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Chapter r 

GeneralGeneral Introduction to Olefin Metathesis 

Keuwords',Keuwords', Olefin Metathesis / Metal Carbenes / Organic synthesis 

Abstract::  The subject of olefin metathesis is briefly reviewed. The birth, growth and 

maturationn of olefin metathesis is discussed exemplifying the early discoveries, the 

presentt set of available catalysts and the chemical transformations in which 

metathesiss plays an important role, both in polymer science and organic synthesis. 



CHAPTERR 1 

Thee term metathesis, derived from the Greek words ueia (meta = change) and TITEUI 

(titemii  = place), functions in modern English with two meanings.1 In linguistics it describes 

usuallyy unintentional transposition of the letters or syllables of a word. In chemistry it refers 

too a chemical reaction in which different kinds of molecules exchange parts to form other 

kindss of molecules. In the latter, broad definition three specific chemical processes are 

described: : 

 ion metathesis, or double decomposition, in which the ions of two compounds exchange 

partnerss according to the equation A®B© + C®D© -+ A«De + C®Be; 

 a-bond metathesis in which a ligand a-bonded to a metal is replaced through reaction 

withh the a-bond of an incoming ligand without a change in the oxidation state; 

 olefin (alkene, but also alkyne) metathesis where swapping of substituents at double and 
triplee bond between two olefinic molecules occurs induced by a catalyst. 

Thiss dissertation deals with the aspects of the latter category that has developed 
tremendouslyy in the recent years. First, let's embark on a short voyage through the history that 
ledd to the metathesis as we find it today. 

1.11 Historical Backgrounds 
Thee story of olefin metathesis had its origins in the industrial laboratories in the late 

1950'ss where an 'anomalous' polymerisation of olefins using the Ziegler-type catalysts 
M0O3/AI2O3/L1AIH44 and Mo(VAl203/Et3Al was observed.2 Several papers followed, 
describingg the production of unsaturated polymers or disproportionation of linear olefins by 
variouss catalytic systems.3 Then Calderon realised that these processes belonged to one and 
thee same reaction and placed them under the label of olefin metathesis.4 He made his 
conclusionss basing also on the results obtained in his laboratory with the WCVEtAlCk/EtOH 
systemm that performed well in both processes.5 

Initially ,, the bulk of the research was done employing simple metal salts or 
multicomponentt systems of early transition metals, often supported on various materials, 
silicaa and alumina being the most popular.6 However, this 'black box' chemistry lacked the 
evidencee of active species and was based on a trial and error approach in finding new 
catalysts.. Studies using deuterium or 14C labelled alkenes (and ,4C labelled alkynes) proved 
thee alkylidene (alkylidyne) species migration during metathesis.50'7 Chauvin supposed then 
thee involvement of metal alkylidenes in the reaction,8 having in mind the preparation of first 
metall  carbon multiple bond complexes, named after their discoverer as Fisher carbenes, e.g. 
[W{=C(OMe)Me}(CO)s].99 Alkylidene analogues of the Fisher carbene, composed only of 
carbonn and hydrogen atoms and named Schrock carbenes, were also isolated.10 Studies on one 
off  these alkylidenes - [W(=CPh2)(CO)s3, prepared by Casey and Burkhardt,IJa delivered the 
finall  experimental support for the proposed metathesis mechanism, although the activity of 
thiss catalyst was very low. First, the creators of the latter complex found that it produces 
1,1-diphenylethenee in the reaction with 2-methylpropene.ll b Subsequently, the group of 
Katz122 performed detailed mechanistic studies on the metathesis of cycloalkenes and 
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GENERALL INTRODUCTION TO OLEFIN METATHESIS 

2-pentenee employing [W{=C(OMe)Ph}(CO)5] and [W(=CPh2)(CO)5], further corroborated by 
findingss in the group of Grubbs,13 that explained all the experimental results yet unaccounted 
forr by Chauvin's proposal. The revelation of the metathesis mechanism and the role of metal 
carbeness as the propagating species prompted an increase in effort towards the synthesis of 
singlee component organometallic alkylidene (carbene) complexes and their subsequent 
applicationn in metathesis. 

—— 1950 

discoveryy of olefin metathesis 

Chauvinn proposes metal alkylidene based mechanism 

single-component t 
catalystss developed 

firstt Ru alkylidene made 

mechanismm of 8 investigated 

phosphine-freee mono(NHC) 
catalystss developed 

1960 0 

RuCI3(hydrate)) performs ROMP 

1970 0 

evidencee for Chauvin's 
mechanismm found 

1980 0 

1990 0 
synthesiss of Mo alkylidene (6) 

synthesiss of Ru(=CHPh)CI2(PCy3)2 (8) 

20000 rnono(NHC) catalysts 9 and 10 made 

Schemee 1. The timeline of development of olefin metathesis (adapted from reference 51h). 

1.22 Weil-Defined Homogeneous Metathesis Catalysts 
Gradually,, more and more homogeneous, early transition metal complexes in the form 

off  metal carbenes, a number of them first requiring activation by a Lewis acid, entered the 
scenee of metathesis. Some of the most prominent systems are: Tebbe reagent 1, Osborn 
tungstenn carbene 2 activated by gallium bromide,15 Schrock tantalum alkoxide carbene 3, 
tungstenn carbene etherate 4 by Basset and co-workers.17 

Cp-- , / \ ,.-Me 
Cpp CI Me 

1 1 

Br r 
O,,, I 

Br r 

++ GaBr, 

Ar r 

O O 

Ar—O—Ta a 

O O 

Ar r 

Arr = 2,6-/-Pr(C6H3) 
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CHAPTERR 1 

Yet,, their application to a broader spectrum of reagents was hampered by their high 
sensitivityy that required strictly dry and anaerobic reaction conditions. This also precluded 
theirr application for highly functionalised substrates and this drawback could only be partly 
alleviatedd by protection of the functional groups of the alkene in question. A further 
developmentt from the Schrock's laboratory was the preparation of currently the most popular 
metathesiss catalysts based on early transition metal carbon multiple bond complexes. The new 
classs of metal carbenes was built around tungsten 518 and molybdenum 6,19 consisting of an 
imidoo dialkoxy neopentyl alkylidene. The tungsten trialkoxy neopentyl alkylidyne 720 is still, 
afterr more than twenty years since its discovery, the most widely used catalyst for alkyne 
metathesis. . 

^ ^ 

W) ) 
Mo) ) 

Thee reputation enjoyed by complex 6 stems from its very high activity in various types 
off  metathesis allowing the coupling of sterically encumbered tri- and tetrasubstituted alkenes. 
Remarkably,, chiral analogues of 6 that have recently been prepared provide products of high 
enantiomericc purity.21 Despite or actually because of their excellent activity, this type of 
catalystt has to be handled under inert atmosphere and a number of functional groups, such as 
hydroxyll  or formyl, are rendered incompatible. 

1.33 Ruthenium Carbene Metathesis Catalysts 
Thee first ruthenium carbene complexes introduced by Grubbs and co-workers,22 e.g. 

Ru(=CHPh)Cl2(PCy3)22 (8),22cd resolved the shortcomings of the molybdenum complexes to a 
greatt extent, however, at the cost of much lower activity. The rather low activity of the first 
generationn ruthenium carbenes, especially in the more difficult cases of substituted olefins, 
drovee the researchers to the quest for better ruthenium-based catalysts. It turned out that the 
replacementt of one of the phosphine moieties in 8 by a more strongly donating imidazolium 
carbenee ligand (NHC - N-heterocyclic carbene)23 yields much more active catalysts of type 
Ru(=CHR)Cl2(PCy3)LL (where L is a NHC ligand: 9, L = IMes,24 10, L = H2IMes,25 both 
bearingg mesityl groups on ligand nitrogen atoms). These second generation catalysts 
broadenedd the scope of the Ru based catalysts, especially in the case of sterically demanding 
reactionss where catalyst 8 fails. A further improvement in terms of catalyst longevity was 
madee by serendipitous discovery of Hoveyda and co-workers that the introduction of styrenyl 
etherr moiety produces complexes l l 26 and 1227 of a particular stability. 
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Severall  other ruthenium carbene catalysts have also been presented in light of the fact 
thatt there is currently no superior catalyst for all the metathetic transformations. Indeed, small 
structurall  changes in the catalyst design often give unexpected improvements in activity and 
stability.30aa To highlight some of these complexes: the indenylidene 13,28 the extremely fast 
initiating,, six-coordinate dipyridine Ru carbenes of type 14,29 the bulky-substituted version of 
thee second generation Grubbs catalyst 15,30 which performs extraordinary well in the self 
metathesiss of terminal olefins,30b variants of Hoveyda-type catalyst: 16,31 chiral binaphtyl-
substitutedd 17,32 and 18 made from commercially available building blocks,33 Schiff-base-
containingg carbenes of type 19,34 a class of cationic, cymene-allenylidene precatalysts 20. 

/ P r r 

1.44 Mechanism of Metathesis 
Withh the discovery of a new, 'anomalous' polymerisation process2'3 the question had 

risen:risen: how does this process operate? The early explanation attempts were more intuitive than 
anythingg built on sound experimental proofs, in view of the scarcity thereof.36 Mechanistic 
studiess by, inter alia, Mol et a/.,7a'b Clark and Cook,7c Calderon et al.5c and Dall'Asta et al.7d'e 

allowedd Chauvin to propose a mechanism that is still consistent with experimental 
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observationss and this is now referred to as 'Chauvin's mechanism'. He pinpointed the 
importantt metallacyclobutane step, which is common to all the catalysts functioning in the 
metathesiss of olefins. Nevertheless, the individual complexes do differ in the formation of the 
catalyticallyy active species. 

Schemee 2 presents the accepted mechanism of metathesis for ruthenium carbene 
complexess as determined mainly by the extensive studies in the group of Grubbs.3739 Initially, 
twoo possible catalytic cycles for this type of catalyst were presented: a dissociative and an 
associativee one. Experimental evidence proved the former to be operative. Strictly speaking, 
rutheniumm carbenes like complex 8 are pre-catalysts that can enter the catalytic cycle upon 
decoordinationn of one of the ligands, usually a phosphine or the oxygen atom of styrenyl ether 
moietyy in the case of 11 or 12. The vacant site in the 14-electron species is quickly filled by 
coordinationn of the double bond of an alkene RCH=CH2, forming species A that undergoes a 
formall  [2+2] cycloaddition to produce metallacyclobutane B. This can collapse either back to 
speciess A in a non-productive step or to C in a productive step. In the latter case, a styrene 
moleculee is expelled and a second RCH=CH2 molecule coordinates giving species D that 
transformss to metallacyclobutane E upon [2+2] cycloaddition. 

PCy, , -PCy3 3 

++ RCH=CH, 

C I ' ' 
PCy3 3 

1 1 

Ph h ++ PCy3 

-- RCH=CH2 

> u - - H H 

RCH=CH, , 

RR s 

Schemee 2. The mechanism of metathesis for Ru carbenes exemplified on cross metathesis of an alkene 
RCH=CH22 by thee first generation Grubbs catalyst 8. 

Iff  the alkene in the transition state D coordinates with the R group next to the PCy3 
moietyy then metallacyclobutane E results, which then cycloreverts to species D in a non-
productivee metathesis step. With the proper geometry of the metallacyclobutane as in E, 
cycloreversionn and decoordination gives cross metathesis product RCH=CHR (S). The 
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methylenee carbene F with coordinated RCH=CH2 follows similar steps via G to push out the 
secondd cross metathesis product - ethene. If the ethene is allowed to escape the reaction 
medium,, this step becomes irreversible and drives the reaction towards the propagating 
speciess D. The catalytic cycle is completed and can start again. 

1.55 Metathetic Transformations 
Withh the new very active and robust metathesis catalysts in hand, a variety of chemical 

transformationss of molecules containing double and triple bonds have been achieved. Since 
thee metathesis process is energetically neutral and thus reversible, one obtains a mixture of 
bothh substrates and products in a thermodynamical equilibrium. By the judicious choice of 
substratess and/or reaction conditions this intrinsic problem can be circumvented, so one 
productt can be made selectively. Many substrate combinations are successful giving rise to 
severall  genres of metathetical transformations. They can be categorised by the kind of starting 
materialss used and the outcome of the reaction. 

Thee energy gain from the release of ring strain in cyclic alkenes, e.g. norbornene 
derivatives,, is the driving force behind Ring Opening Metathesis Polymerisation (ROMP). 
Inn the most favourable reaction conditions, the polymers are formed in a, so called, living 
polymerisationn manner where a single species acts as active catalyst without chain 
terminationn or chain transfer processes, leading to almost monodispersed material. Most 
metathesiss catalytic systems operate in close to the living manner and polydispersity indexes 
closee to one are common, as opposed to 'normal' e.g. heterogeneous Ziegler-Natta-type 
polymerisationn catalysts, where indexes of 10-20 are typically observed. Additionally, ROMP 
co-polymerisationn is also possible. 

Acyclicc Diene Metathesis Polymerisation (ADMET)40"'41 is a second metathetical 
methodd for making polymers. Dienes are polymerised upon release of a low molecular 
weight,, volatile alkene, usually ethene, which departs from the reaction environment. The 
polymerr chain can grow further, usually in a living manner, by reaction with a double bond of 
aa second diene molecule. However, when the latter process occurs intramolecularly, we are in 
factt dealing with Ring Closing Metathesis (RCM),42 which yields a cyclic alkene upon ring 
closure.. The latter reaction is favoured for a,co-dienes that can form five- to seven-membered 
rings,rings, while the former is preferred for dienes with a longer spacer between the two double 
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CHAPTERR l 

bonds,, e.g. 1,9-decadiene. Where necessary, there are methods known to steer the reaction to 
thee other, less favoured direction. RCM has a remarkable impact on organic synthesis making 
itt one of the most useful tools in carbon-carbon bond formation reactions. 

AA cyclic olefin can also undergo a ring opening process, denominated as Ring Opening 
Metathesiss (ROM),43 when allowed to react with an acyclic alkene in the presence of an 
activee metathesis catalyst. A positive pressure of ethene is often used for this purpose (etheno-
lysis)) shifting the equilibrium towards ct,oo-dienes from the unstrained cycloalkenes. 
Ethenolysiss is also employed in degradation of internal olefins into terminal ones.44 

Metathesiss between two olefinic partners is known as Cross Metathesis (CM)45 and 
ROMM might be considered a variant of this. In the case of CM, one encounters the problem of 
poorr selectivity due to self-metathesis of two molecules of the same alkene. With the careful 
choicee of the substrates, the catalyst and reaction conditions used, one can canalise the 
reactionn towards the desired product. Though often unwanted, the self-metathesis 
(dimerisation,, disproportionation) is also of synthetic interest with regard to symmetrically 
substitutedd alkenes. 

CM M 
- H 2 O C H 22 , V 

++ 4p H2C=CH2 \ / 

ethenolysis s 

Similarr reaction pathways can be envisaged for alkynes when employing appropriate 
metall  carbynes and examples of each of the mentioned types are known, even if not as 
numerouss as for alkenes.46 The alkyne RCM is of the most importance in organic synthesis 
sincee it allows synthesis of an exclusively Z- or E-cycloalkene after selective hydrogenation 
off  cycloalkyne.47 The E/Z selectivity is still an important issue with regard to the alkene 
metathesiss catalysts. The metathesis catalysts usually employed are the Schrock tungsten 
alkylidynee (/-BuO)3W=CCMe3 (7),20 or sterically hindered molybdenum(III) amido 
complexess of type [Mo{(?-Bu)(Ar)N} 3] activated upon treatment with a halogen donor.47a'b 

Thee metal carbenes are also active catalysts in ene-yne metathesis. Two main types 

cann be individuated: an intermolecular process in which a diene is formed from an alkene and 

ann alkyne, and an intramolecular one, where a cycloalkene with a vinyl group attached to the 

doublee bond usually results upon cyclisation of an co-alken-a-yne. 

o o 
e? ? 
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Compoundss with several double and triple carbon-carbon bonds incorporated can 
undergoo tandem or domino metathesis.50 The metathesis of the metal carbene/carbyne with 
thee most reactive/accessible multiple bond starts a chain of the metathesis reaction proceeding 
fromfrom the most to the least reactive/accessible multiple bond. Design of such polyunsaturated 
carbonn chains, the metathesis of which proceeds along a selective cascade pathway is a 
remarkablee achievement. The domino processes can also occur in a multicomponent system 
when,, for example, the first, inter- or intramolecular metathesis triggers the successive 
metathesiss steps, respectively intra- or intermolecular. 

Thee described homogeneous catalysts have found wide application in organic synthesis 
andd also in polymer chemistry. The organic chemists especially have made effective use of 
thee ruthenium carbene catalysts 8 - 20 because of their ease of preparation, resistance towards 
oxygenn and moisture, and compatibility with many functional groups. The success of such 
catalystss has now made metathesis a standard tool in the organic chemistry repertoire for 
carbon-carbonn bond formation. For further, more comprehensive reading on olefin metathesis 
andd related chemistry, the reader is advised to consult the numerous general review articles 
andd monographs, especially the recently published, monumental, counting 1234 pages, 'the 
motherr of all reviews' — Handbook of Metathesis.51"53 

1.66 The Outline of the Thesis 
Thee development of homogeneous catalysts built upon the ruthenium centre has given 

ann enormous impetus for employing metathesis in synthetic organic chemistry. Despite some 
greatt achievements, several facets of olefin metathesis are still unexplored, unresolved or not 
fullyy understood. We have tried to tackle some of them in this thesis. 

Thee well-defined homogeneous metathesis catalysts are a formidable tool in the hands 
off  an organic chemist due to the already mentioned activity, chemical robustness and 
functionall  group tolerance (Chapter  1). The combination of these properties with better ease 
off  handling, separation, and reusability (features of the heterogeneous catalytic systems) 
wouldd be advantageous. Chapter  2 presents an approach to permanently anchor Ru carbenes 
onn solid supports funtionalised with silver carboxylate.54 The application in metathesis, 
recyclingg and characterisation by EXAFS of such heterogeneous catalysts are discussed. 

Twoo new aspects of homogeneous Ru carbene complexes are described in the two 
followingg chapters. In Chapter  3, preparation of Ru carbenes with various bidentate 
phosphiness is presented.55 The influence of this sort of ligands on catalytic activity and the 
crystall  structures of three novel complexes are shown. Chapter  4 deals with synthesis of 
NHCC ligands bearing the very bulky adamantyl substituents.56 Both symmetrical and 
unsymmetricall  analogues of the ligand have been prepared and the effect on the formation of 
Ruu carbene complexes and their metathetic activity are also dealt with. 

Chapterr  5 introduces a marriage of two transformations - allylboration using 
triallylboronn and ring closing metathesis. This new synthetic route applied to lactams provides 
azaspiroalkenee scaffolds in a straightforward manner.57 
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CHAPTERR l 

Inn the introductory section of each chapter the reader wil l find a more detailed literature 

surveyy on the topics presented in this thesis. 
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RutheniumRuthenium Carbene Catalysts 

forfor  Alkene Metathesis 
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Abstract::  Ruthenium carbene complexes 1 and 3 were immobilised via chlorine 

abstractionn using polystyrene resins functionalised with silver carboxylate. The 

supportedd catalysts were applied in several types of metathesis reactions and could 

bee also recycled. Their molecular structure was investigated by means of EXAFS 

spectroscopy. . 



CHAPTERR 2 

2.11 Introduction 
Sincee the discovery of the alkene metathesis reaction more than forty years ago, the 

bulkk of the research carried out employed usually poorly defined transition metal species 
supportedd on various materials, silica and alumina being the most popular.1 During recent 
yearss impressive progress has been made in the development of well-defined homogeneous 
olefinn metathesis catalysts. This has mainly been due to the synthesis of new ruthenium 
carbenee catalysts, such as the first-, Ru(=CHPh)Cl2(PCy3)2 (l),3 and the second generation 
rutheniumm metathesis catalysts, Ru(=CHPh)Cl2(PCy3)L, where L is a N-heterocyclic carbene 
(NHC)) ligand, e.g. 2 (L = IMes)4 and 3 (L = H2IMes),5 as well as the Hoveyda modifications 
off  the system - complexes 46 and 5.7 

*r\*r\ J~\ PCv Mes-^v^Mes 
P CC Mes^ N \ / N ^Mes Mes"Nx f /

N ' -Mes CU | 3 CU | 
CUU | 3 CU | CI-, I ^ R u = \ ^ R u = \ 

.Ru=\\ > u = \ > U = \ C I i V-A
 C l ! V^v 

PCy3
Khh PCy3

Ph PCy3
Ph _ /  ^ W /  ^ W 

1 22 3 4 5 

Thesee catalysts have found wide application in organic synthesis because of their ease 
off  preparation, resistance towards oxygen and moisture, compatibility with many functional 
groupss and relatively high activity, especially of the complexes containing a NHC ligand. 

2.1.11 Literature Survey of Supported Ru Carbenes 

2.1.1.12.1.1.1 The First Supported Ru Carbene 
Inn the industrial processes, the large majority of the catalysts used are heterogeneous 

systemss and metathesis is not an exception in this respect, employing usually supported metal 
oxidess or chlorides.1'8 Immobilisation of the homogeneous catalysts 1 - 5 on solid supports 
wouldd facilitate the work-up and make the metathesis reaction an even more attractive tool for 
industry-oriented,, practical applications. Nguyen and Grubbs presented the first example of 
immobilisingg a well-defined ruthenium carbene on a solid support.9 Complex 
Ru(=CH-CH=CPh2)Cl2(PPli3)22 (la) was tethered to a series of phosphine-functionalised 
polystyrene-divinylbenzenee (PS-DVB) solid supports by phosphine exchange to form, e.g. I. 
Thesee supported catalysts bring about the ring opening metathesis polymerisation (ROMP) of 
norbornenee and cyclooctene, as well as the self-metathesis of cw-2-pentene, although at a 
muchh slower rate than their homogeneous analogues. When later the metathesis mechanism 
forr Grubbs-type catalysts was elucidated, the poor activity of this system became evident. 

Becausee of these somewhat disappointing results, the supported catalyst I was the only 
examplee until recently, when several publications appeared describing new approaches to 
immobilisee ruthenium carbene complexes, including the second generation catalyst 3 and its 
analogues.. The immobilisation efforts can be categorised according to the point of attachment 
off  the ruthenium complex to the solid phase. 
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IIa( LL  = PCy3) IIIa( L = PCy3) 

Hb(LL  = IMes) IIIb( L = IMes) 
III cc (L  = H2LMes) 

Hi dd (L  = IPr) 

2.1.1.22.1.1.2 Immobilisation via the Carbene Moiety 
Inn the majority of the undertaken immobilisation efforts, the carbene unit itself 

functionss as the connection of the homogeneous complex to the solid phase. The so called 
'boomerang'' polymer-supported catalyst Ha was first presented by Barrett and co-workers10 

whoo anchored catalyst 1 to a vinyl analogue of Merrifield resin. During metathesis the 
catalystt is released to the reaction medium, acts as a homogeneous catalyst, and is then 
recapturedd by the support once the substrate has been consumed. This approach solved the 
problemm of the low activity of heterogenised catalyst I and lowered the contamination of the 
finalfinal product with Ru residues. Recycling attempts, however, were disappointing and the 
additionn of stabilising agents only partially prolonged the catalyst lifetime. Kiddle and co-
workers""  assessed the activity of the supported catalyst Ha and found that it performed less 
welll  than catalyst 1 in microwave promoted ring closing metathesis (RCM). Better results 
weree obtained using resin li b with the more robust and active catalyst 2. This system allowed 
thee catalyst to be recycled for five consecutive RCM runs, or even longer when additives, like 
1-octenee or PPh3, were added to stabilise the metathesis active species.12 

Nolann and collaborators immobilised complexes 1 -3 and some analogues on poly(di-
vinylbenzene)) (poly-DVB, a macroporous, non-swelling resin with a defined porous structure, 
alsoo in its dry state in contrast to polystyrene resins) to produce resins IHa-d.13 The supported 
catalystss showed similar activity to their homogeneous parent complexes. The loss in activity 
duringg recycling was quite modest, mainly due to effective recapture of the released catalyst 
speciess back to the surface of the polymeric matrix containing a large excess of free vinyl 
groups.. The authors noticed13b that oxygen-containing substrates greatly affected the 
recapturee mechanism due to chelate formation (similar to that in complex 4) and recycling 
wass not feasible in these cases. 

AA better recyclability is obtained using the Hoveyda-type catalysts 4 and 5 that are very 
robustt organometallic entities and can be even recovered by silica gel chromatography. ' The 
groupp of Hoveyda prepared catalysts IVa and IVb - the carbosilane dendrimer supported 
analoguess of 4 and 5, respectively.73 The dendritic catalysts were recycled by column 
chromatographyy for multiple consecutive runs, and despite leaching levels of-10% of Ru per 
cycle,, still performed well in the sixth run of a model RCM reaction. Catalyst 5, when 
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immobilisedd by sol-gel procedure on glass pellets, produced supported catalyst IVc, which 
displayedd even better catalytic properties.14 It could be recycled at least fifteen times bringing 
thee test RCM, ROM/CM and CM reactions to completion, though the reaction time increased 
fromm 3 to 14 h because of minor catalyst leaching and slow deactivation. Nevertheless, the 
productt contamination with Ru residue was below 1% of the initial loading and the tablet-like 
shapee of the support allowed easy combinatorial screening of libraries of twenty-five RCM 
andd ROM/CM reactions. 

CII V -N % 
CI^'Ruu M e s 

I I Si i 

IVaa (L = PCy3) 
IVbb (L = IMes) 

SiMe, , 

Severall  other groups immobilised the Hoveyda-type catalysts 4 and 5 via the carbene 
moietyy on various supports.15 Yao15a used poly(ethylene glycol) (PEG) for preparing the 
solublee supported catalyst Va that carried out RCM for at least up to eight runs with only 
minorr loss of activity. Catalyst Va was recycled by precipitation from the reaction mixture 
andd filtration. Recently, in the same group, isopropoxystyrene derivatised PEG was used to 
immobilisee catalyst 3.15b The obtained catalyst Vb took advantage of the high activity and 
robustnesss of 3, improving the recyclability to at least seventeen cycles in RCM with only 
slightt catalyst deactivation. 

,Ru u 
crr  : 

ó ó vv \ O-PEG G 

CI-„ CI-„ 

CI I 

PCy3 3 

VI I Va(LL = PCy3) 
Vbb (L = H2IMes) 

Dowdenn and Savovic15c employed a modified polystyrene resin, obtaining catalyst VI 
thatt was effective for seven consecutive runs of RCM performed in air, although with a 
substantiall  decrease in conversions. Use of TentaGel™ to give a supported catalyst of the sort 
VII  gave rather poor results in RCM in non-degassed methanol. 

Inn a simplified procedure, requiring only two steps, catalyst Vil a was prepared and 
successfullyy used for the ethenolysis of methyl oleate.15d PEG modified with a styrene moiety 
att the end of the chain was employed for tethering 1 and 3 resulting in soluble polymeric 
catalystss VIIb-d. 15e Catalyst VHb released the active species to the solution, but it was not 
effectivee in recapturing after metathesis completion precluding recycling of the catalyst. 
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Catalystss VII c and Vll d could be recycled for up to five cycles, although the return of the 
activee species to complete the 'boomerang' mechanism was not fully completed at the end of 
eachh cycle resulting in high catalyst leaching. The lower stability of the supported species 
VIIc-d ,, as compared to complexes 4, 5 or VIII , in which the isopropoxy group provides for a 
betterr chelation, is to blame. 

c i j c y ' ' 
^ R u = = 

cr r 

99 X 
o^b b 

Vil a a 

c uu  p\Cy> 

cy3PP <T\ 

(PEG)—OO O 

VTIb b 

CU,, I 
.Ru=\ \ 

cr r 
PEG)—O O A-O O 

VII cc (L = PCy3) 
Vll dd (L = H2LMes) 

15f f Blechertt and co-workers employed Wang resin modified with 2-isopropoxy-
5-hydroxystyrenee to attach complex 3. The resin Vill a was successfully applied in CM and 
couldd be recycled up to five times. They made also use of a commercial PEGA-NH2 resin as a 
supportt for 3.15g The catalyst VHI b performed quite efficiently in aqueous and alcoholic 
solutionss for metathesis of polar substrates. Alternatively, complex 3 was employed in ROMP 
copolymerisationn of two oxanorbornene derivatives, one of which contained the 
isopropoxystyrenee moiety. Addition of copper chloride induced catalyst immobilisation on 
thee polymer, thus obtaining a self-generating supported catalyst VIIIc. 15 The soluble catalyst 
VIII cc showed very good activity, recyclability (up to eight runs with just 1 mol% catalyst, 
recoveredd by precipitation) and a low bleeding profile. Weberskirch and co-workers15' further 
improvedd the performance of catalyst VII I  in aqueous solutions by using an amphiphilic, 
waterr soluble block copolymer based on poly(2-oxazoline)s. The highest metathesis activity 
inn water presented so far was measured for a model RCM. Recycling was feasible for up to 
fivee cycles with low Ru leaching but major catalyst deactivation. Grela and collaborators used 
butyldiethylsilyll  polystyrene (PD-DES) derivatised with isopropoxystyrene moiety as a long 
handlee to tether complex 3.l5j Catalyst Vlll d had a lower activity than catalysts supported on 
solublee supports, but comparable recyclability and low contamination of the products by Ru 
residues. . 

Mes' ' 

^ R u = \ \ 
CJJ ! \ , 
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Yaoo and Zhang have to date presented the only example of successful recycling of a 
Ruu carbene using perfluorinated solvents. They prepared a poly(fluoroalkyl acrylate) 
functionalisedd with isopropoxystyrene groups to which complex 3 was bound. The fluorinated 
supportedd catalyst Vlll e was soluble in the reaction medium PI1CF3/CH2CI2 (1:19 v/v) 
allowingg fast and clean RCM. The catalyst was extracted with perfluorohexanes and recycled 
upp to twenty times with only a slight (-10%) decrease in activity, remarkably. A drawback of 
thiss procedure is the intrinsic requirement of the relatively expensive fluorous solvents, 
althoughh this is at least partially compensated by the ease of automation of the extraction 
protocol. . 

Mes s 

0-Ru-<< ^} 
crr ci \r 

m/nn = ~10:1 

CII N ' 
Mes s 

Vlll e e 

Ionicc liquids are valuable 'green' alternatives to standard solvent systems. Several 
groupss performed metathesis in ionic liquids with success.11'17 The homogeneous catalysts 1, 
33 and the cationic precursor of XIII , when solvated in ionic liquids, could be reused after 
extractionn of the reaction products with an organic solvent. However, significant decreases in 
activityy were observed, because of partial extraction of the Ru carbene to the organic layer, 
allowingg in the most favourable cases for up to 5-6 cycles. To alleviate this problem, the 
modifiedd catalysts Vlll f and VHI g were prepared by the groups of GuilleminI8a and of Yao18 

byy tagging complex 4 with 3-methylimidazolium hexafluorophosphate. The almost identical 
ionicc catalysts outperformed the regular Ru carbenes in terms of recyclability allowing for ten 
cycless of practically complete conversion of a model substrate to RCM product (total TON of 
-400).. Studies regarding the utility of this approach to catalyst 5 are underway in both groups. 

PCy, , 
CUU I 3 

VHI g g 

Verdonckk and collaborators prepared carbosilane dendrimers with the ruthenium 
carbenee 1 and its PPli3 analogue bound via the carbene unit.19 Using this dendritic initiator 
theyy prepared star-polymers with a carbosilane core by controlled ROMP of norbornene. 
However,, no attempts of application towards RCM nor recycling data have been reported. 
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Despitee some very fine results, the 'boomerang' system has a limited scope, since it is 
nott suitable for continuous processes, nor for metathesis reactions with thermodynamical 
equilibriaa between substrate(s) and product(s) as, for example, for the self-metathesis of 
internall  alkenes. For these reasons, considerable effort has been made to permanently 
immobilisee the ruthenium-based catalysts 1 - 5 on supports. 

2.1.1.32.1.1.3 Immobilisation via the NHC Carbene 
Inn the ruthenium carbenes bearing a NHC ligand, e.g. 2, 3, 5, the ligand itself is a good 

candidatee for an attachment point to a support. Since the NHC is strongly bound to the metal 
centree and does not dissociate during the catalytic cycle (in contrast to the carbene or 
phosphinee moieties), a permanently immobilised complex can be made. A drawback is the 
usuallyy multistep preparation of a NHC ligand suitable for tethering to a support. The first 
reportt using this strategy came from Blechert and co-workers that anchored complex 1 to a 
Merrifieldd resin functionalised with a NHC ligand, producing the immobilised second 
generationn catalyst IXa.20 The catalyst was shown to be active for RCM and ene-yne 
metathesis,, though long reaction times were usually required for reactions to reach 
completion.. This period needed to be further extended in recycling experiments with only up 
too four runs being practical. Complex 3 was also supported on a similar PS resin giving 
catalystt IXb that, compared to its 'boomerang' analogue VIIIa, 15f performed somewhat less 
well.. The presence of an additional isopropoxy group (IXc) did not improve the catalyst 
activityy and stability in CM. 
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Inn the group of Buchmeiser the second generation catalyst 3 was permanently anchored 
too monolithic and silicious materials for application in continuous processes.21 The immobi-
lisationn protocol employed derivation of the support surface by ROMP of norbornene-type 
monomerss using 1, Since this is a living polymerisation, norbornene-derivatised NHC ligands 
aree grafted to the support upon addition to the reaction mixture. Adjusting the ratio of the 
monomerss allows to control the microstructure and loading of the support. Capping of the 
rutheniumm termini with ethyl vinyl ether followed by base-promoted reaction with ruthenium 
carbenee 1 yields immobilised complexes of type X. They proved to be efficient catalysts in 
RCMM and ROMP using a continuous system, could be recycled in a batch system and the 
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metall  leaching was low. Some doubts have arisen regarding validity of the proposed structure 

off  the Ru carbene Xb that employs a diadamantyl NHC ligand (see Chapter 4 of this thesis 

andd reference 22). 

Xaa (R = Mes) 
Xbb (R = Ad) 

2.1.1.42.1.1.4 Alternative Immobilisation Procedures 
Inn the Verpoort group several ruthenium complexes with bidentate Schiff-base ligands 

weree developed and immobilised on mesoporous matrix MCM-41.23 The supported catalysts 
off  type XI and its/?-cymene precatalyst analogue233 showed good activity in ROMP and RCM 
(alsoo in Kharasch addition and enol ether synthesis) and they could be recycled four times 
withh only a small decrease in activity. The same group used phosphinated MCM-41 to bind 1 
andd its PPI13 analogue via one of the phosphine moieties. 4 The catalysts Xlla , b act partly in 
thee already discussed 'boomerang' mode (in this case by phosphine dissociation) and then the 
activee species is recaptured to the support quite efficiently, so the leaching is low (1-3%). 
However,, recycling was not attempted and the activity was substantially lower than that of 
catalystt 1 for certain substrates. 
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Similarly,, a linkage of 1 to silica via phosphine moieties was realised by Mingotaud and 
collaborators.255 They made an analogue of 1 in which one of the cyclohexyl groups in both 
phosphinee moieties was replaced by 10-decanol-l-yl chain. The complex was then allowed to 
reactt with silica grafted with carboxyl group, leading to catalyst XHc immobilised via a 
particularlyy long tether. The catalyst exhibited good activity in ROMP of norbomene, but 
moree challenging substrates were not mentioned, and the direct measurement of catalyst 
leachingg and recycling were not addressed. It is also possible, at least to some extent, that the 
danglingg chain of the second phosphine is involved in bonding to the silica surface giving a 
chelatedd species. 
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Thee polystyrene-supported cationic ruthenium allenylidene complex XII I was prepared 
fromm a polymer-supported arene-ruthenium complex and appropriate reagents by Akiyama 
andd Kobayashi.26 The tethering is realised via the arene unit in this case. The catalyst was 
usedd in a range of RCM reactions and could be reused in several cycles. When the activity 
decreased,, the immobilised catalyst could be regenerated by reaction with a carbene source. 

XlV aa (R
XlV bb (R > 

Cy) ) 
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Inn the group of van Koten functionalised lithiated carbosilane dendrimers with a 
2-hydroxyalkylpirydill  ligand were used to support complex 1 and its analogue.27 The 
bidentatee ligand exchanged a chloride atom and a phosphine moiety in 1. Catalysts XIVa, b 
weree found to have similar catalytic performance as their homogeneous parent compounds. In 
spitee of their good activity, a preliminary trial reaction in a flow reactor equipped with a nano-
filtrationfiltration membrane resulted in extensive catalyst deactivation. 

Microincapsulationn in polystyrene for the immobilisation of carbene 3, applicable also 
too other organometallic complexes, was presented by Gibson and Swamy.28 The RCM 
reactionn was performed in water/methanol 4:1 mixture giving high conversions in this 
mediumm and permitting the recycling for at least four cycles, although with declining activity 
duee to catalyst leaching from the polymer matrix. Ease of preparation makes this method 
quitee interesting for practical purposes. 

2.1.1.52.1.1.5 Immobilisation via the Anionic Ligand 
Inn our group we devised a different approach for the immobilisation of ruthenium 

carbenes.. We anticipated that the anionic ligands, which remain bonded to the ruthenium 
throughoutt the entire catalytic cycle,29 are the most suitable groups to form a covalent link 
betweenn the Ru(II) centres and the support. Therefore, we have replaced the chlorides in 1 
withh carboxylate groups to produce six-coordinate dimeric complexes of the kind 
Ru2(=CHR)2(R'C02)2(u-R'C02)2(PCy3)2(u-H20)) (XV), where R' is a strongly electron-
withdrawingg group (e.g. CF3, C2F5, CCI3).30 These ruthenium carbenes were found to be 
highlyy active metathesis catalysts. 
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Followingg our disclosure31 of the preliminary results discussed in this chapter, the 
collaboratingg groups of Nuyken and Buchmeiser32 reported several times on the application of 
thiss approach for catalyst immobilisation. Monolithic and silicious materials were grafted by 
ROMPP with oxanorbornene (di)carboxylate or norborn-5-ene-2-ylmethyl hexafluoroglutarate, 
transformedd into their silver salts, and subsequently reacted with 3 or 5 to replace one chlorine 
atom,, furnishing permanently immobilised catalysts of type XVI a or XVIb , respectively.32a'b 

Thee catalysts were applied in a continuos process to give TON's only somewhat lower than 
observedd for 3 (batch process) in RCM and the metathesis products were found to be 
practicallyy free of Ru contamination. 
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Inn the two other publications from these groups c' the procedure described is (almost) 
identicall  to that presented in this chapter31 making use of perfluoroglutaric anhydride to 
immobilisee complex 5 on amphiphilic poly(2-oxazoline)-derived block copolymer or just 
polystyrene.. The heterogeneous catalysts showed high activity (TON of 200 for RCM) and 
veryy low ruthenium leaching (ppb levels), also in aqueous media. 

2.22 Results and Discussion 

2.2.11 First Batch of Catalyst Supported According to a New Protocol 
Wee chose a polystyrene resin as the support because of its chemical neutrality and 

presumedd site isolation that would prevent deactivation of the catalyst by clustering. 
Consequently,, to obtain the desired polymer-supported ruthenium carbene we developed the 

straightforwardd procedure illustrated in Scheme 1. 
AA polystyrene resin (cross-linked with 1% DVB) functionalised with hydroxyethyl 

groupss (batch capacity of -1.48 mmol OH/g) was transformed into a carboxylic-acid-

functionalisedd resin by reaction with hexafluoroglutaric anhydride. Upon treatment with 
sodiumm bis(trimethylsilyl)amide, followed by ion exchange with silver nitrate, a silver salt of 
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thee immobilised carboxylic acid was obtained. Finally, the ruthenium complex 1 was reacted 
withh the resin, producing the supported ruthenium carbene PS-Ru as dark brown beads. 
Basedd on our studies of the reaction with soluble silver carboxylates, we assumed that at 
leastt one chlorine atom in 1 was substituted with the carboxylic group. 

F.. F F F 

THF F 

"FF 1.5 h 

, 0 0 

F F / V F F 

1.48mmolOH/1g g 
100-2000 mesh 

Schemee 1. Synthetic procedure to PS-Ru. 

Thee ruthenium loading on the resin, as determined by ICP-AAS analysis, was equal to 
0.355  0.05 wt% (-0.035 mmol/g). Thus, in the procedure employed, complex 1 substituted 
onlyy circa 6% of the functional groups with respect to the starting hydroxyethyl resin (the 
maximall  theoretical loading of the catalyst resin PS-Ru is approximately 0.60 mmol/g, 
providedd all steps proceed with 100% efficiency). From elemental analyses of the resins 
obtainedd in each step of the procedure we concluded that the esterification was practically 
quantitativee and the rather low ruthenium loading resulted mainly from considerable cleavage 
off  the ester linkage upon treatment with sodium bis(trimethylsilyl)amide. In the MAS H 
NMRR spectrum the carbene signal was observed at 19.86 ppm as a broad singlet, which is 
slightlyy upfield with respect to complex 1 (20.02 ppm).3a In the MAS 31P NMR spectrum two 
peakss were observed: a broad one at 52.6 ppm and a narrow one at 51.2 ppm in the ratio of 
circaa 2:1. Although a definitive identification of these two peaks was not possible, we 
tentativelyy assigned the broad peak to a Ru carbene linked to the support by two carboxylic 
groupss and the narrow one to a Ru carbene linked by one carboxylic group. Alternatively, it is 
possiblee that these peaks correspond to complexes with unidentate and bidentate coordination 
modess of one carboxylic group to the ruthenium centre. Unfortunately, we could not confirm 
thee coordination from the IR spectrum of the supported catalyst since all characteristic 
stretchess were missing due to the low loading of the metal species. 

Ourr polymer-supported catalyst PS-Ru was a highly active and versatile metathesis 
catalystt (Table 1, Scheme 2). It was applied in self-metathesis of internal alkenes, such as 
?ra«5-4-decenee (7) and methyl oleate (8, methyl cw-9-octadecenoate). Catalyst PS-Ru 
convertedd 39% and 45% of the respective alkenes in 4 h, which is possibly even slightly 
betterr than for the homogeneous catalyst 1 (36% and 40%, respectively)34 under similar 
reactionn conditions. After an additional few hours, both reactions reached their 
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thermodynamicc equilibria (-50% conversion), while the selectivity to the expected products 

wass still > 98%. Catalyst PS-Ru was much more productive in the metathesis of internal 

alkeness (turnover frequency, TOF 54 h~' and 60 h~' for 7 and 8, respectively) than catalyst I 

{TOF{TOF 2 h"1 for cw-2-pentene). 

Et02CC C02Et 

-C2H4 4 

•C4H99 i- '3H7 ,p4H9 

C02Me e 

H9C4 4 

)77
 + Me02C 

Schemee 2. Model metathesis reactions. 

Catalystt PS-Ru was also tested in RCM of diethyl diallylmalonate (6) and gave 94% 
conversionn in 2 h, which is better than e.g. for a supported homogeneous catalyst reported by 
Dowdenn and Savovic (43% in 1.5 h).10g It is noteworthy that 1 mol % of PS-Ru furnished 
nearlyy the same conversion as 5 mol % of PS-Ru (Table 1, entries 3 and 4). 

Tablee 1. Activity of PS-Ru for metathesis of selected substrates." 

Substrate e 

/ra>M-4-decenee (7) 

methyll oleate (8)* 

diethyll diallylmalonate (6)c 

diethyll diallylmalonate (6)d 

Time e 

[h] ] 
4 4 

4 4 
2 2 

2 2 

Conversion n 

[%] ] 
39 9 

45 5 
94 4 

93 3 

Residuall Ru content 

[ug/mgg product] 

0.1566 8 

n.d. . 

3.766 2 

0.800 4 

""  in CH2C12 at rt; * ratio alkene: PS-Ru 550:1;c 5 mol % of PS-Ru; *  1 mol % of PS-Ru. 

AA major advantage of catalyst immobilisation is that, in the ideal case, the metathesis 

productss are free from contamination of the often difficult to remove ruthenium residues. 

Usingg the immobilised catalyst PS-Ru for RCM of diene 6 (100 equiv.), we could reduce the 

rutheniumm level in the product to 0.80  0.04 ug per mg of product. In the case of trans-4-

decenee (550 equiv.) the product contamination with ruthenium was 0.156  0.008 ug/mg of 

thee product mixture after just a simple catalyst filtration. These values are comparable or 

lowerr than those reported in the purification procedures by Maynard and Grubbs using a 

water-soluble,, coordinating phosphine and by Paquette and co-workers36 employing lead 

acetatee to remove the ruthenium residues from metathesis products. Barrett and co-workers10 
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alsoo reported similar contamination levels with their 'boomerang' system (-0.50 ug/mg 

productt before chromatographic purification). 

Wee also assessed the recyclability of PS-Ru in RCM of diene 6. The diene was allowed 

too undergo metathesis for 2 h, then the solution was drained off, the resin washed, and a new 

batchh of a dichloromethane solution of the substrate was added. Table 2 shows the activity of 

catalystt PS-Ru upon recycling. 

Tablee 2. Recycling of PS-Ru in RCM of diethyl diallylmalonate (6)." 

Cycle e 

Conversion" " 

Conversion0 0 

1 1 

94 4 

93 3 

2 2 

64 4 

47 7 

3 3 

41 1 

29 9 

4 4 

37 7 

--

5 5 

30 0 

--

6 6 

23 3 

--

°° All runs in CH2C12 for 2 h at rt using * 5 mol % orc 1 mol % of PS-Ru. 

Wee observed a substantial decrease in activity after the first cycle, which can be 
attributedd to catalyst leaching (up to 19% ruthenium loss from the resin, as measured by ICP-
AAS).. Possibly, a part of immobilised catalyst resembled the dinuclear Ru carbene species30 

thatt upon metathesis were irreversibly liberated to the reaction medium. In the following 
cycless the catalyst activity declined more slowly and in the sixth cycle still 23% conversion 
wass reached after 2 h. The leaching of ruthenium in these cycles was less than 3% of the 
initiall Ru loading per cycle. Product contamination by ruthenium residues was very low in 
thiss instance - less than 0.58  0.02 and 0.124  0.006 ug/mg of product for 5 mol % and 
11 mol % of catalyst PS-Ru used, respectively. Although the reuse of 1 mol % PS-Ru was 
feasible,, the activity decreased rapidly upon recycling (29% in third cycle). Still, in this 
experimentt the catalyst was employed more efficiently since the total turnover number of at 
leastt 169 in three cycles compares favourably with TON of 58 over six runs in the experiment 
withh 5mol% of PS-Ru. The recycled catalyst drove the reaction to completion after 
prolongedd reaction time (24 h), demonstrating its long-term stability. The shelf life of catalyst 
PS-Ruu was also good. It was stored for more than six months under a protective atmosphere 
off nitrogen and did not show any sign of diminished catalytic activity. 

2.2.22 Further Development of the Procedure 
Thee first immobilised catalyst PS-Ru, made according to the above-described protocol 

(Schemee 1), demonstrated several promising features, but also suffered from a few 
shortcomings.. The latter are: a rather low catalyst loading resulting from incomplete 
conversionss in the synthetic steps (overall yield of-6% of the theoretical value), leaching of 
thee catalyst, especially in the first run of a recycling process, and the rather quick degradation 
off the supported catalyst upon recycling. 

Itt was also interesting to investigate if application of our immobilisation protocol to the 
secondd generation catalyst 3 would yield a supported catalyst of superior properties as 
comparedd to supported first generation Grubbs catalyst PS-Ru. We set off to modify the 
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parameterss of the procedure presented in Scheme 1 to give answers to these points. The 
followingg major parameters of the protocol could be adjusted: the sort of support, solvent and 
saltss used, use of larger excesses of sodium and silver salts as well as increased amounts of 1 
orr 3 in order to drive the reactions to a higher conversion. During the course of the protocol 
optimisation,, other factors, previously considered as having only minor influence, were also 
takenn into account. Since the first and second step of the procedure applied to form PS-Ru 
proceededd almost quantitatively, as judged by mass increase of the resin, we decided to 
introducee no major modifications in these steps and concentrate on the more troublesome 
subsequentt steps. This notion was further supported by the metal content analysis of the 
intermediatee resins obtained in the preparation of a second batch of immobilised catalyst 
followingg the same protocol (with minor modifications). Hence, the efficiency of each step of 
thee procedure could also be assessed by an analytical method. The content of sodium, silver 
andd ruthenium in the resins Na/PS, Ag/PS and Ru/PS prepared on the way to a new batch of 
supportedd catalyst (1.50% Rul-PS) was measured by ICP-AES. The obtained values and 
theoreticall maximum capacities are collected in Table 3. 

Wee can see from Table 3 that the sodium salt and thus the immobilised acid are formed 
quantitativelyy and even exceed the calculated theoretical value. Possibly, a part of the excess 
off the sodium amide salt used in this step did not get washed away from the beads by the 
solventss employed for rinsing: dichloromethane and hexanes (alternatively, the actual 
capacityy of the starting OH resin is higher or the Na measurement falls outside the confidence 
limits).. These residues should not interfere with the preparation of the immobilised silver salt 
inn the next step, though formation of certain amounts of amide argentate species cannot be 
excluded. . 

Tablee 3. ICP-AES analysis of resin intermediates to 1.50% Rul-PS.f l 

Sample e 

Na/PS S 

Ag/PS S 

Ru/PS S 

Theoretical Theoretical 
[mmol/g] [mmol/g] 

1.087 1.087 

0.995 0.995 

0.594 0.594 

Na a 
[mmol/g] ] 

1.399 4 

0.0111 4 

--

Ag g 
[mmol/g] ] 

--

0.1555 7 

0.0744  0.005 

Ru u 
[mmol/g] ] 

--

--

0.1488 6 
aa maximal theoretical capacity calculated based on 1.48 mmol/g loading of the hydroxyethyl PS resin 

usedd and the assumption of 100% effectiveness of all the protocol steps; 95% confidence interval 
reportedd for analytical data reported. 

Inn the next step, only circa 10% of the sodium in the supported carboxylate was 

subsequentlyy replaced by silver. The silver loading of Ag/PS decreased to only -15% of the 

maximumm theoretical loading highlighting this step as a critical one. The last step towards the 

immobilisedd catalyst proceeded in quantitative yield with respect to Ag/PS (within the 

confidencee limit of the results). The stoichiometry of this reaction is close to one silver atom 

replacedd by one ruthenium atom. A remainder of silver was detected in the Ru/PS, but it was 

onlyy ~5% of the silver loading of the Ag/PS resin. The achieved loading of 1.50 wt%, which 
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iss 0.148 mmol/g, constitutes almost 25% of the theoretically achievable loading and it is more 
thann a three-fold increase with respect to the first catalyst resin PS-Ru. 

Inn the course of our research we prepared several new batches of the immobilised 
catalystt that we screened for their activity for three model reactions: RCM of 6 and self-
metathesiss of 7 and 8 (Scheme 2). The obtained results are summarised in Table 4. The 
followingg naming system of prepared batches of immobilised catalysts is introduced: the 
numericall part of the tag of each batch relates to the measured ruthenium loading (expressed 
inn wt%) while Rul-PS and Ru2-PS refer to polymer-supported first (1) and second (3) 
generationn of Grubbs catalyst, respectively. The original catalyst batch PS-Ru described 
previouslyy is accordingly renamed to 0.35% Ru-PS. 

Tablee 4. Catalytic activity of the various batches of resin-supported complexes 1 and 3 prepared by 
modificationn of the original procedure." 

Catalystt batch 

[wt%% Ru-PS] 

0.35%% Ru-PS 

0.49%Ru2-PS S 

0.52%% Rul-PS 

0.54%% Rul-PS 

0.64%% Rul-PS 

0.82%% Rul-PS 

0.83%% Ru2-PS 

1.02%% Rul-PS 

1.36%% Rul-PS 

1.50%% Rul-PS 

1.79%% Rul-PS 

2.01%% Rul-PS 

2.22%% Rul-PS 

2.38%% Rul-PS 

2.90%% Rul-PS 

Loadingg [mmol/g] 

Ruu P 

0.035 5 

0.048 8 

0.051 1 

0.053 3 

0.063 3 

0.081 1 

0.082 2 

0.101 1 

0.135 5 

0.148 8 

0.177 7 

0.199 9 

0.220 0 

0.235 5 

0.287 7 

--

0.008 8 

0.074 4 

0.048 8 

0.065 5 

0.077 7 

0.036 6 

0.126 6 

0.152 2 

0.210 0 

0.165 5 

0.184 4 

0.236 6 

0.249 9 

0.297 7 

Catalyt t 

6 6 
96 6 

LWL. LWL. 
13 3 

..05).... . 
12 2 

(29)... . 
17 7 

.14?).... . 
4(12) ) 

83 3 

41 1 

..Ml... ..Ml... 
85 5 

20 0 
(53).... . 
78 8 

.119.0)... . 
5(8) ) 

15 5 
....(32).... . 

36 6 

f...(85)_... . 
26 6 

(51) ) 
21 1 

!! (34) 

icc activity* [%] 

77 8 
40 0 

.150).... . 
34 4 

...(50)... . 

--

--

28 8 

50 0 
(0.5h) ) 

34 4 
...(5.9).. . 

32 2 
.148)... . 

0 0 

--

18 8 
.128).. . 

12 2 
.130).. . 

0(2) ) 

45 5 
(48) ) 
41 1 

(49) ) 
--

--

1(8) ) 

32 2 
(50) ) 
50 0 

(lh) ) 
38 8 

(50) ) 

40 0 
(48) ) 
0(1) ) 

--

12 2 
(25) ) 

0(3) ) 

Remarks s 

Originall  resin PS-Ru 

Supportedd complex 3 (but only 
0.133 equiv.) as in the original 
procedure e 
ArgoPore^-ÖHH as support, 
Ag/PSS prepared from PS-
COOHH with CF3SOjAg 
Origina ll  procedure on Wang 
resinn as support and no EtOH 
forr  N«/PS rinse 
Al ll  steps done with undried 
solvents s 
Originall  procedure with no 
EtOHH used in Na/PS step and 
0.33 equiv. 1 employed 
Originall  protocol as for  resin 
1.02%%  Rul-PS, but with 0.25 
equiv.. 3 
Originall  protocol with 0.25 
equiv.. 1 

ArgoPore^^O HH as support, 
AgN033 used directly on PS-
COOH H 
Largerr  excesses of reagents, no 
EtOHH used for  washing except 
Ag/PSS step 
ArgoPore™^ÓH,, ÏÖ equiv. 
NH4OHH used for  Ag/PS to step 
PS-CH2OHH as support, 
NrL.OH„ ,, > used for  Ag/PS step 

Ass for  2.38% Rul-PS, but no 
MeCNN wash in Ag/PS step 

Fromm P'iJCÖÖH to Ag/PS 
directlyy with AgNOj , using 

!!  MeCN used instead of EtOH 
;;  Original procedure with no 
II  alcohol used in the entire 
;;  procedure 

""  a more detailed description of protocol modification can be found in the experimental section; 
22°C,, metathesis of diethyl diallylmalonate, ratio substrate:Ru 100:1,2 h (24 h); for internal alkenes ratio 

550:1,44 h (24 h); conversion determined by GC; — = not measured. 
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Thee ruthenium loading of the new batches of the polymer-supported catalysts 1 and 3 
variedd from 0.048 mmol/g up to 0.287 mmol/g, that is from 8.2 to 48.4% of the theoretical 
maximumm capacity. The final ruthenium loading and the activity of the immobilised catalyst 
weree strongly dependent on even small changes in the preparation procedure. We obtained the 
highestt increase in ruthenium loading when no alcohol (MeOH or EtOH) was used for rinsing 
off the resins after each reaction step, especially in the step when the sodium salt of supported 
carboxylicc acid was prepared. Although alcohols seemed to be the solvent of choice for 
washingg away the excess sodium amide salt NaN(SiMe3)2 from the resin, it is possible that 
reactionn of the residue of this salt may form sodium methoxide that could cause cleavage of 
thee ester moiety. The linker was extensively cleaved from the PS beads since we detected the 
resonancess coming from the linker in the 19F NMR spectrum of the alcoholic washings of the 
resin.. We observed a similar problem when we, at an earlier time, attempted the use of 
alcoholicc NaOH for the generation of the immobilised sodium salt. Remarkably, Buchmeiser 
etet al, in a similar protocol, used aqueous NaOH for the silver salt generation and did not 
reportt on any detrimental hydrolysis of the ester linkage.320' 

Thee cleavage of the linker was unintended, but in our case it played a key role in giving 
immobilisedd catalysts of higher activity, albeit at the cost of a lower loading. The supported 
catalystt 1.02% Rul-PS and 0.35% Ru-PS prepared using methanol or ethanol as one of the 
solventss for resin rinsing after each protocol step, exhibited higher activity than all other 
catalystt batches for which no protic solvent was used. When tetrahydrofuran or 
dichloromethanee was used in place of methanol, no ester bond cleavage was observed and 
higherr Ru loadings were achieved. A similar effect was observed when we omitted the second 
stepp of the procedure and prepared the silver salt Ag/Ru directly from the carboxylic acid. 
Relativelyy 'highly-loaded' resins 2.22% Rul-PS and 2.38% Rul-PS were then obtained. 

However,, one can notice that the higher the Ru loading of the immobilised catalyst, the 
worsee its catalytic performance was per equimolar amounts of ruthenium used in metathesis; 
thiss trend is observed in Table 4 for RCM activity of batches of Rul-PS. Although the matrix 
off the support provides for the site isolation by imitating the infinite dilution conditions,33 the 
increasingg density of ruthenium species on the surface and in pores of a PS bead made the 
contactt between the supported Ru carbene species more probable. For example, in the 
hydroxyethyll resin used in most of the experiments, the density of functional groups on the 
surfacee is approximately 0.2-1 per ran2 (15-80% functionalisation range, as calculated for 
followingg support parameters: 700 m2/g surface area, capacity of 1.5 mmol/g). Considering 
alsoo the typical pore size for PS of 4-9 nm and a relatively extended linker chain of 
approximatelyy 1-1.5 nm in length, these interactions are possible. The formation of Ru 
clusterss is often held responsible for catalyst deactivation.37 It could occur during 
immobilisationn procedure and also during catalysis due to recombination reactions of 
catalyticallyy active, coordinatively unsaturated Ru species. Thus, a faster depletion of the Ru 
carbeness for the batches of supported catalyst with a relatively high Ru loading is 
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understandable.. The issue of cluster formation on the support of the nithenium catalysts is 
alsoo discussed in the EXAFS investigation of the supported catalysts (vide infra). 

Tablee 4 includes also entries that do not follow the above-mentioned 'rule of thumb' 
duee to reasons other than possible cluster formation. When the procedure was performed with 
thee use of non-dried and non-degassed solvents the quality of the prepared catalyst batch 
0.64%% Rul-PS suffered significantly in terms of catalytic activity. In spite of a low ruthenium 
loading,, the supported catalyst showed only residual activity in RCM and CM (Table 4). The 
obviouss conclusion is that the immobilising procedure is sensitive towards moisture and 
oxygen.. On the other hand, once prepared, the catalyst was active in metathesis of non-
purifiedd olefin in commercial solvent in air, although slightly less than when the reaction was 
performedd under a protective atmosphere. For example, 0.82% Rul-PS catalyst batch 
convertedd 76% and 83% of diethyl diallylmalonate (100 equiv., 2 h), respectively. However, 
wee also observed that prolonged (weeks) exposure to aerobic conditions degraded the activity 
off the supported catalysts (samples of 1.79% Rul-PS and 2.90% Rul-PS used in the EXAFS 
investigations). . 

Surprisingly,, the second generation Grubbs catalyst 3 immobilised following our 
protocol,, Ru2-PS, performed poorly in RCM of diene 6 when compared to the first 
generationn analogue Rul-PS. The lower activity must be the effect of the structure of the 
immobilisedd Ru carbene species (see later in the text). Even more puzzling is the fact that 
Ru2-PSS is as excellent catalyst in self-metathesis as its homogeneous analogue 3 and much 
betterr than Rul-PS. 

Tablee 4 reports, alongside the loading of ruthenium, also that of phosphorus for the 
mostt of supported catalyst batches. The ratio P/Ru for the batches of first generation 
supportedd catalyst Rul-PS varies from 0.83 for 0.82% Rul-PS to 1.44 for 0.52% Rul-PS, 
butt the majority of them falls in the range 1.0  0.1 P atom per one Ru atom. This is in 
contrastt with the tentatively proposed linkage mode for PS-Ru,31 meaning that in PS-Ru and 
alll other Rul-PS resins the silver carboxylate scavenged not only a chlorine atom, but also a 
phosphinee ligand in the process of immobilisation. Most probably, both a phosphine and a 
chloridee are replaced at once, forming as a by-product the silver chloride - phosphine complex 
(AgCl*PCy3)) that had also been observed in the synthesis of the dinuclear complexes XV.30 If 
so,, a bidentate mode of coordination of the carboxylate would be preferred if the 
pentacoordinatedd structure of the complex is to be preserved. The monodentate linkage mode 
mustt be formed to a much lesser extent than we anticipated in order to account for the P:Ru 
ratioo close to 1:1. In the two relatively highly active resins 1.02% Rul-PS and 1.50% Rul-PS 
thiss ratio was substantially above one (1.25 and 1.41, respectively), thus more monodentate 
linkagess should be expected in these two catalysts. The formation of AgCl*PCy3 was not 
confirmedd by 31P NMR analysis of the liquor from the last step of the procedure. Instead of 
thee characteristic doublets at -43 ppm,30 peaks at 30.1 (not positively identified), 36.7 (excess 
Grubbss catalyst 1) and 51.4 (most probably phosphine oxide 0=PCy3) in a -2:2:1 ratio were 
observedd in the preparation of 1.36% Rul-PS batch. 
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Inn the case of the immobilised second generation Grubbs catalyst Ru2-PS data from 

onlyy two samples are at our disposal: 0.49% Ru2-PS and 0.83% Ru2-PS. The former 

containedd very low amounts of phosphorus (ratio P/Ru of only 0.17), strongly pointing a 

phosphine-freee Ru carbene as the major Ru species present on the resin and thus AgCl*PCy3 

formation.. The P/Ru ratio of 0.43 for the 0.83% Ru2-PS batch was also rather low, what 

suggestss formation of both AgCl and AgCl*PCy3 in close to equimolar amounts. Hence, the 

formationn of both mono- and bidentate linkage modes of ruthenium to the solid phase and the 

existencee of both phosphine-free and phosphine-bearing Ru carbenes is likely. The latter 

catalystt batch was also more active since it contained more phosphine moieties that upon 

dissociationn formed the catalytically active species. The other ligands, possibly including 

speciess such as a r|2-chelating carboxylato ligand, do not dissociate very effectively causing 

sloww initiation. This statement accounts for the poor activity in RCM of Ru2-PS relative to 

Rul-PS,, but does not explain the excellent CM activity. 

Too test which of the hypothetical structures is the closest to reality, we have also 

performedd EXAFS measurements of several ruthenium complexes including the carbenes, 

immobilisedd catalysts, and samples of spent catalysts. The findings are discussed in the 

followingg section of this chapter. 

Wee also measured the silver content of some batches of the supported catalyst Ru-PS 
andd we noticed that the activity correlated to some extent with the amount of residual silver in 

thee final resins. The Ag content in the measured samples was between 0.3% up to 240% 

(mmoll Ag/mmol Ru) with respect to the determined Ru loading. The sample showing the 

maximumm extreme of this range - 1.07% Rul-PS (not included in Table 4) was completely 

inactivee in RCM and CM with all tested substrates. This was somewhat surprising since this 

batchh was prepared following a similar procedure as for 1.50%» Rul-PS, except that only 0.10 

equiv.. of catalyst 1 was used in the last step of the protocol and no methanol was used for 

washingg of the resins throughout the procedure. Using only 0.10 equiv. of complex 1 was 

apparentlyy not sufficient to replace all the silver immobilised on the resin and that completely 

shutt down the metathetic activity of supported carbenes, if any were present on the support. 

Thee resins 0.64% Rul-PS and 1.79% Rul-PS contained 21 and 33% of Ag with respect to 

thee Ru content and their catalytic activity was also greatly impaired. The best performing 

batches,, such as 0.64% Rul-PS, 0.83% Rul-PS or 1.02% Rul-PS, contained below 1% Ag 

withh respect to Ru. Thus, the content of residual silver present on the beads is clearly an 

importantt factor, influencing the catalytic activity of immobilised catalysts Ru-PS. 

2.2.2.12.2.2.1 Use of a Non-perfluoro Linker 
Wee were often asked the question if we really have to use a perfluorinated linker for the 

catalystt immobilisation. Initially, we thought that the complexes would not be formed on such 

aa linker, since attempts to make the homogeneous dinuclear complexes XV with silver salts of 

non-fluorinatedd carboxylic acids had failed.30 Without the experimental proof this statement 

wass ungrounded, therefore we have repeated the procedure leading to the 0.35% Ru-PS 
catalystt using glutaric anhydride instead of its perfluorinated analogue. Dark-green to brown 
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resinss 2.85% Rul-PS and 2.15% Ru2-PS were obtained with high ruthenium loading. The 
twoo new supported catalysts showed activity in RCM of 100 equiv. of diene 6, giving 
respectivelyy 9 and 4% conversion after 4 hours. This is very low when compared to the 
originall resins 0.35% Ru-PS or 1.50% Rul-PS that showed almost full conversion after 4 
hours.. The ruthenium species that were deposited on these polymers probably consist mainly 
off metal clusters (rather high loading) and non-carbene species (low activity). The conclusion 
cann be drawn that the findings for the homogeneous complexes did translate to the results 
obtainedd for the heterogenised catalysts, at least in these two instances. 

2.2.2.22.2.2.2 Recycling Experiments 
Wee carried out recycling experiments with some of the batches of the immobilised 

catalysts.. The results for better performing catalyst batches are presented in Table 5. Diethyl 
diallylmalonatee (6) was allowed to undergo metathesis using the beads from a batch of 
catalystt for two hours in dichloromethane, then the reaction mixture was filtered off, washed 
twicee with dichloromethane and hexanes and the liquor tested for RCM conversion by GC. 
Thee resin was then reused with a new batch of substrate and solvent added. 

Wee conclude from the recycling experiments that the catalysts with the lower loadings 
(0.35%% Ru-PS and 1.50% Rul-PS) that had performed well in the previous experiments, also 
generatedd the best catalytic results upon recycling. The recycling of the catalyst was feasible 
inn the case of metathesis of diene 6, but the catalyst activity decreased with time, especially 
afterr the first run owing to catalyst leaching. The liquor from the first run was usually slightly 
colouredd and we measured a maximum ruthenium leaching of up to -25% in the case of the 
resinn with the highest Ru loading. We suppose that also certain amounts of dinuclear 
rutheniumm species might have formed and these species would also be released to the solvent 
duringg the first metathesis cycle. In the following cycles the activity decrease was less 
pronouncedd and catalyst leaching in the second and following cycles was below 3% of the 
initiall loading. Presumably, in these cases the drop-off in activity was primarily a 
consequencee of catalyst decomposition. 

Tablee 5. Recycling of the supported catalysts in RCM of diethyl diallylmalonate (6). 

Catalystt run 1 (%) run 2 (%) run 3 (%) run 4 (%) run 5 (%) run 6 (%) 

0.35%% Ru-PS 94 64 41 37 30 23 
0.83%Ru2-PSS 59 39 28 24 19 16 
1.50%% Rul-PS 83 34 18 15 11 7 
2.22%% Rul-PS 90 53 35 33 21 13 

Conditions:: 20°C. resin suspension in CH2C12 (2.0 ml); molar ratio alkene:[Ru] = 20:1, [Ru] catalyst 
concentrationn ~1.0 mM. 

Wee performed the following experiment to assess the catalytic activity of the Ru 
(carbene)) species leaching from 2.22% Rul-PS resin. After 15 minutes of the RCM 
experimentt with 6 (100 equiv., catalyst concentration -3.0 mM) half of the solution was 
movedd to a second vessel under nitrogen equipped with a stirring bar taking care that no beads 
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weree transferred. At this point the conversion was 9% by GC. After 4 h the conversion 
measuredd for the two experiments was of 89% (mixture containing beads) and only 20% for 
thee mixture with no beads. Thus, the ruthenium species that got detached from the polymer 
surfacee did show a residual activity, but they accounted for only circa 10% of the total 
conversionn achieved in the first cycle. Since the leaching of Ru was much lower in the 
followingg reuse cycles, we assume that solely the supported catalyst is responsible for the 
metathesiss activity. In line with previous experiments, the second generation catalyst 0.83% 
Ru2-PSS was also found to be less efficient than Rul-PS with respect to recycling. 

2.2.2.32.2.2.3 Exploring the Scope of Supported Catalysts 
Thee best two performing resins with supported first and second generation Grubbs 

catalystss 1 and 3, respectively 1.02% Rul-PS and 0.83% Ru2-PS, were tested for their 

metathesiss activity towards several dienes. The results are collected in Table 6. 

Tablee 6. Activity of supported catalysts in RCM of various dienes. 

Conversionn [%] 
Entryy Substrate Product 

1.02%% Rul-PS 0.83% Ru2-PS 

411 (2h) 

844 (24h) 

444 (lh) 

999 (24h) 

255 (lh) 

899 (24h) 

622 (lh) 

911 (4h) 

277 (lh) 

1000 (lh) 

455 (lh) 

888 (22h) 

Reactionn conditions: 22°C, 1.0 raM suspension of [Ru=] in CH2C12; molar ratio alkene : [Ru=] = 100:1. 

Ts s 
I I 

Ts s 

OH H 

N N 

COCF: : 

855 (2h ) 

977 (4h ) 

899 (lh ) 

1000 (4h ) 

766 (lh ) 

966 (24h ) 

966 (lh ) 

1000 (4h ) 

999 (lh ) 

766 (lh ) 

999 (4h ) 

644 (lh ) 

999 (22h ) 
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Bothh generations of supported catalyst 1.02% Rul-PS and 0.83% Ru2-PS performed 
welll in RCM formation of five- to seven-member rings, bringing the reactions to completion 
usuallyy within 4 hours. The seven-member ring and the formation of the spiro system (entries 
33 and 7) required prolonged reaction times (22-24 hours) to reach the complete conversion. 
Thee first generation supported catalyst 1.02% Rul-PS was more active than the second 
generationn 0.83% Ru2-PS, as it was already observed in RCM of 6. An exception was the 
metathesiss of linalool (entry 6) for which the latter catalyst showed substantially higher 
activityy than the former. The presence of trisubstituted double bond and hydroxyl group 
evidencedd the higher activity and functional group tolerance of the second generation catalyst 
withh respect to the first generation one. 

Thee capability of the supported catalyst to carry out metathesis in solvent-free, and thus 
moree environmentally friendly conditions, was also investigated. Due to the larger amounts of 
olefinn needed to carry out this experiment, readily available and inexpensive 1-octene was 
usedd as the test substrate. Before the reaction, the substrate was passed through a column of 
aluminaa to remove traces of peroxides that are very detrimental to (ruthenium) carbenes in the 
loww concentration range of Ru species that will be present during the experiments. Catalysts 
1.02%% Rul-PS and 0.83% Ru2-PS gave 29% and 6% of conversion to 7-tetradecene after 
244 h of exposure to 10,000 equiv. of 1-octene. The obtained turn over numbers (TON) of 
2,9000 and 600, respectively, are rather low, especially when results obtained in our group for 
thee homogeneous systems are considered (TON at rt of 21,000 for 1 and 95,000 for 3).38 

[Ru=]] A 

++ 4?\ 
neat t 

1-octenee is nonetheless an apolar molecule and the beads of polystyrene hardly swell in 

thiss medium thereby limiting the accessibility of the supported catalyst to the substrate. 

Indeed,, when a similar experiment was performed using 1:1 v/v 1-octene and 

dichloromethanee mixture, which has a much better swelling potential, 69% and 19% 

conversionn was reached after 24 h, respectively. A respectable TON of 6,900 was recorded for 

catalystt 1.02% Rul-PS, but catalyst 0.83% Ru2-PS proved to be disappointing again in 

termss of its activity (TON 1,900). Possibly, a higher reaction temperature (above 60°C) 

wouldd improve the numbers for catalyst 0.83% Ru2-PS, but this experiment was not 

conducted. . 

2.2.2.42.2.2.4 Modified Silicas as Support 
Wee attempted to use functionalised silica gels as support. Two modified silicas were 

used:: one bearing a 1,2-diolpropoxypropyl function and another one with aminopropyl group, 
onn which the slightly modified standard protocol using complex 1 was applied. We obtained 
brown,, free flowing solids for which the ruthenium content was established at 1.43 and 0.98 
wt%,, respectively for (Rul-OCO)2-Si and Rul-CONH-Si. Unfortunately, their metathesis 
activityy was very low and only 8 and 13% conversion of diethyl diallylmalonate (after 24 h at 
rt,rt, 1 mol% catalyst) was measured, respectively. One of the reasons of the inactivity might be 
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incompletee capping of the silanol groups to which complex 1 is sensitive, but by IR the 
supportt is deprived of these groups, at least to a major extent. In view of these poor results we 
mustt conclude that the silica support used is incompatible with the first generation Grubbs 
catalystt 1. We did not try to use the much more robust Hoveyda modified metathesis catalysts 
44 or 5 that are known for their remarkable stability on silica gel. 

2.2.2.52.2.2.5 MAS NMR Studies of Supported Catalysts 
Ass already mentioned, we could obtain the crucial information about the ruthenium 

loadingg of the supported catalyst by AES-ICP and AAS-ICP, but these methods do not 
providee any data on the chemical nature of the immobilised Ru species. The tools attainable 
forr the fast and routine analysis of heterogeneous catalyst are limited and one must resort to 
speciall techniques (see the subchapter on EXAFS) not available for every day routine. IR did 
nott provide any clues on catalyst structure since the spectra of ruthenium species failed to 
displayy any of the expected (although usually weak) bands attributable to the Ru carbene 
complex.. Actually, we did not observe any relevant changes in the infrared spectrum of 
1.50%% Ru-PS with respect to Ag/PS resin; probably due to the low loading of Ru species the 
expectedd bands failed to emerge. Standard NMR techniques also failed (though for 
perfluoroglutaratee derived PS, Na/PS, and Ag/PS some signals could be observed, especially 
inn the ' F spectra). Fortunately, a special nanoprobe was at our disposal that allows the 
implementationn of the Magic Angle Spinning (MAS) NMR technique. The mentioned 
techniquee provides spectra of reasonable signal-to-noise ratio from the solvent-swollen resins. 
Inn particular, the outer shell of the beads that is sufficiently in contact with the solvent gives 
risee to peaks with diminished line broadening (less restricted motion and thus smaller 
anisotropicc interactions and faster relaxation) as compared to the matrix of the polystyrene 
bead.. Both 'H and 31P MAS spectra were measured for several of the supported catalysts 
(unfortunately,, the ' F resonance was problematic in the set-up used and could not be 
measured).. In Table 7 the obtained results are summarised. 

Wee could not observe any or only very weak resonances attributable to the carbene 
protonn in the 'H NMR for resins performing poorly in metathesis, e. g. 1.79% Rul-PS, 2.15% 
Rul-PS,, 2.22% Rul-PS. In the 31P NMR several peaks were observed for these batches of 
supportedd catalyst highlighting their great inhomogeneity. Nevertheless, the relative highly 
loadedd resin 2.22% Rul-PS, which revealed many peaks in 31P spectrum and a weak carbene 
protonn signal, showed a respectable activity in RCM. For the resins that showed a better 
catalyticc activity, distinct though broad (due to the inherently poorer resolution of MAS NMR 
techniquee with respect to liquid phase NMR) peak(s) of the carbene proton could be observed 
andd up to three peaks in phosphorus spectrum. The carbene hydrogen signals appeared in a 
rangee from 18.5 to 20 ppm and the signals in 31P NMR in two groups at circa 32 and 52 ppm, 
usuallyy with one resonance of dominant intensity. The position of the carbene resonance is 
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quitee variable in Ru carbenes depending on minor structural changes, and the values measured 

forr the immobilised catalyst do fit well in the normal range. The assignment of the peaks in 
31PP NMR is somewhat more problematic. They are not situated in the range observed for 

dinuclearr complexes XV (43.2-46.6 ppm). For the first made catalyst batch 0.35% Ru-PS, we 

speculatedd that the two peaks around 52 ppm come from the Ru carbene linked to the support 

byy one or two carboxylic acid groups. On the other hand, these resonances could arise from 

speciess linked in r\l or r|2 fashion by one carboxylic group to the support. With the data 

availablee at this point we can not make the hard conclusions on the catalyst structure (see the 

nextt section on EXAFS) 

Tablee 7. Selected MAS NMR data for specified batches of supported catalyst. 

Catalystt batch lH MAS NMR data [ppm] 31P MAS NMR data [ppm] 

0.35%% Ru-PS 19.9 52.6 (br, -70%), 51.2 
0.49%% Rul-PS 19.3 (br, w); 32.7 (vw) 
0.83%% Ru2-PS 19.1 (br d) 30.3, 32.5 (-5%) 
0.89%% Rul-PS 20.0 (w) 53.2, 50.8, 37.2 (-80%) 
1.02%% Rul-PS 18.4 (-70%), 17.9 55.2 (-20%), 53.0, 39.0 (-65%), 
1.79%%  Rul-PS No carbene peak detected 58.7 (br, w), 51.7 (w) 

2.15%% Rul-PS No carbene peak detected 53.4, 50.5,48.4,47.4,45.9,42.9, 
36.33 (main), 28.5 

2.22%% Rul-PS 20.7 (vw) 63.6 (main), 62.5, 61.4, 60.5, 

57.1,47.7,30.1 1 
brr = broad, w = weak, vw = very weak 

2.33 Structure Determination of Immobilised Catalysts by EXAFS 
Inn the heterogeneous catalysis the characterisation of the supported species is usually 

moree complicated than it is for homogeneous catalysis. In order to get insights about the 
structuree of the immobilised catalysts Rul-PS and Ru2-PS we made use of Extended X-ray 
Absorptionn Fine Structure (EXAFS). This technique has proven itself in probing the type of 
atomss surrounding a metal centre and their distance from the metal, irrespective of the state of 
aggregationn of the sample.39 Both the electronic and geometric local states are determined. An 
advantagee of this X-ray technique with respect to X-ray diffraction (XRD) is that it does not 
requiree a long range ordering of atoms (a crystalline material). This is not present in the 
supportedd organometallic complexes dealt with in this chapter. To the best of our knowledge, 
thiss is the first application of EXAFS in a study of ruthenium carbenes species. 

2.3.11 Data Acquisition and Ru K-edges 
Forr the purpose of our study we have measured the absorption spectra of homogeneous 

rutheniumm carbene complexes 1, 3, 5, 9,10, and the PS immobilised catalysts 0.83% Ru2-PS, 
1.02%% Rul-PS, 1.79% Rul-PS, 2.22% Rul-PS, as well as 2.90% Rul-PS. 
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Rutheniumm powder and several simple compounds of ruthenium, that is R11O2, RuCl3, 
RuCl2(PPh3)3,, Ru(acac)3 were measured as reference materials needed for the EXAFS 
calculations.. All samples were measured in the solid state at liquid nitrogen temperature at the 
Hasylabb Synchrotron Laboratory in Hamburg (Germany). Figure 1 shows the Ru K 
absorptionn edge of the Ru metal, RuOi, R11CI3 and RuCl2(PPh3)3. 

Figuree 1. Ru K-edge of the reference materials. 
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Thee energy of the edge inflection point is mainly determined by the effective oxidation 
statee of the metal - the higher the oxidation state is, the higher the energy required to expel an 
electronn from the K shell into the continuum.40 The reference ruthenium compounds obeyed 
thiss rule. We have found the inflection point of the edge on the spectrum of ruthenium(IV) 
dioxidee - a sample with the highest formal oxidation state of the metal, on the extreme right 
sidee at 22130 eV, then ruthenium(III) trichloride at 22128 eV and ruthenium(II) tris(triphenyl-
phosphine)) dichloride at 22123 eV. The values are given with respect to the edge position of 
rutheniumm metal, which was set as the reference at 22117 eV,41 that is also the lowest energy 
valuee concurrent to the oxidation state of metal in these materials. The difference between the 
twoo latter samples in the edge position (Figure 1) seems to be less pronounced as it is between 
thee two other pairs. However, the first inflection point of the edge of metallic ruthenium is 
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alreadyy positioned at the base of the edge and serves as the reference point. The difference 
betweenn edge position and formal oxidation state is of circa 3 eV per one unit. 

Figuree 2. Near-edge of Ru K-edge of several ruthenium carbene compounds. 
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Thee edges of ruthenium carbenes are preceded by a pre-edge feature (vide infra). The 
energiess of the edges are in a range from 22124.6 (for complex 1) to 22125.8 eV (for complex 
5,, Figure 2). The comparison of the edge positions with the reference compounds suggests 
thatt the effective charge of the ruthenium in the carbene complexes discussed in this paper 
(Grubbs-typee and its analogues) is +2 or somewhat above this value. The benzylidene ligand 
'=CHPh'' is electronically neutral (or possibly slightly electron accepting) to the metal centre 
thuss confirming the Fisher carbene (low oxidation state) behaviour of the ruthenium carbenes. 
Inn complex 5 the presence of the oxygen atom of the ether moiety coordinated to the Ru 
centree increases the effective positive charge of the metal to a value close to +3. 

2.3.22 The Pre-edge Feature 

Onn closer inspection, one can notice that all carbene (both =CHPh carbene and NHC 
carbenee ligand) containing complexes possess a characteristic feature - a pre-edge shoulder 
positionedd for all the carbene-containing materials at -22114.7 eV. Its nature is not fully clear 
andd a theoretical study of the interacting orbitals would be necessary to shed more light on 
thiss issue. We suggest that it originates from the symmetry of the complexes that causes 
rehybridizationn ofp and d orbitals of the metal and mixing with those of the ligands, similarly 
too Pd bidentate diphosphine allyl complexes. A pronounced pre-edge is visible for all 
complexess that contain the carbene bond. Therefore, the pre-edge can be considered a 
signaturee for the metal-carbon bond. We quantified the size of the pre-edge by subtracting the 
tailingg part of the edge from the spectra (Table 8). 
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Tablee 8. The position (eV) of the inflexion point of the Ru K-edge 
andd intensity of the pre-edge shoulder (arbitrary units). 

Sample e 

1 1 
3 3 
5 5 
9 9 
10 0 

0.83%% Ru2-PS 
1.02%% Rul-PS 
1.79%Rul-PS S 
2.22%% Rul-PS 
2.90%% Rul-PS 

Spentt 1 
Spentt 3 

Inflectionn point 
(eV) ) 

22124.6 6 
22125.5 5 
22125.8 8 
22124.9 9 
22125.5 5 
22125.3 3 
22125.0 0 
22126.0 0 
22125.8 8 
22126.0 0 
22123.9 9 
22124.2 2 

Area a 
[a.u.] ] 
0.301 1 
0.442 2 
0.685 5 
0.297 7 
0.092 2 
0.362 2 
0.217 7 
0.075 5 
0.143 3 
0.134 4 
0.013 3 
0.119 9 

Thee pre-edge shoulder was clearly visible for all samples containing ruthenium-carbon 
bondss and its intensity was higher for complex 3 and 5 (two carbene moieties) than those of 1 
andd 9 (just benzylidene; Figure 2). Resins with immobilised complex 1 and 3 also followed 
thiss trend and the intensity of this absorbance with respect to homogeneous counterparts could 
bee an approximate measure of their purity and catalyst activity. When oxygen is coordinated 
too the metal (as for 5), the intensity of the pre-edge was much higher than for 3, but for 
complexx 10 it was much lower. Likely, the presence of a bidentate phosphine in 10 constrains 
thee geometry around ruthenium so that its symmetry prevents p-d hybridisation and minimises 
thee pre-edge intensity. The Ru-0 bond in 10 is elongated thus the Ru-0 interaction is weaker 
thann it is in 5.43 In 5 the overlap of Ru and O orbitals is probably enhanced allowing better 
orbitall mixing and an increase in the pre-edge intensity. 

Thee shoulder was also visible for the immobilised catalysts and its size showed 
correlationn with the activity of the catalyst. In the lower loading resins 1.02% Rul-PS and 
0.83%% Ru2-PS spectra the shoulder was relatively large while for the higher loading batches 
1.79%% Rul-PS, 2.22% Rul-PS and 2.90% Rul-PS the pre-edge feature was substantially 
lower.. This is in line with their lower activity in metathesis with respect to the two former 
resins.. The 1.79% Rul-PS catalyst, which showed only residual activity, also displayed only 
aa minuscule pre-edge peak (Table 8 and Figure 3). The edge position for resins 1.02% 
Rul-PSS and 0.83% Ru2-PS was similar to its homogeneous counterparts 1 and 3, but for the 
otherr three resins the edge position was shifted to circa 21226 eV, thus towards a higher 
oxidationn state of metal (closer to +3). Since these batches of immobilised catalyst showed the 
presencee of several species in 31P MAS NMR (at relatively higher ppm values) the observed 
oxidationn state of the metal is an average of all the species present. Nevertheless, this fact 
pointss out the presence of a substantial amount of ruthenium species in higher oxidation 
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states,, for example Ru(IV), that are not recognised as metathesis active species. Interestingly, 
inn the samples of spent catalyst 1 and 3 the position of the inflection point of the edge was at 
somewhatt lower energy values (-21224 eV) suggesting a decrease in the average oxidation 
statee (reduction) of the Ru present in the spent catalyst. 

Figuree 3. Near-edge of Ru K-edge of several batches of immobilised ruthenium carbene complexes. 
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2.3.33 Structural Parameters Extracted from EXAFS Spectra 
Havingg the K-edge absorption data in hand, the EXAFS spectra were extracted using 

thee XDAP data analysis code.44 After Fourier transformation of the EXAFS data, spectra were 
fittedd in k or k1 as well as in k3 space to the experimental spectrum. The plots below (Figure 
44 and 5) exemplify the EXAFS data and Fourier transformed data for complexes 1 and 3. 

Figuree 4. Ru K-edge k -weighted EXAFS and Fourier transform of complex 1. 

Thee quality of the experimental data was excellent and we could obtain accurate values 
off interatomic distances that correlated well with the crystal structure of these complexes. The 
distancess found by EXAFS spectroscopy between the metal centre and the two heavy 
scattererss - phosphorus and chlorine are close to bond lengths determined by crystallographic 
analysis.. The discrepancy usually was not exceeding 0.05 A as compared to the X-ray 
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structuress of an analogue of complex l3a and complex 3.45 The distances between ruthenium 
andd the carbene carbons, being a light scatterer, proved to be more problematic. The distances 
forr benzylidene carbene could not be fitted properly because of its small contribution to the 
absorptionn spectrum with respect to the heavier scatterers. We solved this problem by 
assigningg the arbitrary value for Ru=C bond reported for the crystal structures of Ru carbenes. 
Thee contribution of the carbon atom of NHC carbene in 3 could then be extracted and 
calculatedd with an acceptable disorder parameter (Debye-Waller factor). 

Figuree 5. Ru K-edge k3-weighted EXAFS and Fourier transform of complex 3. 
8 8 

Inn the same manner we obtained Fourier transformed data of immobilised complexes 
Rul-PSS and Ru2-PS (Figure 6) and, after optimisation, we obtained good matches of the fits 
withh the experimental data. The results of the best fits are summarised in Table 9. Thus, 
accordingg to the data provided by EXAFS, the coordination sphere around the ruthenium 
centree in the immobilised first generation catalyst batch 1.02% Rul-PS consists, in addition 
too the presumed carbene carbon atom, of two heavy scatterers, a phosphorus and a chlorine, 
andd of two oxygen atoms. The latter fact means that a phosphine and a chlorine atom are 
replacedd by a chelating carboxylic group in this batch of immobilised catalyst. The calculated 
distancee of 2.09 A is somewhat shorter than the typical C-O distance for chelating COO 
groupss (2.172 A in complex XV), but still within the expected accuracy limits of the method. 
Forr the catalyst batch 0.83% Ru2-PS the calculation of the coordination sphere was 
somewhatt more complicated since not integer coordination numbers were obtained in the best 
fit.fit. Minor (up to 0.2 - 0.3) alteration of these numbers did not cause a dramatic deterioration 
off the fit goodness. This suggests that not a single Ru species was present on the support. 

Figuree 6. Ru K-edge k3-weighted Fourier transforms of immobilised catalysts 
1.02%% Rul-PS and 0.83% Ru2-PS. 
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Ass a result, the error margin of the values obtained for the dominant species increased 
somewhatt and the separation of individual contribution for the light scatterers was not always 
possible,, especially for the alkylidene carbon. The sample of 0.83% Ru2-PS contained at 
leastt two major Ru species that could account for the values found by EXAFS: one with 1 CI, 
11 P, 1 O and two C's of both carbenes around Ru centre and the other one in which the P atom 
iss replaced by an additional O atom from the chelating carboxylate group. The calculated 
bondd lengths deviated somewhat more from the crystallographic data for 1, 3 and XV, but 
weree still chemically sound. The lower accuracy of the obtained data is not surprising when 
takingg into account the presence of more than one peak in the phosphorus NMR spectra of 
bothh batches of the resins arising from several Ru species (sample inhomogeneity). 

Tablee 9. The data of best fits obtained for a selection of homogeneous and supported complexes. 

Shell l 

CI I 
P P 
C C 

C C 

c c 
CI I 
p p 

c c 
0 0 
CI I 
p p 

C C 

c/o o 
CI I 
p p 

Coordinationn Interatomic 
numberr Is distancee R, \k\ 

Ru(=CHPh)Cl2(PCy3)22 (1) 
2.0 0 
2.0 0 
0.9 9 

2.36 6 
2.43 3 
1.85 5 

Debye-Waller r 
factorr Ac2, TA21 

-0.002 2 
0.002 2 
0.010 0 

Ru(=CHR)Cl2(PCy3)(H2IMes)) (3) 
0.9 9 
1.0 0 
2.0 0 
1.0 0 

0.9 9 
2.1 1 
1.0 0 
1.0 0 

0.6 6 
2.5 5 
1.2 2 
0.8 8 

1.85 5 
2.07 7 
2.35 5 
2.47 7 

1.02%Rul-PS S 
1.85 5 
2.09 9 
2.33 3 
2.45 5 

0.83%% Ru2-PS 
1.85 5 
2.05 5 
2.34 4 
2.47 7 

0.011 1 
0.002 2 
-0.004 4 
-0.001 1 

0.006 6 
-0.005 5 
-0.006 6 
0.000 0 

0.005 5 
0.008 8 

-0.003 3 
0.000 0 

Inn the case of catalyst batches with a higher ruthenium loading, no reasonable fits could 
bee obtained. The calculated coordination numbers for the ligands were often non-integer, the 
distancess not reliable and the goodness of fit unsatisfactory. The presence of certain amounts 
off Ru-Ru clusters could be detected for the highest loading resin 2.90% Rul-PS 
demonstratingg the clustering of Ru carbenes by the high loading. Since EXAFS is a bulk 
technique,, the average of all species is determined and problematic fitting of the experimental 
dataa is usually a sign of the inhomogeneity of the sample. This observation was also 
confirmedd by MAS NMR of the swollen 2.22% Rul-PS batch, especially in 31P NMR 
spectrum,, where several resonances were detected between 47 and 64 ppm. For the resins 
withh lower Ru loading usually one dominant resonance in phosphorus spectrum was 
evidencedd and the fitting procedure of EXAFS experimental data provided acceptable results. 
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Wee also measured the EXAFS spectrum of the samples of decomposed catalysts 1 and 3 
ass well as a sample of the spent resin 1.02% Ru l -PS . Both homogeneous catalysts were 
subjectedd to a large excess of 1-octene until their catalytic activity ceased and the solid 
residuee was recovered. The spent catalyst resin was obtained after reaction with 550 
equivalentss of trans-4-decene. In the spectrum of the decomposed complex 1 almost no 
carbenee Ru=C bond was present as the pre-edge shoulder had disappeared almost completely. 
Forr the decomposed catalyst 3, the shoulder was still present, although much smaller than for 
11 and 3. The residual shoulder presumably originates from the presence of Ru-C bond of 
imidazoliumm carbene that survives the metathesis reaction conditions. In the Fourier 
transformedd data of the decomposed complex 1 we observed the presence of Ru-Ru bonds 
(coordinationn number N = ~0.5) evidencing a bimolecular pathway for its decomposition, at 
leastt for a part of the catalyst. In the decomposition products of the second generation Grubbs 
catalystt 3 no clearly visible Ru clusters were observed. Regretfully, in the case of spent 
immobilisedd catalyst it was impossible to draw hard conclusion based on the EXAFS measu
rementss due to a very troublesome fitting of the data indicating a complex mixture of species. 

2.3.44 Discussion of Possible Structures of Immobilised Catalysts 
Ass the immobilisation procedure should give an analogous product as XV, we expected 

thatt ruthenium in the first generation Grubbs catalyst 1 will be attached to the resin in one of 
thee following, hypothetical modes A-D (limited to interactions with one linker moiety). 
Possibly,, more than one coordination mode can exist in a sample. 

&&  - &€T^-
oo  cy'T-c, „,,r - o,r - ryKsS' a 

PCy33 Vy CI Vy PCy3 PCy3 

AA B C D 

Ourr anticipation was that the silver carboxylate would displace one of the chlorine 
atomss leading to immobilised species A and silver chloride. We had proposed this structure in 
thee disclosure of preliminary results on the subject,31 in spite of limited structural 
experimentall data for 0.35% Ru-PS to support this hypothesis. Since the P/Ru ratio measured 
forr the later prepared batches of the immobilised catalysts Ru l -PS was close to one, we now 
mustt discount the structures A and C. The six-coordinate structure D is rejected based on 
EXAFSS that accounts only for two heavy scatterer atoms - a chlorine and a phosphorus. The 
remainingg structure B is well corroborated by EXAFS fitting results as a plausible structure. 
Therefore,, we conclude that the first generation Grubbs catalyst reacts with supported silver 
carboxylatee forming chiefly immobilised species B together with AgCl*PCy3 complex 
formationn as a by-product. 

GA A 
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Wee can propose similar coordination modes also for the second generation Grubbs 
catalystt 3 with an additional, hypothetical structure H in which a phosphine instead of a 
chlorinee is replaced. 

MM M f~\ r~\ 
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Thee P/Ru ratio determined for the two Ru2-PS catalyst batches was well below one 
(0.177 and 0.43) and, consequently, formation of AgCl*PCy3 most probably occurs as a major 
immobilisationn pathway. We failed to detect this species in the reaction liquor, instead, we 
observedd phosphine oxide that might originate from this complex upon oxidation by air. 
Structuree J would account for this observation. Structure E is the most likely to account for 
thee residual amounts of phosphorus in the immobilised resins Ru2-PS. Six-coordinate 
structuree G cannot be excluded, however the fate of the silver cation is unclear in this case. 
Structuress F and H are rather improbable since, respectively, AgCl2 formation would require 
aa redox process to occur and an AgPCy3 entity has not yet been reported. 

Inn terms of an explanation for the lower RCM reactivity of Ru2-PS catalyst, the 
structuree J does not possess sufficiently labile ligands thus impeding the formation of the 
activee species needed for alkene metathesis. Possibly, the steric factors have also influence 
disfavouringg the backbiting of the other double bond of the diene to form the ring closed 
product.. The CM reaction would not suffer from this influence and thus proceed quickly, even 
withh a limited number of active sites. The results of Buchmeiser and co-workers,32 obtained 
usingg the same procedure to immobilise the phosphine-free catalyst 5, showed that a well-
behavedd system is obtained in which only AgCl formation occurs. No problems with the 
scavengingg of two ligands are found as we did for the immobilisation of complexes 1 and 3. 
Thee robustness of complex 5 is also an advantage. Regretfully, we did not employ our 
protocoll to 5 to perceive how this supported catalyst would behave in our hands. 

2.44 Conclusions 
Inn conclusion, we have reported a new approach for permanent immobilisation of 

rutheniumm carbene complexes on a polymeric support using carboxylate ligands as the linking 
groups.. The supported catalyst performed well in the self-metathesis of internal alkenes and 
RCM.. It was easily separated from the metathesis products and reused without the addition of 
anyy stabilising agents, although some leaching and deterioration of the catalyst was observed. 
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Resin-immobilisedd ruthenium carbenes 1 and 3 were prepared using the original or modified 

protocoll with metal loading on the support varying from 0.35 to 2.90 wt% of ruthenium. The 

supportedd catalyst 3 showed unexpectedly diminished activity in RCM, but was still a 

superiorr catalyst in CM of internal alkenes. With increasing ruthenium loading of the 

supportedd catalyst inferior activity was observed due to formation of unidentified, metathesis-

inactivee Ru complexes and clusters. The supported catalyst can be recycled, although upon 

recyclingg the activity decreases. In the first cycle this was caused by catalyst leaching and in 

thee following cycles mainly by catalyst decomposition. Product contamination with 

rutheniumm residues was relatively low, facilitating the work-up and purification of the 

metathesiss products. Ru K edge EXAFS measurements elucidated the binding mode of 

rutheniumm to the support. In the batches of catalyst Rul -PS with a low metal loading the 

bindingg occurred via a chelating carboxylic group of one linker unit, which replaced a 

chlorinee and a phosphine atom. In the case of immobilised complex 3 both chelating and 

monodentatee tethers are needed to account for the experimental results. 

2.55 Experimental Section 

2.5.11 Materials and Techniques 
Solventss (hexanes, tetrahydrofuran, dichloromethane, methanol, ethanol) were dried according 

too standard procedures.46 The polymeric and siliceous supports were used as received and degassed 

priorr to derivatisation. The list of resins and silicas employed in the procedures follows: 

>> hydroxyethyl PS resin (PS-(CH2)2OH, 1% cross-linked DVB, 75-150 urn (100-200 mesh), batch 

capacityy 1.48 mmol/g, RAPP Polymere; kindly provided by Floris Rutjes and Wim Meester); 

>> hydroxymethyl PS (batch capacity 0.87 mmol/g, 75-150 urn, polymer matrix is copoly(styrene-l% 

DVB),, NovaBioChem); 

>> /?-benzyloxybenzyl alcohol resin (Wang resin, 100-200 mesh, copoly(styrene-l% DVB), batch 

capacityy 1.1 mmol/g, NovaBioChem); 

>> ArgoPore™-OH (benzyl alcohol, macroporeus polymer-bound, bead size 60-140 mesh, batch 

capacityy 0.68 mmol/g, Argonaut/Aldrich); 

>> 3-aminopropyl-mnctionalised silica gel (batch capacity 0.95 mmol/g, particle size 40-63 um, 

Aldrich); ; 

>> 2,3-diolpropoxypropyl-fiinctionalised (diol-3) silica gel (batch capacity -1.1 mmol/g, particle size 

40-633 um, Acros). 

Hexafluoroglutaricc anhydride (ABCR), sodium bis(trimethylsilyl)amide (Aldrich), silver nitrate 

andd triflate (Acros) were used as received. Diethyl diallylmalonate (Aldrich), methyl oleate (Fluka) 

andd trans-4-decene (Fluka) were passed through a column of activated alumina and degassed prior to 

use.. Ru(=CHPh)Cl2(PCy3)2 (1) was synthesised following the literature procedure33 or purchased from 

Stremm or Fluka. All other ruthenium carbenes were synthesised according to literature procedures. 

Unlesss stated otherwise, all manipulations were performed under an atmosphere of purified nitrogen 

usingg standard Schlenk techniques. The following instruments were used: Inova 500 spectrometer 

equippedd with a nanoprobe for MAS NMR, Mercury 300 spectrometer for standard NMR, Carlo Erba 

8000Topp (DB-5 column from J&W Scientific) for GC analyses. IR spectra of the resins ground with 

KBrr were measured using a DRIFT module. The ruthenium and phosphorus content in batches of 
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immobilisedd catalysts Rul-PS and Ru2-PS and in metathesis products were determined by ICP-AES 

orr ICP-AAS measurements. 

2.5.22 Synthetic Routes to Immobilised Catalysts 
StepStep (a): Hydroxyethyl PS resin (1.59 g, 2.36 mmol) was swollen in dry tetrahydrofuran 

(155 mL) and gently stirred with hexafluoroglutaric anhydride (11, 0.35 mL, 2.60 mmol, 1.1 equiv.) for 

1.55 hour under a nitrogen atmosphere. The liquor was drained, while the resin was alternately washed 

fourr times with dichloromethane and ethanol, then with ether, and dried under vacuum for 1 h. Bright 

yelloww beads were obtained. Selected spectroscopic data: IR (KBr): 1780 cm"1 (COOR and COOH). 
!9FF NMR (CH2Cl2/MeOH): -119 ppm (br), -125 ppm (br). 

StepStep (b): Next, to a suspension of the resin in dry tetrahydrofuran (10 mL) a solution of 1.1 

equiv.. of NaN(SiMe3)2 (12) in the same solvent (10 mL) was added. The reaction mixture was stirred 

att room temperature for 2 h and worked-up as described above. Yellow beads were obtained. Selected 

spectroscopicc data: IR (KBr): 1777 cm'1 (COOR), 1678 cm1 (COONa). 19F NMR (CH2Cl2/MeOH): -

1188 ppm (br), -119 ppm (br), -126 ppm (br). 

StepStep (c): AgN03 (1.1 equiv.) was dissolved in ethanol (20 mL) and added to the resin suspended 

inn tetrahydrofuran (10 mL). This mixture was stirred at room temperature for 12 h, while protected 

againstt direct exposure to light. Within this period of time the solid became light brown. It was 

worked-upp in the usual manner. IR (KBr): 1665 cm"1 (COOAg). 

StepStep (d): Finally, the functionalised resin from step (c) and the ruthenium carbene 1 (0.5 equiv.) 

weree mixed in a Schlenk tube. Dry hexanes (10 mL) and dry THF (10 mL) were added and the 

suspensionn was stirred overnight (15 h) at room temperature. The liquid phase was still purple the next 

day.. The resin was filtered off and repeatedly washed with portions of dichloromethane and methanol, 

untill the washings were colourless, and dried under vacuum, giving dark-brown beads of 0.35% 

Ru-PS.. IR (KBr): no particular changes in the spectrum with respect to the previous resin. 

Listt of modification to the original procedure: 

0.49%% Ru2-PS: a) as for 2.38% Rul-PS; b)-c) as for 0.35% Ru-PS; d) as for 0.35% Ru-PS, but with 

0.133 equiv. of complex 3. 

0.52%% Rul-PS: a) as for 1.79% Rul-PS; b) as for 2.38% Rul-PS; c) as for 1.50% Rul-PS, but using 

silverr triflate and no MeOH wash; d) as for 1.50% Rul-PS, but with 0.5 equiv. 1. 
0.54%% Rul-PS: a) procedure as for 0.35% Ru-PS, but applied to Wang resin; b) as for 1.50% Rul-

PS;;  c)-d) as for 0.35% Ru-PS, but with 0.3 equiv. 1 in DCM. 

0.64%% Rul-PS: a) as for 2.01% Rul-PS; b)-d) as for 0.35% Ru-PS; in all steps commercial, non-

driedd solvents used. 

0.82%% Rul-PS: a) as for 2.38% Rul-PS; b) as for 0.35% Ru-PS, but wash with DCM/hexanes; c) as 

forr 0.35% Ru-PS; d) as for 0.35% Ru-PS, but with 0.3 equiv. 1. 
0.83%% Ru2-PS: a)-d) as for 1.02% Rul-PS, but with complex 3 used in the last step. 

1.02%% Rul-PS: a)-d) procedure as for 0.35% Ru-PS repeated with 0.25 equiv. 1 used in the last step. 

1.36%% Rul-PS: a)-b) as for 0.52% Rul-PS; c) as for 0.35% Ru-PS, but with 3 equiv. AgN03 in 

EtOH;; d) as for 1.50% Rul-PS. 
1.50%% Rul-PS: a) 2.0 equiv. 11, resin wash DCM/hexanes; b) 2.0 equiv. 12, work-up DCM/hexanes; 

c)) 3 equiv. AgN03, 2.5 h, work-up DCM/MeOH/hexanes; d) 1.1 equiv. 1 in THF/DCM, 8 h, resin 

washh with DCM/hexanes. 
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1.79%% Rul-PS: a) procedure as for 2.38% Rul-PS applied to macroporeus ArgoPore™-OH resin; b) 

ass for 0.35% Ru-PS in THF/DCM; c) as for 0.35% Ru-PS, but in EtOH and with -10 equiv. 

NH4OH;; d) as for 2.38% Rul-PS. 
2.01%% Rul-PS: a) procedure as for 2.38% Rul-PS applied to hydroxymethyl PS resin; b) as for 

2.38%% Rul-PS; c) as for 0.35% Ru-PS, but with -10 equiv. NH4OH; d) as for 0.35% Ru-PS, but 

reactionn in THF/DCM. 

2.22%% Rul-PS: a)-b) as for 2.38% Rul-PS; c) 2.0 equiv. AgN03, 3 h, work-up DCM/hexanes; d) 0.4 

equiv.. 1 in THF, 2 h, resin wash THF/pentane/DCM/MeCN. 

2.38%% Rul-PS: a) 1.5 equiv. 11, resin wash DCM/hexanes; b) 0 equiv. 12; c) 2.0 equiv. AgN03 in 

MeCN/THF,, 2.5 h, work-up DCM/MeCN; d) 0.6 equiv. 1 in THF, 2.5 h, resin wash 

THF/pentane/DCM. . 

2.90%% Rul-PS: a)-b) as 0.35% Ru-PS, but with hexanes instead of EtOH used for rinsing; c) 1.2 

equiv.. AgN03 in THF/DCM, rinsed with THF/DCM/hexanes; d) 0.8 equiv. 1 in DCM/hexanes for 

55 h, wash with THF/DCM/hexanes. 

Catalystss supported using a non-perfluorinated linker: 

2.85%% Rul-PS: a) resin as in 0.35% Ru-PS with glutaric anhydride (2 equiv.) and 

dimethylaminopyridinee (1 equiv.) in DCM for 24 h, rinsed with DCM/MeOH; b) as for 1.50% 

Rul-PS;;  c) as for 0.35% Ru-PS; d) as for 0.35% Ru-PS with 0.75 equiv. 1 used. 

2.15%% Ru2-PS: a)-d) as for 2.85% Rul-PS, but with 0.5 equiv. 3 used in the last step. . 

Silica-supportedd catalyst: 

1.43%% (Rul-OCO)2-Si: a) as for 1.50% Rul-PS using diol-3 functionalised silica gel, wash with 

THF;; b) 2.50 equiv. of 12, wash with THF; c) 2.2 equiv. AgN03 in MeOH, wash MeOH/THF; d) 

0.55 equiv. 1 in DCM, wash with DCM. 

0.98%% Rul-CONH-Si: a) as for 1.50% Rul-PS using 3-aminopropyl functionalised silica gel, wash 

withh THF; b) 1.25 equiv. of 12, wash with THF; c) 1.1 equiv. AgN03 in MeOH, wash MeOFLTHF; 

d)) 1 equiv. 1 in DCM, wash with DCM. 

2.5.33 Metathesis Experiments 
RCMRCM of diethyl diallylmalonate: In a typical experiment the alkene (5 uL, 0.020 mmol) was 

addedd to 29.5 mg (1.02 umol Ru, 5 mol%) of supported catalyst Ru-PS suspended in CH2CI2 (1.0 

mL).. The reaction mixture was stirred at room temperature. The progress of the reaction was followed 

byy GC. In the reaction with 1 mol% of Ru-PS the amount of the diene was increased fivefold. 

Recyclingg experiments were conducted as follows: after 2 h reaction time, the solution was 

carefullyy drained off by cannula filtration, the resin was alternately washed twice with a good swelling 

solventt (dichloromethane) and a poor swelling solvent (ethanol). Then a new batch of a 

dichloromethanee solution of the diene was added. 

Self-metathesisSelf-metathesis of internal alkenes: In a typical experiment, /r<ms-4-decene (0.135 mL, 0.715 

mmol,, 550 equiv.) was added to a suspension of Ru-PS (37.5 mg, 1.30 umol Ru) in dichloromethane 

(1.00 mL). The reaction progress was monitored by GC sampling. 

2.5.44 EXAFS Experimental Procedures 
Ruu K-edge absorption spectra were taken at the station Xl.1 of the Hamburger 

Synchrotronstrahlungslaborr (HASYLAB) at DESY (Hamburg, Germany), using a Si(311) double 
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crystall monochromator. The measurements were performed in transmission mode using ion chambers 

filledfilled with argon to have a fvc of 20 and 80% in the first and second ionisation chamber, respectively. 

Thee monochromator was detuned to 50% of its maximum intensity at the Ru K-edge to minimise the 

presencee of higher harmonics. In order to minimise high and low frequency noise the counting time 

perr data point was 1000 ms and three or four scans were averaged. A ruthenium powder sample 

mountedd between adhesive tape windows was used for calibration of the edge position. Absorption 

spectraa were calibrated at the position of the main-edge jump of ruthenium at 22117 eV.41 The sample 

waswas pressed into a self-supporting wafer and mounted in an in situ EXAFS cell equipped with 

berylliumm windows.47 The thickness of the wafer was chosen to give an absorption (/ix) of-2.5 at the 

absorptionn edge for optimal signal-to-noise ratio. To prevent thickness effects for the highly loaded 

sampless px was set to yield a step of 1.0 in absorption in the edge region. All samples were measured 

inn the solid state at liquid nitrogen temperature. Typically, about 20 mg of homogeneous complex was 

used,, accompanied with 40 mg of boron nitride (BN) to have a manageable amount of material; in the 

casee of heterogeneous catalysts 50-100 mg of resin was mounted with no BN used. 

Dataa reduction and data analysis were performed with the XDAP code developed by Vaarkamp 

etet al.44 The standard procedures were used to extract the EXAFS data from the measured absorption 

spectra.. The pre-edge was subtracted using a modified Victoreen48 and the background was subtracted 

usingg cubic spline routines.49 Normalisation was performed by dividing the data by the height of the 

absorptionn edge at 50 eV. Averaging 3 or 4 scans of the individual data after background subtraction 

andd normalisation gave the final EXAFS function. 

Phasee shifts and backscattering amplitudes from reference compounds were used to calculate 

thee EXAFS contributions: Ru02 for the Ru-O and Ru-C contributions, RuCU for Ru-Cl contribution 

andd Ru powder for the Ru-Ru contribution. The Ru-P contribution was calculated using FEFF8 code 

program.500 The fit parameters were determined by multiple shell fitting in R-space usually in a range 

1.00-3.000 A.51 The backscatterers were identified by applying the difference file technique after phase-

correctedd Fourier transformations.49b'51a*52 The final fit parameters were obtained after a full 

optimisationn of all parameters in k° or k1 as well as k3 weighting in the Fourier transformations, 

usuallyy in a range of 4.00-14.00 A"1. The accuracy in the fit parameters were estimated to be 20% in 

co-ordinationn number (N), 5% in distance (r), 20% in Debye-Waller factor (Acs2), and 10% in inner 

potentiall correction (AEo). 
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Chapter r 

Synthesis,Synthesis, Structure and Metathesis Activity 

ofof Ruthenium Carbene Complexes Containing 

BidentateBidentate Phosphines as a Ligand 

Keywords:Keywords: Ruthenium / Carbene Complexes / Diphosphines / Olefin 

Metathesis s 

Abstract::  A series of ruthenium benzylidene complexes containing diphosphines, 

e.g.. xantphos, dppf, Cy2P(CH2)nPCy2 (n = 5, 8), has been prepared, either by 

phosphinee exchange in the ruthenium carbene complex Ru(=CHPh)Cl2(PPh3)2 or in a 

one-pot,, two-step synthesis from RuCblPPhah and phenyldiazomethane. The 

complexess have been characterised spectroscopically (NMR, IR, MS) and by X-ray 

structurall analysis. Their catalytic activity in the olefin metathesis is also 

discussed. . 



CHAPTERR 3 

3.11 Introduction 
Inn the past decade an impressive development of olefin metathesis catalysts and their 

applicationss has taken place,1 especially after the discovery of ruthenium carbene complexes 
off the general formula Ru(=CHR)Cl2(PR'3)2 [e.g. R = Ph; R' = Ph (la) or Cy (lb)] by Grubbs 
andd co-workers. A wide variety of ligands have been used for the preparation of new 
analoguess of this type of catalyst. Some of these ligands, e.g. yV-heterocyclic carbenes in 
complexess lc, Id, If, produce more active and versatile catalysts for alkene metathesis. In our 
group,, lb was selectively converted into a ruthenium carbene dimer that is active in the 
metathesiss of internal alkenes.311 
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Exampless of neutral ruthenium carbene complexes containing a diphosphine ligand are 
scarce.. Polystyrene-supported carbenes prepared by Nguyen and Grubbs might be considered 
ass such.4 The exact structure of the immobilised ruthenium carbenes could not be determined, 
butt most probably the ruthenium species resemble the structure of the homogeneous complex 
bearingg the phosphine moieties trans to each other (Ia-c). The catalytic activity of these 
immobilisedd catalysts was much lower than that of their homogeneous counterparts due to the 
detrimentall effect of chelating diphosphine on the formation of the propagating ruthenium 
carbenee species. 

Ph,P—Ru-PPh, , 

J J 
P h ' ^ P h h 

la a 

Cy2P--

r r J J 
-Ru-PCy, , 

J J 
> h h 

lb b 

\\ > -- \ 
Cy,P—Ru-PCy y 22 J 
Phh Ph 

lc c 

Thee group of Hoffmann performed exhaustive studies on ruthenium carbene complexes 
Haa and lib bearing the strained chelating diphosphines bis(di-?er/-butylphosphino)methane 
andd bis(di-tert-butylphosphino)ethane that coordinate in a cw-fashion to the metal centre. 
Thee neutral complexes containing these ligands are moderately active catalysts in ring 
openingg metathesis polymerisation (ROMP) of norbornene and cyclooctene.5ab Their 
dicationicc dinuclear derivatives lie, obtained by chlorine abstraction with various silver salts, 
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aree the best catalysts to date for ROMP of cyclooctene and they also catalyse ring closing 
metathesiss (RCM) of 1,7-octadiene.5b Recently, the structural and mechanistic aspects of their 
catalyticc activity have been elucidated,58 also with the help of mass spectrometry,e pointing at 
thee mononuclear cationic species as responsible for very high activity of these systems. 

'Bu22 / R 'Bu2 / R R'2 ffR R'2 2 © 
.p„„  fi „c i  r^-p„.  Il ,-ci  / ^ — P „ . II rtV»a„  „  - P — N 

VRu>c,, C P ^ C I CP^ RVr R%-^  2xe 
'Bu22 'Bu2 R'2 Ry R'2 

Il aa lib He 

Leitnerr and co-workers have demonstrated that the halide- and carbene-free Ru allyl 
complexess of type HI with bidentate phosphines are efficient initiators for ROMP of 
norbornene.66 With the increasing length of the methylene bridge of the bidentate phosphine 
thee content of trans double bonds increased in the polymer formed. These initiators failed to 
promotee polymerisation of less strained monomers. 

C v 22 " ~ \ 
22 N IVa IVb 

I I II R = CH=CMe2, =CHCMe3, 
n = 1 , 2 , 33 =CHC(OH)Ph2 

Recently,, following our publication on the subject,7 several new articles have appeared 

dealingg with ruthenium carbenes bearing bidentate phosphines. In the group of Fogg reactions 

off mixed phosphine species RuCl2(PnP)(PPh3) with phenyldiazomethane PhCHN2 were 

studied833 for the following bidentate phosphines: l,4-bis(diphenylphosphino)butane (dppb), 

2,2'-bis(diphenylphosphino)-l,l'-binaphthyll (binap) and 1,4-bis(dicyclohexylphosphino)-

butanee (dcypb). The behaviour of a dinuclear complex [RuCl2(P
nP)]2, where PnP is dppb, 

wass also examined. The in situ prepared carbenes of sort IVa show high activity in ROMP of 

norbornene,, especially using the dinuclear complex, while no halide or phosphine abstraction 

iss required. Polymers of relatively high molecular weight and narrow polydispersi-ty are 

obtained.. When a PPh3-free Ru source of formula RuCl(dcypb)(//-Cl)3Ru(dcypb)(N2) was 

usedd for the in situ synthesis of the carbene IVa, again a very efficient catalytic system is 

produced.8bb The isolation of the carbenes formed was, however, not described. In a later paper 

fromm the same research group80 the intrinsic instability of those carbenes is mentioned as the 

reasonn for their preparation in situ instead of the isolation of pure compounds. The studies 

towardss derivatives of the dcypb ligand starting from the dinuclear complex RuCl(dcypb)-

(//-Cl)3Ru(dcypb)(N2)) afforded isolable dinuclear monocarbenes of type IVb . Their activity in 

thee ROMP of norbornene is reduced, compared to in situ prepared mononuclear complex IVa 
off this ligand, which fact is attributed to the relative thermodynamic stability of the face-

bridgedd Ru(//-Cl)3Ru species that manage only slow initiation. c 
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Rutheniumm carbene complexes with pincer-type diphosphine ligands have been made by 
twoo research groups.9 Gusev and co-workers9a reacted ruthenium (and osmium) hydride 
RuHCl([l,3-(CH2PtBu2)2C6H4])) with 1-pentyne and tert-butylacetylene obtaining the carbene 
Vaa and vinyl-vinylidene Vb in which the pincer ligand acts as PCP-tridentate ligand. No 
reportt on the catalytic properties of such complexes was made. In the group of Fogg9b a 
closelyy related pincer ligand l,3-(CH2PCy2)2C6H4 was reacted with Ru(=CHCH=CMe2)-
Cl2(PPh3)22 affording the complex Vc. The ligand is bidentate in this case with a possible 
agosticc interaction of Ru with a proton of the phenylene ring. The complex was mentioned to 
bee catalytically active though no experimental details have been provided. 

Me3CC H 

Pi\\ .Me 
t-BuCH H 

Ve e 

Wernerr and co-workers10 have published the preparation of several ruthenium 
vinylidene,, vinyl and carbene complexes with the bidentate phosphine l,2-bis(dicyclohexyl-
phosphino)ethane,, e.g. complexes Via and VIb , including also carbene complex Vic bearing 
l,l'-bis(diphenylphosphino)ferrocenee (dppf; see later for additional comments referring to 
Vic).. However, the complexes Via and Vic are inactive in the ROMP of cyclooctene. 

Cy2 2 

P;, P;, o o c c 
.Ru u P' ' 

Cy2 2 

Ph h 

CI I 

'CI I 

-P'., , 
Cy2 2 

P--c> o o 
PF; ; 

-p p 
cy : : 

Via a 

Ru u 
I I 
CI I 

VIb b 

-p. . 
Cy2 2 

Fe e 

Ph h 

CI I 

-PPh, , CI I 

Vic c 

Astrucc and co-workers prepared two ruthenium carbenes Vila , b bearing a chelating 
diphosphinee PhCH2N(CH2PCy2)2 as model compounds for the preparation of carbenes 
supportedd on three generations of DAB-dendrimer (DAB = diaminobutane), e.g. VII c (Gl). 
Interestingly,, the dendrimer supported carbenes VII c promotes ROMP of norbornene much 
fasterr than Vil a (VHb was inactive) giving also higher yields and higher molecular weights 
off polymer formed. 

VIIc,, Gl DAB-dendrimer 
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Inn order to expand the field of ruthenium carbenes containing diphosphines, we have 
preparedd and structurally characterised ruthenium carbene complexes bearing diphosphines 
withh flexible as well as with rigid backbones. Moreover, we studied their catalytic activity in 
thee metathesis reaction of different kinds of alkenes. 

3.22 Results and Discussion 

3.2.11 Synthesis of Ruthenium Carbene Complexes Containing Diphosphines 
Forr the preparation of the ruthenium carbene complexes we used two diphosphine 

ligandss with rather rigid backbones, viz. xantphos (9,9-dimethyl-4,5-bis(diphenyl-
phosphino)xanthene)122 and dppf (l,l'-bis(diphenylphosphino)ferrocene). The first ligand has a 
ratherr large natural bite angle (calculated value: 111.7°).12 This could favour trans 

coordinationn of the phosphines to the ruthenium centre. The bite angle for dppf is much 
smallerr and cw-coordination is generally preferred. Ruthenium benzylidene complexes 
containingg these diphosphines were prepared either by treatment of la with diphosphine that 
replacess the PPh3 groups, or in a one-pot, two-step synthetic procedure from RuCl2(PPh3)3, 
phenyldiazomethanee and diphosphine in a similar way as described in the literature.20 

RuCI2(PPh3) ) 

CH2CI2 2 

PhCHN2 2 
PPh h 

CI-,, I 

C C 
2,-PPh3 3 

1aa 2,3 

Wee obtained the ruthenium carbene complexes 2 and 3 in moderate to good yields via 
bothh procedures (see experimental part). Werner and co-workers10 obtained complex 3 (Vic) 
inn a higher yield starting from Grubbs catalyst lb which is noteworthy since tricyclohexyl-
phosphinee (PCy3), being more basic than PPh3, is more difficult to substitute. When we 
reactedd lb with 1 equivalent of the xantphos ligand in CH2C12 for 20 h at it, only 27% of 2 
couldd be isolated, while the residue contained unreacted or decomposed lb. This result 
discouragedd us from using lb as carbene source, also taking into consideration the atom 
economyy of the overall process (sacrificing 2 equiv. of expensive PCy3 ligand). In the solid 
statee complexes 2 and 3 showed high stability towards oxygen and moisture. When dissolved 
inn dichloromethane, complex 2 could even be passed through a short silica gel column. 

xx >=<cü\ 2 <^PPh2 f ,c, 
X/0:>=\\ Fe .Ru 

/ y i p // ph ^^ -pph 2 ci 

Wee also prepared two diphosphine ligands in which the phosphorus atoms are 
connectedd via a flexible aliphatic chain, viz. l,5-bis(dicyclohexylphosphino)pentane (4a) and 
l,8-bis(dicyclohexylphosphino)octanee (4b). Good yields were obtained by reaction of the 
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lithiumm salt of dicyclohexylphosphine with an appropriate dibromoalkane followed by 

crystallisationn of the product.13 

1)THF,, n-BuLi 
*--

2)) Br(CH2)„Br 
nn = 5, 8 
dioxane e 4aa m= 1 

4bmm = 4 

Reactionn of la with the flexible ligands 4a and 4b according to the aforementioned 

proceduress afforded pink products. The yields were moderate, mainly because of the 

formationn of unidentified by-products, which did not contain a carbene moiety. We expected 

thee formation of complexes similar to 2 and 3, and the initial data (NMR) of the complexes 

formedd were in agreement with our expectations. Both X-ray analysis and molecular weight 

measurementt in solution, however, showed that in fact the dimeric structures 5a and 5b had 

formedd in which two ruthenium atoms are bridged by two ligand molecules in (i-fashion (see 

sectionn 3.2.3.3). MS spectra showed the molecular peaks of mass corresponding to the 

dinuclearr species. 

_.. Cy,P PCy, 
p \ __ I ..CI CI... I 

r c ii a<\ Vh 
c y 2

p \\ ^ ^ \ / p c y 2 

5aa m = 1 5 c 

5bb m = 4 

Inn the reaction of la with 2,3'-bis[(diphenylphosphino)methyl]-l,l'-biphenyl 

(2,3'-BISBI)) the formation of unidentified by-products was observed. These impurities 

(-15%)) could not be separated from the desired product 5c, which was obtained in 51% crude 

yieldd as a yellow-green solid. Nevertheless, only one carbene resonance was observed at 

19.022 ppm as a triplet (Jm = 7.8 Hz) with the two methylene groups shifted downfield with 

respectt to the free ligand (3.43 and 3.40 ppm in C6D6) to 6.17 and 4.21 ppm and appearing as 

broadd doublets (JPH « 7.5 Hz). In the 31P NMR the phosphine resonances appeared as two 

stronglyy deformed doublets at 21.3 and 16.2 ppm of an AB spin system with a large 2JPP 

couplingg constant of 314 Hz, suggesting a trans coordination of two inequivalent phosphine 

moieties.. The calculated natural bite angle of 144° for the ligand consents such a coordination, 

keepingg in mind the backbone flexibility range of circa 14 In our preparations we did not 

obtainn any mononuclear ruthenium carbene complexes, neither with ligands 4a, 4b nor with a 

feww other diphosphine ligands. In the case of bis(2-diphenylphosphinophenyl)ether 

(DPEphos)) and 9,9-dimethyl-4,5-bis(diphenylphosphino)thioxanthene we observed decompo

sitionn of the carbene moiety. No reaction occurred when la was treated with 1, l'-bis(di-fór/-

butylphosphino)ferrocene,, most probably because of the excessive steric bulk of tert-butyl 

moietiess of the ligand. 
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3.2.22 Reactions withh Trimethytsilyl Triflate 
Duringg attempts to prepare cationic derivatives of the described complexes by chloride 

abstractionn using trimethylsilyl triflate,5 we only occasionally observed the formation of new 
carbeness species by NMR spectroscopy. Reaction of complexes 5a and 5b with 0.5 or 1 molar 
equivalentt of MesSiOTf resulted in decomposition of the carbene unit and formation of 
unidentifiedd products. The reaction of complex 2 with a three molar excess of MesSiOTf 
resultedd in the products, which displayed two new carbene signals in the proton spectrum: at 
18.955 ppm (t, JPH = 6.0 Hz) and 17.12 ppm (t, JPH = 5.6 Hz) in a 1:1 ratio. In the phosphorus 
spectrumm two peaks were present at 46.1 and 42.1 ppm. Most probably an unsymmetrical 
dimerr had formed, although its structure could not be assigned on the basis of only NMR 
spectra.. Upon treatment with Me3SiOTf complex 3 yielded a new carbene species appearing 
inn proton NMR as triplet at 18.63 ppm (t, JPH = 12.3 Hz), while in phosphorus NMR a singlet 
wass observed at 46.5 ppm. None of these products could be isolated in pure form and 
thereforee only the crude reaction products were tested for activity in olefin metathesis. 

3.2.33 Spectroscopic and Structural Characterisation 
Alll isolated ruthenium complexes were spectroscopically characterised. The 

benzylidenee proton in complexes 2 and 3, which bear phenyl groups on the phosphorus atoms, 
appearedd as triplets. The coupling constant between the carbene proton and the phosphorus 
atomss of the coordinated phosphine of complex 2 was similar to that of complex la and equal 
too 7.5 Hz. For complex 3 this value was 18.3 Hz, which is particularly large due to cis-

coordinationn of phosphine moieties. In addition, the signal of the carbene proton was shifted 
upfieldd to 17.2 ppm, when compared to other carbene complexes, owing to the electron 
donatingg character of the ferrocene moiety and shielding of the carbene proton. The carbene 
signalss in 5a and 5b showed no P-H coupling and appeared as singlets at -20 ppm, similar to 
carbenee complex lb. The phosphines in these complexes are equivalent and they appeared as 
singletss in the 31P NMR spectrum. No relevant changes in the spectra of these complexes 
couldd be observed with low-temperature (to -60°C) NMR studies. Mass spectrometry of the 
dinuclearr complexes 5a and 5b revealed a fragmentation pathway in which the dimers fall 
apartt into monomelic species with half the weight of the molecular ion. The structures of the 
carbenee ruthenium complexes 2,3 and 5a were confirmed by single-crystal X-ray analysis. 

3.2.3.13.2.3.1 Crystal Structure of Complex 2. 
Thee ruthenium centre in complex 2 is in a distorted octahedral environment; the cis-

angless vary from 80.54(3)° for 01-Ru-P2 to 102.56(6)° for Cl-Ru-P2; the bond lengths are 
betweenn 1.8645(18) A for Ru-Cl and 2.4042(4) A for Ru-Cll. The Ru-Cl bond distance is 
somewhatt longer with respect to the p-chlorophenylcarbene analogue of complex lb, which 
hass a bond distance of 1.839 A.2b The P-Ru bond lengths in 2, viz, 2.3179(4) A and 2.3519(4) 
A,, are quite different. We assume that this difference is a steric consequence of the slightly 
twistedd orientation of the benzylidene group, breaking the potential Cs symmetry of the 
molecule. . 
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Figur ee 1. Displacement ellipsoid plot of 2 drawn at the 50% probability level. 

Hydrogenn atoms and the dichloromethane solvent molecule are omitted for clarity. Relevant 
bondd distances [A] and angles [deg]: Ru-Pl 2.3179(4), Ru-P2 2.3519(4), Ru-Cll 2.4042(4), Ru-C12 
2.3797(4),, Ru-Cl 1.8645(18), Ru-0 2.3314(12), Cll-Ru-Pl 87.089(15), Cll-Ru-P2 88.467(15), Cll-
Ru-C122 165.145(16), Cll-Ru-Cl 101.05(6), Pl-Ru-Cl 96.41(6), Pl-Ru-P2 161.021(17), C12-Ru-Pl 
88.603(16),, C12-Ru-P2 91.025(16), C12-Ru-Cl 93.55(6), P2-Ru-Cl 102.56(6), Cl-Ru-O 175.90(6). 

Comparedd to complex 5a (2.4014(4) A and 2.4109(4) A), the Ru-P bond lengths in 2 

aree significantly shorter suggesting that the ligand is more strongly coordinated to the metal. 

Structuree 2 contains an additional Ru-0 contact of 2.3314(12) A. This distance is much longer 

thann typically found for Ru-O bonds, which are normally 2.0-2.2 A. We assume that the Ru-O 

contactt in 2 is enforced by the strong phosphorus coordination of the diphosphine. Another 

indicationn of the relatively poor interaction between Ru and O is the non-planarity of the 

ligand.. The interplanar angle between the aromatic rings of the xanthene backbone is 

26.68(9)°,, while in the free ligand this backbone is nearly flat (angle of - 3.40).12 
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3.2.3.22 Crystal Structure of Complex 3. 
Inn the case of complex 3 we see another feature. The Ru centre is five-coordinate and 

thee coordination geometry is square pyramidal, distorted towards trigonal bipyramidal. More 

importantly,, the phosphine moieties and chlorine ligands are cw-coordinated. The Ru-P 

bonds,, viz, 2.2711(6) A and 2.3106(6) A, are even shorter than in complexes 2 and 5a, while 

thee length of carbene bond (1.860(2) A) remains virtually the same. The ferrocene moiety is 

essentiallyy undistorted with parallel cyclopentadienyl rings and the phosphine substituents in 

ann eclipsed conformation (torsion angle P1-C8-C13-P2 5.94(11)°). 

Figur ee 2. Displacement ellipsoid plot of 3 drawn at the 50% probability level. 

Hydrogenn atoms and the dichloromethane solvent molecules are omitted for clarity. Relevant 
bondd distances [A] and angles [deg]: Ru-Pl 2.2711(6), Ru-P2 2.3106(6), Ru-Cll 2.4075(6), Ru-C12 
2.3974(6),, Ru-Cl 1.860(2), Cll-Ru-Pl 87.28(2), Cll-Ru-P2 167.30(2), Cll-Ru-C12 87.02(2), Cll-Ru-
Cll 101.92(7), Pl-Ru-Cl 88.81(7), Pl-Ru-P2 95.37(2), C12-Ru-Pl 146.80(2), C12-Ru-P2 83.97(2), 
C12-Ru-Cll 124.35(7), Cl-Ru-P2 90.57(7). 
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Ass mentioned in the introduction, the same complex 3 (Vic) was independently made in 

thee group of Werner.10 They also performed crystallographic analysis of the complex obtained 

inn a similar manner as we did. Within the experimental error and differences in data 

acquisition,, the two structure determinations are isostructural. 

3.2.3.33.2.3.3 Crystal Structure of Complex 5a. 
Complexx 5a is a centrosymmetric dimer with the Ru atoms five-coordinate. The 

coordinationn geometries around the metal centres in 5a are nearly undistorted square-

pyramidall with the phosphine moieties in trans positions. The bond lengths and angles are 

comparablee to those observed in the p-chlorophenyl analogue of lb.2b 

Figur ee 3. Displacement ellipsoid plot of 5a drawn at the 50% probability level. 

Hydrogenn atoms are omitted for clarity. Symmetry operation: 1.5-x, 1.5-y, 1-z. Relevant bond 
distancess [A] and angles [deg]: Ru-Pl 2.4014(4), Ru-P2 2.4109(4), Ru-Cll 2.3885(4), Ru-C12 
2.4060(4),, Ru-Cl 1.8392(17), Cll-Ru-Pl 89.585(13), Cll-Ru-P2 88.234(14), CU-Ru-C12 
163.144(15),, Cll-Ru-Cl 107.93(5), Pl-Ru-Cl 97.83(5), Pl-Ru-P2 168.721(14), C12-Ru-Pl 
90.875(13),, C12-Ru-P2 88.034(14), C12-Ru-Cl 88.70(5), Cl-Ru-P2 93.37(5). 
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3.2.44 Metathesis Activity of Ruthenium Carbenes Bearing Diphosphines. 
Tablee 1 shows the catalytic activity of the complexes in ROMP of norbornene (6), RCM 

off diethyl diallylmalonate (7) and self-metathesis of trcms-4-decene (8) at room temperature 
(seee experimental part). For comparison some literature data are also given. 

Eto,c.. ,co,Et E10 c c o Et 
-C,H„„  2 w  2 

// // 

wi wi 

C3
HT T 

^ ^ 

£A> £A> 

Hfii Hfii 

Tablee 1. Metathesis activity of the ruthenium complexes 2, 3 and 5a-c." 

Catalyst t 

2 2 
3 3 

3 3 
5a a 
5a a 

5b b 
5b b 
5cc c 

la a 
lb b 
lb b 

Alkene e 

6 /7 7 

6 6 
7 7 
7 7 
8 8 
7 7 
8 8 
6 6 

6 6 
7 7 
8 8 

Alkenexatalyst t 
molarr ratio 

100/20 0 
100 0 
20 0 
20 0 
100 0 
20 0 

100 0 
100 0 
100 0 
20 0 
550 0 

Timee (h) 

no o 
4(24) ) 

no o 
4(24) ) 

48 8 
4(24) ) 

48 8 
4(20) ) 

1 1 
1 1 
4 4 

Conversion n 

(%) ) 
activity y 

433 (99)* 
activity y 

255 (77) 
2 2 

333 (85) 
3 3 

399 (92) 
9999d d 

100 0 
36e e 

a)) Reactions conditions: room temperature, solvent CH2C12; catalyst concentration for ROMP of 6: 6.0 

mM,, for RCM of 7: 0.01 M, for self-metathesis of 8: 2.0 (or 3.0 for lb) mM. b) Isolated yield 86%. c) Reaction 

donee with impure material (of 85% purity); isolated yield 71%. d) Isolated yield 95% (ref. 2c). e) Ref. 15. 

Complexx 2 showed no metathesis activity, in contrast to internal oxygen-ruthenium 
chelatee complexes16 and Schiff-base-substituted ruthenium carbenes.3b This inactivity is 
probablyy due to the fact that a ruthenium-oxygen interaction is present in this complex along 
withh two coordinated phosphorus atoms, so the ligand is tridentate and strongly bound to the 
metall (see section 3.2.3.1). Thus, the ruthenium atom is six-coordinated without a vacant 
coordinationn site, which makes the approach of any substrate impossible. Complex 3, 
containingg a dppf ligand with phenyl substituents on phosphorus atoms, was only active in the 
ROMPP of norbornene, but less so than complex la. According to Werner,10 3 (Vic) is inactive 
towardss cyclooctene. The carbene 5c (of purity -85%) with 2,3'-BISBI as ligand also 
displayedd activity only in ROMP of norbornene converting 92% within 20 h. The dinuclear 
speciess with cyclohexyl moieties on the phosphorus atoms, 5a and 5b, showed activity in 
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RCMM of 7, although lower than catalyst lb. They were only slightly active in metathesis of 

trans-4-decenetrans-4-decene after a prolonged reaction time. 

Thee catalytic properties of all of the described complexes can be explained by 

considerationn of the accepted mechanism of the metathesis reaction.17 The dissociation of one 

off the phosphine moieties is required in the initial steps of the reaction. The chelating effect of 

thee bidentate ligand slows down this process. The uncoordinated arm of the ligand can exert 

somee steric crowding in the ruthenium coordination sphere making the approach of the olefin 

moree difficult. 

Thee new ruthenium carbene species, observed in the products of chlorine abstraction 

reactionss with MeaSiOTf from complexes 2 and 3, did not display substantial activity in 

metathesiss of the model alkenes. This observation is in contrast to a statement of Werner et 

al.al. on good ROMP activity towards cyclooctene of complex 3 after triflate addition (not 

supportedd by any experimental data). On the other hand, Amoroso and Fogg8a found out that 

additionn of chlorine scavenging AgPF6 to the in situ prepared ds-diphoshine carbene IVa, 
structurallyy closely related to 3, greatly retards the catalytic activity. Elucidation of this 

discrepancyy would call for a more thorough examination. 

3.33 Conclusions 
Rutheniumm carbene complexes containing diphosphines could be synthesised by either 

phosphinee substitution in complex la or in a one-pot, two-step synthetic procedure starting 
fromfrom RuCl2(PPli3)3, phenyldiazomethane and an appropriate phosphine. Diphosphines with 
rigidd backbones produced mononuclear complexes, whereas the ligands featuring flexible 
aliphaticc chains gave dinuclear complexes. These complexes are stable to air and moisture. 
Theyy showed lower activity in ROMP of norbornene and RCM of diethyl diallylmalonate 
thann catalysts la or lb. This can be attributed to a detrimental effect of the chelating ligand, 
whilee also steric effects of the backbone may have contributed to the lower activity. Our 
observationss are in agreement with the postulated mechanism for the metathesis reaction. 

3.44 Experimental Part 
Alll manipulations were performed using standard Schlenk techniques under an atmosphere of 

purifiedd nitrogen. All solvents were purified by standard procedures.18 RuCl2(PPh3)3,
19 

Ru(=CHPh)Cl2(PPh3)2,2cc xantphos, n 2,3'-BISBI,14 and phenyldiazomethane solution20 were prepared 
accordingg to literature procedures. Dicyclohexylphosphine (Strem), «-butyllithium solution in hexane 
(Acros)) and dppf (Aldrich) were used as received. Norbornene (Acros) was purified by sublimation; 
diethyll diallylmalonate (Aldrich) and fran.s-4-decene (Fluka) were purified by passing them through 
activatedd alumina and distillation. Decane, 1,5-dibromopentane (Merck) and 1,8-dibromooctane 
(Merck)) were purified by distillation. 2,3'-BISBI was made according to an unpublished procedure.14 

Alll reagents were degassed through three continuous freeze-pump-thaw cycles. NMR spectra were 
measuredd with a Varian Mercury 300 spectrometer (at room temperature). Mass spectra were 
measuredd with a Jeol JMS SX/SX102A mass spectrometer. GC analyses were performed on a Carlo 
Erbaa 8000Top GC using a DB-5 (J&W Scientific) column. The determinations of the molecular weight 
inn solution were done on a Hewlett Packard 302B vapour pressure osmometer. 
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3.4.11 Synthesis of Diphosphines 
Bothh compounds 4a and 4b were synthesised by reaction of dicyclohexylphosphine lithium salt 

(preparedd by a slightly modified literature procedure)138 and an appropriate dibromoalkane, according 

too a modified literature procedure.1311 

Preparationn of l,8-bis(dicyclohexylphosphino)octane (4b): 4.6 mL of a 2.4 M n-butyllithium 

solutionn in hexanes (-11 mmol) was added to a solution of dicyclohexylphosphine (2.03 mL, 10.1 

mmol)) in diethyl ether (20 mL) at RT. The reaction mixture was stirred for 10 minutes during which 

timee a yellow precipitate of phosphine lithium salt was formed. The supernatant was taken out via 

cannulaa filtration and the solid was washed twice with ether (2x10 mL). Next, freshly distilled 

1,4-dioxanee (20 mL) was added causing dissolution of a certain amount of the salt. 1,8-Dibromooctane 

(0.866 mL, 4.67 mmol) was added dropwise via a syringe. An immediate reaction occurred with 

dissolutionn of the solid and warming of the reaction mixture. It was refluxed for 10 minutes and 

formationn of a white precipitate of a LiBrxCAC^ complex was observed. The precipitate was filtered 

offf on a G4 filter, washed with ether and discarded. The combined solutions were then concentrated 

underr vacuum and the formed white oil was dissolved in dry hot ethanol (15 mL). The solution was 

leftt overnight at 0°C for crystallisation. The crystallisation procedure was repeated, and a white solid 

(1.844 g, yield 81%) was obtained. *H NMR (C6D6): 8 (ppm) 2.00-1.05 (m). ^C^H} NMR (C6D6): 

55 (ppm) 34.39 (d, J= 14.7 Hz), 32.40 (d, J= 11.0 Hz), 31.23 (d, J = 14.6 Hz), 30.25 (s), 29.85 (d, J = 

8.22 Hz), 29.52 (d, J- 20.8 Hz), 28.08 (pseudo t, Japp = 3.7 Hz), 27.37 (s), 22.44 (d, J = 18.3 Hz). 
3lP{lH}}  NMR (CeDg): 8 (ppm) -4.85 (s). FAB-MS: m/z (rel. intensity, %): 507 ([M+H]+, 80), 506 

([M]+,, 18), 505 ([M-H]+, 50), 423 ([M-Cy]+, 100), 341 ([M-2Cy+H]+, 25), 309 (73), 267 (10), 225 

(13),, 130 (15), 115 (20), 78 (40), 76 (32), 55 (50), 41 (20). 

Experimentall data for l,5-bis(dicyclohexylphosphino)pentane (4a): Starting from 2.02 mL (10.1 

mmol)) of dicyclohexylphosphine and 1,5-dibromopentane (0.68 mL, 0.50 mmol) a white solid was 

obtainedd in a yield of 65% (1.36 g). XH NMR (C^>6): 8 (ppm) 2.05-1.10 (m). "C^H} NMR (C«D6): 

88 (ppm) 34.31 (d, J= 14.6 Hz), 31.18 (d, J= 14.6 Hz), 29.77 (d, J = 8.5 Hz), 29.21 (d, / = 19.6 Hz), 

28.088 (pseudo t, J  ̂ = 3.8 Hz), 27.32 (s), 22.25 (d, J= 18.3 Hz). 31P{XH} NMR (C<>D6): 8 (ppm) -4.82 

(s).. FAB-MS: m/z (rel. intensity, %): 465 ([M+H]+, 85), 464 ([M]\ 10), 463 ([M-Hf, 45), 381 ([M-

Cy]\Cy]\ 100), 299 ([M-2Cy+H]+, 30), 267 (88), 153 (15), 83 (35), 81 (25), 41 (15). Anal. Calcd for 

C29H54P2:: C, 74.96; H, 11.71. Found: C, 74.69; H, 11.78. 

3.4.22 Synthesis of Ruthenium Carbene Complexes 
Ru(=CHPh)Cl2(xantphos)) (2): Complex la (0.256 g; 0.325 mmol) was dissolved in 

dichloromethanee (20 mL) and the solution was cooled to -78°C. The xantphos ligand (0.171 g, 0.295 

mmol)) was added as a solution in dichloromethane (5 mL) via a syringe. The reaction mixture was 

stirredd for 15 minutes at -78°C, then allowed to warm to RT and stirred for 2 h. The mixture was then 

concentratedd and a green precipitate was formed upon addition of pentane (20 mL). The brownish 

liquorr was discarded and the solid was washed with pentane. It was redissolved in dichloromethane 

andd reprecipitated. The reaction yielded 0.23 g (92%) of a green microcrystalline solid. 'H NMR 
(CD2C12):: 8 (ppm) 19.08 (t, Jm = 7.5 Hz, 1 H, Ru=CM>h), 7.92 (d, /HH = 7.6 Hz, 2 H, CH of 

xanthene),, 7.78 (d, JHH = 7.5 Hz, 2 H, CHof xanthene), 7.59-7.23 (m, 25 H, 5 x Ph), 7.08 (t, Jm = 7.5 

Hz,, 2 H, CH of xanthene), 1.82 (s, 6 H, C#3).
 13C{ !H} NMR (CD2C12): 8 (ppm) 320.59 (t, J = 10.6 

Hz,, Ru=CHPh), 155.62 (t, J= 4.0 Hz), 154.39 (t,J= 7.3 Hz), 135.45, 134.91 (t, J= 5.5 Hz), 132.68, 
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131.411 (d,J=45Hz), 131.18 (d, 7=46 Hz), 131.09 (d, J =47 Hz), 130.22, 129.17, 128.02 (t, 7=4.9 

Hz),, 125.37, 123.31 (t, J= 18.9 Hz), 35.19 (C(CH3)2), 33.52 (CH3).
 3,P{ lH} NMR (CD2C12): 8 (ppra) 

36.266 (s). IR (KBr): (cm1) 3056 (m), 2953 (w), 2918 (w), 1481 (w), 1436 (s), 1399 (vs), 1260 (w), 

12133 (m), 1194 (m), 1094 (m), 877 (w), 743 (m), 693 (s), 522 (s), 505 (m). FD-MS: m/z (rel. intensity, 

%):: 840 ([M]+, 100), 820 (15), 611 (5), 353 (97); isotopic pattern for [C46H38Cl2OP2Ru]+: m/z (calcd 

intensity,, found intensity): 834 (10, 20), 835 (5, 12), 836 (11, 24), 837 (28,44), 838 (39, 59), 839 (62, 

80),, 840 (100, 100), 841 (66, 82), 842 (96, 95), 843 (45, 63), 844 (40, 61), 845 (16, 28), 846 (7, 28), 

8477 (2,17), 848 (1, 6). Anal. Calcd for G ^ C h O P j R u : C, 65.71; H, 4.56. Found: C, 64.92; H, 4.69. 

Ru(=CHPh)Cl2(dppf)) (3): To a cooled to -78°C solution of la (0.235 g; 0.30 mmol) in 

dichloromethanee (30 mL), a solution of dppf (0.166 g; 0.30 mmol) in dichloromethane (5 mL) was 

addedd via a syringe. The reaction mixture was stirred for 20 minutes at -78°C. Then it was allowed to 

warmm to room temperature and the colour of the mixture changed to brown. After 1 h most of the 

solventt was evaporated and a greenish solid was precipitated with pentane (25 mL). The orange 

solutionn was discarded and the solid was washed a few times with pentane, reprecipitated twice from 

dichloromethanee and then dried under vacuum. 0.123 g (50%) of a green-brown microcrystalline 

productt was obtained. *H NMR (CD2C12): 8 (ppm) 17.20 (t, Jm = 18.3 Hz, 1 H, Ru=C#Ph), 8.66 (d, 

JHHH = 7.7 Hz, 2 H, o-CHmom), 7.92-6.95 (m, 23 H, CHMlxa), 4.78,4.60,4.48, 4.37 (4 x s, 4 x 2 H, CHof 

Cp).. I3C{*H} NMR (CD2C12): 8 (ppm) 303.06 (t, J= 17.4 Hz, Ru=CHPh), 151.06, 136.21 (t, J = 5.1 

Hz)) 133.70 (t, J - 4.9 Hz), 133.38, 131.40 (2 C), 130.03 (2 C), 128.39 (t, J = 4.9 Hz), 127.75 (t, J = 

5.22 Hz), 75.16 (4 C), 73.33 (2 C, t, J = 3.6 Hz), 70.14 (2 C). 31¥{lH]  NMR (CD2C12): 8 (ppm) 51.95 

(s).. IR (KBr): (cm1) 3054 (m), 1482 (m), 1434 (s), 1249 (m), 1178 (m), 1161 (m), 1094 (s), 1038 (m), 

8744 (w), 826 (w), 744 (s), 693 (s), 631 (w), 562 (m), 511 (s), 476 (m). FD-MS: m/z (rel. intensity, %): 

8166 ([M]\ 100), 780 (20), 726 (5), 689 (5), 586 (10), 554 (8); isotopic pattern for [C4iH34Cl2FeP2Ru]+: 

m/zm/z (calcd intensity, found intensity): 808 (1, 2), 809 (0.5, 1), 810 (10, 18), 811 (6, 14), 812 (13, 15), 

8133 (31, 32), 814 (43, 45), 815 (63, 75), 816 (100, 100), 817 (63, 67), 818 (92, 92), 819 (41, 51), 820 

(38,, 41), 821 (14, 23), 822 (7, 12), 823 (2, 4). Anal. Calcd for C4iH34Cl2FeP2RuxCH2Cl2: C, 55.98; H, 

4.08.. Found: C, 55.96; H, 4.02. 

CMPhHC^Ru^KCyiPCCHïJgPCy^lïRu^HPhJClïï (5b): RuCl2(PPh3)3 (1.44 g, 1.50 

mmol)) was dissolved in dichloromethane (50 mL) and the solution was cooled to -50°C. A cooled 

solutionn (0°C) of phenyldiazomethane (~ 2 molar excess) was added via a polyethylene cannula over 

100 min. The mixture was allowed to warm to -30°C and a 1.1 molar excess (0.88 g) of diphosphine 4b 

waswas added. The reaction mixture was allowed to warm to room temperature and subsequently stirred 

forr 30 min. Next, most of the solvent was evaporated leaving a dark-red oil. Ethanol (30 mL) was 

addedd and the mixture was vigorously stirred. A dark-red precipitate was formed, which was separated 

fromfrom the liquor, redissolved in DCM and reprecipitated with ethanol. The red-pink solid thus obtained 

wass washed with cooled dichloromethane (10 mL) and dried, giving a pink solid. The remaining 

liquorr was concentrated to a few millilitres and left overnight at -20°C. The crystallised dark-pink 

solidd was filtered, washed with cold dichloromethane and dried. The combined yield of the product 

wass 0.392 g (34 %). 'H NMR (CD2C12): 8 (ppm) 20.00 (s, 1 H, Ru=CtfPh), 8.52 (d, Jm = 7.8 Hz, 2 

H,, o-CH^), 7.84 (t, JHH = 7.5 Hz, 1 H, p-CH^), 7.56 (t, JHH = 7.8 Hz, 2 H, m-CH^), 2.40-0.63 

(m,, 60 H, all CHt]i{ ). "C^H} NMR (CD2C12): 8 (ppm) 297.6 (Ru=CHPh), 155.9, 131.1, 130.8, 130.0, 

33.00 (m), 30.2, 29.7, 29.3, 28.1 {pseudo t, J w = 6.4 Hz), 26.9, 26.1, 25.3, 18.4. 31P{!H} NMR 
(CD2C12):: 8 (ppm) 33.46 (s). IR (KBr): (cm'1) 3060 (w), 2927 (vs), 2851 (s), 1903 (w), 1446 (m), 1243 
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(w),, 1173 (w), 1117 (w), 1005 (w), 892 (w), 851 (w), 743 (m), 689 (w), 515 (w). FD-MS: m/z (rel. 

intensity,, %) 1536 ([M]+, 66), 768 ([M/2]+, 74), 638 (55), 507 (100, [Cy^CH^gPCyz]4), 254 (61). 

Anal.. Calcd for CTSHUJCL^RU^ C, 60.92; H, 8.65. Found: C, 60.35; H, 8.70. Molecular weight 

determinationn in CH2C12 showed the complex to be still dinuclear in the solution. 

Cl2(PhHC=)Ru[n-(Cy2P(CH2)5PCy2)]2Ru(=CHPh)ClII  (5a): The reaction was carried out as 

describedd for 5b, starting from 1.218 g (1.25 mmol) of RuCl2(PPh3)3, phenyldiazomethane solution 

(~22 molar excess) and 0.660 g (1.40 mmol) of diphosphine 4a. A pink-brown solid was isolated (0.290 

g,, 32% yield) upon repeated precipitation from dichloromethane solution with ethanol. !H NMR 
(CD2C12):: 8 (ppm) 19.89 (s, 1 H, Ru=C#Ph), 8.52 (d, Jm = 7.7 Hz, 2 H, o-CH^, 7.60 (t, JHH = 7.2 

Hz,, 1 H, p-CH^), 7.36 (t, JHH = 7.6 Hz, 2 H, m-CH^), 2.40-0.83 (m, 54 H, all CH^)- "Cj'HJ 

NMRR (CD2C12): 8 (ppm) 296.9 (Ru=CHPh), 153.1, 130.3, 129.8,129.2, 34.1, 33.0 (pseudo t), 29.3 (d, 

J=J= 17.2 Hz), 27.9,26.9,24.5,18.7. "Pf'H } NMR (CD2C12): 8 (ppm) 30.40 (s). IR (KBr): (cm'1) 3057 

(w),, 2926 (vs), 2850 (vs), 2108 (w), 1933 (w), 1901 (w), 1446 (s), 1329 (w), 1262 (m), 1241 (m), 

11733 (m), 1026 (m), 1005 (m), 891 (m), 850 (m), 818 (m), 742 (m), 690 (m), 515 (w). FD-MS: m/z 

(rel.. intensity, %) 1453 ([M-H]\ 12), 1249 (30), 727 ([M/2f, 22), 637 (85), 599 (100), 572 (54), 481 

(27),, 258 (23). Anal. Calcd for C72H12oCl4P4Ru2: C, 59.49; H, 8.32. Found: C, 58.90; H, 8.27. 

Molecularr weight determination in CH2C12 showed the complex to be dinuclear also in the solution. 

Ru(=CHPh)Cl2(23'-BISBI)) (5c): The reaction of la with 2,3'-bis((diphenylphosphino)-

methyl)-l,l'-biphenyll (2,3'-BISBI) was performed as for complex 3, to give in 51% crude yield a 

yellow-greenn solid after two reprecipitations. An unidentified impurity (-15%, indicated by 3IP NMR) 

waswas still observed, which could not be separated from the wanted product 5c. *H NMR (CD2C12): 8 

(ppm)) 19.02 (t, Jm = 7.8 Hz, 1 H, Ru=CM>h), 8.95 (s, 1 H, CH  ̂ „ISBI), 7.90-6.92 (m, -30 H, 

Ctf„om),, 6.17 (d, JPH*7.5 Hz, 2 H, C//2P), 4.21 (d, JPH«7.5 Hz, 2 H, C//2P). "Pf'H} NMR (CD2C12): 8 

(ppm)) 26.0 (s, impurity), 21.3 & 16.2 (d, VPP = 314 Hz, 2 P in trans fashion). 

3.4.33 Treatment of New Ru Carbene Complexes with Trimethylsilyl Triflate 
Thee experiments were carried out as described in the literature,5b usually with a three molar 

excesss of MesSiOTf the added to a dichloromethane solution of ruthenium complex at -78°C. The 

reactionn mixture was stirred for 1 h at room temperature. The product was isolated by repeated 

precipitationn from dichloromethane solutions using pentane. 

3.4.44 Metathesis Experiments 
ROMPROMP of norbornene.2h In a typical experiment, a stock mixture of norbornene (6) and decane 

(ass internal standard for GC analysis) was used. An aliquot of this solution (116 mg of norbornene, 

1.233 mmol) was added via a syringe to the solution of ruthenium compound 3 (9.5 mg, 12.1 umol) in 

dichloromethanee (2 mL) at room temperature. The resulting concentration of catalyst and norbornene 

weree 0.006 M (1 equiv.) and 0.60 M (100 equiv.), respectively. The viscous mixture was stirred for 24 

h,, while occasionally samples were taken and analysed by GC. Next, the mixture was exposed to air, 

andd dichloromethane (4 mL) with traces of ethyl vinyl ether to quench the reaction was added. The 

mixturee was stirred for another 20 minutes, filtered through a short column of silica gel and poured 

intoo vigorously stirred methanol. A white, tacky polymer precipitated, which was washed several 

timess with methanol and dried under vacuum; the yield using catalyst 3 was 98 mg (86%). 

67 7 



CHAPTERR 3 

RCMRCM of diethyl diallylmalonate. In a typical experiment, the diene 7 (0.120 mL, 0.50 mmol) 

waswas added to 12.5 umol (19.2 mg, 5 mol% of carbene moiety) of the ruthenium catalyst 5b in 

dichloromethanee (2.5 mL) at room temperature. The progress of the reaction was followed by GC. 

Self-metathesisSelf-metathesis of trans-4-decene: In a typical experiment, /ran.s-4-decene (8, 0.19 mL, 1.0 

mmol)) was added to a solution of 5a (7.1 mg, 4.9 umol, 1 mol% of carbene moiety) in 

dichloromethanee (2.5 mL) at room temperature. The resulting solution was vigorously stirred. The 

progresss of the reaction was followed by GC. 

3.4.53.4.5 X-ray Structure Determinations 
Crystalss of complexes 2 and 3 were grown from mixture of n-hexane/CH2Cl2 (1/1 v/v) at 2°C 

andd in case of complex 5a from CH2C12. X-ray intensities were measured on a Nonius KappaCCD 

diffractometerr with rotating anode (>,=0.71073 A) at a temperature of 150(2) K. 

Tablee 2. Summary of data for the crystal structure analysis of 2, 3 and 5a. 

Complex x 

Formula a 

Formulaa weight 

Crystall colour 

Crystall size 

Crystall system 

Spacee group 

aa [A] 

b[A] ] 

c[A] ] 

aa [deg.] 

/?[deg.] ] 

rtdeg.] ] 
V[A j] ] 

z z 
p[gcm'3]///[mm''] ] 

Abs.. Corr. 

Transm. . 

Refl.. Collected/unique 

Parameters/Restraints s 

Rll / wR2 (I>2a(I)) 

Rll / wR2 (all refl.) 

S S 

e-densityy (min./max.) 

2 2 

C46H38Cl2OP2Ru u 
++ CH2C12 

925.60 0 

Green n 

0.48x0.15x0.15 5 

Triclinic c 

PP T (No. 2) 

11.0320(2) ) 

11.1015(2) ) 

17.7959(3) ) 

89.7781(9) ) 

81.1990(10) ) 

70.8813(10) ) 

2032.54(6) ) 

2 2 

1.512/0.765 5 

Platonn (Mulabs) 

0.82-0.90 0 

475900 / 9233 

502/0 0 

0.02755 / 0.0649 

0.03477 / 0.0678 

1.067 7 

-0.88/0.39 9 

3 3 

C4iH34Cl2FeP2Ru u 
++ 2xCH2Cl2 

986.29 9 

Brown n 

0.51x0.27x0.18 8 

Monoclinic c 

P2i/cc (No. 14) 

13.9971(1) ) 

14.6922(1) ) 

20.0647(1) ) 

90 0 

98.6868(4) ) 

90 0 

4078.94(5) ) 

4 4 

1.606/1.229 9 

Platonn (Mulabs) 

0.70-0.81 1 

874777 / 9342 

514/0 0 

0.0314/0.0803 3 

0.0360/0.0832 2 

1.030 0 

-1.17/1.73 3 

5a a 

C72H120CI4P4RU2 2 
++ solvent 

1453.500 [*] 

Red d 

0.30x0.30x0.12 2 

Monoclinic c 

C2/cc (No. 15) 

24.2122(3) ) 

27.8321(4) ) 

14.3627(2) ) 

90 0 

109.2424(7) ) 

90 0 

9138.0(2) ) 

4 4 

1.057/0.5499 [*] 

Platonn (Mulabs) 

0.87-0.93 3 

537899 /10470 

374/0 0 

0.02833 / 0.0746 

0.03333 / 0.0768 

1.047 7 

-1.39/0.37 7 

[*]] The contribution of the disordered solvent was not taken into account for the calculation of Fw, p, and // 
(seee text in experimental section). 
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Structuress 2 and 5a were solved with automated Patterson methods (DIRDEF97);21 structure 3 

waswas solved with direct methods (SIR97).22 The structures were refined with SHELXL-9723 against F2 

off all reflections. Structure 5a contains large voids (2571.8 AVunit cell) filled with disordered 

dichloromethanee molecules. Their contribution to the structure factors was secured by back-Fourier 

transformationn (program PLATON,24 CALC SQUEEZE, 615 e'/unit cell). Structure calculations, 

structuree drawings and checking for higher symmetries were performed with the PLATON package.24 

Furtherr information regarding the crystal structure determinations is given in Table 2. 

Crystallographicc data (excluding structure factors) for the structure in this paper have been 

depositedd with the Cambridge Crystallographic Data Centre as supplementary publication no. CCDC 

1471244 (2), 147125 (3) and 147126 (5a). Copies of the data can be obtained, free of charge, on 

applicationn to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK, (fax: +44 1223 336033 or e-mail: 

deposit@ccdc.cam.ac.uk). . 
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Chapter r 

Adamantyl-Substituted Adamantyl-Substituted 

N-HeterocyclicN-Heterocyclic Carbene Ligands in 

SecondSecond Generation Grubbs-Type Metathesis Catalysts 

Keywords:Keywords: Ru carbenes / Adamantyl / Imidazolium / Metathesis 

Abstract::  The iV-heterocyclic carbene (NHC) ligands H2IAd (l,3-di(l-adamantyl)-4,5-

dihydroimidazol-2-ylidene)) and H2IAdMes (l-{l-adamantyl)-3-mesityl-4,5-

dihydroimidazol-2-ylidine)) were prepared and treated with [RuCl2(=CHPh)(PCy3)2] 

(1).. While H2IAd failed to react with 1, H2IAdMes readily produced 

[RuCl2(=CHPh)(H2IAdMes)(PCy3)]] (9). Only a single isomer of 9 was formed, this 

beingg that with the mesityl ring situated above the benzylidene moiety, as confirmed 

byy an X-ray structure. Complex 9 was found to be only a very poor olefin 

metathesiss catalyst, likely a consequence of the excessive steric crowding imparted 

byy the 1-adamantyl moiety towards the position trans to the benzylidene group. 

Additionally,, a crystal structure of a phosphine-free, dinuclear analogue of 9 is also 

presented. . 
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4.11 Introduction 
Thee utility of olefin metathesis continues to attract interest with more and more 

chemistss adopting this powerful carbon-carbon double-bond breaking/making reaction for 
variouss applications.' The ruthenium-based metathesis catalyst systems, particularly the first-
andd second generation Grubbs metathesis catalysts (1 and 2a), are enjoying considerable 
popularity,, a result of their relatively high activity, ease of use and ready commercial 
availability. . 

RR , . R R ,—, R. 

Ck k 
PCy3 3 R'—^^  J— IV / N ^ T ^ ^ R ' R'^TT^N x / N - v 

C l ^ l l 
Ru= = 

PCy, , 
Ph h 

RCU.. I R 
^Ru— — 

RCk k 
^Ru u 

CI* * 
PCy3 3 

Ph h CI' ' 
PCy3 3 

R R 

Ph h 

2aa (R = R' = Me) 
2bb (R= /-Pr, R'=H) 

3aa (R = R' = Me) 
3bb (R= /-Pr, R'=H) 

Whilee the most widely used second generation metathesis catalysts 2a2 (containing the 
H2iMess ligand, H^IMes = l,3-dimesityl-4,5-dihydroimidazol-2-ylidene) and its unsaturated 
relativee 3a3 (containing the IMes ligand, IMes = l,3-dimesitylimidazol-2-ylidene) both 
debutedd in 1999, only relatively few articles have since appeared on the effects of the 
modificationn of the iV-heterocyclic carbene (NHC) component of the catalysts. Noteworthy 
contributions,, where the NHC was varied from the seemingly de facto dimesityl systems, 
includee studies on the activity of the 2,6-diisopropylphenyl variants 2b4'5 and 3b4'6 as well as 
effortss at creating enantioselectivity for ring closing metathesis, e.g. the second generation 
Grubbs-typee architectures 4a-d7 and the Hoveyda-type chiral system 4e.8 

Ph h Ph h 

ccY ï roo <2c x"ro 
Ru= = 

crr  i >h 
PCy3™ ™ 

4aa (R = Me) 
4bb (R = i-Pr) 

Ru= = 
 I CII i Ph 

PCy3 3 

4cc (R = Me) 
4dd (R = i-Pr) 4e e 

Additionally,, the preparation of a range of mainly mixed mesityl/alkyl NHC analogues 
off 3a, e.g. 4f-m, and their reactivity in ring closing metathesis (RCM), self-metathesis and 
enynee metathesis (by IR thermography) was explored.4 Complex 4n was shown to be a useful 
catalystt for preparation of cyclic polymers of particular physical properties via ring opening 
metathesiss polymerisation (ROMP) of ds-cyclooctene without the need of application of high 
dilutionn reaction conditions.9 
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0-NYNc? 0 0 ,,CI I 

Cl*'' ï p h Cl*' i P h 

PCy3
Phh PCy3

Hh " pCy3 

4ff 4g-i [R = (CH2)„CH=CH2, n = 1, 2, 4] 41 (n = 1) 
4jj (R = OSiMe2f-Bu) 4m (n = 2) 
4kk [R = (CF2)5CF3] 4n (n = 4) 

Thiss relative paucity of research is somewhat surprising because at this time no 
definitivee comparative study has been carried out that suggests that the dimesityl-substituted 
NHCC ligands are necessarily the best choice for optimum metathesis activity in all reactions. 
Indeed,, in our research group it was shown that the 2,6-diisopropylphenyl-substituted 
complexx 2b (containing the H2IPr ligand, H2IPr = l,3-bis-(2,6-diispropylphenyl)-4,5-dihydro-
imidazol-2-ylidene)) displays considerably superior activity than 2a for the metathesis of 
terminall olefins.5 Similarly, Fürstner et al. found that the variation of the NHC ligands in 3a 
cann have a significant effect on the activity of the resulting catalysts, and that none of the 
testedd catalysts was superlative for all substrates.4 

Wee were intrigued by these results and wished to examine the metathesis activity of 
catalystss incorporating other NHC ligands. Of particular interest were the recent accounts of 
ann immobilised second generation ruthenium metathesis catalyst with a di(l-adamantyl)-
substitutedd NHC ligand (5) reported by Buchmeiser et al.10 

Inn these articles no efforts toward the characterisation of the proposed complex were 
reportedd nor the preparation of homogeneous analogues.11 We found this latter point 
particularlyy surprising, since the related unsaturated free NHC, l,3-di(l-adamantyl)imidazol-
2-ylidenee (IAd), is both easy to prepare and very stable in solution.12 It seemed to us that the 
problemm may lie in the ligand displacement reaction with 1, as opposed to the instability of 
anyy formed NHCs or their resulting ruthenium complexes. 
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Thee replacement of the currently ubiquitous mesityl-substituted NHC ligand with a 

1-adamantyl-substitutedd one offers a number of potential activity enhancements. First, while 

thee mesityl group, being flat, is bulky in only two dimensions, the adamantyl is bulky in three 

dimensions.. This extra bulk may induce more rapid dissociation of the phosphine ligand, an 

essentiall step for the initiation of the "precatalyst" to the four-coordinate 14-electron 

metathesiss active species.13 Furthermore, the greater steric bulk may also provide greater 

shieldingg of the metal centre, possibly further hindering unfavourable decomposition reactions 

thatt lead to catalytic death. Second, the aliphatic adamantyl group is more electron-donating 

thann the aromatic mesityl, which should make adamantyl-substituted NHCs slightly better 

o-donorss than the mesityl analogue.14 The increased c-donation of an NHC ligand over 

phosphiness is conside-red the main reason for the higher activity of the second generation 

catalystt systems relative to their first generation counterparts.13 With these points in mind, we 

decidedd to further explore the prospect of utilising NHC ligands incorporating the 

1-adamantyll moiety for use in metathesis. 

4.22 Results and Discussion 

4.2.11 Synthesis of Ligand Precursors 
Wee resolved to concentrate exclusively on the saturated (4,5-dihydroimidazol-

2-ylidene)) ligand class for three reasons. First, Nolan et al. have found that IAd is effectively 
lesss donating than tricyclohexylphosphine (PCy3),6a which might be anticipated to complicate 
thee ligand substitution of the starting material 1, although the low lability of NHC ligands 
relativee to phosphines may alleviate this problem. Secondly, it has been found that catalyst 3 a 
iss considerably less active (with respect to turnover numbers) than 2a for the metathesis of 
simplee olefins.15 This observed difference in activity can only be attributed to the saturated (in 
2a)) versus unsaturated (in 3a) NHC portion of the complexes, since 2a and 3a are otherwise 
identical.. Third, Buchmeiser reported on the di(l-adamantyl)-substituted complex 5,10 which 
iss based on the saturated H2IAd (H2IAd = l,3-di(l-adamantyl)-4,5-dihydroimidazol-
2-ylidene)) framework, providing literature precedence. 

Surprisingly,, while IAd is very well known and even commercially available, the 
saturatedd analogue H2ÏAd has, to the best of our knowledge, not been previously reported. 
Naturally,, we initially attempted to synthesise the H2IAd ligand precursor, l,3-di(l-ada-
mantyl)-4,5-dihydroimidazoliniumm chloride (6d, Scheme 1), following the now standard 
protocoll developed by Arduengo et al.16 However, all of these attempts were unsuccessful.17 

Therefore,, a slightly different strategy was developed that retains the advantages of the 
Arduengoo methodology in that it requires only inexpensive reagents and is practical for large 
scalee synthesis while providing increased generality and flexibility (Scheme 1). 
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Schemee 1. Synthetic procedures towards symmetrical, 6d, 
andd unsymmetrical, 7d, saturated NHC ligands. 

Followingg this method, the desired compound 6d could be obtained in moderate yield 
byy reaction of oxalyl chloride with two equivalents of 1-adamantanamine, followed by 
reductionn and cyclisation. For comparison, we also wished to prepare the mixed mesityl/ 
1-adamantyll NHC precursor l-(l-adamantyl)-3-mesityl-4,5-di-hydroimidazolinium chloride 
(7d)) as a source of H2IAdMes (H2IAdMes = l-(l-adamantyl)-3-mesityl-4,5-dihydroimidazol-
2-ylidine).. Unlike the vast majority of 1,3-substituted 4,5-di-hydroimidazol-2-ylidene 
systems,, H2IAdMes is unsym-metrical and we were curious to see if any catalyst derived from 
thiss ligand would give properties divergent from the symmetrical systems. The synthesis used 
forr 6d could be easily modified to make 7d, simply by first reacting 2,4,6-trimethylaniline 
withh a large excess of oxalyl chloride to give the monosubstituted acetyl chloride 7a. 
Compoundd 7a was then reacted with 1-adamantan-amine to give 7b, which was subsequently 
reducedd and cyclised to give 7d (Scheme l).18 

4.2.22 Synthesis of Ruthenium Carbene Complexes 
Withh the precursors 6d and 7d in hand, we attempted to prepare their respective 

complexess [RuCl2(=CHPh)(H2IAd)(PCy3)] (8) and [RuCl2(=CHPh)(H2IAdMes)(PCy3)] (9) 
followingg the now well-established literature routes.2 Accordingly, 6d was treated with 
potassiumm tert-butoxide or potassium tert-pentoxide to give a solution containing free H2IAd. 
Whenn this solution was subsequently added to catalyst 1, however, no changes were apparent, 
regardlesss of the reaction conditions. The reactions, conducted using a range of different 
temperaturess (25-110°C) and various stoichiometrics (1-5 equivalents of 6d relative to 1), 
weree monitored by P NMR. In no instance was any reaction involving the phosphine 
displacementt of 1 observed to take place. While we did not attempt to isolate free H2IAd, its 
presencee was implied by proton NMR, which clearly showed the absence of the central 
hydrogenn (at 8.49 ppm) in 6d and the diagnostic ~1 ppm upfield shift of the signal from the 
fourr methylene hydrogens (at ~4 ppm in 6d). 
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9m9m 9-^^M 
c ^ c y 3 > hh ^ C I P C y 3

P h U Pcy3
ph 

8 8 

Thee failure of the reaction of H2IAd with 1 under the usual standard reaction conditions 
iss presumably a consequence of the benzylidene moiety in 1, which is possibly too bulky to 
permitt the presence of a 1-adamantyl group directly overhead. We tentatively suggest that 
evenn if a second generation Grubbs catalyst could be formed with the H2IAd ligand, it almost 
certainlyy could not retain the square pyramidal geometry found for 1, 2a and 3. 

Withh this knowledge in mind, we predicted that the mixed 1-adamantyl/mesityl ligand 
system,, H2IAdMes, should successfully react with 1 to give exclusively complex 9a. The 
otherr isomer, 9b, with the H2IAdMes in the opposite orientation (with the adamantyl group 
abovee the benzylidene), would almost certainly be disallowed on steric grounds. When 1 was 
addedd to an H2IAdMes solution (rapidly formed in situ from 7d and potassium tert-

pentoxide),, the mixture became muddy green. 31P NMR showed that complex 1 had been 
completelyy consumed and two new peaks at -16 ppm (complex 9) and 10 ppm (free PCy3) 
hadd appeared. Methanolic workup isolated 9 as an air-stable powder. The complex was 
completelyy characterised by NMR and a single crystal X-ray structure {vide infra). 

Itt is noteworthy that there was only a single 31P NMR signal and only a single 
benzylidenee peak in the 'H NMR. This result strongly suggested either the formation of only a 
singlee isomer of 9 (with the NHC ligand in only one orientation) as predicted or, less likely, 
thee free rotation of the NHC ligand on the NMR time scale. A NOESY spectrum of 9 was 
acquiredd to clarify this point. The benzylidene carbene showed NOE enhancements to the 
phosphinee cyclohexyl groups, as expected, and to one of the aromatic hydrogens and to one of 
thee methyl groups of the mesityl moiety. No correlations to adamantyl groups were observed, 
indicatingg only a single isomer was formed (that with the mesityl above the benzylidene) with 
noo rotation of the NHC taking place. 

Thee colour and some of the spectroscopic properties of 9a were unanticipated. While 
thee very closely related second generation Grubbs catalysts 2a and 2b are brownish in 
appearance,, complex 9a was green. The 31P NMR peak at 15.7 ppm for 9a is remarkably far 
upfieldd when compared with the signals for 2a and 2b at 30.5 and 28.1 ppm, respectively. 
Lesss significantly, the diagnostic methine resonance of the benzylidene in the H NMR 
spectrumm was also further upfield than usual, and appeared at 19.05 ppm, compared with 
19.599 and 19.77 ppm for 2a and 2b. In the 13C NMR the two most important signals, the NHC 
carbenee and the benzylidene carbons, resonated at 217.0 and 302.6 ppm, respectively. 
Surprisingly,, the 13C NMR spectrum for 2a has, to the best of our knowledge, not been 
reported,, though, the corresponding carbene signals for 2b appear at 222.2 and 296.7 ppm. 
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4.2.33 Crystal Structure of 9a 
Too confirm the connectivity of complex 9a and the orientation of the adamantyl group 

withh respect to the benzylidene group, the single crystal X-ray structure was determined. The 
collectionn and refinement parameters for the crystallographic analysis are presented in Table 
2.. The structure of 9a is shown in Figure 1, while selected bond lengths and angles are given 
inn Table 1 together with the analogous data for 2a20 for comparison. 

Figuree 1. ORTEP representation of 9a with thermal ellipsoids drawn at the 30% probability level and 
hydrogenn atoms omitted for clarity. Selected bond lengths (A) and angles (°) are given in Table 1. 

Thee structure confirms the predicted formulation of 9a, essentially resembling the 
overalll geometry of complex 2a. However, a number of subtle, but significant dissimilarities 
aree noteworthy. The most important involves the orientation of the PCy3 ligand. The Ru-P 
bondd length of 9a is 0.1 A longer than that of 2a. Furthermore, the P-Ru-C(8) angle is 
considerablyy straightened out in 9a and is 7.4° more linear than in 2a. This significant change 
inn angle is shared by both the imidazolin-2-ylidene and the phosphine ligands, which are both 
tippedd more than 3° relative to 2a towards the benzylidene moiety. Thus, the closest contact of 
thee mesityl and the benzylidene groups is 2.901 A in 9a (for C(l l)-C(l)) and 3.035 A in 2a. 
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Inn light of the close similarities of 2a and 9a, the main reason for this deformation, which in 

factt results in more idealised square-pyramidal geometry, must be due to the presence of the 

adamantyll group. Most of the remaining equivalent geometric parameters of 9a and 2a are 

veryy similar with the exception of the Ru-Cl distances, particularly Ru-Cl(l), which is 

considerablyy longer in 9a. 

Inn addition to the simple steric requirements demanded by the presence of a bulkier 

group,, there may be an interaction of C(21) of the adamantyl with the metal centre, these 

beingg only 2.883 A distant. The inclusion of C(21) at the back of the pyramid results in an 

effectivelyy distorted octahedral geometry about the ruthenium atom. Possibly, this close 

contactt could be forced purely by the rigorous steric constraints of the complex. 

Tablee 1. Comparison of selected bond lengths (A) and angles (°) of complex 9a with 2a. 

Bondd length 

Ru-C(l) ) 

Ru-C(8) ) 

Ru-P P 

Ru-Cl(l) ) 

Ru-Cl(2) ) 

C(8)-N(l) ) 

C(8)-N(2) ) 

N(l)-C(10) ) 

N(2)-C(9) ) 

N(l)-C(ll) ) 

N(2)-C(20) ) 

Ru...C(21) ) 

9a° ° 

1.851(5) ) 

2.083(5) ) 

2.521(1) ) 

2.427(1) ) 

2.398(1) ) 

1.336(6) ) 

1.346(6) ) 

1.470(8) ) 

1.494(7) ) 

1.446(6) ) 

1.490(6) ) 

2.883(6) ) 

2a* * 

1.835(2) ) 

2.085(2) ) 

2.4245(5) ) 

2.3988(5) ) 

2.3912(5) ) 

1.348(2) ) 

1.347(2) ) 

1.482(3) ) 

1.476(2) ) 

1.432(2) ) 

1.440(2) ) 

--

Bondd angle 

P-Ru-C(8) ) 

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

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

P-Ru-C(l) ) 

P-Ru-Cl(l) ) 

P-Ru-Cl(2) ) 

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

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

Cl(l)-Ru-C(8) ) 

Cl(2)-Ru-C(8) ) 

C(l)-Ru...C(21) ) 

9aa a 

171.1(1) ) 

167.98(5) ) 

96.9(2) ) 

91.5(2) ) 

96.40(4) ) 

89.30(5) ) 

102.7(2) ) 

87.7(2) ) 

84.7(1) ) 

88.1(1) ) 

165.0(2) ) 

2a* * 

163.73(6) ) 

167.71(2) ) 

100.24(8) ) 

95.89(6) ) 

91.06(2) ) 

87.75(2) ) 

103.15(7) ) 

89.14(7) ) 

83.26(5) ) 

94.55(5) ) 

--

""  Data collected at 293 K. * Data collected at 98 K. 

Too shed further light on this structural feature, variable temperature 'H NMR (-100 to 

+40°C)) was carried out. Unfortunately, due to the complexity of the spectra, particularly in the 

aliphaticc region, no concrete conclusions could be drawn, although changes from the NMR 

spectrumm measured at room temperature clearly took place. 
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Tablee 2. Crystal data and structure refinement for complex 9a and 10. 

Complex x 

Empiricall formula 

Formulaa weight 

Crystall habit 

Crystall size 

Crystall color 

Diffractometer r 

Wavelength h 

Temperature e 

Unitt cell dimensions 

Volume e 

Z Z 

Crystall system 

Spacee group 

Densityy (calculated) 

orange e 

hh min, max 

fcmin,fcmin, max 

/min,, max 

Reflectionss collected 

Independentt reflections 

Goodnesss of fit on F2 

Finall R indicies [/ > 2o(7)] 

Finall weighted/«(Fo2) 

9a a 

C47H69N2PC12RU U 

864.98 8 

Block k 

0.455 x 0.40 x 0.40 mm 

Green n 

Enraf-Noniuss CAD-4 

XX = 0.71069 A Mo-Ka 

2933 K 

aa =12.497(3) A 

b=b= 15.426(3) A 

cc = 23.201(5) A 

4472.9(15)) A3 

4 4 

Orthorhombic c 

P2I2I2Ï Ï 

1.2844 gem'3 

1.59-26.42° ° 

0,15 5 

0,19 9 

0,29 9 

5128 8 

5093 3 

1.092 2 

0.0398 8 

0.1056 6 

10 0 

C29H36C12N2RUU x CH2C12 

584.56 6 

Regularr fragment 

0.25x0.20x0.100 mm 

Transparentt dark green 

Noniuss KappaCCD 

*,, = 0.71073 A Mo-^o 

208(2)) K 

ö=10.6411(7)) A 

bb = 23.384(2) A 

cc = 23.4825(17) A 

5843.2(8)) A3 

8 8 

Orthorhombic c 

Pabc c 

1.5222 gem"3 

3.58-27.50° ° 

-13,11 1 

-30,21 1 

-30,, 30 

59798 8 

6701 1 

1.041 1 

0.0282 2 

0.0459 9 

Inn order to gain a better understanding of the steric interactions of the adamantyl group 
comparedd with mesityl, a space-filling model generated from the crystal structure data of 9a 
wass rendered (Figure 2). From the image, it is immediately obvious why only a single isomer 
off 9 had formed. Clearly, the steric encumbrance from the adamantyl group precludes the 
possibilityy of the rotated NHC analogue. The model lends further evidence that the 
diadamantyll complexes 5 and 8 are unrealistic on steric grounds if the square-pyramidal 
geometryy is to be retained. 
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Figuree 2. Space-filling representation generated using crystallographic coordinates from the structure 
off complex 9a. The complex is shown viewed perpendicular to the imidazolinylidene ring (Im). 

4.2.44 Crystal Structure of Dinuclear Complex 10 
Inn the process of obtaining crystals of the complex 9a suitable for X-ray, we also 

attainedd a crystal structure of a dinuclear, phosphine-free analogue of complex 9a, namely 
[(IAdMesH2)-(=CHPh)ClRu(ix-Cl)2RuCl(=CHPh)(IAdMesH2)]] (10). The crystals resulted 
fromm prolonged (weeks) crystallisation from dichloromethane solution of the complex 9a. We 
supposee that the phosphine moiety that is somewhat more labile in 9a than in the regular 
complexx 2a, was scavenged by atmospheric oxygen that diffused into the crystallisation 
vessell forming the more stable dichloro-bridged diruthenium species 10. Although we did not 
attemptt to prepare 10 systematically and consequently its analytical data are missing, it is still 
instructivee to analyse and compare the structure of 10 with its mononuclear parent complex 
9a. . 
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C19aa ClOo 

Figuree 3. ORTEP representation of complex 10 with thermal ellipsoids drawn at the 50% probability 
level.. Hydrogen atoms have been omitted for clarity. Structure determination is summarised in Table 

2;; selected bond lengths (A) and angles (°) are given in Table 3. 

Ass shown in Figure 3, two ruthenium atoms are bridged by two chlorine atoms and the 

structuree consists of two centrosymmetric units. The two benzylidene moieties lie between the 

mesityll fragment of the NHC ligand attached to the same ruthenium atom and adamantyl 

groupp of the NHC ligand attached to the other ruthenium atom. One of the protons of each 

adamantyll coordinates to the adjacent ruthenium atom opposite to the benzylidene moiety. 

Thee contact Ru(l)...C(22) at 2.806 A is even closer than in the mononuclear complex 9a, 

whichh showed a corresponding distance of 2.883(6) A. This is because the bond between 

rutheniumm and NHC carbene, Ru(l)-C(8), is substantially shorter (by 0.071 A) than in 9a 

bringingg the adamantyl moiety in closer proximity to the metal centre. Moreover, the carbene 

bondd is slightly shorter (by 0.011 A) in the dinuclear complex 10 than in 9a. 
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Tablee 3. Bond lengths (A) and angles (°) of the crystal structure of complex 10. 

Bondd length 

RuO)-C(i) ) 

Ru(l)-C(8) ) 

Ru(l)-Cl(l) ) 

Ru(l)-Cl(2) ) 

Ru(l)-Cl(2a) ) 

C(8)-N(l) ) 

C(8)-N(2) ) 

N(l)-C(10) ) 

N(2)-C(9) ) 

N(l)-C(ll) ) 

N(2)-C(20) ) 

Ru(l)...C(22) ) 

[A] ] 

1.840(2) ) 

2.012(2) ) 

2.3797(5) ) 

2.4256(5) ) 

2.4939(5) ) 

1.348(3) ) 

1.352(3) ) 

1.472(3) ) 

1.473(3) ) 

1.431(3) ) 

1.478(3) ) 

2.806 6 

Bondd angle [°] 

Cl(2a)-Ru(l)-C(8) ) 

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

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

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

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

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

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

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

Cl(l)-Ru(l)-C(8) ) 

Cl(2)-Ru(l)-C(8) ) 

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

C(l)-Ru(l)...C(22) ) 

164.54(6) ) 

171.536(19) ) 

97.15(9) ) 

97.43(6) ) 

91.183(18) ) 

82.828(18) ) 

98.11(7) ) 

88.62(7) ) 

91.82(6) ) 

92.42(6) ) 

97.173(18) ) 

167.67 7 

Interestingly,, the phenyl ring of the carbene moiety forms an acute angle of 44.52° with 
thee mesityl ring, contrary to complex 9a where these planes are practically parallel. This 
phenyll ring accommodates itself between the adamantyl and mesityl fragment in a way that 
thee closest contacts (including hydrogen atoms) are circa 2.8 A distant. The 'free' chlorine 
atomm lies somewhat closer to the ruthenium atom while the two bridging chlorines lie further 
awayy with Cl(2a) at a distance of 2.4939(5) A. The imidazolium ring is practically undistorted 
withh respect to complex 9a. The Cl(l)-Ru(l)-Cl(2) angle is straightened out by -3.5° 
comparedd to 9a and 2a while C(8)-Ru(l)-Cl(2a) angle is equal to 164.54(6)°. That is much 
lesss than the corresponding P-Ru-C(8) bond in 9a (171.1°), but very close to the value 
observedd in 2a (163.73°). Obviously, a chlorine atom and a phosphorus atom are different 
entities,, but comparing the geometry of the three structures 2a, 9a and 10 it seems that the 
losss of the phosphine and formation of the dinuclear species 10 is facilitated by release of 
stericc bulk exerted between PCy3 and NHC ligands in complex 9a. The higher initiation 
constantt in metathesis (vide infra) for 9a with respect to 2a corroborates this statement. 

4.2.55 Metathesis Activity of Carbene 9a 
Perhapss the most remarkable and surprising property of 9a was its extremely poor 

metathesiss activity. By itself, complex 9a completely failed to initiate even the simple self-
metathesiss of 1-octene, the self-metathesis of methyl oleate and the ring closing metathesis of 
diethyll diallylmalonate. This lack of activity persisted even at higher temperatures. In fact, 9a 
failedd to produce even trace amounts of any metathesis products of 1-octene at 60 or even 
100°C,, with isomerisation of the substrate being the only reaction that took place in these 
cases.. The presence or absence of a solvent also had no effect on the activity. However, when 
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1000 equivalents of 1-octene were reacted in the presence of 9a in CH2CI2 and some copper(I) 
chloridee (a phosphine scavenger) was added, 12% conversion (12 turnovers per mol of 
catalyst)) to 7-tetradecene could be achieved. It should be noted that catalysts 2a and 2b are 
capablee of turnover numbers of -300,000 and over 600,000, respectively, for the metathesis 
off 1-octene.4 

Despitee these very disappointing results, 9a did display some ring opening metathesis 
polymerisationn (ROMP) activity. Thus, when 2-norbornene (100 equivalents) was reacted 
withh 9a in CH2O2, polynorbornylene was rapidly formed and isolated in 98% yield. It should 
bee noted, however, that the ROMP of 2-norbornene is quite facile and not a very good test for 
generall metathesis activity. 

Finally,, the reactivity of 9a toward ethyl vinyl ether (EVE) was tested. EVE typically 
reactss rapidly (minutes) with Grubbs-type metathesis catalysts to produce the corresponding 
Fischer-typee carbene complex.21 As expected, complex 9a did react with excess EVE 
(reactionn followed by NMR) to produce [RuCl2(=CHOEt)(H2IAdMes)(PCy3)2] (11). In the 
31PP NMR there was a gradual growth of a peak at 19.8 ppm concomitant with the decline of 
thee peak at 15.7 ppm (from 9a), while in the *H NMR a new peak at 13.67 ppm was formed 
andd in the same time the benzylidene peak at 19.05 ppm was attenuated. The observed 
downfieldd shift in the 3,P NMR and the upfleld shift 'H NMR are highly diagnostic for the 
formationn of a Fischer-type carbene complex.21* The initiation kinetics for this reaction was 
measuredd by *H NMR13 at 20°C giving a k  ̂ value of (9.1  0.2) * 10"4 s"1. This *bk value 
attestss that the initiation rate of 9a is in fact faster than that of 2a, which was determined to be 
4.66 x 1&4 s"1 at 35°C,13 but remains much slower than the parent complex 1 which displays a 
fcnitofl.Oxfcnitofl.Ox lO-3 s'1 at 10°C.13 

Inn light of the typical initiation rate of complex 9a, the reason for the virtual catalytic 
inactivityy for metathesis is not entirely clear. The o-donating properties of H2lAdMes and 
H2lMess are expected to be only slightly different, and certainly would not be expected to 
resultt in such significant differences in activity of their derived complexes. The possible 
interactionn of an adamantyl carbon with the metal centre in 9a observed in the crystal 
structuree is almost certainly unimportant at the reaction temperatures used in the metathesis 
experiments.. Furthermore, the complexes [RuCl2(=CHPh)(H2lMes)(Py)2] and 
[RuCl2(=CHPh)(H2rMes)(3-Br-Py)2]] (Py = pyridine) are both capable metathesis catalysts 
despitee their six-coordinate (octahedral) geometry.22 It therefore seems that the steric 
hindrancee of the position trans to the benzylidene group provided by the adamantyl 
substituentt forms the most convincing explanation for the observed massive decrease in 
metathesiss activity of 9a compared with closely related catalysts. If this steric blocking is the 
dominantt reason for catalytic inactivity of 9a, it may provide some new mechanistic insights. 

Threee possible modes for the initial coordination of the olefin to the activated 14-
electronn catalyst have been proposed (Figure 4).7 The poor catalytic activity of complex 9a 
wouldd tentatively suggest that B may be the most important intermediate, since only this 
possibilityy requires the position trans to the benzylidene to be unobstructed for the 
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rearrangementt required for the coordination of the olefin. However, complex 9a represents 

onlyy a single example, and further research and additional complexes are required before a 

definitivee conclusion can be reached.23 

CC C C 
II X C I I N C I I X C I 

s*̂ ^ O^ s*̂  

R u = \\ CI—Ru= ^ v R u = \ 
^ ff  I Ph ^ / Ph c r | Ph 

A B C C 

Figuree 4. Possible geometries for the initial coordination of olefin. 

4.33 Conclusions 
Thee H2IAd and H2lAdMes ligand precursors 6d and 7d, respectively, were successfully 

synthesised.. Only H2IAdMes reacted with 1 to give the expected product 9. In light of this 

result,, the apparent inability of H2IAd to displace a PCy3 ligand in 1 suggests that the failure 

iss primarily a consequence of the uncompromising steric bulk of H2IAd ligand. The formation 

off only a single isomer of 9 (9a), together with a space-filling model generated from its 

crystallographicc coordinates, further support this notion. The crystal structure of phosphine-

free,, dinuclear analogue 10 shows a similar global spatial arrangement of ligands as found for 

9,, although some additional peculiar features were also observed. 

Thee activity of complex 9a clearly highlights the relevance of the NHC ligand of the 

secondd generation Grubbs-type metathesis catalysts. In the present case, the H2IAdMes ligand 

impartedd the resulting complex 9a with only very limited metathesis activity, considerably 

lowerr than the parent complex 1. Indeed, 9a was incapable of initiating the metathesis of 

1-octenee in the absence of a phosphine scavenger (CuCl) and even then only very low 

turnoverr numbers could be obtained. The very low metathesis performance of complex 9a 

illustratess the importance of the steric bulk of the NHC fragment; clearly this last point needs 

too be carefully considered in future catalyst designs based on the Grubbs-type motif. 

4.44 Experimental Section 
Generall  considerations. Unless otherwise stated, all manipulations were carried out under a 

nitrogenn atmosphere on a vacuum line using standard Schlenk techniques. All solvents used were 

driedd and distilled under nitrogen. Complex 1 (Fluka), potassium tert-pentoxide solution (1.7 M in 

toluene,, Fluka), oxalyl chloride (Acros), 1-adamantanamine (Aldrich), 2,4,6-trimethylaniline (Acros), 

borane-methyll sulfide complex (Aldrich), triethyl orthoformate (Aldrich), ethyl vinyl ether (Aldrich), 

2-norbornenee (Acros) and 1-octene (Aldrich) were obtained from commercial sources and used as 

received.. NMR spectra were recorded on a Varian Mercury 300 spectrometer, at 300.14, 75.48 and 

121.500 MHz for the proton, carbon and phosphorus channels, respectively. Elemental analyses were 

determinedd with a Carlo Erba EA1108 CHNS-0 elemental analyser at the Department of Organic 

Chemistry,, University of Nijmegen (The Netherlands) and at H. Kolbe Mikroanalytisches 

Laboratoriumm (Germany). 
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4.4.11 Ligand Synthesis. 
AVV-Di(l-adamantyl)oxamid ee (6b). Oxalyl chloride (1.4 mL, 16.0 mmol) was added slowly 

too a CH2C12 (20 mL) solution of 1-adamantanamine (5.0 g, 33.1) and triethylamine (4.6 mL, 33.0 

mmol).. The resulting mixture was stirred for 1 h, after which time water was added, the organic layer 

extracted,, dried with MgSC>4 and the solvent removed under reduced pressure. Hexanes were added to 

thee residue with stirring to give a white slurry, which was filtered, washed with hexanes and finally 

driedd under vacuum to give 6b as a white powder (3.64 g, 63.6%) of mp. 246-7°C. IRR (KBr): v 3360 

(s,, N-H), 1677 (vs, C=0), 1498 (vs, C=0). *H NMR (CDC13): 5 7.26 (br s, 2 H, N//), 2.06 (br s, 6 H, 

//-Ad),, 1.98 (br s, 12 H, //-Ad), 1.65 (br s, 12 H, //-Ad). 13C NMR (CDC13): 6 159.3 (C(0)), 51.8 (C-

11 Ad), 40.9 (C-2 Ad), 36.1 (C-4 Ad), 29.2 (C-3 Ad). FAB-MS: mlz (rel. intensity, %) 357 ([M+H]+, 

37),, 355 ([M-H]+, 15), 307 (25), 289 (15), 176 ([AdNHCO-2H]+, 17), 150 ([AdNHf, 15), 135 ([Ad]+, 

100).. HRMS (FAB): calcd. for C22H33N2O2 [M+H]+ 357.2542, observed 357.2525. Anal. C22H32N2O2: 

calcd.. C 74.12, H 9.05, N 7.86%; found C 73.91, H 8.87, N 7.85%. 

AVV-Di(l-adamantyl)ethane-l^-diamin ee dihydrochlorid e (6c). To a toluene (20 mL) 

solutionn of Jv^V,-di(l-adamantyl)oxamide 6b (3.5 g, 9.8 mmol) was added borane-methyl sulfide 

complexx (3.75 mL, 39.5 mmol) and the resulting mixture refluxed for 3 h. After cooling to room 

temperature,, hydrochloric acid (1 M) was carefully added with vigorous stirring until the mixture was 

acidicc (litmus paper). Sodium hydroxide solution (10 wt%) was subsequently added until the solution 

testedd basic by litmus paper. The organic layer was extracted and the aqueous layer washed two times 

withh CH2CI2. The organic extracts were combined, dried with MgS04, and most of the solvents 

evaporatedd under reduced pressure to leave -30 mL. Hydrochloric acid (12 M) was then added and the 

mixturee shaken to give a white precipitate. The solid was filtered off, washed with ether and dried 

underr vacuum to give 6c (2.15 g, 55%); mp. 265°C (decomposes without melting). !H NMR (d6-

DMSO):: 6 3.45 (br s, 2 H, N//>, 2.57 (s, 4H, AdNC//2-C//2NAd), 2.02 (br s, 6 H, //-Ad), 1.58 (br s, 24 

H,, //-Ad). 13C NMR (dt-DMSO): Ö 51.1 (C-l Ad), 41.2 (C-2 Ad), -39.5 (NCH2CH2N, the peak under 

thee solvent resonance), 36.1 (C-4 Ad), 28.9 (CH-3 Ad). 13C NMR (CDC13): 5 51.2 (C-l Ad), 42.5 (C-

22 Ad), 40.6 (NCH2CH2N), 36.7 (C-4 Ad), 29.6 (CH-3 Ad). FAB-MS: mlz (rel. intensity, %) 330 

([M+2H]+,, 86), 329 ([M+H]+, 100), 327 ([M-H]+, 51), 178 ([M-AdNH]+, 24), 164 ([AdNHCH2]
+, 72), 

1355 ([Ad]+, 77). HRMS (FAB): calcd. for C22H37N2 [M+Hf 329.2957, observed 329.2952. 

l^-DHl-adamantylHtS-dihydroimidazoliniu mm chloride (6d). A suspension of NJT-di(\~ 

adamantyl)ethane-l,2-diaminee dihydrochloride 6c (1.95 g, 4.86 mmol) in triethyl orthoformate (20 

mL)) containing one drop of formic acid was heated at 130°C for 3 h. No visible changes occurred 

duringg this time. The mixture was cooled to 0°C, filtered, the solid washed with diethyl ether and 

subsequentlyy dried under vacuum to give 6d as a white powder (1.21 g, 67%); mp. >330°C 

(decomposess without melting). *H NMR (CDC13): 5 8.49 (s, 1 H, AdNCZ/NAd), 4.02 (s, 4 H, 

AdNC//2C//2NAd),, 2.18 (br s, 6 H, //-Ad), 2.03 (br s, 12 H, //-Ad), 1.67 (br s, 12 H, //-Ad). ,3C 

NMRR (CDCI3): 5 151.6 (AdNCHNAd), 56.7 (C-l Ad), 43.5 (AdNCH2CH2NAd), 40.3 (C-2 Ad), 35.0 

(C-44 Ad), 28.7 (C-3 Ad). FAB-MS: mlz (rel. intensity, %) 340 ([M-C1+H]+, 43), 339 ([M-C1]+, 100), 

1355 ([Ad]+, 31). HRMS (FAB): calcd. for C23H35N2 [M-Clf 339.2800, observed 339.2809. 

Oxo-(2,4,6-trimethylphenylamino)acetyll  chloride (7a). 2,4,6-Trimethylaniline (10 mL, 71.0 

mmol)) was added dropwise to oxalyl chloride (50 mL, 582.2 mmol) over the course of 1 h at 0°C. The 

resultingg mixture was stirred overnight after which time the excess oxalyl chloride was removed under 

vacuum.. Diethyl ether (80 mL) was added to the yellowish residue and the solids filtered off. The 

solventt was completely removed under reduced pressure, and pentane was added to the residue. After 
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vigorouslyy stirring for 30 min, the insoluble material was filtered, washed with pentane and dried 

underr vacuum to give almost pure (by NMR) 7a as a slightly off-white powder (4.8 g, 30%). The 

compoundd was used without further purification; mp. 100-2°C. IR (KBr): v 3208 (br s, N-H), 1783 

(vs,, C=0), 1698 (vs, C=0). JH NMR (CDC13): 5 7.98 (br s, 1 H, Nfl), 6.93 (s, 2 H, C^ JV^ ) , 2.29 (s, 

33 H, p-CHi), 2.19 (s, 6 H, o-CH3).
 13C NMR (CDC13): 8 168.9 (C(O)Cl), 152.7 (C(0)NH), 138.5 (*-

QI^Mea),, 134.8 (o-C^Mea), 129.4 (/w-C6H2Me3), 129.1 (p-C6H2Me3),21.1 (p-CH3), 18.4(o-CH3). 

JV-(l-Adamantyl)-^-(2,4,6-trimethylphenyl)oxamid ee (7b). A CH2C12 solution (20 mL) of 

1-adamantanaminee (2.70 g, 17.9 mmol) and triethylamine (2.5 mL, 17.9 mmol) was added dropwise to 

aa CH2C12 (100 mL) solution of oxo-(2,4,6-trimethylphenylamino)-acetyl chloride 7a (4.0 g, 17.7 

mmol)) at 0°C, and the resulting mixture was stirred at room temperature for 2 h. Water (100 mL) was 

added,, the organic layer was extracted, dried with MgS04 and the solvent removed under reduced 

pressure.. The residue was collected and washed with diethyl ether to give 7b as a white powder (4.53 

g,, 75%); mp. 288-90°C. IR (KBr): v 3309 (w, N-H), 3263 (s, N-H), 1662 (vs, C=0), 1500 (vs, C=0). 
JHH NMR (CDCI3): 8 8.80 (br s, 1 H, MesN//), 7.31 (br s, 1 H, AdN//), 6.91 (s, 2 H, C^2Me3), 2.28 

(s,, 3 H,p-CH3), 2.19 (s, 6 H, 0-CH3), 2.12 (br s, 3 H, H-Ad), 2.08 (s, 6 H, //-Ad), 1.71 (s, 6 H, //-Ad). 
I3CC NMR (CDC13): S 159.2 (C(O)NHMes), 158.8 (C(O)NHAd), 137.7 (i-C6H2Me3), 134.9 (0-

C6H2Me3),, 130.1 (p-C6H2Me3), 129.3 (m-C^R2Mc3), 52.6 (C-l Ad), 41.2 (C-2 Ad), 36.4 (C-4 Ad), 

29.55 (C-3 Ad), 21.2 (p-CH3), 18.6 (o-CH3). FAB-MS: mlz (rel. intensity, %) 341 ([M+H]+, 21), 339 

([M]+,, 20), 135 ([Ad]+, 100). HRMS (FAB): calcd. for C2iH29N202 [M+H]+ 341.2229, observed 

341.2214.. Anal. C2]H28N202: calcd. C 74.08, H 8.29, N 8.23%; found C 74.14, H 8.47, N 8.20%. 

iV-(l-Adamantyl)-iV-(2,4,6-trimethylphenyl)ethane-l,2-diaminee dihydrochlorid e (7c). 
Borane-methyll sulfide complex (2.85 mL, 30.1 mmol) was added to a toluene (50 mL) solution of iV-

(l-adamantyl)-A^-(2,4,6-trimethylphenyl)oxamidee 7b (2.50 g, 7.34 mmol), and the resulting mixture 

wass refluxed for 3 h. After cooling to room temperature, hydrochloric acid (1M) was added until the 

stirredd solution tested acidic towards litmus paper. Aqueous sodium hydroxide solution (10 wt%) was 

subsequentlyy added until the solution tested basic by litmus paper. The white slurry was then 

transferredd to a separating funnel, the organic layer extracted and the aqueous layer extracted two 

moree times with CH2C12. The organic extracts were combined and concentrated to -50 mL under 

reducedd pressure. Hydrochloric acid (12 M) was added with stirring to precipitate the product which 

wass collected by filtration, washed with diethyl ether and dried under vacuum to give 7c (1.65 g, 58%) 

ass a white powder; mp. 286-8°C (melts with decomposition). *H NMR (^4-DMSO): 8 9.90 (br s, 2 H, 

N/Z),, 6.98 (s, 2 H, QZ/jMe^, 3.69 (br s, 2 H, C//2NHMes), 3.42 (br s, 2 H, AdNHC//2), 2.47 (s, 6 H, 

0-C//3),, 2.22 (s, 3 H,/?-CH3), 2.13 (br s, 3 H, //-Ad), 1.94 (s, 6 H, //-Ad), 1.63 (pseudo q, JH)H ~ 11.5 

Hz,, 6 H, //-Ad). 13C NMR (dé-DMSO): 5 138.0 (j-C6H2Me3), 133.4 (p-C6H2Me3), 131.5 (/n-C6H2Me3), 

130.22 (o-C6H2Me3), 56.6 (C-l Ad), 50.0 (MesNCH2), 46.0 (AdNCH2), 37.5 (C-2 Ad), 35.1 (C-4 Ad), 

28.44 (CH-3 Ad), 20.2 (p-CH3), 18.1 (o-CH3). FAB-MS: mlz (rel. intensity, %) 314 ([M+2Hf, 73), 313 

([M+H]+,, 100), 312 ([M]+, 49), 195 ([M-Mes+2H]+, 7), 178 ([M-Ad+H]+, 24), 164 ([AdNHCH2]
+, 72), 

1622 ([M-AdNH]+, 19), 149 ([AdNH-Hf, 53), 148 ([MesNHCH2]
+, 50), 135 ([Adf, 77), 134 

([MesNHf,, 25), 83 (22), 81 (18), 79 (24), 77 (13). HRMS (FAB): calcd. for C21H33N2 [M+H]+ 

313.2644,, observed 313.2646. 

l-(l-Adamantyl)-3-mesityl-4,5-dihydroimidazoliniumm chloride (7d). A suspension of iV-(l-

ada-mantyl)-JV-(2,4,6-trimethylphenyl)ethane-l,2-diaminee dihydrochloride 7c (1.50 g, 3.89 mmol) in 

triethyll orthoformate (15 mL) containing one drop of formic acid was heated at 130°C for 3 h. No 

visiblee changes occurred during this time. The mixture was cooled to 0°C, filtered, the solid washed 
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withh diethyl ether and subsequently dried under vacuum to give 7d as a white powder (1.09 g, 78%). 

Analyticallyy pure sample was obtained by redissolving in CH2C12, filtration and precipitation with 

hexanes;; mp. 318-20°C (melts with decomposition). 'H NMR (CDC13): 8 9.11 (s, 1 H, 

AdNC//NMes),, 6.84 (s, 2 H, C^Mes) , 4.34 (dd, JHM ~ 10.8, 9.3 Hz, AA'BB' spin system, 2 H, 

AdNCH2C//2NMes),, 4.18 (dd, JHM ~ 10.8, 9.3 Hz, AA'BB' spin system, 2 H, AdNC//2CH2NMes), 

2.255 (s, 6 H, o-C//3), 2.21 (s, 3 H,/>-CH3), 2.18 (br s, 3 H, //-Ad), 2.07 (s, 6 H, //-Ad), 1.67 (s, 6 H, H-

Ad).. I3C NMR (CDCU): 6 156.6 (AdNCHNMes), 139.4 (i-C«H2Me3), 134.9 (o-C^Mej), 130.8 (p-

C6H2Me3),, 129.4 (m-OftMe^, 57.5 (C-l Ad), 50.6 (CH2NMes), 45.0 (AdNCH2), 40.6 (C-2 Ad), 35.1 

(C-44 Ad), 28.8 (CH-3 Ad), 20.7 (p-CH3), 17.8 (o-CH3). FAB-MS: m/z (rel. intensity, %) 323 ([M-C1]+, 

43),, 135 ([Ad]+, 13). HRMS (FAB): calcd. for C22H3iN2 [M-C1]+ 323.2487, observed 323.2466. Anal. 
C^HaiClNj:: calcd. C 73.61, H 8.70, N 7.80%; found C 73.51, H 8.91, N 7.76%. 

4.4.22 Synthesis of Ru Carbene Complexes 
[RuCl2(=CHPh)(H2IAdMes)(PCy3)]]  (9a). Potassium tert-pentoxide solution (-1.7 M in 

toluene,, 0.30 mL, 0.510 mmol) was added to a suspension of l-(l-adamantyl)-3-mesityl-4,5-

dihydroimidazoliniumm chloride 7d (0.185, 0.515 mmol) in toluene (6 mL). After stirring the almost 

clearr solution for 5 min, complex 1 (0.250 g, 0.304 mmol) was added all at once as a solid. The 

resultingg solution was heated at 60°C for 2 h, during which time the solution became muddy green. 

Afterr cooling to room temperature, all of the solvent was removed under vacuum and methanol (20 

mL)) was added. The mixture was then vigorously stirred for 1 h. The product was filtered off, washed 

withh methanol (2 x 10 mL) and dried under vacuum to give 9a as a green powder (0.152 g, 58%). *H 

NMRR (CD2C12): 5 19.05 (s, 1 H, Ru=C//Ph), 9.19 (br s, 1 H, o-C^Hs), 7.45 (t, J  ̂ = 7.2 Hz, 1 H,p-

CeHs),, 7.23 (m, 2 H, TM-C6H5), 6.89 (br s, 1 H, o-CeH5\ 6.78 (s, 1 H, Q ^ M e ^ , 5.84 (s, 1 H, 

C6//2Me3),, 3.96 (pseudo q, Jm = -10 Hz, 2 H, AdNCH2C//2NMes), 3.89 (pseudo q, J w = 10.2 Hz, 1 

H,, AdNCH2C//2NMes), 3.70 (pseudo q, Jm = 9.0 Hz, 1 H, AdNC//HCH2NMes), 3.57 (pseudo q, Jm 

== 9.9 Hz, 1 H, AdNCH//CH2NMes), 2.74 (s, 6 H, o-C//3), 2.47 (s, 3 H, />-CH3), 2.38 (br s, 3 H, H-

Ad),, 1.98 (s, 3 H, //-Ad), 1.94-1.48 (m, 31 H, //-PCy3///-Ad), 1.28-1.11 (m, 5 H, //-PCy3), 0.94 (br s, 

66 H //-PCy3). "C NMR (CD2C12): 5 302.6 (pseudo t, JP,C = 11.6 Hz, Ru=CHPh), 217.0 (d, JP,C = 80.5 

Hz,, AdNCNMes), 152.1 (/-C6H5), 138.5, 138.3, 138.0 and 137.8 (C6H2Me3), 132.7 (br, C6H5), 129.8 

(C6H2Me3),, 129.4 (p-C6H5), 128.6, 127.6 (both br, Cfa), 58.9 (C-l Ad), 51.0 (AdNCH2CH2NMes), 

45.00 (AdNCH2CH2NMes), 41.3 (C-2 Ad), 36.7 (C-4 Ad), 34.9 (d, JP,C = 13.2 Hz, ipso-PCy3), 30.7 (C-

33 Ad), 29.1 (d, JP,c = 15.8 Hz, m-PCy3), 28.3 (dd, JP,C = 21.3 Hz, JP)C = 7.7 Hz, o-PCy3), 26.9 (p-

PCy3),, 21.2 0?-CH3), 19.2, 18.7 (both o-CH3).
 31P NMR (CD2C12): 5 15.7 (s). FAB-MS: m/z (rel. 

intensity,, %) 864 ([M]+, 7), 829 ([M-C1]+, 10), 793 ([M-2C1]+, 4), 513 ([M-2Cl-PCy3]
+, 22), 421 

([Ru(H2IAdMes)]+,, 34), 370 ([CHPh+PCy3]
+, 100), 323 ([H2IAdMes-H]+, 93), 289 (58), 280 ([PCy3]\ 

92),, 208 (33), 197 ([PCy2]
+, 20), 135 ([Ad]+, 53). HRMS (FAB): calcd. for C47H69Cl2N2P

102Ru [M]+ 

864.3619,, observed 864.3610. Anal. C47H69Cl2N2PRu: calcd. C 65.26, H 8.04, N 3.24%; found C 

65.12,, H 7.95, N 3.17%. 

Reactionn of 9a with ethyl vinyl ether. Ethyl vinyl ether (6 u.1, 0.063 mmol) was added to a 

CD2C122 (0.4 mL) solution of 9a (0.010 g, 0.012 mmol) and the resulting mixture was stirred for 30 

min;; during this time, the solution slowly became yellow. NMR indicated complete conversion to 

[RuCl2(=CHOEt)(H2IAdMes)(PCy3)]] (11). The product was not isolated. *H NMR (CD2C12): 8 13.67 

(s,, 1 H, Ru=C//OEt), 6.94 (s, 2 H, C^Mes) , 3.89 (m, AA'BB' system, 2 H, MesNC//2CH2NAd), 3.63 

(m,, AA'BB' system, 2 H, MesNCH2C//2NAd), 3.37 (q, Jiyi = 6.9 Hz, 2 H, OC//2CH3), 2.39 (s, 6 H, o-
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CHCH33),), 2.26 (s, 3 H,/?-CH3), 2.33 (br s, 6 H, //-Ad), 2.03-1.54 (m, 33 H, //-PCy3///-Ad), 1.24 (t,JH,H = 

6.99 Hz, 3 H, OCH2C//3), 1.31-1.10 (m, 9 H, //-PCy3).
 3 ,P NMR (CD2C12): 6 19.8 (s). 

4.4.33 Metathesis Reactions 
Complexx 9a (5.5 mg, 6.36 umol) was added to a toluene (1 mL) solution of 1-octene (1 mL, 

6.377 mmol) and the resulting mixture was stirred at room temperature, 60°C or 100°C for 24 hours. At 

roomm temperature, no colour change was observed for the reaction while those at higher temperatures 

slowlyy became yellow. A sample was taken, and analysed by GC/FID. No 7-tetradecene had formed in 

anyy of the reactions with only a small amount of isomerisation products (primarily 2-octene) detected. 

Thee reaction was repeated in CH2C12 (1 mL) using 100 equivalents of 1-octene (90 uL, 0.573 mmol) 

relativee to 9a (5.0 mg, 5.78 umol) and addition of the phosphine scavenger CuCl (2 mg, 20.2 umol). 

Afterr 2 h, a limited amount of metathesis had taken place, and GC/FID analysis of the crude reaction 

mixturee revealed 12% conversion to 7-tetradecene. No additional metathesis took place on longer 

reactionn times. Similarly, complex 9 (5.0 mg, 5.78 umol) was added to a CH2C12 (1 mL) solution of 2-

norbornenee (55.0 mg, 0.584 mmol) and the resulting mixture stirred at room temperature for 1 hour. 

Afterr filtering through a short plug of silica, methanol (20 mL) was added, resulting in a tacky 

precipitate.. The solid was dried under vacuum to give poly(norbornene) (54 mg, 98%), -90% trans by 

protonn NMR. 

4.4.44 Crystal Structures of 9a and 1024 

Greenn blocks of 9a suitable for X-ray diffraction were grown by the slow evaporation of a 

CH2Cl2/MeOHH solution under nitrogen. Intensity data were corrected for Lorentz effects, polarisation 

effectss and for linear absorption by a Y-scan method. The structure of 9a was solved using the direct 

methodss option of SHELXS-9725 and subsequently refined using SHELXL-97.26 All non-hydrogen 

atomss were assigned anisotropic temperature factors and all hydrogen atom positions were determined 

byy calculation. For the methyl groups of the mesityl substituent, where the location of the hydrogen 

atomss was uncertain, the AFIX 137 card was used to allow the hydrogen atoms to rotate to the 

maximumm area of residual density while fixing their geometry. The ORTEP drawing27 is shown in 

Figuree 1. 

Greenn crystals of 10 were obtained after prolonged storage of a dichloromethane solution of 9a 

inn a tube. A single crystal was mounted in air on a glass fibre. Intensity data were collected at a 

temperaturee of -65 °C (208 K). A Nonius KappaCCD single-crystal diffractometer was used, Mo-Ka 

radiation,, *P and CI scan mode. Unit cell dimensions were determined from the angular setting of 

597988 reflections. Intensity data were corrected for Lorentz and polarisation effects. The structure was 

solvedd by the program DIRDIF28 and was refined with standard methods (refinement against F2 of all 

reflectionss with SHELXL-9726 with anisotropic parameters for the non-hydrogen atoms). All hydrogen 

atomss were taken from a difference Fourier map and were freely refined. Figure 3 shows an ORTEP 

drawingg at 50% probability. 
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SynthesisSynthesis of Nitrogen-Containing Spiro Compounds 

fromfrom Lactams by Allylboration and 

SubsequentSubsequent Ring Closing Metathesis 

Keywords:Keywords: Lactams / Allylboration / Nitrogen heterocycles / Ring Closing 

Metathesiss / Spiro compounds 

Abstract::  A series of nitrogen-containing spiro[4.n]alkenes was prepared in 

excellentt yields starting from lactams in two steps: allylboration on the carbonyl 

carbonn and subsequent ring closing metathesis of the 2,2-diallyl-JV-heterocycles. 

Firstt crystal structure of a non-keto dispiropiperazine is also presented. 
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5.11 Introduction 
Manyy natural and biologically active compounds contain ring systems connected with 

eachh other by a spiro carbon atom. For example, the alkaloids depicted in Figure 1 all share an 
azaspirocyclicc framework. Pinnaic acid, isolated from the Okinawan bivalic Pinna muricata, 

exhibitss inhibitory activity against phospholipase A2.1 Halichlorine, produced by the marine 
spongee Halichondria okadai, was found to inhibit the vascular cell adhesion molecule-1 
(VCAM-1).1'22 Cephalotaxine, the major alkaloid of Cephalotaxus harringtonia var. drupacea, 

andd its esters (harringtonines) show high antileukaemic activity. 

H"'T~CO,Mee C02Me 
OHH 2 2 

Isoharringtoninee Homoharringtonine 

Figuree 1. Alkaloids containing an azaspirocyclic ring system. 

Thee selective construction of the spiro fragment presents the main synthetic challenge 
towardd these unique alkaloids and various other compounds, and several methods have been 
devisedd to tackle this problem.4 The advent of well-defined, practically air-stable and 
functional-group-tolerantt metathesis catalysts, e.g. the first, [RuCl2(=CHPh)(PCy3)2] (la), and 
second,, [RuCl2(=CHPh)(IMesH2)(PCy3)] (lb), generation of Grubbs ruthenium-based 
catalysts,55 opened a new route to spiro compounds. 

Veryy recently, a method for the preparation of various pyrrolidine spiro compounds C 
employingg ring closing metathesis (RCM) in the presence of catalyst la has been developed 
byy Suga and co-workers (Scheme l).6 The substrates for RCM, 2,2-dialkenylpyrrolidines B, 
weree synthesised in modest yields by electrochemical oxidation of N-protected 2,2-
bis(trimethylsilyl)-pyrrolidiness A followed by alkenylation with e.g. allyltrimethylsilane 
and/orr 3-butenylmagnesium bromide. RCM with 5 mol% of the first generation Grubbs 
catalystt la furnishes spirocycles C in high yields. The reaction sequence was applied in an 
improvedd total synthesis of cephalotaxine. 

92 2 



SYNTHESISS OF NITROGEN-CONTAINING SPIRO COMPOUNDS FROM LACTAMS 
BYY ALLYLBORATION AND SUBSEQUENT RING CLOSING METATHESIS 

N'' \ / / m = 1 ' 2 

CO„Me e 

Schemee 1. Synthetic sequence to pyrrolidine spiro compounds C by the electrochemical 
alkenylationn of A and ring closing metathesis of B. 

Inn the last decade, ring closing metathesis7'8 has been employed in the synthesis of 
severall types of spiro systems, both carbospirocycles and heteroatom-containing spirocycles. 
Thee survey of synthetic efforts, in which RCM was used as a crucial step for formation of a 
spirocycle,, follows. 

5.22 Literature Overview of RCM Towards Spiro Systems 

5.2.11 Construction of Azaspiro Systems 
Thee azaspiro systems were assembled by ring closing of either the carbocycle or the 

azacycle,, or otherwise by formation of two rings through a tandem RCM reaction of tetraenes. 

5,2.1.15,2.1.1 By Ring Closing of a Carbocycle or Oxacycle 
Employingg the first approach, Grigg and co-workers showed that cascade 

intramolecularr Heck reaction - anion capture by an organotin reagent followed by RCM with 
laa of the formed diene gives rise to a 2-azaspiro[4.4]alk-7-ene.9 The group of Meyers 
performedd double alkenylation of chiral bicyclic lactams la in a diastereoselective manner. 
RCMM of the dienes lb affords in high yields various spirolactams Ic, in which the lactam 
functionalityy could be cleaved or reduced furnishing chiral spiro azaalkenes Id or 
alkadienoness Ie, respectively.10 

M ee (i) n-BuLi, THF 

R33 O - l - M - 7 8 ° C R 4 R3v O 
JCC VRI 

R2'' ] 
R11 Id Ie e 

Walterss and co-workers synthesised TV-protected l-oxa-9-azaspiro[5.5]undec-3-ene He 
fromm 4-piperidone Ha as an intermediate to functionalised spirocyclic 3,6-dihydro-2/f-
pyrans."" The compound Ha was C- and O-alkylated to the diallyl derivative li b that cyclises 
inn moderate yield to spiro compound He when subjected to catalyst la. 
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(i)) E t A C 

(ii)NaH,, DMF 
*f*f , -80% 
Bocc ^ j ? \ / B r 

II  hi 

Pyroglutamatee li d was selectively diallylated at the a carbon atom (with respect to the 
carbonyll group) to the geminal diallyl compound li e that readily cyclises to form azaspirene 
Il ff  using 5 mol% of catalyst la, as shown by Colombo and co-workers. '2 

CO,Me e 

l i dd He Il f 

AA similar approach was applied to lactams by Brimble and Trzoss towards the synthesis 
off spirocyclic imines IIj. 13 After in situ TMS protection of lactams Hg, dialkylation with 2 
equivalentss of 4-bromo-1 -butene or sequentially with 4-bromo-l-butene and allyl iodide 
furnishedd dialkenylated lactams Ilh . RCM employing la efficiently delivered spirocyclic 
lactamss Hi, which were then transformed to spiroimines IIj . 

O - O ^ ^ 
a)) n-BuLi, TMSCI 

THF,, ; 
THF,, C 

NN ^ _ Br 
HH 2 LDA, 2 ^ > ^ 

Il gg 71-78%, or 

"" = 1.2,3 LDA, ^ > ^ B r 

LDA,, / \ Z ' 
67-81% % 

5.2.122 By RCM to an Azacycle 

Inn the second category, where the azaspiro systems were obtained by ring closing of the 
azacycle,, the group of Tanner applied catalyst la for RCM of protected 3-amino-
cyclohexanolss IHb and aminohexanes.14 The former substrates were obtained involving as a 
keyy step the [2,3] sigmatropic rearrangement of an allylic selenide, made from the allylic 
alcoholl Ilia by subjecting to iV-(phenylselenido)phthalimide (NPS) and tributylphosphine. 
RCMM towards the azaspiro[5.5]alk-4-ene scaffold Hid requires much more catalyst la than 
thee RCM of the azaspiro[4.5]alk-3-ene IIIc . 
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TsHN N 
Bu, , 

i)) KH, DMF 
Br r 

TBSO O 

Ilia a 

(i)) NPS, PBu3 

» » 
(ii)) Chloramine-T JBSOv 

86%%  I I I b 

n-BuLi,, THF/HMPA 

80% % 

TBSO O 

(i i )2mol%1a a 
benzene,, rt TBSO 
66 h, 99% 

200 mol% 1a 

IIIc c 

PhMe,, C 
488 h, 80% 

TBSO O 
nid d 

Thee construction of azacycloalk-4-ene ring on cyclic ketones was presented by Wright 
andd co-workers in their approach to halichlorine and pinnaic acid.15 Cycloalkanones IVa were 
condensedd with (derivatives of) allylamine and the imine formed was treated with 
allylmagnesiumm bromide furnishing IVb - the substrates for RCM. In the presence of 
/7-toluenesulfonicc acid, the ring closure of the free amine proceeds slowly with catalyst la and 
requiress excessive use of catalyst to bring the reaction to completion. Protection of the amine 
orr use of the more active and robust catalyst lb alleviates this problem and unprotected and 
protectedd l-azaspiro[5.n]alk-3-enes (IVc and IVd) are readily formed. 

(i)C6H6,, 4A, 15-30 mol% 1a 
p-TSA,, 1.5-27 d 

70-92% % 

i)i)nn (ii)THF, C 

== 1 ,2 ,8 ^ ^ - ^ ^ 

46-91% % 
IVa a 

Boc c 

orr 10mol%1b 
10-155 h 
83-90% % 

IVc c 

70-77% % 

55 mol% 1a 

244 h 
64-81% % 

Boc c rvd d 

5.2.1.35.2.1.3 By Tanden RCM of a Tetraene 
Thee group of Wallace applied tandem RCM of tetraenes to produce the 7-aza-l-oxa-6-

alkylspiro[4.5]deca-3,9-dienee scaffold Vc.16 

M e O ^ , 00 ^ M g B r 

J-.,J-., CeCL THF, C 
TsHNN R 4 0 . 6 0 o / o TsHN 

RR = Me, i-Pr, 

Va a 

4-77 mol% 1a 

>--
DCM,, C 

2-A2-A h, 74-87% ^N 
NTss R d s 9 2 o/ 0 ( R = P n 70o/c>) 

Vc c 
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Thee tetraenes Vb were prepared from protected amino acids esters Va in good yields by 
doublee vinylation and double allylation sequence. The presence of the chiral alkyl (or phenyl) 
groupp induces high diastereoselectivity of the azaoxaspiroalkadiene Vc formed that served for 
synthesiss of a biologically active compound. 

Spiropiperidiness Vie and Vl f were prepared by tandem RCM by Harrity and co
workerss as an approach to a natural product. The required tetraene VIb was prepared from 
TV-protectedd aminomalonate Via by a combination of alkenylation and oxidation/Wittig 
olefinationn reactions. RCM was performed with catalyst lb on the triflic salt of the amine Vic 
or,, better, on trifluoroacetic amide VId with just 1 mol% of the catalyst giving quantitative 
conversionn to l-azaspiro[5.5]undeca-4,7-diene Vlf . 

EtO,C^^ XCLEt 
111 steps 

NHBocc 20 % 

Ma a N ^ C F ,, 1mol%1b V / N CF, 

00 PhMe, C il O 

VId d 
11 h, 100% 

Vlf f 

5.2.1.45.2.1.4 By RCM to a Carbocycle Based upon Chiral Bislactim Ether VII 
Thee aforementioned approach, that is ring closing of a carbocycle, was also extensively 

employedd by the group of Undheim in the metathesis of various geminal dialkenyl, alkenyl-
alkynyll and dialkynyl derivatives of a chiral bislactim ether (2R)-2-isopropyl-3,6-dimethoxy-
2,5-dihydropyrazinee VI I  as an entry towards rigidified chiral amino acids. The summary of 
theirr achievements follows. 

C C 

OMee K 'm 

80-92% % 
X, , N . ^ . O M ee 2 mol% cat. 1a 

C6H66 orr PhMe 

MeO O 
*"" / ^ 
CC MeO N 

65-87%,, d.e. >95% 
1,2,33 \\ 

OMe e 

MeO O 

m m 
nn = 1,2,3 

Vila a 

20-100°C C 
53-99% % 

(m=3,n=2-0%)) vm. 

TFA„„,, MeCN 
aq' ' 

-- (R)-Val-OMe 

VIIc c 
CO,Me e 

Thee dialkenyl substrates Vil a for the RCM were prepared by stepwise dialkenylation of 
thee chiral bislactim VI I  with the appropriate bromoalkenes.17 The chirality of the bislactim 
inducess the formation of only one diastereoisomer Vil a during the second alkylation. The 
RCMM proceeds smoothly in most of the cases giving (chiral) spiroalkenes Vllb , which were 
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transformedd into (chiral) analogues of serine VII c upon hydrolysis of the bislactim moiety. 
Onlyy the 8-membered spiro ring could not be closed using the catalyst la. 

Inn a similar procedure, except that the second alkenylation was performed using 
acrolein,188 enantiomeric enols Vill a and VHIb , separable by chromatography, were made. 
RCMM using la yields the wanted spiro cyclohexenols (VIIIc , d, m=2) and cycloheptenols 
(VIIIc ,, d, w=3), while the spiro cyclopentenols (VIIIc , d, w=l) do not form. Only after the 
ringg cleavage of the chiral auxiliary and N-protection, RCM was successful for the latter 
compounds. . 

OMe e 

C C 

80-92% % 

MeO O CC MeO 

22-48%% (per enantiomer) 

X X N^,OMe e 

mm = 1,2, 3 HO O 

Vlllb b 
2mol%1a a 

m-V.m-V. no reaction 
m=2:: C6H6, 20°C, 88-89% 

|| m=3: DCE, reflux, 59-63% , 

OMe e OMe e 

Thee above-mentioned enols Villa , b can also be oxidised (Swern conditions) to enones 
VHI ee and subsequently ring-closed forming spirocycloalkenones VHI f in variable yields.19 In 
somee cases, however, it is more convenient to reverse this reaction sequence for a higher yield 
off the final product. 

(COCI)2,, DMSO 
DCM M 

^ s Y ' N ^ T / O M ee 2 mol% 1a OMe e 

MeO O 60°Cto-10°C C 
71-73% % 

mm = 2, 3 

MeOO ^ 4*\~ 4*\~ 
DCE E 

Villa,, b 

N N 

O O 

VIHe e 

C C 
28-69% % 

MeO O 

Racemicc vinyloxirane as the second alkylating agent produces, in the presence of a 

Lewiss acid, hydroxymethyl alkenes in low yields. RCM with la furnishes spiro 
cyclohexeness that upon hydrolysis of the bislactim moiety give oc-amino-P-hydroxymethyl-
cyclohexene-a-carboxylicc acids in modest yields. An isomeric allylic alcohol that is obtained 
ass one of the products from the vinyloxirane reaction can be subjected to RCM/oxidation 
sequencee towards rigidified homoserine derivatives.21 

a-Amino-y-hydroxy-cycloalkene-a-carboxylicc acids IXe were obtained as target 
moleculess after hydrolysis of the bislactim unit and alkylation of alkene IXa using oxirane.22 

Thee alcohol formed in the latter reaction was oxidised to aldehyde IXb and reacted with 
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vinylmagnesiumm bromide to give allylic alcohol IX c of which enantiomers could be 

separated.. Cyclisation using the Grubbs catalyst la proceeds smoothly providing the spiro 

cyclohexenee ring of IX d (m=\) while the spiro cycloheptene ring in IX d (m=2) was formed 

onlyy after the hydroxyl group was transformed into its acetate. 

II (i) n-BuLi, THF, C I (i) Et20, , = \ 
MM n u  ^ V . / N \ / O M e MgBr 

^ S ^ J M ^ U M ee ^ 60-63% y V , 36-43% (per enantiomer) 

I H t o C r V ' 11 )m W <C0CI)2. DMSOMeO' 
C C 

mm = 1,2 

IXa a 

^ ^ NN OMe 

75-77% % 

22 mol% 1a, DCE 

IXb b 

(ii)) Ac20, DCM, C 
91-95% % 

m=2,, R=Ac 

OMe e 

MeOO I 
m=1,R=H:: 73-75% . . „ > ^ 

IXc c 

m=2,, R=H: no reaction 
^ 5 ^ \\ m=2, R=Ac: 90-93% 

RO O 

TFA A 
MeO,C C 

H,N N 
MeO O 

MeCN N 

IXd d OR R 

Enyness Xa are produced when the second alkylation of the bislactim ether VI I  is 

performedd with a bromoalkyne.23 Enyne RCM of Xa with l a yields spirocycloalkenes Xb 

substitutedd with a vinyl group, although no 7-membered ring could be obtained in this way. 
(i)) n-BuLi, THF, C 

- * * ï N > f B rr M r>n 5mol%1a I . 
OMee - T L ^ ^ N OMe c r e f | u x /<^ 

mm = 1,2,3; 80-92% 
OMe e 

MeO O 
(ii)) n-BuLi, THF, C M e 0 ^ 

RR = H, Me Br Xa 

46-89%,, d.e. >95% 

' N ' ^ V == 51-81% 
m=3,, R=H 0% 

-R R 

Inn some more recent papers of the group of Undheim, several dispiro architectures have 

beenn obtained through appropriate alkenylation-alkynylation coupling sequences and RCM. 

Sincee those architectures are often sterically congested, somewhat higher catalyst l a loadings 

(upp to 10 mol%) and elevated temperatures are needed for successful cascade RCM. 

MeO O 

H H M e O ^ \\ V - OMe 

MeOM^^ tf— OMe 

\ \ 
XI I RR = OMe or =0 

MeO-. . 

d d 
t t 

J _ _ 
,N-|'' ' 

^ , ^ - O M e e 
"N N 
,,,̂ -OMe e 

O N N w w 
OMe'-i— — 

XII I 

OMe e 

OMe e 

MeO O 

XIII ,, m = 0, 1;n = 0, 1 
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Thee constructed dispiro rings rings include: 2,7-dispirocyclohept-4-en-ones and -ol ethers XI 
viaa RCM of the diene;24 4,5-dispirocyclohexene XI I  by RCM of homocoupled allyl bislactim 
units;255 4,4'-dispirobicyclohexyl-l,l'-dienes XII I  (m, K=1),26 4,4'-dispirocyclopentyl-cyclo-
hexyl-l,l'-dieness XII I  (w=0, M=1) and 4,4'-dispirobicyclopentyl-l,l'-dienes XII I  (m, «=0)27 

throughh dienyne cascade RCM (the latter one only using catalyst lb); dispiro as-indacene 
XI VV  through a remarkable cascade RCM of a triyne to form the aromatic ring.28 Upon 
hydrolysiss of the bislactim ether units chiral bis(a-amino acids) based on cyclic scaffolds are 
formed. . 

5.2.22 Construction of Oxaspiro Systems 
AA growing number of examples of RCM leading to oxaspirocycles is also described in 

thee literature. 

5.2.2.15.2.2.1 By Tandem RCM of a Tetraene 
Summarising,, tandem RCM has been applied on several occasions, always yielding 

dioxaspirocycles.. The starting dioxatetraenes were obtained from: 
•• ketones by bromination and HBr elimination to divinyl ketone, followed by diallyl acetal 

formation,, which tetraenes give a,a'-dioxaspirocycles XVa upon RCM;29 

•• a-alkyl allylic alcohols that were O-alkylated with ethyl 2-bromoacetate, divinylated at 
carboxyll group and the alcohol finally formed O-allylated; the tetraenes thus obtained 
givee y-alkyl-a,P'-dioxaspiranes XVb upon RCM with one of the diastereoisomers being 
preferablyy formed;30 

•• a-hydroxycarboxylic acid esters by allyl ether formation and divinylation of the ester 
groupp (with reversed order of alkylations also viable) and final O-allylation of the formed 
carbinol,, which tetraenes furnish a'-alkyl-a,p"-dioxaspiranes XVc upon RCM;31 

•• a-hydroxycarboxylic acid esters applying the same strategy as in the entry above and also 
earlierr applied to a-alkyl-a-amino carboxylic acid esters Va by the same research group;16 

structuress XVc, or XVd when diallylation instead of divinylation was performed, were 
obtained;32 2 

•• a-allyl-a-hydroxycarboxylic acid esters via a one-pot sequence of O-allylation-Wittig-
rearrangement-O-allylationn giveing as intermediates a-allyloxy-a,a-diallylcarboxylates; 
thesee are reduced to alcohol, O-allylated and subsequent RCM of the final diallyl 
diallyloxymethanee provides dioxaspirane XVd (R=H).33 

•• unsaturated carboxylic acid esters that were first alkylated at the a-carbon followed by the 
samee alkylation sequence as above affording monooxaspirene XVe;32 

XVaa XVb XVc XVd XVe XVf 
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•• malonyl dichloride by bis-allylation with allylic alcohol and diallylation with allyl 
bromidee of the active methylene group and final reduction of the carboxylic groups to 

etherr moieties; the tetraene so made affords p,P'-dioxaspirane XVf upon RCM, though in 
loww yield.34 

Inn most cases the RCM proceeds smoothly with 1-5 mol% of the catalysts la or lb 

used.. Often, diastereoselective enhancement is observed with one stereoisomer being formed 
inn high ds excess due to the influence of the substituent at a-carbon with respect to the 

quaternaryy carbon atom. The different kinetics of the formation of the spiro ring for each 
stereoisomerr was also experimentally established as the primary cause of RCM 

diastereoselectivityy for some of the scaffolds. 

5.2.2.25.2.2.2 By Quadruple RCM of an Octaene 
Wallacee also presented a remarkable quadruple ring closing metathesis in the synthesis 

off bis-spirocyclic compounds XVg-i.35 Octaene XV was made from dimethyl ester of 
L-tartaricc acid and a sequence of O-allylation with allylbromide, vinylmagnesium bromide 
additionn and finally again O-allylation in 13% yield as a minor product. Quadruple RCM 
proceedss well with both catalysts la and lb giving a separable stereoisomeric mixture, the 
compositionn of which is dependent on the catalyst used. 

200 mol% 1a 
200 mol% 1b 

II  XJ t / Q 

XVh h 
12% % 
35% % 

XVi i 

trace e 
25% % 

5.2.2.35.2.2.3 By RCM to an Oxacycle 
RCM,, usually by catalyst la, to form an oxacycle was efficiently applied also to 

geminall dienes constructed on the following cyclic structures: 

•• cycloalkanones by alkenylation using Grignard reagents and subsequent etherification 

withh allyl bromide, which dienes lead to a-oxaspirocycles XVIa; 
•• on Cr(CO)3 complexes of 1-tetralone and 1-indanone by axo-selective allyl Grignard 

addition;; RCM with la proceeds well providing Cr(CO)3-complexed spiranes XVIb; 37 

XVI a a 
mm = 0, 1 

nn = 1 , 2 ,3 

XVI c c 

m=1,2;nn = 1,2, 3 
RR = OH, OAc, OTBS, =0 
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dihydrofurann or dihydropyran by lithiation and acrolein addition followed by cyclic ketal 
formationn using PPTS and allyl alcohol (or an enol); spiroketals XVI c are obtained via 
RCMM with catalyst la and/or lb;38 

aa pyranose derivative by stereoselective vinyl or allyl Grignard addition to the anomeric 
centree followed by O-alkenylation to form dienes that give chiral spiroacetals XVI d upon 
RCM;399 extension of this protocol towards pyranose and furanose-derived spiroketals of 
sortt XVI d and XVIe, respectively, as well as tricyclic pyranopyran spiroketal derivatives, 
analogouss to scaffold XVIg , is also presented using both la and lb for the RCM; 40 0 

OBnn OBn 

BnO O 

BnO O 

OBnn OBn 

BnO, , 

BnO O 

,OMe e 

XVI d d 

mm = 0, 1 
nn = 1 , 2 ,3 

XVIe e 

11 = 0, 1 
11 = 1,2 

XVI g g 

nn = 0, 1 

•• in a further modification of the procedure, consisting of replacement of C- or O-alkylating 
agentt by a propargyl derivative, chiral enynes are assembled that undergo ring closure to 
spiroacetalss XVI f bearing a 2-propenyl group on the double bond of the formed cycle;41 

•• glucose derivatives by stereoselective Grignard addition and O-alkenylation, which dienes 
affordd chiral dihydrofiiran and dihydropyran spirocycles XVI g upon RCM with la. 

Schrockk and Hoveyda with co-workers presented the first formation of chiral 
spirocycless from achiral substrates induced by chiral molybdenum metathesis catalysts.43 1,1-
dialkenyl-3-cyclopenteness XVII a rearranges to spiro cyclohexenyl ethers XVII b in good 
yieldss and with high, 80-90%, enantiomeric excess. 

55 mol% 
chirall Mo catalyst 

n = 1 , 2 , 3 3 
=J=J R = Me, SiMe3 

XVII aa XVII b R 

5.2.2.45.2.2.4 By RCM Forming a Carbocycle 
Thee RCM towards a carbocycle built upon an oxygen-containing scaffold affording an 

oxaspirocyclee has also been achieved. Thus, starting from cyclic anhydrides that were 
dialkenylatedd selectively at one of the carbonyl groups,44 spirocyclic lactones XVIII a bearing 
thee 3-cyclopentenyl or 4-cycloheptenyl moiety were made using 5 mol% of la for RCM step. 
Variouss spirocyclic carbohydrates have been recently constructed employing radical gem-

diallylationn with allyltributyltin/AIBN system on gem-chlorobromo-45 or cyclopropylmethyl 
bromide/xanthate-substituted466 sugar synthons. In both cases catalyst la supplies structures 
XVIIIb- dd and XVIIIe-f , respectively. Gurjar and co-workers employed the same procedure 
too make a spiro derivative of proline XVIIIg. 46b 
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XVIII a a 

nn = 1,2 

AcO O 

XVUIb- d d 

R1-R44 = H or OAc 

XVIIIe ,, f 

Tss OTBDPS 

XVIII g g 

5.2.33 Construction of Carbospiro Systems 
Spirocarbocycless (thus with no heteroatoms in the cycle) were also made via RCM on 

severall occasions. 

5.2.3.15.2.3.1 By Tandem RCM of a Tetraene 
Tandemm RCM was presented in two entries of the already cited paper.29 3,3-Bis(homo-

allyl)-- and 3,3-bis(4-pentenyl)-l,4-pentadiene, prepared from ethyl malonate by dialkenyl-
ation,, reduction of the ester moiety to aldehyde followed by Wittig olefination, afforded 
spiro[4.4]nona-l,6-dienee XlX a and spiro[5.5]undeca-l,7-diene XlXb , respectively, in almost 
quantitativee yields. 

5.2.3.25.2.3.2 By RCM to a Carbocycle 
Thee remaining metathesis mediated approaches to spirocarbocycles made use of a cyclic 

scaffoldd upon which the spiro system was eventually constructed. So, the earlier mentioned 
chirall bicyclic lactams,10 transformed into thiolactams, served for construction of chiral 
dialkenyll derivatives, which were hydrolysed to 4,4-dialkenyl-cyclohex-3-enones.47 RCM 
withh la of the latter compounds furnished chiral spirocyclohexenones XIX c in high yields. In 
aa modification of the procedure including a methylation at the thiocarbonyl atom and aldol 
condensationn preceding RCM, a methylated regioisomer XlXd could also be obtained. 

O O 

„OH H 

XlX aa (n = 1) 
XlX bb (n = 2) 

XIX c c 
RR = H, OR' 

XlX d d XIXe e 
n = 1 , 2 2 

XJXf f 
nn = 1,2, 3,4 

mm = 0, 1 

Cyclicc 1,3-dicarbonyl compounds were subjected to Pd(PPli3)4-catalysed diallylation 
withh allyl acetate and the diene formed was efficiently ring-closed to spirocyclopentene 
derivativess XIXe.48 Spirocarbocyclic unsaturated alcohols and ketones were prepared from 
cyclicc ketones. The reaction sequence includes Horner-Wadsworth-Emmons olefination of 
thee ketone followed by ester reduction and Claisen rearrangement of the allyl alcohol to the 
2-oxoethyll vinyl cycloalkanes. The vinylation or allylation of the aldehyde moiety affords 
dienolss that were very effectively ring-closed by catalyst la to spirocyclic allylic and 
homoallylicc alcohols XlXf . 
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Ogilviee and Beaulieu applied as a key step the Ireland-Claisen rearrangement of allyl 
alcoholl 4-pentenoic acid esters to give 3,3-dialkenylcyclohexene derivatives.50 RCM of the 
latterr compounds affords in high yields the spirocarbocycles XlX g substituted with a carboxyl 
groupp at the a position. Kotha and Mandal also employed the Claisen rearrangement 
(microwavee assisted) to 2-naphthol for obtaining l,l-diallyl-lH-naphthalen-2-one.51 The 
RCMM to carbospirane XlX h using la goes slowly even in refluxing toluene and yields also a 
by-productt with the double bond isomerised. Fortunately, the second generation catalyst lb 
providess XlX h quickly and cleanly. Mori and co-workers made use of catalyst la to ring 
closee structure XlX i with a methyl substituted double bond, remarkably in almost quantitative 
yield,, in a crucial step of their enantioselective synthesis of a pheromone.52 However, catalyst 
l aa fails to form a trisubstituted double bond of the cyclopentene ring of sesquiterpene XIX j 
ass shown by Spitzner and Oesterreich,53 who eventually made recourse to catalyst lb. 

OTMS S 

XlX g g 
RR = H, Me, Br 

nn = 0, 1 

AA method for the synthesis of a-hydroxy- and a-carbonylspiranes, with the ring sizes 
off five, six and seven carbon atoms, was presented by the group of Undheim. 

oo „ o 
(CH2OH)2 2 

XXa a 
mm = 1 ,2 ,3 

r^^  XM9x^ 
 // X = CI,Br;n = 0,1,2 

\\ /~CHO THF or C 
(( >m „ 

XXb b 

C02Ett PTSA, 
C6H6,, reflux, (' 

75-92% % 

(i)LAH.THF F 
,, 85-90% 

CCLEtt ( i i )PCCDCM 
22 , 79-81% 

72-87% % 

XXc c 5mol%1a a 
PhMe,, C 

'' 0.5-4 h, 70-94% 

XXd d 5mol%1a a 
PhMe,, C 

** 0.5^t h, 75-94% 

PCC C 

C C 

Threee cyclic carboaldehydes XXb, prepared from 2-oxocycloalkane-l-carboxylates 
XXaa in four steps in good overall yields, were alkenylated with a Grignard reagent giving 
(usually)) mixtures of epimeric alcohols XXc. These diene alcohols were cyclised directly by 
RCMM to the a-hydroxyspiranes XXe or first oxidised to the ketones XXd and then ring-
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closedd to spirocyclic enone XX f using catalyst la . In both cases R.CM proceeds in very good 

too excellent yields. 

Interestingly,, the same research group presented the preparation in moderate yields of 

twoo silaspirenes XXI b from dialkenylsilacycles XXI a (obtained via radical cyclisations) 

usingg in both cases 9 mol% of catalyst la.55 

9mol%1a a 
C6H6,, reflux, 

6 h h 

O O 
XXIb b 

Si i 

62% % 

43% % 

Havingg discussed the literature precedencies of spirane formation by metathesis, we 

presentt in this chapter a straightforward route to 6-azaspiro[4.n]alkenes starting from 

commerciallyy available lactams. The reaction sequence employed allylboration of the 

carbonyll carbon atom followed by ring closing metathesis of the obtained diallyl 

derivatives.56 6 

5.33 Results and Discussion 

5.3.11 Allylboration of Lactams 
2,2-Diallyl-substitutedd nitrogen heterocycles 2 of any ring size are readily obtained in 

50-95%% yield by the reductive allylation of lactams containing an N-H bond with triallyl- or 

tris(2-methylallyl)boranee (Scheme 2).57 The reaction proceeds quickly using 1.3 equivalents 

off triallylborane with respect to the lactam. Previously, 2,2-diallylpyrrolidine58 and 2,2-

diallyl-piperidine599 have been synthesised by the reaction of allylmagnesium bromide with 2-

ethoxypyrrolinee and 0-methylvalerolactim, respectively. 

Thee heterocycles 2, with a quaternary carbon atom in the a position with respect to the 

nitrogenn atom, can then be subjected to a metathesis catalyst, preferentially after protection of 

thee amino moiety, producing azaspiro compounds 4, and more specifically 6-azaspiro[4.«]alk-

2-enes. . 

r̂ V»» ( ^ M 3
B 

N N 

H H 

THF F 
2h,, reflux 

%% 2. 1aor1b N' \ // 

22 ' ~ 4 

Schemee 2. Synthesis of 6-azaspiro[4.«]alk-2-enes 4 from lactams using allylboration-RCM sequence. 

2 2 

a a 
b b 
c c 
d d 

n n 

1 1 
2 2 
3 3 
9 9 

% % 

90 0 
79 9 
50 0 
83 3 

AA possible mechanism of reductive allylboration of lactams has been proposed as 

shownn in Scheme 3.57 In the first step, the deprotonation of the lactam occurs with elimination 

off propene to give the iV-borylated lactam D that most probably rearranges to the O-borylated 

lactimm E, since the B - 0 bond is stronger than the B-N bond. Both D and E can undergo 

104 4 



SYNTHESISS OF NITROGEN-CONTAINING SPIRO COMPOUNDS FROM LACTAMS 
BYY ALLYLBORATION AND SUBSEQUENT RING CLOSING METATHESIS 

allylborationn leading to the intermediate F, which eliminates the B-0-BR2 fragment to 
producee lactim G. The latter species goes through allylboration to form aminoborane H, 
deboronationn of which leads to the corresponding 2,2-diallyl substituted N-heterocycle 2. 

v^°— --
II - CH2=CHCH3 

H H 

22 '• H G 

Schemee 3. A proposed mechanism of reductive diallylation of lactams with triallylborane (ref.57). 

5.3.22 RCM of Diallyl N-Heterocycles 
Despitee the fact that the ruthenium carbene complexes la and lb show remarkable 

functional-groupp tolerance, they are not compatible with a free amino group. Although some 
exampless of the metathesis of substrates containing an unprotected amino functionality are 
known,, these transformations require large, substoichiometric rather than catalytic amounts 
off the catalyst and long reaction times are needed for complete conversion of the substrate. 

3a-e e 4a-e e 

3,4 4 

a a 
b b 
c c 
d d 
e e 

PG G 

PhCH2 2 

PhCO O 
CH3CO O 
CF3CO O 
t-BuQ2C C 

Schemee 4. RCM of iV-protected 2,2-diallylpiperidines 

Inn an effort to initiate metathesis on an unprotected amine, the hydrochloride salt of 2b 
wass subjected to 5 mol% of catalyst la. A maximum conversion of only 19% after 2 h could 
bee achieved, after which time the amount of product decreased due to its decomposition in 
additionn to the catalyst deactivation. Since the purification of the wanted organic product from 
thee large amounts of the decomposition products of the catalyst can also be troublesome, we 
decidedd to protect the amine group of the diallyl compounds 2a-d. To elucidate the efficacy of 
variouss protecting groups in RCM using catalyst la, 2,2-diallylpiperidine (2b) was selected as 
aa model system and it was converted to its benzyl (3a), benzoyl (3b), acetyl (3c), 
trifluoroacetyll (3d) and tert-butoxycarbonyl (3e) N-substituted derivatives (Scheme 4 and 
Tablee 1). 
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Tablee 1. Metathesis of protected 2,2-diallylpiperidine derivatives." 

Substrate e 

3a a 

C\~ C\~ 
P h ^ A A 

3b b 

C\s C\s 
/HA A 

3c c 

r^s r^s 

F,cAA A 
3d d 

C\^ C\^ 
\o^J\ \o^J\ 

3e e 

Catalystt la 
(mol%) ) 

1 1 

5 5 

1 1 

5 5 

1 1 

5 5 

1 1 

5 5 

1 1 

5 5 

Time e 
(h) ) 
4 4 

2 2 

1(4) ) 

1 1 

1(4) ) 

1 1 

2 2 

2 2 

4 4 

1 1 

Conversionb b 

(%) ) 
29 9 

94 4 

866 (99) 

99 9 

855 (99) 

100 0 

97 7 

97 7 

97 7 

98 8 

Yield' ' 
(%) ) 

79 9 

90 0 

--

99 9 

--

95 5 

98 8 

Product t 

Cb b 
Pti i 

4a a 

Q A A 
PtAo o 

4b b 

Ck k xy xy 
4c c 

Ck k 
F . C ^ O O 

4d d 

CK K W W 
4e e 

""  Conditions: indicated amount of la, 22°C, solvent CH2C12.
b Conversions determined by GC/FID 

analysiss of samples from the reaction mixture. c Isolated yields after silica gel chromatography. 

Inn a first attempt, the benzyl group was used as a protective group, as it can be removed 
relativelyy easy by hydrogenation over Pd/C - a process that also saturates the double bond of 
thee metathesis product to give the azaspiroalkane product. The metathesis of benzyl protected 
compoundss was feasible, but as much as 5 mol% of catalyst la was needed to achieve a good 
conversionn (94% after 2 h) to the spiro compound 4a. When 1 mol% of la was used, only 
29%% conversion (after 4 h) to 4a was attained, presumably due to the deactivation of the 
catalystt by the basic tertiary amine. Although 5 mol% of catalyst is a standard amount used in 
routinee metathesis transformations,7 we consider this a relatively large quantity and have 
foundd that the catalyst can be used more effectively for a range of substrates. 

Muchh better results in terms of catalyst efficiency and activity were achieved when the 
acylatedd derivatives 3b-e were used as substrates. Thus, 1 mol% of la was sufficient for full 
conversionn of 3b-e to the metathesis products 6-azaspiro[4.5]dec-2-enes 4b-e within 4 h 
(Tablee 1). Use of 5 mol% of la resulted in the quantitative conversion within 1 h of all four 
acyll derivatives 3b-e. 
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Tablee 2. Metathesis of 2,2-diallyl-JV-heterocycles." 

Substrate e 

F,cAo o 

5 5 

6 6 

Catalystt la 

(mol%) ) 

1 1 

1 1 

Time e 

(h) ) 

1(4) ) 

1 1 

Conversion' ' 

(%) ) 

911 (100) 

100 0 

Yield' ' 

(%) ) 

91 1 

95 5 

Product t 

F , C - ^ 0 0 

8 8 

9> > 
F . C ^ O O 

9 9 

100 0 99 9 

4 4 

1 1 

30 0 

95 5 

r r 
58 8 

12 2 
F. c Y° ° 

O^CF F 

13 3 

100 0 89 9 

°Y C Fa a 

14 4 
"" Conditions: indicated amount of la, 22°C, solvent CH2C12.

 b Conversions determined by GC/FID analysis of 

sampless from the reaction mixture.c Isolated yields after silica gel chromatography. 

Finally,, the trifluoroacetyl moiety was used as the protecting group throughout this 
study,, mainly because of the higher volatility of derivative 3d with respect to the other three, 
facilitatingg the GC analysis of the reaction mixtures. To extend the scope of the procedure, we 
preparedd diallyl derivatives of pyrrolidine (5), azepane (6) and azacyclotridecane (7) by 
allylborationn of the corresponding lactams,57 followed by treatment with trifluoroacetic 
anhydride.. In the presence of 1 mol% of la, all these compounds were smoothly converted in 
RCMM step to the corresponding 6-azaspiro[4.«]alkenes (8-10), which could be isolated in 
nearlyy quantitative yields (Table 2). The size of the nitrogen-containing ring seemed to have 
noo effect on the formation of the pentene ring by RCM. It should be mentioned that a close 
analoguee of diene 5 has recently been used in the formal total synthesis of racemic 
cephalotaxine.6 6 
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Wee also prepared two piperazine derivatives. 2-Piperazinone and glycine anhydride 

weree subjected to the allylboration and protection procedure producing 2,2-diallyl-l,4-diben-

zylpiperazinee (11) and l,4-bis(trifluoroacetyl)-2,2,5,5-tetraallylpiperazine (13), respectively. 

Metathesiss of these compounds proceeded in the same manner as observed for benzyl and 

trifluoroacetyll derivatives using 4 mol% and 2 mol% of la, respectively, leading to 

quantitativee conversions. Spirane 12 underwent partial decomposition to unknown 

compoundss during the reaction and purification procedure, apparently due to its intrinsic 

instability.. The acylated dispiro compound 14 was isolated in a very good yield as a 

colourlesss solid. 

5.3.33 Crystal Structure of Dispiro Compound 14 
Wee were able to grow good quality crystals by evaporation of dichloromethane/hexanes 

solutionn of 14 and confirmed its structure crystallographically (Figure 2). A search of the 
Cambridgee Structural Database revealed that this is the first crystal structure of a non-keto 
dispiropiperazine. . 

Contraryy to the majority of substituted piperazine derivatives that adopt the more 
favourablee chair conformation, compound 14 exists in the solid state in a shallow twist-boat 
conformation.. The piperazine ring is bent to release the strain of the dispiro system, so the 
cyclopentenee rings are in a very shallow envelope-like orientation. Furthermore, the 
cyclopentenee rings do not lie parallel to each other and form a dihedral angle of 35.7°. A pair 
off weak hydrogen bond interactions between adjacent molecules was found for atoms C2 and 
CIOO with oxygen 02 of one of the carbonyl groups. The distances for C2...02 of 3.380 A 
(C2-H...022 = 2.51 A) and for CIO...02 of 3.320 A (C10-H...O2 = 2.41 A) were measured. 
Thiss interaction is facilitated by the fact that those two carbon atoms are folded towards the 
trifluoroacetyll group of an adjacent molecule. The compound showed ring-flipping behaviour 
inn solution at room temperature, evidenced in the NMR spectra where the signals of protons 
andd carbon atoms of methylene groups were very broad. 

Theree are several studies about the solid state behaviour of dispiropiperazine-2,5-
diones.61,622 In general, in derivatives bearing exclusively aliphatic rings, including the closest 
analoguee of 14 - 6,13-diazadispiro[4.2.4.2]tetradeca-7,14-dione,61 the heterocyclic ring is 
planar.. However, when an indane moiety is present in the structure,62 the central ring adopts a 
twist-boatt conformation in most cases. In this regard, the crystal structure of 14 resembles the 
latterr system. 
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Figuree 2. An ORTEP presentation of the crystal structure of compound 14. 
Ellipsoidss are drawn at the 30% probability level. 

5.3.44 Experiments Employing the Second Generation Grubbs Catalyst 1b 
Wee have also checked the activity of the second generation Grubbs catalyst lb in the 

formationn of the azaspiranes. That catalyst proved to be more effective in producing the spiro 
compounds,, giving quantitative conversions within 1 hour of the tested acyl-protected 
compoundss (3d and 5) using 1 mol% of the catalyst, and the benzyl-protected derivative (11) 
withh 5 mol% of the catalyst. With 1 mol% lb used for RCM of 11, a maximum conversion of 
74%% was reached and the prolonged reaction time resulted in gradual decomposition of 
organicc reagents. Nevertheless, the activity of the first generation catalyst la was sufficient to 
performm RCM in our study and there was no need to use the more active but expensive 
catalystt lb. 
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Onn the other hand, when the more sterically demanding di(methylallyl) substituted 

derivativee of 3a (kindly provided by Bubnov's group) was subjected to metathesis with the 

catalystt la, no metathesis occurred at all, as expected based on the literature precedencies. 

Metathesiss occurred when the more active catalyst lb was employed, though only in 28% 

conversionn after 1 h with 5 mol% of the catalyst. Prolonged reaction time resulted in the 

decompositionn of the organic reagents due to the intrinsic instability of the benzyl-protected 

species.. Attempts to exchange the benzyl group with a more suitable acyl one were 

unsuccessfull since debenzylation procedures described in literature, e.g. using sodium or 

lithiumm solution in ammonia or 1-chloroethyl chloroformate, failed. 

5.44 Conclusion 
Wee have demonstrated that the combination of diallylboration of lactams and the 

subsequentt ring closing metathesis of the resulting 2,2-diallyl-A'-heterocyclic compounds is 

ann efficient route towards 6-azaspiro[4.«]alk-2-enes. Both steps of the procedure give the 

wantedd products in high yields. Protection of the free amine with an appropriate group that 

neutralisess the catalyst-deteriorating basicity of the nitrogen atom greatly facilitated the ring 

closingg metathesis. A limitation of this procedure is mat only the cyclopentene ring can be 

formedd and the double bond is always |3 with respect to the spiro carbon atom. 

Homologuess of triallylborane do not give the dialkenylated azacycles but are engaged in 

differentt reaction pathways with lactams.63 Amine derivatives bearing a cyclopentene ring at 

thee a-carbon might also be obtained following the same protocol with acyclic amides; this 

approachh is currently under investigation. 

5.55 Experimental Section 
Generall Remarks. All operations with organoborane compounds were carried out in a dry 

nitrogenn atmosphere using standard Schlenk techniques. Triallylborane was prepared by direct 
reactionn of magnesium, allyl chloride and boron trifluoride etherate in ethyl ether, according to the 
literaturee procedure.64 Solvents (hexanes, tetrahydrofuran, dichloromethane) were dried according to 
standardd procedures.65 Acylation of amines and metathesis were performed under N2 using dry 
solvents.. Catalyst la was purchased from Fluka and lb was made following the literature procedure;66 

alll organic substrates were used as received from commercial sources. The following instrumentation 
wass used: Varian Mercury 300 spectrometer for 'H NMR (300 MHz), l3C NMR (75.47 MHz) and 19F 
NMRR (282.41 MHz) with external standards; Carlo Erba 8000Top chromatograph (DB-5 column from 
J&WW Scientific) for GC analyses; Jeol JMS SX/SX102A spectrometer for (high resolution) mass 
spectraa (3-nitrobenzyl alcohol was used as matrix for some samples). Elemental analysis were 
performedd with a Carlo Erba EA1108 CHNS-0 Elemental Analyser at the Department of Organic 
Chemistry,, University of Nijmegen. 

5.5.11 Allylboration 
Generall Procedure. Allylboration of lactams was carried out as described in an earlier paper.57 

Ass an example, the synthesis of a new piperazine derivative is described below. 
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2,2,5,5-tetraallylpiperazinee (13NH): Triallylborane (0.535 g, 4.00 - - ^ 

mmol)) was added dropwise by syringe to a stirred suspension of glycine V___^N 

anhydridee (0.172 g, 1.50 mmol) in THF (10 mL). The mixture was gently /r—' I 

refluxedd for 15 h. Methanol (2 mL) was added at room temperature and N 
H H 

thee mixture refluxed for an additional 1 h. NaOH (5 mL of a 5 M solution) 
wass added and the mixture was vigorously stirred until complete deboronation (no green colouration 

off flame) of the organic layer had taken place (~2 h). The organic layer was then separated and the 

aqueouss layer extracted with diethyl ether. The combined organic layers were washed with brine, dried 

withh potassium carbonate and concentrated. The crude product, a light brown oil, was then purified by 

silicaa gel chromatography (hexanes/ethyl acetate 2:1 to 0:1 with additional 1 vol% of methanol as 

eluent).. A yellow oil (0.236 g, 64% yield) was obtained that was used for the preparation of compound 

13.. 'H NMR (CDCIJ): 5 (ppm) 1.70 (br s, 2H, NH), 2.13 (dd, J= 13.8, 7.2 Hz, 4 H, H2C=CHC#H), 

2.333 (dd, J= 14.1, 7.2 Hz, 4 H, H2C=CHCH#), 2.64 (s, 4 H, NCi/2), 5.06 - 5.14 (m, 8 H, CH=C#2), 

5.633 (ddt, J= 16.2, 10.5, 7.5 Hz, 4 H, C#=CH2). 

5.5.22 Introduction of Protecting Groups 
Acylationn and benzylation. The protection of the free amino group was performed using 

standardd procedures to give the protected amines in near to quantitative yields. Descriptions for the 

preparationn of piperidine derivatives 3a-e follow. 

2,2-Diallyl-l-benzyIpiperidin ee (3a): Prepared according to the literature 

procedure.566 ]H NMR (CDC13): 8 (ppm) 1.47 - 1.62 (m, 6 H, CH2 cyclic), 2.16 

(dd,, J = 14.4, 7.8 Hz, 2 H, H2C=CHC//H), 2.48 (pseudo t, Japp = 5.4 Hz, 2 H, 

Gf72N),, 2.66 (dd, J = 14.4, 7.2 Hz, 2 H, H2C=CHCH#), 3.66 (s, 2 H, C//2Ph), 

5.066 - 5.15 (m, 4 H, CH=CH2), 6.00 (ddt, 7= 15.9, 11.1, 7.5 Hz, 2 H, CH=CH2), 

7.211 - 7.42 (m, 5 H, C ^ ) . ,3C NMR (CDC13): 5 (ppm) 20.8, 26.5 and 32.5 (3><CH2 cyclic), 38.3 

(CH2CH),, 46.3 (CH2N), 53.2 (Cquat), 58.4 (CH2Ph), 117.1 (CH=CH2), 126.7 (Ph), 128.4 (Ph), 128.5 

(Ph),, 135.6 (CH=CH2), 141.2 (Ph, Cipso). FAB-MS: mlz (rel. intensity, %) 256 ([M+H]\ 61), 255 

([Mf,, 39), 254 ([M-H]+, 95), 215 ([M-A11+H]+, 80), 214 ([M-A11]+, 100), 178 (24, [M-Ph]+), 124 (24, 

[M-All-PhCH2+H]+),, 92 ([PhCH2+H]+, 83). HRMS (FAB): calcd. for d8H26N ([M+H]+) 256.2065, 

observedd 256.2067. 

2,2-Diallyl-l-benzoyIpiperidinee (3b): 2,2-Diallylpiperidine hydrochloride 

22 (0.607 g, 3.00 mmol) was placed in a round-bottom flask together with 

potassiumm carbonate (1.24 g, 9.0 mmol) and dichloromethane (20 mL). Benzoyl 

chloridee (0.42 mL, 0.516 g, 3.60 mmol) was added dropwise and the reaction 

mixturee was stirred for 5 h at room temperature. Water (20 mL) was then carefully 

addedd and the mixture was extracted with dichloromethane. The organic layer was dried with 

anhydrouss potassium carbonate and the solvent evaporated. The crude oil was purified on a silica gel 

columnn (hexanes/ethyl acetate 6:1) obtaining 0.800 g (99%) of the product as a slightly yellow oil. 'H 

NMRR (CDCI3): 5 (ppm) 1.52 - 1.74 (m, 6 H, CH2 cyclic), 2.62 (dd, J = 13.4, 7.5 Hz, 2 H, 

H2C=CHC//H),, 3.13 (dd, J = 13.5, 7.2, 2 H, H2C=CHCH//), 3.26 (pseudo t, /app = 5.6 Hz, 2 H, 

C//2N),, 5.06 - 5.18 (m, 4 H, CH=CH2), 5.85 (ddt, J= 17.1, 9.9, 7.5 Hz, 2 H, CH=CH2), 7.30 - 7.45 

(m,, 5 H, Cffls). "C NMR (CDC13): 5 (ppm) 17.7, 23.6 and 30.3 (3*CH2 cyclic), 40.5 (CH2CH), 45.9 

(CH2N),, 60.9 (Cquat), 118.4 (CH=CH2), 127.1 (Ph), 128.6 (Ph), 129.6 (Ph), 134.6 (CH=CH2), 139.0 

(Ph,, Cipso), 173.3 (C=0). FAB-MS: mlz (rel. intensity, %) 270 ([M+H]+, 62), 268 ([M-H]+, 14), 228 

K K 
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([M-A11]+,, 52), 105 ([PhCO]+, 100), 77 ([Ph]+, 16). HRMS (FAB): calcd. for C18H24NO ([M+H]*) 

270.1858,, observed 270.1870. 

l-Acetyl-2,2-diallylpiperidin ee (3c): The compound was obtained in a 

similarr procedure as for 3d, but using acetyl anhydride in place of trifluoroacetic 

anhydride.. After silica gel chromatography (eluent hexanes/ethyl acetate 15:1), a 

colourlesss oil was obtained in 90% yield. 'H NMR (CDC13): 8 (ppm) 1.54 - 1.69 

(m,, 6 H, CH2 cyclic), 2.03 (s, 3 H, CH3CO), 2.48 (dd, J = 13.5, 7.8 Hz, 2 H, 

H2C=CHCHtf),, 2.97 (ddt, Jd = 13.5, 7.2 Hz, J, = 1.2 Hz, 2 H, H2C=CHC#H), 3.29 (pseudo t, J= 6.0 

Hz,, 2 H, C//2N), 4.98 - 5.09 (m, 4 H, CH=C//2), 5.72 (ddt, 7= 17.1, 9.6, 7.2 Hz, 2 H, C//=CH2).
 I3C 

NMRR (CDCI3): 5 (ppm) 16.7 and 23.0 (2*CH2 ring), 25.3 (CH3CO), 29.8 (CH2 ring), 41.0 (CH2CH), 

44.00 (CH2N), 61.1 (Cquat), 118.0 (CH=CH2), 134.9 (CH=CH2), 171.2 (CO). EI-MS: mlz (rel. intensity, 

%)) 208 ([M+H]+, 24), 207 ([M]+, 27), 192 ([M-CH3]
+, 16), 167 ([M-A11+H]+, 83), 166 ([M-A11]+, 100), 

1644 ([M-COCHjf, 19), 148 (46), 125 ([M-2A11]+, 100), 124 ([M-All-COCH3+H]+, 100), 91 (44), 82 

([M-2A11-C0CH3]
+,, 100), 55 (77), 42 ([All+H]+, 88). HRMS (EI): calcd. for C,3H21NO ([M]+) 

207.1623,, observed 207.1625. 

2,2-Diallyl-l-(trifluoroacetyl)piperidin ee (3d): 2,2-Diallylpiperidine 

hydrochloridee (0.609 g, 3.02 mmol) was placed in a round-bottom flask with 

dichloromethanee (20 mL). Triethylamine (2.5 mL, 6 equiv.) and a small amount of 

4-DMAPP were added, followed by trifluoroacetic anhydride (1.28 mL, 1.998 g, 

9.377 mmol). The reaction mixture was stirred for 5 h at room temperature, then 

quenchedd with an aqueous NaHC03 solution. After extraction with ether, drying over magnesium 

sulfatee and solvent evaporation, the crude product was purified on a silica gel column (eluent 

hexanes/ethyll acetate 15:1). The product (0.783 g, 100%) was obtained as a colourless oil. 'H NMR 

(CDC13):: 5 (ppm) 1.62-1.80 (m, 6 H, 3 CH2 cyclic), 2.55 (dd, 2 H, J = 13.8, 7.2 Hz, C#H-CH=CH2), 

2.933 (dd, 2 H, J = 13.8, 7.2 Hz, CHfl-CH=CH2), 3.41 (pseudo t, 2 H, Jm = 5.7 Hz, NCtf2), 5.05 - 5.14 

(m,, 4 H, CH=C#2), 5.71 (distorted ddt, Jd ~ 17.7, 9.3, J, = 7.5 Hz, 2 H, C//=CH2).
 ,3C NMR (CDC13): 

55 (ppm) 15.6, 21.8, 28.7 (3><CH2), 39.9 (2 C, CH2CH=CH2), 42.1 (q, VC.F = 3.6 Hz, NCH2), 63.2 (C), 

116.77 (q, 1/C-F = 289.3 Hz, CF3), 119.2 (2 C, =CH2), 133.3 (2 C, CH), 156.7 (q, 3JC.F = 34.2 Hz, CO). 
19FF NMR (CDC13): S (ppm) -69.5. EI-MS: mlz (rel. intensity, %) 261 ([M]+, 3), 244 (24), 220 ([M-

All]+,, 100), 212 (63), 182 (65), 162 ([M-COCF3-2H]+, 99), 150 ([M-A11-CF3-H]+, 71), 132 (46), 112 

([M-2A11-CF3+2H]+,, 49). HRMS (EI): calcd. for C,3Hi8F3NO ([Mf) 261.1340, observed 261.1339. 

2,2-Diallyl-l-terf-butoxycarbonylpiperidin ee (3e): The compound was 

obtainedd in a similar procedure as for 3d using di-?ert-butyl dicarbonate in 

placee of trifuoroacetic anhydride. After silica gel chromatography (eluent 

hexane/ethyll acetate 15:1), the desired product was obtained in 67% yield 

(duee to loss on evaporation) as a colourless oil. 'H NMR (CDC13): 5 (ppm) 

1.466 (s, 9 H, C(C#3)3), 1.58 (br s, 6 H, CH2 ring), 2.35 (dd, J= 13.5, 7.8 Hz, 2 H, CMI-CH=CH2), 

2.866 (dd, J= 13.8, 6.9 Hz, 2 H, CH//-CH=CH2), 3.41 (pseudo t, J = 5.7 Hz, 2 H, NC//2), 5.03 - 5.10 

(m,, 4 H, =CH2), 5.77 (ddt, 7 = 16.5, 10.2, 7.2 Hz, 2 H, Ctf=). I3C NMR (CDC13): 5 (ppm) 17.8 and 

23.44 (2xCH2 ring), 28.8 (CH3), 31.0 (CH2 ring), 42.1 (CH2N), 59.3 (CquM), 79.6 (Me3C-0), 117.9 

(CH=),, 135.0 (=CH2), 156.0 (C=0). FAB-MS: mlz (rel. intensity, %) 266 ([M+H]+, 44), 264 ([M-H]+, 

10),, 224 ([M-A11]+, 75), 210 ([M-C(CH3)3+2H]+, 100), 208 ([M-C(CH3)3]
+, 28), 192 ([M-0C(CH3)3]

+, 

18),, 168 ([M-A11-C(CH3)3+H]+, 89), 164 ([M-Bocf, 23), 124 ([M-All-Boc+H]+, 62), 57 (47). HRMS 
(FAB):: calcd. for C16H28N02 [M+Hf 266.2120, observed 266.2117. 
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2,2-Diallyl-l-(trifluoroacetyl)pyrrolidin ee (5): Prepared as for 3d in 96% 

yieldd after silica gel chromatography (eluent hexanes/ethyl acetate 15:1) as a 

colourlesss oil. 'H NMR (CDC13): 8 (ppm) 1.70 - 1.88 (m, 4 H, CH2CH2C), 2.29 

(dd,, J= 13.5, 7.5 Hz, 2 H, C#H-CH=CH2), 2.84 (dd, 2 H, J= 13.5, 7.2 Hz, CH#-

CH=CH2),, 3.49 (pseudo t, 2 H, Jm = 6.6 Hz, NC#2), 4.95 - 5.04 (m, 4 H, 

CH=C#2),, 5.57 (distorted ddt, J~ 17.7, 9.6, 7.2 Hz, 2 H, C#=CH2).
 13C NMR 

(CDCI3):: 8 (ppm) 23.4 (CH2CH2N), 33.6 (CH2CN), 40.6 (2 C, CH2CH=CH2), 49.2 (q, VC.F = 3.6 Hz, 

NCH2),, 69.9 (Cquat), 116.3 (q, 2JC-F = 288.7 Hz, CF3), 119.1 (2 C, CH=CH2), 133.1 (2 C, CH=CH2), 

154.99 (q, VC-F = 35.8 Hz, OO) . 19F NMR (CDCI3): 8 (ppm) -73.2. FAB-MS: mlz (rel. intensity, %) 

2488 ([M+H]+, 32), 246 ([M-H]+, 12), 206 ([M-A11]+, 100). HRMS (FAB): calcd. for C12H17F3NO 

([M+H]+)) 248.1262, observed 248.1261. 

2,2-DiaUyl-l-(trifluoroacetyl)azepanee (6): Prepared as for 3d in 91% 

yieldd after silica gel chromatography (eluent hexanes/ethyl acetate 20:1) as a 

colourlesss oil. 'H NMR (CDC13): 8 (ppm) 1.50 (q, J= 6.1 Hz, 2 H, CH2 ring), 

1.611 - 1.78 (m, 4 H, 2 CH2 ring), 1.80 - 1.88 (m, 2 H, CH2 ring), 2.77 (dd, J = 

13.8,, 7.2 Hz, 2 H, CtfH-CH=CH2), 2.87 (dd, J = 14.1, 7.5 Hz, 2 H, CHH-

CH=CH2),, 3.40 (pseudo t, J = 4.2 Hz, 2 H, C#2N), 5.07 (pseudo d, Japp = 12.6 Hz, 4 H, CH=Gff2), 

5.722 (ddt, J= 17.4, 9.9, 7.5 Hz, 2 H, Cff=CH2).
 13C NMR (CDCI3): 8 (ppm) 23.4, 28.2, 31.1 and 35.1 

(4xCH22 ring), 40.2 (2 C, CH2CH=CH2), 46.5 (q, VC.F = 3.6 Hz, NCH2), 67.5 (Cquat), 117.0 (q, 2Jc.r = 

289.33 Hz, CF3), 119.2 (2 C, CH=CH2), 133.6 (2 C, CH=CH2), 157.8 (q, VC.F = 34.2 Hz, C=0). 19F 

NMRR (CDCI3): 8 (ppm) -68.8. FAB-MS: mlz (rel. intensity, %) 276 ([M+H]+, 76), 274 ([M-H]+, 18), 

2344 ([M-A11]+, 100), 109 (18), 95 ([C6H9N]+, 35), 81 (36), 69 ([CF3]
+, 37), 55 (52), 41 (29). HRMS 

(FAB):: calcd. for C,4H21F3NO [M+H]+ 276.1575, observed 276.1587. 

2,2-Diallyl-l-(trifluoroacetyl)azacyclotridecanee (7): Prepared in a 

similarr manner as for 3d in 87% yield after silica gel chromatography (eluent 

hexanes/ethyll acetate 20:1) as a colourless oil. !H NMR (CDC13): 8 (ppm) 1.25 -

1.522 (m, 16 H, 8 CH2 cycle), 1.57 - 1.68 (m, 2 H, CH2 cycle), 1.75 - 1.80 (m, 2 

H,, CH2 cycle), 2.23 (dd, 7 = 14.4, 7.5 Hz, 2 H, C//2N), 3.25 (dd, J= 14.4, 7.5 Hz, 

44 H, Gff2CH=), 5.04 - 5.14 (m, 4 H, CH=C//2), 5.67 (ddt, J= 16.9, 10.5, 7.2 Hz, 

22 H, C#=CH2).
 13C NMR (CDCI3): 8 (ppm) 23.4, 24.14, 24.39, 24.74, 24.77, 

25.7,, 26.9, 27.1, 28.8 and 31.9 (10xCH2 ring), 37.7 (2 C, CH2CH=CH2), 44.2 (q, VC-F = 2.5 Hz, 

CH2N),, 68.5 (Cquat), 116.9 (q, 2JC.¥ = 289.7 Hz, CF3), 118.9 (2 C, CH=CH2), 133.5 (2 C, CH=CH2), 

157.55 (q, VC.F = 33.8 Hz, C=0). 19F NMR (CDC13): 8 (ppm) -68.6. FAB-MS: mlz (rel. intensity, %) 

3600 ([M+H]+, 75), 318 ([M-A11]+, 100), 109 (10), 95 (20), 81 (22), 67 (18), 55 (27), 41 (18). HRMS 
(FAB):: calcd. for C20H33F3NO [M+H]+ 360.2514, observed 360.2495. Anal: calcd. C 66.83, H 8.97, N 

3.90%;; found C 66.49, H 9.18, N 3.91%. 

2,2-Diallyl-l,4-dibenzylpiperazinee (11): 2,2-Diallylpiperazine (0.600 g, 

3.600 mmol) was placed in a round-bottom flask equipped with a reflux condenser 

andd methanol (20 mL) was added. Potassium carbonate (2.0 g, 4 equiv.) was then 

introduced,, followed by benzyl chloride (1.30 g, 7.56 mmol, 2.1 equiv.) and the 

reactionn mixture was subsequently refluxed for 5 h and stirred overnight for an 

additionall 15 h at room temperature. The reaction mixture was filtered and 

concentrated.. Water and diethyl ether were added, the layers were separated and the 
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aqueouss layer was extracted twice with diethyl ether. The combined organic fractions were washed 

twicee with water, once with brine, dried over magnesium sulfate, filtered and concentrated. After 

columnn chromatography (petroleum ether 40-60°C/ethyl acetate 10:1), the product (1.13 g, 91%) was 

obtainedd as a colourless liquid. Upon storing in air, the compound quickly turned yellow due to 

decomposition.. It was therefore passed through a plug of alumina and stored under a nitrogen 

atmospheree at -20°C. 'H NMR (CDC13): 6 (ppm) 2.07 (dd, J= 14.1, 7.8 Hz, 2 H, C#HCH=), 2.31 (br 

dd,, 2 H, CHtfCH=), 2.35 (br s, 2 H, CH2C#2), 2.52 (t, J= 5.1 Hz, 2 H, NC#2C), 2.72 (br dd, 2 H, 

CHCH22CHCH22),), 3.41 (s, 2 H, CZ/HPh), 3.63 (br s, 2 H, CHM>h), 4.98 - 5.05 (m, 4 H, CH=CH2), 5.88 (br 

ddt,, 2 H, C//=CH2), 7.18 - 7.37 (m, 10 H, C^s) . 13C NMR (CDC13): 6 (ppm) 46.3 (2C, CH2CH=), 

52.88 and 54.3 (CH2CH2), 58.8 (2C, CH2Ph), 59.4 (NCH2C), 63.4 (Cquat), 117.3 (2C, CH=CH2), 126.9, 

127.2,, 128.43, 128.48, 128.7 and 129.3 (all Ph), 135.5 (2C, CH=CH2), 139.2 and 140.5 (both Cipso). 

FAB-MS::  m/z (rel. intensity, %) 347 ([M+H]+, 45), 346 ([M]+, 14), 345 ([M-H]+, 46), 305 ([M-A11]+, 

100),, 304 ([M-A11-H]+, 49), 264 ([M-2A11]+, 77), 213 ([M-All-PhCH2-H]+, 25), 173 ([M-2A11-

PhCH2]
+,, 28), 91 ([PhCO]+, 85). HRMS (FAB): calcd. for C24H3,N2 ([M+H]+) 347.2487, observed 

347.2490.. Anal: calcd. C 83.19, H 8.73, N 8.08; found C 83.15, H 8.69, N 8.05. 

2,2,5,5-TetraaIlyl-l,4-bis(trifluoroacetyl)piperazinee (13): Prepared p c ^ O 

ass for 3d from 13NH in 90% yield after silica gel chromatography (eluent ==> 
tt  \ N 

hexanes/ethyll acetate 20:1) as a colourless oil. H NMR (CDCI3): 5 (ppm) 
2.488 (br dd, 4 H, J= 12.3, 6.8 Hz, C//2CH=), 3.03 (dd, J= 14.1, 7.2 Hz, 4 
H,, Ci/2CH=), 3.57 (s, 4 H, NCff2), 5.17 (d, 4 H, J = 7.5 Hz, CH=CHfl), N 

5.222 (s, 4 H, CH=C#H), 5.63 (ddt, 7 = 16.2, 10.8, 7.5 Hz, 4 H, CH=CH2). CT CF3 
13CC NMR (CDCI3): 5 (ppm) 37.5 (4 C, CH2CH=), 48.2 (q, VC.F = 3.6 Hz, 2 

C,, CH2N), 63.6 (2 C, Cquat), 116.1 (q, VC.F = 288.9 Hz, 2 C, CF3), 121.4 (4 C, CH=CH2), 131.0 (4 C, 

CH=CH2),, 157.2 (q, V&j= = 35.4 Hz, 2 C, C=0). 19F NMR (CDC13): 8 (ppm) -68.8. FAB-MS: m/z (rel. 

intensity,, %) 439 ([M+H]+, 100), 437 ([M-H]+, 18), 397 ([M-A11]+, 44), 301 ([M-All-COCF3+H]+, 7), 

2599 ([M-2A11-C0CF3]
+, 9), 204 (9), 136 (13), 107 (43), 91 (30), 79 (55), 41 (37). HRMS (FAB): 

calcd.. for C20H25F6N2O2 [M+H]+ 439.1820, observed 439.1807. Anal: calcd. C 54.79, H 5.52, N 

6.39%;; found C 55.00, H 5.63, N 6.15%. 

5.5.33 RCM Towards Azaspirocycles 
Generall  RCM Procedure. Catalyst la (4.1 mg, 5.00 umol) was placed at 22°C in a small 

Schlenkk tube, dissolved in dichloromethane (1 mL) and the diene under investigation (500 umol, 100 

equiv.)) was added to the solution by syringe. The progress of the reaction was checked by GC/FID 

analysiss of small aliquots of the reaction mixture. Once the reaction was complete (4-6 h), DMSO 

(0.100 ml) was added to the reaction mixture67 and stirred for 18 h in order to facilitate the removal of 

thee catalyst decomposition products. Purification by silica gel chromatography gave the desired 

product.. In experiments performed with 5 mol% of the catalyst, 100.0 umol of diene was used while 

keepingkeeping the amounts of catalyst and solvent at the same level; the progress of the reaction was 

monitoredd by GC/FID, but the products were not isolated. 

6-Benzyl-6-azaspiro[4.5]dec-2-enee (4a): Isolated as a yellow oil in 79% 

yieldd after silica gel chromatography (petroleum ether 40-60°C/ethyl acetate 15:1). 

'HH NMR (CDCI3): 5 (ppm) 1.45 - 1.55 (m, 4 H, 2 CH2 azacycle), 1.71 (pseudo t, 2 f 

H,, CH2C), 2.21 (d, J= 15.3 Hz, 2 H, CH2CR=), 2.37 (pseudo t, 2 H, C//2N), 2.62 (d, p h - ^ 
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JJ = 15 Hz, 2 H, Ctf2CH=), 3.33 (s, 2 H, C//2Ph), 5.69 (s, 2 H, CH=CH), 7.18 - 7.39 (m, 5 H, Ph). 13C 

NMRR (CDC13): 5 (ppm) 22.2 and 26.5 (CH2 azacycle), 40.8 (2C, CH2CH=), 48.5 (CH2N), 54.8 

(CH2Ph),, 65.4 (Cpm), 126.6 (Ph), 128.3 (2 C, CH=CH), 128.6 (Ph), 129.6 (Ph), 141.4 (Cipso). FAB-

MS:: mlz (rel. intensity, %) 228 ([M+H]+, 64), 227 ([M]+, 60), 226 ([M-H]+, 100), 198 (20), 186 (11), 

1500 ([M-Ph]+, 12), 122 (15), 91 ([PhCH2]
+, 78), 55 (15). HRMS (FAB): calcd. for C16H22N [M+H]+ 

228.1752,, observed 228.1734. 

6-Benzoyl-6-azaspiro[4.5]dec-2-enee (4b): Isolated in 90% yield after ^ \ 

chromatographyy (hexanes/ethyl acetate 12:1) as a colourless oil. 'H NMR (CDC13): ^ ~ 

88 (ppm) 1.44 - 1.54 (m, 2 H, CH2 azacycle), 1.65 - 1.80 (m, 4 H, 2 CH2 azacycle), t(L # 

2.544 (d, J = 14.4 Hz, 2 H, C//2CH=), 2.93 (d, J = 14.7 Hz, 2 H, C//2CH=), 3.37 p h ^ 0 

(pseudoo t, J = 5.6 Hz, 2 H, C//2N), 5.68 (s, 2 H, CH=CH), 7.32 - 7.39 (m, 3 H, Ph), 

7.466 - 7.50 (m, 2 H, Ph). ,3C NMR (CDC13): 5 (ppm) 19.3 and 25.1 (CH2 azacycle), 34.7 (CH2C), 

44.11 (2 C, CH2CH=), 47.7 (CH2N), 65.6 (Cspiro), 128.0 (Ph), 128.6 (CH=CH), 130.2 (Ph), 138.2 (Cipso), 

173.99 (C=0). FAB-MS: mlz (rel. intensity, %) 242 ([M+H]+, 100), 241 ([M]+, 28), 240 ([M-H]+, 23), 

1366 ([M-PhCO]+, 5), 105 ([PhCO]+, 74). HRMS (FAB): calcd. for C16H20NO [M+H]+ 242.1545, 

observedd 242.1550. Anal: calcd. C 79.63, H 7.94, N 5.80%; found C 79.57, H 7.87, N 5.80%. 

6-Acetyl-6-azaspiro[4.5]dec-2-enee (4c): Isolated in 99% yield after ^^ 

chromatographyy (hexanes/ethyl acetate 4:1 to 3:1) as a colourless oil. *H NMR 
(CDCI3):: 8 (ppm) 1.56 - 1.70 (m, 6 H, 3 CH2 azacycle), 2.03 (s, 3 H, CH3CO), 2.35 ^ - " 1 

(d,, J = 14.7 Hz, 2 H, C//2CH=), 2.85 (d, J = 14.7 Hz, 2 H, Ctf2CH=), 3.40 (pseudo t, J ^ 

yappp = 5.4 Hz, 2 H, C//2N), 5.59 (s, 2 H, CH=CH). 13C NMR (CDC13): 8 (ppm) 17.8 ° 

andd 24.0 (CH2 azacycle), 24.5 (CH3), 34.6 (CH2C), 44.4 (3 C, CH2N & 2 CH2CH=), 65.1 (Cspiro), 

128.66 (CH=CH), 171.4 (C=0). FAB-MS: mlz (rel. intensity, %) 180 ([M]+, 100), 179 ([M-H]+, 24), 

1788 ([M-2H]+, 25), 136 ([M-COCH3]\ 20), 120 (12). HRMS (FAB): calcd. for CnH|8NO [M+H]+ 

180.1388,, observed 180.1383. 

6-(Trifluoroacetyl)-6-azaspiro[4.5]dec-2-enee (4d): Obtained as a colourless > x 

oill in 95% yield after chromatography (hexanes/ethyl acetate 12:1). *H NMR 
(CDCI3):: 5 (ppm) 1.65 - 1.80 (m, 6 H, 3 CH2 azacycle), 2.43 (d, J = 14.4 Hz, 2 H, N 

C//2CH=),, 2.85 (d, J = 14.7 Hz, 2 H, Ctf2CH=), 3.54 (pseudo t, yapp = 5.4 Hz, 2 H, p c ^ 0 

CHCH22N),N), 5.63 (s, 2 H, CH=CH). l3C NMR (CDC13): 5 (ppm) 17.1 and 23.8 (CH2 

azacycle),, 33.9 (CH2C), 43.0 (q, VC-F = 3.6 Hz, CH2N), 43.5 (CH2CH=), 66.9 (Cspiro), 116.8 (q, 2JC.? = 

289.33 Hz, CF3), 128.3 (CH=CH), 156.8 (q, VC.F = 34.6 Hz, CO). 19F NMR (CDCI3): 8 (ppm) -69.8. 

FAB-MS::  mlz (rel. intensity, %) 234 ([M+H]+, 100), 232 ([M-H]+, 63), 95 (43), 83 (30), 81 (52), 69 

([CF3]\\ 62), 57 (75), 55 (84), 43 (49), 41 (48). HRMS (FAB): calcd. for CH^FjNO [M+H]+ 

234.1106,, observed 234.1104. 

6-terf-Butoxycarbonyl-6-azaspiro[4.5]dec-2-enee (4e): Isolated after ,^^ 

chromatographyy (eluent hexanes/ethyl acetate 10:1) in 98% yield as a colourless 

oil.. 'H NMR (CDCI3): 8 (ppm) 1.43 (s, 9 H, C(C//3)3), 1.45 - 1.65 (m, 6 H, 3 CH2 ^n^'jh 

azacycle),, 2.37 (d, J = 14.1 Hz, 2 H, C//2CH=), 2.82 (d, J = 14.7 Hz, 2 H, / W ^ ~ ^ 

C//2CH=),, 3.45 (pseudo t, J = 5.7 Hz, 2 H, C//2N), 5.61 (s, 2 H, CH=CH). UC 

NMRR (CDCI3): 8 (ppm) 18.4 and 23.7 (CH2 azacycle), 28.7 (3C, CH3), 35.4 

(CH2C),, 43.1 (CH2N), 45.2 (2 C, CH2CH=), 64.2 (Cspir0), 79.5 (C-O), 128.6 (CH=CH), 156.3 (C=0). 

FAB-MS::  mlz (rel. intensity, %) 238 ([M+H]+, 26), 237 ([M]+, 10), 182 ([M-C(CH3)3+2H]+, 100), 181 
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([M-C(CH3)3+H]+,, 31), 180 ([M-C(CH3)3]
+, 19), 136 ([M-Boc]+, 13), 120 (10), 57 ([C(CH3)3]

+, 26). 

HRM SS (FAB): calcd. for C14H24N02 [M+H]+ 238.1807, observed 238.1806. 

l-(Trifluoroacetyl)-l-azaspiro[4.4|non-7-enee (8): Obtained as a colourless oil / \ ^^ 

inn 91% yield after chromatography (hexanes/ethyl acetate 12:1). 'H NMR (CDC13): 8 N \ 1} 

(ppm)) 1.89 - 2.00 (m, 4 H, 2 CH2 azacycle), 2.16 (d, J= 14.4 Hz, 2 H, Ctf2CH=), 3.12 I 

(d,, J = 14.4 Hz, 2 H, C#2CH=), 3.68 (tt, J = 6.2, 1.2 Hz, 2 H, C//2N), 5.66 (s, 2 H, F 3 C ° 

CH=CH).CH=CH). 13C NMR (CDC13): 5 (ppm) 24.0 (CH2CH2CH2), 42.5 (CH2C), 43.7 (2 C, CH2CH=), 48.4 

(q,, VCF = 4.1 Hz, CH2N), 72.0 (Cspir0), 116.5 (q, 2JC.T = 288.5 Hz, CF3), 128.9 (CH=CH), 155.0 (q, Vc. 

FF = 36.2 Hz, C=0). "F NMR (CDC13): 5 (ppm) -73.3. FAB-MS: mlz (rel. intensity, %) 220 ([M+H]+, 

36),, 218 ([M-H]+, 18), 206 (21), 149 ([M-CF3-H]+, 22), 97 ([COCF3]
+, 43), 95 (65), 81 (62), 69 

([CF3]
+,, 86), 57 (100), 55 (96), 43 (58), 41 (50). EI-MS: mlz (rel. intensity, %) 220 ([M+H]+, 28), 219 

([M]+,, 60), 178 ([M-A11]+, 10), 150 ([M-CF3]
+, 66), 122 ([M-COCF3]

+, 12), 106 (100), 91 (67), 80 

(58).. HRMS (FAB): calcd. for Ci0H,3F3NO ([M+H]*) 220.0949, observed 220.0952. 

6-(Trifluoroacetyl)-6-azaspiro[4.6]undec-2-enee (9): Isolated as a colourless 

oill in 95% yield after chromatography (hexanes/ethyl acetate 15:1). *H NMR 
(CDCI3):: 8 (ppm) 1.54 - 1.62 (m, 2 H, CH2 azacycle), 1.67 - 1.80 (m, 4 H, 2 CH2 

azacycle),, 1.81 - 1.88 (m, 2 H, CH2C), 2.33 (d, J= 14.1 Hz, 2 H, CH2CK=), 2.84 (d, J 

==  13.5 Hz, 2 H, CH2CH=), 3.57 (pseudo t, J = 8.3 Hz, 2 H, C//2N), 5.64 (s, 2 H, 

CH=CH).CH=CH). nC NMR (CDC13): 8 (ppm) 24.2, 27.6 and 30.8 (3><CH2 azacycle), 39.6 (CH2C), 44.4 (2 C, 

CH2CH=),, 44.8 (q, VC.F = 3.7 Hz, CH2N), 70.3 (Cspiro), 117.0 (q, 2JC.F - 288.9 Hz, CF3), 128.3 

(CH=CH),, 157.5 (q, VC-F = 34.2 Hz, C=0). 19F NMR (CDC13): 8 (ppm) -69.0. FAB-MS: mlz (rel. 
intensity,, %) 248 ([M+H]+, 100), 247 ([M]+, 55), 246 ([M-H]+, 82), 178 ([M-CF3]

+, 24), 135 (30), 133 

(15),, 93 (28), 91 (27), 79 (30), 67 (34), 55 (34), 41 (25). HRMS (FAB): calcd. for Ci2HnF3NO 

[M+H]++ 248.1262, observed 248.1247. 

6-(Trifluoroacetyl)-6-azaspiro[4.12]heptadec-2-enee (10): Isolated in 99% 

yieldd after chromatography (hexanes/ethyl acetate 15:1) as a colourless oil. *H NMR 
(CDC13):: 8 (ppm) 1.23 - 1.50 (m, 16 H, 8 CH2 azacycle), 1.65 (t, J = 6.9 Hz, 2 H, 

CHCH22C\C\ 1.80 (m, 2 H, CH2 azacycle), 2.52 (d, J= 14.7 Hz, 2 H, Ctf2CH=), 2.78 (d, J 

==  15.3 Hz, 2 H, C#2CH=), 3.53 (t, J= 14.7 Hz, 2 H, C//2N), 5.61 (s, 2 H, CH=CH). 
13CC NMR (CDC13): 8 (ppm) 23.43, 23.47, 23.7, 25.0, 25.3, 25.8, 26.1, 26.9 and 28.3 

(9xCH22 azacycle), 38.1 (CH2C), 43.9 (2 C, CH2CH=), 44.8 (q, VC.F = 3.6 Hz, CH2N), 

70.55 (Cspiro), 117.0 (q, 2JC.¥ = 289.3 Hz, CF3), 128.5 (CH=CH), 157.8 (q, VC.F = 34.6 Hz, C=0). "F 

NMRR (CDC13): 8 (ppm) -68.4. FAB-MS: mlz (rel. intensity, %) 332 ([M+H]+, 100), 331 ([M]+, 50), 

3300 ([M-Hf, 70), 262 ([M-CF3]
+, 14), 147 (15), 95 (19), 93 (19), 81 (22), 80 (21), 79 (23), 67 (27), 55 

(17).. HRMS (FAB): calcd. for C18H29F3NO [M+H]+ 332.2201, observed 332.2200. Anal: calcd. C 

65.23,, H 8.52, N 4.23; found C 65.37, H 8.81, N 4.13. 

6,9-Dibenzyl-6,9-diazaspiro[4.5]dec-2-enee (12): Isolated as a pale yellow oil in / P h 

58%% yield after chromatography (petroleum ether 40-60°C/ethyl acetate, 12:1 to 4:1 J, 

withh 1% ethanol as eluent). 'H NMR (CDC13): 8 (ppm) 2.20 - 2.68 (m, 10 H, all CH2 

azacyclee and carbocycle), 3.50 (s, 4 H, Ctf2Ph), 5.65 (s, 2 H, CH=CH), 7.19 - 7.37 (m, ^fg-

100 H, Ph). "C NMR (CDC13): 8 (ppm) 47.9 (2C, CH2CH=), 54.2 (2 C, CH2CH2), 63.1 J 

(CH=CH),, 128.8 (Ph), 129.1 (Ph), 129.5 (br, Ph), 138.8, 140.6 (both Cipso). FAB-MS: mlz (rel. 

(NCH2C),, 65.3 (2 C, CH2Ph), 65.5 (Cspiro), 126.8 (Ph), 127.2 (Ph), 128.37 (Ph), 128.43 P h 
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Nk k 

N N 

intensity,, %) 319 ([M+H]+, 32), 318 ([M]+, 33), 317 ([M-H]+, 47), 227 ([M-PhCH2]
+, 11), 134 ([M-

2PhCH2-2H]+,, 34), 91 ([PhCH2f, 100). HRMS (FAB): calcd. for C22H27N2 [M+H]+ 319.2174, 

observedd 319.2173. 

6,13-Bis(trifluoroacetyl)-6,13-diazadispiro[4.2.4.2]tetradeca-2,10-dienee O^^CFj 

(14):: Isolated as a colourless solid (mp. 212-3°C) in 89% yield after fi 

chromatographyy (hexanes/ethyl acetate 20:1). *H NMR (CDC13): 5 (ppm) 2.27 

(veryy br d, Jm = 1AA Hz, 4 H, C#2CH=), 3.05 (very br d, Jm = 50.7 Hz, 4 H, 

Ci/2CH=),, 3.72 (br s, 4 H, Ci/2N), 5.69 (s, 4 H, CH=CH). °C NMR (CDC13): 5 

(ppm)) 39.5 (br s, 2 C, CH2CH=), 41.1 (br s, 2 C, CH2CH=), 50.2 (2C, CH2N), 67.1 F 3 C ^ O 

(22 C, Cspil0), 116.1 (q, VC-F = 288.9 Hz, 2 C, CF3), 128.3 (4C, CH=CH), 156.1 (q, 

VC-FF = 35.4 Hz, 2 C, C=0). 19F NMR (CDC13): 5 (ppm) -69.3. FAB-MS: mlz (rel. intensity, %) 383 

([M+H]+,, 100), 381 ([M-H]+, 40), 307 (16), 289 (11), 285 ([M-COCF3]
+, 7), 190 ([M-2COCF3+2H]+, 

38),, 79 ([C4H4N2-H]+, 99). HRMS (FAB): calcd. for C16H17F6N202 [M+H]+ 383.1194, observed 

383.1204.. Anal: calcd. C 50.27, H 4.22, N 7.33%; found C 50.41, H 4.17, N 7.21%. 

5.5.44 X-ray Crystallographic Study 
Intensityy data were collected on an Enraf-Nonius CAD-4 diffractometer using a crystal of 

dimensionss 0.50 x 0.35 x 0.25 mm, with graphite-monochromated Mo-Ka X-rays (X, = 0.71069) and 

co-266 scan. A total of 1849 reflections (of which 1841 were unique) in the range 2.4° < 28 < 26.4° were 

collectedd at room temperature, and these were subsequently corrected for Lorentz effects, polarisation 

effectss and for linear absorption by a Y-scan method (Traax,mjn = 0.98, 0.79). Crystal data: 

Ci6Hi6F6N202,, FW = 382.31, crystal class monoclinic, space group P2U a = 8.254(2), b = 11.977(2), c 

== 8.972(2) A, fi =  105.63(3)°, V, = 854.1(3) A3, Dc = 1.487 g cm'3, Z = 2, F(000) = 392, u(Mo-£a) = 

0.1422 mm"1. 

Thee structure was solved using the direct methods option of SHELXS-9768 and subsequently 

refinedd using SHELXL-97.69 All non-hydrogen atoms were assigned anisotropic temperature factors 

andd all hydrogen atom positions were determined by calculation. The refinement converged with Ri = 

0.07888 for 1642 data with / > 2o(7), 0.0819 for all data; wR2 = 0.1699 {w = l/[a2(F0
2) + (0.1322P)2 + 

0.0101P],, where P = (F0
2 + 2Fc

2)/3}, and GoF = 1.149. No parameter shifted in the final cycle. The 

Flackk x parameter refined to 0.0(13) indicating the correct absolute structure was chosen. The final 

differencee map showed no peaks or troughs of electron density greater than +0.60 and -0.35 e A"3, 

respectively. . 

CCDC-2197222 contains the supplementary crystallographic data for this paper. These data can 

bee obtained free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html [or from the Cambridge 

Crystallographicc Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK; fax: (internat.) +44-

1223/336-033;; E-mail: deposit@ccdc.cam.ac.uk]. 
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Summary y 

Inn the past decade impressive development of olefin metathesis catalysts and their 
applicationss has taken place. Especially, the discovery of ruthenium carbene complexes of the 
generall formula Ru(=CHR)Cl2(PR'3)2 (e.g. R = Ph; R' = Ph or Cy (1)) by Grubbs and co
workers,, has had a profound impact on the field. A wide variety of ligands have since been 
usedd for the preparation of new analogues of this type of catalyst. Some of these ligands, e.g. 
-/V-heterocyclicc carbenes (NHCs) and 2-isopropoxybenzylidene, produce more active and 
versatilee catalysts, e.g. 2 - 5 , for alkene metathesis. 
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Thee well-defined homogeneous metathesis catalysts are now a formidable tool in the 

handss of an organic chemist due to their high catalytic activity, chemical robustness and 
functionall group tolerance. The combination of these properties with the features of the 
heterogeneouss catalytic systems, that are ease of handling, separation, and reusability, would 
bee advantageous. 

Inn Chapter 2 we have reported a new simple approach for permanent immobilisation of 
rutheniumm carbene complexes on a polymeric support using carboxylate ligands as the linking 
groups.. The supported first generation Ru carbene catalyst performed well in the self-
metathesiss of internal alkenes and ring closing metathesis (RCM). It was easily separated 
fromm the metathesis products and reused without the addition of any stabilising agents, 
althoughh some leaching and deterioration of the catalyst was observed. Exploring the scope of 
thee procedure, resin-immobilised ruthenium carbenes Rul-PS and Ru2-PS of the 1st and 2nd 

generationn catalysts, respectively, were prepared using the original or modified protocol with 
metall loading on the support varying from 0.35 to 2.90 wt% of ruthenium. 
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Thee supported catalyst of the second generation Ru2-PS showed unexpected 
diminishedd activity in RCM but was still a superior catalyst in cross metathesis (CM) of 
internall alkenes. With increasing ruthenium loading of the supported catalyst, inferior activity 
wass observed due to formation of unidentified metathesis-inactive Ru complexes and clusters. 
Thee supported catalysts could be recycled, though upon recycling the activity decreased. In 
thee first cycle this was caused by catalyst leaching and in the following cycles mainly by 
catalystt decomposition. Contamination with ruthenium residues was relatively low, 
facilitatingg the work-up and purification of the metathesis products. The ruthenium K edge 
EXAFSS measurements were used to elucidate the binding mode of ruthenium to the support. 
Inn the first generation resins with a low metal loading the binding occurred via a chelating 
carboxylicc group of one linker unit, which replaced a chlorine and a phosphine atom. In the 
casee of immobilised second generation Ru carbene both chelating and monodentate tethers are 
neededd to account for the experimental results. 

Neww aspects of homogeneous Ru carbene complexes are described in the two 
subsequentt chapters. Ruthenium carbene complexes containing diphosphines could be 
synthesisedd by either phosphine substitution in the PPh3 analogue of Grubbs catalyst or in a 
one-pot,, two-step synthetic procedure starting from RuCl2(PPh3)3, phenyldiazomethane and 
ann appropriate diphosphine. 

gg 7 8a m = 1 
8b mm  = 4 

Diphosphiness with rigid backbones produced mononuclear complexes, e.g. 6 and 7, 
whereass the ligands featuring flexible aliphatic chains gave dinuclear complexes e.g. 8a and 
8b.. These complexes are stable to air and moisture, but they showed lower activity in ring 
openingg metathesis polymerisation ROMP of norbornene and RCM of diethyl diallylmalonate 
thann Grubbs catalyst. The lower activity can be attributed to a detrimental effect of the 
chelatingg ligand and possible contributions from unfavourable steric effects. These 
observationss are in general agreement with the postulated mechanism for the metathesis 
reaction. . 

Wee also accomplished the synthesis of the NHC ligands H2IAd (9) and H2IAdMes (10) 
bearingg the very bulky adamantyl substituent. Only H2IAdMes reacted with Grubbs catalyst 
too give the expected product 11. In light of this result, the apparent inability of H2IAd to 
displacee a PCy3 ligand in Grubbs catalyst is primarily a consequence of the uncompromising 
stericc bulk of H2IAd ligand. The formation of only a single isomer of 11, together with a 
space-fillingg model generated from its crystallographic coordinates, further support this 
notion.. The crystal structure of a phosphine-free, dinuclear analogue shows a similar global 
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spatiall arrangement of ligands as found for the mononuclear carbene, although some 
additionall peculiar features were also observed. 

pjfcqpjfcq p - ^  P 5^ 
99 10 C ' P C V 3 P h 

11 1 

Thee catalytic behaviour of the new complex 11 clearly highlights the relevance of the 
NHCC ligand employed when designing second generation Grubbs-type metathesis catalysts. 
Inn the present case, the H2IAdMes ligand (10) imparted the resulting complex with only very 
limitedd metathesis activity, considerably lower than the parent complex. Indeed, complex 11 
wass incapable of initiating the metathesis of 1-octene in the absence of a phosphine scavenger 
(CuCl),, and even then only very low turnover numbers could be obtained. The very low 
metathesiss performance of 11 illustrates the importance of the steric bulk of the NHC 
fragment. . 

Finally,, we have demonstrated that the combination of diallylboration of lactams 12 and 
thee subsequent ring closing metathesis of the resulting 2,2-diallyl JV-heterocyclic compounds 
(13)) is an efficient route towards 6-azaspiro[4.«]alk-2-enes (14). 

r ^ V "" ( ^ M ^ / ~ Y 1. protection 

VV  THF * ? ^ " \ 2.1or3 " 
HH 2n ' ref lux H 58-99% 

n=1 ,2 ,, 3, 9 
122 13 14 

Bothh steps of the procedure give the wanted products in high yields. Protection of the 
freee amine with an appropriate group to neutralise the catalyst-deteriorating basicity of the 
nitrogenn atom greatly facilitated the ring closing metathesis. A limitation of this procedure 
wass that only the cyclopentene ring could be formed and the double bond was always P with 
respectt to the spiro carbon atom. 
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Dee ontwikkeling van katalysatoren voor de metathese van alkenen en de toepassingen 
ervann hebben het afgelopen decennium een indrukwekkende ontwikkeling doorgemaakt, met 
namee als gevolg van de ontdekking van rutheniumcarbeen-complexen met de algemene 
formulee Ru(=CHR)Cl2(PR'3)2 (bv. met R = Ph, R' = Ph of Cy (1)) door de groep van Grubbs. 
Eenn grote verscheidenheid aan liganden is gebruikt om nieuwe katalysatoren analoog aan 
dezee typen complexen samen te stellen. Enkele van deze liganden, zoals bijvoorbeeld 
N-heterocyclischee carbenen (NHC's) en 2-isopropoxybenzylidene, leiden tot actievere en 
breedd toepasbare katalysatoren 2 - 5 voor de metathese van alkenen. 
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Homogene,, goed gedefinieerde metathese katalysatoren zijn van grote waarde voor 
organischee chemici dankzij hun uitstekende activiteit, chemische robuustheid en tolerantie 
voorr functionele groepen. Het zou gunstig zijn de eigenschappen van deze homogene 
katalysatorenn te combineren met die van heterogene katalysatoren, waardoor de scheiding van 
dee katalysator van de producten en hergebruik van de katalysator mogelijk worden. 

Inn hoofdstuk 2 wordt een nieuwe, eenvoudige manier voor het permanente verankeren 
vann rutheniumcarbeen-complexen via een carboxylaat verbinding aan polymeren beschreven. 
Dee geïmmobiliseerde, eerste generatie rutheniumcarbeen-katalysator presteerde goed in de 
zelf-metathesee van interne alkenen en de ring sluiting metathese. De katalysator is eenvoudig 
tee scheiden van de reactieproducten en her te gebruiken zonder de toevoeging van 
stabilisatoren,, hoewel enig verlies en degradatie van de katalysator is waargenomen. 
Polymerenn met geïmmobiliseerde eerste Rul-PS en tweede Ru2-PS generatie 
rutheniumcarbene-complexenn met gewichtspercentages aan ruthenium van 0,35 tot 2,90% 
zijnn gesynthetiseerd via het originele protocol of via een gemodificeerd voorschrift. 

o ^ o ^ oo F F F F 
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Dee geïmmobiliseerde tweede generatie katalysator Ru2-PS heeft een onverwacht lage 
activiteitt in de ring sluiting metathese, maar is daarin tegen de superieure katalysator in de 
kruismetathesee van interne alkenen. Hogere ruthenium belading van het polymeer leidt tot een 
lageree metathese activiteit als gevolge van de vorming van metathese-inactieve 
rutheniumcomplexenn en clusters. De geïmmobiliseerde katalysatoren kunnen worden 
gerecycled,, hoewel de recycling gepaard gaat met een afname in de activiteit. In de eerste 
cycluss wordt de afname veroorzaakt door het weglekken van katalysator naar de organische 
fase,, terwijl de afname in activiteit in de volgende cycli wordt grotendeels veroorzaakt door 
degradatiee van de katalysator. Het rutheniumgehalte in de organische fase is relatief laag, wat 
dee opwerking van de metatheseproducten vereenvoudigt. Ruthenium K-edge EXAFS 
metingenn zijn verricht om de binding van het ruthenium aan het polymeer te onderzoeken. In 
dee Rul-PS katalysatoren met een laag rutheniumgehalte wordt het rutheniumcomplex 
gebondenn via een bidentaat carboxylaat groep die een chloor en fosfine ligand vervangt. De 
experimentelee resultaten suggereren dat het geïmmobiliseerde tweede generatie ruthenium-
carbeenn Ru2-PS wordt gebonden via zowel een bidentaat als monodentaat carboxylaat groep. 

Dee hoofdstukken 3 en 4 beschrijven respectievelijk de synthese van homogene 
rutheniumcarbeen-complexenn gebaseerd op difosfine liganden en N-heterocyclische liganden. 
Rutheniumcarbeen-complexenn met difosfine liganden zijn gesynthetiseerd door enerzijds 
substitutiee van PPI13 in de trifenylfosfine variant van de complex 1 en anderzijds in een 
tweestapss synthese uitgaande van RuCl2(PPh)3, fenyldiazomethaan en een difosfine. 
Difosfiness met een rigide structuur geven aanleiding tot mononucleaire complexen, 
bijvoorbeeldd 6 en 7, terwijl difosfine liganden met flexibele, alifatische ketens aanleiding 
gevenn tot dinucleaire complexen 8a en 8b. 

66 7 8a m = 1 
8bmm = 4 

Dee complexen zijn stabiel ten opzichte van lucht en vocht, maar vertonen een lage 
activiteitt in zowel de ROMP van norborneen als de ring sluiting metathese van diethyl 
diallylmalonaatt vergeleken met de Grubbs-katalysator 1. Dit kan worden toegeschreven aan 
hett chelaat-effect waarbij het difosfine ligand de vorming van het katalytisch actieve deeltje 
remt,, maar ook sterische factoren van het ligandskelet zouden kunnen bijdragen aan de lagere 
activiteit.. Onze observaties onderschrijven het gepostuleerde mechanisme van de metafhese-
reactie. . 

Wee zijn er in geslaagd NHC liganden met volumineuze adamantyl substituenten te 
synthetiseren.. H2IAd (9, met twee adamantyl substituenten) en H2IAdMes (10, met een 
adamantyll en een mesityl substituent) zijn als uitgangsstoffen voor NHC liganden gesyntheti
seerd.. Enkel H2IAdMes reageert met de Grubbs-katalysator tot het gewenste product 11. 
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Hett onvermogen van H2IAd om een PCy3 ligand in de Grubbs-katalysator 1 te 
vervangenn kan worden toegeschreven aan de grote sterische hindering die de adamantyl 
substituentenn induceren. Deze verklaring wordt ondersteund door het feit dat bij de synthese 
vann 11 er maar één isomeer wordt gevormd. Verder blijkt uit het CPK-model van de 
kristalstructuurr van 11 dat het onmogelijk is twee adamantyl substituenten te accommoderen 
inn het Ru carbeencomplex. De kristalstructuur van het analoge, fosfine-vrije dinucleaire 
complexx vertoont een zelfde ruimtelijke ordening van de NHC liganden rond het ruthenium 
alss in het mononucleaire complex, hoewel er ook een aantal additionele, eigenaardige 
kenmerkenn in de binding zijn te onderscheiden. Het belang van het juiste ontwerp van hei 

NHCC ligand voor tweede generatie Grubbs-katalysatoren blijkt uit de verkregen katalyse 
resultaten.. De introductie van 10 als ligand resulteert in een zeer lage metathese activiteit in 
vergelijkingg tot de traditionele Grubbs-katalysatoren. Het nieuwe complex is niet in staat de 
zelf-metathesee van 1-octeen te katalyseren zonder de toevoeging van CuCl als fosfine-vanger, 
waarnaa de katalysator alsnog maar weinig 'turnovers' maakt. De lage metathese activiteit 
illustreertt het belang van de sterische omvang van het NHC ligand en is een cruciaal punt 
waarmeee rekening moet worden gehouden in toekomstige ontwerpen voor metathese-
katalysatorenn gebaseerd op het Grubbs-motief. 

Inn het laatste hoofdstuk van dit proefschrift hebben we aangetoond dat de combinatie 
vann diallylborering van lactamen 12 gevolgd door ring sluiting metathese op 2,2-diallyl 
Af-heterocyclischee verbindingen 13 een efficiënte route is naar 6-azaspiro[4.«]alk-2-enen 14. 

THF F 
2h,, reflux 
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1.. bescherming 
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Beidee synthesestappen geven de gewenste producten in hoge opbrengsten. Bescherming 

vann het vrije amine in 13 met de juiste beschermgroep is noodzakelijk voor een efficiënte 

ringsluitingsstapp door middel van metathese. De gepresenteerde route heeft als beperking dat 

enkell cyclopenteenringen kunnen worden gesynthetiseerd, waarbij de dubbele binding zich 

altijdd op de P-positie ten opzichte van het spiro-atoom bevindt. 
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Streszczenie e 

WW ciaju ostatnich dziesifciu lat ma miejsce szybki rozwój katalizatorów do metatezy 
olefinn i ich zastosowari w chemii organicznej, glównie dzi^ki otrzymaniu przez Grabbsa i 
jegoo wspólpracowników nowej klasy kompleksów rutenu z ligandami karbenowymi o wzorze 
sumarycznymm Ru(=CHR)Cl2(PR'3)2 (gdzie R = Ph, R' = Ph lub Cy (1), tzw. katalizatory 
pierwszejj generacji). Do syntezy nowych analogów powyzszych kompleksów zastosowano 
wielee ligandów, sposród których JV-heterocykliczne karbeny (ang. NHC) i karbeny z 
ugrupowaniemm 2-izopropoksybenzylidenowym dajâ  nowe katalizatory drugiej generacji 2 - 5 
oo zwiejcszonej aktywnosci i jeszcze szerszym polu zastosowan. 
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Katalizatoryy homogenne posiadajace w pemi okreslona_ strukture. chemicznq. sâ  
swietnymm narz^dziem w rejcach chemika organika z racji ich wysokiej aktywnosci katality-
cznejj oraz chemicznej trwalosci polaczonej z odpornoscia^ wobec grup funkcyjnych. 
Polaczeniee tych wlasciwosci z wlasnosciami systemów heterogennych, takich jak latwosc 
manipulowania,, oddzielania oraz mozliwosc ponownego uzycia, byloby bardzo korzystne. 

WW tym wzgle_dzie, w rozdziale drugim tej pracy doktorskiej przedstawiono nowy, prosty 
sposóbb na nieodwracalne osadzenie karbenowych kompleksów rutenu na polimerycznych 
nosnikachh za pomoca^ ligandów karboksylowych jako grup lacz^cych. Otrzymany 
heterogennyy katalizator pierwszej generacji wykazywat wysokâ  aktywnosc w homometatezie 
acyklicznychh alkenów (ang. self-metathesis) oraz metatezie z zamkni^ciem pierscienia (ang. 
RCM).. Mozna go bylo latwo oddzielic od produktów metatezy i ponownie uzyc bez 
koniecznoscii stosowania stabilizatorów. Uzywajac oryginalnej procedury i jej zmodyfiko-
wanychh wersji, przygotowano karbenowe kompleksy rutenu pierwszej Rul-PS i drugiej 
generacjii Ru2-PS osadzone na zywicach z zawartoscia_ rutenu od 0,35 do 2,90 % masowego. 

cuu ,-<X ^,0 FF F 

a a 
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Niespodziewanie,, heterogamy katalizator drugiej generacji Ru2-PS okazal si? bye 
mniejj aktywny od katalizatora pierwszej generacji Rul-PS w modelowych reakejach 
metatezyy z zamkni?ciem pierscienia, chociaz w reakejach homodimeryzacji zachowal 
znaezniee wi?ksza_ aktywnosc typowa. dia katalizatorów drugiej generacji. Wraz ze wzrostem 
zawartoscii rutenu na nosniku zaobserwowano obnizona^ aktywnosc katalityczna^ co przypisac 
moznaa rosna^cemu udzialowi nieaktywnych w metatezie kompleksów i klasterów rutenu. 
Immobilizowanee katalizatory mozna bylo zastosowac wielokrotnie, chociaz w miar? 
kolejnychh cykli ich aktywnosc malala. Po pierwszym cyklu spadek ten zachodzil z powodu 
wymywaniaa metalu, zas w nast?pnych glównie z powodu rozkladu aktywnego katalizatora. 
Zanieczyszczeniee produktów organieznych rutenem bylo relatywnie niskie, ufatwiajac tym 
samychh ich przerób i doezyszezenie. W celu ustalenia struktury heterogennego katalizatora 
uzytoo pomiarów przejscia K rutenu w spektroskopii EXAFS (rozcia_gla struktura subtelna 
rentgenowskichh widm absorpeji). W zywicach o niskiej zawartosci rutenu pol^czenie z 
nosnikiemm zachodzi przez chelatuja_ca_ grup? karboksylowa^ która podstawiala anion 
chlorkowyy i fosfin? w kompleksie Grubbsa. W przypadku immobilizowanego katalizatora 
drugiejj generacji obecnosc zarówno chelatujqcej jak i monokleszczowej grupy karboksylowej 
jestt postulowana w oparciu o zebrane dane doswiadczalne. 

Nowee homogenne kompleksy karbenowe rutenu przedstawiono w dwóch kolejnych 
rozdzialachh niniejszej pracy doktorskiej. Kompleksy zawieraja.ee difosfiny przygotowano 
przezz wymian? fosfin w trifenylofosfïnowym analogu katalizatora 1 lub w dwuetapowej, 
prowadzonejj w jednym reaktorze syntezie z RuCl2(PPli3)3, fenylodiazometanu i odpowiedniej 
difosfiny.. Difosfiny o sztywnym szkielecie dafy kompleksy mononuklearne, np. 6 i 7, 
podezass gdy w reakejach ligandów chelatujacych zbudowanych na bazie gi?tkiego laricucha 
alifatyeznegoo otrzymywano kompleksy dirutenowe 8a i 8b. 

66 7 8a m = 1 
SbSb m = 4 

Obydwaa typy zwi^zków byry jako ciala stale trwale wobec wilgoci i powietrza. Jednak 
ichh aktywnosc katalityczna okazala si? duzo mniejsza niz aktywnosc katalizatora Grubbsa (1) 
ww polimeryzacji cyklicznych olefin z otwarciem pierscienia (ang. ROMP) i RCM. Takie 
zachowaniee jest wynikiem negatywnego dzialania chelatuja_cej fosfiny, opózniaja_cej 
powstaniee kompleksów aktywnych katalitycznie. Efekty steryezne szkieletu równiez mogâ  
miecc wpfyw na obnizenie aktywnosci. Powyzsze stwierdzenia sa_ zgodne z postulowanym 
mechanizmemm metatezy. 

Powiodloo si? tez przygotowanie karbenów N-heterocyklicznych (NHC) zawierajaxych 
grup?? adamantylowa^ b?da_ca_ steryeznie bardzo duzym ugrupowaniem. Sposród dwóch 
otrzymanychh prekursorów ligandów: H2iAd (9, zawieraja^cego dwie grupy adamantylowe) 
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orazz H2IAdMes (10, zawieraja^cego jedna_ grup? adamantylowa_ i jedna. mezytylowaj, tylko ten 

ostatnii reagowal z kompleksem 1, dajqc oczekiwany produkt 11. 

p^ qq p - ^  pr^~ 
99 10 C ' P C V3 P h 

11 1 

Niezdolnoscc ligandu H2IAd do wymiany PCy3 w katalizatorze Grubbsa jest glównie 
wynikiemm zawady sterycznej ligandu, który nie miesci si? w sferze koordynacyjnej 
kompleksuu rutenu. Zaobserwowano tylko jeden izomer kompleksu 11, a jego przestrzenny 
modell oparty na strukturze krystalograficznej dodatkowo potwierdza powyzsze stwierdzenie. 
Strukturaa krystalograficzna dirutenowego analogu pozbawionego ligandu fosfinowego 
pokazujee zblizone do mononuklearnego kompleksu rozmieszczenie przestrzenne ligandów 
wokóll rutenu. Aktywnosc katalityczna nowego kompleksu podkresla znaczenie ligandów 
NHCC w katalizatorach Grubbsa drugiej generacji. W przypadku tutaj poruszonym, kompleks 
111 wykazal bardzo ograniczon% reaktywnosc, znacznie mniejsza^od wyjsciowego karbenu 1, 
jakoo ze nie inicjowal metatezy 1-oktenu bez obecnosci zwiâ zku trwale wiajzaxego fosfin? 
(CuCl),, a nawet wtedy uzyskano niskie liczby cykli reakcyjnych katalizatora (ang. TON). 

WW ostatnim rozdziale tej pracy doktorskiej opisano zastosowanie kombinacji 
dialliloborowaniaa laktamów 12 i metatezy z zamkni^ciem pierscienia powstalych 2,2-di-
allilo-N-heterocyklicznychh zwia_zków 13 jako efektywnej metody syntezy 6-azaspiro[4.«]alk-
2-enóww (14). 

// W" (<f^~^h I \y 1. zabezpieczenie 

NN  THF N ^ ^ \ 2.1 or 3 
HH 2h, refluks H 58-99% 

n = 1 , 2 , 3 , 9 9 
122 13 14 

Stosownee zwiâ zki otrzymano z wysokâ  wydajnoscia. w obydwu etapach syntezy. 

Zamkni^ciuu pierscienia podczas RCM bardzo sprzyjalo zabezpieczenie wolnej grupy 
aminowejj za pomoca. odpowiedniej grupy, która neutralizuje zasadowosc atomu azotu i 
zapobiegaa rozkladowi katalizatora. Pewnym ograniczeniem procedury jest fakt, ze pozwala 
onaa na otrzymanie tylko pi^cioczlonowego pierscienia z wiqzaniem podwójnym w pozycji p" 

ww stosunku do spiro atomu w^gla. 
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