"

[

romsmmensemsey
]

u Ottawa

L'Université canadienne
Canada's university



-

FACULTE DES ETUDES SUPERIEURES [ FACULTY OF GRADUATE AND
ET POSTOCTORALES uOttawa POSDOCTORAL STUDIES

L'Université canadienne
Canada’s university

Heather Foucault
AUTEUR DE LA THESE 7 AUTHOR OF THESIS

M.Sc. (Chemistry)
GRADE / DEGREE

Department of Chemistry
FACULTE, ECOLE, DEPARTEMENT / FACULTY, SCHOOL, DEPARTMENT

Theoretical and Experimental Investigations of Neutral Ligand Effects in Ruthenium-Mediated
Catalysis

TITRE DE LA THESE / TITLE OF THESIS

Dr. D. Fogg
DIRECTEUR (DIRECTRICE) DE LA THESE / THESIS SUPERVISOR

CO-DIRECTEUR (CO-DIRECTRICE) DE LA THESE / THESIS CO-SUPERVISOR

EXAMINATEURS (EXAMINATRICES) DE LA THESE / THESIS EXAMINERS

Dr. S. Gambarotta

Dr. D. Richeson

Gary W. Slater

Le Doyen de la Faculté des études supérieures et postdoctorales / Dean of the Faculty of Graduate and Postdoctoral Studies




THEORETICAL AND EXPERIMENTAL INVESTIGATIONS OF NEUTRAL LIGAND

EFFECTS IN RUTHENIUM-MEDIATED CATALYSIS

By

HEATHER M. FOUCAULT

Thesis submitted to the
Faculty of Graduate and Postdoctoral Studies
University of Ottawa
In partial fulfillment of the requirements for the degree of

MASTER OF SCIENCE

Ottawa-Carleton Chemistry Institute
University of Ottawa
Ottawa, Ontario
Canada

© Heather M. Foucault, Ottawa, Canada, 2006



Bibliotheque et
Archives Canada

Library and
* Archives Canada
Direction du
Patrimoine de I'édition

Published Heritage
Branch

395 Wellington Street

395, rue Wellington
Ottawa ON K1A ON4

Ottawa ON K1A ON4

Canada Canada
Your file Votre référence
ISBN: 978-0-494-25771-5
Our file  Notre référence
ISBN: 978-0-494-25771-5
NOTICE: AVIS:

L'auteur a accordé une licence non exclusive
permettant a la Bibliothéque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par télécommunication ou par I'Internet, préter,
distribuer et vendre des theses partout dans

le monde, a des fins commerciales ou autres,
sur support microforme, papier, électronique
et/ou autres formats.

The author has granted a non-
exclusive license allowing Library
and Archives Canada to reproduce,
publish, archive, preserve, conserve,
communicate to the public by
telecommunication or on the Internet,
loan, distribute and sell theses
worldwide, for commercial or non-
commercial purposes, in microform,
paper, electronic and/or any other
formats.

The author retains copyright
ownership and moral rights in
this thesis. Neither the thesis
nor substantial extracts from it
may be printed or otherwise
reproduced without the author's
permission.

L'auteur conserve la propriété du droit d'auteur
et des droits moraux qui protége cette these.
Ni la thése ni des extraits substantiels de
celle-ci ne doivent étre imprimés ou autrement
reproduits sans son autorisation.

In compliance with the Canadian Conformément a la loi canadienne

Privacy Act some supporting
forms may have been removed
from this thesis.

While these forms may be included
in the document page count,

their removal does not represent
any loss of content from the

thesis.

Canada

sur la protection de la vie privée,
quelques formulaires secondaires
ont été enlevés de cette thése.

Bien que ces formulaires
aient inclus dans la pagination,
il n'y aura aucun contenu manquant.



ABSTRACT

The activity of novel ruthenium-hydride complexes RuHCI(CO)(IMes)(PPh;) and
RuHCI(CO)(H,IMes)(PPh;) was screened for the hydrogenation of sterically-hindered trans
internal  olefins, and- compared to known catalysts RuHCI(CO)(PCy;), and
RuHCI(CO)(IMes)(PCy,). The presence of a labile ancillary donor (i.e. PPh;) proved to be
necessary for the high activity of the N-heterocyclic carbene catalysts. However, where possible,
competing isomerization and polymerization reactions occurred on the timescale of
hydrogenation.

Quantum chemical calculations were performed on model systems RuHCI(CO)(PH;) and
RuHCI(PH,), to identify the role of the carbonyl ligand within the context of catalysis. The
resulting data did not support the proposal that this ligand’s presence activates the resulting
catalyst toward hydrogenation of olefins. No net stabilization of the rate-determining step by
CO-containing RuHCI(CO)(PH,), was observed.

The resistance to o— isomzerization afforded by a chelating iminopyrrolato ligand was
examined through synthesis of RuCl(k*-N,N’-(2,6-'Pr,C¢H,)-N=CHC,H,N)(PPh;),],. Retention of
the o-bound binding mode was confirmed on the basis of solution NMR characterization. Data
from one dimenional *'P dipolar chemical shift, and two-dimensional *'P->'P J-resolved NMR
spectra, both of which were gathered in the solid state, confirm that the PPh; ligands on each
metal center are cis-disposed. Data from pulsed field gradient spin echo diffusion NMR

experiments establish the dimeric structure of this compound.
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CHAPTER 1

Introduction

1.1. Homogeneous Catalysis

Catalytic processes are relevant to every area of chemical synthesis; they account for over
85 % of all reactions and represent the most efficient and environmentally-friendly route to many
industrially-relevant compounds.! Commercially, this field is dominated by heterogeneous
systems, which are definitely more economical than homogeneous (molecular) catalysts.
However, heterogeneous systems are ill-defined at the molecular level.> Homogeneous catalysts
are well-defined, and thus more selective, but suffer from issues relating to longevity and
separation of product from catalyst solution.> As a compensating advantage these systems can,
in principle, be characterized completely by spectroscopic techniques, and possess reaction
kinetics that can be equally related to each active metal atom.”> This permits a more detailed
mechanistic understanding than is afforded by the heterogeneous systems. The consequence of
this is that homogeneous catalysts can be tailor-made for highly specialized reactions, offering

the greatest possible degree of regio-, chemo- and enantioselectivity.

1.2. Homogeneous Hydrogenation

Dihydrogen is the simplest molecule, and the cleanest and most abundant reducing agent.
The impact of reactions with molecular hydrogen are far-reaching; addition of H, is relevant to
both the large-scale production of saturated compounds, and to the development of fine
chemicals for highly-specialized applications.>” Hydrogenation of unsaturated bonds is also a

known method for protecting materials from oxidative and thermal degradative pathways.*’



Under ambient conditions, however, molecular hydrogen is unreactive® and hydrogenation is

always preceded by initial activation of H, by a metal catalyst.

1.2.1. Mechanistic Overview

Addition of H, across an unsaturated bond is thermodynamically favourable but
symmetry forbidden in the ground state.” In a concerted cis addition (Figure 1.1), electrons
cannot flow from the filled o-orbital on H, to the unfilled st*-orbital on the olefin because there
is no net orbital overlap. Transition metal d-orbitals, however, posses the correct symmetry to
interact with H, directly; a filled metal d-orbital overlaps with the empty H, o*-orbital and
causes dissociation of the H-H bond. The products of this transformation are two metal-hydride

bonds of the correct symmetry to permit transfer of a hydrogen atom to an olefin.

(M 2
Figure 1.1 Symmetry-forbidden addition of H, to a carbon-carbon double bond (1) and metal-
catalyzed allowed concerted addition of two H atoms across a carbon-carbon double
bond (2).
For many transition metal hydrogenation catalysts, activation of H, occurs via an inner

sphere mechanism (i.e. H, interacts with the metal centre directly). This activation can occur by

either oxidative addition or heterolytic splitting of H,. Dihydrogen activation by an oxidative

2



addition occurs via a three-centereq, two-electron transition state, and is most favoured for
square planar & metal complexes; addition results in formation of a octahedral &° metal centre.®
The first well-defined species to exhibit activation by this method was Wilkinson’s catalyst,
RhCI(PPh;);. Molecular hydrogen adds to RhCI(PPh;),, formation of two hydrides labilizes one
of the PPh; ligands, and a vacant site is then created for olefin coordination (Scheme 1.1)."° The
intermediate alkyl generated following olefin coordination and insertion of the olefin into the
metal-hydride bond, then undergoes reductive elimination with the second hydride to generate an
alkane. A dissociative mechanism, in which PPh, is lost first, is favoured for reactions mediated
by catalysts with at least one of the following: an overall positive charge on the metal or an
environment of low free phosphine concentration. This pathway, where RhCI(PPh;), reacts with
H,, is 10* times faster than the analogous reaction with RhCI(PPh,),.""? For both the
dissociative and hydridic possibilities, kinetic”® and computational analysis at the ab initio'* and

B3LYP" levels of theory suggest that olefin insertion into the Rh-H bond is the rate-determining

step, and that the overall reaction is exothermic.
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Scheme 1.1 Associative and dissociative mechanisms for olefin hydrogenation by Wilkinson’s
catalyst. The right-hand mechanism (dissociative) is dominant.

Ruthenium hydrogenation catalysts activate H, by either oxidative addition or net

118 indicate that the mechanism for hydrogenation is dissociative,

heterolysis.'® Kinetic studies
for phosphine-containing catalysts, and that the active catalyst is generated by initial phosphine
loss. Olefin coordination to the active catalyst results in formation of a m-bound olefin complex
that rearranges to a o-alkyl complex by insertion of the olefin into the metal-hydride bond.
Coordination of H, results in formation of a Ru-H, complex. The increase in acidity of the
protons of the H, ligand enables deprotonation by the alkyl ligand and the active catalyst is
regenerated when the saturated product is eliminated.” This last step is fast and irreversible
(Scheme 1.2). By heterolytically activating H, and avoiding oxidative addition, formation of a
Ru(IV) intermediate is bypassed, which can be an unstable oxidation state for ruthenium.? Some

of these reported Ru(IV) complexes represent transient species where the equilibrium lies more

in favour of the corresponding dihydride-hydrogen complex Ru(H),(H,) instead.
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Scheme 1.2 Mechanism for olefin hydrogenation by benchmark RuHCI(CO)(PClys,),.

Kinetic studies indicate that the rate-determining step for Ru-catalyzed hydrogenation is
olefin insertion into the Ru-H bond, paralleling the analogous Rh-catalyzed reaction. The only
computational confirmation of this finding has been through analysis of the reduction of

norbornadiene (NBD) by RuH(OTf)(NBD)(PPh;), at the BLYP level of density functional
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theory.” A similar analysis of the common catalyst architecture RuHCI(X)(L), does not exist.

However, key advances have been made into the understanding of the proposed reaction

intermediates, including the Ru-H, complex®' and olefin insertion into the Ru-H bond.***



1.2.2. Neutral Ligand Effects in Homogeneous Hydrogenation
1.2.2.1. The Carbon Monoxide Ligand in Transition Metal Hydrogenation Catalysts
Incorporation of m-acidic species has mixed effects on the rate of hydrogenation,
depending on the transition metal mediating the catalysis. Rhodium and iridium carbonyl
complexes, for example, are less active than their non CO-containing complexes.'® These metals
activate H, by oxidative addition.® Incorporation of strongly m-acidic species promotes
n’-coordination of dihydrogen rather than dissociation through stabilization of the metal d-
orbitals by back donation. The required high-spin d°-configuration needed for donation into the

H-H o"~orbital, to create the dihydride, is not energetically favourable (Figure 1.2).%%

(1) 2
Figure 1.2 Orbital diagram of metal d-orbitals representing a high-spin d° configuration (1) and a
low-spin &° configuration (2). The HOMOs in (2) are stabilized by back-donation
from CO.
The incorporation of a carbonyl ligand into hydrido ruthenium catalysts containing
alkylphosphines can result in enhanced hydrogenation activity. This effect is readily observed in
tandem catalytic processes, where Ru-alkylidenes are transformed into olefin reduction catalysts

in the presence of an alcohol co-solvent and a base. Known hydrogenation catalyst

RuHCI(CO)(PCy,), is generated in situ from reaction of Grubbs-type catalysts
6



(RuCl,(CHPh)(LL’)) with methanol in the presence of triethylamine (Scheme 1.3).%?7 The
decarbonylation of methanol by Ru(Il) complexes is well established in the literature,” and may

account for the increased hydrogenation activities reported this solvent.?

Ci o

[Rul—Cl + HOCH; —» [nu]/ HO, Ry — H_[RUC”
: H A
\('IS/ (’? \ C\H
CH3 H/CH2 J

H H H o

I -H, I |

[Rul—CO Hp—[RU]—CO ~—— H—[Ru—C

H

Scheme 1.3 The decarbonylation of methanol by a Ru(II) compound ([Ru] = RuCl(PPh,),).

However, the role of the carbonyl ligand in catalysis is not well understood. Heterolytic
activation of H,, prior to reductive elimination of the saturated product, may result in a
ruthenium dihydride where the metal exists in a transient +4 oxidation state. The observation of

30 Addition of a m-acidic

Ru(H),Cl,(PCy,), may be possible indirect evidence for this theory.
ligand would tend to destabilize the Ru(IV) complex via back-donation of electron density from
the metal to the mt* orbitals on the ligand. This effect would decrease the barrier for reductive
elimination of the saturated product. Heterolytic activation also implies donation of electron

density from the H-H o-orbital, which would be favoured by the stabilization of metal d-orbitals

by CO.



1.2.2.2. N-Heterocyclic Carbenes as Ligands in Transition Metal Hydrogenation Catalysts
Wanzlick and Ofele first reported the use of N-heterocyclic carbenes as ligands for

3132 Their widespread use as ligands was not

transition metal compounds almost 40 years ago.
practical until the isolation of the first free carbene by Arduengo and co-workers more than 20
years later.” N-heterocyclic carbenes, when bound to a metal, are less reactive than both Fischer

and Schrock carbenes (Figure 1.3) but they still participate in side-reactions with the metal

centre. These side reactions include ortho-metallation and reductive elimination.>*

Figure 1.3 Fischer (1) and Schrock (2) carbene classes.

Initially, an analogy was drawn between N-heterocyclic carbenes and phosphines: both

5

ligand classes are neutral, two electron almost o-donors with poor m-acceptor capabilities.’
Further study showed these two ligand classes to be more distinct. N-heterocyclic carbenes are

more basic (better o-donors) than the most basic phosphines®*®

and their two-dimensional steric
demand, relative to the cone shape of PR;, permits the incorporation of larger side-groups.
Incorporation of N-heterocyclic carbenes as phosphine replacements has been linked directly to

36.39 an d

enhanced activity for many catalytic processes, including olefin metathesis,
hydrogenation “** and isomerization.***” With respect to olefin hydrogenation, however, N-

heterocyclic carbene-containing systems have enjoyed less success, and until recently, have been

useful only at high temperatures and pressures.*



1.3. Bimolecular Deactivation of Chlororuthenium Olefin Metathesis Catalysts

Olefin metathesis has emerged as a powerful tool for the synthesis of structurally diverse
organic and polymeric materials.® While a range of well-defined catalysts for this
transformation exist, integration of selectivity (regio-, chemo-, enantio-), reactivity and
robustness remains elusive. The Schrock and Grubbs class of olefin metathesis catalysts have
had the most significant impact in this regard. Schrock catalysts are high oxidation state
molybdenum-alkylidene complexes that accommodate a wide range of aryloxide, alkoxide and
imido functional groups. These catalysts are among the most selective for asymmetric ring-
closing metathesis and ring-opening metathesis polymerization*® but are very sensitive to air,
water and polar functional groups. While the first generation Grubbs catalyst
(RuCl,(CHPh)(PCys,),) lagged in lifetime and activity, relative to the Schrock catalysts, superior
functional group tolerance and robustness was achieved. Incorporation of N-heterocyclic
carbenes,>® *'* labile neutral ligands (i.e. PPh,,* pyridine® %) and activated styrenyl ethers®**

made Ru-catalysts competitive with the Mo systems.

CF3 NAr /. NAR Ph Ph
>< I X | Cy3P/,,ﬂ «Cl Cy3P:,,ﬂ “Cl  Mes
F3C O\\“'MO\ U} o‘\\"MO\ ) Ru RU /
o o cl PCy, cl
N \/)
FaC CFs Mes

Figure 1.4 Selected olefin metathesis catalysts (from left): Schrock catalyst (Ar' = 2,6-Pr,-
C4H,),” asymmetric Schrock catalyst (Ar* = 2,6-Me,-C,H,),* Grubbs first generation
catalyst,® second generation catalyst.*®

Work by the Fogg group showed that decomposition of the Grubbs-class of catalysts is

promoted by the presence of chloride ligands, which enable a bimolecular decomposition



pathway (Scheme 1.4).% Since this finding, N-heterocyclic carbene complexes have also been
implicated in a bimolecular decomposition pathway.® In an attempt to circumvent the former
transformation, formation of a Ru,(u—Cl); dimer, the chloride ligands were replaced by

alternative anionic donors or ‘pseudohalide’ ligands.

R PhP ;
2 C'I"Rlll"“PPh:; —— Ph ?’Rugllﬂu/) PPhy + C=\
s — U= U= RUT=F g VT
PhsP” I 7 e N "
c PPhg

Scheme 1.4 Bimolecular decomposition of a Grubbs-type catalyst.*

Incorporation of aryloxide ligands into the Grubbs-type catalysts has promoted increases
in catalyst lifetime.> ® ¢ A complicating factor inherent in the use of aryloxides is their
tendency for o—m isomerization, generating catalytically-inactive piano stool ;:omplexes. The
Fogg group has noted previously the ease with which phenoxide undergoes this transformation in
systems containing labile ancillary ligands.®** One solution to this problem is the incorporation
of electron-deficient aryloxides, such as perfluorophenoxide, where m-donor ability is
significantly reduced.” Incorporation of a chelating pseudohalide is also a possibility, and

o—n isomerization would be prevented by the thermodynamic stability of the chelate ring.”" "

10



1.4. Scope of Thesis Work

This thesis is directed at clarifying fundamental concepts relating to the structure and
bonding in ruthenium catalysts for olefin hydrogenation and metathesis. Ultimately, this work is
directed at the improvement of existing species. Experimental procedures are discussed in
Chapter 2. Chapter 3 describes a computational investigation of the behaviour of m-acidic
ligands, namely carbon monoxide, in ruthenium-catalyzed hydrogenation. Olefin reductions
mediated by ruthenium hydridocarbonyl species containing N-heterocyclic carbenes are also
investigated, with emphasis being placed on their activity in the presence of a highly labile
ancillary donor. The potential of pyrrolide derivatives as N-based pseudohalide ligands is
explored in Chapter 4, in which the synthesis of a chelate-stabilized ruthenium (o-pyrrolato)
complex is discussed Finally, general conclusions and recommendations for future work are

provided in Chapter 5.
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CHAPTER 2

Experimental Procedures

2.1. Materials

Solvents. Reagent grade hexanes, dichloromethane, toluene, tetrahydrofuran and benzene were
dried and degassed using a Glass Contour solvent purification system and stored over Linde 4A
molecular sieves. Methanol was refluxed over and distilled from CaH, under an atmosphere of
N,. Deuterated solvents (CDCl;, C,D, and toluene-dg) were obtained from Cambridge Isotope
Laboratories Ltd. CDCI; was refluxed over and distilled from CaH, under an atmosphere of N,.
C,D, was dried over activated sieves (Linde 4A) and degassed by consecutive freeze-pump-thaw
cycles. Ampoules of toluene-d; were used as received. All deuterated solvents were stored

under N,.

Gases. Hydrogen (Praxair, UHP Grade) and nitrogen (Praxair, Research Grade) were used as

received for all reactions.

Substrates. Cyclododecene, allylbenzene and cyclooctene were purchased from Aldrich
Chemical Co.,' passed through a column of neutral alumina and distilled under vacuum. All

substrates were stored under an atmosphere of N,.

Other Materials. Hydrated RuCl; (38-43% Ru) and triphenylphosphine were purchased from

Strem Chemical Co. and used as received. Tetralin, pyrrole-2-carboxaldehyde, 2, 6-
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diisopropylaniline, n-butyllithium (n-BuLi, 1.6 M in hexanes), 1, 4-dibromobutane,
dicyclohexylphosphine, tricyclohexylphosphine, p-toluenesulfonhydrazide and benzaldehyde
were obtained from Aldrich Chemical Co. Tetralin, n-butyllithium, dicyclohexylphosphine and

tricyclohexylphosphine were stored in a drybox under an atmosphere of N,.

2.2. Instrumentation

Routine solution nuclear magnetic resonance (NMR) spectra were recorded on a Bruker
Avance-300 (300 MHz for 'H, 121 MHz for *'P and 75 MHz for *C) or a Bruker Avance-500
(500 MHz for 'H, 202 MHz for *'P and 125 MHz for *C) FT-NMR spectrometer. Variable-
temperature (VT) NMR, as well as all solution 2D NMR experiments, including 'H correlation
(COSY), 'H-PC heteronuclear multiple quantum coherence (HMQC), 'H-BC heteronuclear
multiple bond coherence (HMBC) and *'P exchange spectroscopy (EXSY) spectra were recorded
on a Bruker Avance-500 FT-NMR spectrometer. For 'H and “C spectra, signals are reported in
parts per million (ppm) relative to TMS (0 ppm) while the residual proton and carbon signals of
the deuterated solvent were used as secondary internal chemical shift references. *'P NMR
spectra were reported relative to externally referenced 85 % H;PO, at O ppm. Pulsed field
gradient spin echo (PGSE) diffusion NMR measurements were recorded on a Bruker Avance-
500 FT-NMR spectrometer. Solid-state *'P NMR analysis of powdered samples were performed
at 47 T (81.0 MHz) and 11.75 T (202.47 MHz) using Bruker ASX and Avance consoles,
respectively. IR spectra were measured on a Bomem MB100 IR spectrometer. Inert atmosphere
MALDI-TOF analysis was performed using a Bruker OmniFlex MALDI-TOF spectrometer
equipped with a nitrogen laser (337 nm) and interfaced to an MBraun glovebox. Data were

‘collected in positive reflectron mode, with the accelerating voltage held at 20 kV. Pyrene matrix
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and analyte solutions were prepared in CH,Cl, at concentrations of 20 and 1 mg/L, respectively.
Samples were mixed in a matrix:analyte ratio of 20:1. Microanalysis was carried out by Guelph

Chemical Laboratories Ltd., Guelph, Ontario.

2.3. Laboratory Techniques
Unless otherwise stated, all reactions were carried out at room temperature (RT, = 22 °C)

under an inert atmosphere of nitrogen using standard Schlenk or drybox techniques.

2.4. Literature Preparations

The following compounds were kindly provided by Ureshini Dharmasena (Fogg Group,
University of Ottawa): RuHCI(CO)(PCys), (1),' RuHCI(CO)(IMes)(PCy;) (2) (IMes = 1, 3-
bis(2,4,6-trimethylphenyl)imidazolin-2-ylidene),’ RuHCI(CO)(IMes)(PPh;) - (3)° and
RuHCI(CO)(H,IMes)(PPh;) (4).> The following compounds were prepared according to
literature precedent: RuCl,(PPh,); (5), N'-benzylidene-4-methylbenzenesulfonohydrazide,’
phenyldiazomethane,® RuCl,(CHPh)(PCys;),,” RuCl(x*-C, N-ArN=CHC,H,N)(PCy,)(CHPh) (9a)
(Ar =2,6-i-Pr,CH,),® 1,4-bis(dicyclohexylphosphino)butane (dcypb),” and Ru,Cl,(dcypb),(N,)

(10).°

2.5. General Procedure for Catalytic Hydrogenation Experiments
A representative procedure is given for the hydrogenation of cyclododecene. In a
glovebox, a Parr autoclave was charged with cyclododecene (0.333g, 2.00 mmol), toluene (15

mL) and RuHCI(CO)(H,IMes)(PPh;) (4) (0.73 mg, 1.00 umol). The sealed autoclave was

removed from the drybox, purged with H, (with stirring), pressurized to 140 psi and heated to 80
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°C. The sample reached thermal equilibrium in seven minutes, at which point the sample
designated ¢ = O h was removed. Subsequent samples were removed at 0.5 h, 1 h and 2 h.
Product yields were determined by gas chromatographic analysis and integrated against tetralin

as an internal standard. An average of two trials is reported (+3%).

2.6. Computational Details

All calculations were performed using the Jaguar 6.0 software package.'” Energies and
geometry optimizations of the stationary points (reactants, products, intermediates and transition
states) reflect the use of quantum chemical'' density functional theory and implementation of

Becke’s three parameter hybrid gradient-corrected exchange functional'?

and the gradient-
corrected functional of Lee, Yang and Parr,” abbreviated as B3LYP. In conjunction with the
above, the LACVP** basis set was u.sed.14 The core electrons of ruthenium are represented with
an effective core potential and the outermost valence orbitals are accounted for. Atoms not
including ruthenium (i.e. H, C, O, P and Cl) are represented using the 6-31G** basis set
developed by Pople and co-workers.

Frequency calculations were performed on all stationary points to confirm that minimum
energy structures had no imaginary frequencies and that transition states had only one imaginary
frequency. All of the energies include unscaled zero-point energy corrections. It is reasonable to
assumne that thé located transition states correspond to the reaction pathway of interest based on a
comparison of geometries, relative energies and bond orders of the ensemble of stationary points.

A smaller model system was used for the catalysts where tricyclohexylphosphine, in the

case of 1, and triphenylphosphine, in the case of RuHCI(PPh,);, are both represented by the PH,

ligand. This is a typical approach used in quantum chemical calculations to reduce
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computational time. The effect of these substitutions is not expected to have any bearing of the

qualitative nature of these calculations.

2.7. Pyrrole Ligand Precursors and Ru-Pyrrole Complex

2.7.1. 2-[(2, 6-Diisopropylphenyl)imino]pyrrole (HNN’) (6)

In a modification of a literature procedure,” '¢

a solution of 2,6-diisopropylaniline (5 mL,
26 mmol) and pyrrole-2-carboxaldehyde (2.5 g, 26 mmol) in methanol:benzene (1:4, total
volume = 25mL) was refluxed using a Dean-Stark apparatus for 4 days. The reaction mixture
was reduced to half of its original volume, yielding a yellow oil. Upon treatment with methanol,
a white precipitate was observed, and the resulting suspension was cooled to 0 °C for 4 h. This
was then filtered cold, washed with cold methanol (5 x 10 mL) and dried in vacuo. A second
crop was obtained by concentration of the filtrate and precipitation with cold methanol.
Combined yield: 4.9 g (73%). NMR data agree with those values reported.’® 'H NMR (C¢Ds, 8):
10.46 (br s, 1 H, NH), 7.84 (br s, 1 H, N=CH), 7.18 (br s, 3 H, Ar), 6.45 (br m, 1 H, pyr Hy), 6.05
(br m, 2 H, pyr H, and H;), 3.24 (sept, *J,; = 6.8 Hz, 2 H, 2 x CHMe,), 1.12 (d, *Jy,; = 6.8 Hz, 12

H. 2 x CH,).

2.7.2. Lithium 2-[(2, 6-Diisopropylphenyl)imino]pyrrolide (LiNN’) (7)

In a modification of a literature method,”> LiNN’ was obtained free of a solvating
molecule of diethyl ether® by addition of n-BuLi (1.6 M solution in hexanes, 5.5 mL, 8.85 mmol)
in 2 mL of hexanes to a solution of 6 (1.84 g, 7.25 mmol) in 40 mL of hexanes at —80 °C. The

reaction mixture was stirred at —80 °C for 2 h, then stripped of solvent to yield an off-white solid.
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This solid was then re-dissolved in the minimal amount of hexanes (10 mL), cooled to -35 °C
and then filtered. Yield: 1.4 g (74%). The product was stored at -35°C under N,. NMR data
agree with those reported,'® excluding the solvating molecule of diethyl ether. 'H NMR (C,Ds,
d): 8.02 (brs, 1 H, N=CH), 7.40-7.15 (br m, 4 H + pyr H,), 6.89 (br m, 1 H, pyr H,), 6.42 (br m,

1 H, pyr H,), 3.42 (sept, *Juy = 6.8 Hz, 2 H, 2 x CHMe,), 1.12 (d, *Jiyy = 6.8 Hz, 12 H, 2 x CH,).

2.7.3. [RuCl(x*-N,N’-ArN=CHC H,N)(PPh,),], (Ar = 2,6-Pr,C,H,) (8)

Addition of solid LiNN’ (7) (626 mg, 2.40 mmol) to a dark brown solution of 5 (1.27 g,
1.30 mmol) in CH,Cl, (30 mL) resulted in a colour change to black. Stirring of the black solution
was continued for 12 h, after which the solvent was removed in vacuo. The resulting black, oily
solid was dissolved in 10 mL hexanes and chilled to —30 °C to afford a dark purple precipitate.
This was filtered cold, washed with cold hexanes (3 x 10 mL) and dried in vacuo. Yield: 1.7 g
(72%). Low yields are incurred by the high solubility of this compound in all hydrocarbon
solvents, including pentane. *'P{'H} NMR (C(Dq, 8): 58.5 (s, PPh,). 'H NMR (C,D;, 8): 7.90 (t,
“Jup = 2.1 Hz, 1 H, N=CH), 7.29-6.85 (m, 33 H, Ph, Ar), 7.15 (br s, 1 H pyr Hy), 6.34 (m, 1 H,
pyr H,), 6.18 (br s, 1 H, pyr H;), 2.48 (sept, >Jyyy = 7 Hz, 2 H, 2 x CHMe,), 0.90 (d, °J,; = 7 Hz, 6
H, 2 x CH;), 0.83 (d, >J,yy = 7 Hz, 6 H, 2 x CH;). “C{'H} NMR (C,D;, 8): 164.2 (s, N=CH),
147.5 (s, pyr Cy), 144.1 (s, Ar C)), 143.7 (s, pyr Cy), 143.0 (s, Ar C,, C¢), 135.0-135.5 (multiple s,
Ph), 126.8 (s, Ar Cp), 123.4 (s Ar G;, C,), 121.3 (s, pyr Cs), 114.5 (s, pyr C,), 29.4 (s, 2 x
CHMe,), 26.5 (s, CH;), 22.7 (s, CH,;). Anal. Calc’d. For C,,H,,CI,N,P,Ru,: C, 69.91; H, 5.62;
N, 3.06%. Found: C, 69.12; H, 5.67; N, 2.79%. MALDI-TOF MS, m/z: Calc’d for
[Ru,Cl,(NN’)(PPh;),]™, 1828.5; Found, 1044.2 (corresponds to [M-3PPh, + 2H]"). Calc’d for

[RuCI(NN’)(PPh;)]*": 652.1; Found, 652.3.
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2.8. Solid-State NMR Spectroscopy -

These experiments were conducted by Dr. David Bryce (University of Ottawa). *'P NMR
spectra of powdered samples were recorded at 4.7 T (81.0 MHz for *P) and 11.75 T (202.47
MHz for *'P) using Bruker ASX and Avance consoles, respectively. For experiments at 4.7 T,
custom Teflon inserts were packed in a glovebox, under nitrogen, and placed inside zirconia
rotors (7 mm o.d.) for use in a Bruker double-resonance magic-angle spinning (MAS) probe. For
experiments at 11.75 T, zirconia rotors of 4 mm o.d. were used in a Bruker triple-resonance
MAS probe. *'P chemical shifts were referenced externally to 85 % H,PO, at 0 ppm using solid
ammonium dihydrogen phosphate as a secondary reference 8, = + 0.81 ppm."” *'P spectra were
obtained using cross-polarization (CP) from 'H, and free induction decays (FIDs) were acquired
with high-power proton decoupling. Typical 7/2 pulses were 4.0-4.5 us at 4.7 T and 3.0-3.3 us
at 11.75 T. Typical CP contact times were 2-3 ms and typical recycle delays were 10 s. Regular
CP experiments and standard MAS probes were used for recording spectra of stationary samples.
1D data were processed (exponential multiplication, zero-filling) using Bruker’'s XWINNMR
software. Spectral simulations were performed using WSOLIDS1.'®

Two-dimensional *'P-*'P COSY, spin-echo correlation spectroscopy (SECSY) and J-

120 were performed at 4.7 T while 2D J-resolved spectra

resolved spectroscopy experiments
were also obtained at 11.75 T. The pulse sequences for the these experiments are summarized
CP-1,-/2('P)-ACQ(t,) (COSY); CP-1,/2-w/2(*'P)-1,/2-ACQ (SECSY); CP-1,/2-n(*'P)-1,/2-ACQ

2t All 2D experiments

(J-resolved). The phase cycling used is given by Wu and Wasylishen.
were recorded in a rotor-synchronized fashion. As an example, for J-resolved experiments at
11.75 T with an MAS rate of 5 kHz, the ¢, increment was 200 us. Typically 128 or 256 ¢,

increments were used. An MAS rate of 5.3 kHz was used for 2D experiments recorded at 4.7 T.
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Data were apodized by a cosine function in the directly detected dimension and by a squared
cosine function in the indirect dimension. The resulting data were zero-filled at least once in
each dimension followed by 2D Fourier transformation and displayed in magnitude mode. All

2D datasets were processed and analyzed using nmrPipe.?

2.9. Pulsed Field Gradient Spin Echo (PGSE) Diffusion NMR

'H PGSE NMR measurements were performed in CDCI, (15 mM, 22 °C) on a Bruker
Avance-500 spectrometer according to the standard (Stejskal-Tanner) pulse sequence.” **
Transverse magnetization was induced by an initial 7/2 pulse. Application of the first of two
pulsed linear field gradients for a fixed period of time (8 = 4 ms) strongly dephases the
magnetization. Following subsequent application of a 5t pulse, a second pulsed linear field
gradient exactly equal to and at a fixed time interval from the first (A = 10 ms) is applied
reversing the respective phases and generating an echo. Gradient strength (G) is increased in
subsequent experiments in increments of 10% from 0% to 100% (or from 8.51 x 10° Tm™ to
0.524 Tm™).

Values for the translational diffusion constant (D) were calculated from experimentally-
derived integral intensities / (/, = intensity at zero gradient strength) according to equation 4.1,
using a value of 2.675 x 10°* T'm™ for the gyromagnetic ratio (y) of the 'H nucleus. All spectra
were acquired using 16 scans and 64K points, with a spectral width of 7440 Hz, and processed
with a line broadening of 1 Hz. Gradient calibration carried out on HOD in D,O gave a diffusion
constant of 1.98 x 10° m’s" (correlation > 0.99) which is in acceptable agreement to the

literature precedent of 2.0 x 10° m’™.>*%
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CHAPTER 3
Quantum Chemical Study and Catalytic Activity Investigation of Ruthenium

Hydridocarbonyl Complexes

3.1. Introduction
Addition of H, across a double bond requires use of a metal catalyst to overcome the

symmetry restrictions associated with a concerted cis addition.’

Heterogeneous systems,
including Raney nickel, palladium on carbon (Pd/C), and platinum on alumina,>® can effect this
transformation easily for many functional groups, and under a variety of conditions. However,
reduction of unsaturated bonds is largely indiscriminate, partial disproportionation can occur and
catalysts loadings are high (in some cases stoichiometric). Hydrogenation by soluble transition
metal complexes offers tremendous potential for control over catalyst activity, enabling regio-,
chemo-, and stereo-selectivity, as well as overall system productivity. Homogeneous transition
metal catalysts are able to stabilize ligands of varying electronic character, which in turn give
access to a range of oxidation states and coordination numbers.

While many transition metal complexes effect hydrogenation of unsaturated bonds,” late
metals from groups 8 to 10 are generally the most active. The majority of such catalysts contain
rhodium, iridium or ruthenium. Wilkinson’s catalyst, RhCI(PPh;);, can be purchased
commercially or synthesized from reaction of RhCl;3H,0 with PPh; in ethanol.* It is routinely
used to hydrogenate olefins of minimal substitution under ambient conditions.” Disadvantages of
its use include a tendency to decarbonylate aldehydes and allylic alcohols, which can deactivate

the catalyst, and a low activity for the reduction of tri- and tetrasubstituted olefins.® The Crabtree

catalyst, [I(COD)(PCy,)py)]’, is remarkably effective for the hydrogenation of highly-
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substituted double bonds’ but susceptible to decomposition into a catalytically-inactive tri-
iridium complex.® Ruthenium catalysts have attracted attention for use in hydrogenation, owing
to their relatively low cost, an ability to stabilize ligands by back-bonding, a tendency to undergo
intra and intermolecular metallation and facile formation of polyhydride compounds.’
Hydrogenation of simple olefins is typically more effective with Ir and Rh catalysts, rather than
Ru.’> However, the relatively mild reaction conditions typically associated with ruthenium-
mediated hydrogenations makes this class of catalysts particularly attractive for the

chemoselective hydrogenation of polyolefins.” Other substrates that can be reduced by

ruthenium catalysts include: alkenes,'®" alkynes,'* carbonyls,’>'” imines, *®*'° and aromatics.”**

+
H
Cl..._. .wPPh Q e, | P
R 8 l_——_J rePPNs c AU ¥
PhsP PPhg [ Py CysP”  CO
A B c

Figure 3.1 Representative hydrogenation catalysts: Wilkinson’s catalyst (A), Crabtree’s catalyst
(B) and the Yi catalyst (C).

RuHCI(PPh,), enables hydrogenation of terminal alkenes under ambient conditions.” For
reduction of more challenging substrates, increased catalyst activity is required. This can be
achieved by use of analogues containing more basic donor ligands. In early work examining the
effect of phosphine basicity on the rate of olefin reduction, the reacfivity of catalyst RuCl,|P(p-
XC¢H,);]; was shown to follow the trend X = H < CH, < OCH,.? Substitution of PPh, in
RuHCI(CO)(PPh;) by PCy,, generating RuHCI(CO)(PCys,),, substantially increases catalytic
activity,”* due to both a decrease in coordination number and an increase in ligand basicity."
Interestingly, however, introduction of an N-heterocyclic carbene ligand in the latter complex
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results in a decrease in catalytic activity. For example, the rate of hydrogenation of 1-hexene by
RuHCI(CO)(IMes)(PCy;) compares to that of RuHCI(CO)(PCy;), only at temperatures above
100 °C (IMes = bis(1,3-mesityl-imidazol-2-ylidene); (Figure 3.2).*?® The increased o-donating
ability and two-dimensional steric demand of the N-heterocyclic carbene should reasonably have
promoted olefin binding and activation by RuHCI(CO)(IMes)(PCy,) (2).7” Our group speculated
that the reduced activity of 2 results from the low lability of a PCy; ligand trans to a N-
heterocyclic carbene: Precedent for such behaviour was found in metathesis by
RuCl,L(PCy;)(CHPh), for L = IMes versus PCy,.® Substitution of the PCy, ligand in 2 by a
more labile ancillary ligand, such as PPh, or pyridine, should thus increase hydrogenation

activity.
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Figure 3.2 Comparative reactivities of RuHCI(CO)(PCys,), (1) and RuHCI(CO)(PCy,)(IMes) (2)
for the hydrogenation of 1-hexene.?*?®
The rate of olefin hydrogenation by hydrido carbonyl complexes of Ir and Rh is impaired
by incorporation of a ;-acidic ligand, such as CO. This effect has been linked to the inhibition of

242 Introduction of a CO ligand into analogous

H, oxidative addition to the metal centre.
complexes of ruthenium, however, has mixed effects on the rate of olefin reduction.
RuHCI(CO)(PPh,); has reduced activity, relative to RuHCI(PPh;),, for the hydrogenation of
simple olefins.>*® This is due to the kinetic stability of the former catalyst afforded by its
coordinative saturation, preventing generation of active species RuHCI(CO)(PPh;). Ruthenium
hydridocarbonyl catalysts containing alkylphosphines, however, are coordinatively unsaturated
and have activities superior to analogous complexes without a CO ligand. Samantha Drouin of
this research group has documented this effect by comparing the rate of allylbenzene reduction

mediated by RuHCI(CO)(PCy,), and RuHCI(H,)(PCy,),.*' Conversions to propylbenzene were

80 % and 31 %, respectively, for the two catalysts. In addition, the turnover frequency for
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RuHCI(CO)(PCy,), was an order of magnitude higher than that for RuHCI(H,)(PCy;),. As an
explanation for the rate enhancement afforded by RuHCI(CO)(PCy;), and analogues, it was
proposed that CO may destabilize the transient Ru(IV) intermediate resulting from activation of
H,, thus favouring elimination of the saturated product (Scheme 3.1).: Evidence for this
explanation is circumstantial, based solely on the recent observation of Ru(IV) complexes in

situ.>?

H H
e N
0 H+H / H H ¢ HC—CH H
cyan,,.Rlu..\co H, CYaPu,.Rlu..\CO { CygPr.. ) /GO Z CyaP'l,.FJu..~\CO
a” N a” N e\ ) 5 ca” O

Ru (IV) Intermediate

Scheme 3.1 Proposed route for generation of a Ru (IV) intermediate.

Additional data to support a possible activating effect accompanying incorporation of a
CO ligand into ruthenium systems, where this ligand is pre-installed and the resulting catalyst
has been isolated, are scarce. Indirect evidence from tandem metathesis-hydrogenation
experiments reaffirms the enhanced activity of hydrido carbonyl ruthenium catalysts. The
hydrogenation step, starting from a ruthenium-alkylidene, is facilitated in the presence of
methanol and 'triethylamine.” This enhancement is probably due to the decarbonylation of

methanol by ruthenium, generating a hydrido carbonyl catalyst in situ.'**
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3.2. Catalytic Activities of Complexes 1-4

The synthesis and characterization of 3 and 4 were carried out by Ureshini Dharmasena
of the Fogg group at the University of Ottawa (Figure 3.3)."" Benchmark catalysts were chosen
based on high activity (1) and on the presence of a N-heterocyclic carbene (2). As the high

25,26

hydrogenation activity of 1 is well established for terminal and activated alkenes,” the chosen

targets for comparative catalytic studies were internal, unactivated olefins, a class of substrates

for which few catalysts are effective.”

Initial efforts focused on low catalyst loadings (0.05
mol% Ru), a condition with which the highly-active Ir systems are generally incompatible as

they tend to deactivate at concentrations < 1 mol%.*

i i i i
Cl/h. ‘«\‘PC CII:, ,‘\PC Cll,, .nPPh Clu. .\\PPh
RU Ys Ru Ys R 3 R 3
CysP co IMes”  NCO IMes”~ NCO  HolMes co

1 2 3 4

Figure 3.3 Benchmark (1 and 2) and novel, highly-active (3 and 4) Ru-hydrogenation catalysts.

The first target substrate, cyclooctene (COE) was chosen as a test system for the potential
hydrogenation of larger macrocycles. This important class of compounds is directly relevant to
the synthesis of saturated odiferous or organoleptic compounds® by tandem RCM-
hydrogenation.®®* Reduction of COE suggested the trend 4 = 2 > 1 (Table 3.1), with the N-
heterocyclic carbene catalysts effecting complete conversion at 50 psi H, and 80 °C (GC
analysis). Closer examination showed that the integrated intensity for the cyclooctane signal
(where reduction had been catalyzed by N-heterocyclic carbene systems) is low relative to that of

the internal standard when catalysts 2 and 3 were used. Approximately 20% polymer was
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obtained by removal of volatile species (solvent, cyclooctane) under vacuum. Subsequent
analysis by IR spectroscopy revealed that the resulting polymer was completely hydrogenated by
4 (polymer is too insoluble for NMR and GPC analysis), a process which normally occurs with
difficulty.®" A competition between undesirable ring-opening metathesis polymerization
(ROMP) and hydrogenation activity may be deduced (Scheme 3.2). This suggests that the N-
heterocyclic carbene catalysts may be best applied to systems where ring strain is low or

negligible, and the susceptibility of the substrates to ROMP is thus minimal.

[RUH
SR

[RuH W Ho ®)

Scheme 3.2 The relationship between hydrogenation (A) and ROMP-hydrogenation (B).

The hydrogenation of cyclododecene (CDE, Scheme 3.3), a 12-membered macrocycle of
comparatively low ring-strain (relative to COE®), was performed next. Hydrogenation of
macrocyclic compounds is typically difficult due to their steric bulk and, more importantly, the
mixture of cis and sterically-hindered trans isomers present in mixtures of these larger, cyclic
internal olefins. This is best illustrated in the product distributions for hydrogenation of CDE
(Figure 3.4): the quantity of trans CDE present after 1 h is virtually unchanged for catalysts 1
and 2, while hydrogenation of both isomers by 3 and 4 occurs with considerably less difficulty;

10 times faster than 2 and 3-4 times faster than 1.
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Scheme 3.3 Schematic representation of cyclododecene hydrogenation: cis-cyclododecene is
hydrogenated first (A), followed by hydrogenation of the trans isomer (B).
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Figure 3.4 Product distributions at 1 h for reduction of cyclododecene (for reaction conditions
see Table 3.1).

As seen in Table 3.1, there are two trends for hydrogenation activity. For COE, catalyst
activity is 3 = 2 > 1, but the enhanced activity of the N-heterocyclic carbene systems is an artifact
of their increased ability to polymerize the substrate. For hydrogenation of CDE, where
polymerization is not as likely, catalyst reactivities follow the trend 4 > 3 >> 1 >>> 2. For
catalysts 3 and'4, activity is significantly enhanced relative to the parent PCy, complex. This
suggests that N-heterocyclic carbenes activate catalysts for hydrogenation provided that a highly

labile ancillary ligand, such as PPh,, exists trans to it.
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Table 3.1 Hydrogenation of selected internal olefins”.

Catalyst Substrate TOF® Time (min) Conversion (%)°

1 COE 138 10 69°
2 164° 10 100
3 164° 10 100
1 CDE 840 60 33
2 280 60 8

3 2840 60 90”
4 3880 60 96*

“Conditions: 0.05 mol % Ru, 2.0 mmol substrate, 50 psi of H, (COE); 140 psi of H, (CDE), 80
°C; toluene. ° Turnover frequency calculated at 10 min (COE) and 30 min (CDE). Values are in
units of min” for COE and h' for CDE. ° Conversions determined by GC; + 3% in replicate
runs. The thermal equilibrium period was 7 min for 80 °C (z,). ¢ The conversion was 100%
within 30 min (COE) and 2 h (CDE). ° TOF corrected for ROMP contribution (18%).

Olefin isomerization is known to be mediated by metal hydrides, and can complicate
hydrogenation reactions.” Isomerization can be problematic for any highly-active system,
including 3 and 4, if it occurs on the timescale of hydrogenation. The reduction of allylbenzene
was pursued as a sensitive probe for olefin isomerization. Both 1 and 2 isomerize 9% of the
allylbenzene but 1 effectively reduces 72% of this substrate, versus 51% for 2 (Table 3.2).
Neither 1 nor 2 were able to reduce the trans olefin, even with an increase in pressure to 140 psi
of H,. Both 3 and 4 effect greater isomerization and enable hydrogenation of the trans olefin
even at 50 psi H,. The high isomerization activity of 4, under the forcing conditions necessary to

reduce the ftrans olefin, makes it less attractive as a potential hydrogenation catalyst for

isomerizable double bonds.
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Table 3.2 Reduction versus isomerization for allylbenzene.”

Catalyst p(H,) (psi) Propylbenzene PhCHCHMe (%) TOF (h')
(%) cis trans

1 50 72 0 9 2880 (360)
140 86 0 9 3440 (360)

2 50 51 1 6 2040 (280)
140 94 0 6 3760 (240)

3 50 60 0 40 2400 (1600)
140 89° 0 11 3560 (440)

4 140 49 10 37 1960 (1880)

¢ Conditions: 0.05 mol % of Ru, 2.0 mmol of allylbenzene in toluene, 80 °C; 30 min reaction
time following ‘¢,’. Conversions were determined by GC; + 3% in replicate runs. ” Turnover
frequencies for hydrogenation; TOF values for isomerization are given in parentheses. ° 100% at
2 h.

3.3. Computational Investigation of Increased Activity in Ruthenium Hydridocarbonyl
Complexes

The basis for the following computations is that olefin reduction mediated by ruthenium

(II) hydrido phosphine systems proceeds via a dissociative mechanism (Scheme 3.4).>*° This has

been established via kinetics measurements and the resulting rate law* for Ru-catalyzed

hydrogenation is outlined in Equation 3.1.
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K
RUHCI(PPhg)s ==—==  RUHCI(PPhg), + PPh,

Ko

|

RUHCI(PPhy), + alkene RUCI(PPhg),(alkyl)

RuCI(PPhg)o(alkyl) + H, —— RuHCI(PPh3), + alkane

Scheme 3.4 Simplified kinetic pathway showing dissociative mechanism for Ru-hydrogenation.

-d[Hy] kKa[Rulyotalolefin][Ha
ot 1 + Kjolefin] + [PPhgl/K, 3.1)

N Inspection of Equation 3.1 shows that the rate of ruthenium-catalyzed hydrogenation
should be first order in H,, between zero and first-order in olefin and inversely dependent on
phosphine concentration. Aside from this, relatively little is known about the relationship
between intermediate steps in the catalytic cycle. Quantum chemical investigations have helped
to further the understanding of isolated steps, including: the orientation of hydrides in a metal-
hydride complex,* olefin insertion into Ru-H bonds* and Ru-H and Ru-H, interactions.” The
complete reaction pathway for the ruthenium-catalyzed hydrogenation of olefins, however,

remains unresolved with respect to an analysis of all intervening intermediates and transition

states.

3.3.1. Quantum Chemical Modeling of the Hydrogenation Mechanism

Two truncated systems were chosen for this study: RuHCI(CO)(PH,),, an analogue of

catalyst 1, and RuHCI(PH,);, an analogue of RuHCI(PPh,),.* RuHCI(CO)(PH,), and
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RuHCI(PH;); were then used to model the dissociative mechanism for Ru-catalyzed

hydrogenation, as outlined below.

(1) Phosphine dissociation occurs from Ru, generating a monophosphine species with a vacant
coordination site cis to the hydride. For RuHCI(PH,),, this process occurs preferentially,
with dissociation of a PHj; that is trans to another PH,.

(2) Side-on approach of ethylene to the electron-deficient monophosphine complex results in the
stabilizing formation of a Ru-ethylene adduct in which the olefin is m-bound to the metal
centre.

(3) H, coordinates to the bottom face of the Ru-ethylene adduct and zrans to the hydride.

(4) The Ru-H and H-H bonds elongate slightly, while the Ru-olefin and Ru-H, bonds shorten
(TS1).

(5) Olefin insertion into the Ru-H bond generates the ethyl intermediate with coordinated H,.
The metal centre is stabilized by an agostic interaction with a hydrogen from the CH; portion
of the ethyl ligand.

(6) The H-H bond elongates as one of the two hydrogens approaches the —-CH,CH; ligand (T'S2).

(7) Two Ru-H bonds of high covalent character are formed.

(8) TS3 is generated and results in partial formation of a C-H bond.

(9) Ethane is eliminated and the active catalyst, RuHCI(L)Y(PH;) (L = CO or PH,) is regenerated.

With respect to the intermediates, transition states and products formed, RuHCI(CO)(PH,),
and RuHCI(PH;); follow identical reaction pathways. In each case, ethane is eliminated

exergonically and the active catalyst [RuHCI(L)(PH;); L = CO or PH,] is regenerated.
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Therefore, the possibility that the activating effect of CO is due to some radical change in
mechanism can be ruled out. The energetic consequences for ethene reduction by both model

systems are shown below.



Table 3.3 Relative energies for ethene reduction catalyzed by RuHCI(CO)(PH;), and
RuHCI(PH,);.”

AG
Step (kcal mol™)
co PH,

Phosphine dissociation 15.8 14.4
Ethene coordination 5.9 54
H, Coordination 18.2 14.8
TS1 20.6 18.4
H, + ethyl intermediate 18.2 14.8
TS2 17.7 14.0
Cleaved H, + ethyl ground state 17.5 13.7
TS3 17.5 14.4
Active Catalyst + ethane -10.6 -12.0

“All values are calculated using the B3LYP functional and the LACVP** basis set.
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Phosphine dissociation and ethylene coordination [(1) - (3)].

Phosphine dissociation occurs with approximately equal free energy (AG) for
RuHCI(CO)(PH,), and RuHCI(PH,); (Table 3.3). The difference between the AG values for both
systems, 1.2 kcal mol™, is approximately equal to the error in the computational method and is
not chemically significant. The similarity in the values for the free energies for phosphine
dissociation may be an artifact of the truncated PH,-based model systems. As larger phosphines
are incorporated, their steric bulk, as measured by cone angles, would be expected to increase the
steric congestion at the metal centre. The experimentally-relevant ligands, PCy; and PPh;, may

be particularly vulnerable to this error (Table 3.4).

Table 3.4 Selected cone angles of representative phosphines.*

L Cone Angle (deg.)
PH, 87
PMe, 118
PEt, 132
PPh, 145
PCy, 170
P(Bu’), 182

Dihydrogen coordination and adduct formation [(4) and (5)].
From the energetic profile for the reduction of ethane (Scheme 3.5), the coordination of
H,, which results in the dihydrogen + ethylene adduct, is the rate-limiting step. This is in

agreement with the first-order dependence on H, and up to first-order dependence on olefin
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implied in the rate law (Equation 3.1). This is consistent with the assumption of the
“unsaturated” mechanism for hydrogenation (i.e. coordination of olefin prior to H,), which has
much precedent for neutral ruthenium hydrido complexes reducing simple alkenes.” Incoming
H, binds to the bottom face of the ethene adduct and zrans to the hydride ligand. Coordination of
H, trans to a ligand of high trans influence (i.e. hydride), is well documented® and is driven by
eventual formation of a stable octahedral complex.

Coordination of H, results in lengthening of the Ru-H bond distance (Table 3.5),
implying a reduction in the o character of the Ru-H bond. TSI reflects a structure that is
intermediate between a Ru-hydride bond and a Ru-CH,CH,H agostic interaction. This
observation is made based on the finding that for TS1 the Ru-H bond length is 1.65 A while the
distance between this hydrogen and the nearest carbon (from ethylene) is only 1.54 A. The
magnitude of this effect is approximately equal for RuHCI(CO)(PH,), and RuHCI(PH,);, and it is

therefore unrelated to the activating effect of the CO ligand.

Table 3.5 Changing length of the Ru-H bond following H, coordination.

Step Ru-H (A) C-H (A)
Ethylene adduct 1.55 2.44
Dihydrogen + ethene adduct 1.58 2.33
TSI 1.65 1.54
Dihydrogen + ethyl intermediate 1.89 1.19
TS2 1.99 1.16
Ru-(H), + ethyl intermediate 2.09 1.14




Dihydrogen complexes, ruthenium-hydrogen bonds and ethane elimination [(6)-(10)].

A transient dihydrogen + ethyl intermediate undergoes facile elimination of ethane and
regeneration of the active catalyst. The energy barriers between the dihydrogen + ethyl
intermediate and TS2, TS2 and the Ru—(H), + ethyl intermediate and between the Ru-(H), +
ethyl intermediate and TS3 are negligible, ranging from 0.2 kcal mol” to 0.5 kcal mol’. It is
interesting to note, however, that the agostic interaction between the ruthenium and the proton on
the -CH; end of the ethyl ligand weakens; the interaction length increases from 1.89 A
(dihydrogen + ethyl intermediate) to 2.09 A (Ru—(H), + ethyl intermediate), respectively (Figure
3.5). This implies that formation of two ruthenium-hydrogen bonds results in a net increase of
electron density at the Ru centre, a finding that is further supported by natural population

~ analysis (Table 3.6).

Figure 3.5 A decrease in the Ru-ethyl agostic interaction is seen going from structure A to B.
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Table 3.6 Natural population analysis of the dihydrogen + ethyl intermediate and the Ru—~(H), +
ethyl intermediate.

Species Natural Population Analysis Charge
Ru H* H*

Dihydrogen + ethyl intermediate -0.303 0.145 0.136

Ru—(H), + ethyl intermediate -0.421 0.178 0.166

“Refers to a hydrogen atom from the coordinated molecule of H,.

The charge on the Ru centre becomes more negative going from the dihydrogen + ethyl
intermediate to the Ru—(H), + ethyl intermediate (Table 3.6). The H atoms that originated from
the coordinated molecule of H, and which become bonded to Ru, upon formation of the Ru—(H),
+ ethyl intermediate, become more positive. These findings are consistent with a reduction of
ruthenium and not the oxidation that would normally accompany formation of a classical
ruthenium-hydride bond. Data from an examination of geometries belonging to the dihydrogen +
ethyl and Ru—(H), + ethyl intermediates (Figufe 3.5) and an analysis of natural populations
(Table 3.6) indicate that complete cleavage of the H-H bond does occur prior to ethane
elimination. However, this dissociation results in formation of two covalent Ru—H bonds, rather

than oxidation of the ruthenium centre and generation of two ionic Ru-H bonds.

CO bond length measurements during the catalytic cycle
The function of the CO ligand in ruthenium hydrido carbonyl complexes is unclear. The
CO ligand may effectively destabilize the Ru(H), intermediate, generated from H, activation, and

increase the rate of alkane elimination. It may also stabilize the active catalyst towards olefin
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coordination by making it more electron deficient. Finally, it may serve simply to stabilize the
active catalyst against decomposition to an extent that a labile donor, such as H,, cannot. If the
CO ligand does exert a stabilizing/destabilizing effect at differing periods in the catalytic cycle,
this should be reflected in its bond length (Figure 3.6). Donation would cause an increase in the
C-O bond length, as electron density is polarized more towards the metal centre and, conversely,
back-accepting electron density causes an elongation in the CO bond as electrons from filled

metal orbitals are transferred into unfilled anti-bonding t* orbitals on the CO.

Figure 3.6 The carbon monoxide ligand is able to both donate (A) and accept (B) electron
density from the metal centre.

For RuHCI(CO)(PHs,),, the C-O bond length is invariant throughout the catalytic cycle,
implying that no back-donation from the metal to this ligand has occurred (Table 3.7). The Ru~-
C bond length, which would shorten if back-donation were occurring, is also invariant. No net
stabilization of the rate-determining step for hydrogenation mediated by RuHCI(CO)(PH;), was

seen, suggesting CO ligand incorporation does not have a beneficial kinetic effect on the reaction
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rate. The foregoing data indicate that the activating effect of CO is not due to its ability to accept
and donate electron density to and from the metal centre, as required, throughout the entire

catalytic cycle.
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Table 3.7 C-O and Ru~C bond lengths for model system RuHCI(CO)(PH;), and Ru-P bond
lengths for model system RuHCI(PH5;);.

Species Bond Length (A)

C-O | Ru-C
Diphosphine 1.161 1.869
Monophosphine 1.159 1.881
Ethylene Adduct 1.160 1.869
Dihydrogen + ethylene adduct 1.158 1.876
TS1 1.158 1.880
Dihydrogen + ethyl intermediate 1.159 1.885
TS2 1.156 1.886
Dihydride + Ethyl Intermediate 1.156 1.883
TS3 1.157 1.882

Computational data do not support the proposal that the presence of a carbonyl ligand in
a ruthenium hydride catalyst activates the complex toward hydrogenation of olefins. However,
an alternative, and as yet untested, explanation for the effect of this ligand is proposed based on a
steric arguments. Olefin approach to the coordinatively-unsaturated active catalyst is more
favoured for CO-containing systems: carbon monoxide is a planar 2-electron donor while the
steric demand imposed by phosphine ligands can be significant, possibly blocking alkene
coordination. Catalyst decomposition may also be prevented by the CO ligand to an extent that a

labile donor, such as H,, cannot.
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3.4 Conclusions

Incorporation of N-heterocyclic carbenes into catalyst systems with labile ancillary
ligands has mixed effects on catalyst activity and performance. RuHCI(CO)(IMes)(PPh,) and
RuHCI(CO)(H,IMes)(PPh,) possess superior activity for the hydrogenation of sterically-hindered
and trans internal olefins, relative to RuHCI(CO)(PCys,), and RuHCI(CO)(IMes)(PCy;). The
poor reactivity of 2 is worth noting: the presence of a labile phosphine donor in the pre-catalyst
is clearly essential to activity of the N-heterocyclic carbene complexes and is consistent with the
requirement for dissociation of a neutral donor ligand. The increased isomerization and
polymerization tendencies exhibited by 3 and 4 detracts from their potential as hydrogenation
catalysts for isomerizable double bonds or for unsaturated cyclic substrates of low ring strain.

The origin of a possible activating effect afforded by incorporation of a carbonyl ligand
into a ruthenium hydride catalyst remains unexplained. By monitoring CO bond lengths at
various stages in the catalytic cycle, it was determined that CO does not act as an electron
reservoir, donating or back-accepting electron density on demand. In addition, no net
stabilization of the rate-limiting step by the CO-containing systems was seen. As an alternate
possibility, it is proposed that incorporation of a CO ligand would reduce steric congestion at the

metal centre, permitting facile olefin coordination.
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CHAPTER 4

Tandem Application of '"H PGSE and *'P Solid-State NMR Techniques to Resolve

Ambiguities in Nuclearity of a Chelate-Sabilized Ruthenium (o-Pyrrolato) Complex

4.1. Introduction

As part of an ongoing effort in the Fogg group to develop pseudohalide ligands for use in
Ru-mediated olefin metathesis,' the design of catalysts containing a chelating N-anionic donor
was pursued.> A potential limitation of monodentate ligands of this type is the tendency toward
m-coordination of the heterocyclic ring to give piano-stool complexes. This transformation has
been previously documented for transition metal complexes of phenoxide ligands, and is
discussed in Chapter 1.

Preliminary studies focused on chelating ligands containing a pyrrolato and an imine
group. Iminopyrrolato complexes 9a and 9b promoted both ring-closing metathesis and ring-
opening metathesis polymerization in air and in non-degassed solvents. Catalytic activities of
these compounds were impaired due to both the absence of an electron-donating ligand in the
metathesis-active intermediate and the low lability of PCy, and pyridine. An elevated reaction

temperature (70 °C) was required to induce metathesis via 9a and 9b.?

Ph
Ph —
Ly N, ( .
N\ N,“"AI/U"“PCyS N /IHU;py
=" ¢ l}l r‘)y cl
Ar Ar
9a 9b

Figure 4.1 Metathesis-active o-bound pyrrolide complexes of ruthenium [Ar = 2,6-Pr-C4H;].
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o—n Isomerization of the pyrrolide arm of the iminopyrrolato ligand may provide a
deactivation pathway that competes with metathesis (Scheme 4.1). Both reactions are initiated
by loss of a phosphine, with subsequent olefin coordination propagating' metathesis (path A).
Competing o—>n isomerization of the pyrrolide ring deactivates the catalyst, ultimately
generating an 18-electron Vspecies whose coordinative saturation would preclude additional olefin

coordination (path B).

N
N’ \CI ’ \CI A N’ ¢
|
la

Ar
CON
v

N_RU'--uPRS

A

Scheme 4.1 The relationship between metathesis (A) and G—n isomerization (B) [Ar = 2,6-Pr-
C¢Hs; R =Cyl].
n-Pyrrolides are common in transition metal chemistry> and include ruthenium
derivatives.® The chelating 2-[(2,6-diisopropylphenyl)imino]pyrrolide ligand may favour o-
coordination, however, given its narrow bite angle of 70-85°""? and the thermodynamic stability
of the five-membered chelate ring. Earlier work from the Fogg group (Equations 4.1 and 4.2)
demonstrate that use of small (five or six-membered) chelate rings give stable o-aryloxide

ligands, though larger more flexible seven-membered chelates rapidly isomerize.>"
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Nevertheless, it remained unclear whether the stability of the o-bound pyrrolide group in
9a and 9b was a true reflection of the favoured coordination mode of the ligand, or whether it
was an artifact of the low lability of the ancillary PCy; and pyridine ligands. Loss of PCy, or
pyridine would be required to generate the three coordination sites needed for st-coordination. In
order to examine this point directly, reaction of RuCl,(PPh,), with the iminopyrrolide ligand was
undertaken. This would permit direct comparison with the corresponding reaction of the

pyrrolide itself.

4.2. Synthesis of [RuCl(x*-N, N ~ArN=CHC H,N)(PPh,),],

Reaction of RuCl,(PPh,); (§) with 1.8 equivalents of lithium 2-|(2, 6-
diisopropylphenyl)imino]pyrrolide (7) in dichloromethane effected conversion to a single
product of empirical formula [RuCl(x*-N,N’-ArN=CHC,H;N)(PPh,),], (8) in 12 h at room
temperature as determined by in situ >’P{'H} NMR analysis (Scheme 4.2). The requirement for

excess LiNN’, established in earlier work by Samantha Drouin of this research group,” was due
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to competing protonation of the ligand (giving 2-{(2, 6-Pr,CiH;)-N=CH}C,H,N, 6) by
deprotonation of the reaction solvent. Isolated yields of 8 were limited to 72 % by high

solubility in all hydrocarbon solvents, including pentane.
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Scheme 4.2 Preparation of Ru-iminopyrrolato complex 8 [Ar = 2,6-Pr-C4H,|.

4.2.1. Molecular Structure of 8

In order to establish the coordination mode of the iminopyrrolide ligand, a series of two-
dimensional NMR experiments (‘"H COSY, 'H-"C HMQC, 'H-"C HMBC) were performed. This
enabled full assignment of the 'H and "C{'H} NMR spectra. Resonances due to the pyrrolide
arm of the ligand were deconvoluted from those due to the aromatic portion and from those due
to triphenylphosphine. Using the azomethine proton as a starting point, the resonances due to C2
and C3 were located by '"H-"C HMBC experiments. C2 and C3 were differentiated on the basis
of the C3-H3 coupling observed in the HMQC spectrum. In turn, this permitted location of H4

(COSY) and C4 (HMQC) and subsequent location of H5 (COSY) and C5 (HMQC).
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Chemical shifts for the pyrrolide ring in 8 (8, 7.15, 6.34 and 6.18 ppm and &, 147.5,
143.7 and 121.3 ppm) fall within the established range for a o-coordinated anionic pyrrole
ring”®'*2 and differ only slightly from values corresponding to the parent lithium salt. 'H and
C chemical shifts provide a good indicator for the coordination mode of the pyrrolide ring;
differences in 'H and 13Cvchemical shifts for o and & coordinated pyrrolides are about 1-2 ppm

and 30 ppm, respectively, with the latter values lying upfield (Table 4.1).
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Table 4.1 Key NMR data for the pyrrolyl group.®

Compound Solvent 'H NMR ®C NMR Ref.

HNN' CeDs 6.45 (br, 1 H), 6.05 (br,2 150.7, 115.9 7,15
H)

LiNN' CeDg 7.15-7.2 (m, 1H), 6.89 147.5, 120.7 2,7
(m,1H), 642 (m, 1 H)

9a CDCl, 7.09-7.01 (HS, overlaps 142.8 (d,*Jep =2.0 2
with Ar), 6.51 (br, 1 H, Hz, C2), 141.7 (s, C3),
H3),6.18 (dd, *J,y = 3.9, 120.2 (s, C5), 114.0 (s,
1.6 Hz, 1 H, H4) (60))]

9b CDCl; 8.59-6.91 (HS, overlaps 2
with Ar), 6.46 (br, 1 H,
H3), 6.20 (m, 1 H, H4)

RuCIG -CH,N)(PPh,), CD,  5.61 (2H), 4.24 (2H) 108.4, 82.7 6

RuH(*-CsH,N)(PPh,), CeDg 5.33 (2H), 5.03 (2H) 110.0, 82.0 6

8 CsDg 7.15(brs, 1 H, H5),6.34 147.5(s,C2),143.7 (s, This
(m, 1H, H4),6.18 (brm, C3),121.3 (s, CS5), work

1 H, H3) 114.5 (s, C4)

2 Chemical shifts are reported in ppm. Coupling constants are given in Hz. Assignments (where
reported) are shown in bold face.
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The presence of two triphenylphosphine ligands per Ru centre is inferred from
observation of the triplet multiplicity of the azomethine proton resonance (& 7.90 ppm, */Jyp = 2.1
Hz), which collapses to a singlet upon proton decoupling. The presence of a sharp singlet was
noted in the *P{'H} spectrum of 8 (858.5 ppm). Data from both the 'H and *'P NMR
experiments provide stfong evidence for the presence of two equivalent, trans-disposed
triphenylphosphine ligands, as shown in structure 8b. Inconsistent with this geometry, however,
are data from a variabl‘e-temperature >'P NMR experiment conducted in toluene-dg (m.p. -93 °C)
(Figure 4.2). Spectra were collected in increments of —10 °C from 20 °C to -90 °C. The signal
decoalesced at -70 °C, and partial resolution into two broad signals at 71.8 ppm and 46.8 ppm
was unexpectedly achieved at -90 °C (the average of these two resonances, 59.3 ppm, is
approximately equal to the location of the singlet at room temperature, 58.5 ppm). This behavior
indicates that the phosphorus centres are inequivalent, ruling out structure 8b. The breadth and
singlet multiplicity of these resonances (v,s = 110 Hz and 99 Hz, respectively) implies rapid
interconversion of the inequivalent phosphorus centres even at -90 °C. Arguing against
dissociation and re-coordination of the triphenylphosphine ligands as a mechanism for this
interconversion, *'P EXSY experiments performed at room temperature and -90 °C in the
presence of a five-fold excess of triphenylphosphine show no correlation between the free and
bound ligand. This suggests that the mechanism for exchange of the inequivalent

triphenylphopshine ligands is due to conformational flexibility in 8.
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Figure 4.2 *P{'H} Variable-temperature NMR analysis of 8.

To further examine the consequences of the analysis shown in Figure 4.2, 8 was
subjected to solid-state NMR analysis. Justification for this analysis comes from the realization
that the fast exchange of the inequivalent triphenylphosphine ligands, which causes the signal
averaging mentioned above, is mediated by solvation. Observation of 8 in the solid state (where
such a process would be frozen out) should permit unequivocal determination of the absolute

orientation of the triphenylphosphine ligands (i.e. cis or trans-disposed).

4.3. Determining Absolute Ligand Orientation in 8 by Solid State NMR

4.3.1. Theoretical Background
Relative to solution NMR spectra, spectra recorded in the solid state appear broad and

less resolved and typically require longer acquisition times. The reasons for these differences
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include: the presence of orientation-dependent parameters normally averaged out in solution due
to molecular tumbling, and the existence of longer spin-lattice relaxation times due to sample
rigidity.

Dipolar coupling (D), an orientation-dependent parameter, arises from the interaction
between nuclear magnetic moments of two nuclei.'® Each nucleus produces a small magnetic
field due to its own rotation. Adjacent nuclei separated by less than 10 A have the potential to
greatly affect the effective local magnetic field or resonance frequency of a neighbouring
nucleus. This is the dominant interaction between nuclei in the solid state. D coupling is on the
order of 1 x 10* to 1 x 10* Hz"” and can obscure observation of through-bond J couplings and
even chemical shifts, resulting in broadened signals. The magnitude of dipolar coupling is
dependent on two main factors (Figure 4.3): the internuclear distance (r), where D, is inversely
proportional to 7, and the internuclear vector, the orientation of which is governed by the term
3cos’0 - 1, and where 0 is the angle between the vector and B,.'® A polycrystalline sample, such
as 8, would produce a spectrum composed of a statistical distribution of resonances representing
all possible orientations of the internuclear vector. At the magic angle, when 6 = 54.74° (i.e.
3c0s’0 - 1 = 0), the resonance is completely unperturbed by through-space interactions with

nearby dipoles.

Figure 4.3 Dipolar coupling between two *'P nuclei (P1 and P2) at a distance r apart, oriented at
an angle 8 with respect to the external magnetic field (B,).
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Another orientation-dependent parameter is the chemical shift anisotropy. Electrons are
perturbed, albeit to a lesser extent, by the application of an external magnetic field (B,).
Therefore, the effective magnetic field felt by a given nucleus is perturbed not only by spin-spin
(/) and dipolar coupling (D) but also by the orbiting electrons in the order, J << D, = chemical
shift anisotropy. This latter parameter is highly dependent on the symmetry of the electron cloud
and, because this symmetry is rarely spherical, the effect of its orientation with respect to B,
varies as a result of its non-uniform shape.'s'®

‘When the narrowest part of the electron cloud is oriented parallel to B, the largest
chemical shift, or most de-shielded resonance, is observed. The opposite is true for the widest
part of the electron cloud. These represent the extremes of shielding and are denoted &, and d;,
respectively. Orientation of the electron cloud perpendicular to §,; and 8, is denoted by 8,,
(Figure 4.4) and &,, = 8,, = §;;. These three quantities constitute the principal elements of the
chemical shift tensor, and provide insight into molecular structure and bonding. Their effect on a
nucleus is dependent on the angle (0) that the principal axis of the electron cloud makes to B,.
At the magic angle (8 = 54.74°), the term describing the angular dependence of the chemical
shift (3cos?0 - 1) becomes zero. The effects of anisotropy are thus nullified. This leaves only the
isotropic chemical shift which corresponds to the averaged chemical shift that is observed in

solution, with minor deviations arising from solvent effects and crystal packing.'
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Figure 4.4 The principal shielding components of the chemical shift tensor d,;, 8,, and 0,
respectively.

Spinning a powdered sample inside the spectrometer at 54.74° relative to By, a technique
called Magic Angle Spinning (MAS),®* nulls the effects of both dipolar coupling and
inhomogenities in the shape of the anisotropic chemical shift ellipsoid. Both of these phenomena
can obscure observation of the isotropic chemical shift. At a certain threshold spinning
frequency, with the sample oriented at the magic angle relative to B, only the isotropic chemical
shifts of a sample are observed. Below this level, resonances appear at integer multiples of the
spinning frequency.”®?' Called ‘spinning sidebands’, these result from incomplete averaging of
the chemical shift anisotropy, and can provide the principal elements of the chemical shift tensor.
The number of these sidebands increases as the spinning speed decreases.

The second major obstacle to overcome when measuring NMR spectra in the solid state
is the increase in spin-lattice relaxation times, which results in lower signal-to-noise ratios.
Phosphorus-31, the nucleus of interest in this study, is 100 % abundant and spin 1/2 active, with
a natural sensitivity of 0.0665 (relative to 'H at 1.00 and °C at 0.0159).? In general, the number
of *'P nuclei to be observed in a given sample is léw, resulting in low signal intensities.
Therefore, to reduce acquisition times and produce better resolved spectra, it becomes necessary

to indirectly increase the signal intensity for *'P using a technique called cross-polarization
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(CP).” Cross polarization®**® transfers magnetization from 'H, a nucleus highly receptive to

magnetization, to the nucleus under study as shown in the pulse sequence in Scheme 4.3.

spin
lock

y —m—
2

decouple

___.> y

lock FID

y T’ —“'—> y

Jos

Scheme 4.3 Simplified pulse sequence for cross polarization. The bolded arrow represents the
magnetization vector of the sample.

'H magnetization is transferred onto the y-axis by a 7t/2 (1) pulse and a continuous pulse
is then applied to keep its magnetization precessing about this axis (2). Once the *'P channel, for
example, is turned on, a pulse is applied at the same frequency as the resonating protons (the
Hartmann-Hahn condition”) and both nuclei are spin-locked (2). During this contact period,
magnetization is transferred from 'H to *'P by dipolar coupling, magnifying the signal intensity
for the *'P nucleus. The final step is collection of the *'P free induction decay and decoupling of
the protons (3). Through the simultaneous application of magic angle spinning (MAS) and
cross-polarization (CP), abbreviated as CP-MAS NMR, highly resolved experiments with
dramatically reduced acquisition times are possible. It is this technique that forms the basis for

the solid state NMR experiments discussed below.



4.3.2. One Dimensional *P{'H} CP-MAS NMR

As seen in Figure 4.5, two signals are visible in the room temperature solid state
spectrum of 8, with isotropic chemical shifts equal to 66.8 ppm and 52.1 ppm. This observation
indicates the presence of two magnetically-inequivalent *'P sites in the asymmetric unit cell of
the crystal structure. Thevaverage of the signals seen in the solid state, 59.5 ppm, corresponds to
the singlet at 58.5 ppm in the room temperature solution state spectrum. The isotropic chemical
shifts are flanked by spinning side bands at integer multiples of the spinning frequency, which

span about 200 ppm. This suggests substantial anisotropy in the *'P chemical shift tensor (vide

infra).

(A) solution

|site B
site A

(B) solid

— LJ-L o
T I ¥ ¥ T T T T
400 300 200 100 0 -100 -200 -300
3(31P) / ppm

Figure 4.5 °'P{'H} NMR spectra of 8¢ (22 °C) (A) Solution spectrum (C,Dy, 7.05 T) (B) Solid-
state CP/MAS spectrum (4.7 T; MAS rate = 5.3 kHz). Pairs of spinning sidebands are
marked with asterisks. Fine structure at the base of these peaks is due to J(*’Ru, *'P)
coupling.
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4.3.3. Evidence for *'P Coupling to ’Ru

The bases of peaks seen in Figure 4.5 reveal fine splitting due to 'J('P-*Ru),, coupling.
A more detailed spectrum was constructed by adding in the intensities of the spinning sidebands
for the resonance centered at 66.8 ppm (site “A”) (Figure 4.6). The predominant peak, at 66.8
ppm, is due to *'P nuclei next to spin-O Ru isotopes (*Ru, **Ru, '®Ru, '®Ru, '®Ru).® The fine
structure is due to *'P coupling to *Ru (12.8 % abundant, I = 5/2)® and consists of 6 peaks with
the difference between the highest and lowest field signals (1218 Hz) being five times the
isotropic JC'P, ®Ru) coupling constant. This makes 'JC'P, ®Ru) equal to 244 Hz, which
represents one of the largest of such values reported for an Ru-P bond.® Due to the self-
decoupling of '"'Ru (I = 5/2) from *'P, no coupling occurs between these two nuclei. This can be
traced to the larger nuclear electric quadrupole moment of '“Ru relative to *Ru

(Q("'Ru)/Q(*Ru) = 5.78.
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Figure 4.6 Solid-state >’P CP/MAS NMR centreband of one of the two *'P sites in 8¢ (11.75 T;
all sidebands summed into the centreband to approximate an infinite-MAS-rate
spectrum). The simulated spectrum is generated using the parameters summarized in
Table 4.2.

Details concerning simulation of a spectrum of a spin-1/2 nucleus (*'P) coupled to a half-
integer quadrupolar nucleus (*Ru) are discussed in the literature.®® Observation of residual
dipolar coupling (d.), coupling between *'P and *Ru that is not totally averaged out by MAS, is
due to the effect of the quadrupolar interaction parameter on the quadrupolar nucleus. The
magnitude of this effect was measured and is equal to -140 Hz (at 11.75 T). This value is, in
turn, dependent on the quadrupolar coupling constant (Cq(”Ru)), the asymmetry parameter of the
electric field gradient (EFG) tensor, the effective dipolar coupling constant (’Ru-"'P), the

orientation of the dipolar vector relative to the EFG tensor (described by angles a., ) and the

Larmor frequency.
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The electronic structure of 8¢ was probed further by conducting *'P dipolar chemical shift
experiments® at two different field strengths (Figure 4.7). The resulting spectra provide
information about the *'P chemical shift tensors, and their orientation relative to the *P-*'P
dipolar vector. It is assumed that the *'P spin systems are effectively isolated and do not couple
with spin-active isotopes of Ru or Cl. The good agreement between the simulated and observed
spectra in Figure 4.7 supports this assumption. The effective *'P->'P dipolar coupling constant
was 660 = 50 Hz, from which a through-space >'P-*'P separation of about 3.1 A was calculated.
Trans-disposed phosphine ligands, on the other hand, have a through-space *'P->'P separation of
about 4.6 A, or twice the equilibrium Ru-P bond length.”® This permits exclusion of 8b as a
possible structure. Cisoid triphenylphosphine ligands have a through-space *'P-*'P separation of
4.0 A, which is larger than the calculated value of 3.1 A for compound 8. This then allows
exclusion of structure 8a, where the triphenylphosphines are cisoid, as a possible structure for 8.
Therefore, compound 8 is best represented by structure 8c, where the triphenylphosphine ligands

are cis-disposed.
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Figure 4.7 Solid-state *'P{'H} dipolar-chemical shift NMR spectra of 8¢ obtained under
stationary conditions.(11.75 T and 4.7 T). Simulated spectra produced using the
parameters outlined in Table 4.2 and the WSOLIDS1 software package™.

4.3.4. Two-Dimensional Solid State NMR

A series of two-dimensional correlation experiments was performed on 8c to determine
the through-bond connectivity of its two inequivalent *'P nuclei. The off-diagonal peaks in the
COSY spectrum (Figure 4.8a) and the correlations above and below the zero frequency axis (F,
= 0) in the spin echo correlated spectroscopy (SECSY) spectrum (Figure 4.8b) indicated indirect

nuclear spin-spin coupling.
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Figure 4.8 Solid-state NMR spectra of 8¢ (4.7 T; MAS rate = 5.3 kHz). (a) >'P-*'P CP/COSY.
(b) *'P CP/SECSY.

33 which measures the indirect nuclear spin-spin coupling

The 2D J-resolved spectrum,
constants shows that the *'P resonances arise from the same compound and not from different
polymorphs in the same sample. Correlations are shown for the +1 spinning sideband (Figure
4.9). The magnitude of the J value in the F, dimension, |2/pl = 52 = 5 Hz, is consistent with a

cis-orientation of the phosphine ligands.®® Solid state values for 2Jl for cis-disposed phosphine

ligands are in good agreement with values seen in solution; in either case, values tend to be an
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order of magnitude smaller than those for trans-disposed species. This is exemplified in the case

of RhCI(PPh,),, where (*Jpp)y = 58 = 5 Hz but (Jpp) e = 366 Hz.3
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Figure 4.9 CP 2D J-resolved NMR spectrum (11.75 T; MAS rate = 5 kHz), showing the first-
order spinning sidebands for each of the two inequivalent *'P sites.

The data summarized beldw (Table 4.2) represent only the second set of *'P chemical
shift tensor magnitudes reported for an octahedral ruthenium complex. The first set was reported
by Eichele and co-workers for RuCl,(n'-Ph,PCH,CH,0OCH,),(n*-en) in 2004. The values
published for the principal components of the chemical shift tensor were &,; = 95 to 109 ppm,
8, =56 to 76 ppm and 8;; = -75 to -60 ppm for the five resolvable *'P sites. The most striking
difference that is found between the two data sets is reflected in the value of §,;,, where a
difference in an order of magnitude is seen, as §,, (8) equals 136.0 ppm and 149.8 ppm for sites

A and B respectively.
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Table 4.2 °'P NMR parameters describing 8¢ as determined from one- and two-dimensional *'P
solid-state NMR experiments.

Site A Site B
8., (ppm) 66.8 £ 0.5 52.1£05
3, (ppm) 1498+ 1.0 136.0£ 1.0
3, (ppm) 107.0+1.0 75.0+ 1.0
953 (ppm) -55.0£ 1.0 535+ 1.0
Q (ppm) 205.5 189.5
K 0.58 0.36
a’ (%) 64 £10 0x10
B () 41 10 56+ 10
(%) 35+ 20 105 £ 20
R p.p) (Hz) 660 = 50
J p.pyso (HZ) 52%5
rupyiso (HZ) 244 +20 c
dye» (Hz) -140 15 d

“ Obtained from the 1D MAS NMR spectra. > The angles a, 3, and y define the orientations
required to rotate the *'P->'P dipolar tensor into the chemical shift tensor principal axis system
(PAS). The value of o for site B was arbitrarily set to zero since only the difference Aa affects
the observed dipolar-chemical shift spectrum. © Splitting due to Jg,» (Where Ru = *Ru) is not as
well resolved for site B; however the pattern is consistent with a coupling constant similar to that
found for site A. ¢ Splitting due to J(®Ru, *'P) is not as well resolved for site B; however, the
sense of the coupling pattern is opposite to that found for site A (figure 4.9), consistent with a
significant difference in the orientation of the Ru-P dipolar vector relative to the *Ru electric
field gradient principal axis system.
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4.4. Determining Nuclearity of 8c by PGSE Diffusion NMR

The one and two-dimensional CP-MAS spectra, as well as the variable-temperature NMR
experiment, described above, suggested that the triphenylphosphine ligands in 8 were cis-
disposed, consistent with structure 8 c. MALDI-TOF mass spectrometry did not permit
distinction between the mono and di-ruthenium possibilities (Figure 4.10). A signal
corresponding to the monomeric structure [RuCI(NN’)(PPh,)]** (m/z Calc’d, 652.1; Found,
652.3) was observed,; the base peak was [Ru(NN’)(PPh;)]*" (m/z 615.5). Also present, however,
were signals corresponding to a dinuclear (possibly agglomerated) species, though the intact
dinuclear radial cation was not observed. The peak of highest m/z ratio corresponded to
[Ru,CL(NN’)(PPhg),] * (m/z Calc’d, 1828.5; Found, 1044.2) and nothing of higher m/z was
observed. In order to determine the nuclearity of 8 an NMR-based technique (PGSE NMR) was

explored.
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Figure 4.10 MALDI-TOF spectrum of 8.



4.4.1. Theoretical Background and Governing Equations

The physical origin for translational diffusion relies upon the thermally-induced
movement of molecules, or Brownian motion.”” This form of diffusion occurs with no net
external force acting on the system and leads to a random net displacement ;)f the molecules over
time. The rate of diffusion depends on the root mean square displacement of the molecules and
their hydrodynamic radii, as well as the laminar flow of the sample.”” Alternatively, the relative
rate of diffusion can be described by a diffusion constant. The magnitude of the diffusion
constant is proportional to the radius of the diffusing molecule and the viscosity of the medium
through which the molecule is diffusing. Therefore, larger molecules in highly viscous media
(i.e. at high concentrations) will have smaller diffusion constants than smaller molecules in more
dilute media.

The first diffusion constant obtained by NMR methods came as a result of the discovery
and monitoring of spin-echoes by Carl and Purcell,”®” and by Hahn* (Scheme 4.4). In the static
spin echo (SE) experiment, a constant linear field gradient is applied in the direction of B,
Nuclei at different spatial locations are labeled by different precessional frequencies (i.e. their
magnetization become dephased). If the nuclei then diffuse through the sample, the phase they
will acquire upon application of a refocusing pulse (-;t,) will be different from that acquired in
the preparation step. The net consequence of applying the SE experiment to a sample containing
diffusing molc;:cules is an attenuation of the NMR signals corresponding to the partticular

molecules relative to when no gradient is applied.
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Scheme 4.4 The spin echo pulse sequence. The bolded arrow and the hashed arrows represent
the magnetization vector of the sample.

The above technique, however, is no longer implemented due to methodological flaws.
First, it is impossible to isolate the effects of diffusion from those due to transverse (7))
relaxation; both of which cause signal attenuation.”” Second, the constant application of
increasingly stronger gradient amplitudes, to observe smaller diffusion constants, results in
severe linewidth broadening. A corresponding shortening of the free induction decay following
the first (7/2), pulse and a decrease in the width of the echo following the second (-r), pulse is
also seen.”!

By application of a pulsed field gradient instead of a static one, a discovery first made by
M°Call** and later refined by Stejskal and Tanner,*"* these difficulties can be eliminated. The
pulse sequence for the improved experiment (Scheme 4.5) still contains Hahn’s echo sequence,
which consists of a (7/2), pulse followed by a (-m), pulse. However, two gradient pulses are
applied, rather than the constant gradient pulse used in the original experiment. The first gradient
pulse is delivered after the initial (5t/2), pulse, and the second is applied after the (-7), pulse.
Both gradient pulses are equal in magnitude and the second gradient pulse is applied at a time

interval (A, measured in milliseconds) from the first.
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Scheme 4.5 The Stejskal-Tanner PGSE experiment.

The PGSE experiment is performed at a fixed RF pulse interval. Another experimental
parameter, such as the interval between gradients (A), the gradient strength (G) or the gradient
pulse duration (), is varied in order to keep the effects of 7, relaxation constant. This permits
the effects of 7', relaxation to be distinguished from the attenuation in signal strength that results
from diffusion.” Electronic requirements are also less demanding in the modified experiment, as
observation of the echo is made in a homogeneous magnetic field (i.e. the gradients are off), and
this eliminates the need for broadband circuitry.

In the present work, the PGSE experiment was performed by monitoring signal
attenuation as a function of increased gradient strength (G). By plotting a graph of In(J/I;)) versus
the square of the gradient strength, a linear plot is generated. The slope of the resulting line is of
the form y = mx + b, with b equal to zero and m equal to the “- (y85)’(A-8/3)” portion of

Equation 4.3.
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lnTI- = -(y8g)? G2 < - %9> D
0 “4.3)

I = signal intensity at a given gradient strength, /, = signal intensity at 0 % gradient strength, y =
gyromagnetic ratio of nucleus under study ('H = 26.7519 x 107 rad T s'), 8; = duration of
gradient pulse (4 ms), G = gradient strength, A = delay between the midpoints of the gradients
(10 ms), D = diffusion coefficient.

By plotting the results of PGSE measurements performed on several systems, one can
differentiate between molecules of different sizes. Larger molecules, which diffuse more slowly
will have smaller diffusion constants and this is reflected in lines with smaller slopes. Once the
diffusion constant is known, the hydrodynamic radius (ry) can be calculated from the Stokes-
Einstein equation (Equation 4.4).

kT

ry=
crmD 4.4)

ry = hydrodynamic radius, £ = Boltzmann’s constant (1.381 x 102 J K™'), T = temperature, 1 =
viscosity parameter, D = diffusion constant.

When applying the Stokes-Einstein equation, corrections are usually made to the
viscosity parameter, 1), to account for temperature and concentration.* The viscosity parameter
is typically measured at 298 K and without any solute. A rise in temperature would cause the
viscosity of the solution and the value of the viscosity parameter to decrease, while an increase in
solution concentration would cause an increase in both the solution viscosity and the viscosity
parameter. If either of these effects is present in a PGSE experiment, and is left unaccounted for,
the accuracy of the value for ry; would be low. An additional correction is made to the Stokes-

Einstein equation for experiments at elevated concentrations. The value of the numerical factor,
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¢, must also be chosen correctly. The numerical factor represents the ratio of the hydrodynamic
radius of the solvent to that of the solute. It accounts for the ease with which the molecules
under study diffuse through the solvent. While this parameter can be determined exactly from
microfriction theory,” it is valid to approximate the numerical factor to a general value based on
the size of the diffusing species relative to the size of the solvent molecules. In our case, ¢ =6
and this represents a situation where the diffusing molecules are sufficiently larger than the

solvent molecules surrounding it. This is also referred to as the “slip boundary condition”.*

4.4.2. Diffusion Constant Determination for 8c

'H-detected PGSE measurements were undertaken because the high sensitivity of the 'H
nucleus enables minimal experiment times and sample concentration, a function of the large
gyromagnetic ratio and high magnetic susceptibility of the 'H nucleus. Compound 8 was
dissolved in CDCI; to give a sample concentration of 15 mM. An initial spectrum was obtained
to determine the signal intensities at zero gradient strength (/,). A series of 10 other spectra was
measured at 10 % intervals of gradient strength, from 10 % to 100 %. As shown in Figure 4.11,
using the pyrrole protons in 9a as an example, as the gradient strength is increased all signals of
are attenuated at approximately the same rate (observation of signal attenuations are different

rates commonly indicates sample impurity).
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Figure 4.11 Signal attenuation of the pyrrole protons in 9a as a function of increasing gradient
strength (0 %-100 %).

Plots of In(//I,) versus G* (Figure 4.13) are linear for 8, 9 and 10, consistent with
Equation 4.3. Diffusion constants were extracted by solution of Equation 4.3 for each signal. By
calculating an averaged value or “bulk diffusion constant”, from the six most intense proton
resonances in each spectrum, the impact of differing sensitivities and spin-relaxation effects for

the individual protons can be minimized.

4.4.3. Nuclearity of 8c
In order to establish the nuclearity of 8, the magnitude of its diffusion constant was
compared to two reference compounds. Complexes 9a and 10 were chosen to approximate the

molecular volumes for the proposed monomeric and dimeric structures of 8. The nuclearity of
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9a has been previously established by X-ray diffraction. While no XRD data exists for 10, data

exists for the closely related dimeric species species Ru,Cls(dcypb),.

= ( ), al N2
N 7 .\PCY3 C' VAP /
AN —Ru-\"CI9Ru—-P
N cl VA v\
| Cl
Ar
Sa 10
=( “N—Ar  PPh,
N, Fli Clrn. | wPPh3
AU Ry
PhsP” | YOI | N
PPhy Ar-Ng )=
8c

Figure 4.12 Reference compounds.9a and 10 and the proposed structure of 8 [Ar = 2,6-'Pr-
CsH;; PP = 1,4-bis(dicyclohexylphosphino)butane].

Figure 4.13 is a composite graph of In(//I;) versus G, which was generated from data

corresponding to the most intense signal in all three spectra (i.e. from spectra of 8¢, 9, 10).

Consistent with the dimeric structure of 8c, its diffusion constant is less than that for monomeric

reference compound 9a and dimeric reference compound 10.
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Figure 4.13 'H PGSE diffusion measurements for 8c (A) versus 10 (¢) and 9a (W) (CDCl,, 15
mM, 295 K). The slopes of the lines are related to the translational diffusion
constants (see equation 4.3). Error bars for the lines are omitted for clarity and
variance within a data set is expressed in terms of the standard deviation in D (see

Table 4.3).

Table 4.3 Molecular weights, line slopes (from Figure 4.16) and diffusion constants (D) for 8¢,

9a, 10.
Complex Molecular Weight Slope D (10" m*s™) Standard
(g mol ™) Deviation in D
(10" m?s™)
9a 842.40 -6.8064 6.86 0.0255
10 1273.78 -6.2483 6.30 0.0615
8c 1828.62 -5.9982 6.04 0.0501
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To evaluate the accuracy of these diffusion constants, the hydrodynamic radii of 8¢, 9a
and 10 were calculated by solution of Equation 4.4 and then compared to known radii derived
from X-ray crystallographic structures (rygp). Under optimal conditions, including when
experiments are performed in non-coordinating solvent with no potential for hydrogen-bonding,
the agreement between the two values can be within a 0.01 A.* In solving the Stokes-Einstein
equation (Equation 4.4), solution viscosity was approximated with solvent viscosity (i.e. variable
1) and this results in an under-estimation of 1. By choosing the approximated numerical factor
corresponding to the slip boundary condition (i.e. ¢ = 6), an over-estimation in ¢ occurs. The
combination of an under-estimation in 1 and an over-estimation in c results in an error in the

final value of ry of less than 5 %.%*

Table 4.4 Comparison of hydrodynamic radii obtained from PGSE experiments versus the radii
obtained from crystallographic data.

Compound 1, (A) I'yap (A) Ref

8c 7.00 N/A This work
9a 6.15 6.10 2

10 6.70 6.92¢ 47
ZrCL(Cp), 3.0 3.1 46
[Ru,(n- | 7.8 7.5 46
Cl,)(mesetph),]CI”

“Radius for Ru,Cls(dcypb), is substituted for 10, which lacks an x-ray structure. “Where mesetph
is MesP{CH,CH,P(C¢H;), },.

The agreement between ry; and rygp is acceptable when compared to the literature

precedent (Table 4.4), suggesting that the assumptions made to solve the Stokes-Einstein
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equation (vide supra) were valid. Further evidence for the dimeric nature of 8c is also presented
in this table, as its radius is larger than that observed for dimeric 10. The difference in ry for
monomeric 9a and dimeric 10 is only 0.55 A. The small size of this difference highlights the
importance of choosing reference compounds that correspond as close as possible to the upper

and lower limits for the proposed diffusion constant of an unknown compound.

4.5. Conclusions

This chapter describes the formation of a stable, N, N’-chelated iminopyrrolato ligand
within an edge-bridged ruthenium dimer containing cis-disposed triphenylphosphine ligands.
The resistance of 8¢ to o—m isomerization, despite the ease with which a vacant site could be
created via loss of a triphenylphosphine or a datively-bound chloride, suggests that the o-
pyrrolide donor is stable within the five-membered chelate ring. A PGSE NMR study
established the dimeric structure of 8c by comparison of its diffusion constant to those of
appropriately chosen reference compounds. Further investigation of catalysts containing related
pyrrolide-based pseudohalide ligands is of interest, with their application to olefin metathesis a
goal. Solid-state NMR experiments proved invaluable in revealing the unexpected cis-
disposition of the two triphenylphosphine ligands in complex 8. During the course of this work,
the largest ever ruthenium-phosphorus spin-spin coupling constant was measured and only the
second set of *'P chemical shift tensor magnitudes for an octahedral ruthenium complex were

reported.
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CHAPTER 5

Conclusions and Recommendations for Future Work

The work summarized in this thesis illustrates the utility of neutral two-electron donor
ligénds, including m-acids and nitrogen heterocycles, as both phosphine replacements and
components of pseudohalide ligands. In Chapter 3, novel ruthenium hydrogenation catalysts
RuHCI(CO)(IMes)(PPh;) and RuHCI(CO)(H,IMes)(PPh;) were shown to exhibit superior
activity for the hydrogenation of internal and unactivated olefins, relative to known catalysts
RuHCI(CO)Y(NHC)(PCy;) and RuHCI(CO)(PCy,),. The increased lability of PPhs, relative to
PCy,, was determined to be essential for the activating effect of the carbene to be seen. NMR
studies involving *'P inversion transfer experiments are currently underway in this laboratory in
order to determine the extent of this effect. Future work will include substitution of phosphine
for pyridine, which would reduce m-acidity trans to the N-heterocyclic carbene and create a
weaker metal-pyridine bond. Incorporation of a chiral N-heterocyclic carbene, paralleling the
trend in development of catalysts for asymmetric hydrogenation, is also an area of future interest.

Additional work in Chapter 3 included a computational analysis of ethene reduction by
model systems RuHCI(CO)(PH;), and RuHCI(PH,);. Data could not be found to support the
proposal that the incorporation of a carbonyl ligand into a ruthenium hydride catalyst activates it
for hydrogenation. Substitution of CO for PH;, generating RuHCI(CO)(PH;),, did not cause a
favourable change in mechanism nor did it stabilize the rate-limiting step of the reaction. If the
carbonyl ligand is activating for ruthenium-catalyzed hydrogenation it may result from the ability
of this ligand to stabilize the active catalyst towards olefin coordination or towards

decomposition to an extent that a labile donor, such as H,, cannot. Future work involving
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computational analysis of systems containing more relevant phosphines (i.e. PCy; and PPh;), will
permit a more direct link to experimental data.

In Chapter 4, the resistance to o—m isomzerization afforded by a chelating
iminopyrrolato ligand was examined through synthesis of RuCI(k*-N,N’-(2,6-Pr,CsH,)-
N=CHC, H;N)(PPh,),1, (85. Detailed one and two-dimensional solution state NMR experiments
confirmed retention of the o-binding mode and pulsed field gradient spin-echo (PGSE) diffusion
NMR measurements permitted distinction between mononuclear 8a and dinuclear 8b/8c. Two-
dimensional COSY, SECSY, and J-resolved solid-state P NMR experiments confirm that the
PPh; ligands on each metal center are cis-disposed, implying 8c. Future work will include design
of complexes containing highly labile ligands with greater relevance to olefin metathesis, now
that the stability of the iminopyrrolide against m-coordination has been established.
Incorporation of electron-withdrawing groups or chiral substituents on the iminopyrrolide ligand

would broaden its applicability and are possibilities for further investigation.
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