 5 3.11; 10, 5 3.38).* Solvent suppression by decoupling the dmso
peak did not permit observation of the area of interest, as the signal for 2 was also
annihilated.
Confirmation of a distinction between red and brown 1 was provided by
microanalysis for halide. The chloride content of the red material agrees well with the
theoretical value for the dimeric species, while that of brown 1 is ca. 4% higher. The
experimental data for the latter, in particular the relatively high hydrocarbon content, cannot
be reconciled with the proposed oligomeric structure, even if an interstitial ring is taken into
account (see experimental and calculated values in Table 3.1). The microanalytical data
suggest one mole of excess hydrogen and five moles of chloride per two moles of benzene
(C11.5H13.7CI5, or ca. C12H14CI5). Plausible structures to account for this empirical
formula are not readily apparent, however, especially given the diamagnetism of the
* Peaks assigned by comparison to spectra of the isolated complexes (CDCI3). Complex 2: see Section
3.4.2, and Experimental, Section 2.6.1. Complex 10: Experimental, Section 2.7.6.
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product and the absence of any vinylic peaks in the ^H nmr spectrum. Attempts to
determine the molecular weight of brown 1 by mass spectrometry were unsuccessful,
owing probably to facile cleavage of the chloride bridges. As previous workers had noted
extensive fragmentation in electron impact mass spectra of the dimer,^^ and only
monomeric RuX2(C6H6) (X = CI, Br) species* on using the milder technique of field
desorption mass spectrometry, the utility of fast atom bombardment was investigated in the
present work. This also proved too vigorous a technique, however, and the parent ion was
not observed, the highest peak being m/e 465 {cf. a molecular weight of 500 for the dimer).
The ambiguity in the molecular structure of this species remains unresolved, therefore,
though the distinction between it and red 1 is clearly well founded.

Table 3.1. Microanalytical data for ruthenium arene complexes of type 1

Complex

%C

%H

%C1

[RuCl2(C6H6)]2

Calculated

28.81

2.42

28.35

1 (Red)

Found

28.79

2.37

28.24

1 (Brown)

Found

25.66

2.53

32.63

25.92

2.54

-

25.43

2.50

-

[RuCl2(C6H6)]2[RuCl2]

Calculated

21.44

1.80

31.65

[RuCl2(C6H6)]4[RuCl2]

Calculated for

28.77

2.58

28.31

(|i2-C6H8)

C30H32CI10RU5

[RuCl2(C6H6)]io[RuCl2]5

Calculated for

23.05

1.93

30.93

(|13-C6H6)2

C66H66CI30RU15

As reaction of the dimer with dmso is very rapid, (C6H6)RuCl2(dmso) species observed in this solvent
may resultfromdirect reaction, rather than fragmentation followed by scavenging. Monomeric species
were, however, also observed for the bromide analogue in CHCI3 solvent. ^^
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Parallel reactivity studies of red and brown 1 are also consistent with a distinction
in molecular form. The early, and disputed, characterisation of the brown material as
relatively inactive^ ^ is upheld; its extreme insolubihty and unreactivity result in recovery of
varying amounts of the starting material in all of its reactions, with the exception of those in
dmso. The consequent loss of stoichiometric control is of particular concern in the
phosphine-substitution reactions described in the following Sections.

3.3.

Phosphine-Substitution Reactions of 1

Achiral chelate complexes (RuCl(C6H6)[Ti2-Ph2P(CH2)nPPh2]+Cl- (7.C1; n = 2, 3,
4) were isolated in earlier work, following treatment of 1 with two equivalents of the
diphosphine in refluxing ethanol.^ Yields and product selectivity were not discussed, but
experiments described in this Section illustrate that this route to the cationic complexes"^-^ is
hampered by side-reactions, unless the diphosphine is rather buUcy or rigid (cf. the reported
preparation of the binap"^ and bis(dicyclohexylphosphino)ethane^^ species in high yield).
The accessibility of side-reactions for the Ph2P(CH2)nPPh2 derivatives is implied in the
original work, in the description of facile arene displacement on use of excess phosphine
(giving unspecified products; see, however. Section 3.3.2),^ and of dinuclear phosphinebridged species [RuCl2(C6H6)]2(^i-PP) (6) on treatment of 1 with one equivalent of
phosphine in warm acetonitrile^^ or refluxing benzene.^ These reactions are summarised in
Figure 3.3.
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Figure 3.3: Reported phosphine-substitution reactions of Ru2Cl4(C6H6)2-^'^^

The utility of 1 as a direct precursor to both chiral and achiral chelate complexes of
type 7 (Figure 3.3), by treatment with two equivalents of phosphine in refluxing ethanol,
was investigated in the present work. Synthesis and spectroscopic characterisation of the
phosphine-bridged and bis(PP) complexes were undertaken as a prehminary step, in order
to facilitate subsequent identification of reaction products, as ^IPf^H} and ^H nmr
parameters have not been reported for most of the expected products. 31p{ 1H} nmr data
for all of these phosphine derivatives of ruthenium arene complexes (including the cationic
species) are summarised in Table 3.2, at the end of Section 3.3.2. ^H nmr parameters are
listed in Chapter 2, Sections 2.6.5 (|i-PP products), 2.6.6 (monochelated PP complexes),
and 2.7 (bis(PP) complexes).

3.3.1.

[RuCl2(C6H6)]2(^t-PP) Complexes (6)
The phosphine-bridged complexes of dppe and dppb were readily obtained,

although in low yield, by treatment of brown 1 with one equivalent of the phosphine in
refluxing benzene, after the method of Faraone et al.^ (see Experimental, Section 2.6.5).
Their subsequent preparation from red, dimeric 1 was not investigated despite the expected
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increase in yield, as the complexes were primarily of spectroscopic interest. Unreacted 1
and bridged 6 are the sole species obtained from the reactions in refluxing benzene,
possibly because the very low solubility of the bridged complexes in benzene impedes
secondary reactions. The dppb complex is in fact virtually insoluble in all organic solvents;
the purity of the product is rather low, as 6b cannot be separated from unreacted starting
material. (Analytically pure 6b was however obtained by treatment of brown 1 with four
equivalents of dppb, in an attempt to prepare the bis(diphosphine) complex; Section
2.6.5.2. Its formation in the presence of excess dppb illustrates the tendency of the longer
diphosphines to form bridged, rather than chelating, species). The dppe complex 6a is
much more soluble by comparison, and can be separated from the insoluble ruthenium
residues by extraction with CH2CI2. As expected from the symmetrical structure shown in
Figure 3.3, both dppe and dppb complexes give rise to a singlet in the 31p{lH} nmr
spectrum (dppe: 5 23.3; dppb: 5 25.0, CDCI3).
Efforts to extend this reaction to preparation of the chiraphos complex met with
unexpected failure. Treatment of dimeric 1 (9.8 mg, 0.020 mmol) with chiraphos (8.4 mg,
0.020 mmol) in refluxing benzene (10 mL) gave the bis(diphosphine) 8b as the principal
product, as judged by the ^lp{ ^H} nmr spectrum of the crude reaction mixture; Figure 3.4.
A large singlet appears at 47.1 ppm for 8b, accompanied by several minor unassigned
peaks, including an AB pattern at 5 89.8, 85.1 (7 = 37 Hz). The expected singlet near 23
ppm for the chiraphos-bridged species {cf. the 31p{lH} nmr signal for [RuCl2(C6H6)]2(M-dppe) (6a), Table 3.2) is not observed (but see discussion below). The driving force for
formation of the bis(chiraphos) species appears from this evidence to be much higher than
for the corresponding dppe species, giving some intimation of the difficulties involved in
selective synthesis of the cationic complex of chiraphos. Limitations in the synthetic
analogy between Ph2PCH2CH2PPh2 and Ph2PC*H(Me)C*H(Me)PPh2 have been noted
previously. ^^
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Figure 3.4: 31p{lH} nmr spectrum (CDCI3) of the crude reaction product obtained on
treatment of red 1 with chiraphos (1 equivalent per Ru2) in refluxing benzene.

Clean 6c was obtained from the room-temperature reaction of RuCl2(C6H6)(dmso)
with half an equivalent of chiraphos, as described in Section 3.4.2. The milder reaction
conditions minimise the thermodynamic preference for the bis(chiraphos) species, none of
which can be detected by in situ 31p{lH} nmr. The room-temperature spectrum consists
of two broad resonances centred at ca. 31.5 and 35 ppm. At low temperatures (-50°C)
these signals are resolved into an AB quartet: 6 31.4, 34.8 (ABq, 7 = 58 Hz); Figure 3.5.
A degree of asymmetry is implied for 6c unexpected on the basis of its molecular structure,
and unparalleled in any of other phosphine analogues investigated (all of which give rise to
a singlet in the 31p{lH} nmr spectrum; Table 3.2). This distinction between the
derivatives of chiraphos and dppe, which differ only in the substituents on the two-carbon
backbone of the phosphine (Figure 3.6), suggests a steric effect in the chiraphos system
which has no counterpart in the dppe analogue. Twisting of the chiraphos backbone to
relieve the steric pressure imposed by the methyl substituents must disrupt the C2 axis
which otherwise relates the two halves of the molecule.
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Figure 3.5: 31p{ iR} nmr spectrum (CDCI3) of [RuCl2(C6H6)]2(^t-chiraphos) (6c) a) at
room temperature, ~210C ; b) at -50oC.
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Figure 3.6: Molecular structures of [RuCl2(C6H6)]2(M^-PP); PP = dppe (6a) and chiraphos
(6c).

Reexamination of the ^IPf^H} nmr spectrum (Figure 3.4) of the product obtained
in refluxing benzene in light of these results indicates that some of the chiraphos-bridged
species 6c was in fact obtained under these conditions. Although because of their
broadness and unexpected splitting pattern these peaks were initially overlooked, the
integration trace indicates the presence of 6c (ca. 15% of total integration). The
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vigorousness of this synthetic approach to the bridged complexes is clearly undesirable,
however, and the diop-bridged species 6d was therefore prepared in situ from the dmso
adduct 2 instead of directly from 1. The corresponding binap complex is not formed under
these reaction conditions, probably owing to the high bulk and rigidity of this diphosphine
(see Section 3.4.2, and Experimental Sections 2.6.5.4 and 2.6.5.5).

3.3.2.

Bis(diphosphine) Complexes
The dppe complex ?-RuCl2(PP)2 was readily prepared by treatment of 1 with

excess phosphine in refluxing ethanol. The chiraphos complex was not independently
prepared, as it had been isolated during the attempted preparation of Ru2Cl5(chiraphos)2
(Section 2.9.3). Dppb, diop, and binap, which give seven-membered chelate rings, have a
reduced tendency to form neutral bis(diphosphine) species. Previous attempts to prepare
bis(chelate) RuCl2(PP)2 complexes of diop and dppb gave only the bridged species
[RuCl2(PP)]2(M-"PP)'^^'^^ presumably because of steric limitations, as related species in
which one of the trans

groups is of lower steric bulk have been reported, e.g. t-

RuHCl(dppb)2.^^ Also of interest in this context is the cationic species RuH(H2)(binap)2"'"
FF^-P Reaction of 1 (54.0 mg, 0.108 mmol) with excess dppb (0.185 g, 0.434 mmol) in
refluxing methanol (40 mL; use of ethanol-benzene gave similar results. Sections 2.6.5.2
and 2.7.5) did not give solely [RuCl2(dppb)]2(^-dppb).20 This CH2Cl2-insoluble green
precipitate (15 mg, 9% based on Ru) was readily removed by filtration of the cloudy
yellow-green solutions, which on concentration revealed a mixture of products as judged
by 31p{lH} nmr. Signals for the bridged and monochelated complexes (25.0 and 30.5
ppm, respectively; Table 3.2), were accompanied by a new singlet at ca. 5 23.5 and an
unresolved series of peaks in the region 20-23 ppm. A singlet for free dppb was also
present. The integrated intensities of the new peaks account for 70% of the total (excluding
free dppb). In view of the complexity of the reaction, identification of bis(dppb)
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complexes was not pursued further, and the corresponding reactions with diop and binap
were not investigated.
31p{lH} data for the bis(PP) complexes of dppe and chiraphos, and for the
phosphine-bridged complexes described in Section 3.3.1, are summarised in Table 3.2.
Data for the cationic complexes described in later Sections are also included, for convenient
reference.

Table 3.2. 31p{lH} nmr data (121.4 MHz, RT) for Ru arene complexes with chelating
and bridging phosphines^

Phosphine

RuCl(C6H6)(PP)+X-

[RuCl2(C6H6)]2(tt-PP)

?-RuCl2(PP)2^

dppe

7a

70.4 (s)b

6a

23.3 (s)b

8a 45.0 (s)b

dppb

7b

30.5 (s)^

6b

25.0 (s)^

-

chiraphos

7c 66.0, 71.8 (ABq, 7=44)^

diop

7d 23.9, 25.8 (ABq, 7=57)b

binap

7e 30.1, 37.9 (ABq,/=64)b

6c 31.5 (br), 34.8 (br)C' d 8b 47.1 (s)''
6d

22.3 (s)c

-

-

-

a 121.4 MHz, CDCI3, 85% H3PO4 external standard; s = singlet, ABq = AB quartet,
coupling constants (J) in Hz.
^ The complex has been isolated (X = CI or PFe) and gives satisfactory elemental analysis;
see Chapter 2, Sections 2.6.5, 2.6.6, and 2.7.
c In situ species, characterised by 31p{ iH} and ^H nmr (Section 3.3.2; see also Chapter 2,
Section 2.6.5).
d Resolved at -50°C; 5 31.4, 34.8 (ABq, / = 58 Hz).
e Data for the cis isomers: dppe 6 37.2, 44.0 (A2B2, 7 = 1 8 Hz); chiraphos 5 44.3, 52.8
(A2B2,7= 20 Hz); slow isomerisation of the trans- to the cw-chloride species is observed
over several days in CDCI3 at room temperature.

3.3.3.

[RuCI(C6H6)(PP)]+ X- Complexes (7)
The insolubility of brown 1, and the ambiguity in its molecular formulation, result

in poor stoichiometric control in the published routes"^'^ to the monochelate complexes
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RuCl(C6H6)(PP)+ CI- (2 equivalents of phosphine per 1, EtOH, reflux). The ruthenium
precursor dissolves slowly and incompletely in hot ethanol, probably in the form of
solvated monomers RuCl2(C6H6)(EtOH), which may therefore be in solution with excess
diphosphine. Comphcating the stoichiometry further is the poor solubihty in ethanol of the
phosphines themselves, especially at the beginning of the reaction, before the solvent
reaches reflux temperatures. Not surprisingly, the reactions show poor product selectivity.
On treatment of oligomeric 1 with two equivalents of dppe or chiraphos in refluxing
ethanol, the fmn^-chloride species ?-RuCl2(PP)2 (8) is obtained as the principal product,
presumably due to the high thermodynamic stability of this configuration. The reaction
with chiraphos gives as well several new, unidentified species, as judged by 31p{lH} nmr
(Figure 3.7). In addition to the signals for the desired RuCl(C6H6)(chiraphos)+Cl- (Tc-Cl)
and a very small amount of the phosphine-bridged species 6c, an unassigned AB quartet
appears at low field (5 89.8, 85.4,7 = 37 Hz). This AB pattern was previously observed
in the attempted preparation of the chiraphos-bridged species 6c from 1 in refluxing
benzene (Section 3.3.1, Figure 3.4) Also occasionally present is a singlet at 5 80.9. The
latter is probably not due to an arene derivative; Thorbum has described the gradual
appearance of a singlet at 81 ppm in the 31p{lH} nmr spectrum of samples of
Ru2Cl4(chiraphos)2 left to stand in CD2Cl2.^^ This signal was originally ascribed to
coordination of trace water to the dimer, but as it appears to develop only in the presence of
CH2CI2 (and not, for instance, in CeDg), an as yet unknown reaction with the solvent,
rather than water, may be involved.
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Figure 3.7: 31p{ ^H} nmr spectrum (CH2CI2-CDCI3) of the crude reaction product from
reaction of brown 1 with chiraphos (2 equivalents) in refluxing ethanol. Note that
the shift positions differ slightly from those found in CDCI3 alone.

On reaction of oligomeric 1 with dppb or diop, a mixture of the desired cationic and
phosphine-bridged products is obtained. A minor byproduct was also obtained using diop
as the phosphine, giving rise to an AB pattern at 5 45.2, 32.2 (7= 41 Hz). The absence of
a ri^-CgHg singlet for this species in the ^H nmr spectrum suggests that it is a disubstituted
product. It is unlikely to be the bis(chelate) RuCl2(diop)2, as discussed in Section 3.3.2,
though it may be a related species in which a smaller group is trans to the chloride ligand.
The simplicity of the 31p{ ^H} nmr spectrum rules out the Ru2Cl4(diop)3 species.^^ With
binap, the cationic species Te-Cl is formed, contaminated however by insoluble residues of
1, and free phosphine. Use of 10% benzene to improve the solubility of the phosphine,
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after the manner of Mashima et al.,^ gave no improvement, even in the presence of the
haUde-abstracting agent NH4PF6.
Even using dimeric 1, preparation of the cationic complexes by this means is
hampered by side-reactions arising from arene displacement and formation of bridged
species. Byproducts account for the bulk of the starting phosphine in the case of dppe or
chiraphos. While little disubstitution occurs on reaction with dppe, large amounts of
bridged 6a are formed, which are not converted to the desired 7a-Cl on heating for an
additional hour. In several instances additional, unidentified peaks were observed in the
31p{lH} nmr spectrum in the region of 20 to 28 ppm, which in total integrate
approximately 1:1 against the singlet for the desired product at 71 ppm.

In the

corresponding ^H nmr spectrum several peaks are observed in the rj^-CeHg region; these
products may therefore be dinuclear bis(dppe) bridged species.
Reaction of 1 with chiraphos under the same conditions gives a mixture of the
desired 7c'Cl, bridged 6c, and an unidentified complex characterised by a low-field AB
quartet (5 87.0, 80.6, / = 37 Hz; C6D6) in the 31p{lH} nmr spectrum. The AB pattern is
probably due to the unidentified species observed in the reaction of chiraphos with dimeric
1 in refluxing benzene, and with oligomeric 1 in refluxing ethanol, as described above.
Slight differences in the shift positions are expected owing to the use of different nmr
solvents.
The corresponding reaction of dimeric 1 (81.0 mg, 0.162 mmol) with dppb (0.138
g, 0.324 mmol) in refluxing ethanol (20 mL) gives an orange suspension, from which the
bridged species 6b (48 mg, 32% based on Ru, or 16% of added dppb) can be separated by
filtration. The 31p{ iR} nmr spectrum of the soluble material, obtained after removing the
solvent from the filtrate and redissolving the residue in CDCI3 (Figure 3.8), shows two
large singlets, for the cationic complex 7b.Cl (6 30.5, 42%) and unreacted dppb (5 -16.15,
38%). A series of small peaks between 5 21 and 25, possibly due to disubstituted arene
derivatives, accounts for the remaining integration. Use of benzene as cosolvent (1:6, v/v)
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to facilitate dissolution of dppb (Section 2.6.6.2) does not prevent formation of the bridged
species, which is isolated as before (25% yield based on dppb, 49% of available Ru). In
either case the desired 7b-Cl is obtained in only ca. 30% yield.
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Figure 3.8: 31p{lH} nmr spectrum (CDCI3) of the crude reaction product obtained on
treatment of 1 with dppb (2 equivalents) in refluxing ethanol.

In pronounced and unexpected contrast, reaction of dimeric 1 with two equivalents
of diop in refluxing ethanol gives RuCl(C6H6)(diop)'*' CI" (7d-Cl) as the sole product, as
indicated by ^^Pf^H} nmr. None of the bridged species is formed, owing perhaps to the
greater rigidity of the phosphine backbone. Similarly, neither phosphine-bridged nor
bis(PP) species are observed on reaction of 1 with binap, owing to the exceptional bulk
and rigidity of this diphosphine. Benzene was used as a cosolvent (1:8 C6H6:EtOH, v/v)
in the originally reported preparation of 7e>Cl,'^ probably to overcome the poor solubility of
the phosphine in ethanol. Yields of 7e-Cl in the present work are lower than those reported
(63%, vs. 90%), but represent a substantial improvement over those found using
oligomeric 1 as precursor {ca. 23% based on binap; Section 2.6.6.5). The method of
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preparation of l^^JS (Section 3.2) is clearly crucial, although both methods are cited, with
no distinction being drawn between them, in the original report of this route to the binap
complex.''^
Except for those phosphines predisposed by their geometry to form monochelate
complexes, the approach to the cationic complexes via 1 is insufficiently chemoselective.
The poor kinetic discrimination between the various reaction paths is exacerbated by
inadequate stoichiometric control (in part a consequence of the incompatible solubilities of
the arene and phosphine reagents), the elevated temperatures required to maximise the
solubility of the starting materials, and the inherent hmitations of carrying out the bridgecleavage and subsequent phosphine-substitution reactions in a one-pot procedure. Use of a
mononuclear starting material with high solubility in organic solvents was therefore
investigated.

3.4.

Phosphine-Substitution Reactions of Mononuclear Ruthenium Arene

Complexes

Many neutral derivatives of the type RuCl2(C6H6)L have been described. Three
such complexes (L = acetonitrile, triphenylphosphine, and dmso) were prepared, as well as
the cationic complex RuCl(C6H6)(MeCN)2"'" PFe" (synthesis and reaction of which with a
chelating diphosphine was reported by others^^ during the course of this work). These
complexes were screened in model studies with dppb and dppe before reactions with the
chiral phosphines were undertaken.

3.4.1.

RuCl2(C6H6)(PPh3) (3)
Mononuclear phosphine complexes of the type RuCl2(C6H6)(PR3) have been

prepared by several groups.^^'^^'^"^'^^ Their use as precursors to complexes of chelating
diphosphines was considered in view of the reported accessibility of the
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bis(monophosphine) analogues [RuCl(C6H6)(P)(P')]+PFe" (P = PMes; P' = PMes,
P(OMe)3, PMe2Ph), on treatment of RuCl2(C6H6)(PMe3) with one equivalent of
phosphine and NIl^PFg;^^ it may be noted, however, that these products imply no lability
of the original trimethylphosphine hgand.
The PPh3 derivative 3 was prepared by a published procedure^^ and treated with
diphosphine ligands. The complex (6.70 mg, 0.0131 mmol) reacts slowly with dppb
(5.57 mg, 0.0130 mmol) in CDCI3 (0.7 mL) at room temperature. Only 20% free PPh3 is
evident in the 3lp{lH} nmr spectrum after 15 h, and the singlet at 5 30.5 expected for
RuCKCeHeXdppb)"*" CI" is not observed. The starting material (90.5 mg 3, 0.118 mmol;
75.4 mg dppb, 0.117 mmol) is almost completely consumed after refluxing for an hour in
MeOH-CH2Cl2 (2:1 v/v; 9 mL total), but only ca. 5% of the desired species is obtained.
The principal signal (65% of the total integration) is an AB quartet at 6 24.5, 19.9 (7 = 54
Hz). The integration for free PPh3 is very small, suggesting that both dppb and PPh3 are
coordinated to Ru in the product. Formation of RuCl2(dppb)(PPh3) (12a) on loss of r\^CgHg was one of the side-reactions originally considered as a possible hazard of this route.
The I R nmr shows a mixture of arene-containing species, however, and the 31P{lR} nmr
pattern is furthermore much less complex than that reported for the mixed phosphine
species.^^ Closer examination of the spectrum (Figure 3.9) permits a more probable
assignment. On expansion, the upfield peak originally assigned to unreacted dppb (in spite
of its over-large integral value) is resolved into a singlet for free dppb (8 -16.15), with a
second peak at slightly higher field (5 -16.35). Consistent with this pattern and the ^R nmr
data is the presence of the mixed phosphine species RuCl(C6R6)(dppb)(PPh3)+Cl", in
which the dppb ligand is monodentate. Supporting microanalytical data could not be
obtained, as attempts to remove 7b-Cl were unsuccessful. While the monodentate species
appears a likely intermediate in the formation of the chelate complex, increasing the reaction
time leads to httle increase in the amount of TbCl. The labihty of the PPh3 ligand is clearly
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insufficient for preparation of the desired cationic complexes, at least for phosphines
forming seven-membered rings on chelation to the metal.
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Figure 3.9: ^lp{ ^H} nmr spectrum (CDCI3) of the crude reaction product obtained on
treatment of 7b-Cl with dppb (1 equiv.) in refluxing MeOH-CH2Cl2. Signals
assigned to RuCl(C6H6)(dppb)(PPh3)+Cl- are marked (*).

Illustrative of the control exerted by the length of the phosphine backbone is the
exclusive formation of/-RuCl2(dppe)2 (8a) on reaction of 3 (21.8 mg, 0.0425 mmol) with
dppe (16.9 mg, 0.0424 mmol) in refluxing CH2CI2 (10 mL). Attempts to minimise arene
displacement by carrying out the reaction at room temperature were unsuccessful, the
bis(diphosphine) complex still being formed as the sole product. This suggests that
reaction of dppe with T a d is more rapid than reaction with the PPh3 precursor. As the
results described in Section 3.3.1 indicate an even stronger thermodynamic preference of
chiraphos for the bis(chelate) configuration, use of 3 as a precursor to the cationic
complexes was not pursued further.
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3.4.2.

RuCl2(C6H6)(dmso)

(2)

A dmso adduct of 1, tentatively described as a dinuclear species, was reported in
early work.^''^ Identification of the neutral complex RuCl2(C6H6)(dmso) as the sole
product on dissolution of 1 in dmso was subsequently made on the basis of ^H nmr data;^^
its isolation and characterisation were reported by other workers.^^ Its infrared spectrum,
which has not previously been described, shows an intense band at 1099 cm"^ (relative to
1050 cm'l for free dmso), indicating that the sulfoxide is S-bonded.'^^ In the current work,
the solubility of the product in CH2CI2 was found to be greater than that reported,^
permitting reprecipitation from this solvent by addition of ether to obtain analytically pure
product.
Treatment of RuCl2(C6H6)(dmso) (2) (39.8 mg, 0.121 mmol) with dppb (51.7
mg, 0.121 mmol) in refluxing CH2Cl2-MeOH (1:1 v/v, 20 mL total) gives the mixture of
products observed previously with precursor 1. Kinetic studies have indicated a
dissociative mechanism for replacement of the dmso ligand of 2 by PPhs, in both dmso
and 1,2-dichloroethane.^^ Formation of small amounts of [RuCl2(C6H6)]2(|i-dppb) (6b)
at reflux was therefore initially attributed to over-rapid generation of the coordinatively
unsaturated mtermediate (Figure 3.10), which can scavenge the free end of a monodentate
P-P ligand before the chelation or ring-closing step can occur. At room temperature,
however, the bridged species is formed immediately, in quantitative yield, in 5% CH2CI2MeOH or neat CH2CI2 (a representative reaction is described in Section 2.6.5.2). This
suggests that formation of RuCl(C6H6)(dppb)+ CI' ( 7 b d ) in the original experiment
occurs by reaction of residual phosphine with the bridged species, rather than by direct
reaction with 2. Isolation of 7 b d via reaction of 6b with dppb in refluxing ethanol was in
fact reported in earlier work, though the mechanism is unclear.^ Peaks in the region 20-23
ppm assigned to unidentified bis(dppb) species (Section 3.3.2) were also observed in the in
situ 31P{lH} nmr spectra of both reactions. The extreme insolubility of the bridged
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complex may permit attack of free dppb on 7b-Cl before reaction with 6b is complete, so
that a mixture of products is unavoidable.

,C1
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Figure 3.10: Reactions of RuCl2(C6H6)(dmso) (2) with chelating diphosphines.

As with RuCl2(C6H6)(PPh3), reaction of dppe with 2 at reflux temperatures gives
solely r-RuCl2(dppe)2 (in either MeOH or CH2CI2). Even at room temperature, some of
the bis(diphosphine) is formed. In CH2CI2 or 5% CH2Cl2-MeOH, a mixture of all three
products, 6a, Ta^Cl, and 8a, can be seen in the 3lp{lH} nmr spectrum (as well as
unidentified peaks, as discussed in Section 2.7.1). The cationic complex accounts for less
than 30% of the total integrated intensity in either case. These results imply that insufficient
kinetic distinction exists between formation of the various products. Use of a more reactive
starting complex to accelerate consumption of free phosphine might in theory inhibit
formation of the bis(diphosphine), but is in practice likely to cause further difficulties. Not
only is the dmso ligand in this starting material already extremely labile (as indicated by the
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instantaneous reaction of 2 with dppb at room temperature), but the dangling phosphine
can compete with free dppe for coordination to the coordinatively unsaturated species.
The utiUty of 2 as a precursor to the binap complex RuCl(C6H6)(binap)+Cl' (TC'Cl)
was investigated despite these results, as the bulk and rigidity of the binap ligand inhibit
side-reactions such as those described above. Treatment of 2 with one equivalent of binap
in CH2CI2 at room temperature gives solely Te^Cl as judged by in situ 31p{lH} nmr,
offering a more facile route to this useful catalyst than that originally reported."^ Even when
half an equivalent of binap is used (13.5 mg 2, 0.0411 mmol; 12.8 mg 5-binap, 0.0205
mmol; CH2CI2, 5 mL), the AB pattern for the cationic species is the only observable
31p{lH} nmr signal. For the remaining phosphines, the dmso complex proves an
excellent precursor to the [RuCl2(C6H6)]2(U-PP) species (see Section 3.3.1 and
Experimental, Section 2.6.5). The complexes of dppe, chiraphos, dppb and diop were
prepared cleanly, instantaneously, and in quantitative yield by addition of diphosphine
(either half an equivalent or excess, as illustrated by the reaction of dppb already discussed)
to 2 in CH2CI2 or CDCI3 at room temperature.

3.4.3.

RuCl2(C6H6)(MeCN)

(4)

The neutral complex 4 was identified in early work as the sole species present in
acetonitrile solutions of dimeric 1, although formation of the cationic species
RuCl(C6H6)(MeCN)2+HgCl3- could be induced by addition of UgCh.^^'^"^ Isolation of
the neutral complex has not been previously reported. Analytically pure material was
obtained in low yields by repeatedly extracting 1 with acetonitrile at room temperature.
Use of other common organic solvents for separation of 4 from unreacted starting material
was precluded by the low solubility of the acetonitrile complex; 4 is sparingly soluble in
chlorinated solvents, though sufficiently so for nmr spectroscopy. Soxhlet extraction of 4
with acetonitrile was not feasible, owing to the thermal sensitivity of the arene complex in
the presence of coordinating solvents; complete loss of the arene functionality, giving t-
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RuCl2(MeCN)4 (11) (identified by comparison to an authentic sample prepared by a
literature method)^^ occurred within a few hours of exposing 4 to refluxing acetonitrile.
Prolonged reaction at room temperature has the same effect, and crystals of 11 form over
several days in solution. Details of the crystaUographic analysis are discussed in context of
the X-ray crystal structure of the related species Ru(dppb)(MeCN)4+ 2PF6" (23) in Chapter
4. As the discussion above impUes, however, the solubility of the mono-nitrile precursor 4
is in any case too low to be useful for synthesis of chelated phosphine derivatives.

3.4.4.

RuCl(C6H6)(MeCN)2+PF6-

(5)

The cationic complex 5 is much more soluble in acetonitrile than is the neutral
species. A clear yellow-orange solution is obtained on treatment of red 1 with one
equivalent of NH4PF6 in acetonitrile, from which RuCl(C6H6)(MeCN)2"'" PFg' can be
precipitated by addition of ether. No evidence of further loss of halide, as encountered
under these conditions with the nitrile complex RuCl(dppb)(MeCN)3+ PFg- (21a'PF6;
Section 4.2.8), was observed. This reflects in part the weaker halide-abstracting ability of
ammonium salts, as the completely dechlorinated species Ru(C6H6)(MeCN)2"'"2 2BF4- has
been isolated by reaction of 1 with AgBF4 in acetonitrile^^ (presumably via 5 generated in
situ). Synthesis of 5 itself was reported during the course of this work.-^^ This species is
much less soluble in halogenated solvents than in the more polar solvent MeCN; it is
completely insoluble in CDCI3, and of only limited solubility in CH2CI2. As the
phosphines exhibit the opposite pattern of solubility, reactions were carried out in CH2CI2MeCN mixtures. Arene displacement by acetonitrile, initially of concern, is not observed
even on prolonged reaction or, surprisingly, in refluxing MeCN.
Several side-products in addition to RuCl(C6H6)(dppb)+ PFg" (7b.PF6) are formed
on reaction of 5 (18 mg, 0.041 mmol) with dppb (17.8 mg, 0.041 mmol) in MeCNCH2CI2 (1:1, 10 mL total) at room temperature. Free dppb and a complex containing
monodentate dppb (cf. RuCl(C6H6)(dppb)(PPh3)+Cl-, Section 3.4.1), probably

101

RuCl(C6H6)(MeCN)(dppb)+ PFe" as judged by 31p{lH} nmr data (two singlets; 6 28.4,
-18.1, CD3CN-CH2CI2), are the principal species after two hours reaction time. The
signals for these species slowly give way to those of Tb-PFg, accompanied, however, by
an approximately equal amount of apparently disubstituted material. After 3 days in
solution, the sample shows no signals for the monochelate complex or free dppb in the
31p{ iR} nmr spectrum, but the integrated intensity of the desired Tb-PFg is only ca. 50%
of the total, the remainder being accounted for by bis(PP) species.
With dppe, on the other hand, RuCl(C6H6)(dppe)+ PF6' (Ta^PFg) is formed as the
principal product. In contrast to the routes described in earlier Sections, none of the
bis(dppe) byproduct is observed in the in situ 31p{ iR} nmr spectra. Even in the presence
of excess phosphine less than 5% conversion to this species occurs over 48 h, and
formation of RuCl(dppe)2(MeCN)+PF6" is incomplete even after two weeks at room
temperature. The stabiUty of RuCl2(dppe)2 to NH4PF6 was reported in earlier work.^^
Given these promising results, the reaction with chiraphos was investigated. The
room-temperature reaction of 5 with one equivalent of chiraphos over 15 h in MeCNCH2CI2 gave a mixture of RuCl(C6H6)(chiraphos)+PF6- (Tc-PFg) and the bis(chelate)
complex ?-RuCl(chiraphos)2(MeCN)+PF6- (9), in a ratio of 2:1. The identity of the latter
was suspected on the basis of 31p{ iR} nmr evidence, and confirmed by iR nmr following
extraction of the crude product with benzene, in which 9 is preferentially soluble. The
31p{ iR} nmr spectrum of isolated 9 in CDCI3 (Figure 3.11) consists of an A2B2 system at
5 44.2, 52.8 (7 = 24.8 Rz). This nmr pattern is virtually identical to that observed for the
neutral species c-RuCl2(chiraphos)2: 5 44.3, 52.8 (7= 24.6 Rz); Table 3.2, Section 3.3.2,
as expected given the structural resemblance between these two bis(diphosphine)
complexes (see Figure 3.12). The iR nmr spectrum of 9 (Figure 3.11) shows two distinct
methine and methyl resonances, consistent with a plane of symmetry relating the chiraphos
moieties. A methyl singlet at 5 1.0, integrating 1:2 against each of the chiraphos methyl
peaks, is assigned to coordinated acetonitrile.
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Figure 3.11: 31p{lH} and iR nmr spectra (CDCI3) of crude RuCl(chiraphos)2(MeCN)+
PF6", 9. Chiraphos methine peaks indicated by (*), methyl peaks by (^); MeCN
methyl singlet indicated by (•); H2O by (x). The PF6 septet (5 -145) is omitted
from the 31p{lH} nmr spectrum.
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(9) and c-RuCl2(chiraphos)2.

Formation of 9 in ca. 25% yield under conditions which gave no observable
amount of the corresponding dppe species is consistent with the greater driving force for
formation of bis(chiraphos) complexes, relative to their dppe analogues, proposed in
Section 3.3.1. The improvement in product selectivity in this reaction, relative to those
with other mononuclear ruthenium precursors, is probably a consequence of the lower
lability of the arene in the cationic precursor 5. Displacement of coordinated benzene is
much less facile for 5 than for the neutral complexes, as indicated by the very slow reaction
of 5 with excess dppe. The reduced labiUty of the acetonitrile ligands may also be a factor,
tending to favour chelation over disubstitution.

3.5.

Summary

Use of RuCl(C6H6)(MeCN)2'*" PFg" as a mononuclear starting material permits
improved product selectivity in preparation of the cationic complexes of dppe and
chiraphos, due in part to greater control over the reaction stoichiometry, and in part to
obviation of the need for elevated temperatures, which promote arene loss.

The

susceptibility of chiraphos and (to a lesser extent) dppe to formation of bis(diphosphine)
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species accounts for the inability to generate significant amounts of the desired products
RuCl(C6H6)(PP)"'" under the more forcing conditions used with 1 as a precursor.
With dppb and diop, which do not share this driving force toward arene
displacement and formation of RuCl2(PP)2 species, room-temperature reactions with
monoruthenium starting materials offer no advantage over the original synthetic approach
using 1. High temperatures as used with precursor 1 may assist in conversion of the
dppb-bridged byproduct to the mono-chelate complex. While bridging modes are known
to be readily accessible for both dppb and diop, the latter phosphine exhibits a stronger
preference for the chelate form than does the more flexible dppb ligand, and this approach
provides a clean synthesis of the cationic species. Where formation of the bridged species
is blocked altogether, as in the case of binap, the highly labile species RuCl2(C6H6)(dmso)
may provide a useful precursor to the cationic product. These distinctions follow a pattern
long recognised in diphosphine reaction chemistry,^^''^^''^^ in which phosphines with a
two-carbon backbone have a high propensity for formation of bis(chelates), while those
possessing a four-carbon backbone have an enhanced tendency toward phosphine-bridging
modes (providing the backbone is sufficiently flexible).
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CHAPTER 4
Ru(II) Nitrile Complexes with Chiral and Achiral Phosphine Ligands

4.1. Introduction

The classical coordination chemistry of ruthenium includes a wide range of nitrile,
ammine and amine, particularly chelating amine, complexes.^ Complexes of chelating
imines, in particular the macrocyclic Schiff bases, are also extremely common^-^ (see
Section 5.2).

Tertiary phosphine complexes of ruthenium have been extensively

investigated, but the ancillary ligands typically associated with such species are halogens,
hydrides, alkyl and aryl groups, CO, and alkenes."^ Neutral A'^-donors, while not rare, are
less common supporting ligands in such systems. Our motivation in exploring the
coordination chemistry of chlororuthenium phosphine complexes with these donor
ligands stems in part from a long-standing interest in developing Ru(II) catalysts in which
the ruthenium centre bears a single diphosphine ligand (and usually one or more
halides),^ and the rest of the coordination sphere is occupied by potentially labile donor
ligands. In this context, complexes of weak, and thus presumably more labile, A^-donor
ligands are of interest, in particular complexes of nitriles, for which the most important
class of reactions is ligand displacement.^ The susceptibility of the nitrile ligands in such
systems to H2-hydrogenation has also been examined in related work from this
laboratory.^"^^
The synthesis and solution behaviour of nitrile derivatives of Ru(II) phosphine
complexes form the subject of this Chapter. The corresponding imine and amine
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derivatives were expected to offer less potential for catalysis (although at least one highly
effective amine-substituted hydrogenation catalyst is known) ^^ owing to the stronger
binding expected for these functionalities. Their relative stability and ease of formation
is, however, highly relevant to the intended application as imine hydrogenation catalysts,
and an investigation of these properties was undertaken, as described in Chapter 5.

4.2. Nitrile Complexes Containing Achiral Phosphine Ligands

A small number of nitrile-containing Ru(II) phosphine complexes has been
reported, in which the phosphine ligand is generally monodentate.^'^^ Organonitrile
derivatives, in this chemistry as elsewhere, are often obtained by inadvertent reaction
with a nitrile solvent; for this reason complexes of acetonitrile and (to a lesser extent)
benzonitrile outnumber all others. Formation of RuCl2(PPh3)2(MeCN)2 by reaction of
RuCl2(PPh3)3 in refluxing acetone-acetonitrile was described in early work.^^ (No
evidence for the acetone complex was observed, although the monosubstituted species
RuCl2(PPh3)2(Me2CO) could be obtained in the absence of nitrile). Similar products
were formed by a range of mononitrile ligands; dinitriles gave products thought to be
dimeric. (Under the same conditions,^^ pyridine gave the corresponding bis(amine)
species, though in neat pyridine PPh3 was displaced to give RuCl2(PPh3)(py)3 or
RuCl2(py)4 derivatives).^"^ Reprecipitation of RuCl2(PPh3)2(MeCN)2 from toluene gave
a product identified as Ru2Cl4(PPh3)4(MeCN)2.^^ The accompanying analytical data, as
well as the chemical behaviour of related species discussed in Sections 4.2.1 and 4.2.5
below, suggest that this should be reformulated as the triply chloride-bridged complex
Ru2CU(PPh3)4(MeCN), for which many analogues exist in the chemistry of the chelating
diphosphines.
Interestingly, the cationic complex RuCl(PPh3)2(MeCN)3+PF6' could not be
obtained by Dekleva and James,^^ who were able to isolate only silver-phosphine adducts
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on treatment of RuCl2(PPh3)3 with AgPFe in MeCN.* Complexes of this type were
prepared by other workers by reaction of (C0D)RuCl(MeCN)3+ PF6" with various
monodentate phosphines (PPh3, PMePh2, PMe2Ph) in refluxing MeCN.^^ Isolation of the
neutral complexes RuCl(PR3)2(MeCN)2 on treatment of Ru2Cl4(PhCN)6 with a variety
of monodentate phosphines has also been reported. ^^ Of particular interest is the apparent
success of this approach (no analytical data are given) using the chelating diphosphine
dppe.^^

Diphosphines containing a two-carbon backbone frequently

give

bis(diphosphine) products, regardless of the stoichiometry employed (see Chapter 3 and
Sections 2.9.1, 2.9.3). The ethanenitrile complex RuCl2(dppe)(EtCN)2 is reportedly
accessible from RuCl2(EtCN)4 by reaction with the diphosphine in refluxing MeOH.^^
Yields were described as quantitative, but flaws in the analytical data (the calculated and
experimentally found values for carbon content differ by 1.1%) leave the effectiveness of
this route in some doubt. The corresponding reaction of dppe (0.129 g, 0.324 mmol) with
?-RuCl2(MeCN)4 (0.109 g, 0.324 mmol), investigated in this thesis work, gave tRuCl2(dppe)2 as the principal product, as judged by in situ ^ipjlR} nmr spectroscopy.
More recent work suggests that the high temperatures routinely employed in this
chemistry may be unnecessary. The cyclopentadienyl species CpRu(PP)(MeCN)+ PF6"
(PP = Ph2PCH2C*HMePPh2) is, in contrast to most of the preceding complexes, prepared
under very mild conditions, by treatment of the neutral chloride complex with a halideabstracting agent in MeCN at room temperature.'^^ The same approach, under similarly
mild conditions, was adopted by Thorbum et al. in preparing the cationic complexes
Ru2Cl3(dppb)2(MeCN)2+ PFe" (19a.PF6) and RuCl(dppb)(MeCN)3+ PFe" (lla-PFe) from
neutral ruthenium phosphine precursors (Eqns. 1 and 2; for structures, see Figure 4.2 at
the end of Section 4.2.1).^'^ Synthesis of the latter complex and the neutral species
RuCl2(dppb)(MeCN)2 (as well as analogues based on chiral phosphines) for investigation

This complex was prepared without difficulty in the present work, using NH4PF6 as a haUde-abstracting
agent; Section 2.11.7.4.
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of their catalytic activity was the original focus of this work, although the complexity of
the solution behaviour of these species was not then evident.
Ru2Cl4(dppb)2 + AgPF6

1 MeCN
T-r-—7-

Ru2Cl3(dppb)2(MeCN)2^PF6-+ AgCl

(1)

^ RuCl(dppb)(MeCN)3+ PFg" + 2 AgCl

(2)

Z. U r l 2 ^ ' 2

Ru2Cl4(dppb)2 + 2 AgPFg

MeCN

Preparation of the corresponding benzonitrile complexes was undertaken in order
to alleviate problems found with loss of MeCN (Sections 4.2.1, 4.3.1.2, 4.3.2.2). The
lability of the nitrile ligands can be expected to be governed by their binding ability and
the volatility of the free nitrile. A reduced tendency to PhCN loss under vacuum was
expected in view of the high boiling point of the aromatic nitrile (188°, vs. 82°C for
MeCN).^^ The effective binding ability is more difficult to gauge: benzonitrile is a
poorer Lewis base (the donor number for PhCN is 11.9, relative to 14.1 for MeCN),^^ but
its extended conjugation may improve the n:-acceptor capacity of the ligand. Although
the number of examples for which comparative data exists is limited, a review of the
available infrared evidence (which provides the most convenient means of assessing the
extent of back-bonding onto the nitrile ligand) suggests that in some cases benzonitrile
might be a more effective TU-acceptor than acetonitrile^^ (but see Sections 4.2.3, 4.2.8.1).
4.2.1. Solution Behaviour of RuCi(dppb)(RCN)3+ CI"
The doubly-chloride bridged dimer [RuCl2(dppb)]2 (14a) reacts with many twoelectron donor ligands to give monosubstituted products of the type RU2(M-Cl)3(dppb)2(Cl)(L), which give rise to a characteristic 3lp{lH} nmr pattern of two AB
quartets^'^ (Section 4.2.5). In this thesis work, in situ nmr experiments indicated a more
extensive reactivity toward nitriles, which cleave the chloride bridges to generate
mononuclear species RuCl(dppb)(RCN)3+Cl- {cf. Eqn. 2). Orange-brown 14a dissolves
in CD3CN, for instance, to give a yellow solution containing RuCl(dppb)(MeCN)3+Cl(21a«Cl) as the sole Ru species, as judged by 31p{ iR} nmr evidence; the AB quartet due
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to 14a (5 64.0, 54.9, / = 47.3 Hz, CDCls)^ is not apparent, indicating complete formation
of the cation. The phosphine resonances observed in CD3CN are identical to those
reported for 21a'PF6: a singlet for the fac complex appears at 5 40.6, accompanied by an
AB quartet of variable intensity at 5 42.5, 35.7 (/ = 34.4 Hz), assigned to the mer isomer.^
The latter set of peaks grows in if the solution is left to stand at room temperature.
The simultaneous presence in 21a-Cl of a labile nitrile ligand and the potentially
coordinating CI" anion results in a product of low stability, and the complex could not be
isolated. Concentration of the solution and dropwise addition of Et20 produces a yellow
precipitate (in rather small amounts, as addition of excess Et20 causes formation of an
oil). Washing the precipitate, or drying under vacuum, causes a colour change from
yellow to orange, probably associated with loss of MeCN and formation of orange
Ru2Cl4(dppb)2(MeCN) (15; see below, and Section 4.2.5). 31p{lH} nmr evidence is
consistent with the implied lability of the nitrile ligands, and a summary of these data
provides a useful overview of the complexes accessible from RuCl(dppb)(RCN)3+Cl".
The yellow precipitate exhibits the previously-observed singlet at 40.6 ppm, assigned to
the tris(nitrile) cation lla-Cl, only in CD3CN; new signals, which can result only from
nitrile displacement, are evident immediately following dissolution in CgDg or CD2CI2.
A different pattern is in fact observed in each solvent (Figure 4.1). The species present in
CeDe (5 50.3, s) is identified as neutral RuCl2(dppb)(MeCN)2 (17a; Section 4.2.3), that
in

CD2CI2 (5 49.4, 46.6; ABq, J = 37.2 Hz), as the dinuclear cation

Ru2Cl3(dppb)2(MeCN)2+Cl- (19a.Cl; Section 4.2.6.1). The initially isolated precipitate is
probably the neutral (yellow) species RuCl2(dppb)(MeCN)2, generated by intramolecular
displacement of MeCN from RuCl(dppb)(MeCN)3+Cl- by the chloride counter-ion (cf.
the behaviour of the corresponding PhCN complex; see discussion in Section 4.2.3).
Both 17a and cationic 19a'Cl are susceptible to further loss of nitrile in solution,
generating orange Ru2Cl4(dppb)2(MeCN) (15), as described in Sections 4.2.5 and 4.2.6.1.
Traces of the AB patterns due to 15 can be seen in Spectrum C, Figure 4.1. The reaction
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pathways leading to all of these complexes, and the equilibria relating them in solution,
are summarised in Figure 4.2, and described in more detail in the following Sections.

Figure 4.1: 31p{lH} nmr spectra obtained on dissolving RuCl2(dppb)(MeCN)2 (17a)
(a) in CD3CN; (b) in CD2CI2; (c) in CeD^.
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Figure 4.2: Summary of nitrile displacement reactions of RuCl2(dppb)(RCN)2.

Treatment of Ru2CL4(dppb)2 with PhCN spiked with CeDg similarly generates
/ac-RuCl(dppb)(PhCN)3+ CI" (22a^l) (5p 40.3), which isomerises in the presence of
nitrile to the meridional form (6 41.4, 34.6, J = 32.4 Hz). Again, however, the cation is
unstable with respect to nitrile displacement by chloride, and replacement of the chloride
counter-ion is required for formation of an isolable product (Section 4.2.4.2). The
solution behaviour of the neutral complex RuCl2(dppb)(PhCN)2 (18a) corresponds to that
described for the MeCN species, as indicated in Figure 4.2 above.

4.2.2. Use of RuCl2(dppb)(PPh3) as a Precursor
In CDCI3 or Q H e solution, the five-coordinate complexes RuCl2(PP)(PPh3) (12a,
PP = dppb; 12c, PP = binap) provide an in situ source of Ru2Cl4(PP)2 species 14 via
equilibrium (3).^'^^
2 RuCl2(PP)(PPh3)

Ru2Cl4(PP)2
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+ 2 PPhg

(3)

The quantitative in situ transformation of 14a to lla^Cl or 22a'Cl on treatment with nitrile
suggested that the mixed-phosphine complexes 12 might act as direct precursors to nitrile
derivatives; and this was indeed found to be the case. Excess MeCN or PhCN readily
displaces PPhs and chloride from 12 (Eqn. 4; see also Sections 4.3.1 and 4.3.2). 31p{lH}
nmr spectra of 12a in CD3CN or PhCN spiked with CeDe consist of a singlet at ca. 41
ppm for the tris(nitrile) cation and a large singlet for free PPhs; the complex 31p{ ^H} nmr
pattem^^ reported for the starting material in CDCI3 is absent.
RuCl2(PP)(PPh3)

^ ^ ^

RuCl(PP)(RCN)3+Cl" + PPhg

(4)

This approach offers several advantages over use of isolated Ru2Cl4(PP)2. Unlike
14, RuCl2(PP)(PPh3) species are air-stable and non-hygroscopic in the solid state,
reducing handling problems. They are also accessible in ca. 90% yields and high purity
in one step from RuCl2(PPh3)3 and PP, minimising losses of the diphosphine, which is
particularly important for chiral systems.

Formation of PP-bridged byproducts

[RuCl2(PP)]2(M-"PP)' noted in earlier reports,^'^"^ was not observed in this thesis work; an
empirical correlation has been established between this side-reaction and the presence of
residual PPh3 in the RuCl2(PPh3)3 precursor. •^^ The two routes to 21a'PF6 are illustrated
in Figure 4.3. (It should be noted that both 14 and 12 are versatile starting materials,
permitting access to all of the nitrile complexes described in this Chapter in a single step;
see Section 2.11). The overall synthesis of 21a'PF6v/a 14a or the more typically used^'^
acetone-stabilised derivative Ru2Cl4(dppb)2(acetone) acetone is both longer and more
tedious. Not only is the total yield lower, but purification of Ru2Cl5(PP)2, in particular,
can be time-consuming (Section 2.9). This route remains of value, however, because it
permits access to the chiraphos systems for which the mixed-phosphine precursor cannot
be prepared. Isolation of 14 is also sometimes useful, but other work presently under way
in this laboratory indicates that this species can in fact be obtained direcdy from 12.^^
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RuCl3(PPh3)2(DMA).DMA ^^'^^^^^^ Ru2Cl5(dppb)2 i ^ ^ ^ Ru2Cl4(dppb)2 (14a)
A 24 h, 81%
(^2h)
24h,80%
PPh3, DMA
^ ^
I NH4PF6, MeCN*
RT, 24 h, 69%
| 0.5-5 h, 74%
RUCI3.3H2O

RuCl(dppb)(MeCN)3+PF6- (21a.PF6)

PPh3, MeOH
,A4h,91%
RuCl2(PPh3)3

f NH4PF6, MeCN
Me

I 0.5-5 h, 76%

PP, CH2CI2
=-^
2h,RT,90%

RuCl2(dppb)(PPh3)
(12a)

* or via Ru2Cl4(dppb)2(Me2CO)»Me2CO, prepared from Ru2Cl4(dppb)2 in acetoneCH2CI2 (RT, 2 h, 68%); Refs. 7, 8.

Figure 4.3: Synthetic routes to nitrile complexes, illustrated with RuCl(dppb)(MeCN)3+
PF6" (21a-PF6) as a target.

4.2.3. Preparation of RuCl2(dppb)(RCN)2
The equilibrium between the cationic complexes RuCl(dppb)(RCN)3+Cl- and the
neutral species RuCl2(dppb)(RCN)2 (Figure 4.2) shifts to favour the latter as nitrile is
removed by drying. The acetonitrile complex RuCl2(dppb)(MeCN)2 (17a) could not be
isolated, however; further loss of nitrile occurs both in the solid state and in solution at
room temperature, giving as a final product the dinuclear species Ru2Cl4(dppb)2(MeCN)
as discussed in Section 4.2.1 (see also Section 4.2.5). Treatment of PhCN solutions of
22a'Cl with Et20, in contrast, yields a bright yellow powder which retains its colour on
drying under vacuum, and analyses well for RuCl2(dppb)(PhCN)2 (18a). The 31p{lH}
nmr spectrum of 18a in CeDg consists of a singlet at 50.5 ppm {cf. 50.3 ppm for 17a).
Three distinct methylene mul tip lets appear in the corresponding ^H nmr spectrum
(Section 2.11.4.1), instead of the two expected on the basis of the C2 symmetry of the
molecule; this must arise from twisting of the dppb backbone in solution, which renders
the symmetry of the complex lower than that predicted assuming that the backbone is
rigid. A similar pattern is found in the ^H nmr spectrum of the MeCN analogue 17a,
though owing to the more facile displacement of nitrile from this species the spectrum is
116

obscured by peaks due to dinuclear 15. As a single

DCON)

resonance at 2241 cm"l

appears in the infrared spectrum of 18a, the product is probably the ?ran5-nitrile isomer.
This band occurs at slightly higher frequency than that of free PhCN (a)(C=N) 2231 cm-1),
indicating that pn-dn backbonding from the metal into the nitrile triple bond does not
occur. As PhCN is a poorer c-donor than MeCN, this implies that benzonitrile is a
weaker ligand than MeCN in these systems. While the lower volatility of PhCN prevents
it from being lost as readily in the solid state, displacement reactions may thus occur
more readily in solution. Caution should be taken in extrapolating this result even to
closely related systems, however. Analogous monophosphine and dppe complexes of
PhCN prepared by other workers show in some cases negative, though small,
coordination shifts,^^ suggesting that the effective binding of the nitrile ligand must be
independently assessed for each complex. All but one of the PhCN-dppb complexes
prepared in this work show in fact similar positive coordination shifts (as do the
corresponding MeCN species). The infrared data are summarised in Table 4.7 at the end
of Section 4.2.8, where they are discussed in more detail.

4.2.4. Preparation of RuCl(dppb)(RCN)3+PFg-

4.2.4.1. RuCI(dppb)(MeCN)3+PF6- (21a.PF6)
Replacement of the chloride counter-ion in 21a-Cl by a more weakly coordinating
anion improves the stability of the product, as implied by the isolation of 21a.PF6 on
treatment of Ru2Cl4(dppb)4 (14a) with AgPFg in MeCN.'''^ Use of Ag(I) salts as halideabstracting agents is complicated by their photosensitivity and, in the case of AgPFg, the
hygroscopic character of the salt. The reagent is typically used in excess (as in the
published preparation of 21a'PF6)^'^ in order to compensate for losses by these means.
Treatment of 14a with excess AgPFg is undesirable, however, as this generates the fully
dechlorinated species Ru(dppb)(MeCN)42+ 2PF6- (23; see Section 4.2.8). Use of the
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light-stable, less hygroscopic reagent NH4PF6 was explored as a means of improving
stoichiometric control. NH4+ is a less powerful halide-abstracting agent than Ag+, owing
to the ionic character of the ammonium chloride bond. The observed formation of Zla-Cl
on dissolving 14a in MeCN indicated, however, that the function of the added PFe salt
was merely anion exchange, not cleavage of a covalent Ru-Cl bond, so that the
experimentally observed insolubility of NH4CI in MeCN would probably be sufficient to
drive the reaction. This approach proved successful, though small amounts of 23 were
still obtained, indicating that NH4PF6 is in fact capable of breaking a Ru-Cl bond.
Formation of the dication is minimised by dropwise addition of a solution of NH4PF6 in
acetone or MeCN to a rapidly stirred solution of 14a in MeCN.
The purity of the product may also be improved by use of NH4PF6, as a result of
the greater differential solubility of the ammonium salts in MeCN, relative to their silver
analogues. AgCl contamination did not appear to be a problem in the original preparation
of 21a'PF6,^ but in view of the reported solubility of AgCl in MeCN,"^'-^^ this may have
been due to removal of any residual salt by reprecipitation from CH2Cl2-Et20. Filtration
of the solution prior to addition of the precipitating solvent, though not specifically
mentioned, is standard practice, and would in this case have served to remove remaining
traces of the CH2Cl2-insoluble AgCl. In the absence of MeCN, however, 21a'PF6
abstracts halide from chlorinated solvents, forming Ru2Cl3(dppb)2(MeCN)2''"PF6"
(19a«PF6; Section 4.2.6.2). Reprecipitation from halogenated solvents is therefore
undesirable, but the number of alternative solvents is limited. Complex 21a'PF6 is quite
insoluble in nonpolar solvents, and while it dissolves readily in polar media such as
nitromethane or DMA (or MeCN), spectroscopic evidence suggests that, like MeCN,
these solvents coordinate to the metal (Figure 4.4). The product in DMA is probably
Ru2Cl4(dppb)2(DMA), judging by the similarity of the 31p{lH} nmr pattern to those of
the corresponding nitrile complexes discussed in Section 4.2.5. The identity of the Ru
species present in nitromethane is ambiguous; the location of the 31p{ iR} nmr signals is
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consistent with a mononuclear product, but their complexity suggests that this species
may be fluxional in solution). As these results indicate, however, reprecipitation from
MeCN is the only convenient means of purification, and in consequence, NH4CI may be
removed more easily than AgCl.
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Figure 4.4: 31p{ I R } nmr spectra of RuCl(dppb)(MeCN)3+ PFe" (21a.PF6): (a) in
MeN02, nitromethane; (b) in MeC(0)NMe2, DMA.

4.2.4.2. RuCI(dppb)(PhCN)3+PF6- (22a.PF6)
Both RuCl2(dppb)(PPh3) (12a) and RuCl2(dppb)(PhCN)2 (18a) are poorly soluble
in PhCN-acetone. Complete dissolution of the Ru precursor and NH4PF6 is essential in
order to control the stoichiometry of the halide abstraction, but the range of cosolvents
which can be used is limited by both solubility and reactivity. PhCN is less effective than
MeCN in inhibiting reaction of the tris(nitrile) cation with CH2CI2; signals for

119

Ru2Cl3(dppb)2(PhCN)2+Cl- (20a-Cl) are evident by 31p{lH} nmr spectroscopy even at
low ratios of CH2CI2 to PhCN (2:5 v/v). The yellow product isolated after treatment of
such solutions with 1 equivalent of NH4PF6 has a very low nitrogen content, probably
because it consists of a mixture of 22a.PF6 and 20a'PF6 (ca. 2.9% N, cf. calculated values
of 4.13 and 1.85% for 22a.PF6 and 20a.PF6, respectively).
Better results were obtained by dissolving the Ru precursor 12a in PhCN-CH2Cl2,
subjecting to vacuum to remove as much CH2CI2 as possible, then stirring under Ar at
room temperature for 2 h to induce reaction of any remaining 20a-Cl. As the sole species
apparent by 31p{ iR} nmr after this time was 22a'Cl, a solution of NH4PF6 (1 equiv.) in
acetone was added, and the mixture stirred for 8 h. Concentration of the solution and
addition of CgHs and Et20 gave the desired RuCl(dppb)(PhCN)3+PF6- (22a.PF6) as a
yellow precipitate, for which satisfactory microanalytical values were obtained following
reprecipitation from the same solvent mixture. A singlet appears at 43.6 ppm in the
31p{lH} nmr spectrum (CD2CI2), ca. 3 ppm downfield from its position in PhCN-C6D6
mixtures; as with the MeCN species, this signal gradually gives way to the AB quartet
due to 20a'PF6. The initial ^H nmr spectrum in CD2CI2 is unexpectedly simple; only two
dppb methylene multiplets are observed, centred at 1.7 and 2.7 ppm (Figure 4.5a). The
spectrum in CD3CN shows four distinct methylene signals for the fac isomer, with
smaller signals for mer 22a'PF6 (Figure 4.5b). The aliphatic region closely resembles that
observed for the MeCN complex 21a'PF6 in CD3CN, as does the 31p{lH} nmr spectrum,
which consists of a singlet and a small AB quartet for the fac and mer isomers,
respectively, of 22a-PF6, at locations very close to those measured for 21a'PF6 (see
Experimental, Sections 2.11.7.1 and 2.11.8.1). Nitrile exchange does not interfere as long
as spectra are obtained soon after dissolution; the exchange process is rather slow, being
only 50% complete after 24 hours.
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Figure 4.5: ^H nmr spectra of RuCl(dppb)(PhCN)3+ PFe" (22a.PF6): (a) in CD2CI2; (b)
in CD3CN. Peaks due to the/ac isomer in (b) are marked (*), to the mer, (x).

4.2.5. Preparation of Ru2Cl4(dppb)2(RCN)
Slow loss of nitrile from RuCl2(dppb)(RCN)2 (R = Me, 17a; R = Ph, 18a) occurs
on exposure to solvents not containing nitrile or (in the case of 17a) on drying, as
discussed in Sections 4.2.1 and 4.2.3. The ^IpflR} nmr singlet initially present in CgDg
gives way to a pattern of two AB quartets, assigned to Ru2Cl4(dppb)2(RCN) (15, R =
Me; 16a, R = Ph), within ca. 20 h at room temperature, and orange products analysing
well for 15 or 16a can be isolated by addition of Et20 or hexanes. A wide range of
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Ru2Cl4(dppb)2(L) complexes has been prepared by Joshi et air' in all of which (with the
exception of L = amine derivatives; see Section 5.3.1.2) the four phosphorus nuclei are
chemically and magnetically inequivalent. 3lp{lH} nmr spectra typically show two
independent AB patterns of equal integral intensity, consistent with the unsymmetrical,
trichloro-bridged dinuclear structure shown in Figure 4.6 and confirmed for the dmso
complex by X-ray crystallography.^ A characteristic pattern is observed, consisting of
one tight AB quartet near 52 ppm, and a second more widely separated AB quartet at
higher field (the chemical shift of which varies considerably depending on the nature of
L).^'^ The latter resonance, in part because of this dependence, is assigned to the 'L-end'
of the complex. The invariance of the downfield signal is attributed to the stability of the
geometrical environment of the (PP)ClRu(|i-Cl)3 unit. The conformation of this end of
the complex is locked as long as the triple chloride bridge remains intact, and is to a large
extent independent of the nature of the ligand coordinated to the other ruthenium atom.

cr'

ci

"p/
D

Figure 4.6: Molecular structure of Ru2Cl4(dppb)2(Tll-L) complexes.
Room-temperature ^Ipf^H} nmr parameters for the nitrile complexes are
summarised in Table 4.1. Spectra of 15 are well resolved in CeDg and CDCI3, but show
strong second-order effects in CD2CI2, in which the downfield resonance appears as a
singlet. The singlet is resolved into an AB pattern on cooling the solution to -40°C
(Figure 4.7b), but as the chemical shift difference between the two central peaks is only
-0.4 ppm at this temperature, a small degree of thermal motion would be sufficient to
average the signals. The difference in the appearance of this signal in different solvents
may be due to changes in the extent of thermal motion permitted by the solvent cage;
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alternatively, the greater chemical shift difference between the two halves of the AB
pattern in CsDg or CDCI3 may prevent averaging of the signals.
Table 4.1. 3lp{lH} nmr data (121.4 MHz, RT) for Ru2Cl4(dppb)2(RCN) complexes

Nitrile

Solvent

MeCN

C6D6

Chemical Shift (5)
= 53.5, 6B = 52.2

44.3

5c = 51.0, 5 D = 45.8

36.2

6A,B = 5 2 . 0

-

6c = 50.6, 5 D = 46.0

36.4

= 53.5, 6B = 52.0

44.3

5c = 51.0, 6D = 46.6

36.1

= 54.7, 5B = 54.4

44.2

6c = 52.4, 6D = 45.7

35.8

5A

CD2CI2

CDCI3

PhCN

6A

C6D6

6A

CD2CI2

6A,B

CDCI3

= 52.2

-

6c = 50.7, 5 D = 45.3

36.3

= 53.2, 5B = 52.5

44.3

6c = 51.0, 6D = 45.3

36.3

6A
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Figure 4.7: Variable-temperature ^^P{ ^H} nmr spectrum of Ru2Cl4(dppb)2(MeCN) (15)
in CD2CI2: (a) at 2 0 € ; (b) -40'C.

A related phenomenon was reported for the complex Ru2CL4(chiraphos)2 in
a c e t o n e - C D 2 C l 2 ; the room-temperature spectrum of the acetone

adduct

Ru2Cl4(chiraphos)2(Me2CO) generated in situ shows a singlet and an AB quartet, but at
lower temperatures the spectrum is resolved into two sets of AB patterns.^ In this case,
however, the singlet is thought to arise from a dynamic process involving rapid acetone
loss and recoordination; the lower field AB quartet due to PA and PB (see Figure 4.6) is
unaffected, but because acetone can recoordinate at any of the three non-bridging sites on
the other end of the dimer, the signals due to Pc and PD are averaged.^
Spectra of Ru2Cl4(dppb)2(PhCN) (16a) exhibit strong second-order effects, with a
small separation between 5A and 5B even in CfiDg (Table 4.1). At low signal-to-noise
ratios this signal can be mistaken for a doublet, as the two outer peaks of the AB quartet
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are almost lost in the baseline. In CD2CI2, the pattern of one AB quartet and one rather
broad singlet is observed, as for 15.

4.2.6. Preparation of Ru2Cl3(dppb)2(RCN)2+X-

4.2.6.1. Ru2Cl3(dppb)2(RCN)2+Cr
An AB quartet is observed in 31p{lH} nmr spectra of RuCl2(dppb)(RCN)2
immediately following dissolution in CD2CI2, as described in Section 4.2.1. The pattern
for the MeCN complex is identical to that reported for Ru2Cl3(dppb)2(MeCN)2"'" PFe'
(19a'PF6),^'^ and is assigned to the corresponding chloride salt. The values for the PhCN
complex are very similar, and are likewise identical to those measured for
Ru2Cl3(dppb)2(PhCN)2+PF6- (20a.PF6) (Section 4.2.6.2).

iR nmr spectra for the

respective chloride and PFg salts also correspond precisely. Satisfactory elemental
analyses could not be obtained for isolated 19a'Cl; the carbon content was ca. 3% low,
suggesting loss of MeCN from the solid sample {cf. the behaviour

of

RuCl2(dppb)(MeCN)2, Section 4.2.3). Time-dependent 31p{lH} nmr spectra of the PFe
and CI salts in CD2CI2 do in fact show differences in solution behaviour, which are
ascribed to the coordinating ability of the counter-ion in the CI salt. Thus while a sample
of 19a«PF6 in CD2CI2 underwent no change, as judged by 31p{ ^H} nmr evidence, over a
period of one week, a sample of 19a-Cl began to react almost immediately to give the
mono-nitrile Ru2Cl4(dppb)2(MeCN) (15) (Figure 4.8, cf. Figure 4.7).

The rate of

disappearance of the peaks due to 19a'Cl is much slower than that observed for
RuCl2(dppb)(RCN)2 in CeDe; even after a week in solution 20% of the starting material
remains, as indicated in Figure 4.8(b).
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Figure 4.8: Time-dependent 3lp{ iR} nmr spectra of Ru2Cl3(dppb)2(MeCN)2+Cl(19a'Cl) in CD2CI2: (a) 5 minutes after dissolving sample; (b) after one week.

Similar solution changes are observed for the PhCN complex 20a'Cl, though
again the complex is less susceptible to nitrile loss on drying. Clean 20a'Cl was prepared
by dissolving RuCl2(dppb)(PhCN)2 in CH2CI2 and adding Et20 immediately to
precipitate the product, which was dried under vacuum overnight. This complex was
isolated in earlier work from reactions of Ru2Cl4(dppb)2 (14a) with PhCN in CH2CI2,
and identified as the neutral dichloro-bridged species [RuCl(dppb)(PhCN)]2(|i-Cl)2.^''^'^
While the cationic complex 20a-Cl cannot be distinguished from the neutral species on
the basis of either microanalytical or nmr data, the PFg analogue can be identified without
any such ambiguity: the fact that the ^H and 3ip{iR} nmr spectra for 20a-Cl are identical
to those recorded for 20a«PF6 (setting aside the high-field 3ip{iH} PFe septet for the
latter) is strong evidence for the cationic formulation. No examples of doubly-chloride
bridged species of this type have been isolated in this chemistry, probably because they
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are unstable with respect to the Ru2(|i-Cl)3 structure formed by attack of a terminal
chloride and displacement of a two-electron donor ligand.

4.2.6.2. Ru2Cl3(dppb)2(RCN)2+PF6Ru2Cl3(dppb)2(MeCN)2+PF6- (19a.PF6) was originally prepared by treatment of
Ru2Cl4(dppb)2 with AgPF6 (1 equivalent) in MeCN; see Equation 1.^-^ Reaction of
RuCl(dppb)(RCN)3+PF6- (21a.PF6, R = Me; 22a-PF6, R = Ph) with chlorinated solvents,
described in this Section, provides a second, unexpected route to such complexes. In the
course of measuring the 31p{lH} nmr spectrum of 21a«PF6 in CDCI3, a slow increase
was observed in the relative size of the signal at 39.2 ppm (assigned to the dication
Ru(dppb)(MeCN)42+ 2PF6- (23); Section 4.2.8), relative to the singlet for 21a-PF6 itself
at 5 41.7, accompanied by deposition of increasing amounts of a yellow precipitate in the
bottom of the nmr tube. The precipitate was decanted and dissolved in CD2CI2, and
identified as 19a'PF6 by 31p{lH} nmr spectroscopy.
A small AB quartet for 19a'PF6 was also evident in 31p{ iR} nmr spectra obtained
immediately following dissolution of 21a'PF6 in CD2CI2. This resonance grew in at a
steady but not consistent rate in all samples observed, while the intensity of the singlet
due to 21a'PF6 declined. Addition of MeCN reversed these changes, resulting in
complete reformation of 21a. (The integration due to 23 remained constant throughout,
as a percentage of the total integral value, indicating that this species does not participate
in the reaction). Disappearance of the AB quartet for IPa-PFg on addition of MeCN
implies that the triple chloride bridge, like that in neutral 15, is cleaved by the nitrile to
give two mononuclear cations RuCl(dppb)(MeCN)3+ X", which must have different
associated counter-ions, X = CI or PFg. (Because of this difference, however, it is not
strictly accurate to describe the effect of acetonitrile as reversal of the reaction. To
reverse the reaction half an equivalent of NH4PF6 must be added for each mole of
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Ru2Cl3(dppb)2(MeCN)2+ PFe").

The opposing effects of MeCN and CH2CI2 are

summarised in Figure 4.9.
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Figure 4.9: Solution behaviour of RuCl(dppb)(MeCN)3+ PFe" (lla-PFe) and
Ru2Cl3(dppb)2(MeCN)2+ PFe" (19a.PF6).

Formation of 19a'PF6 is not due to incomplete abstraction of chloride from
21a-Cl, and subsequent condensation of RuCl2(dppb)(MeCN)2 with 21a-PF6. Not only
were the microanalytical data for the starting complex (including %C1) in good agreement
with the formulation RuCl(dppb)(MeCN)3+PF6", but the steady growth in the integrated
intensity of the AB pattern due to 19a«PF6 suggests that this material is formed by a
continuing reaction in solution. Quantitative conversion to 19a'PF6 is in fact observed,
though at variable rates (see below). Microanalytical data for the final product are
consistent with the formulation Ru2Cl3(dppb)2(MeCN)2''" PFg"; the halide analysis (A =
0.01%) is particularly significant, as it confirms the presence of chloride in amounts
greater than possible if 21a'PF6 were its only source. As CH2CI2 is the only other
chlorinated species with which 21a-PF6 had contact, abstraction of chloride from the
solvent must have occurred. A similar sensitivity to halogenated solvents was found for
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the benzonitrile analogue 22a.PF6, as well as the corresponding complexes of diop and
binap (Sections 4.3.1, 4.3.2).
Occasional reports of the quantitative halogenation of organometallic species by
halocarbon solvents appear in the literature.

The closely related complex (T|6-

C6H6)Ru(|J.-Cl)3Ru(ri6-C6H6)+PF6-, for example, is one of the products formed on
treating (C6H6)RuCl(PPh3)(acetone)+PF6- with CH2Cl2.^^ Similarly, Re2(CO)io reacts
with

dppe

in

CHCI3 to give Re2(M.-Cl)2(CO)6(|X-dppe);^^ halogenation of

chloromolybdenum phosphine species by CH2CI2 has likewise been described.^^ It is not
clear whether these reactions involve HCl liberated by photochemical decomposition of
the solvent (a perennial problem with alkyl halides)^^ or C-Cl bond activation by the
transition-metal complex.^^ In the present work, the attacking species was initially
assumed to be chloride ion, generated by photochemical activation of the halocarbon
solvent. The variability in both the amount of 19a'PF6 immediately formed, and the rate
of subsequent reaction, appeared to support such a model (although it may be noted that
similar observations result from oxidative addition of the halocarbon by a radical
pathway).^^ Several experiments, however, pointed toward direct reaction with the
solvent instead, and suggested that the observed variability in reaction rate might be
related to the presence of small amounts of residual nitrile in isolated lla^PFe. MeCN
has been shown to suppress formation of IPa-PFg (see above), and varying degrees of
inhibition could be conferred by variations in the concentration of free nitrile. Consistent
with this is the observation of immediate and quantitative conversion of rigorously dried
21a.PF6 to 19a«PF6 on dissolving the former in CD2CI2.
This observation suggests direct activation of the solvent by a Ru species, and
several pieces of evidence support this model. Attempts to suppress the reaction by
removal of HCl failed, for instance: neither shaking CD2CI2 solutions of 21a'PF6 with
potassium carbonate or Proton Sponge, adding small amounts of MeOH (used
commercially to stabilise chlorinated solvents against photochemical decomposition),^^
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nor distilling the solvent from CaH2 immediately before use, had any apparent effect.
Further, while different chloride concentrations would be expected to be present in
different samples of the halogenated solvent, the extent of reaction appears to be a
function solely of the batch of the starting complex used. In parallel experiments,
3lp{lH} nmr spectra were obtained immediately after dissolving the complex in
undistilled CD2CI2 and in CH2CI2 freshly distilled from CaH2. The amount of the
dinuclear cation formed was identical, within experimental error. Different samples of
21a'PF6 (at about the same concentration), in contrast, showed widely different
concentrations of IPa-PFa (ranging from 21 to 100%) when dissolved in CD2CI2 from a
fixed batch.
Also arguing against photochemical activation is the invariance of conversion to
addition of further 21a'PF6. Thus, a 31p{lH} nmr spectrum obtained immediately on
dissolving the complex (5 mg) in CD2CI2 (0.7 mL) indicated 21% conversion of 21a'PF6
to 19a'PF6. This value was unaffected by addition of further 21a'PF6 (5 mg) to the nmr
tube and immediate rescanning. The time-scale of the experiment was sufficiently short,
and exposure to light sufficiently limited, that photochemical activation of the solvent (if
on the main reaction path) should be rate-limiting; any free chloride initially present is
expected to have been taken up by 21a'PF6 on dissolution, consistent with the high
conversions immediately observed. As long as some of the starting complex can be
observed in the initial ^lp{ ^H} nmr spectrum, then, complete scavenging of chloride can
be assumed. If 19a'PF6 were formed by reaction of 21a«PF6 with chloride in solution,
addition of a second, equal amount of the starting material should therefore cause a
dramatic decrease in the concentration of 19a«PF6 relative to 21a.PF6. The results
indicate, however, that the added complex reacts immediately to the same extent as that
already in solution. This is consistent with direct reaction of 21a.PF6 with the solvent, to
an extent presumably determined by the concentration of nitrile still present.
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By

implication, the more rigorously purified the sample, the less will survive dissolution in
CD2CI2 (as indeed experimentally observed, and mentioned above).
Halocarbon activation by late transition-metal complexes is of considerable
interest, as it permits access to potentially useful M-CH2X or M-CHX2 species, if
decomposition to halogenated derivatives can be arrested. Although common halocarbon
solvents such as CH2CI2 and CHCI3 have been repeatedly implicated in the unexpected
chlorination of inorganic complexes, as noted above, the isolation of solely chlorinated
products does not permit distinction between reaction with the solvent, or with its
photochemical decomposition products. Simultaneous coordination of the corresponding
hydrocarbyl fragment provides, however, strong evidence for direct reaction between the
transition metal species and the halocarbon solvent, and accumulating reports of such
oxidative-addition products suggest that direct reaction between late transition-metal
complexes and chlorinated solvents may be rather common.^^'^^"^^

Unequivocal

demonstration of the ligating ability of dichloromethane is recent; X-ray analysis has now
shown this "noncoordinating" solvent in both chelate and bridging modes, the former as a
complex of Ag(I),^^ and the latter supporting a ruthenium cluster.^^ Decomposition of
methylene chloride^^ and chloromethyl^'^''^^-'^^ derivatives to simple chloride complexes
has been reported; the organic products are not in general identified, though bimolecular
elimination of ethylene has been described in related reactions with iodoalkanes.'*^
Formation of Ru2Cl3(PP)2(RCN)2+PF6- from RuCl(PP)(RCN)3+PF6- most
probably proceeds via the neutral complex RuCl2(PP)(RCN)2. Preferential reaction of
the latter species (PP = dppb, R = Me; 17a) with RuCl(dppb)(MeCN)3+PF6-, over a selfcondensation reaction, is in fact implicit in the original synthesis of 19a-PF6 (see Eqn. 1,
Section 4.2). Thus reaction of RuCl(dppb)(MeCN)3+Cl- (21a<:i) with 0.5 equivalents of
AgPF6 in MeCN generates a 1:1 in situ mixture of the starting complex and the
corresponding PFe salt (21a-PF6). Loss of nitrile from lla-Cl on removal of the solvent
gives RuCl2(dppb)(MeCN)2, which by implication condenses with 21a.PF6 during
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reprecipitation from CH2Cl2-Et20, forming 19a'PF6. (Even where abstraction of chloride
from the solvent is not required, the halogenated solvent plays a key role: the observed
formation of Ru2Cl3(PP)2(RCN)2+X- species only in methylene chloride or chloroform,
documented throughout this chapter, suggests that the polarity of the solvent is crucial to
formation of the dinuclear cation).
The proposed mechanism for conversion of RuCl(PP)(RCN)3+PF6" to
Ru2Cl3(PP)2(RCN)2+PF6" is illustrated for the dppb-MeCN complexes in Figure 4.10.
Condensation of 17a with 21a'PF6, eliminating 4 moles of nitrile, would generate
19a'PF6, possibly via a doubly-chloride bridged intermediate as shown. The key step,
formation of 17a, may occur by ligation of CH2CI2 (displacing MeCN) in the manner
cited above.

Unassisted heterolytic cleavage of the Cl-C bond would produce

RuCl2(dppb)(RCN)2 and the unstable chlorocation C1CH2'*', which may be expected to be
a very poor leaving group; attack by nitrile or PF6' (or, perhaps, trace water) on the
coordinated halocarbon may therefore be involved, but the fate of the organic product has
not been investigated.
CI
1'PFe
P,„^ I .,,xNCMe
(

JRU

P^ I

I C^NCMe
^ ' CI

21a.PF,6J NCMe

CI
-MeCN

H2C-»Q

I'P^e"

/ R . I ..^NCMe
C ^Ru^
^P*^ I ^Cl-CHjCl
NCMe
\

CI
P " ^ I^PFgMeCN„„ I ..xxCl,,^ I .,,p
^^Ru
^Ru,^
"^ I ^^f
I ^NCMe
P
NCMe
MeCN
MeCN

\

1

.CI

.»^ V.

21a.PF6

NCMe

2 MeCN
[17a)
P*^lNCMe
^Cl

^P^l^^^e

/

,pi..-Ru^Cl^Ru" ^
19a.PFf
Vp*^
rr
NCMe
.P
CI
Figure 4.10: Proposed mechanism for formation of Ru2Cl3(dppb)2(MeCN)2''"PF6"
(19a.PF6) by reaction of RuCl(dppb)(MeCN)3+ PF^ (21a.PF6) with CH2CI2.
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4.2.7. Attempted Preparation of Ru2Br3(dppb)2(MeCN)2+ PFe"
The facile reaction of RuCl(dppb)(RCN)3+PF6- species with CH2CI2 and CDCI3
suggested that the bromide complexes might be readily accessible on treatment of
21a.PF6 or 22a«PF6 with brominated solvents. The initial reaction should generate the
mixed halide Ru2Cl2Br(dppb)2(RCN)2+ PFg'; if no further exchange took place,
displacement of the remaining chloride atoms might be effected by several subsequent
cycles of halide abstraction, followed by reaction with CHBrs or CH2Br2. Unfortunately
complexes 21a-PF6 and 22a«PF6 are virtually insoluble in both of these solvents.
31p{lH} nmr spectra obtained after prolonged shaking of the PhCN species (15.3 mg,
0.0150 mmol) in CH2Br2 (0.7 mL) show an AB quartet (5 48.59, 45.20; / = 36.5 Hz;
C6D6 spike) for a dinuclear product, as well as a small singlet for 22a. The bulk of the
starting material appears to be unaffected, however; on dissolving the residue in CD2CI2
for immediate 31p{lH} nmr analysis, the principal signal observed is the singlet for
complex 22a'PF6 (ca. 75% integrated intensity). An AB pattern is also observed, but as
its shift positions coincide almost exactly with those of Ru2Cl3(dppb)2(PhCN)2''"X" (5
49.39, 46.02; J = 36.3 Hz), this is probably due to reaction of 22a.PF6 with CD2CI2,
rather than formation of the bromide analogue. (In support of this, no further AB signals
grow in on prolonged exposure of the sample to CD2CI2). Use of 1,2-dibromoethane was
also investigated, after ensuring that the analogous reaction occurs with 1,2dichloroethane, but again the complex is insufficiently soluble for complete reaction.
Addition of an equal volume of CH2Br2 to a solution of 22a«PF6 in CH2CI2 reduced the
solubility problem, but (rather surprisingly, in view of the generally higher reactivity of
alkyl bromides) no change was evident in the ^IPf^H} nmr spectrum. Use of a more
soluble

starting

material

(such

as that

afforded

by the

diop

species

RuCl(diop)(PhCN)3+PF6"), or direct reaction of the dppb system with HBr in CH2CI2,
could also provide routes to the bromide complexes, but the reaction was not investigated
further.
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4.2.8. Preparation of Ru(dppb)(MeCN)42+2PF6- (23)
Loss of a nitrile ligand from RuCl(dppb)(MeCN)3+PF6" (21a'PF6) generating a
five-coordinate complex, was proposed by Thorbum et al. to account for the presence of
a second 31p{lH} nmr singlet at 38.8 ppm in spectra of 21a-PF6, in addition to the
expected peak at 5 41.2 (CD2Cl2).^'^ An equilibrium favouring the coordinatively
saturated species (Eqn. 5) was suggested, in part because the signal at 38.8 ppm
disappeared on addition of MeCN.
RuCl(dppb)(MeCN)3+ PFg" ^

^

RuCl(dppb)(MeCN)2+ PFg" + MeCN

(5)

In this thesis work, the stability of the nominally five-coordinate complex seemed unduly
high; instead of reaching the quoted equilibrium value of 5%,^'^ the concentration of this
species (as judged by 31p{lH} nmr data) was sometimes equal to that of
RuCl(dppb)(MeCN)3+ PF6" itself. Similarly, reaction of 21a«PF6 in CD2CI2 continues
until the resonance at 6 41.2 has completely disappeared, while the higher-field singlet is
unaffected (see Section 4.2.6.2). Finally, addition of MeCN does not suppress the latter,
in contrast to the earlier findings ;^'^ indeed, this signal is evident in neat CD3CN, which
was difficult to rationalise in terms of a coordinatively unsaturated structure. The
postulated "five-coordinate" complex was identified as the fully dechlorinated species
Ru(dppb)(MeCN)42+ 2PF6' (23) on the basis of ^H nmr and crystallographic data. The
1 H nmr evidence is described below.
A sample of 21a'PF6 and 23, left in CD2CI2 solution until conversion of 21a'PF6
to Ru2Cl3(dppb)2(MeCN)2"'"PF6" (19a'PF6) was complete as judged by 31p{lH} nmr
spectroscopy, showed three distinct methyl singlets in the ^H nmr spectrum (Figure 4.11).
That at 2.01 ppm is due to the equivalent MeCN ligands of 19a'PF6. The singlets of
equal integrated intensity at 2.14 and 2.30 ppm must then be assigned to the MeCN
protons of the new complex 23. The integration value for each of these methyl peaks is
approximately equal to that of the methyl singlet for 19a.PF6; as the relative amounts of
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the two species are equal (from the 3lp{lH} nmr integration), this defines the number of
methyl protons in 23 (six in each environment). Thus 23 incorporates two inequivalent
methyl environments, the acetonitrile ligands from which they derive are present in equal
amounts, and a total of four such ligands is present. Consistent with this evidence and the
criterion of equivalent phosphorus nuclei is the tetrakis-acetonitrile complex
Ru(dppb)(MeCN)42+ 2PF6', the structure of which was confirmed by X-ray analysis.
The complex is accessible in quantitative yield on treatment of 12a or 14a with two or
four equivalents, respectively, of NH4PF6 in MeCN. The PhCN analogue was also
prepared, though its synthesis is hampered somewhat by the poor solubility of NH4PF6 in
PhCN.
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Figure 4.11: ^H and 31p{ iR} nmr spectra of a 1:1 mixture of 19a.PF6 and 23 in CD2CI2.
Peaks due to 23 are marked (*), to 19a.PF6, C^).
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Loss of both halides from 21a'PF6 was initially unexpected under these
conditions, and contrasts with the behaviour of the arene complexes RuCl(C6H6)(PP)+Cl"
discussed in Chapter 3, in which treatment with excess NH4PF6 does not effect removal
of the second chloride ligand. While this difference may be readily accounted for by the
smaller steric bulk of nitriles, relative to arenes, literature precedents suggest that this
behaviour may not be general even for nitrile donors. Thus in reactions of the polymeric
species [RuCl2(C0D)]x, treatment with NH4PF6 in refluxing MeCN is reported to yield
only the monocation RuCl(COD)(MeCN)3+PF6';^^ formation of the dicationic product
Ru(COD)(MeCN)42+2PF6" required use of AgPFs. The latter complex was used as a
precursor to the monodentate phosphine and phosphite analogues of 23,
RuP2(MeCN)42+2 P F 6". ^ ^

Similarly,

the

dicationic

arsine

species

Ru(diene)(Ph2AsCH2CH2AsPh2)(MeCN)2^"'" (diene = norbomadiene) has been used as a
starting material in the preparation of the corresponding tetrakis(acetonitrile) complex."^^

4.2.8.1. Molecular Structures of Ru(dppb)(MeCN)42+2PF6- (23) and
^RuCI2(MeCN)4 (11)
The single crystal X-ray diffraction study of 23 reveals a mononuclear ruthenium
complex with four A^-bound acetonitrile groups and a single

chelating

bis(diphenylphosphino)butane ligand; associated with the Ru cation are two small
spherical PF6 counter-ions. Two views of the molecular structure are shown in Figure
4.12. Selected bond lengths and angles for complex 23 are given in Tables 4.2 and 4.3,
respectively. The crystal structure of the neutral complex r-RuCl2(MeCN)4 (11) (Figure
4.13), isolation of which was described in Section 3.4.3, is closely related to that of 23,
and will be discussed in this Section. Selected bond lengths and angles for complex 11
are contained in Tables 4.4 and 4.5, respectively. Structural parameters for 23 and 11 are
given in Appendices A and B, respectively. Important bond lengths are compared with
the corresponding values in related ruthenium species in Table 4.6.
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Figure 4.12a: ORTEP plot of Ru(dppb)(MeCN)42+ 2PF6- (23), showing the orientation
of the diphosphine backbone. Thermal ellipsoids for non-hydrogen atoms are
drawn at 50% probability.

Figure 4.12b: Molecular structure of Ru(dppb)(MeCN)42+ 2PF6" (23), showing the atom
numbering scheme used.
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Table 4.2. Selected bond lengths (A) for Ru(dppb)(MeCN)42+ 2PF6+ (23), with
estimated standard deviations in parentheses

Bond

Length (A)

Bond

Length (A)

Ru(l)—N(l)

2.108(2)

N(l)—C(29)

1.129(4)

Ru(l)—N(2)

2.120(2)

N(2)—C(31)

1.135(3)

Ru(l)—N(3)

2.033(2)

N(3)—C(33)

1.126(3)

Ru(l)—N(4)

2.019(2)

N(4)—C(35)

1.131(3)

Ru(l)-P(l)

2.3244(9)

C(31)—C(32)

1.457(4)

Ru(l)-P(2)

2.3259(8)

C(33)—C(34)

1.453(4)

C(29)—C(30)

1.452(4)

C(35)—C(36)

1.458(4)

Table 4.3. Selected bond angles (deg) for Ru(dppb)(MeCN)42+ 2PF6+ (23), with
estimated standard deviations in parentheses

Bonds

Angle (deg)

Bonds

Angle (deg)

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

93.93(3)

P(l)—Ru(l)—N(2)

92.73(6)

P(2)—Ru(l)—N(l)

90.04(7)

P(2)—Ru(l)—N(4)

94.00(7)

N(l)—Ru(l)—N(2)

83.43(9)

N(3)—Ru(l)—N(4)

170.98(8)

Ru(l)—P(l)—C(l)

117.9(1)

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

116.0(1)

Ru(l)—N(l)—C(29)

170.3(2)

Ru(l)—N(2)—C(31)

169.5(2)

Ru(l)—N(3)—C(33)

172.2(2)

Ru(l)—N(4)—C(35)

170.9(2)

P(l)—C(l)-C(2)

113.9(2)

C(l)—C(2)-C(3)

114.0(3)

P(2)—C(4)—C(3)

118.9(2)

C(2)—C(3)-C(4)

116.8(2)

N(l)—C(29)—C(30)

178.5(3)

N(2)—C(31)—C(32)

178.4(3)

N(3)—C(33)—C(34)

178.2(3)

N(4)—C(35)—C(36)

178.0(3)
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Figure 4.13: ORTEP plot of ?-RuCl2(MeCN)4 (11), showing the atom numbering scheme
used. Thermal ellipsoids for non-hydrogen atoms are drawn at 50% probability.
Table 4.4. Selected bond lengths (A) for ?-RuCl2(MeCN)4 (11), with estimated standard
deviations in parentheses

Bond

Length (A)

Bond

Length (A)

Ru(l)—N(l)

2.022(2)

N(2)-C(3)

1.119(3)

Ru(l)—N(2)

2.029(2)

C(l)-C(2)

1.460(4)

Ru(l)—Cl(l)

2.04107(8)

C(3)—C(4)

1.462(4)

N(l)—C(l)

1.129(3)
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Table 4.5. Selected bond angles (deg) for ?-RuCl2(MeCN)4 (11), with estimated standard
deviations in parentheses

Bonds

Angle (deg)

Bonds

Angle (deg)

Cl(l)—Ru(l)—N(l)

89.46(7)

Cl(l)—Ru(l)—N(2)

90.96(7)

N(l)—Ru(l)—N(2)

86.0(1)

Ru(l)-N(l)^C(l)

173.0(3)

Ru(l)—N(2)—C(3)

171.8(2)

N(l)-C(l)-C(2)

179.1(3)

N(2)—C(3)-C(4)

178.2(3)

Table 4.6. Comparative bond lengths in dicationic ruthenium nitriles

Complex

Bond

Average Length (A)

Ru(dppb)(MeCN)42+, 23

Ru-N (trans nitriles)

2.03

Ru-N(cw nitriles)

2.12

C-N

1.13

Ru-N

2.03

C-N

1.12

Ru-N

2.03

C-N

1.14

Ru-N

2.06

C-N

1.13

^RuCl2(MeCN)4,11

Ru(MeCN)62+, 31*4

Ru(C6H6)(MeCN)32+,3245

The geometry at ruthenium for complex 23 is a slightly distorted octahedron, in
which the bond angles between the nitrile ligands both in the P-Ru-P plane and projecting
above and below it are compressed slightly, possibly as a result of steric constraints
arising from interaction with the phenyl groups of the phosphine. Thus while the P(l)-
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Ru-P(2) bond angle is 94°, the corresponding N(l)-Ru-N(2) angle is only 83°. (The NRu-N angles in complex 11 range from 86 to 89.5°, suggesting that some of this
compression may result from crystal packing forces). More surprisingly, in view of the
rather small steric interaction evident in the ORTEP representation, the N(3)-Ru-N(4)
bond angle relating the nitrile ligands above and below the plane is 171°, a small but
significant deviation from linearity. The corresponding angle in the related complex
Ru(MeCN)6^"'" (31),"^"^ which is free of the steric pressures imposed by the diphosphine
ligand, is 178°. (The value in complex 11 was not directly determined, owing to the high
symmetry of the structure; the calculated angle of 180° is an artefact of the symmetry
operation used in the analysis). The Ru-N-C bond angles in complex 23 are ca. 170°,
relative to average values of 176° in both the hexakis-acetonitrile species 31 and the
piano-stool structure Ru(C6H6)(MeCN)32+ (32)"^^ (in which the MeCN ligands should
also be free of steric constraints). While this may suggest that most of the bending within
the nitrile groups occurs at the nitrogen atoms because this is the point of strongest steric
interaction with the phenyl rings (as suggested by Figure 4.12), the corresponding angle
in 11 is 172°. Thus much of this bending may arise from crystal packing forces; if the
phosphine does exert any effect it may be rather small. The N-C-C bond angles in 23 are
all ca. 178°, as they are also in 11 and 31. Interestingly, in view of the high symmetry
implied by the appearance of only two methylene signals in the ^H nmr spectrum of 23,
the diphosphine backbone is slightly twisted, disrupting the C2 axis and rendering the
environments above and below the P-Ru-P plane inequivalent. (This implies that the
twisting of the phosphine backbone must be considerably greater in the related complex tRuCl2(dppb)(MeCN)2, for which four methylene peaks are observed by ^H nmr). In the
case of Ru(dppb)(MeCN)42+2PF6", the two halves of the carbon backbone may be related
by a centre of inversion, as suggested by the view of the molecule represented in Figure
4.12a. Although in the solid state the bond angles at C(l) and C(4) differ by nearly 5°
(with values of ~114° and 119°, respectively), and the angles at C(2) and C(3) by 3° (114°
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and 117°), flexing of the diphosphine unit in solution must render this difference
insignificant.
While the Ru-N bond distances for the mutually trans nitriles in 23 are closely
comparable to the values in 11, 31 and 32 (see Table 4.6 above), the remaining pair of
nitriles exhibit a slight lengthening of these bonds owing to the strong trans influence
exerted by the phosphine. Even the shorter Ru-N bonds, however, are slightly longer
than ~2.0A, the estimated sum of the covalent radii.^^ In contrast, the corresponding
bond length in ruthenium dinitrogen complexes is usually less than 2.0A (generally taken
as evidence of djt-p;i backbonding). The accuracy of the crystallographic data for
dinitrogen complexes is often low, but values of 1.822(13)A47 and 1.894(9)A^^ (0.1 O.2A shorter than in the ruthenium nitriles) provide some of the more reliable data.
The C-N bond lengths in the four nitrile complexes range from 1.12 to 1.14A,
being slightly shorter than the value of 1.155A calculated for free MeCN.^^ This
phenomenon is commonly observed in both transition metal^ and main group"^^
complexes of nitriles; a typical range of 1.11 to I.ISA is quoted for the former, where
MeCN is the nitrile. Shortening of the C-N bond is evidence against any Ti-backbonding
component to the ligand-metal interaction, as are the positive infrared coordination shifts
of'U(C=N), from 2254 cm-1 in free MeCN to 2291 and 2320 cm-1 for 23, and 2270 cm-1
for 11. Similar shifts are observed for all other MeCN complexes prepared in this work
(and all but one of the PhCN derivatives; a negligible negative coordination shift (A = 1
cm-1) is found for Ru2Cl4(dppb)2(PhCN)), as summarised in Table 4.7.
corresponding data for complexes 31 and 32 are not reported.

The

Also, while any

backbonding from the metal might be expected to be greatest for 11, in which the metal
centre is neutral rather than dicationic, the C-N bond lengths are actually shortest in this
complex (although the differences are hardly significant).
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Table 4.7. Summary of t)(C=N) data for dppb-nitrile complexes prepared in this thesis
work^

Complex

'U(MeC=N) (cm-l)

'U(PhC=N) (cm-l)

Ru2Cl4(dppb)2(RCN)

2282

2230

RuCl2(dppb)(RCN)2

-

2241

RuCl(dppb)(RCN)3+ PFe'

2268

2236

Ru(dppb)(RCN)4+2 2PF6-

2291, 2320

2245

Ru2Cl3(dppb)2(RCN)2+ PFe"

2275

2234

f-RuCl2(MeCN)4

2270

-

a Cf. \XC=N) 2254 cm-l for free MeCN; 2231 cm-l for free PhCN.

Thus despite the strong Tr-donor capacity of the metal,^^ the physical evidence
suggests that the nitrile ligands function solely asCT-donorsin these Ru(II) species. Ludi
et al. do not accept this view of the ruthenium-nitrile bonding interaction; they describe
MeCN as a "typical Ji-acceptor",^^ the n* orbital of which permits "very strong
backbonding from the electron-rich Ru2+ ion".^^ The shortening in the Ru-N and C-N
bond lengths, which is difficult to reconcile with this model, is not discussed in the papers
in which they report the crystal structures of 31 and 32. In addition, some of the evidence
adduced for n-backbonding turns on a point of interpretation. In iH nmr spectra of the
[Ru(C6H6)L3]2+ systems, for instance, a smaller downfield shift of the rj^-CeHs singlet
(relative to free CeHe) is observed where L = MeCN (A 0.8 ppm) than L = H2O (A = 1.2
ppm).^^ This difference is attributed to decreased shielding of the benzene ring in the
former as a result of backbonding onto the nitrile. The weaker a-donor ability of MeCN
relative to water seems, however, sufficient to account for this effect, without invoking TTacceptor properties for the nitrile. Similarly, the low substitutional lability observed for
the nitrile complexes,^ ^ relative to the aquo species, may arise from the lower effective
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electron density on the metal which results from this poorer a-donor ability. Fewer
ligands may be required to stabilise the metal with the more powerful c-donor H2O,
permitting more facile Ugand substitution.

4.3. Nitrile Complexes with Chiral Phosphine Ligands

4.3.1. Binap Complexes
Preparation of ruthenium binap complexes of MeCN and PhCN analogous to the
dppb systems described in Section 4.2 is complicated by an increased sensitivity to
oxidation. For this reason (as well as conservation of the chiral phosphine, see Section
4.2.2), the air-stable species RuCl2(binap)(PPh3) (12c) was used as a precursor in
preference to Ru2Cl4(binap)2 (14c). Although the nitrile derivatives show good stability
once formed (both in the presence of excess nitrile, which presumably hinders
coordination of oxygen, and in the solid state), both 12c and 14c are very sensitive to
traces of oxygen on initial exposure to the nitrile. Even when solutions were degassed by
several freeze-pump-thaw cycles prior to addition of the ruthenium complex, the
characteristic green colour of the Ru(III) species frequently developed within seconds.
(Both of the ruthenium precursors are reddish-brown). As the clear yellow of the Ru(II)
products may, however, be masked by a rather small amount of the green material, the
solutions were treated in the same manner as those which showed no decomposition.

4.3.1.1. Benzonitrile Derivatives
The lower reactivity of RuCl2(binap)(PPh3), relative to its dppb analogue, toward
PhCN is illustrated by the appearance of five distinct sets of binap resonances in the
31p{lH} nmr spectrum obtained immediately after dissolving 12c in 10:1 PhCN-CDCls
(Figure 4.14a; the high-field singlet for free PPhs is omitted from the plot). This
spectrum provides a convenient overview of 3lp{ iR} nmr data for most of the complexes
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described in this Section. Peak assignments given here are discussed in more detail
below; 31P{lH} nmr data are summarised in Table 4.8 at the end of this Section. The
principal signal in Figure 4.14a is an AB quartet (6 47.1, 43.9; 7 = 35 Hz) due to an all-cis
isomer

of

RuCl2(binap)(PhCN)2 ( 1 8 c).

An

AB

pattern

assigned

to

Ru2Cl3(binap)2(PhCN)2+Cl- (lOc-Cl) is also evident (5 54.1, 52.0; 7 = 35 Hz), as well as
a singlet for a trans

isomer of 1 8 c (6 50.0), and broad resonances for

RuCl(binap)(PhCN)3+Cl- (22c.Cl) (5 46 and -44).

c-18c
/

\

unassigned
'•i»m#>i(ii»»>»w^

(b)

54
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4B
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Figure 4.14: 31p{lH} nmr spectra (PhCN-CDCls) of RuCl2(binap)(PPh3): (a) one
minute after dissolving the sample; (b) after one week in solution under Ar.

The peaks due to 22C'C1 (and ?-18c, see below) grow in intensity over 24 h,
resolving into a rather broad AB pattern centred at 46.0 and 44.4 ppm (7 = 29.8 Hz).
Little further change occurs over a week in solution (Figure 4.14b). The AB signals are
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also the principal resonances observed by in situ 31p{lH} nmr following reaction of 12c
with NH4PF6 in PhCN, supporting their assignment to 22c, but the product appears to
lose PhCN in the solid state. Microanalytical data for the isolated material are in poor
agreement with the theoretical values for 22c'PF6; the carbon content is low by 0.9%, the
nitrogen content by - 1 % . In situ formation of small amounts of 22C'C1 via thermolysis of
Ru2Cl4(binap)2(NEt3) or RuCl(C6H6)(binap)+Cl- in PhCN was reported during the
course of this work, while 22c«BF4 was observed as the principal product following
treatment with AgBF4.^^ Neither species was isolated, however; the only isolated
product was the neutral species RuCl2(binap)(PhCN)2 (18c; see below). The stability of
the cationic complex in the solid state was not discussed, though a process of rapid ligand
exchange in solution was proposed to account for the broadness of the 31p{lH} nmr
signals in PhCN at ambient temperatures (these signals were found to sharpen on
lowering the probe temperature to -40oC).^^ Such a process may be favoured for the
binap complexes owing to the bulk of the diphosphine, which can be expected to increase
the steric pressure at the axial positions.
In this thesis work, the concentration of 22c'Cl was found to increase over 24 h
exposure to PhCN, but this species is not the sole product even after 1 week in solution
(Figure 4.14b). Accompanying the growth of the resonances for 22C'C1 is an increase in
the integrated intensity of the singlet at 50 ppm, assigned to ?-RuCl2(binap)(PhCN)2 (t18c). The assignment is supported by infrared and microanalytical data for the yellow
precipitate isolated on addition of Et20 or hexanes to solutions of RuCl2(R-binap)(PPh3)
in PhCN-CeHe. ^^P{ ^H} nmr evidence indicates that isomerisation to a cis form (Figure
4.15) is facile, however: spectra obtained immediately after dissolving this product in
C(P6 show either a singlet at 50.3 ppm for t-18c or, as well, an AB quartet at 55.3 and
53.6 ppm (J = 35.0 Hz). The singlet diminishes as the sample stands in solution, until
after 1 h only the AB pattern remains. The process being observed is identified as
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isomerisation, rather than ligand loss, because the appearance of a single AB pattern
cannot be reconciled with the mono-nitrile Ru2Cl4(binap)2(PhCN) (16c).
NCPh

Ph,

P//,.. ' ...»^^^C1
Ru
NCPh

NCPh
CI
Ru
CI
NCPh

k..J...NNCPh
Ru

18c
^^

CI

Figure 4.15: Trans-cis isomerisation of RuCl2(binap)(PhCN)2 (18c) in C6D6.

Treatment of Ru2CL4(binap)2(NEt3) with PhCN at 150°C has been reported as a
route to 18c,^-^ as briefly noted above, and the neutral derivatives of perfluorobenzonitrile
and 2-furonitrile are similarly accessible. The harshness of the reaction conditions,
especially in comparison to those employed in this thesis work, is notable; forcing
conditions are required in order to displace the comparatively strong Lewis base
triethylamine with the weaker nitrile donors. The published ^lp{lH} nmr data^^ for the
benzonitrile complex in PhCN assign a singlet (5 48.6) and an AB quartet (5 47.0, 43.3; /
= 35 Hz) to non-specified trans and cis isomers, respectively, of 18c. These values differ
from those described above for isolated 18c in CgDg, but are rather close to those
observed as the principal signals immediately after dissolving 12c in 10:1 PhCN-CDCl3
(Figure 4.14a and Table 4.8), or on dissolving isolated 18c in 10:1 PhCN-CeDe: 5 50.1
(s); 47.9, 44.3 (ABq, J = 35.0 Hz). All of these peaks are shifted downfield by ~1 ppm
relative to the literature values. The consistency of the shift differences suggests that they
arise from use of a different reference standard in the literature work, but the absence of
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information regarding the lock solvent (if any) or the internal standard used precludes
further analysis.
Like the dppb complexes, 18c loses nitrile on prolonged standing in neat C6D6, as
judged by 31p{lH} nmr (Figure 4.16). Four sets of AB patterns of equal intensities,
attributed to Ru2Cl4(binap)2(PhCN) (16c), dominate the spectrum after ~8 h at room
temperature (Figure 4.16b), and an orange colour develops in the originally yellow
solution. Reaction is 98% complete after four days. Traces of PhCN were probably
present in the nmr sample, as synthesis of 16c on a preparative scale is complete within 4
h at room temperature using well-dried 18c. An orange-brown precipitate was obtained
by concentration of the benzene solution and addition of hexanes; reprecipitation from
CeHg-hexanes gave a product which analysed well for Ru2Cl4(binap)2(PhCN)H20. The
presence of water in the sample was confirmed by ^H nmr.
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Figure 4.16: 31p{ iR} nmr spectra of ?-RuCl2(binap)(PhCN)2: (a) one minute after
dissolving in CgDg; (b) after 8 h under Ar; (c) on addition of PhCN to (b).

The complexity of the 31p{lH} nmr spectrum of complex 16c probably reflects
the low energy difference between a pair of diastereomers (a) and (b) (Figure 4.17),
which are either formed without discrimination between the two, or can interconvert in
solution. (Variable-temperature nmr spectra of the isolated material in CyDg indicate that
the four sets of 31p{lH} nmr resonances remain distinct down to -80°C, tending to
support the former possibility). Two AB patterns, rather than four, were observed for the
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dppb complex 16a (Section 4.2.5) because structures (a) and (b) are enantiomeric (owing
to the presence of a chiral screw axis relating the two Ru centres) if the phosphine is
achiral. The dppb analogue of isomer (c), in which the nitrile and the terminal chloride
ligand are coplanar, would instead give rise to two singlets, while two AB quartets would
be observed if the phosphine were chiral. This evidence suggests that the binap complex
is structurally analogous to that found with dppb.
^
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Figure 4.17: Proposed diastereomers of Ru2Cl4(binap)2(PhCN) (16c). The phenyl
groups of the phosphines are omitted for clarity.

In marked contrast to these results is the simplicity of the 31p{ iR} nmr spectrum
reported for the NEt3 analogue (5 62, d; 57, d).^^ This may arise from rapid exchange of
the amine between the two ruthenium centres, which renders the two phosphines
degenerate although the inequivalence of the phosphorus nuclei within each is
maintained. A similar process has been proposed to account for the appearance of a
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31p{lH} nmr singlet in spectra of Ru2Cl4(dppb)2(L) (L = amine) species (Section
5.3.1.2), instead of the pair of AB quartets typically observed for non-amine complexes of
this type (Section 4.2.5).^ The implied increase in the rate of exchange suggests, rather
surprisingly, that amines are bound more weakly than benzonitrile in these systems. An
intramolecular exchange process, with the amine remaining bound throughout, may be
more likely.
Addition of PhCN (~0.1 mL) to the nmr sample of 16c in CgDg (0.7 mL) causes
an immediate colour change from orange back to yellow, and simpUfies the 31p{lH} nmr
spectrum (Figure 4.16c). The singlet for t-18c at -50 ppm reappears, accompanied by an
AB pattern at 6 48.4, 44.2; / = 35 Hz. The concentration of PhCN appears too low to
promote formation of RuCl(binap)(PhCN)3+Cl" (22c); even after 1 week, the broad AB
signals of 22c are not observed. The identity of the species responsible for the new AB
quartet is ambiguous.

Assignment to one of the two a.ll-cis isomers of

RuCl2(binap)(PhCN)2 (see Figure 4.15) is problematic for two reasons. The chemical
shift difference relative to the cis isomer identified earlier (Figure 4.16a) seems unduly
large for the rather subtle difference in structural form (though the spectroscopic
distinction between the two diastereomers of Ru2Cl4(binap)2(PhCN) indicated in Figure
4.16b suggests that such a separation may be plausible). Of more concern is the implied
diastereoselectivity of the reaction: no trace of the AB pattern found under the conditions
of Figure 4.16a appears under those of Figure 4.16c, and vice versa. Other assignments
are not readily apparent, however (though it may be argued that the stability of a doublychloride bridged species [RuCl(PP)(PhCN)]2(|X-Cl)2 may be higher with PP = binap,
owing to the bulk of this phosphine).
An AB quartet at 5 54.1, 52.0 (/ = 35.0 Hz) is the sole observable 31p{ iH} nmr
resonance on dissolution of neutral 18c in neat CDCI3, assigned to the dinuclear cation
Ru2Cl3(binap)2(PhCN)2+CI- (20c-Cl) by analogy to the dppb system. Small signals for
this species were also observed in PhCN-CDCla (Figure 4.14a), as with the dppb complex
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(Section 4.2.4.2). Similar values (given the 1 ppm downfield shift noted earlier) were
reported by Shao et al. for a second species observed on dissolving 18c in CH2CI2 (5
52.99, 51.22; ABq, J = 34.9 Hz), and attributed to a five-coordinate complex
RuCl2(binap)(PhCN).^^ This assignment is unlikely, especially in view of the stability of
the complex to added PhCN. Identification of this species as Ru2Cl3(binap)2(PhCN)2"'" is
supported by elemental analysis of the PFe salt, isolated following treatment of 18c with
CH2CI2 and half an equivalent of NH4PF6.
The presence of a single AB quartet in 31p{ iR} nmr spectra of 20c implies that
the two phosphine ligands are equivalent, despite the disruption of molecular symmetry
expected to result from the chirality of the phosphine. Two structures satisfy this
requirement, one with coplanar and one with transoid niidlQS, (Figure 4.18). In each case
the two halves of each phosphine remain inequivalent, but the two ligands are related by a
C2 axis. In the dppb complex 20a the nitrile ligands are probably disposed anti to each
other as in structure (a); the 31p{ iR} nmr spectrum consists of an AB quartet, whereas a
singlet is expected if the nitriles are coplanar, as a mirror plane then bisects each (achiral)
phosphine. Whether the stereochemistry of the binap complex corresponds to that of the
dppb species remains an open question, however. A precedent exists for stereochemical
nonconformity of binap derivatives: in the dichloro-bridged dimer Ru2Cl4(binap)2, the
two phosphines are thought to occupy basal-basal and basal-apical sites, in contrast to the
more usual arrangement in which the phosphines are symmetrically disposed, both
occupying basal-apical sites. ^
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Figure 4.18: Possible structures of Ru2Cl3(binap)2(PhCN)2+ X", 20c (X = CI, PFe).
The phenyl groups of the phosphines are omitted.

While the series of reactions involving loss of nitrile follows the pattern
established in the dppb chemistry, isomerisation of the neutral rran^-nitrile complex
RuCl2(binap)(RCN)2 to the cis forms is without precedent. The driving force for
rearrangement may be the relief of steric pressures imposed by the greater bulk of the
binap ligand. ^Ipf^H} nmr data for all of the benzonitrile complexes of binap are
summarised in Table 4.8 below.
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Table 4.8. Summary of 31p{ iR} nmr data (121.4 MHz, RT) for binap-PhCN complexes
prepared in this thesis work
Complex

Solvent

Chemical Shift (5) 2/pp(Hz)

RuCl(binap)(PhCN)3+ X", 22c

10:1 PhCN:CDCl3

46.0,44.4

29.8

f-RuCl2(binap)(PhCN)2, t-lSc^

10: 1 PhCN:CDCl3

50.0

-

CeDe

50.3

-

10:1 PhCN:CDCl3

47.1,43.9

34.8

10:lPhCN:C6D6

47.9, 44.3

35.0

c-RuCl2(binap)(PhCN)2, c-lSc^

C6D6

55.3, 53.6

35.0

Ru2Cl3(binap)2(PhCN)2+X-, 20c

CDCI3

54.1,52.0

35.0

C6D6

54.7,53.1

35.2

C6D6

62.5, 56.3

42.0

55.3, 53.8

35.1

62.3, 58.4

41.0

57.0, 51.2

33.5

c-RuCl2(binap)(PhCN)2, c-lSc^

Ru2Cl4(binap)2(PhCN), 16c

Ru2Cl4(binap)2(PhCN), 16c

C6D6

^ The configuration of the cis isomers is not further specified; the designation as trans
refers to the disposition of the nitrile ligands.

4.3.1.2. Acetonitrile Derivatives
Preparation of MeCN complexes corresponding to the benzonitrile species
described in the previous Section was investigated in less detail. Only the tris(nitrile)
species RuCl(binap)(MeCN)3+PF6" (21c-PF6) was prepared directly, though
RuCl2(binap)(MeCN)2 (17b) and the dinuclear species Ru2Cl3(binap)2(MeCN)2+X(19c) were observed in situ, as described below. 31p{lH} nmr assignments of these
complexes, summarised in Table 4.9, were made by analogy to the PhCN complexes.
Three main patterns are observed in the 31p{lH} nmr spectrum obtained
immediately after dissolving RuCl2(binap)(PPh3) (12c) in CD3CN (Figure 4.19; the
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singlet for free PPhs at -6.49 is omitted from the plot). Two of these are AB quartets, the
downfield halves of which (-47.5 ppm) overlap, and which are broadened beyond
resolution. The upfield peaks, though still broad, are distinguishable (5 45.5; 44.6 ppm).
These poorly resolved signals are assigned to the fac and mer isomers of the cationic
complex RuCl(binap)(MeCN)3+ X", 21c (c/. the broad AB pattern described in Section
4.3.1.1 for the PhCN complex 22c, for which a process of rapid ligand exchange in
solution at ambient temperatures^^ was proposed).* The third signal, which disappears
within a few hours, is a well-resolved AB quartet at 46.9 and 41.3 ppm (7 = 38.0 Hz),
assigned to a cis isomer of the neutral species 17b. The initial observation of the neutral
complex even in neat MeCN is further evidence of the lower reactivity of the binap
derivatives, relative to their dppb analogues.
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Figure 4.19: 31p{ 1H} nmr spectrum of RuCl2(binap)(PPh3) (12c), immediately
following dissolution in CD3CN.

Cationic RuCl(binap)(MeCN)3+PF6" (21oPF6) was prepared in situ by leaving
12c to stir for 48 h in MeCN in the presence of NH4PF6. Like the benzonitrile complex.

* Only one of tbe two signals for 21c, resolved into an AB pattern at 8 47.7,44.9 (/ = 32 Hz) at -30°C in
1:1 MeCN-CDCl3, was reported in a study which appeared during the course of this work.^'^ The
concentration of MeCN may be a factor: isomerisation of the dppb analogue 21a, for example, is observed
in CD3CN but not in halogenated solvents or CeDg.
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llC'PFg evinced a strong tendency toward loss of nitrile in the solid state, and satisfactory
elemental analyses could not be obtained (the experimental values are ~0.9-l% low in
carbon, and 1.3-1.7% low in nitrogen). Difficulties in isolating such species were noted
by other workers in a recent study of products formed by thermolysis of
RuX(C6H6)(binap)+X- (X = CI (Te-Cl), Br, I) in MeCN.^^ Attempts to isolate 21c-Cl, by
precipitation from MeCN and washing the precipitate with Et20, gave only the neutral
complex RuCl2(binap)(MeCN)2, ITb^"^ (consistent with the results described for the dppb
system 21a-Cl in Section 4.2.1). Isolation of the cation by exchanging the chloride anion
for PF6" or BF4", yielding 21C'PF6 or 21C'BF4, was reported to result in
disproportionation into Ru(PP)(MeCN)42+ and RuCl2(PP)(MeCN)2 species.^^ The
solvent employed for this reaction was not specified, but may be critical; the same paper
reports formation of the dicationic complex, rather than 21C'C1, if thermolysis of Te-Cl is
conducted in a 1:1 mixture of MeCN-MeOD instead of neat MeCN.
Instability of 21c-PF6 in the absence of MeCN is confirmed in the present work,
but the solution behaviour in CDCI3 does not conform either to that cited above, or to the
precedent established with other RuCl(PP)(RCN)3+PF6" species described elsewhere in
this Chapter (PP = dppb, R = Me, Ph: Section 4.2.6; PP = diop, R = Me, Ph: Section
4.3.2), with direct formation of the dinuclear cation Ru2Cl3(PP)2(RCN)2+PF6". A singlet
at 51.9 ppm, assigned to the trans-nithle isomer of neutral RuCl2(binap)(MeCN)2 (17b),
is the sole observable phosphine resonance immediately after dissolving 21C'PF6 in
CDCI3 (c/. the value of -50 ppm observed for the PhCN species; Table 4.8). The singlet
gives way to an AB quartet centred at 53.7 ppm (Table 4.9) within 24 h at room
temperature, accompanied by a singlet at 6 45.5, of about a third of the integrated
intensity. The AB pattern is probably due to 19oCl, and its location is very close to that
of Ru2Cl3(binap)2(PhCN)2+X- (20c). The singlet may be due to the fran^-chloride
isomer of 17b; while its location is very near to that reported for the dicationic complex
Ru(binap)(MeCN)42+ (5 46.1, CDCl3),^'* no precedent exists for equilibration of neutral

156

17b to the latter species in either the literature or this thesis work, and such a process
seems unUkely in halogenated solvents.
The immediate and apparently quantitative conversion of 21c-PF6 to neutral 17b
on dissolution in CDCI3 or CH2CI2 indicates that reaction of the cationic species with
halogenated solvents is far more facile than is the case for the dppb or diop systems, for
which the driving force of the reaction (formation of the very stable triply-chloride
bridged Ru2 unit) is more obvious. The reaction also implies that 19c.PF6 is not directly
accessible from RuCl(binap)(MeCN)3+ PFe", as formation of the dinuclear cations by
reaction of 21.PF6 with CHCI3 or CH2CI2 relies on condensation of the neutral and
cationic species occurring more rapidly than formation of the neutral complex (see Figure
4.10, Section 4.2.6.2).
The observed 31p{lH} nmr data for 17b, summarised in Table 4.9, are in poor
agreement with the reported spectrum, which consists of two AB quartets in a ratio of 9:1,
at 6 54.8, 53.7 (/ = 35.2 Hz), and 51.7, 50.9 (/ = 35.2 Hz).^^ The downfield AB pattern
in the literature work may be due to 19C'C1 rather than 17b; the peaks are shifted by -0.6
ppm relative to those observed in the present work, but this may arise from a difference in
the reference standard. The reported observation of an AB quartet for cis-17h, rather than
a singlet for the trans isomer, may also be due to a solvent effect:

isomerisation

processes for these RuCl2(binap)(RCN)2 species are rather sensitive to the solvent, as
indicated by the data shown in Table 4.8. If the MeCN complex is similarly sensitive to
the presence of MeCN in low concentrations, in situ generation of 17b from 21C'PF6 may
favour one isomer, while dissolving isolated 17b in neat CDCI3 may lead to another.
Experiments with isolated 17b might clarify this point, but the MeCN complexes of binap
were not investigated in any further detail.
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Table 4.9. Summary of 31p{ iR} nmr data (121.4 MHz, RT) for binap-MeCN complexes
prepared in this thesis work

Complex

Solvent

Chemical Shift (5)

27pp(Hz)

RuCl(binap)(MeCN)3+X-, 21c

CD3CN

47.1,45.5

-

47.2, 44.6

-

CD3CN

46.9, 41.3

38.0

C6D6

47.7,45.1

31.9

?-RuCl2(binap)(MeCN)2, t-17hb

CDCI3

51.9

?-RuCl2(binap)(MeCN)2, ?-17bc

CH2CI2-C6D6

43.9

CDCI3

45.5

CDCI3

54.3, 53.0

36.1

CH2CI2-C6D6

52.7, 52.2

35.0

c-RuCl2(binap)(MeCN)2, c-17ba

Ru2Cl3(binap)2(MeCN)2+X-, 19c

^ Ml-cis isomer; configuration not further specified.
^ Trans-nitnle isomer; ^ Tentative assignment (^rani'-chloride isomer).

4.3.2. Diop Complexes

4.3.2.1. Benzonitrile Derivatives
Addition of a small excess of PhCN (1.4 equivalents) to a solution of
RuCl2(diop)(PPh3) in C6D5 causes a colour change from green to orange-brown. The
product obtained on concentration and addition of Et20 is identified

as

Ru2Cl4(diop)2(PhCN) (16b) on the basis of 31p{ iR} nmr and microanalytical data. As in
the corresponding binap chemistry, both isomers of 16b are formed, as judged from
3lp{ iH} nmr spectra (Figure 4.20; see also Table 4.10 at the end of this Section). Three
sets of AB quartets can be distinguished, with the presence of a fourth, concealed under
several of these resonances, being deduced from their anomalously high integrated
intensity. Thus AB patterns are found at 5 47.1, 44.1 (/ = 42.1 Hz), at 5 44.7, 35.8 (/ =
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34.7 Hz), and 6 44.6, 39.0 (/ = 35.6 Hz). As these chemical shifts indicate, half of each
AB resonance is isolated, and the other half overlaps with the remaining signals. The
isolated signals are of equal integrated intensity. On subtraction of their total integration
values from that of the overlapping resonances at 5 44-45, a value corresponding to two
phosphorus nuclei remains, implying the presence of a further signal at this location.
Formation of both diastereomers of the dinuclear species in equal amounts is consistent
with the behaviour described earlier for the binap systems.

^MV~flfti»^My

46

48

u 5.

J
5

L

TT

TV

TT

IIII I

44

42

27. 3

40

i I I i
1

33

L
5. 2

'M [ 11 M I n 11

36 FPM
U
4. 7

Figure 4.20: 31p{ iR} nmr spectrum of Ru2Cl4(diop)2(PhCN), 16b, in CeDg.

No change in the in situ 31p{ ^H} nmr spectrum is observed over 1 h reaction time
on addition of up to 6 equivalents of PhCN (9.2 ^L) to RuCl2(diop)(PPh3), 12b (21.6 mg,
0.015 mmol) in CeHg (5 mL; aliquots spiked with CeDg for nmr analysis). On use of a
larger excess (40 |J.L, -25 equiv.), however, the solution changes in colour from orangebrown to yellow, and the spectrum shows an AB pattern for RuCl(diop)(PhCN)3+ (see
below); as with the dppb species, the neutral mononuclear product RuCl2(diop)(PhCN)2
(18b) is precipitated by addition of hexanes. (The product appears to be slightly soluble
in Et20). Free PPh3 is removed by washing with hexanes. Microanalytical data are in
excellent agreement with the proposed formulation, and a single •u(C=N) band is evident
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in the infrared spectrum, suggesting that the product is the trans-nitrile isomer expected
by analogy to the dppb and binap chemistry. Two doublets are observed in the 31p{lH}
nmr spectrum on dissolving the yellow precipitate in C6D6; 6 49.7, 36.0 ( / = 38.2 Hz)
(Figure 4.21). Each peak shows a small additional splitting of 5.8 Hz, the cause of which
is unclear. Small signals due to nitrile loss and reformation of Ru2Cl4(diop)2(PhCN)
(16b) appear within minutes in the absence of added PhCN; facile loss of PhCN may thus
preclude isomerisation processes of the type noted above with the binap complexes.
RuCl2(diop)(PhCN)2 was prepared on larger scale in the same manner as the dppb
complex 18a by treatment of 12b with excess PhCN, followed by precipitation with
hexanes.
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Figure 4.21: 31p{lH} nmr spectrum of RuCl2(diop)(PhCN)2,18b, in CeDe.

In situ 31p{lH} nmr spectra of RuCl2(diop)(PhCN)2 in PhCN-CeDe (10:1) show
a single AB pattern, assigned to the cationic species RuCl(diop)(PhCN)3+ CI" (22b.Cl), at
5 41.2, 28.4 (/ = 35.9 Hz). The PFe salt 22b.PF6 is readily prepared, by addition of
NH4PF6 (1 equiv. per Ru) in acetone to a rapidly stirred solution of 12b in PhCN,
followed by precipitation with Et20 (in which the cationic complex is less soluble than
the neutral species). The isolated product is stable in the solid state, and initially (but see
below) in CDCI3 solution; the 31p{lH} nmr spectrum (5 37.2, 28.2; J = 39.3 Hz) shows
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slightly different chemical shifts from those reported above. A water peak integrating to
one H2O per diop ligand can be seen in the ^H nmr spectrum, and the product analyses
well for RuCl(diop)(PhCN)3+ PF6-H2O.
Like their dppb analogues, both RuCl2(diop)(PhCN)2 and RuCl(diop)(PhCN)3+
PFg' react with halogenated solvents to give the dinuclear cation Ru2Cl3(diop)2(PhCN)2"^
X" (X = CI", PF6"). This complex was not isolated, but was identified in situ from
31p{lH} nmr spectra (CDCI3) of 18b obtained immediately, orllb-PFg, measured after
-12 h in solution at room temperature. In either case an AB pattern is observed at 5 43.5,
36.4 (/ = 35.6 Hz); Table 4.10.

Table 4.10. Summary of 31p{ iR} nmr data (121.4 MHz, RT) for diop-PhCN complexes
prepared in this thesis work

Complex

Solvent

Chemical Shift (5)

2/pp(Hz)

RuCl(diop)(PhCN)3+ X-, 22b

CDCI3

37.2, 28.2

39.3

10:lPhCN-C6D6

41.2, 28.4

35.9

RuCl2(diop)(PhCN)2,18b

C6D6

49.7, 36.0

38.2, 5.7

Ru2Cl3(diop)2(PhCN)2+X-, 20b

CDCI3

43.5, 36.4

35.6

Ru2Cl4(diop)2(PhCN), 16b

C6D6

47.1,44.1

42.1

44.7, 35.8

34.7

44.6, 39.0

35.6

-44-45

-

4.3.2.2. Acetonitrile Derivatives
A limited investigation of MeCN-diop complexes was undertaken, as initial
results suggested that these species might be less stable in the solid state than the PhCN
complexes described above.

Thus, attempts to prepare RuCl(diop)(MeCN)3+PF6"
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(21b'PF6) gave a mixture of products on workup, although 3lp{ iR} nmr spectra obtained
immediately on dissolving RuCl2(diop)(PPh3) (12b) in CD3CN consisted of a single AB
quartet at a location very close to that noted above for the PhCN analogue 22b: S 37.1,
30.5; / = 40.2 Hz (Figure 4.22a). This signal is also present following in situ treatment
with NH4PF6, and is assigned to the cationic complex 21b. In contrast with the dppb
chemistry (Sections 4.2.1, 4.2.4), however, replacement of the chloride counter-ion with
PFg does not stabilise the complex against MeCN loss. While an AB pattern assigned to
Ru2Cl3(diop)2(MeCN)2+PF6- (19b.PF6) is observed by 31p{lH} nmr for the undried
precipitate in CDCI3 (5 43.8, 37.4 (ABq; J = 36.0 Hz); cf. the values for 20b in Table
4.10), a complex series of peaks is found after dissolving the vacuum-dried precipitate in
CDCI3 (Figure 4.22b). The precipitate itself undergoes a colour change on drying, from
yellow to white to pink. Addition of MeCN to the nmr sample simplifies the 31p{ iH}
spectrum, causing reappearance of the original AB quartet of 21b. An AB quartet is also
observed as the principal signal on addition of PhCN (Figure 4.22c), possibly arising
from the tris-PhCN cationic species, though the possibility of a mixed nitrile complex
cannot be excluded. The PhCN solution was refluxed in order to promote displacement
of the MeCN ligand, but a mixture was still present after 4 h (as judged by 31p{ iH} nmr
spectroscopy).
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Figure 4.22: 3lp{ iR} nmr spectra of (a) RuCl(diop)(MeCN)3+Cl- (21b.Cl), formed in
situ from RuCl2(diop)(PPh3) in CD3CN; (b) product obtained on treatment of (a)
with NH4PF6, after precipitating and drying (CDCI3); (c) on addition of PhCN to
(b).

4.4. Summary

An extensive nitrile chemistry has been established for ruthenium(II) complexes
of dppb, diop, and binap, using as precursors either the mixed-phosphine species
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RuCl2(PP)(PPh3) or the dimer Ru2Cl4(PP)2- In all cases, the principal species present in
nitrile solvent is the cationic tris(nitrile). The stability of some of the isolated products is
strongly dependent on the volatility of the nitrile, and while the MeCN species can be
susceptible to ligand loss under vacuum, the PhCN analogues are frequently isolable. In
benzene solution, facile displacement of nitrile by chloride ion in RuCl(PP)(RCN)3+Cl"
species initiates a cascading series of rearrangements via the neutral complex
RuCl2(PP)(RCN)2, terminating in the thermodynamic product Ru2Cl4(PP)2(RCN).
Replacement of the potentially coordinating halide anion in the cationic complexes by a
non-coordinating PFg anion gives generally more stable products, though loss of nitrile is
still sometimes observed in the solid state, and the complexes are susceptible to reaction
with halogenated solvents, giving Ru2Cl3(PP)2(RCN)2''"PF6- species. The latter reaction
is inhibited by the presence of nitrile, and in halocarbon-nitrile mixtures the product
distribution depends on the concentration and relative coordinating power of the nitrile
and the halide. Finally, reaction of the Ru dppb precursors with excess NH4PF6 in the
presence of nitrile gives the halide-free species Ru(dppb)(RCN)42+ 2PF6", the structure of
which was analysed by X-ray crystallography, and compared to that of ?-RuCl2(MeCN)4,
isolation of which was described in Chapter 3.
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CHAPTER 5
Reactions of Ruthenium(II) Phosphine Complexes with iV-Donor
Ligands

5.1. Introduction

The reactions of ruthenium phosphines with amines and imines have been little
studied, despite the preponderance of such ligands in the classical coordination chemistry
of ruthenium. Considered in context of the nitrile chemistry described in the previous
Chapter, the comparative reactivity of these substrates toward the probe systems
Ru2Cl4(dppb)2 and RuCl2(dppb)(PPh3) provides a detailed picture of ligating properties
within this series of A^-donor ligands. This somewhat neglected area of coordination
chemistry has useful implications for the nature of the metal species formed during
hydrogenation of nitriles and imines catalysed by ruthenium phosphine catalysts.

5.2. Reactions of Ru Precursors witii Imines

In nearly all of the reported coordination compounds of imines, the metal binds to
an auxiliary donor site on the ligand in addition to the nitrogen atom. While in the early
transition elements this may take the form of T|2-donation from a side-bound imine,^
chelate complexes are more common in the later transition elements. The second site
may be a heteroatom (in oximes, for example,^ or the ubiquitous salicylaldimines, [(oOH)(C6H4)]CH=NR);^"^ another imine (both di-^ and poly-imines^ have been used,
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though macrocyclic Schiff bases are more common),^'^ or even an or?/jo-metallated
phenyl group. ^^"^^ In view of the general scarcity of simple imine ligands in coordination
chemistry, it is not surprising that so few ruthenium phosphine complexes containing
these ligands are known. This may, however, be due more to limitations in the
explorations undertaken than to an inherent property of the ligands themselves.
Arguments to the contrary have attributed the rarity of monodentate A^-bound imines to
the low Lewis basicity of the imine nitrogen. ^^'^^ This seems implausible on reference to
the pKa values shown in Table 5.1, which indicate for imines a donor strength many
orders of magnitude greater than that of nitriles, which readily form transition metal
complexes. ^"^ The Lewis basicity of imines is in fact closer to that of amines than of
nitriles; even ketones and aldehydes (for which a growing number of transition metal
complexes is known) ^^ are very weak bases by comparison, with pKa values of ca. -1 and
-8, respectively. Despite the stronger binding of imines relative to nitriles expected on
the basis of the superior a-donor and potential 7i-acceptor^^'^^ character of the former,* no
evidence for such a trend has been documented. Reactions of Ru2Cl4(dppb)2 (14a) and
RuCl2(dppb)(PPh3) (12a) with the simple imine PhCH2N=C(H)Ph, under the conditions
employed with nitriles (Chapter 4) and amines (Section 5.3), were investigated in order to
assess the comparative binding abilities of these A^-donor ligands. The affinity of this
imine for the ruthenium centre is of considerable interest. Not only has A/^-benzylidene
benzylamine been proposed as an intermediate species in the hydrogenation of PhC^N
using [RuHCl(dppb)]3 as the catalyst precursor, ^^ but it appears to be implicated in
reactions of dibenzylamine with the ruthenium precursors 14a, 12a, and Ru2Cl5(dppb)2
(13b) (Section 5.3.2), and this imine has been proposed as one of the products generated
in the oxidation of benzylamine to benzonitrile catalysed by the related ruthenium species
RuCl2(PPh3)3.i9

For discussion of the 7t-acceptor capabilities of o-boimd nitrile ligands, see Chapter 4, Section 4.2.8.1.
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Table 5.1. Lewis Basicity of A^-Donor Ligands^^

Ligand

Conjugate Acid

pKa

R2NH

R2NH2+

10.5-11

RR'C=NR"

RR'C=NHR"+

5-8

RC=N

RC=NH+

-10

5.2.1. PhCH2N=C(H)Ph
The utility of the mixed-phosphine species RuCl2(dppb)(PPh3) (12a) as a
precursor to nitrile complexes of ruthenium was described in Section 4.2.2. Little
difference in reactivity toward nitrile donors was observed between 12a and the more airsensitive Ru2Cl4(dppb)2 (14a), and the former was therefore frequently used for reasons
of convenience. Reactions of PhCH2N=C(H)Ph with 14a and 12a, in contrast, show
significant differences in rate (implying that the affinity of the iV-donor ligand for the
metal centre is governed by steric, rather than electronic, factors). Thus, while in situ
31p{ iR} nmr spectra show no signals for 14a within half an hour of treating with excess
imine, reaction of 12a is still incomplete after 48 h at room temperature. Reactions using
the mixed phosphine complex as precursor were therefore either allowed to stir for a
prolonged period at room temperature (6-10 d) or heated to reflux in benzene for 1-5 h.
The product obtained from preparative-scale reactions using 12a is a yellow precipitate,
which slowly turns orange on redissolving in aromatic or halogenated solvents, giving a
3lp{ iR} nmr pattern identical to that observed for the room-temperature reaction.
Addition of iV-benzylidene benzylamine to 14a in benzene or CDCI3 gives a dark
brown-yellow solution. An in situ 31p{ iR} nmr spectrum (5.4 mg 14a, 0.0045 mmol; 2.6
^L PhCR2N=C(R)Ph, 0.014 mmol; 1.5 mL CDCI3) showed within 10 minutes an
unresolved set of peaks at 6 48.9, and a pair of AB quartets (5 53.5, 52.0, / = 44 Rz; 51.0,
46.6, y = 36 Rz) in a pattern which conforms to that previously established as
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characteristic of the dinuclear complexes Ru2Cl4(dppb)2(Til-L) (Section 4.2.5).'^^'^^ The
latter was tentatively assigned to the dinuclear imine adduct 25 (L = PhCH2N=C(H)Ph),
containing a simple A^-donor imine. A crude sample of the product was obtained only
with difficulty. Not only is another species already present, as indicated by the peaks at
-49 ppm, but resonances for a third species (55.7, 51.3, ABq, 7 = 39 Hz; 52.7; as in
Figure 5.1) grow in at the expense of the original peaks, sometimes very rapidly. Small
amounts of an orange precipitate, obtained after stirring a similar benzene solution in a
sealed Schlenk tube for five days, showed however principally 31p{ iR} nmr peaks due to
25 (Figure 5.1). The ^H nmr spectrum closely resembles that observed for the nitrile
complexes Ru2Cl4(dppb)2(RCN) (Section 2.11.1, 2.11.2.1), indicating a high degree of
structural correspondence between these species. Signals for the imine methine and
methylene groups appear in the ^H nmr spectrum (Figure 5.1); their shift positions (8.4
and 4.8 ppm, respectively) are unchanged from those of the free imine, as found for other
Tjl-imine complexes.'^^'-^'^ (For a summary of literature spectroscopic data for transitionmetal complexes of imines, see Appendix C). The remainder of the aliphatic region
consists of signals due to the sixteen inequivalent dppb methylene protons, one of which
appears as a broad multiple! centred at 3.96 ppm (range 6 3.83-4.0), isolated from the
rest. The benzylic protons of the imine integrate 2:1 against this signal, supporting
identification of the complex as the r]!-imine species Ru2Cl4(dppb)2[PhCH2N=C(H)Ph].
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Figure 5.1: 3lp{ iH} and ^H nmr spectra (CDCI3) of the crude reaction product identified
as Ru2Cl4(dppb)2[PhCH2N=C(H)Ph] (25). Peaks due to unknown 28 are
indicated by (^). The small singlet at 6p 49.4 is unassigned. Imine proton peaks
are indicated by (*).

The distinctive location of the isolated CH signal, shifted more than 1 ppm
downfield from the remaining dppb methylene resonances in CDCI3 (and nearly 1.5 ppm
in CeDg; 6 4.45), is probably due to deshielding of an a-methylene proton at a 'Ru(nCl)3Cl(dppb)' centre by a phenyl ring of the dppb ligand. The rigidity of such a
geometric arrangement was cited in context of the 31p{lH} data of Ru2Cl4(dppb)2(L)
species in Chapter 4, and has been discussed previously.-^^ This signal appears to be
characteristic of dinuclear, triply-chloride bridged Ru2Cl4(dppb)2(L) complexes (L 5^
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amine), as well as of isomeric species to be discussed later in this Section (fully assigned
in Section 5.2.5). All such complexes prepared in this work exhibit a similar ^H nmr
multiplet near this location (centred at -3.94 ppm in CDCI3, and at -4.45 ppm in C6D6;
see Experimental Sections 2.11.1, 2.11.2.1, 2.12.1 and Figure 5.1), as do those derivatives
prepared in earlier work for which ^H nmr data are available. •^•^'•^^ The in variance in
chemical shift implies insulation of the proton responsible from the electronic properties
of L, as expected if it is associated with a dppb ligand at the opposite end of the molecule.
Its absence in spectra of the amine derivatives is probably a consequence of their nonrigidity, a function of the apparently rapid process of amine exchange between the two
metal sites (see Section 5.3.1.2). No resonance at this location has been observed for any
of the mononuclear complexes RuCl2(dppb)(L)2 (L = RCN, Section 4.2.3; or amine.
Section 5.3.1.1) or even the corresponding Ru2Cl3(dppb)2(RCN)2''" X" species, which
lack a terminal chloride ligand, supporting the suggestion that the downfield shift of this
signal is due to ring current effects imposed by steric constraints at a 'Ru(^t-Cl)3Cl(dppb)'
centre. (^H nmr data for these complexes are listed in Chapter 2). This signal may
therefore provide a very useful spectroscopic 'handle' for identification of such neutral,
dinuclear dppb species.
The minor peaks in the 31p{lH} nmr spectrum above are often more readily
observed than those due to 25 itself. (The extent of reaction is thought to be a function of
the accessibility of water, for reasons which will be discussed later in Section 5.2).
Figure 5.2 shows a representative spectrum (CDCI3 solvent) for the reaction mixture
obtained by stirring 14a with excess PhCH2N=C(H)Ph in benzene at room temperature
for 24 hours. The principal signals are those described above, marked i^) in Figure 5.1;
the two AB patterns assigned to 25 are not present. The new resonances are also present
in spectra of dibenzylamine with 14a and 12a (Figure 5.15, Section 5.3.2).
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Figure 5.2: In situ 31p{ iR} nmr spectrum of Ru2Cl4(dppb)2 + PhCH2N=C(H)Ph in
CDCI3, after 24 h in solution.

As the AB quartet and the singlet at 52.7 ppm are invariably of equal integrated
intensity, they are presumed to arise from a single, dinuclear species (28). The spectrum
does not resemble any of those previously observed for dinuclear derivatives of
Ru2Cl4(dppb)2 (14a),^^ implying that the geometric constraints must be significantly
different. Both 31p{lH} and ^H spectroscopic data indicate an unsymmetrical structure
with inequivalent diphosphine ligands. Isolation of 28 was hampered by the simultaneous
formation of the species characterised by a singlet at 48.9 ppm (identified as the terminal
amine adduct Ru2CL4(dppb)2('nl-NH2CH2Ph), 26; see discussion later in this Section and
in Section 5.3.1.2). A small amount of clean 28 was obtained after prolonged reaction at
room temperature (12 days). In the 31p{lH} nmr spectrum of this complex in CeDg
(Figure 5.3a: 5 56.5, 51.3, ABq, J = 38.6 Hz; 53.7, 53.6, ABq, 7 = 44.1 Hz), the singlet
formerly observed at 52.7 ppm can be discerned as an AB pattern distorted by strong
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second-order effects, supporting identification of the product as a dinuclear species. The
pattern previously observed in CDCI3 otherwise prevails.
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Figure 5.3a: 31p{ iH} nmr spectrum (CeDg) of the imine derivative 28.

The unexpected absence of the imine methylene and methine resonances
(concealed in the in situ spectrum by signals due to excess imine) is immediately obvious
in the ^H nmr spectrum of the purified product (Figure 5.3b). While the signal for the
azomethine proton could conceivably be obscured by the phenyl peaks, the. singlet for the
benzylic protons normally appears in a region which in these systems is free of other
resonances (c/. 4.8 ppm for free A^-benzylidene benzylamine). The only signal within the
expected range, a broad peak at 5 3.90-4.04 showing evidence of extensive coupling to
other iH nuclei, is assigned to a proton of one methylene group of a dppb ligand. It
corresponds precisely in appearance and location to the isolated CH signal discussed
above for Ru2Cl4(dppb)2(L) (L = PhCH2N=C(H)Ph, Figure 5.1; MeCN, PhCN), and
exhibits the same solvent dependence (centred at 5 3.95 in CDCI3; at 8 4.45 in CeDg),
whereas the singlet for the methylene group in the free imine shifts in the opposite sense
in these two solvents (CDCI3: 8 4.8; CeDe: 8 4.6). A iH-lR COSY nmr spectrum
(Appendix D) confirmed the assignment.
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Figure 5.3b: ^H nmr spectrum (CDCI3) of the imine-derived species 28. See later
discussion (Section 5.2.5) for assignments.
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Thus no signal is present in the region from 3.2 to 6.3 ppm which can be
identified as belonging to the benzylic protons, implying that a wholly unexpected
activation of the imine has occurred. Several modes of activation of imines by transition
metals have been described (Figure 5.4 ; see Appendix C for a summary of the relevant
nmr data). Coordination of the lone pair on nitrogen is in most cases considered the
initial step, with subsequent attack occurring at either of the carbon substituents (possibly
via an intermediate containing a a,7C-bound imine) or the nitrogen substituent. OrthometaUation of the C-phenyl ring of A^-benzyUdene amines, giving five-membered chelate
complexes, is most common. ^^'^'^-^^'^^ Six-membered chelates may also be formed, if the
orf/io-substituent is susceptible to attack^ ^ (or, as in the case of the salycylaldimine salts
RN=CH(o-C6H4)(0")Na"'", it provides a primary coordination site).^ Activation of the
nitrogen substituent is very rare by comparison. ^° Or^o-metallation of the iV-phenyl ring
of PhN=C(H)Ph may be prohibited by ring strain, and the favoured anti geometry of the
imine removes A'^-alkyl substituents from the vicinity of the metal (while interaction
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between the metal and the carbon substituent is maximised). An unusual example of
attack on an A^-aUcyl substituent, shown as path (e) below, is interpreted as a consequence
of blocking the ortho sites on C-Ph with methyl groups.^^ Oxidative addition of the C-H
bond of aldimines (path (f)) is common for osmium carbonyls,^^'^^"^^ and a few examples
are known for the ruthenium systems.^^'^^ Coordination of the nitrogen atom at one
metal centre appears to promote C-H activation at an adjacent metal,'^^ giving synaldimine (or iminoacyl) species, which are more frequently derived from insertion of
isocyanides into M-R bonds.^^"^^ Finally, loss of the C-Ph bond may accompany
oxidative addition of the azomethine bond, giving alkyliminium derivatives as shown in
path (g).
^CHjPh

-s

.CH3

/ = \

(CQ)3Qsl

^ O s (C0)3

I —-Ru
' -'
\

M
^"Ph
PMeg

Figure 5.4: Imine activation modes, with examples from the literature as shown: a)
imine as simple A'-donor;'^^ b) imine as a,7C-donor;'*^ c) or?/zo-metallation of CPh;^° d) metallation of or?/zo-substituent on C-Ph;^ e) or?/io-metallation of A^CH2Ph;ii f) C-H activation of aldimine,^^ g) C-H, C-R activation of aldimine.^^
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The spectroscopic data for 28 (and in particular the disappearance of the benzylic
protons at 4.8 ppm) are, however, difficult to reconcile with any of the imine derivatives
shown in Figure 5.4. Several of these can be excluded simply on the basis of the
observed diamagnetism of 28, which indicates that the imine provides a neutral two- or
four-electron donor fragment. In addition, however, the A^-alkyl protons for most of these
complexes undergo rather small coordination shifts (see Appendix C). For A^-benzylidene
benzylamine derivatives, the minimum value for the benzylic protons does not fall below
the shift position of dibenzylamine (3.8 ppm); the value of 3.2 ppm is not approached (as
would be necessary if this signal were to be concealed by the remaining aliphatic signals
for 28). Downfield shifts are also observed, but the maximum value of 8(CH2) for these
species is ca. 5.6 ppm, precluding interference by the aromatic resonances of 28, which
begin at 6.3 ppm.
Failure to observe the azomethine singlet is less notable; this signal commonly
undergoes upfield coordination shifts of 0.5 ppm and greater, which would permit its
concealment in the aromatic region. In the extreme, Ti-donation of the C=N functionality
to a metal centre negates the anisotropic shift due to the double bond: on formation of the
a,7r-PhN=C(H)Ph species shown in Figure 5.4 (path b), the methine signal is found at the
single-bond value of 5 4.90,"^^ far upfield of its position in spectra of the free imine (8.46
ppm). Similar results in other systems suggest that such a change is diagnostic for i}^C=N.'^2 A corresponding effect is observed in the l^CjlR} nmr spectrum; in the a,nPhN=C(H)Ph complex, for instance, the imine carbon shifts from 160.0 to 62.4 ppm.'^^
Measurement of the l^CflR} nmr spectrum of 28 in CD2CI2 (Appendix Dl),
initially hampered by difficulties in obtaining sufficient quantities of clean material,
became possible following isolation of solely 28, in high yield, by treatment of
RuCl2(dppb)(PPh3) with benzylamine in refluxing benzene (Section 5.3.1.2). While the
imine carbon of free A^-benzylidene benzylamine appears at 162 ppm, the spectrum of 28
shows no signal downfield of the phenyl region (5 126-146). This is strong evidence
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against retention of the azomethine group as a double-bonded entity, effectively ruling
out most of the structures shown in Fig 5.12. A singlet at 51.8 ppm is tentatively
assigned to the benzylic carbon (cf. 5 52.8 for NH2CH2Ph, 6 65 for PhCH2N=C(H)Ph).
TT-Donation by the double bond would also give rise to a peak in this vicinity for the
imine carbon,'^^ as noted above, but a signal for the benzylic carbon should then be
observed nearby. The assignment was supported by an APT experiment (Appendix D2),
which indicated that the carbon bears two protons. The absence of a signal for the imine
carbon near 60 ppm, and of ^H nmr singlets at ca. 4.9 and 3.8 ppm for the methine and
benzylic protons,"^^ excludes the possibility of a c,7r-imine species. Formation of a [i-Ti]^iminium species (Figure 5.4g), in which the C=N double bond character can also be
markedly reduced,^^'^^ was considered as an alternative possibility, but the inherent
symmetry of this structure is inconsistent with the 31p{lH} and ^H nmr data. The
coordination shift of the benzylic protons in such species is also rather small,^^'"^^ while a
second N-C signal should again appear in the 1^C{ ^H} nmr spectrum.
Thus, none of the common imine activation products adequately accounts for the
spectroscopic data for 28. The absence of either an imine or a second A^-benzyl carbon
signal in the 1^C{ ^H} nmr spectrum strongly suggests that part of the imine has been lost.
Careful measurement of the integration ratio of the aliphatic to aromatic protons (in
CD2CI2) supports an imine cleavage reaction in which one of the phenyl groups is lost.
This is confirmed by elemental analysis: the values calculated for [RuCl2(dppb)]2
[PhCH2N=C(H)Ph] are C, 60.39; H, 5.00; N, 1.01; CI, 10.19, while the experimental data
are C, 58.07; H, 5.10; N, 1.04; CI, 10.71.
Cleavage of the imine immediately suggests hydrolysis of the imine by trace
water, possibly promoted by the Lewis acidic metal centre. While in excellent agreement
with the microanalytical data (calculated for [RuCl2(dppb)]2(NH2CH2Ph); C, 58.03; H,
5.02; N, 1.07; CI, 10.87), this mode of reaction to give an amine adduct is unexpected for
several reasons. Firstly, reactions were carried out under anaerobic conditions, using
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solvents distilled from sodium or from calcium hydride. Even given the usual scale of
these reactions (< 0.01 M in Ru2), the concentration of water required for hydrolysis of
one equivalent of imine seems unduly high (although precedent for such a decomposition
route is found in early work on rhodium complexes of A'^-benzylidene aniline).^"^
Leaching of water out of the glassware (which although oven-dried was not flame-dried,
and was generally stored for some time prior to use), is possible, though this implies a
very high affinity of the reactant system for water. Initially more difficult to rationalise
was the nature of the product obtained. Imine hydrolysis, followed by scavenging of the
aldehyde or amine released, was expected to give rise to products of the type shown in
Figure 5.5.
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Figure 5.5: Imine hydrolysis products, and their expected reactions with 14a.

The possibility of a benzaldehyde-derived species is readily discarded. Not only
do the analytical data indicate retention of the imine nitrogen, but reaction of 14a with
aldehydes results in decarbonylation, as reported by Joshi et al?^ Neither a terminal CO
stretching band, nor the corresponding band for the less likely Ti 1-benzaldehyde species.
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is evident in the infrared spectrum of 28. The product is not, on the other hand, a terminal
benzylamine derivative as shown in Figure 5.5. All known complexes of this type (see
Sections 5.3.1.2, 5.3.1.3) give rise to a singlet at 5 48.9 (CDCI3) in the 31p{lH} nmr
spectrum^^'^^''^'^ (as indeed observed, accompanying the appearance of signals for 28, in
crude or in situ spectra of 14a or 12a treated with PhCH2N=C(H)Ph. See, for example,
Figure 5.2). A singlet for the benzylic protons should also appear at ca. 3.8 ppm in the
^H nmr spectrum (Section 5.3.1.2). If a benzylamine ligand is present in 28, its CH2
protons must be inequivalent, and their signals shifted to high field, indicating a binding
mode without precedent in the established amine chemistry of 14a.

(Concurrent

experiments described in Sections 5.3.1.2 and 5.3.1.3, showed that primary amines are
not in fact confined to a terminal binding mode, as previously found^^''^^ for tertiary and
secondary amines). Isomerisation of a terminal benzylamine species to the new complex
(discussed later in Section 5.2.5), in a process which is slow at room temperature, would
account for the persistent observation of the 31p{ ^H} nmr singlet at 48.9 ppm (CDCI3).
Experiments to exclude the possibility of alternative imine-cleavage reactions
were also undertaken. Because of the symmetry of the starting imine, the analytical data
do not distinguish between loss of the carbon- or the nitrogen-phenyl ring (though the ^^C
data strongly suggest the former). A series of probe reactions was carried out in order to
establish unequivocally which end of the imine is lost. As activation of the carbon end
appears to require oxidative addition of the imine C-H bond as a first step,^^ the
ruthenium precursors were treated with the ketimine PhCH2N=C(Me)Ph, in which this
step is blocked. If C-H activation is required for generation of 28, this reaction should
give rise only to the imine adduct Ru2Cl4(dppb)2[PhCH2N=C(Me)Ph]. Reactions of 14a
or 12a with PhCH2N=C(H)[(C6H4)(p-OMe)] and MeN=C(H)Ph, which contain useful iR
nmr probes (8(MeO) 3.8; 5(Me) 3.50, CDCI3), were also investigated.
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5.2.2. PhCH2N=C(Me)Ph
Nmr scale reactions of 14a (19 mg, 0.016 mmol) with small amounts of
PhCH2N=C(Me)Ph (6.7 mg, 0.032 mmol) in CeDe (0.7 mL) showed only the AB quartet
for 14a in the in situ 31p{ iR} nmr spectrum after half an hour at room temperature. On
addition of excess imine (ca. 50 mg, 0.24 mmol) and stirring for a further 30 minutes, the
characteristic pattern of 28 dominated the spectrum, the peaks due to 14a having
diminished to 12% of the total integrated intensity. No signals assignable to coordinated
imine species (or to the terminal benzylamine complex) were evident. A small singlet at
2.6 ppm in the ^H nmr spectrum is assigned to acetophenone.
Reaction of 12a with PhCH2N=C(Me)Ph was investigated on preparative scale.
Treatment of green 12a with the ketimine (5 equivalents) gave a yellow-brown solution
after 24 hours at room temperature. An orange-brown precipitate was isolated and
washed well with hexanes to remove excess imine. Both 31p{lH} and ^H nmr spectra
were identical, in both pattern and shift positions, to those previously recorded for 28.
(The crude product also contained ca. 5% of the terminal amine species, characterised by
a 31p{ ^H} nmr singlet at 48.9 ppm, which was removed by reprecipitation from benzenehexanes). Elemental analysis of the purified product confirmed its identification as 28,
indicating that the ketonic portion of the imine had been lost.

5.2.3. PhCH2N=C(H)[(C6H4)(p-OMe)]
Reaction of 12a with an excess of the methoxy-substituted aldimine proceeds at a
rate slower than with the unsubstituted A^-benzylidene benzylamine. The solution was
still dark green after 24 hours at room temperature, and the 31p{lH} nmr spectrum
showed principally peaks for the ruthenium starting material. Even after the mixture was
refluxed in benzene for 16 hours, peaks for 12a were present. Reaction was, however,
complete after stirring for 10 days at room temperature, and 31p{lH} and ^H nmr spectra
of the isolated, purified product were identical to those observed for 28. Loss of the
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aldehydic end of the imine is confirmed by the absence of a singlet for the methoxy group
in the ^H nmr spectrum.
Reaction with 14a proceeds much more rapidly; in situ ^H nmr spectra of 14a
(53.9 mg, 0.045 mmol) with stoichiometric amounts of the aldimine (18.6 mg, 0.083
mmol) in CDCI3 (1.5 mL) showed only -16% of 14a remaining after 3 hours at room
temperature. The signals for 28 accounted for 70% of the total integrated intensity; the
singlet for the terminal amine species Ru2CL4(dppb)2(Ti^-NH2CH2Ph) (26; see Section
5.3.1.2), for 14%. A sharp singlet at 6 3.90 in the ^H nmr spectrum, very near the singlet
at 3.85 ppm due to the methoxy group of the free imine, was assigned to the methoxy
group of the aldehyde. The aldehydic proton itself appeared at 10.0 ppm. (Neither
aldehyde nor amine was seen in the spectrum of the free imine when the sample was left
to stand in CDCI3 for a similar time period). Addition of excess imine to the nmr sample
caused immediate disappearance of the 31p{lH} nmr peaks due to 14a. Interestingly, the
spectrum showed a new AB pattern at 57.7 and (obscured by the upfield half of the AB
pattern due to 28) 50.6; / = 37 Hz, which may be due to a bis(imine) derivative (see
Section 5.3.2). A sample of the original solution, left to stir at room temperature and
monitored by 31p{lH} nmr, showed a steady decrease in the intensity of the singlet for
26; after nine days only 28 remained, suggesting that the latter is the thermodynamic
product. The final ratio of aldehyde to imine, judged from their respective ^H nmr
integration values, indicated hydrolysis of 50% of the added imine (1 equivalent per Ru2).
The absence of a singlet at 3.8 ppm (CDCI3) for either free or Til-NH2CH2Ph implies that
the amine remains coordinated to the metal in a fashion which induces a coordination
shift far in excess of that established for the terminal amine species.
These results add to a growing body of evidence for an imine hydrolysis pathway,
in which the amine is selectively abstracted from the substrate by the ruthenium complex.
The reduced rate of the cleavage reaction in the methoxy-substituted aldimine relative to
PhCH2N=C(H)Ph is presumably related to the electron-donating properties of the
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methoxy group; the decreased electrophilicity of the imine carbon may render this
position less susceptible to attack by trace water.

5.2.4. MeN=C(H)Ph
Further confirmation of imine hydrolysis and retention of the amine fragment by
the metal complex was sought by investigation of the reaction of 12a with the
methylamine-derived imine. Reaction with a large excess of imine (25 equiv.) in CH2CI2
at room temperature is very rapid, a colour change from green to yellow occurring within
five minutes. With one equivalent of imine per Ru, reaction is complete after nine days.
Again, a downfield singlet for the aldehydic proton of benzaldehyde, integrating 1:1
against residual imine, is evident in the in situ ^H nmr spectrum. The ^IPf^H} nmr
spectrum (CDCI3) is similar but not identical to that previously observed for the reactions
with the A^-benzyl imines.

While a broad singlet at 48.9 ppm, attributed to

Ru2Cl4(dppb)2(NH2Me), is again observed, the pattern for the presumed imine-cleavage
product is shifted slightly relative to its benzylamine-derived analogue 28; 5 56.3, 50.9
(ABq, 7 = 39 Hz); 5 52.90, 52.8 (ABq, 7 = 44 Hz). (31p{lH} nmr parameters for these
and related complexes are summarised in Table 5.2, Section 5.3.1.3). The central AB
system is better resolved than was the case for 28, but no further improvement in
resolution is obtained on cooling the solution. The broad signal for the terminal amine
species remains unresolved down to -80"C. No methyl singlet can be seen in the ^H nmr
spectrum, its absence corresponding to the disappearance of the methylene singlet for 28.
Efforts to purify the product and thus obtain a clean ^H nmr spectrum for measurement of
integration values were unsuccessful.

5.2.5. Structure of Imine Cleavage Product 28
Complex 28, as discussed below, is proposed to be an ri^-benzylamine species, in
which the intact amine group and two chloride ligands bridge the two metal sites. The
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nitrogen atom acts as a a-donor to one ruthenium centre, while an agostic (three-centre
two-electron) bond exists between a benzylic C-H bond and the second metal, as shown
in Figure 5.6.
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Figure 5.6: Proposed structure for the imine hydrolysis product 28.

Detection of aldehyde in the in situ reactions implies imine hydrolysis by trace
water, rather than a more esoteric cleavage reaction. Coordination to the Lewis acidic
metal centre evidently promotes imine hydrolysis, but does not catalyse it, as in reactions
with excess imine the in situ ^H nmr spectra show chiefly free imine, and none of the free
amine. The amounts of aldehyde generated agree well with the value of 0.5 equivalents
per Ru expected for stoichiometric reaction with imine, with formation of a dinuclear
product. The inorganic product is by implication, and consistent with the analytical and
13c nmr data, a benzylamine derivative [RuCl2(dppb)]2(NH2CH2Ph).
While the presence of twenty inequivalent protons renders the aliphatic region of
the iH nmr spectrum rather complex (Figure 5.7 and Appendix D3), a combination of 2D nmr experiments on a high field instrument (500 MHz, CD2CI2) permits the protons of
the amine ligand to be identified among those due to the methylene units of the
diphosphine backbone. The signals for the benzylic protons were located by means of a
HETCOR experiment (Appendix D4), by correlation with the l^CflH} nmr peak due to
the benzylic carbon of benzylamine (5 51.8). The resonances due to the benzylic protons
are centred at 3.16 and 2.63 ppm, shifted considerably upfield from their location in
benzylamine (6 3.8). The peaks for the NH protons, located by homonuclear correlation
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with the benzylic protons as described below, are likewise diastereotopic, with shift
positions of 2.90 and 1.25 ppm, respectively.
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Figure 5.7: Aliphatic region of the ^H nmr spectrum (500 MHz, CD2CI2) of
Ru2Cl4(dppb)2(M.2,'n2-NH2CH2Ph), 28. The anagostic CH proton is indicated by
(*), the agostic proton by (x). The NH protons are indicated by (^).

The signal for the benzylic proton at 8 3.16 is a doublet of triplets; the multiplicity
of the signal for the geminal CH cannot be determined, owing to overlap with one proton
of a dppb methylene group. The upfield peak is assigned to an agostic benzylamine C-H
proton, the downfield signal to a 'normal', anagostic proton (see discussion below). The
anagostic benzylamine proton is not coupled to phosphorus to any discernible extent, as
indicated by the ^^P-decoupled ^H nmr spectrum (Appendix D3b). Any ^ip coupling to
the agostic proton is masked by the overlapping dppb CH resonance. A ^H-^H COSY
experiment (Appendix D5) established that the splitting of the benzylic proton at 5 3.16 is
due to strong coupling (/ = 13 Hz) to the geminal CH at 5 2.63, degenerate coupling to a
vicinal NH proton at ca. 2.90 (2H; NH overlapping with a proton due to another dppb
methylene), and weak coupling (/ = 4.5 Hz) to a proton at 1.25 ppm (t, IH, NH).
Selective decoupling experiments (Appendix D6) indicate that the upfield NH triplet (J =
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12.2 Hz) aiises from splitting by the geminal NH proton (2.90 ppm), as expected, and by
the benzylic proton at 3.16 ppm. It is not coupled to the agostic CH. The HETCOR
spectrum suggests that no coupling exists between the proton at 1.25 ppm and a carbon
nucleus, supporting the assignment to NH. Similarly, the signal at 2.90 ppm, which was
assigned to the remaining NH proton and a CH proton of the dppb backbone, correlates
with a single carbon nucleus (the benzylic carbon of benzylamine, 6 51.8), confirming
that only one of the two protons responsible for this peak is bound to carbon. The
inequivalence of the amine protons is unusual, as indeed is the observation of splitting of
the NH2 protons. Both indicate that amine exchange with the solvent is hindered,
indicating that the nitrogen is irreversibly bound to the metal.
Both 31p{lH} and ^H nmr data indicate an unsymmetrical diruthenium structure.
Terminal amine derivatives of the type represented in Figure 5.5, while unsymmetrical,
are characterised by a singlet in the solution 31p{lH} nmr spectrum, as noted earlier.*
The amine must therefore bridge the two ruthenium centres. The diamagnetism of the
product indicates that it does so as a neutral two- or four-electron donor, ruling out an
alkylamido-bridged structure such as [RuCl2(dppb)]2(ji2-NHCH2Ph) (which should in
any case give rise to a signal for the benzylic protons at ca. 5.2 ppm).'^^ This implies a
structure containing an A^-donor nitrogen and a second, agostic donor site, as shown in
Figure 5.6 above. A three-centre, two-electron bond between Ru and the benzylic C-H
bond is favoured, as an agostic interaction between an N-H bond and the ruthenium
centre is less likely to account for the unusual ^H nmr location of the benzylic protons.
* A structure containing a terminal TI^-bound amine could also explain the observed inequivalence of the
benzylic and amine protons, while shielding by a phenyl ring can be invoked to rationalise their upfield
shifts. Three stereoisomers are possible for a complex of the type Ru2Cl4(PP)2(L), where L = two-electron
donor, including amines (see Figure 4.17 and accompanying discussion, p. 150). Where PP = achiral
phosphine, two of these structures are enantiomeric and belong to the synmietry group Ci; the remaining
isomer is of Cg symmetry, with an internal mirror plane through the coplanar chloride and amine Ugands. If
complex 28 were assigned the Ci structure, however, the terminal amine isomer 26, for which one ^^PI^H}
imir singlet is observed, would necessarily be that in which the chloride and amine ligands were coplanar.
Two 3 ^P{ ^H} nmr singlets should be observed for this species, and while rapid exchange of amine between
the two Ru centres could again simplify the spectrum, a soUd-state nmr spectrum of the NEt3 derivative
indicated the pattern of two AB quartets expected for the Ci structure originally assigned.^^ An aminebridged coordination mode is therefore considered more probable for complex 28.
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Large coordination shifts to high field due to lengthening of the C-H bond are
characteristic of agostic C-H protons.'^^''^^ The signal at 2.63 ppm in the ^H nmr spectrum
of 28 is assigned to the agostic proton on this basis. The signal for the two agostic
benzylic protons of (T|5-C5Me5)Ti(CH2Ph)3, in comparison, is found at 2.73 ppm,"^^ and
that for the agostic proton of the benzyl-bridged complex ReW(^-CH2C6H4Me-4)(|j,dppm)(C0)7 at -3.69 ppm (the peak for the anagostic proton appears at a 'normal' CH2
value of 8 3.25).^° Rapid exchange between bound and terminal C-H bonds, obscuring
the distinction between agostic and geminal anagostic hydrogens, is common; in the
extreme, their ^H nmr signals may coalesce to a singlet. A reduced value of the one-bond
C-H coupling constant (a consequence of the reduction in the C-H bond order) is
generally taken as diagnostic of an agostic interaction."^^'"^^ Attempts to measure this
value for 28 from a gated-decoupled l^C nmr spectrum were unsuccessful, owing to the
limited solubility of the complex even in CD2CI2 (< 0.04 M, or 26 mg of 28 in 0.5 mL).
The infrared spectrum of 28 is of little diagnostic value in assessing the
coordination mode of the amine ligand, because of interference by bands due to the
phosphine. Weak bands at 3300 and 3240 cm"l can, however, be assigned to the N-H
stretching vibrations of the primary amine. A weak band also occurs in the 5(N-H)
region (1585 cm'l), and a medium-intensity absorption, possibly due to the C-N
stretching vibration, at 1091 cm"l. A very weak band at 2720 cm-1 falls within the range
described for the agostic v(C-H) vibration (2250 - 2800 cm-l),"^^ but its low intensity
precludes categorical assignment. Numerous attempts were made to grow X-ray quality
crystals of 28 for crystallographic confirmation of the proposed structure, but without
success.
Displacement of agostic C-H bonds by incoming ligands is often facile.'^^''*^
While the high stability of the Ru2(^-Cl)3 configuration (Chapter 4) suggests that
intramolecular attack and displacement of the C-H bond by a terminal chloride ligand
should favour isomerisation to the terminal amine species RuCl(dppb)(p.-
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Cl)3Ru(dppb)(ril-NH2CH2Ph) (26), synthesis of clean 28 in refluxing benzene indicates
that this process is not favoured; indeed, the amine-bridged complex appears to be the
thermodynamic product (as also suggested by the slow disappearance of 26 in the roomtemperature reactions under argon; see also Section 5.2.6). Interestingly, however,
conversion of 28 to 26 occurs over several days under an atmosphere of hydrogen or
nitrogen at room temperature (for details see below). Reversible coordination of H2 or
N2 at the 'agostic' Ru centre may displace the C-H bond and give a doubly-chloride
bridged system. Intramolecular attack of a terminal chloride can then close the triple
chloride bridge. Displacement of an agostic C-H bond by hydrogen or other two-electron
donor ligands has been reported in other work.^^ Appearance of the 31p{ iR} nmr singlet
due to 26 following addition of D2O to a CDCI3 solution of 28, in an unsuccessful effort
to induce deuterium exchange with the amine NH2 group, may similarly be due to
displacement of the C-H bond by water.
Displacement of the agostic bond appears to proceed more rapidly under hydrogen
than nitrogen. Nmr scale reactions (~5 mg, 0.7 mL CDCI3) showed complete conversion
of 28 to 26 after four days under H2, but only 30% conversion after nine days under N2
atmosphere. The basis for the faster reaction under hydrogen is unclear, as N2 binds
more readily to the ruthenium centre than H2, at least for the naked dimer
Ru2Cl4(dppb)2.'^^ The concentration of gas in solution cannot be a factor, as the
solubility of N2 in CHCI3 is twice that of H2 (mole fraction at 298K, partial pressure = 1
atm: N2, 4.45 x 10-5; H2, 2.22 x 10-5).52'53 Related experiments with Ru2Cl5(dppb)2 and
benzylamine under an atmosphere of hydrogen are described in Section 5.3.1.2.
Reaction of 28 with acetonitrile was also briefly investigated, in order to confirm
the generality of the displacement reaction. In situ 3lp{lH} nmr spectra obtained
immediately after dissolving 28 (~5 mg) in CD3CN (0.7 mL) showed only peaks for the
starting complex. After one week, however, the spectrum indicates the presence of more
than five distinct species (Figure 5.8).
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Two of these are assigned to

RuCl(dppb)(CD3CN)3+ CI" (5 40.6 {&,fac) and 42.5, 35.7 (ABq, 7 = 34 Hz; mer); see
Sections 2.11.7.1 and 4.2.1). The appearance of signals for this species provides further
evidence of the ability of acetonitrile to cleave the dinuclear framework of chloridebridged dimers, as previously described in Chapter 4. The remaining signals are
presumably due to RuCl(dppb)(NH2CH2Ph)(CD3CN)2+Cl- species generated by nitrile
attack on the amine-substituted Ru centre. Four isomers are possible, of which only one
(that in which both ligands trans to P are nitrile) gives rise to a 31p{lH} nmr singlet.
Three new AB patterns are in fact observed (6 52.5, 39.1 (7 = 35 Hz), 5 47.7, 35.9 (7 = 32
Hz), and 6 45.1, 38.5 (7= 34 Hz)), as well as a small singlet at 44.1 ppm, which in total
integrate 1:1 against the signals due to RuCl(dppb)(CD3CN)3+ Ch.
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Figure 5.8: In situ 31p{ iH} nmr spectrum of nitrile-substituted products obtained by

m

dissolution of [RuCl2(dppb)]2(}i2,'n2-NH2CH2Ph) (28) in CD3CN (t = 1 week;
RT). Peaks due to RuCl(dppb)(CD3CN)3+ CI" are marked (*).
5.2.6. Thermodynamic Relationship between Ru2Cl4(dppb)2(ri l-NH2CH2Ph)
(26) and Ru2Cl4(dppb)2(|i2,Tl2-NH2CH2Ph) (28)
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A thermodynamic preference for the benzylamine-bridged, over the terminal
amine binding mode, was suspected on the basis of the evidence discussed in the previous
Section. Confirmation of this was sought by isolation and thermolysis of 26. A sample
of 26 (6.0 mg, 0.0046 mmol), prepared as described in Section 5.3.1.2 below, was
dissolved in C6D6 (1 mL) and heated to reflux. The solution was allowed to cool after
1.5 h, and transferred to an nmr tube for 31p{lH} nmr analysis. Although the principal
signal was the singlet for the starting complex at 5 49.4, the AB patterns for 28 were also
present {ca. 20% of total integration), implying that the benzylamine-bridged structure is
indeed the thermodynamically preferred isomer. The sample was returned to the reaction
vessel, and heating continued. After 21 h the signals for 28 dominated the 31p{lH} nmr
spectrum (54% of total integration, relative to 31% for 26). Small peaks due to new
species were also evident, however (6 54.06, 54.04; 7%, possibly the central two peaks of
another AB pattern; 5 50.0, s; 8%), and reaction was discontinued.

5.2.7. Preparation of Ru2Cl4(dppb)2(^2,il^-NH2CH2Ph) (28) from 13b under Ar
Interestingly, complex 28 can also be obtained from the mixed-valence precursor
Ru2Cl5(dppb)2 (13b) by treatment with A^-benzylidene benzylamine under argon, if
alcohol solvents are used. Addition of PhCH2N=C(H)Ph (12 ^iL, 0.064 mmol) to 13b
(15.8 mg, 0.013 mmol) in CH2Cl2-methanol (1:5 v/v, 6 mL total; CH2CI2 added to
solubilise the starting materials) gave a clear orange-red solution, which turned cloudy
orange on being stirred for 17 h at room temperature. An orange precipitate (6 mg, 36%
based on Ru) was filtered off, which exhibited the peaks due to 28 in its 31p{ iR} and ^H
nmr spectra. The filtrate contained paramagnetic material, probably the Ru2 (111,111)
species Ru2Cl6(dppb)2, reported in earlier work to be formed by disproportionation of
13b in the presence of donor ligands^^'^'* (Eqn. 1; see also Section 6.3).
2 Ru2Cl5(dppb)2

^ Ru2Cl4(dppb)2(L) + Ru2Cl6(dppb)2
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(1)

In the absence of alcohol (0.125 g 13b, 0.10 mmol; 95 |iL imine, 0.50 mmol; 5 mL
CH2CI2) no colour change occurred even over three days at room temperature. A redpink precipitate obtained by concentration and addition of hexanes showed peaks for the
terminal benzylamine species in its 31P{lH} and ^H nmr spectra, but the ^H nmr signals
were severely distorted by paramagnetic broadening. These observations suggest a role
for the alcohol cosolvent in the reaction, possibly reduction of the Ru(III) centre by
transfer hydrogenation.
The results described above for reaction of the ruthenium precursors with imines
contrast with those reported in related work^ involving reaction of RuCl2(PPh3)3 with
simple aliphatic oximes.

In refluxing benzene, the bis(oxime) derivatives

RuCl2(PPh3)2(L)2 (L = H0N=C(Me)2, H0N=C6Hii) were obtained, while in refluxing
methanol, concurrent decarbonylation of the solvent gave solely RuHCl(PPh3)2(CO)(L).
With bulkier oximes monosubstitution occurred, giving the five-coordinate species
RuCl2(PPh3)2(HON=CRR') (R = Ph, R' = Me, Bun), which were successfully isolated and
characterised. The reduced steric bulk at nitrogen is possibly responsible for the
accessibility of the mononuclear oxime systems, while the absence of any amine
derivatives reflects the higher hydrolytic stability of oximes, relative to imines.'^^'^^
Ruthenium complexes of simple a-imines have recently been prepared.
Quantitative conversion of CpRu(PPh3)(CO)(L)+ SbFg" (L = acetone or benzaldehyde) to
CpRu(PPh3)(C0)[MeN=C(H)Ph]+ SbFe" by metathesis with MeN=C(H)Ph occurs within
minutes at room temperature.^^ The A^-protio analogue CpRu(PPh3)(C0)[HN=C(H)Ph]+
SbFg- and the related bis(phosphine) complex CpRu(PPh3)2[HN=C(H)Ph]+ SbFe" (which
owing to the instability of HN=C(H)Ph cannot be prepared in this manner) are obtained
by condensation of benzaldehyde with bound ammine (Figure 5.9). The stability of the
imine complexes obtained in this manner is especially noteworthy, given that water is
generated in their preparation. The imine complexes of Ru2CU(dppb)2, in contrast,
appear to be highly efficient scavengers of trace water. This may point toward a function
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of the diruthenium framework in activating the imine toward hydrolysis. Increased
electrophilicity of the imine carbon is expected, for example, in an intermediate C,Kbound imine species. The importance of auxiliary metal sites in permitting access to
reaction pathways without precedent in closely related mononuclear systems has been
emphasised by many workers.^^"^^
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—Ru
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+ PhCH
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NH3
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^ J J ——Ru"iiilL
R u - ' i i i L ^^
„
+ HjO
\
H
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H
>h

Figure 5.9: Preparation of NH-imine complexes by condensation of benzaldehyde with
bound ammine.^^

5.3. Reactions of Ru Precursors with Amines

Bis(amine) complexes of the type RUCI2N2P2 (P = PPhs, N = N-donor amine)
form on treatment of RuCl2(PPh3)3 with substituted pyridines in refluxing acetone,^^ or at
room temperature with primary aliphatic ammes.^^ Dinuclear complexes Ru2Cl4(PP)2(L)
are instead obtained on reaction of Ru2Cl4(PP)2 or [RuCl(COD)]2/PP mixtures with
tertiary or bulky secondary amines (PP = dppb^^ or binap,^^-^^ L = NEts or NHnBu2). The
di(n-butyl)amine complex is also formed on treatment with N^Bus in refluxing
benzene/hexane,^^ in a rare example of transition-metal induced (net) dealkenylation of
an amine.* Amine dehydrogenation processes are much more common, as will be seen
later in this Chapter.

The distinction between this reaction and transalkylation of tertiary amines by platinum group metals, in
which no net loss of an alkyl group occurs,^^"^ may be superficial. The latter reactions are thought to
occur via attack of amine on an iminium intermediate; attack by water (cf. formation of 28, Section 5.2.5)
would instead generate the secondary amine adduct and butyraldehyde.
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While these results suggest that coordination of amines may be less effective in
these systems than coordination of nitriles, for which up to three ligands are found per Ru
(Chapter 4), it should be noted that in the experiments above the concentration of the
amine is typically low, and that no in situ spectroscopic data (which could reveal products
insufficiently stable for isolation) were reported. Reactions of Ru2Cl4(dppb)2 (14a),
RuCl2(dppb)(PPh3) (12a), and Ru2Cl5(dppb)2

(13b) with dibenzylamine and

benzylamine were investigated with these points in mind.

These amines are the

hydrogenation and hydrolysis products, respectively, of PhCH2N=C(H)Ph, which was the
principal substrate employed in investigating the effectiveness of a range of ruthenium
phosphine complexes in catalytic hydrogenation of imines (Chapter 6).

5.3.1. Benzylamine

5.3.1.1. Preparation of RuCl2(dppb)(Til-NH2CH2Ph)2 (29)
An immediate colour change, from orange-brown or green (14a or 12a,
respectively) to yellow, is observed on addition of NH2CH2Ph to the ruthenium precursor
as a solid. In situ 31p{ iR} nmr spectra in neat amine (aliquots spiked with ca. 5% C^De
for deuterium lock) show one product, characterised by a singlet at 46.4 ppm. No change
in the spectrum is observed on leaving the sample to stand under argon. A yellow-orange
precipitate can be obtained on diluting the benzylamine solution with C6H6 and stirring
overnight; precipitation is accelerated by addition of diethyl ether or hexanes. The ^H
nmr spectrum of the isolated product (CeDg solvent) shows four distinct resonances in the
aliphatic region, one of which (3.1 ppm) exchanges with D2O, and can therefore be
assigned to the NH2 protons. The amine methylene resonance undergoes a downfield
coordination shift to 5 3.75 in this solvent, relative to 3.55 ppm for free NH2CH2Ph.
(Similarly, the methyl and methylene peaks of the triethylamine complex
Ru2Cl4(dppb)2(NEt3) shift from 0.95 and 2.39 ppm in the free amine to 1.08 and 3.20
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ppm in the complex).-^^ The presence of only two dppb resonances, centred at 3.0 and 1.5
ppm, indicates a high degree of molecular symmetry. On this basis, and in view of the
observed ratio of 1:1 between these methylene signals and that of the AT-benzyl group, the
product is identified as the neutral bis(amine), RuCl2(dppb)(NH2CH2Ph)2 (29) (Figure
5.10). The assignment is supported by elemental analysis. The structure with trans
amine ligands corresponds to the geometry of the bis(nitrile) species (Section 4.2.3), but
the isomeric complex with trans chlorides is also possible. Several bands are present in
the v(Ru-Cl) region of the infrared spectrum, precluding structural assignment.

NHjCHjPh

CI

/P"'.. J ...»**C1

P,„. J .,,, NH^CH^Ph

P^ I^Cl

\ ^

NHjCHzPh

I ^NHsCHjPh
CI

Figure 5.10: Possible structures of ?-RuCl2(dppb)2(NH2CH2Ph)2 (29).

The Ru(II,ni) precursor 13b can also be used to prepare 29. Interestingly, added
hydrogen is not required as a reductant; the reaction can be carried out in air (the Ru(II)
product is air-stable in the presence of excess amine). The reducing agent is presumably
the amine itself. Dehydrogenation of amines by group 8 metal complexes,^^'"^^'"^^'"^^ and
related processes involving hydrogen transfer from amines,^^ are well established.
Examples of the oxidation of amines to imines by Ru(in), which is in the process reduced
to Ru(n), have been reported in related work,^^'^^"^^ while concurrent formation of Ru(II)
amine derivatives has also been described.^^ Attempts to detect the putative imine
intermediate by 31p{lH} nmr spectroscopy, following treatment of 13b with two
equivalents of benzylamine, were unsuccessful. A mixture of 29 and the terminal amine
species Ru2Cl4(dppb)2(ril-NH2CH2Ph) (26; see Figure 5.11) with unreacted 13b was
obtained, implying that both the intermediate and 26 react with amine faster than does
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13b itself. The amine hydrochloride was isolated in 85% yield. No evidence was found
in any of this work for formation of a Ru(II) chlorohydrido species by loss of a second
equivalent of chloride, as proposed for dehydrogenation of amines catalysed by
RuCl2(PPh3)3.^^'7i
The neutral complex 29 is more stable than its nitrile analogue, with respect to
both addition and loss of the A/^-donor ligand. Thus the cationic tris(amine) species
corresponding to the nitrile complex RuCl(dppb)(RCN)3+PF6" is not observed on addition
of NH4PF6 to 29 in benzylamine. Failure to form this product in the presence of excess
amine may be due to steric restrictions which are minimised for the linear nitrile ligands.
Similarly, while loss of nitrile from RuCl2(dppb)(RCN)2, giving the dinuclear species
Ru2Cl4(dppb)2(RCN), is facile in benzene solution (Section 4.2.5), under the same
conditions the bis(amine) complex 29 is unaffected. Reprecipitation from benzenehexanes gives clean 29 uncontaminated by the mono-amine species 26, and ^lp{ ^H} nmr
spectra of 29 in C6D6 show no sign of ligand loss over several weeks in solution under
argon. These differences in behaviour are summarised in Figure 5.11.
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Figure 5.11: Comparative lability of RuCl2(dppb)2L2 (L = RCN, NH2CH2Ph).

In halogenated solvents under argon, the bis(amine) complex slowly converts to
another species, as indicated by in situ 31p{lH} nmr spectra; over several days, the
singlet for 29 (6 45.7, CDCI3) gives way to an AB pattern at 38.8 and 53.8 ppm (/= 35
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Hz), and a small singlet at 44 ppm. By analogy to the nitrile chemistry, the AB pattern
may arise from the dinuclear cation Ru2Cl3(dppb)2(NH2CH2Ph)2"'" Cl\ Also possible,
however, is the ail-cis isomer of RuCl2(dppb)(NH2CH2Ph)2, in which the phosphorus
nuclei are no longer magnetically equivalent. Such a product could not be observed in
the nitrile chemistry because of the lability of the nitrile ligands, which permits rapid
dimerisation of RuCl2(PP)(RCN)2 (with loss of nitrile) to triply-chloride bridged species
in halogenated solvents. Again, the neutral species 26 is not formed, even on long
standing. The stability of both this new species and 29 to loss of the amine ligand
contrasts with the nitrile chemistry described in the previous Chapter, and is consistent
with the stronger binding to the ruthenium centre expected for amines relative to nitriles.

5.3.1.2. Preparation of Ru2Cl4(dppb)2(Tl l-NHiCHiPh) (26) and
Ru2Cl4(dppb)2(|i2,Tl2-NH2CH2Ph)(28)
Synthesis of clean 26 from RuCl2(dppb)(PPh3) (12a) proved unexpectedly
difficult, and the complex was not isolated by this route. The room-temperature reaction
of 12a with a stoichiometric amount of benzylamine was prohibitively slow, the green
colour of the starting complex being evident even after several days in solution. Small
amounts of a yellow precipitate isolated after three days were identified as the
benzylamine-bridged species 28 (Section 5.2.5) rather than the desired Til-NH2CH2Ph
species, although the 31p{lH} nmr singlet due to 26 (see discussion below) was detected
in situ. Injection of the amine into a solution of 12a in refluxing benzene gave solely 28,
providing a facile route to such complexes of bridging amines (Section 5.3.1.3). Clean 26
was observed in situ, following reaction of Ru2Cl5(dppb)2 (13b) (17.7 mg, 0.014 mmol)
with 2 equivalents of NH2CH2Ph under hydrogen in CDCI3 (2 mL), but attempts to
repeat this experiment on a preparative scale (131 mg (0.107 mmol) 13b; 24.4 )iL (0.223
mmol) NH2CH2Ph; 10 mL C6H6; 1 atm H2) gave after 24 h a mixture of 26 and 28, as
judged by 31p{lH} nmr. The function of hydrogen appears to be not only reduction of
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Ru(III), but displacement of the agostic C-H bond (as implied by the results described in
Section 5.2.5). Formation of clean 26 was observed on longer reaction time, by treatment
of 13b (78.8 mg, 0.064 mmol) with benzylamine (14 |iL, 0.128 mmol) in C6H6 (10 mL)
under H2 at ambient pressure and temperature for three weeks, monitoring by ^IPI^H}
nmr. Benzylamine hydrochloride was removed by filtering through Celite, and the
yellow-orange product isolated by concentration and addition of hexanes (37 mg, 45%;
the low yield is due at least in part to removal of aliquots for nmr analysis, as one of these
samples oxidised during the process and was therefore not returned to the bulk solution).
These reactions are summarised in Figure 5.12.
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Figure 5.12: Benzylamine derivatives of Ru2Cl4(dppb)2.

Like all of the other terminal amine adducts of Ru2CL4(dppb)2 prepared in this and
other2i'44 work, 26 gives rise to a 31p{lH} nmr singlet at 48.9 ppm (CDCI3).
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Observation of a singlet, rather than the pattern of two AB systems invariably observed
for non-amine complexes of this type (Section 4.2.5), has been ascribed to rapid exchange
of the two-electron donor ligand between the ruthenium atoms, which renders the metal
centres (and consequently all four phosphorus nuclei) equivalent on the nmr time
scale.'^^''^^ The expected pattern of two AB systems has been observed in the solid-state
spectrum.'^^ In solution the energy barrier to interconversion appears to be very low; the
singlet for the NH'*Bu2 adduct, for example, remains unresolved down to -QSoc."^"^ The
aliphatic region of the ^H nmr spectrum is likewise simplified by the equivalence of the
phosphine ligands. The spectrum of 26 shows a broad, low singlet (not always visible) at
8.6 ppm, assigned to the NH proton, a broad singlet at 3.9 ppm for the amine methylene
group, and similar peaks for the dppb methylene protons (each of twice the integrated
intensity of the NCH2 resonance) centred at 5 2.91, 2.15, 1.71, and 1.37. The location of
the dppb signals is in fact closely consistent for all of the r)!-amine complexes prepared
in this and earlier^^ work, indicating that the nature of the amine ligand has little effect on
the geometry or shielding of the dppb methylene protons.

5.3.1.3. Preparation of Adducts of Other Primary Amines
Reactions of 12a with primary amines other than benzylamine were investigated
in order to determine whether the amine-bridged configuration requires a readily
activated benzylic proton. 31p{lH} nmr data for the crude products obtained on addition
of isopropylamine, cyclohexylamine, or aniline (one equivalent per Ru2) to 12a in
refluxing benzene are given in Table 5.2. While the values for NH2Cy and NH2CHMe2
differ only slightly from those established for 28, the aniline derivative shows a pattern
more characteristic of the terminal, non-amine adducts Ru2Cl4(dppb)2(L).^^'^^ Two
normal AB quartets are observed, which overlap only slightly. As this pattern could be
rationalised in terms of a terminal aniline species, in which the low Lewis basicity of the
amine hinders its exchange between the two metal sites, the rjl-aniline species was
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prepared by another route for comparison of its in situ 31p{lH} nmr spectrum. A broad
signal centred at 48.5 ppm, overlapping the AB patterns described above, was observed
immediately following addition of aniline (3.5 ^L, 0.038 mmol) to Ru2Cl5(dppb)2 (23.8
mg, 0.019 mmol) under H2 in CDCI3 (0.7 mL). After 5 days (RT, under H2), a sharp
singlet at 48.9 ppm is the principal 31p{lH} nmr resonance (93% of the total integrated
intensity), and the corresponding ^H nmr spectrum shows the four broad dppb methylene
resonances characteristic of the terminal amine adducts (see above. Section 5.3.1.2). On
this basis the complex prepared under hydrogen is identified as the r|l-aniline complex,
and that obtained by reaction of aniline with 12a in refluxing benzene as the ^i2>'n^"aniline
isomer. Formation of the latter is of some interest; agostic sp^-hybridised C-H bonds are
rather less common than are the corresponding sp^ C-H bonds, probably because
aromatic C-H bonds are in general more readily metallated than aliphatic bonds.''^

Table 5.2. 31p{ I R } nmr data (121.4 MHz, RT) for the primary amine complexes
Ru2Cl4(dppb)2(^2,Tl2-NH2R)
Chemical Shifts

Amine

Solvent

NH2CH2Ph

C6D6

56.5, 51.3 (ABq, 7 = 38.6 Hz); 53.7, 53.6 (ABq, 7 = 44.1 Hz

CDCI3

55.7, 51.3 (ABq, 7 = 39 Hz); 52.7 (s)

NH2Mea

CDCI3

56.3, 50.9 (7 = 39 Hz); 52.90, 52.80 (7 = 44 Hz)

NH2CHMe2

CDCI3

55.0, 49.7 (ABq, 7 = 39 Hz); 52.68, 52.4 (ABq, 7 = 44 Hz)

NH2Cy

CDCI3

56.0, 49.8 (7 = 39 Hz); 52.57, 52.53 (7 = 44 Hz)

NH2Ph

CDCI3

53.7, 52.0 (7 = 44 Hz); 52.3, 50.3 (7 = 39 Hz)

C6D6

54.6, 53.2 (7 = 44 Hz); 53.0, 50.7 (7 = 39 Hz)

^ Product obtained from reaction of MeN=C(H)Ph with 12a; see Section 5.2.4.
5.3.2. Dibenzylamine
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Ru2Cl4(dppb)2[NH(CH2Ph)2] (27), the dibenzylamine analogue of 26, is the sole
ruthenium species isolated on treatment of Ru2Cl5(dppb)2 (13b) with dibenzylamine
under hydrogen. Similarly, 27 is generated by the H2-hydrogenation of A^-benzylidene
benzylamine catalysed by 13b (Figure 5.13). It is presumed to form by reaction of a
Ru(II) species with excess NH(CH2Ph)2, generated in situ, and detected by ^H nmr.
Despite the presence of excess amine, no bis(amine) product corresponding to 29 is
observed, probably because the increased steric bulk of the secondary amine inhibits its
affinity for the metal centre. Complex 27 is nearly indistinguishable from 26 by 31p{ iR}
or i R nmr; the principal difference is the integration ratio of the amine and dppb
methylene protons in the ^H nmr spectrum (1:1 for 27; 1:2 for 26). The NH protons are
found near 5 8.6 in both complexes (CDCI3), while that of the NHBu2 derivative, in
comparison, is found at 7.9 ppm in CDCl3.^^ As is frequently found for exchangeable
amine protons, the integrated intensities of these signals (relative to those for the nonexchanging protons of the dppb ligands, for example) are variable and inaccurate. The
resonance for the benzylic protons is shifted slightly upfield in the dibenzylamine,
relative to the benzylamine, complex; this rather broad singlet is centred at 5 3.8 (cf. 3.9
ppm for 26). The midpoints of the dppb methylene signals are almost identical to those
observed for 26, as noted above: 5 2.95, 2.21,1.72, and 1.39.

Civ
\

^Cl
^P.
. ^ ^ Q V /
)

p 11.- Ru

I /
^P

PhCH2N=C(H)Ph
(2-6equiv.perRu2)

^

13b CI

^,^C1
-i^Cl^-

^ ^ . p iw" Ru

^ ^ Ru ...„, p /

V,>^ \

CI.
\

C6H6,latmI^

( /

MeOH,68atmH2

^P

P
/

)

Ru ..,„ p /

V,/ V
27 ^^

N(CH2Ph)2
H

+ NH2(CH2Ph)2^ClFigure 5.13: Formation of Ru2CL4(dppb)2[NH(CH2Ph)2] (27) by reduction of
Ru2Cl5(dppb)2 (13b) and PhCH2N=C(H)Ph.
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The presence of hydrogen in the preparation of 27 serves not only to reduce the
Ru(III) centre, but to inhibit dehydrogenation of the secondary amine. Reactions of 14a
or 12a with excess dibenzylamine in the absence of hydrogen show several additional
products. In situ 31p{lH} nmr spectra, obtained immediately after addition of 14a (10
mg, 0.0083 mmol) to dibenzylamine (250 |iL, 1.3 mmol) in CDCI3 (0.7 mL) (Figure
5.14), show as well as the expected singlet for 27 at 5 48.9, an AB pattern at 55.1 and
46.9 ppm (7 = 39 Hz), and two small sets of AB quartets in a pattern corresponding to
that previously reported^^'^^ for Ru2Cl4(dppb)2L (L ^ amine): 5 53.5, 52.0 (/ = 44 Hz);
51.0 (/ = 37 Hz), and (obscured by the upfield half of the large AB pattern) 46.6 ppm.
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Figure 5.14: In situ 31p{lH} nmr spectrum (CDCI3, t = 5 min) of Ru2Cl4(dppb)2 (14a) +
NH(CH2Ph)2 (1:160). Peaks assigned to [RuCl2(dppb)]2[PhCH2N=C(H)Ph] (25)
are indicated by {'^). The AB pattern marked (*) is tentatively assigned to an allcis imine derivative 30, possibly RuCl2(dppb)[NH(CH2Ph)2][PhCH2N=C(H)Ph]
or RuCl2(dppb)[PhCH2N=C(H)Ph]2.
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The small AB signals in Figure 5.14 correspond precisely to the two sets of AB
quartets observed in the preliminary stages of reaction of 14a with the aldimine
PhCH2N=C(H)Ph (Figure 5.1, Section 5.2.1), and are therefore assigned to the imine
adduct Ru2Cl4(dppb)2[PhCH2N=C(H)Ph] (25) formed by dehydrogenation of the
secondary amine. These signals decrease in intensity over 30 minutes, and the resonances
due to benzylamine-bridged 28 grow in. The large AB pattern marked (*) may also be
due to an imine derivative.* The complex is highly sensitive to added hydrogen: in nmr
experiments involving addition of 12a (28 mg, 0.033 mmol) to dibenzylamine (150 p.L,
0.78 mmol) in C6D6 (1.5 mL), the peaks due to the new species (30) accounted for 42%
of the total integrated intensity after stirring the reaction mixture under argon for four
hours, a value which dropped to 24% within fifteen minutes of adding hydrogen (Figure
5.15). The singlet at 48.9 assigned to the terminal dibenzylamine adduct 27 increases by
the same proportion, while the signals due to 28 are unaffected over this period. If this
assignment for 30 is valid, the spectra shown in Figures 5.14 and 5.15 represent four
stages in the activation of dibenzylamine: initial coordination to the diruthenium centre
to generate 27, dehydrogenation of 27 to the imine species 25 and 30, and hydrolysis of
25 to the benzylamine complex 28. (Some of the rjl-benzylamine species 26 is almost
certainly present as well, given the similarity between these reaction conditions and those
described in Section 5.2.5, involving displacement of the agostic C-H bond of 28 by H2.
The relative amounts cannot be determined, however, owing to the shift-equivalence of
the terminal amine derivatives in the ^lP{lH} nmr spectrum). The absence of a new set
of peaks for an imine hydrolysis product derived from 30 suggests an equilibrium
between 25 and 30, in which preferential hydrolysis of 25 shifts the equilibrium in its

* A similar set of peaks was noted in experiments with PhCH2N=C(H)[(C6H4)(/7-OMe)] and 14a (Section
5.2.3): 8 57.7, 50.6; / = 37 Hz. It should be noted that this imine is less susceptible to hydrolysis than
PhCH2N=C(H)Ph, and decomposition of the imine complex to the benzylamine-bridged species
Ru2Cl4(dppb)2(|J.2.i1^-NH2CH2Ph) (28) may therefore be less favoured. This point is discussed in more
detail below.
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favour. The relevance of these observations to H2-hydrogenation of imines catalysed by
complexes such as 14a and 13b will be discussed in Chapter 6.
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Figure 5.15: In situ 31p{lH} nmr spectrum (QDe) of RuCl2(dppb)(PPh3) (12a) +
NH(CH2Ph)2: (a) after 4 h at room temperature; (b) 15 min after addition
of hydrogen. Peaks due to 28 are marked C^); to 30, (*).

The new complex 30 may be a mononuclear a\l-cis derivative of A^-benzylidene
benzylamine (either a bis(imine) or a mixed imine-amine complex), as described above.
While a dinuclear species is also possible (cf. Ru2Cl3(dppb)2(RCN)2"'" CI"; Chapter 4), no
precedent exists for formation of the cationic species in benzene. A doubly-chloride
bridged complex [RuCl(dppb)(L)]2(^i-Cl)2 (L = imine or amine) is also unlikely. Such
species have never been directly observed, owing probably to the high stability of the
triply-chloride bridged configuration, which favours intramolecular attack of a terminal
chloride, displacing one of the two-electron donor ligands. (Reaction might however be
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arrested at the doubly-bridged stage if L were sufficiently non-labile). A dinuclear
structure containingCT,7r-boundimine, while chemically plausible, can be ruled out, as it
would generate two AB patterns.
The strongest argument against identification of 30 as an imine species is the
failure to observe this complex in direct reactions of PhCH2N=C(H)Ph with 14a or 12a.
This may be a kinetic phenomenon. If attack of water on bound imine occurs more
rapidly than does coordination of further imine, and formation of 25 from 14a -i- free
imine is not rate-determining, the kinetic preference for the amine derivative 28 will be
maximised. In the dibenzylamine experiments, formation of 25 by dehydrogenation of
coordinated amine may be rate-limiting, thus reducing the kinetic discrimination between
attack of water and imine. The ratio between 28 and 30 would then be determined by the
ratio of k2[H20]:k3[imine] (where k2 and ks are the rate constants for attack of water or
imine on 25, respectively). Observation of both products despite the low concentration of
water implies that k2 » k3. Consistent with this model is the formation of a product
possibly analogous to 30 (see footnote above) with the more hydrolytically stable imine
PhCH2N=C(H)[(C6H4)(p-OMe)], for which k2 should be smaller.
In an effort to confirm assignment of 30 to an imine derivative, its susceptibility to
hydrolysis was investigated (Figure 5.16). Thus after stirring a solution of 12a (33 mg,
0.038 mmol) and dibenzylamine (250 [iL, 1.3 mmol) in CgDg (2 mL) at room
temperature for two hours, and measuring the relative integral intensities due to 27, 28,
and 30, degassed D2O {ca. 10 ^iL, 0.55 mmol) was added. Instead of the expected
increase in [28] at the expense of [30], the intensity of the signals for both 28 and 30
decreased over 50 minutes (from 50 and 37%, respectively, to 38 and 27%), while the
singlet at 48.9 grew proportionately (from 14 to 35%). It seems probable that the
increased size of the singlet is due not to formation of the dibenzylamine adduct 27, but to
the benzylamine adduct 26. That is, hydrolysis of 30 to benzylamine-bridged 28 does
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indeed occur, but displacement of the agostic C-H bond by water (see Section 5.2.5)
results in conversion of the latter species to Ru2Cl4(dppb)2(Til-NH2CH2Ph), 26.
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Figure 5.16: In situ 31p{lH} nmr spectrum (QDe) of RuCl2(dppb)(PPh3) (12a) +
NH(CH2Ph)2: (a) after 2 h at room temperature, (b) 50 min after addition of
water. Peaks due to 28 are marked C^); to 30, (*). The numbers in square
brackets are the integral values associated with each set of peaks.

Dehydrogenation of the amine is unlikely to be intramolecular, as isolated 27 does
not decompose to the imine adduct 25 on standing in solution under Ar. The process may
instead involve attack on the bound NH(CH2Ph)2 ligand of 27 by the naked dimer 14a, as
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shown in Figure 5.17. Reaction of 14a with free amine would therefore compete with
attack of 14a on bound amine, resulting in a mixture of 27 and 25 (and/or 28). Because
dihydrogen binds to 14a reversibly to give Ru2Cl4(dppb)2(T|2-H2),^^ all of the starting
material can be converted to amine- or imine-derived species. Once these products are
formed, however, the stronger binding of the A^-donor ligands prevents regeneration of
the naked dimer 14a, on which the dehydrogenation step relies, so that the process is not
catalytic.

The absence of any dehydrogenation products in the reactions with

benzylamine can be rationalised according to this scheme. The reduced steric bulk of the
primary amine favours the initial amine-coordination step (and subsequent attack of
further amine), the rate of which may therefore greatly exceed that of attack of 14a on the
amine adduct. (The instability of the protio-imine HN=C(H)Ph is unlikely to be relevant
to the process: several transition-metal derivatives of N-H imines are known,^"^"^^ in
which donation of the nitrogen lone pair to the metal results in stable imine complexes).
CI
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\ - " ^ ' V.

^piii«"
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y " \
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(
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+
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.N=C,
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H

Imine-derived products
Figure 5.17: Proposed mechanism for dehydrogenation of dibenzylamine by
Ru2Cl4(dppb)2 (14a).
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Transition-metal induced dehydrogenation of amines, particularly those
containing a-methyl or methylene groups, giving products containing carbon-nitrogen
double bonds, has been described by several groups.

Reaction of osmium

dodecacarbonyl with NMes or N(CH2Ph)(Me)2, for instance, gives no amine products; all
of the isolated products are |i-iminyl or -iminium species^^ (Figure 5.18). Related rjlenamine or imidinium species are formed by ruthenium,^^'^^ rhodium,^^'^^ and
palladium^^ systems on treatment with tertiary amines, while homologation of primary
amines in the presence of RuCl2(PPh3)3 and related catalysts is also believed to occur via
imine intermediates.^^-^^-^^ Dehydrogenation at carbons a and P to nitrogen has been
observed in CpRu systems,^^ as well as osmium carbonyl clusters.^^'^^ Catalytic
dehydrogenation of primary and secondary amines to imines and nitriles in the presence
of Rh(I) phosphine complexes has also been reported. ^^

PhCH2N(CH3)2 + Os3(CO)i2

I
(C0)30s^--

—:=0s (CO)3

A
CO

(C0)30s^-

^ O s (C0)3

H \|/^CH3
Os
(C0)3

Os
(C0)4
H3Q ^CHjPh
N

II
( c o ) 3 0 s ^^C^^ o s (co)3

^ ^ > 6s::; ' ^ ^ 3

(C0)4

H
+ (PhCH2)2NCH3

Figure 5.18: Dehydrogenation of benzyldimethylamine by Os3(CO)i2.
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The reactions of the mixed-valence dimer 13b with dibenzylamine provide further
evidence for an amine dehydrogenation pathway. Under a hydrogen atmosphere, the
amine adduct 27 is formed as the sole product, as described above. Even in the absence
of added hydrogen, however, reduction to Ru(II) occurs within minutes, and a mixture of
27 and 28 is observed by ^^P{ ^H} nmr. Thorbum has described the disproportionation of
Ru2Cl5(dppb)2 (13b) to Ru2Cl4(dppb)2 (14a) and Ru2Cl6(dppb)2 in the presence of even
rather weak donor ligands, such as dimethylacetamide.^^ A similar process in the
presence of amine donors would give access to the cycle shown for 14a in Figure 5.17.
Reduction of the Ru2(III,ni) dimer could then be effected by hydrogen generated from
dehydrogenation of the amine. Alternatively, 13b may react directly with dibenzylamine,
dehydrogenating the secondary amine to A^-benzylidene benzylamine, and being itself
reduced to an Ru(n) species such as 14a (Figure 5.19). Chloride is readily sequestered as
NH2(CH2Ph)2'*'Cl", and 14a can react either with dibenzylamine, yielding the adduct of
the secondary amine (27), or with imine. No ^IpjlR} nmr evidence is observed for the
imine adduct 25, a product in either of these proposed routes, but hydrolysis of the
coordinated imine is facile, as noted in Section 5.2, and formation of 25 as an
intermediate provides the most

plausible explanation for the presence of the

benzylamine-bridged species 28 in the reaction mixture.
Ru2Cl5(dppb)2 + NH(CH2Ph)2
13b

l-

PhCH2N=CHPh

RU2Cl4(dppb)2
14a

NH(CH2Ph)2
•

Ru2Cl4(dppb)2[r|^-NH(CH2Ph)2] (27)

—
Ru2Cl4(dppb)2[Tl^-PhCH2N=C(H)Ph] (25)
PhCH2N=CHPh

+ (PhCH2)2NH2*Cr

iH20
Ru2Cl4(dppb)2(^i2,Tl^-NH2CH2Ph) (28)

Figure 5.19: Proposed mechanism for reduction of Ru2Cl5(dppb)2 (13b) by
dibenzylamine.
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5.4. Summary

Although Lewis basicity, often considered the primary criterion of ligating ability,
decreases in the order amines > imines > nitriles, the comparative binding ability of these
ligands shows no such correlation in the chemistry of their ruthenium phosphine
complexes. The accessibility of pathways relating mono- and dinuclear Ru species
permits accommodation of a wide range of ligating abilities, the extremes being
represented by the mononuclear cation RuCl(dppb)L3+X' and the neutral dinuclear
species Ru2Cl4(dppb)2(L). The results discussed in this and the preceding Chapter
suggest that steric, rather than electronic, effects are the principal factor limiting access to
mononuclear complexes of A^-donor ligands.

Thus despite its Lewis basicity,

dibenzylamine is unable to cleave the dinuclear framework,

and

gives

Ru2Cl4(dppb)2[NH(CH2Ph)2] as the sole dibenzylamine-containing product. The smaller
steric perturbation afforded by use of the primary amine NH2CH2Ph gives access to
mononuclear RuCl2(dppb)(NH2CH2Ph)2, but is still sufficient to hinder simultaneous
coordination of three ligands to the ruthenium centre. A similar behaviour pattern for
imines may be masked by the accessibility of an imine-hydrolysis pathway. Acetonitrile
or benzonitrile (weaker Lewis bases by twenty orders of magnitude!) are in contrast
readily bound to give RuCl(PP)(RCN)3''" species. These results have useful implications
for the nature of the transition-metal intermediates formed by use of Ru2Cl4(dppb)2
derivatives as catalysts in the hydrogenation of imines, as discussed in Chapter 6.
A novel amine-bridged binding mode was established for [RuCl2(dppb)]2(M-2,Tl^NH2R), in which the ligand coordinates via an agostic bond from a benzylic C-H group,
as well as the nitrogen donor. Routes to such species by hydrolysis of coordinated imines
or from a range of primary amines were established, and the thermodynamic relationship
between this complex and the less stable, terminal amine isomer was investigated.
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CHAPTER 6

H i - H y d r o g e n a t i o n of I m i n e s Using R u t h e n i u m P h o s p h i n e
Catalysts

6.1.

Introduction

Mechanistic studies of homogeneous hydrogenation using Ru(H)Cl(diop)2 as
catalyst have demonstrated that the active catalyst is generated by loss of one chelating
diphosphine.^'^ Maximum activity, as well as optimum efficiency in utilisation of the
costly chiral phosphine, is thus realised by use of catalysts in which the metal centre is
bound to a single diphosphine ligand. Much attention has consequently focussed on the
development of such catalyst systems,^"^ which are frequently more difficult to prepare
than their bis(phosphine) congeners (see Chapter 3 and Sections 2.9.1, 2.9.3). The ease
of access to the latter is probably the principal reason for the continuing appearance in the
literature of new examples of catalysis by bis(PP) systems.^"^
Studies in this thesis work have centred on the use of a family of ruthenium
complexes, most of them containing the RuCl(PP) unit, for catalytic hydrogenation of
imines. Modification of catalyst activity by minor molecular modification, while frequently
cited as one of the principal advantages of soluble over bulk catalyst systems, is less often
investigated. The accessibility of pathways relating a large number of closely related
mono- and diruthenium systems, as described in Chapters 3 and 4 and illustrated in Figure
6.1 below, has permitted the synthesis of a range of potential catalysts containing the
desired one PP per Ru. Complexes are of the type Ru2Cl5(PP)2, Ru2Cl4(PP)2,
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Ru2Cl4(PP)2L, Ru2Cl3(PP)2L2+X-, RuCl2(PP)L2, RuCl(PP)L3+X", Ru(PP)L42+2X-,
where L = MeCN or PhCN, L3 = C6H6, X = CI or PF6, and PP may be achiral;
Ph2P(CH2)nPPh2, or chiral; chiraphos, diop, binap. Investigation of their catalytic activity
under standard sets of conditions was undertaken in an effort to identify those features of
the catalyst structure which promote reduction of an unsaturated substrate and, in the case
of the chiral complexes, enantioselective transfer of H2 to the double bond.
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y'
\ C i y ^ \
^^
Cl 13 ^1
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'•-Ru

( /
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22 L = PhCN
Figure 6.1: Summary of principal complexes prepared and investigated for catalytic
activity: PP = dppe, dppb, chiraphos, diop, or binap; X = Cl or PFe.

Promising results, in terms of both activity and (for the chiral systems)
enantioselectivity, have been reported for several of these catalysts in homogeneous
hydrogenation of various olefinic or ketonic substrates, principally with the dinuclear
complexes such as Ru2Cl4(PP)2

(PP = dppb, diop, chiraphos)^^-^^ and

Ru2Cl4(binap)2(NEt3).^^"^^ Mononuclear complexes such as RuCl(binap)(arene)+ X" and
RuCl2(binap)(PhCN)2, though less frequently used, have given good results in similar
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applications.^^'^^ While the activity of a number of the binap complexes has been
investigated, as these results indicate, wide variations in the conditions and substrates
employed preclude comparison. Many of the remaining complexes in Figure 6.1 are either
novel or have been neglected as potential catalysts. We chose to examine the utihty of these
systems for imine hydrogenation (Equation 1), in an effort to extend the useful range of
such catalyst systems while at the same time establishing a basis for assessment of their
comparative catalytic activity.
H2, cat
RN=C(R')Ph

^

RNHCHRTh

(1)

(R = alkyl, aryl; R'= H, Me)
Homogeneous hydrogenation of carbon-nitrogen double bonds, though more
difficult and consequently less developed than the corresponding reduction of carboncarbon and carbon-oxygen double bonds, has been the focus of much recent attention. ^^-^^
Some of the obstacles to hydrogenation of imines are common to aldehyde and ketone
substrates. A smaller thermodynamic gain is realised from reduction of C=N or C=0
bonds, relative to olefinic bonds,^^ while Mestroni et al. have pointed out difficulties
arising from the lower binding affinity of carbonyl substrates, and the potential for
competitive coordination of the products.^^ The typical end-on binding mode of carbonyl
and azomethine groups, which contrasts with the side-on binding of olefins, results in a
less effective orbital overlap, and is partially responsible for their lower affinity for the
metal centre. ^^-^^ Increased steric hindrance at the heteroatom binding site, relative to C=0
functionalities, may be expected to further hamper coordination of A^-aryl or -alkyl imines,
though by the same token, catalyst poisoning by the amine product may be hindered
(Section 5.3.2). The steric and electronic factors which render ketones less readily reduced
than aldehydes^^ apply also to the reduction of ketimines, relative to aldimines.
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Most of the catalysts used for imine hydrogenation to date have been based on Rh
and Ir systems; high activity and in some cases e.e values greater than 90% have been
achieved.^^"•^^ Use of ruthenium catalysts for this purpose remains little explored, despite
the wider applicabiUty demonstrated by ruthenium systems in reduction of a wide range of
olefin and carbonyl functionalities.•^^'^^'^^ Few reports of ruthenium-catalysed processes
have appeared,^^'^^"^^ and of these several involve transfer hydrogenation, using an
alcohol rather than H2 as the source of hydrogen.^^'^^ (One difficulty inherent in this
approach may be inferred from the use of rhodium phosphines for catalytic
dehydrogenation of secondary amines in the absence of H2,^^ dehydrogenation of amine
may compete with dehydrogenation of alcohol in such systems). A further report described
incomplete conversions to amine using ruthenium carbonyl catalysts under H2:CO (50
atm:10 atm); a partial pressure of carbon monoxide is necessary to retain catalyst activity.^^
High temperatures are required (70 - ISO'^C), and product selectivity is a problem for A^alkyl imines. Most limiting, however, is the inability to utilise this system for asymmetric
induction. Asymmetric catalysis is the goal of much of the current work, as it was in fact
in the original report of homogenous hydrogenation of an imine substrate using a
transition-metal catalyst.^^ Not only are chiral amines useful additions to the 'pool' of
starting materials for natural (and unnatural) product synthesis, but growing unease about
the pharmacological differences between enantiomers, as discussed in Chapter 1, is forcing
pharmaceutical companies to evaluate the potential hazards of marketing drugs as racemic
mixtures.-'^
The application of ruthenium catalysts to asymmetric imine hydrogenation is
undeveloped, however; a single report has appeared in this area, with promising results
(>98% e.e. was found for hydrogenation of a specific imine substrate (a sultam precursor)
using an in situ catalyst believed to be Ru2Cl4(binap)2(NEt3)).^'^ Limited success
(maximum 29% e.e.) was also reported in asymmetric hydrogenation of oximes
RR'C=NOH to a mixture of RR'CHNH2 and RR'CHOH, using in situ Ru(II) arene
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catalysts generated from Ru2Cl4(arene)2 and the chiral phosphine binap in MeOH/CeHg
with small amounts of water.'^^

This catalyst system was assumed to generate

RuCl(arene)(binap)+Cl" species, although the results described in Chapter 3 of this thesis
suggest that a mixture of ruthenium species may be more likely. Lower optical yields
(maximum ~15%), but better product selectivity, were reported in earlier work on oxime
hydrogenation with a ruthenium cluster complex H4Ru4(CO)8(diop)2.'*^

6.2.

6.2.1.

Optimising Conditions

Ambient Pressures
Initial studies of imine hydrogenation using RuCl(dppb)(MeCN)3+ PF6' (21a.PF6)

as catalyst were conducted in dimethylacetamide (DMA) solvent at a temperature of 650C,
under one atmosphere of H2.'^^''^^

The substrate was a dialkyl aldimine,

PriN=C(H)CH(Me)(Ph), used in 170:1 molar ratio to Ru (catalyst concentration 2 mM).
The H2 uptake after 50 h corresponded to a total of 50 turnovers (defined as moles of H2
consumed per mole of ruthenium complex). These results were regarded as promising
despite the rather low catalyst activity, as they represented the first, unoptimised, efforts at
catalytic hydrogenation of imines with these ruthenium systems.
Subsequent investigations at low H2 pressures (1 atmosphere) were undertaken in
the course of this thesis work under shghtly modified conditions; SO^C, 0.765 mM (7.65 x
10-6 mol) Ru, 10.0 mL DMA solvent, [imine]:[Ru] 200:1. The rate of reduction was
monitored by measuring the consumption of H2 at constant pressure, using a gas-uptake
device described elsewhere.'^'^''^^ Reduction of PhN=CH(Ph) under these conditions is ca.
50% complete after 21 h (99 turnovers), with a maximum rate of 24 x 10'^ M s'^.
Reduction is complete after 107 h. (A representative uptake plot is shown in Figure 6.2).
These values are surprisingly close to those reported for the reduction of styrene by this
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catalyst, for which the maximum rate under similar conditions is 24 x 10'^ M s'^ and the
half-life 12 h.^^
160
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Figure 6.2: H2 uptake plot for complete reduction of A^-benzylidene aniline (0.155 M)
using RuCl(dppb)(MeCN)3+ PFe" (0.765 mM) (21a.PF6) as catalyst, in DMA
(10.0 mL) at 50oC and 101.3 kPa (1 atm) H2.
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The rate of reduction is strongly dependent on the solvent chosen. In CH2CI2 no
H2 was taken up over 24 h, and only the starting imine was evident in the ^H nmr
spectrum. In EtOH, uptake was ca. 17% complete in 24 h, but this represents a minimum
figure, as the catalyst remained largely undissolved over the course of the reaction. The
catalyst activity may therefore be higher in EtOH than in DMA (see also Section 6.2.2.2).
Reduction of the same substrate using the arene catalyst RuCl(binap)(C6H6)''" PFg"
(0.765 mM in DMA) is only ca. 20% complete after 24 h, owing perhaps to a lower
substitutional lability of the arene (or its partially hydrogenated product) relative to the
nitrile ligands, or to the greater steric bulk of the phosphine. A number of other imines
were screened with this catalyst. The rate of reduction is less sensitive to the bulk of the
nitrogen substituent than to electron density and steric pressure at the imine carbon (Table
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6.1). Reduction is favoured by minimum steric hindrance at the latter position, which may
faciUtate approach of the carbon to the metal centre and/or attack by hydride Ugand. Entries
4 and 5, with A^-benzylideneaniline and A^-perfluorobenzylideneaniline as substrates,
suggest that electron deficiency at the imine carbon also promotes reaction, and that the
positive effect of this factor (possibly arising from an increased susceptibility to
nucleophilic attack by hydride) offsets any decrease in the affinity of the nitrogen donor for
the Ru centre. An increased tendency to Tj^-binding of the imine, which has also been
suggested as a necessary preliminary step for imine reduction,"^^ may also be implicated. A
correlation has been established in aldehyde complexes between electron deficiency at the
carbonyl carbon and a propensity for n over a bonding modes."^^

Table 6.1. Rate data for ambient-pressure imine hydrogenation using
RuCl(binap)(C6H6)+ PFe" (Te-FFe) as catalyst^

Entry

Imine

Maximum rate
(M-s-1 X 107)

Conversion
(24 h)

1

MeN=C(H)Ph

5.9

13

2

PhCH2N=C(H)Ph

8.3

16

3

C6HiiN=C(H)Ph

10.3

18

4

PhN=C(H)Ph

4.6

20

5

PhN=C(H)(C6F5)

8.3

27

6

PhCH2N=C(Me)Ph

3.7

2

a 101.3 kPa (1 atm) H2, SO^C, 10 mL DMA, 0.765 mM Ru, [imine] = 0.153 M.

6.2.1.1.

Mechanistic Studies (Ambient Pressure)

The dependence of reduction rate on substrate and metal concentrations was
measured for the achiral catalyst 21a-PF6. While considerable usable data were amassed in
the early stages of study, reproducibility problems (especially at low substrate
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concentrations) were evident. During the series of experiments required to measure the
metal and H2 dependence, the rates of H2 uptake dropped sharply from the originally
observed values, reduction often being less than 5% complete after 24 h {cf. 5% in 1 h in
initial studies). In efforts to locate the source of the problem different batches of catalyst,
substrate, solvent and H2 were used, as well as another uptake apparatus, but catalyst
activity remained erratic, and never returned to its former level. Many efforts to repeat the
original work met with no success, and these studies could not be completed. A summary
of the earUer data is presented below.
It should be noted that these reproducibility problems are unlikely to be related to
difficulties initially encountered in the high-pressure hydrogenation reactions, described in
Section 6.2.2.1. The latter were a consequence of catalyst oxidation by residual oxygen.
Similar problems with oxygen contamination in the present case are difficult to envisage, as
solutions were made up under Ar and freeze-pump-thaw degassed under H2 three times
before allowing the catalyst to come into contact with the solution.

a) Substrate Dependence
The dependence of the rate of reduction of PhN=C(H)Ph on substrate concentration
was examined for the dppb catalyst RuCl(dppb)(MeCN)3+PF6" (21a-PF6). A summary of
the data is given in Table 6.2, Considerable variability in rate is evident {cf. entries 6-10),
especially at low substrate concentrations. While these data are insufficiently reliable for
quantitative interpretation, a plot of rate as a function of substrate concentration (Figure
6.3) suggests that the reaction is saturated in substrate at rather low imine concentrations.
Thus little change in rate is observed above 7.7 mM of imine (i.e. [imine] :[Ru] ratios of ca.
10:1), though the scatter in these data leave open the possibility of some dependence up to
ca. 20 mM ([imine] :[Ru] = 25:1). These data suggest that coordination of substrate is or
precedes the rate-determining step in the catalytic cycle, but do not permit distinction
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between coordination of imine to 21a'PF6 itself or to an initially formed metal hydride (or
molecular hydrogen) complex.
Table 6.2. Dependence of rate of ambient-pressure imine hydrogenation on substrate
concentration^

Entry

[imine] :[Ru]

Maximum rate (Ms"l x 10^)

1

3:1

7.9

2

3:1

6.2

3

5:1

9.8

4

5:1

9.3

5

5:1

10.1

6

10:1

13.0

7

10:1

12.8

8

10:1

18.9

9

10:1

17.4

10

10:1

13.9

11

25:1

18.6

12

40:1

20.6

13

40:1

20.2

14

50:1

20.6

15

75:1

19.1

16

200:1

21.5

17

200:1

24.0

a RuCl(dppb)(MeCN)3+ PFe" (21a.PF6) catalyst, PhN=C(H)Ph substrate, 101.3 kPa (1
atm) H2, 50OC, 10 mL DMA, [Ru] = 0.765 raM.
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Figure 6.3: Dependence of reduction rate on imine concentration for ambient-pressure
hydrogenation of PhN=C(H)Ph using RuCl(dppb)(MeCN)3+PF6- (21a-PF6) as
catalyst.

b) Metal Dependence
The dependence of the rate of H2 uptake on catalyst concentration was investigated
using 0.48, 0.77, 1.17, and 1.76 mM of 21a-PF6. Good agreement was found between
the maximum rates measured for three catalytic runs at ca. 0.48 mM Ru. The data for two
of these (Entries 1 and 2, Table 6.3) corresponded well throughout the run, but for the
third the rate of H2 uptake slowed abruptly at 1% conversion, and did not recover.
Increasing the metal concentration to 0.77 mM more than doubled the rate of
reduction (implying a slightly greater than first-order dependence on [Ru]). Surprisingly,
no corresponding increase in rate occurred at higher metal concentrations (maximum rates
of -24 X 10-7 Ms-1 are found for 0.77-1.76 mM [Ru]; see entries 4-6). The uptake data
for the first 50 minutes of each run are shown in Figure 6.4 (for clarity, only one data set is
shown for 0.48 mM Ru). At the highest metal concentration (Entry 6, Table 6.3) an
induction period is evident which is not present in the other catalytic runs. After 1000
seconds, however, the rate of uptake is essentially the same as that observed for entries 4
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and 5 (0.77 and 1.17 mM Ru, respectively). The data for entries 4 and 5 are virtually
identical throughout the period monitored.

Table 6.3. Dependence of rate of ambient-pressure imine hydrogenation on catalyst
concentration^

Entry

[Ru] (mM)

Maximum rate (M-s"l x 10^)

1

0.478

12.1

2

0.478

12.1

3

0.476

11.8

4

0.771

24.0

5

1.17

24.3

6

1.76

23.5

a RuCl(dppb)(MeCN)3+ PFe" (21a.PF6) catalyst, PhN=C(H)Ph substrate, 101.3 kPa (1
atm) H2, 50OC, 10 raL DMA, [imine] = 0.153 M.
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Figure 6.4: H2 uptake plots for reduction of PhN=C(H)Ph at 1 atm H2 and various
concentrations of catalyst 21a«PF6.

The absence of any observable dependence of the reduction rate on metal
concentration above 0.77 mM of catalyst is not due to the limiting solubility of the metal
complex: the catalyst concentrations employed are in fact very low, DMA an excellent
solvent, and no precipitate is evident. While very fast reactions may proceed under
diffusion control (and thus appear zero order in metal above a limiting catalyst
concentration), the reaction rates observed in these studies are much too low for complete
consumption of dissolved hydrogen. (The effect of changing the mixing rate could not be
examined, owing to steadily worsening problems with obtaining measurable gas uptakes).
It is difficult, however, to devise an explanation for this observation, and mechanistic
assessment was suspended in the absence of more reliable uptake data.
Reproducibility problems associated with use of Pyrex glassware were reported in
related work on homogeneous hydrogenation using a Ru(II) binap catalyst precursor in
MeOH. These problems were alleviated by silylation of the glass surface by treatment with
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trimethylsilyl chloride; as the reduction rate was found to be sensitive to strong acid but not
to strong base, the acidity of the untreated glass surface appears to be implicated.'^^ A
similar effect seems unlikely in the present work. Interactions between the catalyst and any
acidic sites on the glassware should be minimal, as the reactions were carried out in the
basic solvent DMA.

6.2.2.

High Hydrogen Pressures
In contrast to the one-atmosphere hydrogen-uptake studies, which were readily

monitored, reaction rates were measured only with difficulty for catalytic runs undertaken
at high pressures. Because the autoclave available was not equipped with a sampler port,
compilation of rate data required a separate experiment for each data point. With the
exception of the time profiles presented in Section 6.2.2.3, therefore, comparisons are
made between single data points (i.e. % conversion at a specific time), rather than the more
usual sets of data (the initial or maximum rate of reaction). This treatment is insensitive to
changes in rate over time, and may minimise differences in rate, depending on the extent of
similarity between the rate curves from which the data points are extracted. This problem is
illustrated for a hypothetical plot in Figure 6.5 below: if conversions are compared after 5
h of reaction, the apparent difference in rate is much less than if a time interval of 1 h were
chosen. While the comparative activity of different catalysts can still be assessed by
appropriate choice of time scale, conversion data are not an adequate substitute for rate data
for mechanistic purposes (see Section 6.5).
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Figure 6.5: Hypothetical time profiles for two catalysts, showing reaction rates in terms of
conversion data at given times.
6.2.2.1.

Procedure

High-pressure hydrogenations were carried out in a seamless stainless steel
autoclave equipped with a high-pressure regulator and a glass Uner tube, connected to a H2
cylinder with flexible steel hosing. Mixing was effected by magnetic stirring. The
procedure adopted for setting up catalytic runs is described in detail here, as the
reproducibility of the reaction was found to depend strongly on the method used. In initial
work, the autoclave was flushed with N2 to remove air, while the catalyst and imine were
added to the glass liner under a stream of Ar. Degassed solvent was added last, and the
liner inserted into the autoclave under a stream of N2. The head of the autoclave was
screwed on, and the assembly pressurised with H2 to ca. 2.7 MPa (400 psi) three times,
releasing the gas into the fumehood after each pressurisation, in order to remove any
remaining traces of oxygen. Finally, the autoclave was pressurised to 6.895 MPa (1000
psi) and sealed.
While increased conversions to the product amine at the higher H2 pressures were
generally observed, compared to data at 1 atm, initial results were erratic. Reproducibility
problems were eventually traced to contamination by oxygen, which, in spite of the
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precautions taken to exclude air, was evidently present in sufficient concentration to cause
partial deactivation of the catalyst. In an improvement over the original procedure, the
autoclave was evacuated by connecting the autoclave (via the regulator on the H2 cylinder)
to a high-vacuum line. The autoclave was assembled as before, and evacuated three times,
refilling to ambient pressure with N2 each time. It was then reevacuated and pressurised
with H2 to ca. 2.7 MPa (400 psi) three times, releasing the H2 stream into the fumehood as
before. Finally, the autoclave was pressurised to 6.895 MPa (1000 psi), or the desired
pressure, and sealed. This approach gave consistent results, with typical variations on the
order of 3% or less between successive runs.
Because of the reproducibility problems reported by other workers using related
hydrogenation catalysts in glass vessels'^^ (see discussion at end of Section 6.2.1.1), the
dependence of the reduction rate on the nature of the autoclave liner was also examined.
Reaction rates were unaffected by use of glass, quartz, or no liner at all. The sequence of
addition of reagents was, however, important for liquid imines. Higher conversions were
obtained when the imine was added directly to the catalyst, followed by solvent, and this
order of addition was therefore adopted as a matter of routine. Conversions dropped by as
much as 15% (for reduction of PhCH2N=C(H)Ph using Ru2Cl5(dppb)2 as catalyst) if the
imine was injected last.
Use of liquid (A^-alkyl) imines, which are in general more susceptible to hydrolysis
than the solid imines, required special precautions to safeguard against catalyst deactivation
(see Section 6.2.2.5). These substrates (as well as PhCH2N=C(Me)Ph, which also
exhibited a tendency to hydrolysis) were chromatographed on neutral alumina and stored in
the dark under Ar, in Schlenk tubes sealed with a glass stopper, or, preferably, a Kontes
valve.

6.2.2.2.

Solvent

Conversions to amine are strongly dependent on the solvent used for catalysis, as
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indicated by the results summarised in Table 6.4 (for standard conditions see footnote to
table). This point was examined most closely for the catalysts Ru2Cl5(dppb)2 (13b) and
RuCl(binap)(C6H6)"'"PF6' (Te-FFe). The mixed-valence dimer was chosen for its higher
activity, which might be expected to magnify any solvent-sensitivity, the binap system for
its larger steric bulk, which might also prove a limiting factor.
Interestingly, DMA proved one of the poorest solvents for catalysis. (DMA was
chosen as the solvent for the 1-atm uptake studies for its excellent solvating properties, low
volatility, and its basicity, which can assist in heterolytic activation of dihydrogen).^^
Maximum conversion to amine occurs in alcohol solvents, as earlier reported for rhodium
catalysts.'^^''^^ None of the difficulty with catalyst insolubility encountered at ambient
pressures with alcohol solvents was found at the higher H2 pressures. Low conversions
result from use of neat CeHe, though catalyst poisoning by small amounts of added
C6H6'^^ is not observed in this system; 100% conversion to amine is found over 24 h using
Ru2Cl5(dppb)2 in 5% C6H6-MeOH. (Because reaction in neat MeOH is 98% complete
within 1 h, however, as seen in the following Section, any decrease in rate could be
masked by the long reaction time. The experiment was therefore repeated and worked up at
1 h. Conversion to amine was 97% complete, indicating that small amounts of CeHg have
no detrimental effect). For most of the catalysts shown in Table 6.4, higher reactivity is
found in MeOH relative to EtOH. Isopropanol, tested with RuCl(dppb)(C6H6)+PF6(Tb'PFe) as catalyst, gives poorer results: 79% conversion, relative to 100% for either
MeOH or EtOH. As the solubility of hydrogen in these solvents increases in the opposite
order (mole fraction H2 = 1.61 x 10-^ for MeOH, v^. 2.06 x 10-^ for EtOH, and 2.66 x
10"4for iPrOH),^^ this reactivity trend may indicate an alcohol-binding step in the
catalysis, with perhaps sensitivity to steric bulk. A similar model has been suggested in
rhodium systems.-^^'^^-'*^
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Table 6.4. Dependence of % conversion to amine on reaction solvent for high-pressure
hydrogenation studies^

Catalyst

DMA

C6H6

MeCN

EtOH

MeOH

Ru2Cl5(dppb)2, 13b5i

10

4

2

70

100

RuCl(binap)(C6H6)+PF6-, 7e.PF6^^

26

0

0

78

76

RuCl(dppb)(C6H6)+PF6-, 7b.PF652

-

-

1

100

100

Ru2Cl4(dppb)2, 14a42

85

100

Ru2Cl4(dppb)2(MeCN), 15

81

100

RuCl(dppb)(MeCN)3+ PFe", lla-PFe^^

98

100

Ru2Cl3(dppb)(MeCN)2+PF6-, 19a.PF6'^2

100

100

a 6.895 MPa (1000 psi) H2, RT, 10 mL solvent, 0.765 mM Ru, 0.153 M
PhCH2N=C(H)Ph, 24 h. For lists of Sections in which these complexes are discussed,
see Tables 6.6 - 6.8, Sections 6.3 and 6.4.

6.2.2.3.

Time Profiles

Time profiles for the reduction of PhN=C(H)Ph, MeN=C(H)Ph and
PhCH2N=C(H)Ph in MeOH (6.895 MPa, or 1000 psi, H2, RT, 0.382 mM
Ru2Cl5(dppb)2* (13b) as catalyst) are shown in Figure 6.6. The A^-benzyl imine was
reduced much more rapidly than the iV-phenyl imine, as found earlier using
RuCl(binap)(C6H6)+PF6- (7e.PF6) as catalyst (Table 6.1). Reduction of A^-benzylidene
benzylamine is 98% complete within 1 h, while A^-benzylidene aniline is only 30% reduced
in 5 h. The data for A^-benzylidene methylamine (expected on steric grounds to be most
rapidly reduced), show a slower reaction rate than PhCH2N=C(H)Ph, though conversion
data obtained with other imines (see next Section) are otherwise consistent with expected
steric effects.
* Reduction of such Ru2(n,III) species to Ru2(II,II) dimers in the presence of H2 and base is well
established; '^ in the present application the unine itself is probably competent to effect the reduction (see
Sections 6.3 and 6.5).
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Figure 6.6: Time profiles for the conversion of imine RN=C(H)Ph to amine with
Ru2Cl5(dppb)2 (13b) as catalyst; 6.895 MPa (1000 psi) H2, RT, 10 mL MeOH,
0.77 mM Ru, [imine] = 0.153 M.

6.2.2.4.

Substrate Structure

The conversion of various A^-substituted aldimines to the corresponding amines
was examined with 13b as catalyst, as a supplement to the rate and conversion data earlier
obtained with RuCl(binap)(C6H6)+PF6" (Te-PFg) at ambient pressures (Section 6.2.1), and
the time profiles presented in the preceding Section. The data are summarised in Table 6.5.
The reduction rate, as inferred from conversions at 0.5 h, is much more sensitive to the
bulk of the nitrogen substituent than found earlier (Section 6.2.1). The observed trend is
largely consistent with that expected on steric grounds (that is, bulkier substrates binding
less readily to Ru, and consequently being reduced more slowly), though the faster rate of
reduction of the A^-benzyl, v^. the A^-methyl imine, is notable. Lower conversions are
found for cyclohexyl and isopropyl substituents, and use of an A^-phenyl substituent causes
a sharp decrease in rate. The steric influence of the phenyl group depends on its ability to
rotate out of the way of neighbouring groups, and may be particularly high in
bis(diphenyl)phosphine complexes such as 13b, in which four phenyl groups are already
forced into close proximity by the coordination sphere of the metal. A more subtle factor
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that can influence the conversions observed with this aldimine over shorter reaction times
may be its phase: this imine is a solid, while all of the other imines hsted in Table 6.5 are
liquids. As contact between the Ru species and a solid imine is limited until the imine
dissolves, the effective sequence of addition of reagents for this soUd substrate was MeOH
then imine. (Lower conversions of PhCH2N=C(H)Ph resulted from this order of addition,
as noted in Section 6.2.2.1), The ketimine PhCH2N=C(Me)Ph, which is also a solid, is
only 78% reduced after 24 h under conditions otherwise identical to those shown in the
footnote to Table 6.5. Given the increased reaction time, however, the effect of phase is
likely to be negligible; the observed decrease in conversion probably reflects the sensitivity
of the reaction rate to the larger substituent at carbon (Me vs. H).

Table 6.5. Dependence of conversion data in high-pressure hydrogenation studies on
A'-substituent of aldimines, using Ru2Cl5(dppb)2 as catalyst^

Entry

Imine

% Conversion

1

MeN=C(H)Ph

53

2

PhCH2N=C(H)Ph

84

3

C6HiiN=C(H)Ph

25

4

Me2CHN=C(H)Ph

30

5

PhN=C(H)Ph

10

a 6.895 MPa (1000 psi) H2, RT, 10 mL MeOH, 0.77 mM Ru, [imine] = 0.153 M, t = 0.5
h.

6.2.2.5.

Catalyst Poisoning by Hydrolysis or Reduction Products

The effect of various additives was investigated using as a standard system
PhN=C(H)CH2Ph (0.153 M) with Ru2Cl5(dppb)2 (0.77 mM) as catalyst, in MeOH (10
mL) at ambient temperatures and a H2 pressure of 6.895 MPa (1000 psi). Catalyst
poisoning by the reduction products is frequently raised as an inherent difficulty in catalytic
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hydrogenation of carbonyl groups and imines.-^^'^^"^^ Addition of dibenzylamine (5%
relative to imine) caused, however, no rate inhibition (as judged by the extent of imine
reduction after 1 h). The results described in Chapter 5 (Section 5.3.2) suggest that the
steric bulk of this amine may hamper its coordination to the metal centre (relative to imine).
Indeed, the reduction rate is much more sensitive to small amounts of the primary amine
derived from imine hydrolysis than to secondary amine generated by reduction. This was
suggested by the observation of a deterioration in catalyst activity with increasing storage
time of the imine. A conversion of 98% after 1 h of reaction time was found for a catalytic
run performed with the standard system described above, using a freshly chromatographed
sample of the imine (neutral AI2O3, hexanes eluant). When this run was repeated after a
period of one month, during which the substrate was stored in a brown bottle filled with
Ar, sealed with a septum and left in the dark, a conversion of 84% was found. Partial
hydrolysis of the bulk imine was confirmed by ^H nmr. A similar deterioration was not
observed for PhN=C(H)Ph, for which a much lower tendency to hydrolysis was observed
(1H nmr spectra of the latter imine showed no signals for benzaldehyde or aniline, even
though the solid was stored in air).
The sensitivity of the reduction rate to the hydrolysis products of
PhCH2N=C(H)Ph was therefore examined. As the reduction rate of PhCH2N=C(H)Ph
using 13b was unaffected by addition of benzaldehyde (7.65 mM, 10 equivalents per Ru;
95% conversion after 1 h), the observed drop in conversion must have been due to
inhibition by small amounts of the primary amine derived from imine hydrolysis. Addition
of benzylamine (7.65 mM, 10 equivalents per Ru) did in fact cause a sharp decrease in
conversion, from 98 to 77% over 1 h. The time profile in Figure 6.7 was compiled using
an "aged" sample of imine; the conversion at 1 h was 67%, while the time required for total
consumption of imine increased to 4 h.
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Figure 6.7: Inhibition of catalysis by benzylamine: reduction of "aged" PhCH2N=C(H)Ph
to NH(CH2Ph)2 by Ru2Cl5(dppb)2 (6.895 MPa (1000 psi) H2, RT, 10 mL MeOH,
0.77 mM Ru, 0.153 M imine; 11.7 mM PhCH2NH2 inferred by interpolation from
Fig. 6.8).

Reaction of Ru2Cl5(dppb)2 with benzylamine yields RuCl2(dppb)(NH2CH2Ph)2
(29), as described in Section 5.3.1.1. As the catalytic activity of isolated 29 is high (90%
conversion after 1 h under the standard conditions; 6.895 MPa (1000 psi) H2, RT, 10 mL
MeOH, 0.77 mM Ru, [PhCH2N=C(H)Ph] = 0.153 M), the activity of this species must be
governed by dissociation of amine, which is inhibited in the presence of excess amine. The
conversion is in fact inversely proportional to the benzylamine concentration up to ca. 38
mM (50 equivalents per Ru). Careful purification and storage of the imine are clearly
crucial for maintenance of an accurate standard for assessment of catalytic activity.
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Figure 6.8: Conversion of PhCH2N=C(H)Ph to NH(CH2Ph)2 as a function of
benzylamine concentration (Ru2Cl5(dppb)2 catalyst, 6.895 MPa (1000 psi) H2,
RT, 10 mL MeOH, 0.77 mM Ru, 0.153 M imine).

6.2.2.6.

Pressure Dependence

The rate of hydrogenation exhibited a strong dependence on H2 pressure. At
ambient pressures, very low conversions to product amine were observed at room
temperature for reduction of PhCH2N=C(H)Ph with Ru2Cl5(dppb)2 as catalyst. In DMA
only 2% reduction occurred over 24 h, while in MeOH the results were only slightly better,
at 5% conversion. At 6.895 MPa (1000 psi, 68 atm) these figures increase to 10% and
100%, respectively. The dependence of conversion on H2 pressure within this pressure
range was explored with both PhN=C(H)Ph and PhCH2N=C(H)Ph as substrate, and
Ru2Cl5(dppb)2 as catalyst, in MeOH solvent. Conversion to the product amines is shown
as a function of H2 pressure in Figure 6.9 below. (Further analysis of these data, and
assessment of their implications about the mechanism of reduction, are discussed in Section
6.5).
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6.3.

Comparative Activity of Achiral Catalysts

The comparative activity of aU catalysts prepared in Chapters 3 and 4 was examined
under a standard set of conditions, devised with the results of Section 6.2 in mind.
Conversions were obtained for both the aldimine PhCH2N=C(H)Ph and the corresponding
ketimine PhCH2N=C(Me)Ph. Aldimine reductions were worked up at 1.0 hour, as in
most cases conversion to dibenzylamine was complete within 24 h. The data are
summarised in Table 6.6, and discussed in detail below.
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Table 6.6. Conversion data for high-pressure hydrogenation of PhCH2N=C(R)Ph by
various catalysts^

Conversion Conversion
R = MeC
R = Hl'

Entry

Catalyst

Section

1

Ru2Cl5(dppb)2, 13b5i

2.9.2

98

78

2

Ru2Cl4(dppb)2, 14a42

2.10.1

87

76

3

[Ru(H)Cl(dppb)]3io

d

-

61

84

76

81

74

Oe

35

10

63

8

65

6

51

8

43

-

56

3

38

10

12

7

46

4
5
6
7
8
9
10
11
12

2.11.1,
4.2.5
Ru2Cl4(dppb)2(MeCN), 15
2.11.2.1,
4.2.5
Ru2Cl4(dppb)2(PhCN), 16a
2.13.2,
5.3.2
Ru2Cl4(dppb)2[NH(CH2Ph)2], 27
2.11.5.1,
Ru2Cl3(dppb)2(MeCN)2+ PFe", 19a-PFe'^^ 4.2.6.2
2.11.6.1,
4.2.6.2
Ru2Cl3(dppb)2(PhCN)2+ PFe", 20a.PF6
2.11.4.1,
4.2.3
RuCl2(dppb)(PhCN)2, 18a
2.11.7.1,
4.2.4.1
RuCl(dppb)(MeCN)3+ PFg", lla-PFe^^
2.11.8.1,
4.2.4.2
RuCl(dppb)(PhCN)3+ PFe", 22a.PF6
2.11.9,
Ru(dppb)(MeCN)4++ 2PF6-, 23
4.2.8

13

Ru2Cl4(dppb)3^6

14

RuCl(dppb)(C6H6)+ PF6-, 7b.PF652

2.7.5
2.6.6.2,
3.3.3

a 6.895 MPa (1000 psi) H2, RT, 10 mL MeOH, 0.77 mM Ru, [imine] = 0.153 M.
'' Conversion measured after 1 h reaction.
c Conversion measured after 24 h reaction.
d Sample provided by Mr. K. S. MacFarlane of this laboratory.
^ Conversion was 85% after 24 h.

From the conversion data, the most active catalyst is the readily prepared, air-stable
Ru2(II,III) species Ru2Cl5(dppb)2 (13b; Entry 1, Table 6.6), which is reduced under
catalytic conditions to the Ru2(II,II) species Ru2Cl4(dppb)2 (14a). A somewhat lower
conversion is observed using 14a directly (Entry 2), probably because of its air-sensitivity.
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and consequent difficulties in handling, especially with liquid imines. The in situ reduction
of Ru(III) to Ru(II), which generates HCl, may involve 13b directly, with imine
functioning as the necessary base (cf. H2-hydrogenation of 13b to 14a in the presence of
the weaker base DMA; pKa for DMAH+: -0.5; pKa for HRN=CR'R"+: 5 - 8).
Alternatively, disproportionation of 13b to Ru2(11,11) and Ru2(ni,in) species (as
previously observed in the presence of suitable donors, including amines; Section 5.3.2,
and imines in the presence of alcohol; Section 5.2.7) would generate a species capable of
catalysing the hydrogenation of imine to amine; the amine produced could then act as the
base necessary for reduction of Ru2Cl6(dppb)2. These possibilities are illustrated in Figure
6.10.

amine-HCl

2 Ru2Cl5(dppb)2

I
imine, I^

imme
•

amine, H2

'
Ru2Cl4(dppb)2 + Ru2Cl6(dppb)2

•

^ ^
imine«HCl

Figure 6.10: Reduction of Ru2Cl5(dppb)2 (13b) to Ru2Cl4(dppb)2 (14a) in the presence
of H2 and imine.

Further abstraction of HCl, leading to Ru2 chlorohydrido species, including
[Ru(H)Cl(dppb)]3, appears unlikely. Not only is the comparative activity of the trimeric
species relatively low (Entry 3, Table 6.6), but the tetrachloro complex
Ru2Cl4(dppb)2[NH(CH2Ph)2] has been identified as the sole ruthenium product formed
under similar conditions though at higher [Ru2] (Section 5.3.2). This is of particular
interest because of the close correspondence between the conditions of catalysis and those
under which [Ru(H)Cl(dppb)]3 is synthesised. Chlorohydrido species are preferentially
formed if Ru2Cl4(dppb)2 is treated witii H2, then NEts as base (Figure 6.11).57 If H2 is
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introduced after addition of amine, however, Ru2Cl4(dppb)2(NEt3) is the principal product
(i.e. the triethylamine adduct does not react with hydrogen).^^-^^

'^^^R.N

CK ..^>ci,„ I ,.p
^ X i ^

H2

^ci

c?

CI

H

.»\C1,.

H - ^ .:::::ia:;:
( /

^ci^

p

\ ;

2 NR3, I^
- 2 RgNH^Cl

p.>u:-"'^RuC;,J
VP

.=^:J^

[RuHCl(P-P)]3

H ^ "

Figure 6.11: Proposed mechanism for reaction of Ru2Cl4(dppb)2 (14a) with H2 in the
presence of base. Adapted from Joshi.^^

Formation of Ru2Cl4(dppb)2[NH(CH2Ph)2] under conditions of imine reduction
can be rationalised by reaction of 14a via either a hydride or an unsaturate route. The two
pathways are shown in Figure 6.12.* If Ru2Cl4(dppb)2(M^-H2) is the initial product,
however, the rate of 'hydridic' attack of the dihydrogen ligand on imine, forming the
diaUcylamido species shown, must exceed that of deprotonation and halide abstraction by
imine (or amine). Initial reaction of 14a with imine, in the manner shown with NEts in
Figure 6.11, is in fact more likely, in view of the large excess of imine present before
introduction of H2 (Section 6.2.2.1), and is consistent with the stoichiometric work

Catalysis by the unsaturate route probably proceeds via a mononuclear Ru species (not shown in Figure
6.12); the mechanistic evidence described in Section 6.5 suggests that direct attack of H2 on coordinated
imine, in the manner proposed for H2O in the previous chapter (Section 5.2.5, 5.3.2), does not form a
kinetically competent catalytic pathway. Under conditions of high [Ru2], most of the catalyst will be
present as Ru2Cl4(dppb)2, however, and dibenzylamine generated by reduction of PhCH2N=C(H)Ph may
react with the dimer to give the observed dibenzylamine adduct.
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described in Section 5.2.1. Mechanistic studies (Section 6.5) also support such an
unsaturate route. Interestingly, [Ru(H)Cl(dppb)]3 has been found to be more active than
14a in the H2-hydrogenation of acetophenone.^^ The difference may be due to the lower
basicity of the ketone (pKa ca. -7 for R2C=0H+, relative to 5-8 for protonated imines),^^
which hampers its abihty to either attack the metal direcdy, or to deprotonate the molecular
hydrogen complex.

CI V

•^ ..-^^ PhCH2N=CHPh ^ ^ \ ^ -^C!^^
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H.
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.
H
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Figure 6.12: Possible reaction pathways for formation of Ru2Cl4(dppb)2(dibenzylamine)
(27) from Ru2Cl4(dppb)2 (14a) and PhCH2N=C(H)Ph under H2.

It should be noted that the use of equivalent molar amounts of total ruthenium in
assessing the comparative activity of the various catalysts carries a built-in assumption of
catalytic activity at each metal site. Thus if the trinuclear species remains intact under
conditions of catalysis, with a single metal centre acting as the active site, it will appear to
have one-third of the activity of a mononuclear system of comparable actual activity.
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because of its proportionately lower concentration. ^H and 31p{lH} nmr evidence
suggests, however, formation of mononuclear ^an5'-Ru(H)Cl(PP)L2 (L = ketone, alcohol)
in transfer hydrogenation of acetophenone using the chiraphos trimer, and formation of
related species under conditions of H2-hydrogenation seems plausible.^^ Similarly, kinetic
studies carried out using Ru2Cl5(dppb)2 (13b) for hydrogenation of PhCH2N=C(H)Ph
(Section 6.5) reveal a dependence on [Ru] that goes from first to half-order with increasing
concentration, suggesting dissociation to an active mononuclear Ru species (probably of
the type RuCl2(dppb)S2 or RuCl2(dppb)(imine)S, where S = MeOH).
The activity of the remaining derivatives of 13b shown in Table 6.6 can also be
rationalised in terms of such a catalytic intermediate. The Ru2(n,n) complex 14a may be
expected to behave in the same fashion as 13b itself.

The nitrile derivatives

Ru2CL4(dppb)2(RCN) (R = Me, Ph), despite their greater air-stability relative to 14a, retain
to a large extent the activity of the coordinatively unsaturated species (Entries 4 and 5).
Their relatively high activity could result from generation of an active solvated species, and
a moderately active RuCl2(dppb)(MeOH)(RCN) species (facile loss of nitrile from which is
impUed by the close correspondence between the activity of the nitrile complexes and that
of 14a itself, and is consistent with the usual view of nitriles as weak donor ligands).^^
These results contrast with the lower activity of RuCl2(dppb)(PhCN)2 (Entry 9), however,
and perhaps imply a lower lability for the nitrile ligand in the latter complex, relative to the
coordinated nitrile in RuCl2(dppb)(MeOH)(RCN) (as well as, more predictably,^^ to
coordinated MeOH). The mononuclear cationic species, particularly the dication, are also
generally less active, perhaps because the positive charge further reduces the lability of the
donor ligands. The intermediate conversions observed for Ru2Cl3(dppb)2(RCN)2''"
(Entries 7 and 8) could thus result from breakdown to two mononuclear species: an active
neutral, nitrile-containing fragment and a less active cationic species.
The zero conversion found with the amine adduct Ru2CL4(dppb)2[NH(CH2Ph)2]
for the aldimine after 1.0 h reaction time is anomalous within this series. Some loss in
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activity might result from lower lability of the dibenzylamine ligand, but this should at most
halve the conversion relative to the corresponding nitrile complexes, assuming dissociation
to monomers occurs. The zero activity observed suggests either that the dibenzylamine
ligand inhibits dissociation into mononuclear species, or that some other, as yet unknown,
factor is involved (such as slow dissolution/dissociation of the complex, which would lead
to an 'induction period'; note that significant conversions are reaUsed for both the aldimine
and the ketimine after 24 h). If the problem arises from a property of the amine ligand, this
point may be of more general significance, given the similarity between this complex and
the well-known binap species Ru2Cl4(binap)2(NEt3).^^"^^ Use of the readily accessible
nitrile analogues, or indeed of the air-stable species Ru2Cl5(binap)2 (with added base, for
non-basic substrates) may permit a substantial improvement in activity over the
triethylamine catalyst, without adversely affecting the high enantioselectivities attained with
this system in certain ketone and olefin reductions,^ ^'^^'^^ and a specific imine reduction.^'^
The phosphine-bridged complex Ru2Cl4(dppb)3 (Entry 13) provides a useful
contrast to these systems. Despite its coordinative unsaturation at both metal sites (Figure
6.13), its activity is no higher than the six-coordinate complexes, and is considerably lower
than the halide-bridged dimer Ru2Cl4(dppb)2. It is possible that the phosphine-bridged
structure is much less able to accommodate incoming hgands (including substrates) than the
corresponding halide-bridged system, perhaps because the integrity of the dinuclear
structure is retained.

P.
Figure 6.13: Structure of Ru2CL4(dppb)3.
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The r|6-benzene species RuCl(dppb)(C6H6)+ PF6- (7b-PF6; Entry 14) displays an
activity toward aldimine and ketimine reduction comparable to that of the cationic
tris(nitrile) complexes (Entries 10 and 11). The corresponding dppe complex 7a'PF6 is
much less active, even toward the more easily reduced aldimine substrate; while 100%
conversion of the aldimine PhCH2N=CHPh to dibenzylamine is effected by 7b'PF6 over
24 h, using Ta-PFg only 83% conversion occurs (Entries 2 and 3, Table 6.7). The
dinuclear dppe-bridged species (Entry 1) is even less active, and the bis(diphosphine) tRuCl2(dppe)2 is virtually inert. These empirical data support the widely accepted view,
and earlier findings from this laboratory,^-^ that a Ru:(PP) ratio of 1:1 is optimum for
catalytic hydrogenation.

Table 6.7. Conversion data for high-pressure hydrogenation of PhCH2N=C(H)Ph by
various arene catalysts^

Entry

Catalyst

Section

% Conversion

1

[RuCl(C6H6)](|i-dppe), 68^2

2.6.5.1, 3.3.1

35

2

RuCl(dppe)(C6H6)+ PFe', Tb-PFe^^

2.6.6.1, 3.3.3

83

3

RuCl(dppb)(C6H6)+ PF6-, 7b.PF6"

2.6.6.2, 3.3.3

100

4

f-RuCl2(dppe)2, 8a

2.7.1, 3.3.2

1

a 6.895 MPa (1000 psi) H2, RT, 10 mL MeOH, 0.77 mM Ru, [imine] = 0.153 M, t = 24
h.

6.4.

Asymmetric Catalysis

The comparative utility of catalysts of the types shown in Table 6.6, as well as
RuCl2(PP)(PPh3) species, for asymmetric hydrogenation of imines was examined using
the prochiral ketimine PhCH2N=C(Me)Ph as substrate. As the results of the previous

246

Section indicate, ketimines are reduced less readily than aldimines. Conversions obtained
using the chiral catalysts were also generally lower than with the dppb catalysts, especially
for the binap systems, probably because of the greater steric bulk of the phosphine. A
lower ratio of imine to Ru was therefore employed (100:1, instead of 200:1). This does
not affect the reaction rate, assuming that the reductions are zero order in substrate (see
Section 6.5), but gives higher conversions, and permits unreacted imine to be removed
more readily.

Poor conversions were found despite these measures with the

RuCl2(PP)(PPh3) species, which (as noted in Chapter 4) are readily accessible, air-stable
solids,^'^^ and therefore attractive as catalyst precursors.

These five-coordinate

complexes, at least in benzene solution, provide a useful in situ source of Ru2Cl4(PP)2
species via equilibrium (1).^ The low conversions (Entries 1 and 2, Table 6.8) imply that
the presence of PPhs, not surprisingly, inhibits activity of the dinuclear catalysts (cf. the
low activity observed with the PP = dppb species, relative to RuCl2(PPh3)3, in transfer
hydrogenation of imines).^^

2 RuCl2(PP)(PPh3)

.

^

Ru2Cl4(PP)2

+ 2 PPhg

(4)

Enantioselectivities were determined from ^H nmr spectra of the diastereomeric
salts formed on addition of (-)- or (+)-mandelic acid to the amine in CDCl3^'^ (Section
2.4.3.1). Results are summarised in Table 6.8. Only modest enantioselectivities were
observed, a maximum e.e. value of 27% being found using Ru2Cl5(chiraphos)2, which
was also the most active catalyst. Values of ca. 70% e.e. have been reported for reduction
of this imine under closely comparable conditions (20oC, 70 bar H2) with rhodium
systems.^^'^^'^^ It should be noted that no other prochiral imines were screened, however,
so the e.e. data for the Ru catalysts are not optimised in terms of imine structure.
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Table 6.8. Asymmetric catalysis. Conversion and e.e. data for high-pressure
hydrogenation of the prochiral ketimine PhCH2N=C(Me)Ph using various chiral catalysts^

Entry Catalyst

Section

% Conversion

% e.e.

1

RuCl2(diop)(PPh3), 12b^i

2.8.2

9

-

2

RuCl2(binap)(PPh3), Uc^

8

-

3

RuCl(chiraphos)(C6H6)+ PFs", Tc-PFa^^

24

13

4

RuCl(diop)(C6H6)+ C1-, 7d.C1^3

27

10

5

RuCl(binap)(C6H6)+ PFe", Te-PFe^^

2.8.3
2.6.6.3,
3.4.4
2.6.6.4,
3.3.3
2.6.6.5,
3.3.3

6

10

6

Ru2Cl5(chiraphos)2, 13c^^

2.9.3

97

27

7

Ru2Cl5(diop)2, 13d^

2.9.4

61

16

8

Ru2Cl5(binap)2, 13e^

2.9.5

32

18

9

Ru2Cl4(diop)2, 14b6

2.10.2

59

13

10

Ru2Cl4(binap)2, 14c^

26

19

11

Ru2Cl4(diop)2(PhCN), 16b

57

17

12

Ru2Cl4(binap)2(PhCN), 16c

28

19

13

RuCl2(diop)(PhCN)2, 18bi8

24

14

14

RuCl2(binap)(PhCN)2, 18c

17

18

15

RuCl(diop)(PhCN)3+ PFe", 22b.PF6

2.10.3
2.11.2.2,
4.3.2.1
2.11.2.3,
4.3.1.1
2.11.4.2,
4.3.2.1
2.11.4.3,
4.3.1.1
2.11.8.2,
4.3.2.1

37

11

a 6.895 MPa (1000 psi) H2, RT, 10 mL MeOH, 0.77 mM Ru, [imine] = 0.0765 M, t = 24
h.

Of more general significance is the invariance of e.e. values with catalyst structure
within the neutral diop and binap series of complexes. The mono- and dinuclear complexes
(diop: Entries 7, 9, 11, 13; binap: Entries 8, 10, 12, 14), while differing considerably in
activity, lead to essentially identical enantioselectivities within each set of complexes, again
implying a common catalytic intermediate (see above). Whether this is also true within the
cationic series of complexes remains to be established, though the e.e. values found with
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the Ti^-CgHg and benzonitrile diop complexes are almost identical. It should be noted,
however, that the data in Table 6.8 indicate both lower activity and lower
enantioselectivities for the cationic, relative to the neutral, catalyst systems.
Generation of a common active catalyst from superficially distinct precursors has
wider implications in the general area of asymmetric hydrogenation, where the choice of
catalyst is frequently fairly empirical. Thus the catalytic and enantioselective abilities of
complexes such as Ru2Cl4(PP)2(NEt3), RuCl2(PP)(RCN)2, and RuCl2(PP)(diene), for
example, with the important PP = binap systems,^^'^^'^^ may be directly related, and
indeed there is evidence that this is so for at least the first two species hsted.^^ This finding
highlights the importance of developing mechanistic understanding as a basis for catalyst
design, especially in view of the considerable effort devoted to development of apparently
novel systems. Thus, preparation and use of air-sensitive, Ru(II) complexes with (PP):Ru
= 1 not only involves considerable synthetic complications, but in fact impairs the activity
of the catalyst system relative to the air-stable Ru2Cl5(PP)2 catalyst precursors. Much
effort has gone into the synthesis of such Ru(II) species with the aims of accessibility and
activity; in both respects, the mixed-valence dimers Ru2Cl5(PP)2 are particularly attractive,
being readily synthesised from RuCl3(PR3)2 and PP (Section 2.9).^ In the presence of a
basic substrate, as in the current imine work, these complexes appear to generate a direct
source of RuCl2(PP)(solvent)2; with non-basic substrates such as prochiral olefins and
ketones, small amounts of added base should initiate effective catalysis.

6.5.

Mechanistic Studies of High-Pressure Imine Reduction Catalysed
by Ru2Cl5(dppb)2 (13b)

The behaviour of Ru2Cl5(PP)2 (PP = chiraphos, dppb) under one atmosphere of
H2 was studied previously. ^^-"^^ Activation of dihydrogen required the presence of base,
supplied either by the solvent, where this was DMA, or Proton Sponge for reductions in
249

toluene. Uptake of half a mole of H2 per mole of the ruthenium complex indicated a
stoichiometry consistent with reduction of the Ru2(n,in) dimer to a Ru2(n,II) species, and
in keeping with the observed product, Ru2Cl4(dppb)2. The HCl generated was shown to
be added to the neutral dimer, giving the triply chloro-bridged anion (Equation 6.1), which
loses HCl when washed with MeOH, regenerating Ru2Cl4(dppb)2.

Ru2Cl5(dppb)2

+

0.5 H2

•

Ru2Cl4(dppb)2

+

RU2Cl4(dppb)2

+

HCl

•

[Ru2Cl5(dppb)2]- H+

HCl
(6.1)

A similar reduction is probable in the presence of amine or imine; formation of the
anionic ruthenium species is not expected, as the catalysis is carried out in MeOH solvent.
The chemistry of the mixed-valence dimer described in Chapter 5 (Sections 5.2.7, 5.3.2)
indicates that reduction of the Ru2(n,III) species to Ru(II) can occur in the presence of
either amine, or imine and an alcohol, without H2 being required. The question of whether
subsequent imine hydrogenation proceeds via a hydride or an unsaturate route (i.e. by
initial coordination of hydrogen or imine, respectively; see earlier discussion in Section
6.3, and Figure 6.12) is of particular interest given the mechanistic work which has been
carried out on Ru2Cl4(dppb)2 (14a). For the latter complex, which shows high activity in
reduction of olefins and ketones, an uptake of ca. 0.4 mole equivalents per mole of
Ru2Cl4(dppb)2 (785 torr; DMA, 3 0 ^ 0 has been observed.^^ This was rationalised in
terms of formation of the Ti 2-dihydrogen complex (Eqn. 6.2 and Figure 6.11),
spectroscopic evidence of which was also found in toluene-dg under one atmosphere of H2
at 190c.^^'^^ Under the latter conditions, the dihydrogen complex was ca. 40% formed.*
Ru2Cl4(dppb)2 + H2

•

Ru2Cl4(dppb)2(H2)

(6.2)

* Afigureof 60% was quoted,^^ but this does not accord with the integrated intensities on the associated
^^P{^H} nmr spectrum.
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Olefin hydrogenation using 14a as catalyst was studied previously. The kinetic
data were consistent with transfer of H2 from the rj^-dihydrogen species to the unsaturated
organic group (i.e. the catalysis follows a hydride route).^^ A similar mechanism has been
documented for hydrogenation of 1-hexene with [RuCl2(PPh3)2]2 as catalyst.^"^ Despite
the rapid H2-reduction of the mixed valence dimer 13b in DMA, however (uptake is
complete within 500 sec at SOOC),"*^ imine hydrogenation is very slow in this solvent
(Section 6.2.2.2). Similarly, the reduction is strongly inhibited in CeHg, though signals
for Ru2Cl4(dppb)2(H2) are immediately evident in the 31p{lH} nmr spectrum on addition
of hydrogen. ^^'^^ The fact that reduction of the imine does not occur under conditions
known to generate the ruthenium-dihydrogen species tends to suggest that
Ru2Cl4(dppb)2(H2) does not participate in the catalysis.
In the stoichiometric experiments described in Section 5.3.2, the dibenzylamine
adduct Ru2Cl4(dppb)2[NH(CH2Ph)2] was isolated following reaction of
PhCH2N=C(H)Ph with Ru2Cl5(dppb)2 under hydrogen. A hydrolysis product containing
benzylamine was on the other hand obtained on reaction of A^-benzylidene benzylamine
with Ru2Cl4(dppb)2 in the absence of hydrogen (Sections 5.2.1, 5.2.5). The absence of
imine hydrolysis products for the stoichiometric reaction under H2 (or under conditions of
catalysis) need not, however, imply that H2 is initially coordinated in preference to imine.
Equally consistent with this observation is the initial formation of a metal-imine complex,
on which attack by H2 out-competes attack (and hydrolysis) by water. Formation of an
imine complex in the initial stages of reaction of Ru2Cl4(dppb)2 with PhCH2N=C(H)Ph
was described in Section 5.2.1. These two pathways are shown in Figure 6.14. (Some
evidence for a mononuclear imine species was also presented in Section 5.3.2, but as the
identity of this complex is uncertain, the argument above is illustrated for the betterdocumented Ru2Cl4(dppb)2[PhCH2N=C(H)Ph] species).
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^Qyr
J2iHl£^ Ru2Cl4(dppb)2(imine)

Ru2Cl4(dppb)2(l° amine)
H2

Ru2Cl4(dppb)2 -

Ru2Cl4(dppb)2(2° amine)
'

•

Ru2Cl4(dppb)2(H2)

^<^

Figure 6.14: Competition between reduction and hydrolysis of coordinated imine:
routes to Ru2Cl4(dppb)2[NH(CH2Ph)2] vs. Ru2Cl4(dppb)2(NH2CH2Ph).

A limited mechanistic investigation was undertaken in order to examine these
points. A rigorous kinetic study could not be carried out at high H2 pressures, owing to
equipment limitations. Not only is the number of experiments required to compile rate data
prohibitively large (a separate experiment is required for each data point, as discussed in the
introduction to Section 6.2.2), but the available autoclave is not thermostatted. The
inadequacy of conversion data as a substitute for rate data was discussed earlier. While of
qualitative value, therefore, the results described in this Section must be considered
preliminary.

6.5.1.

Kinetic Measurements
Conversions of PhCH2N=C(H)Ph to dibenzylamine were measured at total

ruthenium (monomer) concentrations (RUT) of 0.124 to 0.990 mM, under H2 pressures
ranging from 0 - 1000 psi, at a substrate concentration of 0.153 M. A time interval of 3.0
h was chosen for measurement of [H2] dependence, 0.5 h for the [Ru] dependence.
Results are summarised in Table 6.9. A time profile for consumption of a freshly
chromatographed batch of this imine at 7.65 mM Ru and 1000 psi (6.895 MPa) was shown
in Figure 6.6. Analysis of these data suggests an approximately first-order dependence on
[imine] for PhCH2N=C(H)Ph. The substrate dependence could not be independently
measured at 1000 psi, owing to the rapidity of the reaction at this pressure. Conversion of
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imine is 84% complete at 0.5 h for an [imine]:[Ru] ratio of 400:1 (i. e. 200:1 for
[imine]:[Ru2]). At lower [imine]:[catalyst] ratios, conversion data convey no information,
as the imine will be completely consumed within this time period (as long as the reaction is
zero order in substrate). The substrate dependence for this imine could be measured more
easily (and more accurately) using an autoclave equipped with a sampler arm, which would
permit compilation of rate data.
Conversions of PhN=C(H)Ph to A^-phenylbenzylamine were similarly measured, at
a time interval of 3.0 h, for total ruthenium (monomer) concentrations (RUT) of 0.204 to
3.30 mM and H2 pressures up to 1000 psi (6.895 MPa, 0.232 M, see below), at a
substrate concentration of 0.153 M. The lower reactivity of this imine permitted
measurement of the substrate dependence over the concentration range 0.038 - 0.54 M
imine (i.e. [imine] :[Ru] = 50:1 - 700:1). Results are summarised in Table 6.10. The time
profile for consumption of the A^-phenyl imine (7.65 mM Ru, 1000 psi H2, 0.153 M
imine) was shown in Figure 6.6.
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Table 6.9. Summary of conversion data for high-pressure hydrogenation of
PhCH2N=C(H)Ph using Ru2Cl5(dppb)2 as catalyst^

[RUT]

(mM) P(H2) (psi)

[H2] (M) [imine] (M) % Conversion

[amine] (M)

0.765

0

0

0.153

0

0

0.765

50

0.012

0.153

6

0.009

0.765

100

0.023

0.153

14

0.022

0.765

150

0.035

0.153

24

0.037

0.765

200

0.047

0.153

32

0.049

0.765

250

0.059

0.153

41

0.063

0.765

800

0.188

0.153

89

0.137

0.765

1000

0.232

0.153

98

0.151

0

1000

0.232

0.153

0

0

0.124

1000

0.232

0.153

4

0.00616

0.170

1000

0.232

0.153

9

0.0139

0.218

1000

0.232

0.153

10

0.015

0.246

1000

0.232

0.153

14

0.0216

0.276

1000

0.232

0.153

21

0.0324

0.348

1000

0.232

0.153

40

0.0616

0.400

1000

0.232

0.153

48

0.074

0.556

1000

0.232

0.153

66

0.102

0.602

1000

0.232

0.153

71

0.109

0.730

1000

0.232

0.153

81

0.125

0.756

1000

0.232

0.153

84

0.129

0.916

1000

0.232

0.153

89

0.146

0.974

1000

0.232

0.153

95

0.137

0.990

1000

0.232

0.153

100

0.154

a RT, 10 mL MeOH. [H2] dependence: t = 3.0 h; [Ru] dependence: t = 0.5 h.
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Table 6.10. Summary of conversion data for high-pressure hydrogenation of
PhN=C(H)Ph using Ru2Cl5(dppb)2 as catalyst^

[RUT]

(mM) P(H2) (psi) [H2] (M)

[imine] (M) % Conversion

[amine] (M)

0.765

0

0

0.153

0

0

0.765

250

0.059

0.153

6

0.009

0.765

800

0.188

0.153

19

0.0285

0.765

1000

0.232

0.153

24

0.0367

0

1000

0.232

0.153

0

0

0.204

1000

0.232

0.153

7

0.0107

0.374

1000

0.232

0.153

13

0.0199

0.512

1000

0.232

0.153

17

0.026

0.728

1000

0.232

0.153

21

0.0321

0.984

1000

0.232

0.153

27

0.0413

1.50

1000

0.232

0.153

38

0.0581

2.20

1000

0.232

0.153

45

0.0689

2.60

1000

0.232

0.153

50

0.0765

2.85

1000

0.232

0.153

53

0.0811

3.30

1000

0.232

0.153

59

0.0903

0.765

1000

0.232

0.0382

73

0.0283

0.765

1000

0.232

0.0765

40

0.0306

0.765

1000

0.232

0.115

30

0.0344

0.765

1000

0.232

0.153

20

0.031

0.765

1000

0.232

0.227

15

0.034

0.765

1000

0.232

0.300

10

0.0300

0.765

1000

0.232

0.536

6

0.0321

a RT, 10 mL MeOH, t = 3.0 h.
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Hydrogen pressures were converted to concentration values by interpolation from a
plot of literature data for H2 solubility in MeOH over the pressure range 0 - 8 MPa (Figure
6.15), within which Henry's Law is obeyed.^'' The dependence of conversions on H2
concentration was examined at [RUT] = 0.765 mM and initial imine concentrations of 0.153
M. Reactions were worked up at 3.0 h. Plots of product concentration versus [H2]
(Figures 6.16, 6.17) are linear throughout (iV-Ph), or in the lower concentration range (A^CH2Ph). Thus for A^-benzylidene aniline, the H2 dependence is first order over the entire
pressure range examined, while A^-benzylidene benzylamine exhibits a first-order H2
dependence at [H2] values up to ca. 0.06 M (250 psi, 1.724 MPa), which levels off at
higher values.
0.3

0.2
CM

X
0.1y = 0.0337X
R^ = 1.00
0

2

4
H2 Pressure (MPa)

6

8

Figure 6.15: Henry's Law plot: H2 concentration in MeOH as a function of pressure.
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1

0.00

1—

1

0.10
[HJ (M)

0.20

Figure 6.16: Dependence of conversion on H2 concentration for high-pressure
hydrogenation of PhCH2N=C(H)Ph, using 13b as catalyst.
0.04

0.00-0
0.00

0.10

0.20

[HJ (M)
Figure 6.17: Dependence of conversion on H2 concentration for high-pressure
hydrogenation of PhN=C(H)Ph, using 13b as catalyst.

The dependence of conversion on ruthenium concentration was examined at 1000
psi (6.895 MPa, [H2] = 0.232 M) and initial substrate concentrations of 0.153 M.
Reactions were worked up at 3.0 h for the A^-phenyl imine, and 0.5 h for the A^-benzyl
imine; the corresponding plots of [amine] against [Ru] are shown in Figures 6.18a and
6.19a, respectively. In both cases, the rate of reduction increases with increased metal
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concentration, though less so at higher values of [Ru]. The plot for PhN=C(H)Ph is linear
at low [Ru], implying a first-order dependence on catalyst concentration, with a transition
toward half-order dependence at the higher catalyst concentrations as shown in the log plot
(Figure 6.18b).
0.10

0.00-1?

T"

1.0

2.0

[Rux] (mM)
Figure 6.18a: Dependence of conversion on catalyst concentration for high-pressure
hydrogenation of PhN=C(H)Ph, using 13b as catalyst.
-i.u -

y = 0.66x + 0.60

u
I -1-5 -
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O

^
^

^

^

= 0.97x + 1.62
R 2 = 0.998

-2.0-3.70

1

-3.20

1

1

1

1—1

-2.70

log [RUX]
Figure 6.18b: Log plot of [Ru] dependence of conversion for PhN=C(H)Ph.

Deviations from linearity at very low [Ru] values (<0.05 mM) in the case of
PhCH2N=C(H)Ph may arise from sequestering of a small amount of the ruthenium
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complex in a catalytically inactive form (deactivation by O2, for instance, may result from
the presence of low concentrations of air either dissolved in the imine sample, or in the
autoclave assembly, despite precautions taken to exclude it). Above ca. 0.1 mM Ru,
however, the plot is very similar to that observed for the A^-Ph imine; a linear or first-order
dependence on ruthenium obtains (Figure 6.19a), which again approaches half-order at
higher [Ru] values (Figure 6.19b).

0.15-

0.00 •<>
0.0

0.4

0.6
(mM)
Figure 6.19a: Dependence of conversion on catalyst concentration for high-pressure
hydrogenation of PhCH2N=C(H)Ph, using 13b as catalyst.
0.2

[RUT]

r—~l

-1.0-

y = 0.54x -1- 0.84
R 2 = 0.987

IT

1

y^

-1.5-

BO
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0

y

^

y = i.09x -I- 2.8
R^= 0.989

-2.0-4.5

-4.0

-3.5

-3.0

log [Ruj]
Figure 6.19b: Log plot of [Ru] dependence. Data corrected for induction period by
subtracting value of [Ru] initially consumed (<0.2 mM Ru).
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The dependence of conversion on the initial substrate concentration was examined
for the AT-phenyl imine at 1000 psi (6.895 MPa, [H2] = 0.232 M) and [RUT] = 0.765 mM.
Reactions were worked up at 3.0 h. The rate was, within experimental error, independent
of substrate concentration over the range examined (i.e. down to a 50:1 ratio of substrate to
catalyst); see Figure 6.20.

^

0.20 -

0.00 •«>

0.2

0.3

0.4

[PhN=C(H)Ph]

0.5

0.6

m

Figure 6.20: Dependence of conversion on imine concentration for high-pressure
hydrogenation of PhN=C(H)Ph, using 13b as catalyst.

6.5.2.

Analysis of Kinetic Data
The first- to half-order dependence on [Ru] imphes an equihbrium of the form
AB

^^

A + B

in which the position of equilibrium lies to the right only at low [AB], with dissociation
being inhibited at higher concentrations of the dimer (AB). Conversions to amine were not
inhibited by addition of either dppb or chloride (as NEt4Cl), implying that the catalytically
active species is generated by dissociation of the dimer to mononuclear species. A general
scheme for reaction of a dinuclear ruthenium complex with H2 and imine, taking into
account this preequilibrium, is shown in Figure 6.21.
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Ru2

.^ *"

Ru + H2
K2
imineu
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Ru-Hj
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k3

Ru'imine

t

k2
imine

*Ru + amine
H2
Figure 6.21: Reaction pathways for imine hydrogenation by a dinuclear ruthenium catalyst
precursor.

The rate equation governing reaction by both k2 and ks paths (i.e. reaction by both the
hydride and the imsaturate route) is

Rate = ^ ^ ^ ^

= (k2Ki+k3K2)[Ru][imine][H2]

(6.2)

or, in terms of [RU]T (expressed as the monomer),
p . t . - d[amine]
^^^ ~
dt

_ {k2Ki + k3K2}{[Ru]T- 2[Ru2]} [imine]•[H2]
~
1 + Ki[H2] + K2[imine]

.. ..
^^'^^

where
[RU]T

= 2[Ru2] + [Ru] + [RuH2] + [Ruimine] =

2[RU2]T

(6.4)

At low concentrations of the dimer, the dimer-monomer equilibrium lies to the right.
Assuming complete consumption of the monomer as Ruimine or RuH2, [RU]T

»

2[Ru2], and the rate expression reduces to
_ d[amine]
^^^ "
dt

_ {k2Ki + k3K2}[Ru]T[imine][H2]
"
1 + Ki[H2] + K2[imine]

. . ^.
^^'^^

The first-order dependence on H2 concentration, and the zero order dependence on [imine]
(for PhN=C(H)Ph), implies that the K2[imine] term is large ( » 1 ) , and K2[imine]
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»

Ki[H2]. This is consistent with formation of an imine complex which then reacts with
hydrogen. The alternative possibility of a large K2[imine] and with k3 = 0, with catalysis
proceeding through a small amount of RuH2, is not however excluded by the kinetics.
For this reason the k2Ki term is retained in the simplified rate expression below.
(Assuming that catalysis does proceed through a Ruimine species, however, the observed
curvature in the [H2] dependence plot for the A'^-benzyl imine (Figure 6.16), with
conversions levelling off at higher [H2], may indicate competition between H2 and imine
for the Ru species at higher values of Ki[H2], and formation of a Ru hydride species of
lower catalytic activity).
Rate = (k2Ki+k3K2)[Ru]T[H2]

(6.6)

In accordance with this rate law, plots of [amine] vs. [RU]T are linear at low values of
[RU]T (less than 0.4 mM for PhCH2N=C(H)Ph, or 1.5 mM for PhN=C(H)Ph; see Figures
6.18, 6.19). At higher catalyst concentrations, however, doubling [RU]T does not double
the reaction rate. If the active catalyst is derived from a mononuclear species in equihbrium
with Ru2, in the hmit of very high [Ru2], where [Ru] is small relative to [Ru2],
[RU]T = 2[Ru2]

and the rate expression then shows a half-order dependence on [Ru], in keeping with the
experimental data, which indicate a [Ru] dependence approaching half order at the highest
[Ru2] concentrations investigated.

Rate = | ^ ( k 2 K i + k3K2)[imine][H2]([Ru]T)0-5

where K^ =

(KD)^-^
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(6.8)

Consistent with this kinetic analysis is the mechanism represented in Figure 6.22,
in which the Ru2(II,III) dimer Ru2Cl5(dppb)2 is reduced to a Ru2(11,11) species, which
then dissociates into mononuclear alcohol-stabilised species in an equilibrium preceding
catalysis. Subsequent reaction to give a Ru^I(imine) complex, which reacts with H2 in a
rate-determining step (possibly via a dihydrogen or dihydride complex, which transfers
hydride to the imine, ehminating amine and regenerating the alcohol species) would satisfy
the observed kinetics. Also possible is initial formation of a Ru2^^(imine) (or bis(imine))
derivative, which similarly dissociates into mononuclear alcohol-stabilised species, as
briefly mentioned in Section 6.3.
H9
Ru2Cl5(dppb)2 — ^ - ^ Ru2Cl4(dppb)2 + base-HCl
base
K,D
2RuCl2(dppb)(MeOH)2
jL imine
RuCl2(dppb)(imine)(MeOH)
amine
MeOH, imine -A
RuCl2(dppb)(H)(NRR') - • —

L

f*" MeOH
RuCl2(dppb)(imine)(H2)

Figure 6.22: Proposed mechanism for imine hydrogenation by Ru2Cl5(dppb)2 (13b).

This mechanism contrasts with those established for olefin hydrogenation with the
closely related Ru2CL4(PP)2 systems (PP = 2 PPh3, dppb), for which catalysis proceeds
via the hydride route, involving the spectroscopically characterised molecular hydrogen
complexes Ru2Cl4(PP)2('n^-H2).^^'^'^ Empirical observations suggested in early work that
reduction of ketones and imines by rhodium systems does not occur by the same
mechanism as that for olefins.^^ Mechanistic studies undertaken by several groups have
since borne this out,^^'^^ and the work described above suggests that this is true also of
ruthenium systems.
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6.6.

Summary

A family of ruthenium ditertiary phosphine complexes was investigated for catalytic
activity toward imine hydrogenation.

High activity was observed at low catalyst

concentrations, under moderate conditions. The air-stable Ru2Cl5(PP)2 complexes are
more active than the commonly used Ru2(n,II) systems to which they give rise in situ, for
both achiral (PP = dppb) and chiral (PP = chiraphos, diop, binap) species. Mechanistic
studies of the achiral Ru2Cl5(dppb)2 system suggested dissociation into mononuclear
species under conditions of catalysis for RN=C(H)Ph (R = Ph, PhCH2). An
approximately first-order dependence on [H2] was observed, as well as rates which were
(for PhN=C(H)Ph) essentially independent of [imine], consistent with a mechanism
involving reaction of a Rul^(imine) species with H2 in a rate-determining step. Asymmetric
induction in the prochiral ketimine PhCH2N=C(Me)Ph was consistent, though modest,
within the diop and binap series of neutral complexes, implying a common catalytic
intermediate within each series. A maximum e.e. of 27% was found for reduction of the
same ketimine using Ru2Cl5(chiraphos)2 as catalyst; this represents an unoptimised figure
for asymmetric induction, as no other prochiral ketimines were screened.
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CHAPTER 7

Conclusions and Recommendations for Future Work

The work summarised in this thesis describes the development of routes to monoand dinuclear chlororuthenium phosphine complexes, containing one chelating
diphosphine (PP) per Ru, and potentially labile arene or nitrile ligands. The pathways
relating these species in solution were examined in detail. ri^-Benzene complexes of both
chiral (PP = chiraphos, diop, and binap) and achiral (PP = Ph2P(CH2)nPPh2: n = 2, dppe;
n = 4, dppb) phosphines were prepared.

Four approaches to the desired species

RuCl(C6H6)(PP)"'"X-, via the mononuclear precursors RuCl2(C6H6)L (L = PPhs, dmso,
MeCN) and RuCl(C6H6)(MeCN)2"'"PF6", were investigated, in addition to an established
route to the achiral and binap complexes via Ru2Cl4(C6H6)2. Dppb and diop, which form
seven-membered rings on chelation to the metal, give phosphine-bridged side-products
such as [RuCl2(C6H6)]2(^-PP) and [RuCl2(dppb)]2(u-PP). Use of mononuclear Ru
precursors did not curb this tendency, and offered no synthetic advantages over the
original route. Although binap also gives seven-membered chelate rings, the greater
rigidity and bulk of this ligand appears to prevent formation of phosphine-bridged
byproducts. The smaller diphosphines dppe and chiraphos, which form five-membered
chelate rings, have a reduced tendency toward phosphine-bridging modes of coordination,
but exhibit a strong susceptibility to formation of bis(chelate) complexes. Formation of
products such as ?-RuCl2(PP)2 or f-RuCl(PP)2(MeCN)+PF6" is minimised by use of a
mononuclear Ru precursor to control the reaction stoichiometry, and low reaction
temperatures.
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The nitrile derivatives of dppb, diop, and binap are accessible either from the airsensitive dimer Ru2Cl4(PP)2 (itself prepared from Ru2Cl5(PP)2) or, preferably, from the
mixed-phosphine species RuCl2(PP)(PPh3), which is both more stable and more directly
synthesised from RUCI3. The complexes prepared were of the type Ru2Cl4(PP)2(RCN),
RuCl2(PP)(RCN)2,

RuCl(PP)(RCN)3 + X-,

Ru(dppb)(RCN)42+2X-,

and

Ru2Cl3(PP)2(RCN)2+ X- (R = Me, Ph; X = CI, PFe). The equilibria relating these species
in solution, and the reaction of RuCl(PP)(RCN)3+PF6' species with halogenated solvents
to give Ru2Cl3(PP)2(RCN)2"'"PF6', were established.

The mechanism of the latter

reaction could be clarified by gas chromatographic analysis of the organic product(s)
formed (both the solution and the head-space in the reaction vessel should be sampled).
The nitrile complexes prepared did not include those of dppe or chiraphos, owing
to difficulties in the synthesis of the Ru2Cl5(PP)2 precursors. In both cases large amounts
of r-RuCl2(PP)2 are formed; the problem is exacerbated by the use of forcing conditions
(24 h exposure to refluxing hexanes), though even at room temperature, large amounts of
?-RuCl2(dppe)2 were obtained. The possibility of limiting the extent of reaction by use of
low temperatures (acetone-dry ice; CH2CI2 or toluene solvent) should be investigated.
Extension of the nitrile chemistry described above to the complexes of chiraphos is of
interest owing to the frequently high crystallinity of chiraphos derivatives, which might
assist in the study of these and related species (see below) by X-ray analysis.
Reactions of the Ru-phosphine precursors Ru2Cl5(dppb)2, Ru2CL4(dppb)2 and
RuCl2(dppb)(PPh3) with imines and amines were investigated. A dinuclear imine adduct,
Ru2Cl4(dppb)2[PhCH2N=C(H)Ph], was identified; this species is also formed by
dehydrogenation of dibenzylamine, using the same ruthenium starting complexes. Some
evidence was found for further reaction with imine, possibly yielding the all-c/5 imine
species c,c,c-RuCl2(dppb)[imine]2. Access to such products is masked by a competing
imine-hydrolysis reaction pathway, in which attack by water is promoted by coordination
of the imine to the Lewis acidic metal centre. These reactions should be reinvestigated
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under more rigorously dry conditions, in order to isolate and fully characterise the imine
derivatives. Use of a more hydrolytically stable imine, such as Ph2C=NH, would assist in
isolation of the substitution products.
The product of imine hydrolysis was identified as the novel amine-bridged species
[RuCl2(dppb)]2(M-25'n^-NH2CH2Ph), in which the amine acts as a four-electron donor,
bound probably via a benzylic C-H bond as well as the nitrogen atom. This coordination
mode contrasts with the previously established T^l-binding of tertiary and secondary
amines. The terminal amine isomer was also observed, and the greater thermodynamic
stability of the bridging conformation was established. Experiments with other primary
amines established that this binding mode is general for complexes of dppb, though
whether this holds for other phosphines remains to be established. X-ray crystallographic
analysis of the amine-bridged species is desirable in order to unequivocally establish the
agostic interaction between the amine and one Ru centre. Suitable crystals may be grown
more successfully with an amine ligand other than benzylamine (or with chiraphos as the
diphosphine ligand). The aniline complex, for example, or a substituted aniline
derivative, should be more rigid, and might therefore give a more crystalline product. A
more subtle probe of the ligand binding may be afforded by measurement of the ^Jc-H
coupling constant for the agostic carbon. Efforts to determine this value directly were
hampered by poor signal-to-noise ratios in the l^C nmr spectrum, but this difficulty may
be circumvented by preparation of the amine-bridged complex from l^c-labelled
benzylamine, enriched at the benzylic position. (l^C-enriched benzoic acid, labelled at
the carboxyl carbon, is commercially available, and may be elaborated to benzylamine by
standard methods). Measurement of the corresponding one-bond l^N-^H coupling
constants for the l^N-enriched species might also be useful in unambiguously identifying
the agostic donor site (C-H v^. N-H).
The extent of substitution by amine ligands appeared strongly dependent on the
bulk of the amine:

with benzylamine, the mononuclear bis(amine) species
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RuCl2(dppb)(NH2CH2Ph)2 is obtained, while with dibenzylamine, the dinuclear, terminal
amine adduct Ru2Cl4(dppb)[NH(CH2Ph)2] is formed. Amine dehydrogenation pathways
are also observed in the case of dibenzylamine, generating in situ the dinuclear imine
adduct described above (and the imine-hydrolysis product [RuCl2(dppb)]2(^i2.i1^NH2CH2Ph)), as well as a complex tentatively identified as c,c,c-RuCl2(dppb)LL' (L =
PhCH2N=C(H)Ph, L' = PhCH2N=C(H)Ph or NH(CH2Ph)2). These reactions, which are
suppressed under H2, suggest that earlier observations of amine dealkylation reactions in
these and other systems may proceed by successive amine dehydrogenation-imine
hydrolysis steps.
The utility of a wide range of chlororuthenium phosphine complexes (including
the Ru2(n,ni) species Ru2Cl5(dppb)2 and its Ru2(n,n) derivative Ru2CL4(dppb)2, as well
as the mono- and dinuclear arene and nitrile derivatives described above) for the catalytic
hydrogenation of imines was investigated. Alcohol solvents were required for effective
catalysis, and reactivity trends were consistent with an alcohol-binding step in the
catalytic cycle. Comparative activity and (for the chiral catalysts) asymmetric induction
were assessed under standard sets of conditions. Highest enantioselectivity, as well as
activity, were found using Ru2Cl5(chiraphos)2 as catalyst. The maximum enantiomeric
excess (e.e.) was only 27%, with PhCH2N=C(Me)Ph as substrate, but the
enantioselectivity remains to be optimised in terms of imine structure.

Prochiral

ketimines to be tested should include cyclic examples. The effect of temperature and
pressure on the extent of asymmetric induction should also be examined. Mandelic acid
was used as a chiral shift reagent, for assessment of e.e. values by ^H nmr, in this thesis
work. Determination of e.e. values by gas chromatography, using a chiral column, would
be preferable for reasons of both accuracy and convenience, but enantiomeric mixtures of
secondary amines could not be separated by this technique. Further investigation of this
method (using, for example, the diastereomeric raandelic acid salts prepared for the nmr
measurements, rather than the secondary amines themselves) is warranted.
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Both conversion and enantioselectivity data were consistent with generation of a
common intermediate, of the type RuCl2(PP)SS' (S = solvent, S' = solvent or imine),
within the neutral series of complexes. Mechanistic studies supported this inference, and
suggested that catalysis proceeds via the unsaturate route, with initial coordination of
imine, rather than H2. A more precise kinetic investigation, involving comparison of
initial reaction rates, rather than conversion at a fixed time interval, is required; the
necessary equipment (an autoclave equipped with a sampling port) will soon be available.
The electronic constraints of the reduction process should also be examined, and a range
of N-benzylidene aniline and N-benzylidene benzylamine derivatives, in which either or
both phenyl rings bear an electron-donating or electron-withdrawing para substituent,
have already been prepared for this purpose.
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Appendix A: X-ray Crystallographic Analysis of
Ru(dppb)(MeCN)42+2PF6- (23)

H17

H16

H39,

H38

H26

Molecular Structure (PLUTO plot)
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C15

C30

C25

Molecular Structure of Ru(dppb) (MeCN)42+
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(ORTEP plot)

H3C33C34

C30

2+

Molecular Structure of Ru(dppb)(MeCN)/"^ (stereoview)
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EXPERIMENTAL DETAILS
A.

Crystal Data

Empirical Formula

^36^40^12^4^4^^

Formula Weight

1082.75

Crystal Color, Habit

colorless, prism

Crystal Dimensions (mm)

0.200 X 0.400 X 0.400

Crystal System

triclinic

No. Reflections Used for Unit
Cell Determination (29 range)

25 ( 39.0 -

Omega Scan Peak Width
at Half-height

0.37

43.0°)

Lattice Parameters:
a
b
c
a
3
Y

=
=
=
=
=
=

V -

13.845 (3)A
14.419 (2)A
12.984 (3)A
108.75 (2)°
116.40 (1)°
68.58 {!)"
2121.6 (8)A^

Space Group

Pi (#2)

Z value

2
1.695 g/cm^

calc
^000

1080

^(MoKo)

9.29 cm"-"B.

Intensity Measurements

Diffractometer

Rigaku AFC6S

Radiation

MoKa (X - 0.71069 A)

Temperature

21°C

Take-off Angle

6.0°
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Detector Aperture

6.0 mm horizontal
6.0 mm vertical

Crystal to Detector Distance

285 mm

Scan Type

w-2e

Scan Rate

32.0'/min (in omega)
(8 rescans)
(1.15 + 0.35 tanG)"

Scan Width
max
No, of Reflections Measured

Total: 15899
Unique: 15350 {^^J^^ " .021)

Corrections

Lorentz-polarization
Absorption
(trans, factors: 0.92 - 1.00)
C.

Structure Solution and Refinement

Structure Solution

Direct Methods

Refinement
Function Minimized

Full-matrix least-squares
2
Z w (|Fo| - |Fc|)

Least-squares Weights

4Fo 2/a 2(Fo2)

p-factor

0.01

Anomalous Dispersion

All non-hydrogen atoms

No. Observations (I>3 . 00(T( I) )
No. Variables
Reflection/Parameter Ratio

9973
514
19.40

Residuals:

0.039; 0.046

R; R^

Goodness of Fit Indicator

2.55

Max Shift/Error in Final Cycle

0.03

Maximum Peak in Final Diff. Map
Minimum Peak in Final Diff. Map
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0.74 e~/A
-0.51 e~/A

Table Al. Bond lengths (A) with estimated standard deviations
atom

atom

distance

atom

Ru(l)

P(l)

2.3244(9)

C(ll ) C(16)

1.398(4)

Ru(l)

P(2)

2.3259(8)

C(12 ) C(13)

1.394(4)

Ru(l)

N(l)

2.108(2)

C(13 ) C(14)

1.379(5)

Ru(l)

N(2)

2.120(2)

C(14

C(15)

1.377(5)

Ru(l)

N(3)

2.033(2)

C(15

C(16)

1.390(4)

Ru{l)

N(4)

2.019(2)

C(17

C(18)

1.400(4)

P(l)

C(l)

1.833(3)

C(17

C(22)

1.374(4)

P(l)

C{5)

1.826(3)

C(18

C(19)

1.380(5)

P(l)

C(ll)

1.840(3)

C(19

C(20)

1.356(5)

P{2)

C(4)

1.839(3)

C(20

C(21)

1.382(5)

P(2)

C(17)

1.831(3)

C(21

C(22)

1.395(4)

P(2)

C(23)

1.827(3)

C(23)

C(24)

1.379(5)

N(l)

C(29)

1.129(4)

C(23)

C(28)

1.381(4)

N(2)

C(31)

1.135(3)

C(24

C(25)

1,388(5)

N(3)

C(33)

1.126(3)

C(25)

C(26)

1.392(7)

N(4)

C(35)

1.131(3)

C(26)

C(27)

1,351(7)

C(l)

C(2)

1.546(4)

C(27)

C(28)

1.385(6)

C(2)

C(3)

1.531(5)

C(29)

C(30)

1.452(4)

C(3)

C(4)

1.526(5)

C(31)

C(32)

1.457(4)

C(5)

C(6)

1.390(4)

C(33)

C(34)

1.453(4)

C(5)

C(10)

1.395(4)

C(35)

C(36)

1.458(4)

C(6)

C{7)

1.382(4)

P(3)

F(l)

1,589(2)

C(7)

C(8)

1.383(5)

P(3)

F(2)

1.591(2)

C(8)

C(9)

1.369(5)

P(3)

F(3)

1.566(2)

C(9)

C(10)

1.384(4)

P(3)

F(4)

1.574(3)

C{11)

C(12)

1.387(4)

P(3)

F{5)

1.577(2)
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atom

distance

Table Al. (continued)
atom

atom

distance

P{3)

F(6)

1.580(2)

P(4)

F(7)

1.542(3)

P(4)

F(8)

1.530(3)

P(4)

F(9)

1.486(4)

P(4)

F(10)

1.564(3)

P(4)

F{11)

1.534(3)

P(4)

F(12)

1.517(5)
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Table A 2 . Bond angles (deg) with estimated standard deviations.
atom

atom

atom

angle

atom

atom

atom

P(l)

Ru(l

P(2:

93.93(3)

C(17)

P(2)

C(23)

101.3(1)

P(l)

Ru(l

N{i;

174,69(6)

Ru(l)

N(l)

C(29)

170.3(2)

P(l)

Ru(l

N(2;

92.73(6)

Ru(l)

N(2)

C{31)

169.5(2)

P(l)

Ru(l

N{3

95.04(7)

Ru(l)

N(3)

C(33)

172.2(2)

P(l)

Ru(l

N{4:

92.94(7)

Ru(l)

N(4)

C(35)

170.9(2)

P(2)

Ru(l

N(i;

90.04(7)

P(l)

C(l)

C(2)

113.9(2)

P(2)

Ru(l

N(2:

173.11(6)

C(l)

C(2)

C(3)

114.0(3)

P(2)

Ru(l

N(3;

89.64(7)

C(2)

C(3)

C(4)

116.8(2)

P(2)

Ru(l

N(4;

94.00(7)

P(2)

C(4)

C(3)

118.9(2)

N(l)

Ru(l

N(2:

83.43(9)

P(l)

C(5)

C(6)

118.5(2)

N(l)

Ru(l

N(3

88.51(9)

P(l)

C(5)

C(10)

123.5(2)

N(l)

Ru(l

N(4:

83.25(9)

C(6)

C(5)

C(10)

117.9(3)

N(2)

Ru{l

N(3:

87.99(9)

C(5)

C(6)

C{7)

121.1(3)

N(2)

Ru(l

N(4:

87.44(9)

C(6)

C(7)

C(8)

119.9(3)

N(3)

Ru{l

N(4:

170.98(8)

C(7)

C(8)

C(9)

120.0(3)

Ru{l)

P(l)

c(i:

117.9(1)

C(8)

C(9)

C(10)

120.2(3)

Ru(l)

P(l)

c(5:

111.32(9)

C(5)

C(10)

C(9)

120.9(3)

Ru(l)

P(l)

C(ll)

118.80(9)

P(l)

C(ll)

C(12)

123.1(2)

C(l)

P(l)

c{5:

104.3(1)

P(l)

C(ll)

C(16)

118.2(2)

C(l)

P(l)

C(ll)

100.9(1)

C(12)

C(ll)

C(16)

118.8(3)

C(5)

P{1)

C(ll)

101.3(1)

C(ll)

C(12)

C(13)

120.2(3)

Ru(l)

P(2)

c(4:

116.0(1)

C(12)

C(13)

C(14)

120.4(3)

Ru(l)

P(2)

C(17)

121.1(1)

C(13)

C(14)

C(15)

120.0(3)

Ru(l)

P(2)

C(23)

111.02(9)

C(14)

C(15)

C(16)

120.1(3)

C{4)

P(2)

C(17)

102.7(1)

C(ll)

C(16)

C(15)

120.5(3)

C(4)

P(2)

C(23)

102.2(1)

P(2)

C(17)

C(18)

118.8(2)
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angle

Table A 2 . (continued)
angle

atom

atom

atom

122.5(2)

F(2)

P(3)

F(5)

178.7(2)

C(22)

118.6(3)

F(2)

P{3)

F(6)

90.4(2)

C(18)

C(19)

119.7(3)

F(3)

P(3)

F(4)

89.7(2)

C(18)

C(19)

C(20)

121.4(3)

F(3)

P(3)

F(5)

90.3(2)

C(19)

C(20)

C(21)

119.8(3)

F(3)

P(3)

F(6)

178.4(2)

C(20)

C(21)

C(22)

119.4(3)

F(4)

P(3)

F(5)

90.3(1)

C(17)

C(22)

C{21)

121.0(3)

F(4)

P(3)

F(6)

89.3(2)

P(2)

C(23)

C(24)

119.1(3)

F(5)

P(3)

F(6)

90.9(2)

P(2)

C(23)

C(28)

122.1(3)

F(7)

P(4)

F(8)

91.1(2)

C(24)

C(23)

C(28)

118.6(3)

F(7)

P(4)

F(9)

86.2(3)

C(23)

C(24)

C(25)

120.9(4)

F(7)

P(4)

F(10)

174.2(3)

C(24)

C(25)

C(26)

119.3(4)

F(7)

P(4)

F(ll)

88.7(2)

C(25)

C(26)

C(27)

119.9(4)

F(7)

P(4)

F(12)

97.0(3)

C(26)

C(27)

C(28)

120.7(4)

F(8)

P(4)

F(9)

91.9(3)

C(23)

C(28)

C(27)

120.5(4)

F(8)

P(4)

F(10)

89.3(2)

N(l)

C(29)

C(30)

178.5(3)

F(8)

P(4)

F(ll)

174.0(3)

N(2)

C(31)

C(32)

178.4(3)

F(8)

P(4)

F(12)

90.0(3)

N(3)

C(33)

C(34)

178.2(3)

F(9)

P(4)

F(10)

88.1(3)

N(4)

C(35)

C(36)

178.0(3)

F(9)

P(4)

F(ll)

94.0(3)

F(l)

P(3)

F(2)

89.8(1)

F(9)

P(4)

F(12)

176.2(4)

F(l)

P(3)

F(3)

90.7(1)

F(10)

P(4)

F(ll)

91.5(2)

F(l)

P(3)

F(4)

179.6(1)

F(10)

P(4)

F(12)

88.7(3)

F(l)

P(3)

F(5)

89.9(1)

F(ll)

P(4)

F(12)

84.1(3)

F(l)

P(3)

F(6)

90.3(1)

F(2)

P(3)

F(3)

88.4(2)

F(2)

P(3)

F(4)

90.1(2)

atom

atom

atom

P(2)

C(17)

C(22)

C(18)

C(17)

C(17)

angle
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Table A3. Final atomic coordinates (fractional) and B
(A )*
eg
atom

X

y

z

B
so

Ru(l)

0.24350(2)

0.25006(2)

0.19583(2)

2.702(8)

P(l)

0,41507(6)

0.13840(5)

0.27598(6)

2.99(3)

P(2)

0.16990(6)

0.23916(5)

0.32012(6)

3.22(3)

N(l)

0.0887(2)

0.3445(2)

0.1078(2)

3.6(1)

N(2)

0.2944(2)

0.2757(2)

0.0778(2)

3.3(1)

N(3)

0.2884(2)

0.3765(2)

0.3070(2)

3.3(1)

N(4)

0.1821(2)

0.1392(2)

0.0675(2)

3.3(1)

C(l)

0.4518(2)

0.1140(2)

0.4207(2)

3.8(1)

C(2)

0.4433(3)

0.2111(3)

0.5155(2)

4.4(1)

C(3)

0.3440(3)

0.2369(3)

0.5519(2)

4.8(2)

C(4)

0.2318(3)

0.2959(2)

0.4754(2)

4.2(1)

C(5)

0.4262(2)

0.0128(2)

0.1821(2)

3.2(1)

C(6)

0.4110(2)

0.0047(2)

0.0666(2)

3.7(1)

C(7)

0.4071(3)

-0.0865(2)

-0.0118(3)

4.4(1)

C(8)

0.4185(3)

-0.1715(2)

0.0244(3)

5.0(1)

C(9)

0.4362(3)

-0.1658(2)

0.1385(4)

5.6(2)

C(10)

0.4408(3)

-0.0748(2)

0.2173(3)

4.4(1)

C(ll)

0.5431(2)

0.1655(2)

0.2965(2)

3.3(1)

C(12)

0.5446(2)

0.2575(2)

0.2855(2)

3.5(1)

C(13)

0.6446(3)

0.2734(2)

0.3026(3)

4.3(1)

C(14)

0.7430(3)

0.1982(3)

0.3315(3)

4.9(2)

C(15)

0.7427(3)

0.1063(3)

0.3420(3)

5.1(2)

C(16)

0.6433(3)

0.0895(2)

0.3243(3)

4.5(1)

C(17)

0.1639(2)

0.1168(2)

0.3275(2)

3.6(1)

C(18)

0.1176(3)

0.1146(3)

0.4027(3)

4.7(2)

C(19)

0.1178(3)

0.0227(3)

0.4142(3)

5.7(2)
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Table A3. Final atomic coordinates (fractional) and B
atom

X

y

z

(A ) * (cont.)

B
eq

C(20)

0.1641(3)

-0.0663(3)

0.3558(4)

5.8(2)

C(21)

0.2084(3)

-0.0659(2)

0.2795(3)

5.3(2)

C(22)

0.2063(3)

0.0266(2)

0.2647(3)

4.2(1)

C(23)

0.0231(3)

0.3104(2)

0.2821(3)

4.0(1)

C(24)

-0.0578(3)

0.2642(3)

0.1959(4)

6.1(2)

C(25)

-0.1698(3)

0.3172(4)

0.1606(5)

8.0(3)

C(26)

-0.2004(4)

0.4183(5)

0.2132(5)

8.5(3)

C(27)

-0.1209(5)

0.4647(4)

0.2947(4)

8.0(3)

C(28)

-0.0091(3)

0.4117(3)

0.3300(3)

6.1(2)

C(29)

0.0036(3)

0.3831(2)

0.0491(3)

3.9(1)

C(30)

-0.1069(3)

0.4304(3)

-0.0270(3)

6.1(2)

C(31)

0.3058(2)

0.2995(2)

0.0096(2)

3.4(1)

C(32)

0.3187(3)

0.3329(3)

-0.0772(3)

4.7(2)

C(33)

0.3034(2)

0.4525(2)

0.3595(2)

3.7(1)

C(34)

0.3229(3)

0.5497(2)

0.4303(3)

. 5.7(2)

C(35)

0.1450(2)

0.0848(2)

-0.0143(3)

4.2(1)

C(36)

0.1010(4)

0.0124(3)

-0.1191(4)

7.3(2)

P(3)

0.55044(8)

0.44667(7)

0.80767(8)

4.95(4)

F(l)

0.4862(2)

0.5542(2)

0.8609(2)

7.2(1)

F(2)

0.6377(2)

0.4972(2)

0.8130(2)

8.2(2)

F(3)

0.6290(2)

0.4254(2)

0.9338(2)

8.3(1)

F(4)

0.6137(2)

0.3404(2)

0.7541(2)

8.4(1)

F(5)

0.4651(2)

0.3968(2)

0.8054(3)

8.6(1)

F(6)

0.4742(3)

0.4673(2)

0.6796(2)

9.8(2)

P(4)

0.0257(1)

0.2667(1)

0.7013(1)

6.58(6)
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Table A 3 . Final atomic coordinates (fractional) and B
atom

X

y

z

(A )* (cont.)

B
eq

F(7)

0.0484(3)

0.3620(3)

0.7954(4)

14.4(3)

F(8)

-0.0784(3)

0.2775(3)

0.7226(4)

15.3(3)

F(9)

0.0994(5)

0.2084(4)

0.7969(4)

19.8(4)

F(10)

0.0107(4)

0.1636(3)

0.6156(3)

14.2(3)

F(ll)

0.1221(3)

0.2631(3)

0.6705(3)

13.3(3)

F(12)

-0.0471(4)

0.3202(5)

0.5981(5)

22.5(5)

*B^g = (8/3).2EEu..a.*ajMa.-aj)
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Appendix B: X-ray Crystallographic Analysis of
f-RuCl2(MeCN)4 (11)

Molecular Structure (PLUTO plot)

287

Molecular Structure of ?-RuCl2(MeCN)4 (ORTEP plot)

288

Molecular Structure of ?-RuCl2(MeCN)4 (stereoview)

289

Molecular Structure of /-RuCl2(MeCN)4 (packing diagram )
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EXPERIMENTAL DETAILS
A.

Crystal Data

Empirical Formula

CgH-jCljN^Ru

Formula Weight

336.19

Crystal Color, Habit

brown, prism

Crystal Dimensions (mm)

0.150 X 0.250 X 0.300

Crystal System

orthorhombic

No. Reflections Used for Unit
Cell Determination (29 range)

25 ( 47.9 -

Omega Scan Peak Width
at Half-height

0.38

51.8")

Lattice Parameters;
a b c =
V =

13.058 (2)A
11.790 (2)A
8.562 (1)A
1318.2 (6)A^

Space Group

Pbca (#61)

Z value

4
1.694 g/cm^

calc
^000

664

^(MoKa)

15.52 cm"-"Intensity Measurements

Diffractometer

Rigaku AFC6S

Radiation

MoKa (X - 0.71069 A)

Temperature

21''C

Take-off Angle

6.0"

Detector Aperture

6.0 mm horizontal
6.0 mm vertical

Crystal to Detector Distance

285 mm
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Scan Type

(0-29

Scan Rate

32.0''/min (in omega)
(8 rescans)

Scan width

(1.57 + 0.35 tan9)'

29max

60.0"

No. of Reflections Measured

Total:

Corrections

Lorentz-polarization
Absorption

2220

(trans, factors:
C.

0.87 - 1.00

Structure Solution
and Refinement

Structure Solution
Patterson Method
Refinement
Full-matrix least-squares
Function Minimized
I w (|Fo| - |Fc|)2
Least-squares Weights
4FoVff^(Fo^)
p-factor
0.01
Anomalous Dispersion
All non-hydrogen atoms
No. Observations (I>3.00a(I))
No. Variables
Reflection/Parameter Ratio

1131
70

Residuals:

16.16

R; R

Goodness of Fit Indicator

0.024; 0.028

Max Shift/Error in Final Cycle

1.84

Maximum Peak in Final Diff. Map
Minimum Peak in Final Diff. Map

0.003

0.36 e~/kl
-0.37 e~/A^
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Table Bl. Bond lengths (A) and angles (deg) with estimated
standard deviations.
atom

atom

distance

atom

atom

distance

Ru(l)

Cl(l)

2.4107(8)

N(2)

C(3)

1.119(3)

Ru(l)

N(l)

2.022(2)

C(l)

C(2)

1.460(4)

Ru(l)

N(2)

2.029(2)

C(3)

C(4)

1.462(4)

N(l)

C(l)

1.129(3)

atom

atom

atom

angle

atom

atom

atom

angle

Cl(l)

Ru(l)

Cl(l)*

180.00

N(l)

Ru(l)

N(2)*

94.0(1)

Cl(l)

Ru(l)

N(l)

89.46(7)

N(2)

Ru(l)

N(2)*

180.00

Cl(l)

Ru(l)

N(l)*

90.54(7)

Ru(l)

N(l)

C(l)

173.0(3)

Cl(l)

Ru(l)

N(2)

90.96(7)

Ru(l)

N(2)

C(3)

171.8(2)

Cl(l)

Ru(l)

N(2)*

89.04(7)

N(l)

C(l)

C(2)

179.1(3)

N(l)

Ru(l)

N(l)*

180.00

N(2)

C(3)

C(4)

178.2(3)

N{1)

Ru(l)

N(2)

86.0(1)

* Here and elsewhere denotes symmetry operation: 1-x,1-^,1-^.
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Table B2. Final atomic coordinates (fractional) and B
(A )*
eq
atom

X

y
'

z

B
eq

Ru(l)

1/2

1/2

1/2

2.20(1)

Cl(l)

0.34537(6)

0.43138(7)

0.62136(9)

3.26(3)

N(l)

0.5433(2)

0.5680(2)

0.7064(3)

2.5(1)

N(2)

0.5773(2)

0.3594(2)

0.5692(3)

2.6(1)

C(l)

0.5714(2)

0.5955(2)

0.8252(4)

2.8(1)

C(2)

0.6078(3)

0.6291(3)

0.9797(4)

4.4(2)

C(3)

0.6260(2)

0.2903(3)

0.6190(3)

2.9(1)

C(4)

0.6924(3)

0.2022(3)

0.6836(4)

4.0(2)

*Bgq - (8/3)n2EZU.ja.*aj*(a.-aj)
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Appendix C: Literature Spectroscopic Data for Transition-Metal Imine Complexes

CI.
C2.
C3.

Relevant Spectroscopic Data for Free Imines
Complexes of Simple A^-Donor Imines
Complexes of |i2.Tl^-Iinines

296
297
297

C4.
C5.
C6.
C7.

Ort/io-metallated A^-benzylidene Amines
A^-benzylidene Amines Metallated at the ortho C-Ph Substituent
Imine Complexes Containing an Ortho-metallaXed NCH2Ph Group
Imine Derivatives Formally Generated by C-H or C-R Activation
of Aldimines
|i2,Tll-N=C Imine Derivatives Formally Generated by C-H and C-R

298
300
301

C8.

Activation of Aldimines
References (Appendix C)

302
303
305

An overview of these imine activation modes is given in Figure 5.4 (Section 5.2.1,
p.178).
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Appendix CI: Relevant Spectroscopic Data for Free Imines

I R nmr data
5cH 8.26; ^ e 3.50
CDCI3
(CD3)2CO 5cH 8.31; 5Me 3.43
5cH 8.28; 6Me 3.49
CD2CI2
6cH 8.39; 6cH2 4.83
CDCI3
5cH 7.98; 6Me 4.59
C6D6

Imine

Solvent

MeN=C(H)Ph

PhCH2N=C(H)Pha
PhN=C(H)Phb

6cH 8.46
CDCI3
(CD3)2CO 5 C H 8 . 5 8
C7D8
ScH 8.09

iPrN=C(H)Ph

CDCI3

SMC

PhN=C(H)C(H)=C(H)Ph
PhN=C(Me)Ph
HN=CPh2
al3C{lH}nmrdata:
l'13c{lH}nmrdata:

CCI4
CDCI3

8.29; dcHMel 3.52;
1-25

5HC=N

5HC=N8.18

8Me 2.30

Reference
This work
This work
This work
This work
This work
This work
This work
This work
This work
1
This work

6H9.69
This work
CDCI3
6C=N 162 (CDCI3); infrared data: v(CN) 1634 cm-1.
5C=N 160 (C7D8).2
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Appendix C2: Complexes of Simple iV-Donor Imines

Solvent

Complex
c-RhCl(C0)2[Ti l-MeN=C(H)Ph]

Relevant ^H nmr data

(CD3)2CO 5cH 8.34; SMC 3.66

Reference
3

c-RhCl(C0)2[Ti l-PhN=C(H)Ph]

CS2

5cH 8.35

3

RhCl(CO)2[Tll-

CCI4

5N=CH8.12

1

PhN=CHCH=C(H)Ph]
CpRu(CO)(PPh3)[Til-

CD2CI2

ScH 8.38; 5Me 3.52

4

MeN=C(H)Ph]+SbF6CpRu(C0)(PPh3)[ril-

CD2CI2

6cH 10.07; 6HN 7.56

4

HN=C(H)Ph]+SbF6-

Appendix C3: Complexes of |X2,i1 ^-Imines

Complex
Ph

'p^
Rh
^P
^Pr2

Solvent

/ C " H 'P
^u
H

C7D8

I R nmr data

13c {iR} nmr

8CH4.90

5cN 62.4

Rh
P*^
^Pr2

297

Reference
2

Appendix C4: Or//zo-metallatedA^-benzylidene Amines

Complex

Solvent

1H nmr data

CDCI3

8CH7.68;

13c {IR} nmr

Reference
5

5cH2 4.91
CHzPh
CDCI3
H-r

Pd
^N

8cH 7.4; 5cH2

6

4.0, 4.6

-'2
CH2Ph

H-r

CDCI3

5cH 7.9; 6cH2
5.2

5

CS2

5cH 7.87, 7.84

3

5cH 8.87,

7

Pd
CHsPh

oc^ T 11
^Ru-^

Ph

/

H

pLe."
^ O s — ^ Me

(CD3)2C
0

8.47;
5Me 4.23, 3.24
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Appendix C4: Complexes of Ortho-MQtal\aXe.d Imines (cont'd).
Complex

9^

H_ '

Solvent

1H nmr data

13C{lH}nmr

CDCI3

5cH 8.33

5c=N 187.0

CDCI3

ScMe 2.39

6c=N 184.7

CS2
(R=Me)

ScH 8.08; SMC
3.53

Mn(C0)4
(CD3)2C ScH 8.56
Q (R=Ph)

•N

R

(CD3)2C
^

.

^ '

Re(CO)4

o

(CD3)2C
^

,

H-C

/^^P

8cH 8.49

O

5cH 7.83; 5Me
3.75

Me
(CD3)2C

5cH 8.53,
O (R=Me) 8.15; 6Me 3.91,
3.10
Ru(C0)2
CS2
(R=Ph)

5cH 7.87, 7.84
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Reference

Appendix C5: A^-benzylidene Amines Metallated at the ortho C-Ph Substitutent

Complex

V //

Solvent

1H nmr data

CDCI3

5cH 7.99, 5 c m i e
5.90, 6Me 1.75

CDC13

6cH -7.8, 5 c m i e
5.50, 5Me 1.30

CDCI3

5cH 7.76, 5cH2 3.35

10

CDCI3

8cH

10

H

Reference

II -1-Ru—N^cjjj^^^
CI

KT

CIO.

c

„;3-L

II

CHMe,

PPhq

^ c «

Br

H-C
/

Ph

7.92,

5NCH2

5.10, 5pdCH2 3.07

300

Appendix C6: Imine Complexes Containing an Ortho-metalla.ted NCH2Ph Group

Complex

Solvent

1H nmr data

CDCI3

6cH 9.13, 5cH2 4.61
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Reference
10

Appendix C7: Imine Derivatives Formally Generated by C-H or C-R Activation of
Aldimines

Complex

Solvent

.H.

(CD3)2C
Ru(C0)3

(CO)3Ru

VN=C^
Ph^fy^Ph

1H nmr data
8cH 7.3, S^.H-18.1

o

Ru
(CO)4

Me,

Ph
N^C

CDCI3

SMB 3.2, 6p^.H-15.0

CDC13

8cH 9.71, 5Me 3.74

(C0)3 O s ^
^ O s (C0)3
^ H ^
Os
(CO)4

H.
.Os(CO)3

(C0)3 0 s

VN=C^
(C0)3
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Reference
11,12

Appendix C8:

|L12,TI1-C=N

Imine Derivatives Formally Generated by C-H or C-R

Activation of Aldimines

Complex

Solvent

1H nmr data

CDCI3

5cH2 4.82

13

CDCI3

6cH2 5.62, 5.55*

13

CDCI3

5NH

9.26. 9.11;
5cH2 4.79,4.72

14

.CHjPh
N

Reference

II

CO
\

r
/

CO
\

/

Ru

Ru

c/ V
^

V

O

Me^+.CHjPh

^\ A /^
Ru

Ru

c/ \^ V
O

H^

^CH2Ph
II

(C0)3 0 s

c.

ps(C0)3

»Pr-N V
/ N ,
H
Os
(CO)4
The related species shown below exhibits a methylene singlet at 4.40 ppm in CDCl3.^^
H

Me
N-CHaPh

''\ A /^^
Ru

Ru

c/ Y V
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Appendix C8: p.2,'nl-N=C Imine Derivatives Formally Generated by C-H or C-R
Activation of Aldimines (cont'd)
Complex
Me.

^CHzPh

Solvent

I R nmr data

CDCI3

5cH2 5.35, 5.15;

II

SMC

3.68

Os(CO)3

(C0)3 0 s
Os
(CO)4

Me^

(C0)3 0 s

Me

CDCI3
Os(CO)3
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5Me3.84
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Appendix D: Nmr Experiments on Ru2Cl4(dppb)2(|i2>^^-NH2CH2Ph) (28)

Dl.

(a) 13C{lH} nmr spectrum (75 MHz, CD2CI2)
(b) Expansion of aliphatic region of ^^C{ ^H} nmr spectrum
(c) Expansion of aromatic region of 13c{lH} nmr spectrum

307
308
309

(d) Gated-decoupled 13C{ iH} nmr spectrum (75 MHz, CD2CI2)

310

D2.

13c A P r nmr spectrum (75 MHz, CD2CI2)

311

D3.

(a)
(b)
(c)
(d)
(e)
(a)
(b)
(c)

312
313
314
315
316
317
318

D4.

D5.

D6.

IH nmr spectrum (500 MHz, CD2CI2)
Expansion of aliphatic region of ^H nmr spectrum
Expansion of aromatic region of ^H nmr spectrum
lH{31p} nmr spectrum (500 MHz, CD2CI2).
Expansion of aliphatic region of lH{31p} nmr spectrum
13C-1H HETCOR nmr spectrum (125 MHz, CD2CI2)
Expansion of aliphatic region of (a)
Expansion of aliphatic region of a second 13c-lH

HETCOR nmr spectrum (125 MHz, CD2CI2).
(d) Expansion of aromatic region of (a)
(a) iH-lH C05y nmr spectrum (500 MHz, CD2CI2)
(b) Expansion of aliphatic region of (a)
(c) Expansion of aromatic region of (a)
Selective ^H- iH decoupling experiments (500 MHz, CD2CI2)
a) Decoupled at 1.25 ppm (NH)
b) Decoupled at 2.65 ppm (agostic CH)
c) Decoupled at 2.90 ppm (NH, dppb CH)
d) Decoupled at 3.17 ppm (anagostic CH, dppb CH)
e) Decoupled at 1.85 ppm (dppb CH of CH2; coupled to dppb
proton overlapping agostic benzylamine CH signal)
f) Decoupled at 2.05 ppm (dppb CH of CH2; coupled to dppb
proton overlapping benzylamine NH signal)
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Appendix Dl (d): Gated-decoupled l^CflR} nmr spectram.
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Appendix D2: l^c APT nmr spectrum (75 MHz, CD2CI2) of 28.
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Appendix D3 (b): Expansion of aliphatic region of ^H nmr spectrum.
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Appendix D3 (c): Expansion of aromatic region of ^H nmr spectrum.
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Appendix D3 (e): Expansion of aliphatic region of lH{31p} nmr spectrum.
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Appendix D4 (c): Expansion of aliphatic region of a second ^^C-^H HETCOR nmr
spectrum (125 MHz, CD2CI2). The sample is slightly impure but the resolution is good.
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Appendix D4 (d): Expansion of aromatic region of l^C-lR HETCOR nmr spectrum (a).
320

JLAiAA_-AAvMv_i__

-n
o
•

•
«

n
o

e

CO

<

•a

•

.

'

CO

111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111 f

"S

j|||pp|g8

"ElS^ga
8

38C|S<Ra
7

s||dg
1

g8«ai3RS82Sij|8aa6ap|
"I"

|p
'

I

. i J . . J j E l L l i JiJJ ..illJ s!

B O8 «

8|»B-

Appendix D5 (a):

IH-IR

CO^y nmr spectrum (500 MHz, CD2CI2) of 28.
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Appendix D5 (b): Expansion of aliphatic region of ^H-lH COSY mar spectrum.
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Appendix D6 (a): iH nmr spectrum (500 MHz, CD2CI2), decoupled at 1.25 ppm (NH).
324

CH of dppb CH2

NH2CMiPh (anagostic)
- NH + CHofdppbCH2

c_
en o

S- CD

I—<

*^

CD

Q.
0)

ru

D

-n
o
CD

CD CD
CJ1

T3
T3

Appendix D6 (b): ^H nmr spectrum (500 MHz, CD2CI2), decoupled at 6 2.65 (on agostic
CH).
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Appendix D6 (c): ^H nmr spectrum (500 MHz, CD2CI2), decoupled at 2.90 ppm (NH,
dppb CH).
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Appendix D6 (d): ^H nmr spectrum (500 MHz, CD2CI2), decoupled at 5 3.17 (on
anagostic CH overlapping with CH of dppb CH2).
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Appendix D6 (e): ^H nmr spectrum (5(X) MHz, CD2CI2), decoupled at 5 1.85 (on dppb
CH coupled to CH overlapping agostic benzylamine CH at 5 3.17).

328

cn

(1)

bi'

•—NHiCMiPh (anagostic)
NH + CH of dppb CH2
NH2C//HPh (agostic)
+ CH of dppb CH2

O
CD

Is
CO
Q.
Q)

ru
en
-D

Appendix D6 (f): ^H nmr spectrum (500 MHz, CD2CI2), decoupled at 5 2.05 (on dppb
CH coupled to the dppb CH overlapping benzylamine NH at 5 2.90).
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