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Foreword 

Organometallic chemistry is a well established research area at the interface of 

organic and inorganic chemistry. In recent years this field has undergone a ren¬ 

aissance as our understanding of organometallic structure, properties and 

mechanism has opened the way for the design of organometallic compounds 

and reactions tailored to the needs of such diverse areas as medicine, biology, 

materials and polymer sciences and organic synthesis. For example, in the de¬ 

velopment of new catalytic processes, organometallic chemistry is helping meet 

the challenge to society that the economic and environmental necessities of the 

future pose. 

As this field becomes increasingly interdisciplinary, we recognize the need for 

critical overviews of new developments that are of broad significance. This is our 

goal in starting this new series Topics in Organometallic Chemistry. 

The scope of coverage includes a broad range of topics of pure and applied or¬ 

ganometallic chemistry, where new breakthroughs are being achieved that are of 

significance to a larger scientific audience. Topics in Organometallic Chemistry 

differs from existing review series in that each volume is thematic, giving an 

overview of an area that has reached a stage of maturity such that coverage in a 

single review article is no longer possible. Furthermore, the treatment addresses 

a broad audience of researchers, who are not specialists in the field, starting at 

the graduate student level. Discussion of possible future research directions in 

the areas covered by the individual volumes is welcome. Finally, the coverage is 

conceptual, focussed and concise, presenting the most significant results and the 

underlying principles that are emerging. Thus where appropriate, the authors 

are encouraged to include theoretical and mechanistic aspects. Indeed, one of 

the first volumes, Organometallic Bonding and Reactivity: Fundamental Stud¬ 

ies, edited by John Brown and Peter Hofmann, will be a cornerstone of the series. 

It seems appropriate that the first volume of this series, Alkene Metathesis in 

Organic Synthesis, edited by Alois Fiirstner, covers one of the most exciting and 

dynamic areas of modern organometallic research. Several volumes on other ar¬ 

eas, where significant breakthroughs are being achieved, will be published soon. 

Furthermore we are convinced that organometallic chemistry is such a fertile 
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and expanding research field that there will be many new topics in the future 

that will deserve coverage. 

John M. Brown, Oxford 

Pierre Dixneuf, Rennes 

Alois Fiirstner, Mulheim 

Louis S. Hegedus, Fort Collins 

Peter Hofmann, Heidelberg 

Paul Knochel, Marburg 

Tobin J. Marks, Evanston 

Shinji Murai, Osaka 

Manfred Reetz, Mulheim 

Gerard van Koten, Utrecht September 1998 



Preface 

Olefin metathesis has its roots in polymer chemistry, but it remained a labora¬ 

tory curiosity in organic synthesis for decades, simply because most of the early 

metathesis catalysts are more or less incompatible with polar functional groups. 

The advent of metal alkylidene chemistry completely changed this situation: 

various complexes of this type were found to be well defined, single component 

(pre)catalysts that are distinguished by a high performance as well as by a re¬ 

markable tolerance towards polar groups. The impact of this discovery can 

hardly be overestimated: it led to the design of user-friendly tools for all types of 

olefin metathesis reactions which, in turn, enable highly imaginative syntheses 

of complex target molecules and opened up new vistas for advanced polymer 

chemistry and materials science. 

This monograph of the new Springer series “Topics in Organometallic Chem¬ 

istry” is not intended to provide a comprehensive treatise of metathesis. Even 

more so, I guess that such an endeavour would be in vain at the present time due 

to the explosive growth in the number of publications, which substantiates the 

rapidly increasing importance and popularity of this transformation. However, 

the volume collects a series of review articles highlighting some of the most ex¬ 

citing advancements that have been reached in recent years. They may enchant 

the reader, will serve as a valuable source of information, and hopefully will 

stimulate further creative work in this timely field of research. I am indebted to 

all fellow chemists who generously contributed their expertise and knowledge to 

this project. 

Mulheim, September 1998 Alois Ftirstner 
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Olefin Metathesis by Well-Defined Complexes of 
Molybdenum and Tungsten 

Rickard R. Schrock 

Olefin metathesis is a catalytic process whose key step consists of a reaction between an ole¬ 
fin and a transition metal alkylidene complex. Some of the best understood alkylidene cat¬ 
alysts contain Mo or W in its highest possible oxidation state, along with “supporting” 
alkoxide ligands and an imido ligand. Recent advances in our understanding of these cata¬ 
lysts from a fundamental perspective, and in ring opening metathesis polymerization 
(ROMP) and ring closing metathesis (RCM), in particular, are reviewed. 
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1 

Introduction 

Olefin metathesis is a catalytic process whose key step is a reaction between an 

olefin and a transition metal alkylidene complex, usually M=CHR (Eq. 1) or M= 

CH2> in a 2+2 fashion to give an unstable intermediate metalacyclobutane ring 

[1]. All possible reactions of this general type are reversible, possibly nonpro¬ 

ductive, and in competition with one another, so the overall result depends 

heavily on relative rates, and in the case of formation of volatile or insoluble 

products, displacement of equilibria as those products form. 
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M=CHR1 + R^h^CHRj. —- M—CHR! 

R2HC—CHRt 

M=CHR2 + R^HsCHRt 

cis or trans 
(1) 

Much of the proof for the mechanism of this reaction has been provided by stud¬ 

ies that involve isolated alkylidene or metalacyclobutane complexes, first of Ti 

[2-4] and Ta [5], and then of Mo and W [6,7]. In all such species the metal is in 

its highest possible oxidation state if the alkylidene ligand is viewed as a dianion. 

Alkylidene complexes are also called carbene complexes, especially for later 

transition metals in which the metal-carbon double bond is not as polarized 

(M(6+)=C(8-)) as it is in an early transition metal complex, and the metal is not 

in its highest possible oxidation state. Some later metal complexes are active me¬ 

tathesis catalysts, especially ruthenium complexes of the type Ru(CHR)Cl2 

(PR'3)2 [8-11 ]. Later transition metal carbene complexes have a higher tolerance 

than “d°” alkylidene complexes toward oxygen and protic reagents, even water, 

consistent with their less polar nature and the less “oxophilic” nature of the later 

transition metal. The trade-off is that the reactivity of ruthenium complexes to¬ 

ward more hindered or substituted C=C bonds is lower than the reactivity of Mo 

or W alkylidene species. In “classical” catalyst systems, side reactions that lead 

to isomerization of the C=C bond are sometimes observed, usually long after 

metathesis equilibrium has been established [1]. Isomerization of the C=C bond 

has now been observed in metathesis reactions catalyzed by the “well-defined” 

or “well-characterized” Mo and W complexes reviewed here [12,13], although it 

is safe to say that double bond isomerization is so rare that it is not a serious con¬ 
cern. 

Several fundamental types of metathesis reactions for monoolefins or diole¬ 
fins are shown in Eqs. 2-5. 

Coupling 
2 RCH=CH2 -- RCH=CHR + CH2=CH2 (2) 

ADMET 
y CH2=CH(CH2)xCH=CH2->► =£CH(CH2)xCH}= y + y CH2=CH2 

Removal of a product (e.g., ethylene, Eq. 2) from the system could dramatically 

alter the course and/or rate of a desired metathesis reaction, since ethylene re¬ 

acts with an alkylidene complex to form a methylene (M=CH2) complex, which 

is the most reactive (and also the least stable) of the alkylidene complexes. Of 
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potentially greater interest than homocoupling (Eq. 2 [14]) is cross-coupling be¬ 

tween two terminal olefins, especially if one cannot be homometathesized. Cou¬ 

pling reactions involving dienes — only a,co dienes will be used as examples — 

can lead to linear and cyclic dimers, oligomers, and, ultimately, linear or cyclic 

polymers (ADMET [15-29]; Eq. 3). In general ADMET is favored in highly con¬ 

centrated solutions or in neat substrate, while cyclization is favored at low con¬ 

centrations. If the diene couples intramolecularly to give a cyclic alkene, the 

process is called ring-closing metathesis (RCM; e.g., Eq. 4) [10]); RCM has be¬ 

come an important area of research in the last few years, in particular in the con¬ 

text of its application to organic chemistry. Cyclic olefins can be opened and ol¬ 

igomerized or polymerized (ring opening metathesis polymerization or ROMP 

[2, 30]; Eq. 5). When the alkylidene catalyst reacts more rapidly with the cyclic 

olefin (e.g., a norbornene or a cyclobutene) than with a C=C bond in the grow¬ 

ing polymer chain, then “living ROMP” can result, i.e., there is little termination 

during or after a polymerization reaction. A wide variety of block copolymers 

therefore can be prepared [30]. If one also considers that cis or trans olefins can 

be formed in any metathesis step, that all possible alkylidenes can form, that 

alkylidenes and olefins can vary widely in their reactivity, and that all reactions 

are reversible to a greater or lesser extent, then the potential complexity of some 

even ostensibly simple metathesis systems becomes apparent. The reactions 

shown in Eqs. 2,4, and 5 will be the focus of this article, although articles cover¬ 

ing these and other reactions from other perspectives can be found elsewhere in 

this volume. 

Several circumstances can dramatically reduce the turnover frequency of a 

metathesis reaction. For example, the least reactive alkylidene (e.g., a disubsti- 

tuted alkylidene) may be the exclusive or dominant species because of its gener¬ 

ally low reactivity, but it will not react readily with the most reactive olefin at a 

significant rate. A second example of a limited turnover frequency is when a 

metalacyclobutane intermediate is formed that is relatively stable toward loss of 

an olefin. A third example is simple competitive inhibition of olefin binding by 

some donor base, either in an intramolecular fashion in an alkylidene complex, 

or intermolecularly. Finally, any reaction that destroys the alkylidene (e.g., reac¬ 

tion with the carbonyl function, oxygen, water, protic solvents, etc.) will obvi¬ 

ously limit longevity and therefore turnover number. Therefore important is¬ 

sues in systems that involve Mo or W alkoxide complexes in particular are the 

purity of solvents, substrates, and atmosphere. Systems in which the rate of de¬ 

struction of catalytic intermediates is low compared to a productive reaction are 

obviously the most desirable, and some trade-off in terms of purification of sol¬ 

vents and substrates and catalyst loading is usually necessary. However, a nega¬ 

tive result for a single reaction under a given set of conditions could have many 

causes, and in general it is wise to check a known reaction under the same con¬ 

ditions at the same time. 
An alkylidene complex of Mo or W also can react with an acetylene to gener¬ 

ate an intermediate metalacyclobutene intermediate and a new alkylidene via 

rearrangement of the metalacyclobutene (Eq. 6). The new alkylidene may be 
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further involved in metathesis reactions, even though its disubstituted nature 

generally reduces its reactivity compared to the starting M=CHR complex. (In¬ 

tramolecular versions of reactions involving such species will be dramatically 

faster than intermolecular versions, and are known to be viable.) Repetition of 

reactions analogous to that shown in Eq. 6 can lead to oligomerization or po¬ 

lymerization of alkynes to give polyenes [31-34]. Reactions involving acetylenes 

also can be controlled by “fine tuning” the reactivity of an isolable alkylidene in¬ 

itiator [35-38]. A reaction that involves an acetylene also can be employed in a 

“tandem” fashion, i.e., as an intermediate step in some olefin metathesis reac¬ 

tions [39, 40]. This reaction and more extensive “cascade” or “relay” reactions 

could prove useful in certain circumstances. 

M=CHR + R'C=CR' 
(6) 

The vast majority of the “well-defined” Mo and W catalysts that will be discussed 

here in detail contain alkoxide ligands. The sequence of events that led to the re¬ 

alization that alkoxide ligands are compatible with metathetical reactions has 

been recorded elsewhere [6, 7]. Alkoxide ligands must be relatively bulky in or¬ 

der to prevent dimerization or intermolecular decomposition reactions. The 

electronic variability of an alkoxide ligand then allows the reactivity of the metal 

to be “tuned” over a wide range. The effect of changing the alkoxide from OCMe3 

to OCMe(CF3)2 is enormous, especially since two alkoxides are bound to the 

metal in a metathesis catalyst in general. Catalysts that contain other supporting 

ligands have been prepared [1], although their efficiency generally has not been 

documented extensively. (A later section of this article will be devoted to some 

of these species.) Other ligands that are present throughout the metathesis proc¬ 

ess (e.g., imido or oxo) can also play important roles. However, the use of terms 

such as “spectator” or “ancillary” to describe ligands that are bound to the metal 

throughout the metathesis process is inappropriate, as the only truly ancillary 

ligand is one that is not bound to the metal during the metathesis process. A la¬ 

bile base that must be lost to provide a coordination site on the metal falls into 
this category. 

In this chapter I will cover only “well-defined” or “well-characterized” com¬ 

pounds. Results will be included that have appeared since reviews in 1991 on 

alkylidene and metalacyclobutane complexes [41] and in 1993 on ring-opening 

metathesis polymerization [30], but an overview of prior results that are espe¬ 

cially relevant to olefin metathesis in particular will also be included. (An excel¬ 

lent and comprehensive text also has been published recently [1].) The terms 

“well-defined” or “well-characterized” originally were meant to imply that the 

alkylidene complex is isolable and is essentially identical to that in a catalytic re¬ 

action except for the identity of the alkylidene. These terms have been watered 

down from time to time in the literature, even to the point where they are used 

to describe a catalyst that is formed from a “well-characterized” transition metal 

“precursor complex,” but whose identity actually is not known. In this article I 
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will adhere to the original definition. The alkylidene complexes at least should 

be observable in solution, and often some variation should have been isolated, 

structurally characterized, and shown to initiate metathesis without addition of 

any “activator.” The most that will be required will be ligand dissociation. Some 

of -the species discussed herein have been shown to be stable in dilute solution 

for weeks or even months [12], even though they cannot be isolated in the solid 

state, which is good evidence that bimolecular decomposition reactions can be 

slowed at high dilution to the point of being nearly irrelevant. If the reactivity of 

the catalyst toward olefins is high enough, then metathesis reactions can be sus¬ 

tained for a significant period of time. Contributions by other researchers to the 

chemistry of “d°” alkylidene complexes can be found in previous review articles 

[2, 5, 30, 41-44]. Key contributions will be mentioned here again from time to 

time. Several “well-defined” Mo and Ru alkylidene complexes, as well as the pre¬ 

cursor to a family of Mo catalysts, are now available commercially from Strem 

Chemicals. 

The value of a 100% active, “well-defined” species with known structure and 

activity is now becoming appreciated. The possibility of stoichiometric or even 

catalytic reactions resulting from other metal species in solution was a signifi¬ 

cant disadvantage of “classical” metathesis catalysts where only a minuscule 

amount of a necessarily very active species was responsible for catalysis [1]. 

However, the development of simple and expedient “recipes” that comprise an in 

situ synthesis of a “well-defined” catalyst, or a species close to it, may be desira¬ 

ble in some circumstances [45]. The advantages of an in situ synthesis are speed 

and simplicity and the fact that the yield of desired species need not be as high 

as in a typical synthesis where the product must be isolated, as long as no rea¬ 

gents or reaction products other than the desired alkylidene interfere with the 

desired metathesis reaction. However, a specific metathesis reaction by a given 

type of alkylidene complex may be difficult to ensure if it is not the most reactive 

species present. The risk of forming small amounts of a highly reactive, but un- 

selective catalyst is real in all systems, but probably highest in circumstances 

where the true catalyst has not been isolated and purified. Documented cases of 

improved catalyst performance upon purification (usually recrystallization) of a 

well-defined catalyst have now been reported in the literature [46]. 

2 
Methods of Synthesizing Mo and W Alkylidene Complexes 

Mo and W alkylidene complexes usually are prepared from M(VI) dialkyl com¬ 

plexes by some variant of the a hydrogen abstraction reaction (Eq. 7; other lig¬ 

ands omitted) [5,41]. 

M(CH2R)2 -*- M=CHR + CH3R (7) 

The source of the alkyls is usually some main group alkylating agent, and the 

groups that are replaced on M to form a dialkyl complex usually are halides. 

When the alkyl group contains one or more (3 protons, then the predominant re- 
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action usually is a related (3 hydrogen abstraction reaction to give a metal olefin 

complex in which the metal formally has been reduced by two electrons. Recent¬ 

ly it has been demonstrated in tantalum chemistry that a abstraction can be 

faster than |3 abstraction in sterically crowded circumstances that limit the (3 

proton coming close enough to the metal to be activated for (3 abstraction [47- 

49]. However, in general it is believed that (3 abstraction reactions predominate 

over a abstraction reactions. (3 Abstraction is not possible when neopentyl, ne- 

ophyl (CH2CMe2Ph), trimethylsilylmethyl, or benzyl ligands are employed. The 

rate of a abstraction appears to be highest with neopentyl or neophyl ligands 

and the resulting alkylidene is the most stable of the primary alkylidenes. The 

rate of a abstraction in dimethyl complexes is many orders of magnitude slower, 

and the resulting methylene species are the most susceptible to bimolecular de¬ 

composition reactions by many orders of magnitude. For all of these reasons ne- 

opentylidene or neophylidene ligands are often found in well-defined metathe¬ 

sis initiators. a-Hydrogen abstraction can be induced by light, although there 

are few examples of photochemically induced a-abstraction to give a stable 

alkylidene complex in high yield [50]. Nevertheless, catalysts generated in situ 

via photoinduced a abstraction in some cases have been found to be useful ini¬ 
tiators in metathesis reactions [51]. 

An alternative to a abstraction is to add the “pre-formed” alkylidene from an¬ 

other element to a M(IV) species, or to employ a “masked” alkylidene. The first 

example of a reaction of the first type to give a high oxidation state terminal 

alkylidene was the reaction between Ta(q5-C5H5)2(PR3)Me and alkylidene phos- 

phoranes to give Ta(r|5-C5H5)2(CHR)Me (R=H or Me) species [53]. Tungsten 

complexes of the type W(CHCMe3)(0)(PR3)2Cl2 also were first prepared by 

transfer of an alkylidene from tantalum to tungsten [54]. A recent example is the 

reaction between an alkylidenephosphorane and W(NAr)(PR3)3Cl2 complexes 

to give complexes of the type W(CHR)(NAr)(PR3)2Cl2 (Ar=2,6-R2C6H3; Eq. 8) 
[52]. 

-PR3 
W(NAr)(PR3)3CI2 + R'3P=CHR———^ W(NAr)(CHR)(PR3)2CI2 (8) 

- PR 3 

Ph 

(9) 

Ph 

In the latter category is a variation of a reaction that was first reported by Binger 

[55] for preparing Ti vinylalkylidene complexes, an example of which is shown 

in Eq. 9. This type of reaction has been used to prepare tungsten vinyl alkylidene 

complexes by treating W(NAr)(PR3)3Cl2 complexes (R=alkyl or OMe) with 3,3- 

disubstituted cyclopropenes [56]. Similar reactions between W(0)(PR3)3C12 (R= 

alkyl or OMe) and 3,3-diphenylcyclopropene or ketalcyclopropene yield analo¬ 
gous oxo alkylidene complexes [57,58]. The oxo and imido dihalide complexes 

are analogous to bisphosphine tungsten alkylidene complexes prepared earlier 
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[5], and which were found not to be long-lived metathesis catalysts. However, in 

some cases the halides can be replaced by bulky alkoxides and long-lived active 
catalysts thereby prepared. 

3 ~ 

Oxo Alkylidene Complexes 

The first isolated alkylidene complexes of Mo or W that showed significant me¬ 

tathesis activity were pseudo-octahedral oxo alkylidene complexes of tungsten, 

W(0)(CH-f-Bu)(PR3)2Cl2 [54]. It was noted at that time that “W(0)(CH-f- 

Bu)(0-f-Bu)2” could be prepared, although it proved too unstable to character¬ 

ize. In general oxo alkylidene complexes that are capable of reacting with an ole¬ 

fin readily are too unstable toward bimolecular decomposition reactions to be 

isolated, or even observed in solution at a concentration sufficient for NMR de¬ 

tection. Well-characterized and metathetically active oxo alkylidene complexes 

in fact are still rare. Oxo alkylidene complexes are probably the type of alkyli¬ 

dene species present (in dilute solution) in many classical metathesis systems, 

and also in systems in which alkoxide or phenoxide ligands, along with an oxo 

ligand, are present in the starting metal W(VI) complex [45]. Oxo complexes 

also tend to be relatively reactive (e.g., toward alkylating agents) in undesirable 

ways, a fact that leads to low yields of oxo alkylidene species. Nevertheless, oxo 

alkylidene complexes could prove to be important in future systems, if ways can 
be found to prepare them in a straightforward manner and in a respectable 

yield, and to control their reactivity. 

Rare examples of stable and metathetically active oxo alkylidene complexes 

are syn-W(CH-t-Bu)(0)(OAr)2(L) complexes (Ar=2,6-Ph2C6H3; L=PMe3 or 

PPh2Me), prepared by treating W(CH-t-Bu)(0)(PMe3)2Cl2 [54] with two equiv¬ 

alents of KO-2,6-Ph2C6H3. (The syn rotamer is that in which the alkylidene sub¬ 

stituent points toward the oxo ligand.) An X-ray study of syn-W(CH-t- 

Bu)(0)(0Ar)2(PPh2Me) showed it to be a distorted trigonal bipyramid in which 

the oxo ligand, the neopentylidene ligand, and the oxygen of one phenoxide lig¬ 

and all lie in the equatorial plane, a structure that is analogous to that found for 

adducts of imido alkylidene complexes [41]. It is proposed that the phosphine 

occupies the apical position where an olefin coordinates to give an“olefin/alkyli- 

dene” intermediate that has a trigonal bipyramidal geometry; therefore the 

phosphine must be labile enough to generate a four-coordinate oxo alkylidene 

complex rapidly. Studies involving competitive binding of a base in the position 

where an incoming olefin is presumed to bind can be found in the literature 

[37,59]. 

4 

Imido Alkylidene Complexes 

The primary reason for attempting to synthesize imido alkylidene complexes, 

e.g., W(NR)(CH-f-Bu)(0-f-Bu)2, was the belief that the appropriate imido ligand 

will block bimolecular decomposition reactions more effectively than an oxo 
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ligand by not functioning as a bridging ligand. The relatively bulky (and inex¬ 

pensive) 2,6-diisopropylphenylimido ligand was chosen precisely for those rea¬ 

sons, and because the 2,6-diisopropylphenoxide ligand had been employed suc¬ 

cessfully in acetylene metathesis systems [60]. 

The synthesis of the first imido alkylidene complex to which alkoxides could 

be attached is shown in Eq. 10 (Ar=2,6-i-Pr2C6H3) [61]. It was fortuitous that a 

proton could be transferred from the arylamido ligand to the alkylidyne [60] lig¬ 

and, since it is now known that the reverse is a potential complicating feature of 

certain imido ligands in certain circumstances, especially more basic alkylimi&o 

ligands (see later). A later synthesis of a bistriflate analog of the dichloride com¬ 

plex [62] began with W(NAr)2Cl2(l,2-dimethoxyethane) (Eq. 11) and employed 

two equivalents of a neopentyl reagent to produce the alkylidene via a hydrogen 

abstraction in a hypothetical bistriflate dineopentyl intermediate. The less ex¬ 

pensive neophyl (CH2CMe2Ph) ligand is usually employed instead of the neo¬ 
pentyl ligand today. 

Me Cl 
\ 
0„ | ,CI LiNHAr 

-w4 * 
^C-t-Bu 

Me Cl 
\ 

Me Cl 
/ 

0-, I ,„'NHAr Et3N 

— 
^C-t-Bu 

Me Cl 
\ 

Me Cl 
/ 

0'„ I ^NAr 

^CH-t-Bu 

Me Cl 
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Neutral, four-coordinate complexes of the type W(CH-t-Bu)(NAr)(OR), can be 

prepared readily from W(CH-t-Bu)(NAr)Cl2(dme) or W(CH-t-Bu)(NAr)(tri- 

flate)2(dme) as long as the alkoxide is relatively bulky (0R=0-f-Bu, 

0CMe2(CF3), OCMe(CF3)2, OC(CF3)2(CF2CF2CF3), or 0-2,6-R2C6H3 ) [62-64]. 

The activity of such species for the metathesis of ordinary internal olefins (e.g., 

czs-2-pentene) appeared to peak for the OCMe(CF3)2 species. In some cases in¬ 

termediate tungstacyclobutane complexes were stable enough to be observed or 

even isolated. Unsubstituted tungstacycles formed in the presence of excess eth¬ 

ylene proved to be especially stable. The tungstacyclobutane complex, 

W(CH2CH2CH2)(NAr)[OCMe(CF3)2]2, was shown to be a trigonal bipyramid 
with the imido group in an axial position and the WC3 ring in the equatorial 

plane. On the basis of this work it was proposed that the rate of reaction of alkyli- 
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dene complexes with olefins correlated directly with the electron-withdrawing 
ability of the alkoxide. However, it was clear that unsubstituted tungstacyclobu- 
tane complexes were much more stable toward loss of an olefin than substituted 
tungstacyclobutane complexes, presumably largely for steric reasons, and that 
the rate of metathesis of terminal olefins therefore could be attenuated as a con¬ 
sequence of formation of a relatively stable metalacycle. The situation became 
more complex when it was discovered that either trigonal bipyramidal (TBP) or 
square pyramidal (SP) tungstacyclobutane complexes could form, and that in 
some cases (OR=OCMe2(CF3) or OAr) a mixture of interconverting SP and TBP 
species (Eq. 12) could be observed. 

Ar 
I 

N 

RO- -M; 
-CH2 

'CH2 
:CH2 

RO 

Ar 
I 

N 

RO—■'CH^CHz 

RCT ^CH2 

(12) 

TBP SP 

In one case the lowest energy form depended upon the nature of the metalacycle, 
i.e., W[CH2CH(R)CH2](NAr)(OAr)2 is a square pyramid when R=f-Bu, but a 
trigonal bipyramid when R=SiMe3. It was proposed on the basis of kinetic stud¬ 
ies that square pyramidal metalacycles are relatively stable toward loss of an ole¬ 
fin because the WC3 ring is further from an “olefin/alkylidene” transition state 
than is the WC3 ring in a trigonal bipyramidal metalacycle. For that reason com¬ 
plexes that contain relatively electron-withdrawing alkoxides (which are usually 
trigonal bipyramids) will lose an olefin more readily than those that contain rel¬ 
atively electron-donating alkoxides (which are usually square pyramids), in 
spite of the fact that the metal is “more electrophilic” when electron-withdraw¬ 
ing alkoxides are present. The fascination with tungstacycles began to wane 
when it was realized that metalacycles of molybdenum are dramatically less sta¬ 
ble, even unsubstituted molybdacyclobutane complexes, and therefore in many 
cases molybdenum may be more active as a consequence of little or no catalyst 
being “trapped” in the metalacyclobutane form. This is the reason why 
Mo(CHR)(NAr)(OR')2 catalysts generally are favored in metathesis reactions 
where ethylene is generated. 

One of the most important early findings, although the significance was not 
realized at the time, was that both syn and anti rotamers of W(CHSiMe3)(NAr) 
(OAr)2 could be observed (Eq. 13) and that they interconvert on the NMR time 
scale (AG*»12 kcal mol-1). (The alkylidene is required to lie in the N-W-C plane 
in order to form a W=C jr bond.) 

Ar i 
N 

RO"/M^ 

R'O V 

ka/s 

ks/a 

Ar 
I 

N 
II 

R'O'^M- 
R'O i 

syn H 

C—R 
(13) 

anti R 
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In virtually all other W(CHR)(NAr)(OR')2 complexes only the syn alkylidene ro- 
tamer is observed readily [63]. It was not clear at the time why rotamers could 

be observed in this particular case and why they interconverted readily. Later it 

was shown that the reactivities of certain syn and anti species could differ by 

many orders of magnitude and that the rates of their interconversion also could 

differ by many orders of magnitude as OR was changed from O-t-Bu to OC- 

Me(CF3)2. Therefore in any system of this general type two different alkylidene 

rotamers could be accessible (although both may not be observable), either by 

rotation about the M=C bond, or as a consequence of the metathesis reaction it¬ 

self. The presence of syn and anti rotamers further complicates the metathesis 

reaction at a molecular level, and at least in ROMP reactions (see below) in im¬ 

portant ways. The apparent ease of interconversion of syn and anti rotamers in 

phenoxide complexes could be an important feature of systems in which access 
to both syn and anti rotamers must be assured (see later). 

A facile route to Mo(CH-t-Bu)(NAr)(OR)2 species [65] was developed that be¬ 

gan with [NH4]2[Mo207] and yielded Mo(CHCMe2Ph)(NAr)(triflate)2(dme) via 
Mo(NAr)2Cl2(dme) in a procedure analogous to that shown in Eq. 11. Therefore 

a wide variety of molybdenum complexes of the type Mo(CHCMe2Ph)(NAr) 

(OR)2 became available for study. (The triflate complex, a precursor to virtually 
any bisalkoxide species, is available commercially from Strem Chemicals.) Mo¬ 

lybdenum complexes became the focus of most research since it was believed 

that they might be more tolerant of functionalities such as the carbonyl group 

than tungsten complexes, and that molybdacyclobutane complexes would be 

less stable than tungstacyclobutane complexes and therefore less often “sinks” 
that would sequester a catalyst in an inactive form. 

Adducts of M(CH-f-Bu)(NAr)(OR)2 complexes were prepared and studied as 
models for the initial olefin adduct [66] in an olefin metathesis reaction [67]. 

PMe3 was found to attack the CNO face of syn-M(CH-t-Bu)(NAr)(OR)2 rotamers 
to give TBP species in which the phosphine is bound in an axial position 
(Eq. 14). 

R'0-kNAr 
I ?-H 

R'O R 

anti CNO adduct 

'a/s 

+L 
anti 

^s/a 

syn - - r'o—M^NAr 

-L I ?“R 
R'O H 

syn CNO adduct 

(14) 

s ould be noted that this adduct is chiral and that the opposite enantiomer 

would result upon addition of the phosphine to the other CNO face, which cor¬ 

responds basically to addition of the phosphine to the other side of the M=C 

ond. Predictably, the base is bound most strongly when the alkoxide is elec- 

ron-withdrawing (e.g., OCMe(CF3)2), and is more strongly bound to W than to 

n™ rnv'l Y CN° addUCt °f the ^ r0tamer forms first when OR' is 
OCMe(CF3)2 as it is virtually the only rotamer present (Ke «103), and as was 

shown later (see below), the rate of conversion of the syn to the anti rotamer 
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when OR=OCMe(CF3)2 is relatively slow (k s/a«10“5 s"1). However, the CNO ad¬ 

duct of the anti rotamer is the thermodynamic product. It is believed to form via 

loss of PMe3 from the syn adduct, followed by slow rotation of the alkylidene to 

give unobservable anfz’-M(CH-t-Bu)(NAr)(OR)2, and trapping of the relatively 

reactive anti form by PMe3. The CNO adduct of the syn rotamer is believed to be 

formed less readily because of the developing steric interaction between the R 

substituent on the syn alkylidene and the isopropyl groups on the aryl ring of the 

NAr ligand, which lies in the trigonal plane in the syn TBP olefin adduct. In the 

anti adduct only the alkylidene proton interferes with one isopropyl group in the 

Ar ring in the five-coordinate adduct. Although these studies do not prove that 

an olefin adds to the CNO face, as opposed to the COO or NOO faces, several the¬ 

oretical studies that also explore a variety of other issues also suggest that is the 

case [68-74]. The stability of the base-free syn form over the base-free anti form 

has been attributed in part to an “agostic” M(CHa) interaction [5,75] in the syn 

rotamer, one that is not possible in the anti rotamer. 
A detailed investigation of alkylidene rotation rates in Mo(CHCMe2Ph)(NAr) 

(OR)2 complexes (where OR=OCMe2(CF3), OCMe(CF3)2, OC(CF3)3, or OC(CF3)2 

(CF2CF2CF3)) in thf or toluene produced some startling results [76, 77]. Values 

for ka/s were found to vary by up to seven orders of magnitude (at 298 K), the 

smallest values for ka/s being found in complexes that contain the most electron- 

withdrawing alkoxides in thf as a solvent, while equilibrium constants (Keq—■ 
ka/s/k s/a) at 25°C were found to vary by two orders of magnitude at the most. 

Values for k s/a at 298 K could be calculated from ka/s and Keq and found to vary 

by up to six orders of magnitude in the same general direction as ka/s. The main 

conclusion was that the rate of interconversion of syn and anti rotamers was 

“fast” for f-butoxide complexes (k s/a«l s'1 at 298 K) and “slow” for hexafluoro- 

t-butoxide complexes (k s/a=10-5 s 1 at 298 K). To a first (and qualitative) approx¬ 

imation, when the metal is relatively electron-rich the alkylidene that has rotat¬ 

ed by 90° can be stabilized by the orbital that lies in the N-M-C plane (Eq. 15). 

When the metal is relatively electron-poor, that orbital is energetically more 

closely matched \yith the energy of a p orbital on the imido nitrogen atom and 

therefore is involved primarily in forming the pseudo triple bond to the imido 

ligand. The ease of rotation also varies to a significant degree with the nature of 

the imido and alkylidene ligands. For example, although there is little difference 

between the rates of alkylidene ligand rotation in hexafluoro-t-butoxide com¬ 

plexes that contain N-2,6-i-Pr2C6H3 or N-2,6-Me2C6H3 ligands, the alkylidene 
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ligand in an analogous N-2-f-BuC6H4 complex rotates -1500 times faster. The 

postulate is that the unsymmetrically substituted phenylimido ligand is bent to 

some extent in the ground state, thereby making the transition state containing 

a “bent imido” ligand shown in Eq. 15 more readily accessible. Similar phenom¬ 

ena that lead to bending of alkoxide or phenoxide ligands could also significant¬ 

ly alter the accessibility of various transition states, although at present it is not 

clear how such phenomena could be detected and documented. 

5 
Variations and Other Types of Alkylidene Complexes 

A potentially useful variant of the synthesis of some Mo(CHR)(NAr)(OR')2 com¬ 

plexes (R=CMe3 or CMe2Ph) consists of addition of two equivalents of a relative¬ 

ly acidic alcohol (R'OH=a fluorinated alcohol or phenol) to Mo(NAr)(N-t- 

Bu)(CH2R)2 [78,79], a variation of the reaction of that type that was first report¬ 

ed in 1989 [80]. The more basic t-butylimido ligand is protonated selectively. 

This synthesis avoids the addition of triflic acid to Mo(NAr)2(CH2R)2 to give 
Mo(CHR)(N-t-Bu)(triflate)2(dimethoxyethane), the universal precursor to any 

Mo(CHR)(NAr)(OR’)2 complex. Unfortunately, the method does not appear to 
succeed when R'OH does not have a relatively high pKa. 

One might have thought that the imido ligand could be varied to a significant 

degree in complexes of the type Mo(CHR)(NR")(OR')2, and that catalytic activ¬ 

ity also could be controlled in that manner. While some variations in R" have 

been successful (2-t-BuC6H4, 2-i-PrC6H4, 2-PhC6H4, 2-CF3C6H4, 1-admantyl) 

[81-83], sterically bulky aryl-substituted imido ligands (2,6-Me2C6H3 or 2,6-i- 

Pr2C6H3) have been the most successful and relatively innocent so far. Surpris¬ 

ingly, complexes of the type Mo(CHR)(N-t-Bu)(OR')2 in general are not stable 

and well-behaved, perhaps in part because of the relatively basic nature of the t- 

butylimido ligand, making the alkylidyne tautomer, Mo(NH-t-Bu)(CR)(OR')2, 

relatively close in energy and kinetically accessible (see immediately below). An 

effort to prepare Mo=NCMe(CF3)2 alkylidene species by the usual synthetic 
route noted earlier failed [84]. 

Ostensibly minor variations of a synthetic procedure sometimes can have sig¬ 

nificant consequences. For example, substituting KOCMe(CF3)2 for LiOC- 

Me(CF3)2 is believed [85] to lead to formation of the alkylidyne complex shown 

in Eq. 16 instead of the known [83] Mo(CH-f-Bu)(NAd)[OCMe(CF3)2]2 (Ad=ad- 

amantyl). A proton is likely to be transferred before formation of the final prod¬ 

uct, since it has been known for some time that both W(CH-f-Bu)(NAr)[OC- 

Me(CF3)2]2 and W(C-f-Bu)(NHAr)[OCMe(CF3)2]2 are stable species that cannot 
be interconverted in the presence of triethylamine [41]. In such circumstances 

the nucleophilicity of the alkoxide ion and the nucleophilicity and acidity of the 

alcohol formed upon deprotonation of the alkylidene will be crucial determi¬ 

nants of whether the imido nitrogen atom is protonated at some stage during the 

reaction. At this stage few details are known about side reactions in which amido 
alkylidyne complexes are formed. 
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Complexes of the type Mo(CHCMe2Ph)(NAr)(diolate) where the diolate is 

[R4tart]2', [BINO(SiMe2Ph)2]2‘, or [Bipheno(t-Bu)4]2~ (see Scheme 1) have been 

prepared by adding the diolate to Mo(CHCMe2Ph)(NAryl)(triflate)2(dme) [86]. 

[R4tart]2' was enantiomerically pure (+), while [BINO(SiMe2Ph)2]2" was used in 

its racemic form. All were found to control the structure of a ROMP polymer in 

a dramatic manner, as discussed in more detail in a later section. Complexes that 

contain the [Bipheno(t-Bu)4]2~ ligand are technically not permanently chiral, as 

rotation about the aryl-aryl C-C bond in the ligand could lead to interconversion 

of enantiomers. Analogous complexes that contain the [BINO(aryl)2]2" (aryl= 

phenyl, 2-methylphenyl, 2,6-dimethylphenyl, or 3,5-diphenylphenyl) or [Biphe- 

no(t-Bu)4Me2]2" ligands (see below) were also prepared and shown to yield high 

cis, isotactic polymers via ROMP of substituted norbornenes [87]. The [Biphe- 

no(t-Bu)4Me2]2' ligand cannot racemize readily and therefore yields complexes 

that are essentially permanently chiral at the metal center. H2[BINO(SiMe2Ph)2] 

also was prepared in enantiomerically pure (-) form and used to prepare enan¬ 

tiomerically pure complexes. Related W complexes of the type W(X)(biphenox- 

ide)Cl2(THF) (X=0 or N-2,6-Me2C6H3) have been prepared by adding the free 

biphenol to W(X)C14 [88] and have been employed as precursors to what are pre¬ 

sumed to be catalysts of the type W(CHR)(X)(biphenoxide) formed upon 

alkylation with Et2AlCl. 

Molybdenum imido alkylidene catalysts that contain the enantiomerically 

pure diolate derived from a trans disubstituted cyclopentane (see Scheme 1) also 

have been prepared and employed in ring-closing reactions (see later) [89,90]. 

This diolate forms a nine-membered Mo02C6 ring, in contrast to the seven- 

membered Mo02C4 rings in binaphtholate or biphenolate catalysts. No diolate 

complex is known where a five-membered Mo02C2 ring is formed, presumably 

because of the relatively exposed and strained nature of the diolate oxygen at¬ 

oms in such a circumstance. However, such species could be stabilized by a base 

such as trimethylphosphine. (See below for an example containing the [1,2- 

(Me3SiN)2C6H4]2' ligand.) 

A bulkyl silsesquioxane has been used to prepare metathetically active Mo 

complexes [91]. A silsesquioxane mimics the manner in which a metal might be 

attached to silica in a heterogeneous metathesis system. The conjugate acid of 

the silsesquioxane appears to have a relatively high pKa, a hint that the silsesqui¬ 

oxane itself may be relatively electron withdrawing. Silsesquioxane complexes 

were found to be highly active catalysts in metathesis reactions. 
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R4tartH2 BINO(SiMe2Ph)2H2 Bipheno(t-Bu)4H2 

Scheme 1. Ligands found in catalysts of the type Mo(CHR)(NR')(diolate) 

A trigonal bipyramidal trimethylphosphine adduct of a tungsten imido 

alkylidene complex that contains a substituted orthophenylenediamine ligand, 
W(CH-t-Bu)(NPh)[l,2-(Me3SiN)2C6H4](PMe3), has been reported [92]. Polym¬ 

erization of norbornene could be observed, along with formation of syn and anti 

resonances ascribable to the propagating alkylidene complexes. Trimethylphos¬ 

phine is believed to behave as a competitive inhibitor, analogous to what has 

been observed for a tungsten bisalkoxide imido alkylidene complex used to po¬ 

lymerize cyclobutene [59]. 

Molybdenum imido alkylidene complexes have been prepared that contain 

bulky carboxylate ligands such as triphenylacetate [35]. Such species are isola- 

ble, perhaps in part because the carboxylate is bound to the metal in an q2 fash¬ 

ion and the steric bulk prevents a carboxylate from bridging between metals. If 

carboxylates are counted as chelating three electron donors, and the linear imi¬ 

do ligand forms a pseudo triple bond to the metal, then bis(q2-carboxylate) spe¬ 

cies are formally 18 electron complexes. They are poor catalysts for the metath¬ 

esis of ordinary olefins, because the metal is electronically saturated unless one 

of the carboxylates “slips” to an q1 coordination mode. However, they do react 
with terminal acetylenes of the propargylic type (see below). 

A variety of tungsten and molybdenum oxo and imido alkylidene complexes 

that contain a trispyrazolylborate (Tp) ligand have been prepared [93-98]. Spe¬ 

cies such as W(0)(CHPh)(Tp)Cl are relatively air-stable, moisture-stable, and 

thermally stable. When combined with 1 equivalent of A1C13 these precursors 

yield active ADMET and ROMP catalysts. However, no data were offered in sup¬ 

port of the claim that the active catalysts in these metathesis reactions also are 

air-stable and moisture-stable. Complexes of the type TpW(CHCMe2R)(CH2 

CMe2R)(NAr) are protonated by the noncoordinating Bronsted acid [H(ether)2] 

{B[3,5-(CF3)2C6H3]4} to give the cationic alkylidene complexes [TpW(NPh) 
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Scheme 2. Two tungsten alkylidene catalysts that contain a metal-aryl bond 

(CHCMe3)(Solvent)]{BAr[3,5-(CF3)2C6H3]4}. Cationic alkylidene complexes in 

general are rare, although they are likely to be the most active species in the sys¬ 
tems pioneered by Osborn and coworkers [99,100]. 

A variety of catalytically active five-coordinate tungsten oxo and imido alkyli¬ 

dene complexes also have been prepared that contain some donor amine or py¬ 

ridine linked either to the imido ligand or to a phenyl ligand bound to the metal 

(A, Scheme 2) [101-105]. Such species show metathesis activity (e.g., ROMP of 

norbornene), but there does not appear to be any proof that the integrity of the 
initiator is maintained. 

The majority of Mo and W catalysts contain a sterically bulky aryl-substituted 

imido ligand. However, Basset and his group have prepared tungsten alkylidene 

complexes that contain a metalated phenoxide ligand, but no oxo or imido lig¬ 

and (B, Scheme 2) [106-108]. Such species are related to catalysts prepared and 

studied by Osborn and coworkers [99,100]. They have been used in a variety of 

metathesis reactions, although the true nature of the catalyst present during me¬ 

tathesis has not been confirmed. Heppert [109] has prepared related species 

such as (R2BINO)(t-BuO)2W(CHR) by treating (t-BuO)3W=CR complexes with 

l,l'-bi-2-naphthols (H2R2BINO, R=Me,Br,Ph). An analogous reaction between 

(t-BuO)3W=CPh and 2 equivof H2Me2BINO gave (Me2BINO)2W(CHPh). ROMP 

of norbornene was observed with complexes of this general type, but activity 

was only poor to modest unless the complex was activated with (e.g.) A1C13. Un¬ 

der these conditions at least one alkoxide is likely to be exchanged for a chloride, 

and highly active cationic species may be formed. 

Molybdenum dinitrosyl complexes with the general formula Mo(NO)2(CHR) 

(0R')2(A1C12)2 have been found to be active in a variety of metathesis reactions 

[110]. New alkylidenes could be identified. Variations such as Mo(NO)2(CHMe) 

(RC02)2 also are known [111]. Complexes of this type are believed to be more 

reduced than typical “d°” species discussed here, although they appear to be 

much more active as metathesis catalysts than typical “Fischer-type” carbene 

complexes. 
In the last several years tungsten alkylidyne complexes [60], W(CCMe3) 

(CH2CMe3)3 and W(CCMe3)Cl2(dimethoxyethane) in particular, have been a 

source of alkylidene complexes bound to oxide surfaces as a consequence of pro¬ 

tonation of the alkylidyne ligand by a surface-bound hydroxyl group [112-114]. 
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The exact nature of the alkylidenes formed on various oxide surfaces is still un¬ 

certain, as is the nature of the alkylidenes responsible for the often observed me¬ 

tathesis activity. Mo(N)(CH2CMe3)3 also has been employed as a precursor to a 

surface-bound species believed to be of the type Mo(NH)(CHCMe3)(CH2CMe3) 

(Osurf) [115]. Although the alkylidene carbon atom could not be observed in sol¬ 

id state NMR spectra, which is typical of surface supported alkylidenes, reaction 

with acetone to give 2,4,4-trimethylpent-2-ene quantitatively confirmed the 

presence of the reactive neopentylidene complex. Such species would initiate 

various metathesis reactions when prepared on partially dehydroxylated silica. 

6 

Cross-Coupling Reactions 

One might suppose to a first approximation that the cross-coupled metathesis 

product and the homocoupled products of two different terminal olefins would 

be formed in statistical yields, and that olefins that cannot be homocoupled 

could not be cross-coupled. However, Crowe showed that cross-coupled prod¬ 

ucts could be formed in far greater than statistical yields [ 116]. Styrene and sub¬ 

stituted styrenes could be cross-metathesized with a variety of functionalized 

terminal olefins to give unsymmetrical olefin products with >95% trans selec¬ 

tivity in up to 90% yield using the Mo(CHCMe2Ph)(N-2,6-i-Pr2C6H3)[OC- 

Me(CF3)2]2 (MoF6) catalyst (1%). It was then found that acrylonitrile could be 

involved in a relatively selective cross-coupling reaction, even though the homo¬ 

coupled dinitrile could not be formed [117]. Finally, allyltrimethylsilane was 

shown to yield a mixture of cis and trans cross-coupled products in yields that 

varied between -40% and -85% [118]. Bromides, nitriles, esters, and TBS-pro- 

tected ether derivatives were all employed successfully to give cross-coupled 

products. It is clear from these studies that failure of an olefin to be homome- 

tathesized is not a good indication that it cannot be involved in any metathesis 
reaction under any circumstances. 

The reaction shown in Eq. 17 [ 119] emphasizes the efficiency of certain cross¬ 

couplings, even in sterically crowded circumstances in the presence of relatively 

reactive functionalities. When Mo and Ru catalysts were compared, it was found 

that Mo generally required less time and gave higher yields, but is sensitive to 

hydroxy and acetate functionalities. Ru failed in cross-couplings involving acry¬ 

lonitrile. It is likely that the Mo catalyst loadings could be reduced significantly 

in view of the high yields reported. In some cases 75% cross-coupled product 

could be obtained, even though each a olefin separately would form the homo¬ 
coupled product in high yield (Eq. 18). 

+ 1.5 

O 

H 

10% MoF6 

H 
16 H, 98% 
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BnO + 1.3 
5% MoF6 

2 h, 70% Bn°XHj^rr^t-Bu 
(18) 

The tandem use of asymmetric allylboration to give enantiomerically pure ho- 

moallylic alcohols followed by cross-metathesis of homoallylic silyl ethers with 

p-substituted styrenes has been reported [120] (Eq. 19). Exclusively trans cross- 

coupled products were formed in 50-75% yields. 

OSiMe2(t-Bu) 

1% MoF6 I ^ Ar 
-^ (19) 

CH2CI2, 3 h 

Allyltriphenylstannane has been employed successfully in cross-couplings with 

a variety of terminal olefins containing (inter alia) ketal, ester, and cyano groups 

[121]. Only the MoF6 catalyst appeared to work at a reasonable rate in most cas¬ 

es. Both E and Z products were formed in yields that varied from -50% to -80%. 

Several substrates underwent smooth cross-coupling with allyltrimethylsilane 
under comparable reaction conditions. 

OSiMe2(t-Bu) 

7 

Ring-Opening Metathesis Polymerization (ROMP) and other Ring-Opening 
Reactions 

Many of the studies concerning ring-opening metathesis by well-characterized 

metathesis catalysts have employed substituted norbornenes or norborna- 

dienes. Substituted norbornenes and norbornadienes are readily available in 

wide variety, and they usually react irreversibly with an alkylidene. Norbornene 

itself is the most reactive, and the resulting polynorbornene probably is the most 

susceptible to secondary metathesis. Formation of polynorbornene often is used 

as the “test” reaction for ROMP activity. ROMP by well-defined species has been 

reviewed relatively recently [30], so only highlights and selected background 

material will be covered here. 

The first report of ROMP activity by a well-characterized Mo or W species was 

polymerization of norbornene initiated by W(CH-t-Bu)(NAr)(0-t-Bu)2 [122]. 
In the studies that followed, functionality tolerance, the synthesis of block co¬ 

polymers, and ring-opening of other monomers were explored [30, 123]. Two 

important issues in ROMP concern the cis or trans nature of the double bond 

formed in the polymer and the polymer's tacticity. Tacticity is a consequence of 

the presence of two asymmetric carbons with opposite configuration in each 

monomer unit. The four ROMP polymers (using polynorbornene as an exam¬ 

ple) that have a regular structure are shown in Scheme 3. 

A detailed study of ROMP of disubstituted norbornadienes (e.g., 2,3-dicarbo- 

. methoxynorbornadiene or 2,3-bis(trifluoromethyl)norbornadiene (NBDF6) 

[124] showed that they are polymerized by Mo(t-butoxide) initiators in a well- 

behaved living manner to give essentially monodisperse homopolymers that are 
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cis isotactic cis syndiotactic 

=t^Ov =LX^v 

trans isotactic trans syndiotactic 

Scheme 3. The four possible regular structures of polynorbornene prepared by ring-open¬ 

ing metathesis polymerization 

highly trans and highly tactic. Tacticity of the all trans polymers must be con¬ 

trolled by the chirality of the alkylidene's p carbon atom in the growing chain 

(“chain-end control”). In contrast, polymerizations initiated by Mo(CH-f- 

Bu)(NAr)[OCMe(CF3)2]2 gave low polydispersity ds-poly(NBDF6) and czs-po- 
ly(dicarbomethoxynorbornene) that was only -75% tactic [125]. The living na¬ 

ture of the reaction involving a relatively reactive catalyst in part can be ascribed 

to the relatively low reactivity of NBDF6 in general (powerful electron-with¬ 

drawing trifluoromethyl groups deactivate the olefinic bond), the low reactivity 

of the double bonds in the polymer (for both ster.ic and similar electronic rea¬ 

sons), the relatively low reactivity of the “deactivated” propagating alkylidene, 

and the fact that propagation is believed to occur primarily via the less reactive 

syn rotamer (see below). The formation of all trans polymers employing the t- 

butoxide initiator and all cis polymers employing the hexafluoro-f-butoxide in¬ 

itiator is a dramatic illustration of how the nature of the alkoxide can regulate 
polymer structure. 

A theory as to how cis/trans selectivity arises was the result of a series of low 

temperature NMR studies [77]. NBDF6 was shown to react rapidly and selective¬ 

ly with anfi-Mo(NAr)(CHCMe2Ph)[OCMe(CF3)2]2 at -78°C in a mixture of anti 
and syn rotamers (generated photochemically at low temperature) to give a syn 

first-insertion product that contains a trans C=C bond (anti-*syn+lt; Eq. 20; P= 

polymer chain). At higher temperatures (up to 25°C) the syn rotamer reacts to 

produce a syn first-insertion product that contains a cis C=C bond (syn- 

-+syn+ lc; Eq. 21). Since little anti form is present under normal circumstances 

(no photolysis) and syn to anti conversion is slow (~10“5s_1), cis polymers are 

proposed to be formed from syn species via olefin attack (through the exo face) 

on the CNO face of the syn rotamer of the catalyst with C7 of the monomer ex¬ 
tending over the arylimido ring, as shown in Eq. 20. 
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anti syn+1t 

syn syn+1c 

If the mode of attack is the same in the f-butoxide catalyst system, where syn and 

anti rotamers interconvert rapidly (~1 s_1), then it is possible that the mecha¬ 

nism for forming trans polymers involves only the anti form of the propagating 

alkylidene species. In short, high-ds polymers can be formed via syn intermedi¬ 

ates when rotamer isomerization rates are negligible on the time scale of polym¬ 
erization, while high-trans polymers can be formed via anti intermediates when 

rotamer isomerization rates are fast on the time scale of polymerization. These 

studies suggest that (a) in any catalyst system of this general type syn and anti 

rotamers (essentially two types of catalysts) might be accessible, either via rota¬ 

tion of the alkylidene about the Mo=CHR bond, or via reaction of the Mo=CHR 

bond with a C=C double bond in the substrate (i.e., as part of chain growth it¬ 

self); (b) syn and anti rotamers may or may not interconvert readily on the time 

scale of polymerization; and (c) reactivities of syn and anti rotamers might dif¬ 

fer by many orders of magnitude. Unfortunately, the reactivity difference be¬ 

tween anti and syn rotamers could be confirmed only for OCMe(CF3)2 catalysts, 

since syn and anti rotamers interconvert too readily in the f-butoxide system. If 

trans polymer always arises via CNO face attack on an anti rotamer, and cis pol¬ 

ymer always arises via CNO face attack on a syn rotamer, regardless of the type 

of alkoxide present, then ka must be greater than 105 ks in order for all trans pol¬ 

ymer to result in the t-butoxide catalyst system (if we require kn[anti] 

>102ks[syn] and Kec=l03=[syn]/[anti]). In the OCMe(CF3)2 system the anti ro¬ 

tamer is still much more reactive than the syn rotamer, but the syn rotamer itself 

in this case is also reactive. 
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The cis/trans ratio of polymers prepared via ROMP of 2,3-bis-(trifluorome- 

thyl)norbornadiene) (NBDF6) and several dicarboalkoxynorbornadienes using 

well-defined initiators of the type Mo(NAr)(CHCMe2Ph)(OR)2 (OR=a variety of 

alkoxides, including mono- and bidentate phenoxides) was found to be temper¬ 

ature dependent; at low temperatures (-35°C) all cis polymer is formed and at 

high temperatures (65°C) up to 90% trans polymers are formed [126]. These re¬ 

sults are consistent with formation of cis polymer from syn alkylidene rotamers 

and trans polymer from anti alkylidene rotamers in circumstances where syn 

and anti rotamers can interconvert. Base-free syn rotamers were found to be the 

species present at room temperature in the case of several phenoxide or biphe- 

noxide catalysts, although at low temperatures THF adducts of both syn and anti 

rotamers formed readily. The formation of more trans polymer in the phenoxide 

systems in general is consistent with greater accessibility to the anti rotamer as 

a consequence of more facile conversion of syn to anti rotamers. 

Diolate ligands are especially attractive ligands for metathesis catalysts of the 

type we are discussing here in that they can be chiral and therefore could give 

rise to polymers whose tacticity is regulated by enantiomorphic site control. 

Indeed, poly(NBDF6) prepared using (±)-Mo(N-2,6-C6H3Me2)(CHCMe2Ph) 

[BINO(SiMe2Ph)2] (BINO(SiMe2Ph)2 is the binaphtholate that is substituted at 

the 3 and 3' positions with an SiMe2Ph group; see Scheme 1) as the initiator was 

not only >99% cis but was >99% tactic. Analogous all cis, highly tactic polymers 

prepared from enantiomerically pure 2,3-dicarboalkoxynorbornadienes were 

shown to be isotactic by proton/proton correlation spectroscopy and decoupling 

experiments, while the all trans, highly tactic polymers prepared using 

Mo(CHCMe2Ph)(NAr)(0-f-Bu)2 as the initiator were shown to be syndiotactic 

[127]. Related experiments employing enantiomerically pure disubstituted nor- 

bornenes (2,3-dicarbomethoxynorborn-5-ene, 2,3-dimethoxymethylnorborn- 
5-ene, and 5,6-dimethylnorborn-2-ene) gave high cis, isotactic or high trans, 
atactic polymers, respectively [127]. 

According to the model developed from reactivity studies of hexafluoro-f-bu- 
toxide complexes, cis, isotactic polymer should be the product of addition of mon¬ 

omer to the same CNO face of a syn alkylidene to give an insertion product that is 

a syn rotamer. However, at this stage it is not known whether this model holds for 

the binaphtholate complexes, in which interconversion of syn and anti rotamers 

appears to be relatively facile (as is true of phenoxide complexes in general [67]). 

In any case, the enormous importance of steric factors and relative rates of reac¬ 

tivities of rotamers is illustrated by the finding that the polyNBDF6 prepared using 

(±)-Mo(N-2,6-i-Pr2C6H3)(CHCMe2Ph)[BINO(SiMe2Ph)2] (instead of (±)-Mo(N- 

2,6-Me2C6H3)(CHCMe2Ph)[BINO(SiMe2Ph)2]) as the initiator was only -70% cis. 
The favored explanation is that the syn rotamer is more reactive in the N-2,6- 

Me2C6H3 system than in the N-2,6-i-Pr2C6H3 system, since less steric hindrance 

develops between the substituent in the syn alkylidene and an ortho methyl group 

in the N-2,6-Me2C6H3 ligand when the substrate adds to the CNO face. The dra¬ 

matic difference in reactivity for catalysts that contain different ortho substituents 
in the imido ligand almost certainly will continue to be an important issue. 
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In a recent paper concerning the molecular weight distribution in the living 

polymerization of norbornene in the presence of chain-transfer agents [128], 

the authors were able to extract rate constants for initiation by Mo(CHCMe2Ph) 

(N-2,6-i-Pr2C6H3)(0-t-Bu)2 (k;=0.57 1VT1 s-1), propagation by living poly(nor- 

bornene) (kp=17 M-1 s-1), and chain transfer by neohexene (ktr=3xl0'5 M-1 s-1). 

Propagation is approximately an order of magnitude faster than initiation for 

sterk reasons, while the relatively slow rate of chain transfer relative to propaga¬ 

tion can be accounted for on the basis of the high reactivity of norbornene. Since 

both syn and anti rotamers are accessible in the t-butoxide system, it is uncer¬ 

tain to which rotamers these rate constants refer. The mixture of cis and trans 

double bonds in the resulting poly(norbornene) could be taken as evidence that 

both rotamers of the living polymer are involved. 

Molybdenum catalysts have been employed to prepare a variety of poly(nor- 

bornene) or poly(norbornadiene) ROMP polymers [30]. Since 1993 papers have 

appeared that report polymers that contain redox-active groups [129,130],pho¬ 

to- or electroluminescent groups [131-133], side-chain liquid crystals [134- 

140], metal nanoclusters [141-144], semiconductor nanoclusters [145-148], 

sugars [149], and amino acid residues [150]. Amphiphilic architectures formed 

via ROMP of macromonomers [151,152] have also been reported. Studies of the 

polymerization of l,7,7-trimethylbicyclo[2.2.1]hept-2-ene by Mo(CHCMe2Ph) 

(NAr)(OCMe(CF3)2]2 suggest that conversion of a syn to an anti rotamer is the 

rate limiting step in this very slow polymerization reaction [125,153-155]; only 

the anti rotamer is reactive enough toward this very bulky norbornene. This im¬ 

portant finding suggests that the steric bulk of a monomer will be a factor in de¬ 

termining which rotamer will be involved in most metathesis steps. A variety of 

other ROMP studies with molybdenum or tungsten imido alkylidene initiators 

have been reported [156-159]. 
Both molybdenum and tungsten imido alkylidene complexes have been em¬ 

ployed for ROMP of various cyclobutenes, including cyclobutene itself [59]. Pure 

linear polyethylene has been prepared by hydrogenating poly(cyclobutene) 

[160], “perfect” rubber has been prepared by ring-opening of 1-methylcy- 

clobutene by MoF6 [161], and alternating copolymers have been prepared from 

3-methylcyclobutene and 3,3-dimethylcyclobutene [162]. Polybutadienes have 

also been prepared via the living ROMP of 3,4-disubstituted cyclobutenes 

[163,164]. 
The aryloxo(chloro)neopentylidenetungsten complex developed by Basset 

and coworkers (Scheme 2) has also been employed as an initiator in ROMP re¬ 

actions [165,166]. 
A combination of ring-opening and cross-coupling has been reported recent¬ 

ly by Blechert and coworkers [167,168]. The preference for a Mo catalyst or a Ru 

catalyst varied from substrate to substrate. One example where MoF6 was the 

only successful catalyst, probably because of strong binding of the cyano group 

to Ru, is shown in Eq. 22. Ring-opening/cross-coupling has also been reported 

by Basset and coworkers [169] for some sulfur-containing monomers. An exam¬ 

ple is shown in Eq. 23. The formation of unsymmetrical ring-opened/cross-cou- 
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pled products in good yield would seem to have high potential in organic syn¬ 

thesis, especially if it could be accomplished asymmetrically. 

8 

Conjugated Polymers 

The synthesis of conjugated polymers such as polyacetylenes, paraphenylenev- 

inylene (PPV), etc., some in a living manner, has enjoyed a renaissance now that 

well-defined initiators are available. Soluble, alkyl-substituted polyacetylene can 

be prepared from monosubstituted cyclooctatetraenes using tungsten imido 

catalysts [170], an approach that was initiated by Grubbs and coworkers several 

years ago [30]. Polyenes also can be prepared indirectly by polymerization of a 

norbornene followed by thermolysis [156, 171-175]. Bulky acetylenes such as 

ortho-trimethylsilylphenylacetylene can be polymerized in a living manner by 

catalysts that contain a “small” alkoxide such as hexafluoroisopropoxide if a base 

is bound to the metal that has the correct lability [37, 38]. (It had been known 

for some time that such species can be polymerized by olefin metathesis cata¬ 

lysts prepared by classical techniques [32,33,176].) Finally, polyenes can be pre¬ 

pared in a living manner from 1,6-heptadiyne derivatives [35,36,177,178]. 

Metals have been incorporated into polyenes, either in the side chain as a con¬ 

sequence of the living polymerization of ethynylferrocene and ethynylruthen- 

ocene [179], or in the main chain as a consequence of polymerization of poly(fer- 

rocenylenedivinylene) and poly(ferrocenylenebutenylene) [180]. The former 
polymers were prepared in a living manner; polymers containing as many as 40 

equivalents of monomer were still soluble. In the latter only relatively low molec¬ 
ular weight materials were obtained. 

Poly(l,4-naphthylenevinylenes) have been prepared by metathesis polymeri¬ 

zation of benzobarrelenes [181, 182] and the photoluminescence properties of 

homopolymers and block-copolymers have been studied in some detail [183]. 

PPV also has been prepared via ROMP of [2.2]paracyclophane-l,9-diene [184] 

and ROMP of a paracyclophene that contains a solubilizing leaving group [185]. 

The resulting polymer is converted to PPV upon acid catalysis at room temper¬ 

ature. ADMET of 2,5-dialkyl- 1,4-divinylbenzenes using Mo or W catalysts has 
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been a successful route to soluble PPV [186-188], The most desirable catalyst (in 

terms of speed and selectivity) was found to be Mo(CHCMe2Ph)(N-2,6- 

Me2C6H3)[OCMe(CF3)2]2 [186], Interestingly, resonances in the proton NMR 
spectrum at -0.3 and -1.2 ppm provided evidence that a molybdenacyclobutane 

complex is present in equilibrium with the expected alkylidene complexes dur¬ 

ing the reaction. Molybdenacyclobutane complexes have not been observed 

during a metathesis reaction before. 

9 

Ring-Closing Metathesis (RCM) 

Ring-closing metathesis of diolefins has been a recognized variant of olefin me¬ 

tathesis for more than 15 years [189-191]. Although RCM (as it is now known) 

had not been used extensively in organic synthesis, possibly in view of the fact 

that only classical catalysts could be employed [1], examples such as the synthe¬ 

sis of 3-pentenecarboxylic acid esters using WC16 activated with silanes still ap¬ 

pear today [192]. However, low yields, irreproducibility, and intolerance of func¬ 

tionalities tend to be common when classical catalysts are employed. With the 

advent of well-defined catalysts the reproducibility and yields have improved 

markedly and functionalities are now tolerated to an ever increasing extent. The 

two main types of catalysts that are used for RCM currently are molybdenum 
imido catalysts (usually Mo(CHMe2Ph)(N-2,6-i-Pr2C6H3)[OCMe(CF3)2]2, or 

“MoF6”) or ruthenium catalysts of the type Ru(CHR)Cl2(PCy3)2 (e.g., CHR= 

CHPh or CHCH=CPh2). The ruthenium catalysts have the advantage of a greater 

tolerance of functionality, but sacrifice speed. The molybdenum catalyst has the 

advantage of being able to form rings in sterically more demanding circum¬ 

stances, but is relatively intolerant of protons on heteroatoms (carboxylic acids, 

alcohols, thiols, etc.) and some functionalities (e.g., aldehydes). A recent com¬ 

parison of ADMET catalyzed by MoF6 and Ru(CHPh)Cl2(PCy3)2 [28] reveals 

that Mo is more reactive by a factor of ~20 toward 1,9-decadiene, but relatively 

much more reactive when O or S is present. For example, the rate of ethylene ev¬ 

olution in ADMET of [CH2=CH(CH2)3S]2 is lower by a factor of 10 compared to 

[CH2=CH(CH2)3]2 when Mo is employed, but is essentially zero when Ru is em¬ 

ployed. It is surprising that the rate of metathesis by Ru is so dramatically atten¬ 

uated in the presence of donors such as O, S, CN, or amines, while the rate of me¬ 

tathesis by MoF6 is much less so. A casual analysis would have suggested that the 

opposite would be true. 
Both Mo and Ru catalysts have begun to show their utility in organic synthesis 

involving RCM. Molybdenum catalysts come in many variations and covalently 

bound ligands can be architecturally designed to achieve a desired steric goal. 

However, most of the work so far has employed the MoF6 catalyst. Aryloxide 

alkylidene complexes of tungsten that do not contain any oxo or imido ligand in 

the initial species have also been employed [106-108,165,166,169,193-195] for 

RCM, as have systems that consist of W(0)(0Aryl)2Cl2 activated by lead alkyls 

[45, 196]. Only the RCM reactions catalyzed by Mo or W catalysts will be dis- 
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cussed here. Applications of ring-closing metathesis to organic synthesis have 

been discussed in recent articles [10,197-199] and appear elsewhere in this vol¬ 

ume. Cycloalkenes have also been synthesized via alkylidene-mediated olefin 

metathesis and carbonyl olefination [200], but this approach is relatively unat¬ 

tractive for ring-closing on any significant scale because of its stoichiometric na¬ 

ture. However, the method could be viable in circumstances where the alkyli- 

dene complex is relatively plentiful and/or the product is rare and especially val¬ 

uable [201]. 

Five-membered carbocycles are the most easily formed [45, 107, 196, 200, 

202, 203]. Five-membered carbocyclic rings can be formed (with 2% MoF6 as 

the catalyst) even when the double bond is tetrasubstituted (Eq. 24) [200]. The 

stability of the catalyst toward the free OH group in this case is noteworthy. Ev¬ 

idently this particular “t-butoxide-like” alcohol does not react with this particu¬ 

lar catalyst for steric reasons. Six-membered carbocyclic rings are also formed 

readily (Eq. 25) [200], as are seven-membered rings, especially if one takes ad¬ 

vantage of a Thorpe-Ingold effect (e.g., Eq. 26) [20] or a similar conformational 

predisposition for the double bonds to remain near one another. 

A recent paper [204] compares the ring-closing ability of Ru and MoF6 catalysts 

for gem-disubstituted olefins to five-, six-, and seven-membered tri- and tet¬ 

rasubstituted carbocycles (primarily). The findings demonstrate that ring-clos¬ 

ing to give more sterically hindered cyclic olefins is much slower with Ru than 

Mo, although Ru gives good yields of some trisubstituted cyclic olefins. The time 
required for Ru was as long as 48 h, but the minimum times required for Mo (at 

65 °C) were not determined. Since comparable side-by-side rate studies were not 

carried out, it is difficult to say on an absolute scale what are the relative rates of 

Ru and Mo in a given circumstance. It should be noted that the favored syn re¬ 

tainer of the MoF6 catalyst converts to the anti rotamer with a rate constant of 

approximately 10 s *, and that the anti rotamer was found to be as much as five 
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orders of magnitude more reactive than the syn rotamer in one circumstance 

[77]. Therefore a temperature of 65 °C maybe needed for some reactions involv¬ 

ing MoF6 in order that the rate constant for conversion of syn to anti rotamers 

miglit be as high at 10-3 at that temperature and the half-life for conversion of a 

syn to an anti rotamer therefore reduced from hours (at 22°C) to minutes (at 

65 °C). (See also the studies concerned with polymerization of 1,7,7-trimethylbi- 

cyclo[2.2.1]hept-2-ene [125, 153-155].) These studies demonstrate that ruthe¬ 

nium catalysts are active enough to produce cyclic species containing up to tri- 

substituted double bonds in some five-, six-, or even seven-membered rings, and 

suggest that Mo and Ru catalysts often will play different but important roles in 

the construction of complex organic molecules through RCM. 

Rings that contain ether linkages have been prepared (e.g., Eqs. 27 [20], 28 

[205], or 29 [205]). Even five-membered cyclic ethers that contain trisubstituted 

double bonds can be formed using MoF6 as the catalyst [206]. Ru(CHCH= 

CPh2)Cl2(PCy3)2 did not catalyze metathesis of a variety of acyclic enol ethers 

that were reported to be ring-closed by MoF6 [205]. 

The formation of rings that contain a thioether linkage does not appear to be 

catalyzed efficiently by Ru, even when terminal olefins are present. On the other 

hand, molybdenum appears to work relatively well, as shown in Eqs. 30 [207] 

and 31 [208]. Under some conditions polymerization (ADMET) to give poly- 

thioethers is a possible alternative [26]. Aryloxide tungsten catalysts have also 

been employed successfully to prepare thioether derivatives [107,166,169]. Ap¬ 

parently the mismatch between a “hard” earlier metal center and a “soft” sulfur 

' donor is what allows thioethers to be tolerated by molybdenum and tungsten. 

Similar arguments could be used to explain why cyclometalated aryloxycarbene 

complexes of tungsten have been successfully employed to prepare a variety of 

cyclic olefins such as the phosphine shown in Eq. 32 [107,193]. 
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A variety of cyclic olefins (5-, 6-, and 7-membered) that contain nitrogen have 

been prepared via ring-closing metathesis, for example as shown in Eq. 33 [209]. 

Other examples are shown in Eqs. 34 [210] and 35 [211]. A variety of pyrrolizi- 

dines, indolizidines, quinolizidines, pyrrolidinoazocines, piperidinoazocines, 

and other fused nitrogen heterocycles have also been prepared via RCM (e.g., 
Eq. 36 [212,213]). 

n = 1, 2, 3 n = 1 (84%), 2 (53%), 3 (12%) 
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Tungsten aryloxo complexes have been shown to catalyze the intramolecular 

metathesis reactions of di- and tri-substituted w-unsaturated glucose and glu¬ 

cosamine derivatives to yield bicyclic carbohydrate-based compounds contain¬ 

ing 12- and 14-membered rings [108,214, 215], An example is shown in Eq. 37. 

The tolerance for amides and esters is noteworthy, as are the yields and the size 
of the rings that are formed. 

Hoveyda and coworkers [216] have shown that chromenes can be prepared via 

the ring-opening/closing sequence shown in Eq. 38, catalyzed by either Ru(CH- 

CH=CPh2)Cl2(PCy3)2 or MoF6. The MoF6 catalyst consistently gave higher 

yields (often 90-95%) under the conditions employed. For example, the cy- 

clohexenyl substrate shown gave a 90% yield of the product with Mo, but only 
32% with Ru. 

(38) 

RCM has been employed to prepare relatively large rings and natural products. 

For example, the enantiomerically pure tetracyclic ABCE subunit of manzamine 

A has been constructed by a series of reactions that is completed by a ring-clos¬ 

ing metathesis to form the azocine ring [217]. A trisubstituted olefin in a trans¬ 

fused cyclohexene ring has been formed by Mo-catalyzed RCM (Eq. 39) as part 

of a synthesis of coronafacic acid [218], while the eight-membered ring of dac- 

tylol (Eq. 40) was formed in high yield similarly [219]. 

OO2M6 CO2M6 
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The analogous cis- fused [3.6]bicycle was also prepared readily. Hoveyda and 

coworkers have used a Mo-catalyzed RCM step in the enantioselective total syn¬ 

thesis of antifungal agent SCH-38516 (Eq. 41) [220, 221]. In a recent full paper 

[46] it was discovered that freshly prepared or recrystallized Mo catalyst allowed 

ring-closing metathesis to occur smoothly at 22 °C to afford the cyclic product 

shown in Eq. 41 in 90% yield after only 4 h. Only dimer was formed with Ru cat¬ 

alysts. This result illustrates that large rings can be constructed by RCM, and 

raises the possibility that coordination of various donor functionalities to the 

metal during the cyclization process could be beneficial. 

The six or seven-membered cyclic ethers that comprise the Brevetoxin subu¬ 

nits could be prepared by Mo-catalyzed RCM (Eq. 42) [13]. It is noteworthy that 

the most successful substrates were those in which R^H and R2=Me. The first 

metal-containing intermediate in that circumstance therefore is likely to be that 

in which there is an oxygen bound to the alkylidene carbon atom; yet that alkyli- 

dene behaves in a ring-closing reaction in the expected manner. 
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n = 1 or 2 

High oxidation state alkylidene complexes in which a heteroatom is bound to 

the alkylidene carbon atom are extremely rare [41]. Since the approach shown 

in Eq. 43 failed, the related approach shown in Eq. 44 was taken to prepare the 

medium-sized ring subunits [222]. The latter product was formed in good yield 

when n=2, R^H, R2=Et, but only poor yield when n=2, R^Et, R2=H, possibly 

“due to unfavorable interactions between the ethyl substituent and transannular 

groups in the transition state for cyclization of the allyl ether” [222]. Ruthenium 

catalysts either failed or gave low yields, presumably because of the steric hin¬ 

drance associated with ring-closing dienes of this type. 
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Asymmetric RCM 

Molybdenum catalysts that contain enantiomerically pure diolates are prime 

targets for asymmetric RCM (ARCM). Enantiomerically pure molybdenum cat¬ 

alysts have been prepared that contain a tartrate-based diolate [86], a binaph- 

tholate [87], or a diolate derived from a trans- 1,2-disubstituted cyclopentane 

[89, 90], as mentioned in an earlier section. A catalyst that contains the diolate 

derived from a frans-l,2-disubstituted cyclopentane has been employed in an 

attempt to form cyclic alkenes asymmetrically via kinetic resolution (inter alia) 

of substrates A and B (Eqs. 45,46) where OR is acetate or a siloxide [89,90]. Re¬ 

actions taken to -50% consumption yielded unreacted substrate that had an ee 

between 20% and 40%. When A (OR=acetate) was taken to 90% conversion, the 

ee of residual A was 84%. The relatively low enantioselectivity might be ascribed 

to the slow interconversion of syn and anti rotamers of the intermediates or to 

the relatively “floppy” nature of the diolate that forms a pseudo nine-membered 

ring containing the metal. 
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A Mo catalyst that contains an enantiomerically pure binaphtholate or bipheno- 

late ligand would seem to have a better opportunity for ARCM since the ligand 

forms a relatively rigid pseudo six-membered ring containing the metal and syn 

and anti rotamers are known to interconvert readily. Recently an enantiomeri¬ 

cally pure Mo(CHCMe2Ph)(N-2,6-i-Pr2C6H3)(02R*) complex (02R*=5,5',6,6'- 

tetramethyl-3,3'-di-ferf-butyl-1,1 '-biphenyl-2,2'-diolate) has been prepared and 

employed for ARCM of substrates of the type shown in Eqs. 45 and 46 [223]. 

Conversion of one enantiomer of A (Eq. 45; R=SiEt3) in a racemic mixture to 

give the ring-closed product in -50% yield and -95% ee suggests that this type 

of catalyst, or variations of it, are likely to have wide application in the construc¬ 

tion of rings in an asymmetric manner. 

11 

Comments and Conclusions 

It is clear that “well-defined” Mo and W metathesis catalysts have tremendous 

advantages over classical metathesis catalysts for the synthesis of polymers by 

ROMP or ADMET, or variations of such reactions. They also are proving to be 

useful for the synthesis of cyclic organic compounds, since such syntheses usu¬ 

ally are dramatically shorter than syntheses employing traditional organic 

methods. In the near future new catalyst variations will be developed and we will 

understand in greater depth their mode of operation at a molecular level. Turn¬ 

over frequencies are likely to increase, perhaps by more than an order of magni¬ 

tude, as we become aware of the factors that limit a catalyst's lifetime and selec¬ 

tivity. The development of enantiopure catalysts for asymmetric metathesis re¬ 

actions shows great promise, although almost certainly no “magic catalyst” will 

accomplish all asymmetric reactions with equal ease; therefore catalyst design 

will play an ever more significant role in such reactions. Although Ru catalysts 

have the advantage of greater tolerance of water, oxygen, and protic reagents, 

their reactivity appears to be significantly lower than reactivities of the more 

sensitive Mo and W catalysts, especially in the presence of good donors such as 

S or P, and even 0. With time a collection of Mo, W, Ru, and perhaps yet other 

catalysts will emerge whose advantages and disadvantages we will learn to know 

and manipulate. Finally, although acetylene metathesis by “well-defined” alkyli- 

dyne catalysts [60] has been known for over 15 years, and some of the principles 

are closely related to those of olefin metathesis, acetylene metathesis has not yet 

entered the picture in terms of the synthesis of organic compounds. Therefore, 

acetylene metathesis would seem to be ripe for development, in particular for 

synthesis of large rings containing OC bonds. Eventually a wide variety of cat¬ 

alyst variations will be available for testing a wide variety of substrates and reac¬ 

tions. The amount of work involved in these endeavors will be large, but the pay¬ 
offs appear to be worth that effort. 
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Ruthenium-Catalyzed Metathesis Reactions 
in Organic Synthesis 

A.Tnirstner 

Well-defined ruthenium carbene complexes of type 1 introduced by Grubbs et al. are among 
the most popular and useful metathesis catalysts known to date. They combine a high ac¬ 
tivity with an excellent tolerance towards polar functional groups and provide access to car- 
bo- and heterocycles of almost any ring size by ring closing metathesis (RCM) of diene sub¬ 
strates. This includes even medium-sized and macrocyclic rings. The design and mode of 
action of these and related catalysts will be outlined and their performance will be illustrat¬ 
ed by some selected applications to the synthesis of complex natural products. Moreover, 
some promising developments concerning a new generation of ruthenium-based catalysts 
(i.a. the allenylidene complexes 2), as well as recent advancements related to the use of su¬ 
percritical carbon dioxide (scC02) as reaction medium for RCM, will be discussed. 
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1 

Introduction 

The metathesis activity of various simple ruthenium compounds has already 

been discerned during early studies on the ring opening metathesis polymeriza¬ 

tion (ROMP) of norbornene and other cycloalkene substrates [1, 2]. A real 

breakthrough, however, was achieved when Grubbs et al. reported in the early 

1990s that ruthenium-carbene complexes of the general type 1 are highly active 

single component (pre)catalysts for any kind of olefin metathesis reaction 

(Fig. 1) [3-5]. 

The well balanced electronic and coordinative unsaturation of their Ru(II) 

center accounts for the high performance and the excellent tolerance of these 

complexes toward an array of polar functional groups. This discovery has trig¬ 

gered extensive follow up work and carbenes 1 now belong to the most popular 

metathesis catalysts which set the standards in this field [3]. Many elegant appli¬ 

cations to the synthesis of complex target molecules and structurally diverse 

natural products highlight their truely remarkable scope. 

The following account describes the preparation, structure and activity of 

these catalysts and the insight gained into their mode of action. Based on this in¬ 

formation, it was recently possible to design new metathesis (pre)catalysts, i.e. 

ruthenium allenylidene complexes of type 2, which rival the activity of 1 but are 

much easier to prepare [6]. This review also covers the application of these tools 

to advanced organic synthesis, with the focus being on the ring closing meta- 

Ph 

Fig.1. 

1 2 
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thesis (RCM) of dienes to cycloalkenes of all ring sizes. Finally, some recent in¬ 

vestigations on metathesis reactions in supercritical carbon dioxide (scC02) will 

be.summarized [7], since this unconventional reaction medium may eventually 

upgrade the industrial application profile of such transformations for the pro¬ 

duction of fine chemicals. For further applications of ruthenium catalysts (e.g. 

enyhe metathesis, cross metathesis, polymerization reactions), however, the 

reader is referred to other chapters of this monograph. 

2 

Synthesis, Structure, Mechanism and Activity of Ruthenium-Based 
Metathesis Catalysts 

2.1 

Ruthenium Carbene Complexes and General Aspects of RCM 

The preparation of the ruthenium vinylcarbenes la-c in the early 1990s denotes 

a ground breaking development in olefin metathesis in general terms [4]. These 

complexes contain a late transition metal in a low oxidation state [i.e. formally a 

neutral, 16-electron, 5-coordinate Ru(II) fragment], in contrast to most of the 

established metathesis catalysts at that time [1]. They are usually prepared by a 

metal-induced rearrangement of 3,3-diphenylcyclopropene (Scheme 1) [4, 8], 

but similar species can also be obtained by reaction of Ru(H)(H2)Cl(PCy3)2 with 

propargyl chlorides [9]. Because la-c combine a high metathesis activity with a 

remarkable tolerance and stability toward air, water and many functional 

groups, they soon became attractive tools for practical applications. 

In a formal sense, complexes 1 represent pre-catalysts that convert in the first 

turn of the catalytic cycle (vide infra) into ruthenium methylidene species of 

type 3 which are believed to be the actual propagating species in solution 

(Schemes 2, 4). The ease of formation of 3 strongly depends on the electronic 

properties of the original carbene moiety in 1. In addition to complexes la-c 

with R1=CH=CPh2, ruthenium carbenes with R*=aryl (e.g. Id, Scheme 3) con¬ 

stitute another class of excellent metathesis pre-catalysts, which afford the 

methylidene complex 3 after an even shorter induction period [5]. In contrast, 

any kind of electron-withdrawing (e.g. -COOR) or electron-donating substitu- 

Ph Ph 
L 

Cl. | 

Scheme 1. 
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ent R1 (e.g. -OR, -SR, -NR2) impedes the formation of 3 and thus leads to a sig¬ 

nificant or even total loss of catalytic activity. 
Compound Id can be prepared either by reaction of RuCl2(PPh3)3 with phe- 

nyldiazomethane followed by an exchange of PPh3 for PCy3 [5], or by an oxida¬ 

tive addition of [Ru(COD)(COT)j into a,a-dichlorotoluene in the presence of 

PCy3 (Scheme 3) [10]. These procedures avoid the somewhat laborious synthesis 

of 3,3-diphenylcyclopropene necessary for the preparation of the vinylcarbenes 

la-c [4]. The fact that Id is now commercially available contributes greatly to 

the popularity of this particular metathesis “catalyst” [60]. 

Systematic investigations of the factors governing the catalytic activity of ru¬ 

thenium carbenes of type 1 have been carried out [5,11]. From these studies it 

can be deduced that electron-donating phosphines with large cone angles lead 

to particularly active catalysts [PPh3<<P(i-Pr)2Ph<PCy2Ph<P(i-Pr)3<PCy3]. In 
contrast, the following order of increasing activity was determined for the ani¬ 

onic ligand X=I<Br<Cl, i.e. the smaller and more electron-withdrawing chlo¬ 

ride leads to the most active species. As mentioned above, the initiation period 

is shorter if the substituent on the carbene moiety is R^CgF^Y rather than R*= 

CH=CPh2; however, electronic effects of the substituent Y on the phenyl ring 

turned out to be of minor importance (Y=H, NMe2, OMe, Me, F, Cl, N02). 

Further variations of the basic motif of 1 comprise carbene le in which the 

anionic ligands are trifluoroacetate rather than chloride (Fig. 2) [4d]. However, 

this specific compound shows a significant tendency to isomerize the double 

bonds of the substrates in addition to its metathetic activity. Moreover, water 

soluble catalysts have been developed that contain bulky aliphatic phosphine 

ligands with either a quarternary ammonium group (lf,g) or a sulfonate func¬ 

tion (lh) [12]. They have been tested in the ring opening polymerization 
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Scheme 4. 

(ROMP) of functionalized oxanorbornenes in water, methanol and aqueous 

emulsions, but have not yet been used in RCM. 

The overall mechanism of RCM is generally believed to proceed via the alter¬ 

nating series of formal [2+2] cycloaddition/cycloreversion steps outlined in 

Scheme 4 (Chauvin mechanism) [1,13], although many details concerning the 

structure and properties of the intermediates A-D involved in this catalytic cycle 

are not yet fully resolved. Only recently, an in-depth study provided some in¬ 

sights into the actual nature of such intermediates [11]. This investigation sug¬ 

gests that a pathway involving the dissociation of one of the two phosphines 

bound to 1 accounts for approximately 95% of the catalyst turnover (Scheme 5). 

The alternative path in which both phosphine ligands remain attached to the 

central metal, though operative, is much less efficient. 
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The olefin binding site is presumed to be cis to the carbene and trans to one 

of the chlorides. Subsequent dissociation of a phosphine paves the way for the 

formation of a 14-electron metallacycle G which upon cycloreversion generates 

a productive intermediate [11]. The metallacycle formation is the rate determin¬ 

ing step. The observed reactivity pattern of the pre-catalyst outlined above and 

the kinetic data presently available support this mechanistic picture. The fact 

that the catalytic activity of ruthenium carbene complexes 1 may be significantly 

enhanced on addition of CuCl to the reaction mixture is also very well in line 

with this dissociative mechanism [11]: Cu(I) is known to trap phosphines and 

its presence may therefore lead to a higher concentration of the catalytically ac¬ 

tive monophosphine metal fragments F and G in solution. 

Another piece of mechanistic evidence was reported by Snapper et al. [14], 

who describe a ruthenium catalyst “caught in action”. During studies on ring 

opening metathesis, these authors were able to isolate and characterize carbene 

5 in which a tethered alkene group has replaced one of the phosphines originally 

present in Id. Control experiments have shown that compound 5 by itself is 

catalytically active, thus making sure that it is a true intermediate of a dissocia¬ 

tive pathway rather than a dead-end product of a metathetic process. 

In all subsequent discussions it is important to note that the basic catalytic cy¬ 

cle of any RCM reaction (Scheme 4) is - in principle - reversible. The fact that 
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the overall process becomes useful in preparative terms is mainly due to the fol¬ 
lowing features: 

1. Since RCM inevitably cuts one molecule into two, the forward reaction is en- 
tropically driven. 

2. The equilibrium is constantly shifted towards the cycloalkene if ethylene or 

another volatile olefin is formed as the by-product. 

3. IT the product has a more highly substituted double bond than the substrate, 

the retro-reaction is kinetically hindered because most catalysts are sensitive 

to the substitution pattern of the olefin (cf. Sect. 3.1). 

4. The bias of a given diene for RCM depends on the ring size formed, on con¬ 

formational constraints of the substrate, on the presence of functional 

groups, and on interactions with the specific catalyst used. 

5. RCM of a diene substrate can be favored over competing polymerization via 

acyclic diene metathesis (ADMET) by adjusting high dilution conditions. 

2.2 
Ruthenium Allenyiidene Complexes 

The ruthenium carbene complexes 1 discussed in the previous chapter have set 

the standards in the field of olefin metathesis and are widely appreciated tools 

for advanced organic synthesis [3]. A serious drawback, however, relates to the 

preparation of these compounds requiring either 3,3-diphenylcyclopropene or 

diazoalkanes, i.e. reagents which are rather difficult to make and/or fairly haz¬ 

ardous if used on a large scale [60]. Therefore, a need for metathesis catalysts 

persists that exhibit essentially the same activity and application profile as 1 but 

are significantly easier to make. 

One class of compounds that might meet these criteria are ruthenium 

allenyiidene complexes of the general type 2 (Fig. 1) [6]. These cationic, 18 elec¬ 

tron ruthenium species are the first examples for the use of metal allenyiidene 

complexes in catalysis in general. They are conveniently prepared in only two 

high yielding steps from commercially available and stable precursors 

(Scheme 7). Cleavage of well accessible dimeric precursors of the general type 

[(T|6-arene)RuCl2]2 6 on treatment with a phosphine gives access to monomeric 
complexes 7, which readily react with propargyl alcohols such as 8 in the pres¬ 

ence of, e.g., NaPF6 at ambient temperature to yield the desired cationic allenyli- 

dene catalysts 2 (X=PF6‘). These derivatives are fairly stable and can be stored 

under Ar for extended periods of time without any loss of activity. Since several 

variations of the ligand sphere are possible, these compounds hold the promise 

that their activity can be fine tuned if necessary. 

Based on the insight that a dissociative mechanism plays the major role along 

the metathesis pathway [11], these catalysts have been designed such that only 

one bulky phosphine, one chloride and one cumulenylidene ligand are attached 

to a Ru(II) center. Because arene ligands are known to be labile on such a metal 

fragment, they will easily liberate free coordination sites (□) for the interaction 

with the alkene substrate. Although the precise mode of action of such allenyli- 
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dene complexes remains to be elucidated, it is likely that they lead in solution to 

a catalytically active metal fragment H which is similar to the one formed from 

Grubbs-type carbenes 1; the essential difference resides in the nature of the sec¬ 

ond ionic ligand L (Scheme 8). The fact that 1 and 2 show a very similar correla¬ 

tion of their catalytic activity with the nature of the phosphine ligand 

[PCy3>P(i-Pr)3>>PPh3] corroborates this assumption [6]. 

The direct comparison of 1 and 2 in a variety of RCM reactions also indicates 

a presumably close relationship between these catalysts (Table 1) [6]. Both of 

them give ready access to cycloalkenes of almost any ring size > 5, including me¬ 

dium sized and macrocyclic products. Only in the case of the 10-membered jas¬ 

mine ketolactone 16 was the yield obtained with 2a lower than that with lc; this 

result may be due to a somewhat shorter lifetime of the cationic species in solu¬ 

tion. However, the examples summarized in Table 1 demonstrate that the 

allenylidene species 2 exhibit a remarkable compatibility with polar functional 

groups in the substrates, including ethers, esters, amides, sulfonamides, ketones, 

acetals, glycosides and even free hydroxyl groups. 
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Table 1. RCM employing Ru-allenylidene catalyst 2aa; comparison with literature data using 
Ru-carbene lc as the catalyst [6] 

Substrate Product Yieldb 

2a 1 

Is Is 

a All reactions using 2a were carried out in toluene at 80°C using a catalyst loading of 5 mol% unless 

stated otherwise. 
b Isolated yield. 
c With only 2.5 mol% of 2a. 
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2.3 
Less Defined Ruthenium Catalysts 

It has been shown that [(r|6-arene)RuCl2]2 6 and [(r)6-arene)RuCl2]'PR3 7 com¬ 
plexes can be activated in situ to afford active metathesis catalysts, either on 

treatment with diazoalkanes [15] or by UV irradiation [16]. The structure of the 

active species thus formed is unknown, but it initiates the ring opening metath¬ 

esis polymerization reactions (ROMP) of various cycloalkenes very efficiently. 

Therefore these in situ recipes may also be useful in the context of preparative 

organic chemistry. 
Allylruthenium(IV) complexes such as 23 convert into highly performing 

metathesis catalysts on treatment with ethyl diazoacetate (Fig. 3) [17]. Again, the 

structure of the active species is unknown and only applications to polymeri¬ 

zation reactions have been reported so far. 

3 
The Application Profile of the Standard Ruthenium-Based 
Metathesis Catalysts in Synthesis 

Since the vinylcarbenes la-c and the aryl substituted carbene (pre)catalyst Id, 

in the first turn of the catalytic cycle, both afford methylidene complex 3 as the 
propagating species in solution, their application profiles are essentially identi¬ 

cal. Differences in the rate of initiation are relevant in polymerization reactions, 

but are of minor importance for RCM to which this chapter is confined. More¬ 

over, the close relationship between 1 and the ruthenium allenylidene complexes 

2 mentioned above suggests that the scope and limitations of these latter cata¬ 

lysts will also be quite similar. Although this aspect merits further investiga¬ 

tions, the data compiled in Table 1 clearly support this view. 

3.1 
Effects of Olefin Substitution 

The ruthenium compounds described above show a distinctly lower metathetic 

activity than the molybdenum alkenylidene complex 24 developed by Schrock et 

al. (Fig. 4, see also the chapter by R.R. Schrock, this volume) [18], which is an¬ 

other standard catalyst for any type of olefin metathesis reaction. However, they 
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24 

Fig. 4 

compensate for this lower intrinsic reactivity by an increased tolerance towards 

functional groups and a somewhat higher selectivity (cf. Sect. 3.2). 

In particular, ruthenium carbenes 1 are more sensitive to the substitution 

pattern of the alkenes than the molybdenum catalyst 24 [19]. While the latter re¬ 

acts readily even with di- and tri-substituted double bonds and is apparently the 

only catalyst capable of producing tetrasubstituted cycloalkenes (cf. Table 2, en- 

Table 2. Formation of tri- and tetrasubstituted alkenes by RCM; comparison of the efficiency 
of catalysts 1 and 24 (E=COOMe)a [19] 

No. Substrate Product Yield 

Id 24 

93% [100%] 

97% [100%] 

96% [100%] 

[25%] 96% 

97% [100%] 

a Isolated yield [yield determined by NMR]. 
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Table 2. continued 

No. Substrate Product Yield 

Id 24 

93% 

61% 

[100%] 

96% 

97% 

89% 

0% 

decomp. 

[100%] 

Isolated yield [yield determined by NMR], 
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tries 6,7), the best substrates for reactions with 1 and 2 are terminal, monosub- 

stituted olefins. However, 1 may eventually lead to the formation of trisubstitut- 

ed olefins in kinetically favorable cases when 5-, 6- or 7-membered rings are 

formed as shown by the examples compiled in Table 2. 

In turn, the propensity of 1 to respond to steric hindrance can be used to con¬ 

trol the site of initiation of an RCM reaction in a polyene substrate (Scheme 9) 

[20]. Thus, dienyne 25 reacts with the catalyst regioselectively at the least substi¬ 

tuted site; the evolving ruthenium carbene 26 undergoes a subsequent enyne 

metathesis leading to a new carbene 27, which is finally trapped by the disubsti- 

tuted olefin to afford the bicyclo [4.4.0] decadiene product 28. By simply revers¬ 

ing the substitution pattern of the double bonds, the complementary bicyclo 

[5.3.0] compound 32 is formed exclusively, because the cyclization cascade is 

then triggered at the other end of the substrate. Note that in both examples tri- 

substituted olefins are obtained by means of a ruthenium based metathesis cat¬ 

alyst [20]! 

The idea of determining the site of initiation via the substitution pattern of 

the olefin has also been used by Blechert et al. during the course of a stereocon- 

trolled RCM process (Scheme 10). Again, the reaction starts most likely at the 

terminal olefin site in 33 independent of whether 1 or 24 is used as catalyst; how¬ 

ever, due to the different coordination geometries of ruthenium and molybde¬ 

num, the evolving carbene reacts with either diastereotopic olefin attached to 
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Id (5%) 

CH2CI2 

R = H (20%) 

R = PMB (93%) 

R = CH2Fer (89%) 

the nitrogen substituent, thus leading to the selective formation of 34 or 35, re¬ 

spectively (Scheme 10) [21]. 
Polar substituents on the double bonds of a given substrate - both electron 

donating and electron withdrawing ones - usually stop the catalytic process 

[5d]. Among the (few) exceptions to this rule are cyclization reactions involving 

a,(3-unsaturated esters or amides (Scheme 11) as exemplified by the formal total 

synthesis of the glucosidase inhibitor castanospermine 38 [22] and by the for¬ 

mation of compound 40 starting from triene 39. The latter transformation is the 

only case reported so far in which an a,(3-unsaturated ester reacts preferably 

over a terminal alkene [23]. This is likely due to the proximity of the reacting 

sites and to the kinetically favored formation of a 7- rather than a 13-membered 

ring. In addition, various successful reactions involving a,(3-unsaturated amides 

have been reported in which the carbonyl group is not removed during ring clo¬ 

sure (e.g. 41—>42) [24]. However, the application of this strategy to the synthesis 

of (S)-pyrrolactam A 44 gave only rather poor yields [25], 
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3.2 

Functional Group Compatibility 

The ruthenium carbene catalysts 1 developed by Grubbs are distinguished by an 

exceptional tolerance towards polar functional groups [3]. Although generaliza¬ 

tions are difficult and further experimental data are necessary in order to obtain 

a fully comprehensive picture, some trends may be deduced from the literature 

reports. Thus, many examples indicate that ethers, silyl ethers, acetals, esters, 

amides, carbamates, sulfonamides, silanes and various heterocyclic entities do 

not disturb. Moreover, ketones and even aldehyde functions are compatible, in 

contrast to reactions catalyzed by the molybdenum alkylidene complex 24 which 

is known to react with these groups under certain conditions [26]. Even unpro¬ 

tected alcohols and free carboxylic acids seem to be tolerated by 1. It should also 

be emphasized that the sensitivity of 1 toward the substitution pattern of alkenes 

outlined above usually leaves pre-existing di-, tri- and tetrasubstituted double 

bonds in the substrates unaffected. A nice example that illustrates many of these 

features is the clean dimerization of FK-506 45 to compound 46 reported by 

Schreiber et al. (Scheme 12) [27]. 

Problematic functional groups, however, are thioethers and disulfides [28] as 

well as free amines which poison catalysts of type 1 [4c]. In case of amines this 

problem is easily solved by choosing either an appropriate protecting group for 

nitrogen (e.g. amide, sulfonamide, urethane), or simply by protonation since 

ammonium salts were found to be compatible with 1 [4c]. As will be discussed 

in Sect. 4, free amines can also be metathesized in supercritical C02 as the reac¬ 

tion medium [7]. 

Although the ruthenium allenylidene complexes 2 have not yet been as com¬ 

prehensively studied as their carbene counterparts, they also seem to exhibit a 

closely related application profile [6]. So far, they have proven to tolerate ethers, 

esters, amides, sulfonamides, ketones, acetals, glycosides and free secondary 

hydroxyl groups in the substrates (Table 1). 

This excellent compatibility of ruthenium catalysts encourages the use of 

RCM as a key strategic element for the synthesis of complex target molecules as 

will become evident from the examples discussed in Sect. 5. 

3.3 

Ring Size 

Successful applications of RCM to the formation of almost any ring size > 5 have 

been reported in the literature, including medium-sized and macrocyclic com¬ 

pounds. While the synthesis of 5-, 6- and 7-membered rings is rather general [3] 

(for representative examples see Table 3) and only few failures have been record¬ 

ed, unfavorable conformational effects and/or strain in the molecule may render 

the cyclization of larger rings significantly more delicate. Therefore it is appro¬ 

priate to discuss the present state of the art in this particular field in some detail. 

The formation of medium sized rings is a formidable challenge, since it is well 

established that the inverse reaction, i.e. the ring opening metathesis polymeri- 
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zation (ROMP) of cycloalkenes with 8-11 ring atoms, is a highly favored process 

due to the release of ring strain [lj. Despite this seemingly adverse situation, a 

rapidly growing number of successful applications indicates that even medium 

sized rings can be prepared by RCM in moderate to excellent yields (Tables 1,4) 

[29]. It is likely that the entropy gained upon dissecting one diene into two ole¬ 

fins together with the evaporative loss of ethylene (cf. Scheme 4) can compensate 

for the unfavorable increase in enthalpy during the cyclization process. How¬ 

ever, subtle changes in the substrates can have a major impact on the outcome of 

the reaction. This is evident from a comparison of the different 8-membered 

rings 47-54 compiled in Scheme 13 [29i, j]. It is generally accepted that some 

conformational predisposition towards ring closure in the diene substrates - as 

induced, e.g. by annelation, the Thorpe-Ingold effect, hydrogen bonding or re- 
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Table 3. Representative examples of 5-, 6- and 7-membered rings formed by RCM using 1 as 
catalyst 

Product (Yield) Ref. 

OMe 0% (n = 1) 

n 89% (n = 2) [49] 

// 59% (n = 3) 

[24b] 

/ 
\ 
Ph 

P 97% 
[46] 

95% 

OSiMe2tBu 

[53] 

BOC 

Product (Yield) Ref. 

lated constraints - is required to make such reactions effective although we are 

still far away from a clear picture. 

In the case of macrocyclic rings, the situation is better understood. In con¬ 

trast to earlier statements in the literature [3a], even diene substrates devoid of 

any conformational pre-disposition towards ring closure turned out to be excel¬ 

lent substrates for macrocylization reactions catalyzed by ruthenium-carbene or 

. -allenylidene complexes. From these investigations [30], however, a set of para¬ 

meters has been deduced which turned out to be decisive: 
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2 (comple: 
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Ph BOC 
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Scheme 13. 

Table 4. Selected examples of medium-sized rings formed by RCM with 1 as catalyst 

Product (Yield) Ref. Product (Yield) Ref. 
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Scheme 14. 

Scheme 15. 

1 c (4 mol%) 
-► 
high dilution 

oligomers 

1. The mere presence of a polar functional group (ester, amide, ketone, ether, 

sulfonamide, urethane, etc.) seems to be a fundamental requirement for 

smooth macrocyclizations by RCM. The two examples displayed in 

Scheme 14 nicely illustrate this aspect. 

2. The site of ring closure is another key issue as indicated by Scheme 15. 

3. Steric hindrance close to the double bonds significantly lowers the yield (cf. 

60a/b, Scheme 16). 

These observations maybe rationalized by assuming that the polar functional 

group coordinates to the metal center in one or more intermediates along the 

RCM pathway (Scheme 17) [30b]. Such a Lewis-acid/Lewis-base interaction may 

assemble the reacting sites within the coordination sphere of the ruthenium and 

hence provide internal bias for cyclization (e.g. structure I). However, if such an 
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Scheme 16. 

Scheme 17. 

60a R = H (52%) 

60b R = Me (10%) 

[Ru] — O 

R 

K 

intermediate becomes too stable, as might be the case with 5- or 6-membered 

chelate structures such as J or K, the catalyst is sequestered in an unproductive 

form and the conversion ceases. Taking into account that the residual ligands L 

in I (at least one PCy3) are very space filling, this model also explains the adverse 

effects of bulky substituents at or close to the double bonds to be metathesized. 

Although this interpretation is only based on indirect evidence and needs fur¬ 

ther support from mechanistic investigations, this “relay model” provides a safe 

guidance for retrosynthetic planning. 

Importantly, however, it should be noted that RCM generally leads to a mixture 

of the (E)- and (Z)-isomers if cycloalkenes with > 10 ring atoms are formed. At 

present we are neither able to predict nor to control the configuration of the newly 

formed double bond and seemingly small variations in the substrates can have a 

major impact on the diasteromeric ratio. Many examples in the epothilone- [35] 

(see also chapter by K.C. Nicolaou et al., this volume) and azamacrolide series 

[30b] highlight this aspect. More details on the actual structure of the intermedi¬ 

ates of an RCM reaction must be gathered before a general solution to this inher¬ 

ently difficult but preparatively most important problem can be envisaged. 

The examples summarized in Table 5 and in Sect. 5 of this review illustrate 

the applicability of RCM to the preparation of various macrocyclic perfume in¬ 

gredients [30], pheromones [30], antibiotics [31-35], crown ethers [36], cyclic 

peptides [37], catenanes [38] and capped calixarenes [39]. 

In order to properly assess the scope of such RCM-based macrocyclizations, 

however, it is important to comment further on the effect of conformational con- 
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Table 5. Selected examples of macrocycles formed by RCM using 1 as the catalyst 

Product (Yield) Reference Product (Yield) Ref. 

straints. The deductions summarized above do not mean that any macrocyclic 
system can be formed by RCM. Although they clearly show that conformational 

predisposition towards ring closure is not a basic requirement for a successful 

macrocyclization [30], one has to keep in mind that the ability of RCM to build 

up strain in a molecule is limited. In other words, if a given diene is held in a 

highly unfavorable conformation and RCM must override a considerable in- 

. crease in enthalpy during ring closure, the reaction is likely to fail. 
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X = H (0%, only dimer) 

X = OTIPS (60%) 

Scheme 18. 

A good example for such a situation is a recent report on the synthesis of the 

macrotricyclic core 63 of roseophilin [40,41]. RCM was able to form the rather 

strained ansa chain of this target molecule only after the cyclization had been 

biased by a conformational control element X which helps to bring the unsatu¬ 

rated chains closer together and lowers the enthalpic barrier during ring forma¬ 

tion (Scheme 18). 

3.4 

Sequential Transformations 

Since any metathetic conversion of a (di)olefin leads to the formation of a new 

olefin, this reaction can be easily incorporated into sequential transformations. 

An early example is the combination of an enthalpically driven ring-opening re¬ 

action of a strained cycloalkene with an entropically driven RCM step as report¬ 

ed by Grubbs et al. (Scheme 19) [20b]. In this specific example, the domino pro¬ 

cess is likely triggered at one of the allylic side chains of 64. The resulting 

carbene 65 opens the tethered cyclobutene unit, transmits the reacting site and 

leads to the formation of a second dihydrofuran ring upon reaction of 66 with 

the remaining unsaturated appendage. 

Several other sequential transformations incorporating metathesis reactions 

have been reported by Hoveyda (for a comprehensive review see chapter by A.H. 

Hoveyda in this monograph) [42] and others [43,44]. 
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1 (3 mol%) 
-► 
benzene, 45°C, 0.1 M 

Scheme 19. 

-► 

82% 

67 

3.5 

Metathesis Reactions in Solid Phase Synthesis 

Medicinal chemistry makes use of solid phase combinatorial chemistry as a 
(rapidly maturing) tool for lead discovery and optimization. Metathesis reac¬ 
tions are obviously useful in this context [45] as they can be used: 
1. To bind alkene substrates to a resin 
2. To cleave the products of solid phase syntheses off the resin 
3. To cyclize resin bound diene substrates by RCM; in this specific case, the 

“pseudo” dilution conditions within the polystyrene matrix may favor ring 
closure over competing polymerization of the substrate via ADMET 

4. To effect “traceless” reactions on a support, as, e.g., exemplified by the ring 
closing metathesis reactions of bound dienes which concomittantly release 
the products 

Selected examples of these and related applications are authoritatively dis¬ 
cussed in the chapters by K.C. Nicolaou et al. (epothilone libraries) and S.E. Gib¬ 
son and S.P. Keen (cross metathesis processes on solid phase) in this mono¬ 
graph. For some further advancements, the reader is referred to the recent liter¬ 
ature [45]. 

4 

Olefin Metathesis in Supercritical Carbon Dioxide 

Although numerous advantages are associated with the use of supercritical car¬ 
bon dioxide (scC02) as an ecologically benign and user friendly reaction medi¬ 
um, systematic applications to metal-catalyzed processes are still rare. A notable 
exception is a recent report on the use of scC02 for the formation of industrially 
relevant polymers by ROMP and the cyclization of various dienes or enynes via 
RCM [7]. Both Schrock's molybdenum alkylidene complex 24 and the ruthe- 
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nium carbenes 1 introduced by Grubbs turned out to catalyze such reactions in 

scC02; however, the latter catalysts are not visibly soluble in this particular reac¬ 

tion medium and it is therefore not yet clear whether these reactions are homo¬ 

geneously or heterogeneously catalyzed processes. 

The efficiency and application profile of RCM in scC02 are noteworthy 

(Table 6). Deserving particular mention is the ease of work-up of the reaction 

Table 6. RCM in scC02 catalyzed by 1 unless stated otherwise3 [7] 

No. Substrate Product Yield 

a Catalyst 1 (1 mol%),T=313 K, d>0.76 g cm'3. 
b Using 24 (5 mol%) as the catalyst. 
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mixtures upon venting the reactor. Thus, volatile compounds such as musk- 

odored macrolides (Table 6, entries 4,5) are selectively removed from the auto¬ 

clave by virtue of the extractive properties of C02 and can be collected in cold 

traps. The metal residue remaining in the reactor was found to be still active and 

can be used again; of course, the C02 can also be recycled, if desirable. These fea¬ 

tures may well upgrade the industrial application profile of RCM for fine chem¬ 

ical production [7]. 

An observation of rather fundamental importance is the remarkable and un¬ 

precedented influence of the density of the reaction medium on the path of a me- 

tathetic conversion (Scheme 20). Thus, it was found that diene 17 is selectively 

cyclized to the 16-membered ring 18 at densities of the compressed phase of 

d > 0.65 g cm-3, whereas mainly oligomers are formed below this threshold [7]. 

Although the reasons for this effect may be significantly more complex and are 

far from being fully understood, Scheme 21 provides a mnemonic explanation: 

an increasing density of the scC02 results in a higher population of inert “sol- 
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© :# *5:1 

dilution 

© . • *5:2 O • =5:1 

"dilution" by density 

Scheme 21. 

vent” molecules per volume. This effect (“dilution by density”) mimics the dilu¬ 

tion of a given substrate in a conventional solvent and favors the unimolecular 

process over the competing intermolecular reaction simply by making the reac¬ 

tive encounters of two substrate molecules less likely. 

Finally, it should be mentioned that scC02 can be used as a “protective” medi¬ 

um for certain functional groups. This was noticed during the formation of epil- 

achnene (Table 6, entry 6), an azamacrolide alkaloid found in the defense secre¬ 

tions of the pupae of the Mexican beetle, Epilachnar varivestis. In conventional 

solvents this reaction fails as the catalyst is poisoned by the amine and can only 

be achieved after suitable protection of the basic nitrogen (e.g. Boc, Fmoc) [30b]. 

However, in scC02 as the reaction medium, even the free amine cyclizes readily 

to the desired macrocycle (Table 6, entry 6), most likely because of the reversible 

formation of the corresponding carbamic acid under the reaction conditions [7]. 

5 

Selected Applications of RCM to Target Oriented Synthesis 

A proliferating number of applications of RCM to the synthesis of complex tar¬ 

get molecules and natural products substantiates its relevance for preparative 

organic chemistry and illustrates the remarkable tolerance of the standard me¬ 

tathesis catalysts toward an array of sensitive functional groups [3]. However, 

RCM can even be used in a more strategic way: Since it allows to selectively ac¬ 

tivate an olefin under notably mild conditions in the presence of various other 

functional groups, the number of “unproductive” protection/deprotection steps 

and functional group interconversions can be reduced to a minimum. If proper¬ 

ly assessed, this concept may significantly upgrade the efficiency, flexibility, 

practicality, “atom economy” and “economy of steps” of multiplex syntheses. 

The following treatise is selective rather than comprehensive and intends to 

highlight some of the advantages mentioned above. The reader is also referred 

to previous sections of this review as well as to other chapters in this monograph 
which compile many additional examples. 
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Scheme 22. 

5.1 

Carbocydic Nucleosides 

Carbocyclic analogues of nucleosides have attracted much attention as potential 

antiviral and antitumor therapeutic agents. Carbovir 72 is one of the most fa¬ 

mous derivatives of this series, but its closely related analogue 1592U89 73 also 

holds remarkable promise for the treatment of AIDS and is currently in phase II 
clinical trials. 

A nice and convergent approach to both compounds makes use of RCM to 

form the 5-membered building block 71, which mimics the carbohydrate part of 

the nucleosides. The necessary diene precursor 69 is readily assembled via Evans 

aldol chemistry. RCM then affords the ring in almost quantitative yield 

(69—>70), leaving the chiral centers and the free hydroxyl group intact. Removal 

of the chiral auxiliary by reductive cleavage, attachment of the base by means of 

ji-allylpalladium chemistry, and a final deprotection step complete these highly 

efficient syntheses [46]. 
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Scheme 23. 

5.2 

Manzamine A 

The polycyclic structure of manzamine A 74, an alkaloid with promising anti¬ 

tumor activity, constitutes an ideal testing ground for probing the effciency of 

RCM. Although no total synthesis of 74 has yet been reported, various approach¬ 

es to this complex target rely on RCM-based strategies. 

Specifically, Pandit et al. reported the formation of the 13-membered E-ring 
in a fairly advanced model study [34a]. Although this particular cyclization re¬ 

action gave only 30% yield after a prolonged reaction time, it was one of the first 

successful applications of RCM to the synthesis of macrocycles starting from di¬ 

ene substrates that are conformationally predisposed to ring closure by a rigid 

backbone. Other model studies indicate that the 8-membered D-ring of 74 can 

also be accessed by RCM using either 1 [29e] or Schrock's molybdenum alkyli- 

dene complex 24 as the catalyst [29d]. Finally, a recent study directed towards 

the ABE tricyclic core of manzamine shows a nice way to use a quarternary - and 

hence non-basic - pyridinium salt as an A-ring mimic during the cyclization of 

the macrocyclic E-ring [34b]. This circumvents the inherent problem posed by 

manzamine that the basic nitrogen functions in the substrate may poison the 
metathesis catalysts. 

5.3 

Epothilone A 

The synthesis of the promising anti-cancer agent epothilone A 75 and many an¬ 

alogues thereof by means of RCM is comprehensively reviewed in the chapter by 
K.C. Nicolaou et al., this volume, and will not be duplicated here [35]. 

The only aspect to which the reader is referred is the fact that a comparison 

of the different strategies nicely illustrates the fundamental requirements for 

productive RCM as discussed in Sect. 3.3. Specifically, it is of utmost importance 

that (1) the distance of the olefinic sites to the polar “relay” substituents, and (2) 

the low steric hindrance close to the double bonds are properly assessed when 

choosing the site of ring closure (Scheme 24). Moreover, in all syntheses directed 

towards 75 or analogues thereof, mixtures of the (E)- and (Z)-isomers have been 
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successful RCM & oxidation 
Nicolaou (1996, 1997), Schinzer (1997), 

Danishefsky (1997) 

successful RCM 
Danishefsky (1996) 

Scheme 24. 

80 R = H -1 Tf20, pyridine 
81 R = S02CF3 91% 

Scheme 25. 
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formed [35], thus shedding light on the notion that we are presently neither able 

to control nor even to predict the stereochemistry of the newly formed double 

bond of large ring cycloalkenes generated by RCM [61]. 

5.4 

(+)-Lasiodiplodin 

The orsellinic acid derivative lasiodiplodin 84 and its de-O-methyl congener are 

found, i.a., in the roots of Arnebia euchroma, a plant which is used in traditional 

Chinese medicine. These compounds elicit diverse biological responses as in¬ 

hibitors of prostaglandin biosynthesis, cyctotoxic agents, and plant growth reg¬ 

ulators. 
Enantiomerically pure 84 has been obtained in only seven synthetic opera¬ 

tions in 40% overall yield starting from simple and commercially available pre¬ 

cursors (Scheme 25). All C-C bond formations are metal-assisted or metal-cata¬ 

lyzed, with the RCM-based cyclization of the 12-membered ring (82—>83) being 

particularly efficient [33]. 

5.5 

Tricolorin A 

The synthesis of the disaccharide subunit 85 of tricolorin A, a cytotoxic resin 

glycoside isolated from Ipomoea tricolor, provides a unique opportunity to com¬ 

pare the efficiency of an RCM-based macrocyclization reaction with that of a 

more conventional macrolactonization strategy. Furthermore, this specific tar¬ 

get molecule challenges the compatibility of the catalysts with various function¬ 

al groups. 

Both aspects are very well met by the Grubbs carbene catalyst lc [32] as well 

as by the ruthenium allenylidene complexes 2a [6], which effect the formation of 

the 19-membered lactone ring spanning two monosaccharide units in excellent 

yields (Scheme 26). Again, a mixture of (E)- and (Z)-isomers was formed which 

was hydrogenated to afford the desired building block 85. The direct compari¬ 

son of this metathesis route [6,32] with the macrolactonization protocols report¬ 

ed in the literature [47] confirms the notion that RCM rivals all established 

methods for the synthesis of large rings, provided that the proper site of ring clo¬ 

sure is chosen according to the rationale outlined in Sect. 3.3. Of particular rele¬ 

vance is the fact that the RCM approach to 85 is highly modular and therefore 

opens up an efficient entry into congeners and analogues of tricolorin A, which 

may help to map the structure/activity profile of this bioactive target molecule. 

5.6 

(-)-Gloeosporone: Development of a Binary Metathesis Catalyst System 

The “relay model” outlined in Sect. 3.3 (Scheme 17) [30b] predicts that function¬ 

alized alkenes which lead to the formation of stable 5- or 6-membered chelate 

carbene intermediates on exposure to 1 should constitute poor substrates for 
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RCM-based macrocyclization reactions as they potentially sequester the catalyst 

in an unproductive form. A recent total synthesis of gloeosporone 86 addresses 

this aspect and describes a simple, yet efficient way to overcome this limita¬ 

tion [31]. 
Gloeosporone is the germination self inhibitor produced by the fungus Colle- 

totrichum gloeosporoides. This compound has attracted much attention both for 

its interesting structural and biological properties [48]. The retrosynthetic ana¬ 

lysis shown in Scheme 27 suggests that RCM might pave the way for an unprec¬ 

edentedly short synthesis of this macrolide, provided that diene 89 can be cy- 

clized despite the unfavorable relay which maybe formed at its 4-pentenoate en¬ 

tity [31]. 
Diastereomerically pure diene 89 (R=SiMe2tBu) was assembled in a straight¬ 

forward manner starting from cycloheptene 90 (Scheme 28). It is not surprising 

to find that this particular substrate fails to cyclize when reacted with Id under 

standard high dilution conditions. 

In order to destabilize the likely unproductive 6-membered chelate structure 

of type K (Scheme 17) that might be formed if the catalyst reacts with the 4-pen- 

tenoate entity, the cyclization was run in the presence of a Lewis acid which com¬ 

petes with the evolving carbene for the Lewis basic ester group. Such an additive 

• has to be compatible with the RCM catalyst, should provoke a minimum of acid- 

catalyzed side reactions, and must undergo a kinetically labile coordination with 

the relay substituent. Ti(OiPr)4 was found to meet these stringent requirements 
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86 87 

Scheme 27. 

[31]. Thus, reaction of diene 89 with catalytic amounts of Id in the presence of 

sub-stoichiometric amounts of Ti(OiPr)4 led to its smooth cyclization with for¬ 

mation of the desired 14-membered ring 96 (E:Z=2.7:1) in excellent yield. This 

product was then transformed into 86 by oxidation of the double bond and sub¬ 

sequent cleavage of the silyl protecting group. Note that this strategy merges the 

(E)/(Z)-mixture formed by RCM into a single diketone 97 en route to the final 

target. 
Several other aspects of this total synthesis are also noteworthy [31]: enantio- 

merically pure gloeosporone has been obtained in only eight synthetic opera¬ 

tions with an overall yield of 18% starting from cycloheptene as the substrate. 

This approach is much shorter and more efficient than any of the previous mac- 

rolactonization strategies reported in the literature [48]. Importantly, the 

number of “unproductive” protection/deprotection steps is kept to a minimum 

and the synthesis plan is flexible enough for making various analogues of this 

biologically active target. Finally it should be noted that all C-C bond formations 

in the sequence shown in Scheme 28 are transition metal catalyzed and lead to 

the concomitant formation of the chiral centers in stereomerically pure form. 

Therefore this example highlights the notion that a well-orchestrated interplay 

of RCM with other transition metal catalyzed reactions opens up flexible, mod¬ 

ular and performant avenues to rather complex target molecules [3c, 31]. 
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The increasing popularity of ring-closing metathesis (RCM) can be attributed to the devel¬ 
opment of transition metal complexes 1,2 and 3 as initiators. These compounds efficiently 
promote the RCM process, are compatible with a wide range of chemical functionalities and 
can be used without recourse to rigorously controlled reaction conditions. In this chapter, 
applications of this technology to the preparation of the 16-membered macrolactone core 
of the epothilones culminating in the total synthesis of epothilones A, B and E will be pre¬ 
sented. The preparation of a diverse array of analogs using both solution and solid-phase 
techniques will also be discussed. The use of the cyclopentadienyl titanium complexes 93 
and 110 for olefination/olefin metathesis will also be described, with particular emphasis 
on their potential in the synthesis of polyether natural products. 
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1 

Introduction 

Ring-closing metathesis (RCM) is an extremely powerful method for transform¬ 

ing acyclic dienes into unsaturated cyclic systems [1]. The process is believed to 

proceed via the catalytic cycle outlined in Scheme 1, and the principal driving 

force for the reaction is the gain in entropy resulting from the loss of ethene. 

Although RCM technology has been known for over 15 years, early examples 

utilized poorly defined and inefficient catalyst systems which exhibited limited 

functional group tolerance [2]. These factors made the process unsuitable for 

most synthetic applications. The recent explosive growth in the area can be at¬ 

tributed primarily to the work of Schrock [3] and Grubbs [4], who developed the 

stable, well-defined and efficient metathesis initiators 1,2 and 3 (Fig. 1). 

These complexes generate the active catalytic species in situ and are now used 

routinely for the preparation of 5-, 6- and 7-membered carbo- and hetero-cyclic 

ring systems from the appropriate diene precursors. Contrary to original expec¬ 

tations, the preparation of medium and large ring systems has also been dem¬ 

onstrated, even in cases where the diene substrate is not predisposed to cycliza- 

tion [5]. In addition to their high activity, 1,2 and 3 exhibit exceptional tolerance 

to a wide variety of functional groups. In the context of complex molecule con¬ 

struction, this can allow RCM to play a pivotal role in the development of concise 

and efficient synthetic routes in which protecting group transformations are 

kept to a minimum. Furthermore, the experimental ease with which the reac- 

X = C, heteroatom 
[M]=CH2 = Transition metal alkylidene 

Scheme 1. Mechanism for ring-closing metathesis 
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Fig. 1. Commonly used metathesis initiators 

tions can be performed, and the possibility of manipulating the olefinic func¬ 

tionality formed by the process, has made RCM an increasingly powerful reac¬ 
tion for use in modern organic synthesis. 

This article will outline firstly the application of RCM technology to the prep¬ 

aration of the epothilones with particular emphasis on the generality and mild 

nature of the process. The second section will describe the use of cyclopentadi- 

enyl titanium reagents in metathesis processes and, in particular, their applica¬ 

tion to the preparation of polyether segments of marine neurotoxins. 

2 

Total Synthesis of Epothilones Via Ring-Closing Metathesis 

2.1 
Introduction 

Epothilones A, B and E (4,5 and 6) (Fig. 2) are representative members of a new 

class of bacterially derived natural products which exhibit potent biological ac¬ 

tivity. Isolated by Hofle and coworkers [6] from a soil sample collected near the 

Zambesi river, the compounds have provided a great deal of excitement in the 

scientific community due to their potent cytotoxicity against a number of mul¬ 

tiple drug-resistant tumor cell lines and because of the mechanism by which 

they exert this effect. Like Taxol [7], the epothilones promote the combination of 

a- and (3-tubulin subunits and stabilize the resulting microtubule structures. 
This mode of action inhibits the cell division process and is, therefore, an attrac¬ 

tive strategy for cancer chemotherapy [7,8]. 

R 

O OH O 

4: R = R1 = H, epothilone A 

5: R = Me, R1 = H, epothilone B 

6: R = H, R1 = OH, epothilone E 

Fig. 2. Structures and numbering of the epothilones 
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In addition to the rare and intriguing mechanism of antitumor activity exhib¬ 

ited by the epothilones, their high potency (2000-3000 times more than Taxol in 

some assays [8a]) and chemical simplicity (compared to Taxol) has made them 

high priority targets for total synthesis. In this connection, highly flexible and 

convergent strategies were required which would facilitate rapid construction of 

the epothilones. More importantly, this would provide efficient access to a li¬ 

brary of diverse analogs for biological screening purposes with the ultimate goal 

of fine-tuning the pharmacological properties of the natural molecules. 

2.2 
Total Synthesis of Epothilones A, B and E 

Prior to the synthesis of the epothilones, the use of RCM for the preparation of 

macrolactones had received little attention [5]. In part, this could be attributed 

to the generally held assumption that only conformational biased precursors 

would undergo cyclization. Although several examples of macro-RCM had been 
reported, notably by Pandit [9],Hoveyda [10] and Fiirstner [11], preparation of 

the densely functionalized 16-membered lactone core of the epothilones was not 

a trivial undertaking. Preliminary studies focused on the preparation and cycli¬ 

zation of model substrates in order to assess the viability of the RCM approach 

and to provide precedent for subsequent, more ambitious, synthetic endeavors. 

2.2.1 
Model Studies 

Nicolaou et al. were the first to report the successful use of RCM to prepare the 

16-membered macrolactone nucleus of the epothilones and present a strategy 

for their total synthesis based on this reaction. The approach involved formation 

of the C12,C13 olefin and is outlined in Scheme 2 [12,13]. 

The RCM precursor 11 was constructed in a highly convergent manner from 

the three fragments 7,8 and 10 via sequential esterification and aldol reactions. 

Treatment of triene 11 with ruthenium initiator 3 (0.1 equiv) at 25°C in dichlo- 

romethane (0.003 M) resulted in the formation of a single macrolactone product 

13 in 85% yield. Under similar conditions, the C6,C7 diastereomer, 12, under¬ 

went smooth cyclization to give the corresponding 6S,7R macrolactone (not 

shown). Despite lacking the C3 hydroxyl functionality and the thiazole moiety 

present in the natural compounds (Fig. 2), the successful transformation of 11—> 

13 indicated the viability of the metathesis approach for the formation of the 16- 

membered macrolactone and led to the development of a second generation 

model which incorporated the desired aromatic substituent [13] (Scheme 3). 

The tetraene precursor 14, assembled in a similar way to 11, underwent 

smooth cyclization using the ruthenium initiator 3 (0.1 equiv) to give macrolac¬ 

tone 15, again in good yield and with complete £-selectivity. Despite the incor¬ 

rect olefin geometry, transformation into epoxides 16 provided further encour- 
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agement for the extension of this approach to the total synthesis of the epothi¬ 
lones. 

In parallel investigations, Danishefsky and coworkers accomplished the prep¬ 

aration of the 16-membered lactone of a model epothilone system via an alter¬ 

native C9,C10 disconnection [14] (Scheme 4). In this case, coupling of epoxy-al¬ 

cohol 17 with acids 18a and 18b afforded trienes 19a and 19b respectively. RCM 

of 19a under the influence of ruthenium initiator 3 produced dienes 20a as a 1:1 

mixture of Z:£-isomers. Under identical conditions, cyclization of 19b produced 

a single product 20b (tentatively assigned as the Z-isomer). The variable stereo¬ 

selectivity observed in these reactions was inconsequential since the olefinic 

functionality could be reduced to afford the corresponding saturated macrolac¬ 

tones. Schrock's molybdenum initiator 1 promoted the cyclization of 19a and 

19b with similar efficacy [14]. 

Despite comprehensive studies, extension of this C9,C10 strategy to the prep¬ 

aration of a fully functionalized epothilone intermediate proved unattainable, 

demonstrating limitations of the RCM process [14]. 

2.2.2 
Total Synthesis of Epothilone A 

The C12,C13 disconnection strategy has been employed by several groups to 

complete total syntheses of epothilone A (4). Nicolaou et al. were the first to re¬ 

port the successful application of this strategy to the construction of a naturally 

occurring epothilone [13,15] (Scheme 5). 

Aldol reaction of keto-acid 21 with aldehyde 10 and esterification of the re¬ 

sulting acids with alcohol 22 led rapidly to cyclization precursor 23 and its 

6S,7R-diastereomer (not shown). RCM using ruthenium initiator 3 (0.1 equiv) in 

dichloromethane (0.0015 M) at 25 °C afforded macrolactones 24a and 24b in a 

1.2:1 ratio. Deprotection and epoxidation of the desired macrolactone, 24a, af¬ 

forded epothilone A (4) via 25a (epothilone C) (Scheme 5). Varying a number of 

reaction parameters, such as solvent, temperature and concentration, failed to 

improve significantly the Z-selectivity of the RCM. However, in the context of the 

epothilone project, the formation of the fj-isomer 24b could actually be viewed 

as beneficial since it allowed preparation of the epothilone A analog 26 for bio¬ 

logical evaluation. 
Using a similar C12,C13 disconnection approach, Schinzer et al. also achieved 

a total synthesis of epothilone A (4) [ 16]. The key step involved a highly selective 

aldol reaction between ketone 27 and aldehyde 10 to afford exclusively alcohol 

28 with the correct C6,C7 stereochemistry (Scheme 6). Further elaboration led 

to triene 29, which underwent RCM using ruthenium initiator 3 in dichlo- 

• romethane at 25°C,to afford macrocyles 30 in high yield (94%). Although no se¬ 

lectivity was observed (Z:E= 1:1), deprotection and epoxidation of the desired Z- 

isomer (30a) completed the total synthesis [16]. 

Following the completion of their first synthesis of epothilone A (4) based on 

a macroaldolisation strategy [17], Danishefsky and coworkers applied a C12,C 13 
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disconnection strategy to prepare a range of epothilone A intermediates [14b, 
17b]. Inter molecular aldol reaction between acetate 32 and aldehyde 31 afforded 
trienes 33 (Scheme 7). A sequence of functional group manipulations led to 
triene 29 and 34. 

RCM of diene 29 using initiator 3 (0.5 equiv) in benzene (0.001 M) at 25 °C af¬ 
forded macrolactones 30 in 86% yield, with a slight preponderance of the de¬ 
sired Z-isomer (Z:E= 1.7:1). Under similar conditions, triene 34 afforded macro¬ 
lactones 27 in 65% yield with the undesired isomer predominating (Z:£=l:2). 
The Z-macrolactone products had previously been processed to epothilone A (4) 
[14b, 17a]. The selectivities of these cyclizations are slightly different to those 
achieved by the Nicolaou [18] and Schinzer [16] groups. The choice of solvent 
(dichloromethane vs. benzene) is probably responsible for these differences. 

Danishefsky and coworkers also performed RCM of 29 using Schrock's mo¬ 
lybdenum initiator 1 [14b]. In this case, the yield was identical to that obtained 
using 3 (86%) but the selectivity was reversed (Z:£=l:2). Additionally, trienes 
33a and 33b were subjected to RCM to give epothilone A precursors 35 and 36 
respectively [14b, 17b] (see Table 1). 

2.2.3 
Total Synthesis of Epothilone B 

With the C12,C13 disconnection producing an effective solution to the synthesis 
of epothilone A (4), it would seem likely that the metathesis approach could be 
extended readily to the preparation of epothilone B (5). However, installation of 
the desired C12 methyl group requires ring-closure of a diene precursor in 
which one of the olefins is disubstituted. Recently, such reactions have been 
shown to be problematic for Grubbs' initiator 3 but more successful with 
Schrock's molybdenum initiator 1 [19]. Consistent with these reports, Danishef¬ 
sky demonstrated that triene 38 would not undergo RCM with 3, whereas 1 was 
effective in promoting the transformation of 38 into a 1:1 mixture of 39a and 39b 
in good yield [14b] (Scheme 8). 

Subsequent deprotection of the desired z-isomer (39a) afforded desoxye- 
pothilone B (epothilone D), which had previously been epoxidized to epothilone 
B (5) [14b]. Alcohol 37 did not undergo RCM using 1 or 3 [14b]. The failure of 
initiator (1) to effect this transformation may be due to its incompatibility with 
unprotected hydroxyl groups [19]. 

2.2.4 
Total Synthesis of Epothilone E and Analogs 

With the synthesis of epothilones A and B secured, subsequent studies concen¬ 
trated on the preparation of analogs of the natural molecules. In addition to pro¬ 
viding structure-activity relationships, it was anticipated that these studies 
would provide a further test for the generality of the RCM process. In this con¬ 
text, a general strategy was developed by Nicolaou et al. [20] to investigate the 
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heterocyclic portion of the epothilone framework. In this approach the poten¬ 

tially sensitive vinyl iodide 40 was prepared in a highly convergent manner, sim¬ 

ilar to that previously described (Sect. 2.2.2). Cyclization using ruthenium initi¬ 

ator 3 (0.1 equiv) afforded macrolactones 41a and 41b in a 1.8:1 ratio 

(Scheme 9). Silyl ether deprotection liberated diols 42a and 42b, which were in¬ 

dividually coupled to a variety of aromatic stannanes (R'3Sn-Aro), under palla¬ 

dium catalysis, to provide epothilone analogs 43 and 44. Epoxidation of the hy¬ 

droxymethyl thiazole analog [43; Aro=4-(2-hydroxymethylthiazole); (epothi¬ 

lone F)] afforded the naturally occurring epothilone E (6) [6b, 20]. 

Further studies by Nicolaou, Danishefsky and others have shown the C12,C13 

RCM approach to be a highly reliable method of preparing the epothilone core 

(Table 1). The yields are consistently high but the Z:£-selectivities are variable 

and, as yet, unpredictable. However, close inspection of the results presented in 

Table 1 (and Sects. 2.2.2-2.2.4) reveals that several trends have emerged. Firstly, 

changing the C3 stereochemistry, from R- to the desired S-configuration, in¬ 

creases the amount of the desired Z-macrolactone (compare 49:23, 69:67, 

33b:33a, 73:29). Greater Z-selectivity is also obtained with substrates possessing 
the desired 6R,7S stereochemistry compared to those with the alternative 6S,7R 

configuration (compare 23:47, 34:45, 55:57, 59:61). It is also pertinent to note 

that the rate of metathesis is highly substrate-dependent. For example, metath¬ 

esis of the C4-cyclopropyl derivative 55 [21] (Table 1) was complete in 2 h, 

whereas the corresponding epothilone A precursor 23 (Scheme 5), possessing 

the C4-gem-dimethyl substituent, required 20 h to reach completion. It is 

thought that the cyclopropyl substituent allows 55 to adopt a reactive conforma¬ 

tion more readily than its gem-dimethyl counterpart 23. 

2.3 

Solid-Phase Synthesis of Epothilone A and Analogs 

The past decade has witnessed enormous advances in the area of solid-phase 

combinatorial chemistry [22]. Application of this new technology to the prepa¬ 

ration of the epothilones was highly desirable since it would assist in the prepa¬ 

ration of a library of analogs for biological testing purposes. Although a large 

number of chemical reactions have undergone the transition to solid-phase 

processes [22b], adapting the solution-phase synthesis of the epothilones relied 

upon the successful transfer of the key RCM step to a solid-phase process. At the 

time, there was little precedent demonstrating the compatibility of initiator 3 

with solid-phase techniques [23]. Additionally, two distinct solid-phase strate¬ 

gies could be envisaged which would also require consideration (Scheme 10). 

The first approach involves RCM of a polymer bound diene 77 and results in 

the formation of a cyclic product 78 which remains attached to the polymer sup¬ 

port. This product can undergo further manipulation, with cleavage from the 

resin occurring at a later stage. In a second, complementary approach, RCM pro¬ 

ceeds with concomitant cleavage of the substrate from the resin (80-^81). The 

* latter protocol is highly attractive since only compounds possessing the correct 
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Table 1. Selected epothilone intermediates and analogs synthesized via ring¬ 
closing metathesis 

RCM Precursor 
RCM Product 

(yield, Z:E)fe( 
RCM Precursor 

RCM Product 

(yield, Z:E),ef 

70(66%. 1:10)'* 

OR' 6r*o 

72(80%, 1:5)14b'17 

* All cychsations were conducted using RuCl2(=CHPh)(PCy3)2 (3) except for compound 

30, where Mo(=CHCMe2Ph){N(2,6-(i-Pr)2C6H3)}[OCMe(CF3)2]2 (1) was also used as 
the catalyst (result in second parentheses). R=TBS, R'=TPS, R"=TES. 
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[M]=CH2 = Transition metal alkylidene; Q = Polymer 

Scheme 10. Solid-phase synthesis using RCM 

functionality will be cleaved from the solid support. Unwanted impurities 

should remain bound to the resin and therefore be separated readily by filtra¬ 

tion. Unfortunately, this latter approach has a potential Achilles heel. Examina¬ 

tion of the catalytic cycle (see Scheme 1) reveals that, following ring-closure, the 

active catalytic species will be a resin-bound carbene complex 82. The presence 

of both reactant and catalyst on the polymer could potentially restrict reintro¬ 

duction of the active species 82 into the catalytic cycle. A large amount of initia¬ 

tor may therefore be required to drive the reaction to completion. Despite these 

potential difficulties, a solid-phase synthesis of epothilone A (4) was recently re¬ 

ported by Nicolaou et al. [24] (Scheme 11). 

The resin-bound trienes 83 (Scheme 11) were prepared in a similar fashion to 

the solution-phase studies (Sect. 2.2.2) and underwent tandem RCM resin- 

cleavage to liberate four macrolactones 84a,b and 85a,b in a combined yield of 

52%. Although, as expected, a large amount of initiator 3 was required to effect 

this transformation, the procedure constituted a novel and efficient route to the 

epothilones which paved the way for the generation of a library of epothilone 

analogs. The library synthesis was achieved using the recently developed SMAR- 

T0 microreactors (SMART=single or multiple addressable radiofrequency tag) 

[25] (Scheme 12). 

Each microreactor consists of a polymer-bound substrate and a radiofre¬ 

quency encoded microchip enclosed within a small porous vessel. The radiofre¬ 

quency tag allows the identity of the substrate contained within each microreac¬ 

tor to be established readily. Using this technology, the polymer-bound sub¬ 

strates 86 were individually elaborated, within separate microreactors, by se¬ 

quential reactions with acids 87 and alcohols 88 in a similar way to the solution- 

phase processes [25c]. Each of the microreactors was then subjected to the tan¬ 

dem RCM resin-cleavage conditions employing initiator 3. The products from 

each microreactor were obtained as a mixture of four compounds (89-92). The 

library of analogs prepared by this technique was then screened for biological 

. activity [25c]. 
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2.4 

Conclusion 

The transformations discussed in Sects. 2.2-2.3 highlight several important fea¬ 

tures of the RCM process. Firstly, the compatibility of the ruthenium initiator 3 

with a wide range of functional groups including epoxides, vinyl iodides, thia- 

zoles and alcohols is demonstrated. The versatility of 3 is further illustrated in 

Sect. 2.3, where it is used to effect RCM of polymer-bound substrates. Previous¬ 

ly, the molybdenum complex 1 has been reported to be more sensitive than 3 

[19]. Experiments reported here are consistent with this view (Sect. 2.2.3) [14b]. 

The greater reactivity of terminal olefins compared to their more hindered di- 

and tri-substituted counterparts became evident in the model studies 

(Sect. 2.2.1) and in the total synthesis of epothilones A, B and E (Sects. 2.2.2- 

2.2.4). Suitably positioned disubstituted olefins can, however, participate in 

RCM reactions employing the molybdenum initiator 1 [19], and this is demon¬ 

strated in the total synthesis of epothilone B (5) (Sect. 2.2.3). As expected this 

transformation proved impossible using the ruthenium complex 3. 

The generality of the RCM approach for the synthesis of the 02,03 bond of 

the epothilones is vividly illustrated (Sects. 2.2,2.3, Table 1) and, in fact, no un¬ 

successful reactions using this disconnection strategy have been reported. Con¬ 

versely, formation of the C9,C10 bond of a suitably functionalized epothilone in¬ 

termediate has proved elusive despite extensive efforts [14]. Although the pre¬ 

cise reason for this disparity remains to be elucidated, coordination of the incip¬ 

ient carbene complex with polar functionality proximal to the reacting olefin 

could be the factor inhibiting the latter approach [5]. This hypothesis has been 

proposed in similar unsuccessful attempts to achieve other large ring synthesis 
via RCM. 

The preparation of the epothilone core using RCM is generally a high-yield¬ 

ing process. However, the Z:£-selectivity is mostly poor and, although a few 

trends have been observed (see Sect. 2.2.4), the ratio of products is largely un¬ 

predictable. The Z:£-selectivity is also dependent upon the solvent and initiator, 

although no conclusions concerning the nature of these subtle variances can be 
made at present. 

Many of the observations discussed above clearly warrant further investiga¬ 

tion. In particular methods for controlling the Z:E-selectivity of the ring-closure 

are of high priority. Recent reports [27] discussing the precise mode of action of 

the ruthenium initiators provide a solid foundation upon which these future 

studies can be built and success in this area will strengthen even further the al¬ 
ready powerful RCM process. 
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3 

Cydopentadienyl Titanium Derivatives for Carbonyl Olefination/Olefin 
Metathesis 

3.1 ~ 

Introduction 

Although the molybdenum and ruthenium complexes 1-3 have gained wide¬ 

spread popularity as initiators of RCM, the cydopentadienyl titanium derivative 

93 (Tebbe reagent) [28,29] can also be used to promote olefin metathesis proc¬ 

esses (Scheme 13) [28]. In a stoichiometric sense, 93 can be also used to promote 

the conversion of carbonyls into olefins [28b, 29]. Both transformations are 

thought to proceed via the reactive titanocene methylidene 94, which is released 

from the Tebbe reagent 93 on treatment with base. Subsequent reaction of 94 

with olefins produces metallacyclobutanes 95 and 97. Isolation of these adducts, 

and extensive kinetic and labeling studies, have aided in the elucidation of the 

mechanism of metathesis processes [28]. 

3.2 

Olefin Metathesis and Subsequent Intramolecular Carbonyl Olefination 

Although use of the Tebbe reagent 93 in mechanistic studies (Sect. 3.1) has been 

extremely valuable, its synthetic utility in cross metathesis of 1,2-disubstituted 

olefins is limited. Unproductive cleavage of the initially formed metallacycles 

(95,97), back to the more stable alkylidene complex 94, is the predominant proc¬ 

ess [28, 30b]. However, the relief of ring-strain associated with cleavage of a 

strained olefin can provide a driving force for productive metathesis. This con¬ 

cept has been exploited in the area of ring-opening metathesis polymerization 

(ROMP) and more recently in organic synthesis as illustrated by the elegant 

work of Grubbs [30] (Scheme 14). Ring-opening metathesis of the strained nor- 

bornene system 99 afforded the alkylidene complex 101 via metallacycle 100. In¬ 

tramolecular olefination of this reactive carbene intermediate with the ester 

functionality appended to the framework of the molecule, afforded tricyclic sys¬ 

tem 102. Subsequent transformations led to the natural product, (±)-capnellene 

104 [30] (Scheme 14). 
Grubbs has reported a similar tandem olefin metathesis-carbonyl olefination 

process for the preparation of cyclic olefins [31]. In this case, treatment of a keto- 

olefin with the molybdenum alkylidene 1 at 20°C generates an intermediate alkyli¬ 

dene complex. Under these conditions, competing intermolecular olefination 

does not occur. However, intramolecular carbonyl olefination of the initially 

formed alkylidene complex can occur and this results in the formation of a cyclic 

olefin. This tandem sequence is illustrated by the transformation of keto-olefins 

105 to cyclic ethers 106 (Scheme 15). Unfortunately, this protocol could not be ap- 

■ plied to the formation of cyclic enol ethers 108 from esters 107 unless the more re¬ 

active (yet less readily prepared) tungsten initiator 109 was employed (Scheme 15) 

[31]. 
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Scheme 14. Total synthesis of (±)-capnellene (104). (a) Tebbe reagent (93), DMAP, 25°C, 
then 90°C; (b) p-TsOH, (CH2OH)2,81% overall (Grubbs et al.) [30] 

Scheme 15. Olefin metathesis-carbonyl olefination. (a) Mo(=CHCMe2Ph)[N[2,6-(z-Pr) 
2C6H3]} [OCMe(CF3)2]2 (11,84-86%; (b) W(=CHCMe3){N[2,6-(z'-Pr)2C6H3]HOCMe(CF3)2] 
(109) (Grubbs et al.) [31] 

3.3 

Intermolecular Carbonyl Olefination and Subsequent Ring-Closing Metathesis 

In addition to the intramolecular carbonyl olefination procedure outlined in 

Scheme 14, and unlike the molybdenum alkylidene 1 (Scheme 15), the Tebbe re¬ 
agent 93 can promote intermolecular carbonyl methylenation at ambient tem¬ 

perature [28b, 29]. Recent studies by Petasis have demonstrated that dimethyl ti- 

tanocene 110 (Cp2TiMe2) can also be used to effect this transformation [32]. The 
Petasis reagent 110, which is less sensitive to air and moisture and therefore 

more easy to handle than its counterpart, generates the same reactive titanocene 

methylidene species 94 (cf. Scheme 13) and both reagents have been used to 

methylenate a variety of carbonyl compounds. In many cases, these reagents 

have proved superior to the more traditional Wittig-based methodologies. For 

example, the reaction between esters and the titanium species 93 and 110 gener- 

. ates enol ethers which are extremely useful intermediates for further synthetic 

transformations [32]. In this arena, Grubbs has recently demonstrated the prep- 
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aration of olefinic enol ethers 112 from their corresponding esters 111. Subse¬ 

quent reaction with molybdenum initiator 1 resulted in the formation of cyclic 

enol ethers 113 [33] (Scheme 16). This two-step carbonyl olefination-olefin me¬ 

tathesis procedure was applied to the preparation of the naturally occurring 

benzofuran Sophora compound I (117) via diene 115, although in this example 

thelhitial olefination was achieved using the Utimoto-Takai protocol [33]. 

Recently, Nicolaou and coworkers have devised a novel, one-pot strategy for 

the direct transformation of acyclic olefinic esters to cyclic enol ethers [34]. Un¬ 

like the molybdenum alkylidene 1 (see Sect. 3.2), initial reaction between the 

Tebbe reagent 93 and an olefinic ester results in rapid carbonyl olefination to af¬ 

ford a diene intermediate. Subsequent heating initiates RCM to afford the de¬ 

sired cyclic product (Scheme 17). 

The impetus for developing this technology was provided by the continuing 

need for methodology amenable to the preparation of polycyclic arrays that con¬ 

stitute the frameworks of numerous polyether natural products such as the bre- 

vetoxins, ciguatoxin and maitotoxin 124 (Fig. 3). 

R R R 

o \ 
Tebbe reagent (93) ^== Cp2Ti=CH2 (94) )= 

-- n \ 

0 0 ^3-Ti-CP 
118 119 120 Cp 

Scheme 17. Titanium-mediated metathesis strategy for the conversion of olefinic esters 
(118) to cyclic enol ethers (123) (Nicolaou et al.) [34] 

be reagent (93), 25°C, 20 min; then reflux, 5 h, 71%; (b) 1.3 equiv of Tebbe reagent (93), 
* 25°C, 20 min, 77%; (c) 2.0 equiv of Tebbe reagent (93), 25°C, 20 min; then reflux, 3 h, 65% 

(Nicolaou et al.) [34a] 



98 K.C. Nicolaou, N. Paul King, and Yun He 

Fig. 3. Structure of maitotoxin (124) 

Preliminary investigations in this area involved treatment of olefinic ester 125 

with a large excess (4 equiv) of the Tebbe reagent 93 (Scheme 18) [34a]. After 

20 min at 25 °C, the mixture was heated at reflux for 5 h. This resulted in the for¬ 

mation of tricyclic enol ether 127 in 71% overall yield. If only 1.3 equiv of Tebbe 

reagent 93 was employed and the reaction stopped after 20 min at 25 °C, the olefin¬ 

ic enol ether 126 could be isolated in 77% yield. The proposed intermediacy of di¬ 

ene 126 in the initial tandem sequence was validated by its subsequent conversion 

into the cyclic enol ether 127 under the original reaction conditions [34a]. 

These initial forays verified the utility of the process and provided mechanis¬ 

tic information which set the stage for further exploration into the scope of the 

process. Successful reactions with a variety of substrates demonstrated the gen¬ 

erality of the process, with 6- and 7-membered cyclic enol ethers being most ac¬ 

cessible (Scheme 19). Preservation of the trisubstituted olefin present in the 

complex substrate 132 indicates the chemoselective nature of the process [34a]. 

The efficacy of the procedure for the synthesis of highly complex systems, and 

the utility of the enol ether functionality obtained in the reaction is demonstrat¬ 

ed by the conversion of the intricate polyether 134 to enol ether 135 and its sub¬ 

sequent elaboration to the hexacyclic system 138 (Scheme 20) [34a]. 

A limitation to the use of the Tebbe reagent 93 was observed during the at¬ 

tempted conversion of substrates 139 and 142 to the tricyclic systems 141 and 

144 respectively (Scheme 21). The major products from these reactions were 

olefinic alcohols 140 and 143. These products presumably resulted from sequen¬ 

tial hydrolysis and olefination of the initially formed cyclic enol ethers. The 

problem associated with these sensitive substrates was overcome through use of 

the less Lewis-acidic Petasis reagent 110, which provided access to the desired 
products 141 and 144 [34a]. 
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Scheme 21. Titanium-mediated metathesis strategy for the synthesis of cyclic enol ethers 
and hydroxy olefins. (a) Tebbe reagent (93), THF, reflux, 41% (140), 41% (143); (b) Petasis 
reagent (110), THF, reflux, 60% (141), 30% (144) (Nicolaou et al.) [34a] 

b, c 

146 147 

Scheme 22. Synthesis of OPQ ring system (146) of maitotoxin (124). (a) 4.0 equiv of Tebbe 
reagent (93), THF, 25°C, 0.5 h; then reflux, 4 h, 54%; (b) BH3; then H202,89%; (c) H2, Pd/C, 
91% (Nicolaou et al.) [34b] 

Examination of the impressive and imposing molecular structure of maito¬ 

toxin 124 (Fig. 3) reveals three regions in which carbon-carbon bonds link the 

more common polyether domains. The preparation of model systems for these 

unusual sectors of the molecule was achieved using the novel one-pot RCM 

methodology described above [34b]. For example, preparation of the OPQ 

fragment 147 was achieved from the olefinic ester 145, which was readily ac¬ 

cessible through conventional procedures (Scheme 22). Smooth transforma¬ 

tion into cyclic enol ether 146 was achieved using the Tebbe reagent 93. Subse¬ 

quent elaboration of 146 was accomplished through efficient and stereoselec¬ 

tive oxidation, followed by removal of the benzyl protecting group, affording 

147 [34b]. 
Preparation of the bridging fragment 150 (Scheme 23) followed a similar 

pathway. In this case, stereoselective reduction of the cyclic enol ether 149 

formed by the RCM of 148 was achieved using Et3SiH and TFA, leading after des- 

ilylation to the WVU ring system 150 [34b]. 

Finally, production of tricyclic array 153 (Scheme 24) required cyclization of 

bicyclic ester 151 in which additional oxygenation was present in the olefinic ap¬ 

pendage. The successful conversion to enol ether 152 demonstrated further the 

power of the method and led to the JKL fragment 153 [34b]. 
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Scheme 23. Synthesis of UVW ring system (150) of maitotoxin (124). (a) 4.0 equiv of Tebbe 
reagent (93), THF, 25°C, 0.5 h; then reflux, 4 h, 36%; (b) TFA, Et3SiH, 80%; (c) TBAF, 91% 

(Nicolaou et al.) [34b] 

Scheme 24. Synthesis of JKL ring system (147) of maitotoxin (124). (a) 10.0 equiv of Petasis 
reagent (110), THF, reflux, 12 h, 20%; (b) BH3; then H202,77%; (c) H2, Pd/C, 98% (Nicolaou 

et al.) [34b] 

3.4 

Conclusion 

Cyclopentadienyl titanium complexes, in particular the Tebbe reagent 93, have 

played an important role in both olefin metathesis and carbonyl olefination 

processes. Recently, several examples illustrating the consecutive use of these 

transformations to generate cyclic systems have been reported. In the first ex¬ 

ample, Scheme 14, the Tebbe reagent 93 was used to generate an intermediate 

alkylidene via ring-opening metathesis of a strained olefin. This one-pot process 

is concluded by intramolecular carbonyl olefination to afford a cyclic enol ether. 

Unfortunately, this methodology is of limited applicability since a strained ole¬ 

fin is required to promote the initial ring-opening step. However, the elegant 

synthesis of (±)-capnellene (104) described by Grubbs (Scheme 14) illustrates 

the power of the method in suitable systems. In a similar approach, treatment of 

a keto-olefin with the molybdenum alkylidene 1 generated an intermediate 

alkylidene which could participate in intramolecular carbonyl olefination to af¬ 

ford cyclic olefins (Scheme 15). However, application of this approach to the 

preparation of cyclic enol ethers is of limited synthetic value since a less practi¬ 
cal initiator is required. 

An alternative approach involves a two-step procedure, in which carbonyl 

olefination, using the Tebbe reagent 93, generates an acyclic enol ether-olefin 

(Scheme 16). In this case, subsequent RCM using molybdenum alkylidene 1 pro¬ 

ceeds to give cyclic enol ethers. An efficient, one-pot carbonyl olefination-RCM 

approach has been developed by Nicolaou et al. for the formation of cyclic enol 
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ethers directly from acyclic olefinic esters (Scheme 17). The strategy, which uses 

either the Tebbe or Petasis reagents, has been used in the preparation of highly 

complex polyether ring systems. The potential of this methodology to complex 

molecule construction is obvious and will no doubt be realized in the near future. 
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Catalytic ring-closing metathesis makes available a wide range of cyclic alkenes, thus ren¬ 
dering a number of stereoselective olefin functionalizations practical. The availability of ef¬ 
fective metathesis catalysts has also spawned the development of a variety of methods that 
prepare specially-outfitted diene substrates that can undergo catalytic ring closure. The 
new metathesis catalysts have already played a pivotal role in a number of enantioselective 
total syntheses. 
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1 

Introduction 

Investigations in a number of research groups during the past several years have 

led to the development of catalytic ring-closing metathesis (RCM) as a reliable 

and practical method for selective carbon-carbon double bond formation [1]. 

The rise of catalytic RCM as a prominent transformation in synthetic organic 

chemistry is largely due to the advent of the Ru-based catalysts of Grubbs (1) [2] 

and the Mo-based complex (2), first introduced and developed by Schrock [3] 

(Scheme 1). These catalysts are relatively straightforward to prepare in large 

quantities, and are tolerant of a number of functional groups. Together, these 

two remarkable transition metal complexes give access to an impressive range of 

unsaturated carbo- and heterocycles. 

It is therefore not a surprise that the availability of catalysts such as 1 and 2 

has spawned a thriving and important area of research. The success of technol¬ 

ogies that utilize catalytic RCM is based on three additional factors: (1) Catalytic 

RCM can be carried out efficiently on readily accessible diene precursors, thus 

enabling the synthetic chemist to gain easy access to a gamut of the requisite un¬ 

saturated starting materials, suitable for further functionalization. (2) Ring-clo¬ 

sure is often stereoselective. As will be detailed below, this issue is particularly 

critical with the Mo-catalyzed preparation of trisubstituted olefins; this is in 

contrast to disubstituted olefin mixtures, where simple hydrogenation removes 

any complications arising from formation of stereoisomeric (olefin) mixtures. 

(3) Since small amounts of the RCM catalysts are often sufficient (high turno¬ 

vers) and the cyclic products are formed cleanly, with volatile alkenes as the only 

side products (e.g., ethylene), can subsequent functionalizations be carried out 

in the same vessel. This tandem strategy and, in many cases, fully-catalytic proc¬ 

ess leads to minimization of waste solvents, and obviates the requirement for an 

interim purification procedure, allowing the synthesis to be carried out more ex¬ 
peditiously and less expensively. 

In 1993, we began to incorporate catalytic RCM into a select number of our 

programs in reaction development and enantioselective organic synthesis. In 
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Scheme 1. Metathesis catalysts introduced by Grubbs (la-b) and Schrock (2) 

retrospect, the involvement of RCM in our research objectives can be divided 

into two categories: 

1. Products of catalytic RCM were formerly not attainable by any other means, 

or in such a selective and efficient manner. With these unsaturated substrates 

easily accessible, myriad reaction technologies have emerged that involve the 

regio- and stereoselective functionalization of such adducts. In the absence of 

catalytic RCM, these processes would either remain undeveloped or would 

be, for the most part, categorized as “interesting but unpractical” methods in 

synthesis. 

2. Another group of reactions that emerged as supporting companions to cata¬ 

lytic RCM reactions are transformations that provide specially outfitted and 

useful diene substrates for the metathesis process. Such compounds, in the 
presence of la, lb or 2, can be converted to otherwise difficult-to-make or¬ 

ganic molecules. Research activity in this area has led to the design of synthe¬ 

sis methods that elevate the utility of 1 and 2 beyond ring closure. 

This review article offers an overview of stereo- and regioselective processes, 

developed in our laboratories, that are carried out in conjunction with various 

catalytic RCM reactions. As mentioned above, several reaction technologies in¬ 

volve stereoselective functionalization of the RCM products, and others were de¬ 

veloped such that subsequent reactions effected by a metathesis catalyst pro¬ 

mote the formation of the desired target molecules selectively and efficiently. 



108 Amir H. Hoveyda 

2 
Catalytic RCM and Zr-Catalyzed Enantioselective Alkylation of Unsaturated 
Heterocycles 

During the past several years, research in our laboratories has focused on the de¬ 

velopment of efficient catalytic and enantioselective addition of alkylmetals to 

alkenes. One area of investigation that has been fruitful in this regard is the Zr- 

catalyzed addition of alkylmagnesium halides to unsaturated heterocycles [4]. 

As discussed below, the Zr-catalyzed process allows one to obtain a range of or¬ 

ganic molecules in excellent optical purity through catalytic asymmetric syn¬ 

thesis and kinetic resolution [5]. The emergence of catalytic RCM proved to be 

crucial to the development and utility of these transition-metal catalyzed reac¬ 

tions, as it offered a reliable and convenient method for the preparation of a 

much larger number of the requisite olefinic substrates. 

2.1 

Enantioselective Synthesis by Tandem Catalytic RCM and Catalytic Alkylation 

In 1993, we reported that various unsaturated heterocycles can be alkylated with 

Et-, nPr- and nBuMgCl in the presence of optically pure (EBTHI)ZrCl2 (3a) or 

(EBTHI)Zr-binol (3b) to afford the derived unsaturated products in >90% ee (cf. 

5->6, Scheme 2) [4a]. Many of the simpler five- and six-membered starting ma¬ 

terials are available commercially or can be prepared by established procedures. 

In contrast, catalytic enantioselective reactions involving unsaturated medium 

ring heterocycles were not a trivial undertaking; the synthesis of these olefinic 

substrates, by the extant methods, was prohibitively cumbersome. 

Cy31 ..ci 
-Hu-- 

Cl*^ | 

PCy3 
2 mol % 

Ph 

la 
Ph 

CH2CI2 

98% yield 

CH2CI2, 45 °C 

68% yield 
7 

76% yield 

(R)-(EBTHI)Zr-binol (3b) 
10 mol %, 

EtMgCI 

THF, 70 °C 

77% yield 

Scheme 2. Ru-catalyzed RCM efficiently provides substrates required for the Zr-catalyzed 
enantioselective alkylation 
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As the examples in Scheme 2 illustrate, the emergence of catalytic RCM 
proved instrumental in rendering the Zr-catalyzed C-C bond-forming reaction 
a more viable method in asymmetric synthesis [5d]. Catalytic RCM of dienes 4 
and 7, effected by 2 mol% of Ru catalyst la, leads to the formation of 5 and 8 in 
high yield. Subsequent Zr-catalyzed alkylation of the resulting heterocycles in 
the presence of 10 mol% 3b delivers unsaturated amides 6 and 9 in the optically 
pure form (>98% ee) and in 76% and 77% isolated yield, respectively 
(Scheme 2). 

It is important to note that the Ru-catalyzed RCM and the Zr-catalyzed reso¬ 
lution can be carried out in a single vessel, without recourse to intermediate iso¬ 
lation. The unsaturated medium-ring amides 5 and 8 can be subjected to 
10 mol% of the chiral Zr catalyst and EtMgCl, in the same flask, to afford unsatu¬ 
rated 6 and 9 in 81% and 54% isolated yield, respectively. As depicted in Eq. 1, a 
similar tandem diene metathesis/ethylmagnesation can be carried out on ether 
10, leading to the formation of unsaturated chiral alcohol 11 in 73% yield and 
>99% ee. 

73% yield 

(1) 

The successful catalytic RCM involving diene 7 (Scheme 2) is noteworthy 
[5d], since, unlike the syntheses of seven-membered ring systems (e.g., reactions 
with 4 and 10), construction of the derived eight-membered heterocycle is ex¬ 
pected to proceed inefficiently [6]. Furthermore, this result merits attention in 
light of recent reports that in catalytic metathesis reactions that lead to eight- 
membered rings, the presence of rigid frameworks can play a critical role in the 
efficiency of ring formation [6a]. As expected, and in contrast to the unusually 
facile ring closure of amide derivative 7 to afford 8 (Scheme 2), treatment of 12 
with 2 mol% la in refluxing CH2C12 (Eq 2) leads to the formation of a variety of 
byproducts (XH NMR analysis; reaction is even less efficient in THF). It is plau¬ 
sible that in the Ru-catalyzed synthesis of 8, the sterically demanding Ts group, 
has a favorable conformational effect [7] on the diene substrate, leading to a sig¬ 
nificantly more facile ring closure [8]. 
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2 mol % la; 

CH2CI2 
mixture of products (2) 

2.2 
Enantioselective Synthesis of Unsaturated Heterocycles by Tandem Catalytic RCM- 

Catalytic Kinetic Resolution 

Along with the Zr-catalyzed asymmetric alkylation of heterocycles, we also es¬ 

tablished in 1994 that the catalytic ethylmagnesation can be used to effect the ki¬ 

netic resolution of a range of chiral unsaturated pyrans, oxepins and oxocenes 

[5a]. Although a select number of the racemic dihydropyrans were readily avail¬ 

able by the existing methods, the seven- and eight-membered ring analogs were 

not. It was thus crucial that catalytic RCM allowed easy access to a significantly 

wider range of substrates that could then be efficiently resolved by the Zr-cata- 

lyzed protocol. The two examples shown in Scheme 3 are illustrative [5d]. In 

both instances, the racemic substrates (14 and 17) are prepared from simple 

dienes; subsequent kinetic resolution delivers these medium ring heterocycles 

in the non-racemic form with high optical purity. It is also worthy of note that, 

in addition to the recovered starting material, the alkylation products (e.g., (S)- 

15 in Scheme 3) can be isolated with excellent enantioselectivity. 

The catalytic RCM and kinetic resolution can be carried out in a single vessel 

as well. This is particularly important for the practical utility of the Zr-catalyzed 

resolution: Because the best theoretical yield in a classical resolution is 50%, it is 

imperative that the racemic substrate is prepared readily (or 50% material loss 

will be too costly). In this instance, the racemic substrate is not only obtained ef¬ 

ficiently, it is synthesized in a catalytic manner and need not even be isolated 

prior to the resolution. Two representative examples are illustrated in Scheme 4 

[5a]. The tandem catalytic RCM, leading to rac-19 and its subsequent catalytic 

resolution proceeds with excellent efficiency: the one-vessel, two-stage process 

TBSO^ 

"o' 

rac-13 

2 mol % 1 b 
-j 

ch2ci2 

85% yield 

"O' 

rac-14 

10 mol % (R)-3b, 

EtMgCI 
-► 

OTBS THF, 70 °C 

58% conv. 
(S)-14 >99% ee (S)-15 >96% ee 

10 mol % (R)-3b, 

2 mol % 1 b m 1 EtMgCI | 
ft CX. CH2CI2, 50 °C AA J 

o—C THF, 70 °C 

93% yield 

rac-16 

n -Pr 58% conv. h ^ ,Pr 

rac-17 (R)-17 79% ee 

Scheme 3. Ru-catalyzed RCM efficiently provides substrates required for the Zr-catalyzed 
kinetic resolution 
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rac-18 

2 mol % 1 a 

22 °C 
-► 

10 mol % (R)-3b, 

EtMgCI 

70 °C 

(R)“19 

>99% ee 

38% yield 

2 mol % la 

22 °C 

10 mol % (R)-3b, 

EtMgCI 

70 °C 

(S)-21 

OH 

Et Me. 

(3S,4R)-22 

>99% ee 

41 % yield 

>99% ee; 95% de 

47% yield 

Scheme 4. Tandem Ru-catalyzed RCM and Zr-catalyzed kinetic resolution can be carried in 
a single vessel to afford a variety of optically pure materials 

requires a total of 2-3 h of reaction time and the overall yield of the optically 

pure (R)-19 after silica gel chromatography from diene rac-18 is 38% (maximum 

yield is 50%). 

As also shown in Scheme 4, when rac-20, prepared from simple alkylation of 

the corresponding allylic alcohol with allylbromide, is treated with 2 mol% la 

and the reaction mixture is then treated with 10 mol% (R)-3b and five equiva¬ 

lents of EtMgCI at 70°C, (S)-21 and (3S,41?)-22 are obtained in >99% ee and 41% 

and 47% yield after silica gel chromatography, respectively (chiral GLC analysis) 

[5b]. Thus, from simple starting materials and in a single vessel, compounds of 

excellent optical purity can be obtained efficiently (88% yield). As before, the ra¬ 

cemic dihydrofuran intermediate need not be isolated. 

The resolution of rac-20 represents a less common form of catalytic kinetic 

resolution (parallel kinetic resolution) [9]. In conventional kinetic resolution, 

one substrate enantiomer reacts preferably to leave behind the unreacted isomer 

in high optical purity (e.g., rac-18—»(.R)-19 in Scheme 4). In this instance, both 

starting material enantiomers undergo catalytic alkylation to give constitution¬ 

al isomers. Since both enantiomers are consumed simultaneously, as the reac¬ 

tion proceeds, the amount of slow enantiomer (relative to the unreacted fast 

enantiomer) does not increase. Therefore, product ee remains high, even at rel¬ 

atively high conversions. 
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3 

Catalytic RCM and Uncatalyzed Diastereoselective Alkylation of Unsaturated 
Heterocycles 

The availability of non-racemic oxepins through tandem catalytic RCM and Zr- 

catalyzed kinetic resolution has additional important implications. Optically 

pure heterocycles that carry a heteroatom within their side chain (cf. (S)-14 in 

Scheme 3) can be used in stereoselective uncatalyzed alkylations. The alcohol, 

benzyl ether or MEM-ethers derived from (S)-14 readily undergo directed [10] 

and diastereoselective alkylations when treated with a variety of Grignard rea¬ 

gents \ 11 ]. 

The examples shown in Scheme 5 demonstrate the potential utility of these 

stereoselective alkylation technologies in synthesis. Thus, preparation of rac-14 

through catalytic RCM of rac-13 (85% yield) and subsequent Zr-catalyzed reso¬ 

lution of the resulting racemic TBS-protected oxepin affords (S)-23 after silyl 

group deprotection. Diastereoselective alkylation with nBuMgBr affords (S)-24 

2. NMO-HgO 

CH2CI2, 22 °C 

Scheme 5. Chiral medium-ring heterocycles that have been synthesized by catalytic RCM 
and resolved by the Zr-catalyzed kinetic resolution are subject to diastereoselective alkyla¬ 
tions that afford synthetically useful materials in the optically pure form 
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with >96% ee in 93% yield (>98% trans). As further illustrated in Scheme 5, 

alkylation of (S)-25 with an alkyne-bearing Grignard agent (->(S)-26), allows 

for a subsequent Pauson-Khand cyclization to provide the corresponding bicy¬ 

cle 2? with >98% diastereochemical control and in the optically pure form. 

In connection with the facility of these olefin alkylations, it is important to 

note that the asymmetric Zr-catalyzed alkylations with longer chain Grignard 

reagents are more sluggish than those involving EtMgCl [4b]. Furthermore, 

when catalytic alkylation does occur, the corresponding branched products are 

obtained; that is, with nPrMgCl and nBuMgCl, zsoPr and secBu addition prod¬ 

ucts are formed, respectively. The uncatalyzed alkylation described here there¬ 

fore complements the enantioselective Zr-catalyzed protocol. 

Catalytic RCM plays two additional roles in enhancing the general utility of 

the uncatalyzed alkylation represented in Scheme 5: 

1. As depicted in Scheme 6, when an alkene-containing Grignard reagent is 

used, the resulting enantiomerically pure product (e.g., (S)-28) can be sub¬ 

jected to 6 mol% lb to afford the corresponding optically pure carbocycle (S)- 

29 in 65% yield. 

2. One of the practical shortcomings of this, and any other, directed reaction 

[11] is that a Lewis basic site required for reaction may not be desired in the 

final product. Accordingly, a simple and efficient method for the eventual re¬ 

moval of the directing unit was desired. To address this problem, as shown in 

Scheme 7, we established that a crotyl unit serves as an effective Lewis basic 

group to assist stereoselective alkylation (e.g., (S)-30->(S)-31 in Scheme 7) 

[12] . Subsequent treatment of (S)-31 with 5 mol% Mo catalyst 2, under 1 atm 

of ethylene, leads to the excision of the directing group and formation of (S)- 

32 in >98% ee and 89% yield. 

The catalytic RCM with 31 as substrate (Scheme 7) is significantly more facile 

when the reaction is carried out under an atmosphere of ethylene, presumably 

due to the formation of the more active Mo=CH2 system (see below for further 

details). Thus, after catalytic removal of the directing unit, the chiral unsaturat¬ 

ed alcohol (S)-32, the formal product of an enantioselective addition of the Grig¬ 

nard reagent to unfunctionalized heterocycle 33, is obtained. An additional in- 

>96% ee 
65% yield 

Scheme 6. Chiral medium-ring carbocycles can be prepared by catalytic RCM in conjunc¬ 
tion with the directed uncatalyzed alkylation process 
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Scheme 7. Uncatalyzed steroselective alkylation proceeds efficiently with a crotyl directing 
unit, which can be subsequently removed through catalytic RCM 

teresting point about this Mo-catalyzed RCM is that - unlike the majority of oth¬ 

er examples - it is the released acyclic product, and not the cyclic system (2,5- 

dihydrofuran in this case), that is the product of interest. 

4 

Zr-Catalyzed Kinetic Resolution of Allylic Ethers and Ru- and Mo-Catalyzed 
Synthesis of 2-Substituted Chromenes 

Catalytic RCM and another Zr-catalyzed process, the kinetic resolution of cyclic 

allylic ethers, joined forces in our laboratories in 1995 to constitute a fully-cata- 

lytic two-step synthesis of optically pure 2-substituted chromenes. These struc¬ 

tural units comprise a critical component of a range of medicinally important 

agents (see below). Our studies arose from unsuccessful attempts to effect the 

catalytic kinetic resolution of the corresponding chromenes [13]; a representa¬ 
tive example is illustrated in Eq. 3. 

10 mol % (R)-3a 
-w. 34 recovered in ~10% ee . . 

Me (3) 
THF, 22 or 70 °C 

rac-34 60% conv. 

Alternatively, as shown in Scheme 8, we envisioned that styrenyl allylic 

ethers, in the presence of an appropriate catalyst, might undergo a net skeletal 

rearrangement to yield the desired isomeric heterocyclic products [14]. Rear¬ 

rangement substrates would be synthesized in the non-racemic form by the Zr- 
catalyzed kinetic resolution [5c]. 
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Zr-Catalyzed 
Resolution 

non-racemic 

Catalytic 
Rearrangement 

Scheme 8. Zr-catalyzed kinetic resolution of allylic styrenyl ethers may be followed by a Ru- 
or Mo-catalyzed rearrangement to afford 2-substituted chromenes 

4.1 
Catalytic Ru-Catalyzed Rearrangements of Terminal Styrenyl Ethers 

We conjectured that the proposed catalytic rearrangement would be efficient 

based on two principles: (1) We were mindful by studies of Crowe that aromatic 

alkenes and aliphatic olefins are electronically suitable to undergo cross-metath¬ 

esis [15]. We envisioned that the intramolecular variant should be especially fa¬ 

vored. (2) The general reaction appeared energetically favorable: initial semi- 

empirical calculations (PM3; geometry optimization) indicated that the 2-sub¬ 

stituted chromenes are appreciably lower in energy than their parent cyclic 

ethers. This issue is critical in rearrangements, where products can revert back 

to starting substrates [16]. What added further significance to these considera¬ 

tions was the fact that previous investigations had demonstrated that various 

metal-catalyzed metathesis reactions [1] may be governed by thermodynamic 

factors [17]. 

As the examples in Scheme 9 illustrate, treatment of a styrenyl ether, such as 

35, with 5 mol% Ru catalyst la under an atmosphere of Ar (14 h) leads to the for¬ 

mation of 36 and 37 in 42% and 41% isolated yield, respectively. When the reac¬ 

tion is performed under an atmosphere of ethylene, 36 is obtained in 91% yield. 

Furthermore, as exemplified by the conversion of 38a to 39a, electronic proper¬ 

ties of the aromatic moieties exhibit little influence on the facility of the catalytic 

heterocycle synthesis. Eight-membered rings are appropriate substrates as well 

. (Scheme 9; 38b—*39b). 
A plausible mechanism for the Ru-catalyzed process is illustrated in 

Scheme 10. With terminal styrenes such as 40, reaction begins regioselectively 

with the formation of metal-carbene 42 (Scheme 10) [18]. Subsequent rear- 
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Scheme 9. Ru-catalyzed rearrangement of styrenyl ethers proceeds efficiently under 1 atm 

ethylene to afford a range of 2-substituted chromenes 

41 44 URU-CH2 45 

Scheme 10. Mechanism proposed for the Ru-catalyzed rearrangement of terminal styrenyl 

ethers 

rangement, via metallacyclobutane 43, affords chromene 44, which can react 

with a second equivalent of 40 to regenerate 42 and deliver 41. Late in the process 

(under Ar atm), as the amount of 41 increases, 44 may react more frequently 

with the final product monomer (41) to afford dimer 45. 

Several factors and observations support the route proposed in Scheme 10: 

(1) Due to steric factors, the styrenyl alkene is expected to react preferentially 

(versus the neighboring disubstituted cyclic olefin; see below for further discus¬ 

sion). (2) Involvement of tetracyclic intermediates such as 43 provides a plausi¬ 

ble rationale for the reluctance of six-membered ring ethers [46 in Eq. 4] to par¬ 

ticipate in the catalytic rearrangement and for the lack of reactivity of cyclopen- 

tenyl substrates [48 in Eq. 5]: because of the attendant angle strain, the genera¬ 

tion of the tetracyclic intermediate is not favored. (3) Reactions under ethylene 

atmosphere inhibit dimer formation, since 44 is intercepted with H2CCH2, rath¬ 
er than 41 [19]. 
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5 mol % 1 a, 
ethylene atm 
-► 
CH2CI2, 22 °C 

46 47 35% yield 

5 mol % la, 

ethylene atm 

CH2CI2, 22 °C 

NO REACTION 

(4) 

(5) 

4.2 
Zr-Catalyzed Resolution and Ru-Catalyzed Reactions of Disubstituted Styrenyl Ethers 

As mentioned above, we planned to obtain optically pure styrenyl ethers 

through Zr-catalyzed kinetic resolution [5]; subsequent metal-catalyzed rear¬ 

rangement would afford optically pure chromenes. However, as shown in 

Scheme 11, the recovered starting material (40) was obtained with <10% ee (at 

60% conversion) upon treatment with 10 mol% (R)-(EBTHI)Zr-binol (3b) and 

five equivalents of EtMgCl (70°C, THF). We conjectured that, since the (EBT- 

HI)Zr-catalyzed reaction provides efficient resolution only when asymmetric 

alkylation occurs at the cyclic alkene site, competitive reaction at the styrenyl 

terminal olefin renders the resolution process ineffective. Analysis of the !H 

NMR spectrum of the unpurified reaction mixture supported this contention. 

Indeed, as shown in Scheme 11, catalytic resolution of disubstituted styrene 49 

10 mol % (R)-3b 

EtMgCl, 70 °C, THF 

60% conv. 

40 recovered 
with <10% ee 

Scheme 11. Zr-catalyzed resolution of disubstituted cycloheptenyl styrenyl ethers, unlike 
those of terminal styrene derivatives, can be carried out efficiently 
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(S)-49 

>99% ee 

81% yield 

Scheme 12. In the Ru-catalyzed conversion of disubstituted styrenyl ethers to chromenes 
the presence of ethylene is required for reaction efficiency as well as high yield of monomer 

formation 

proceeded efficiently to afford cycloheptenyl styrene ether (S)-49 in >99% ee 

(chiral GLC analysis) and 98% yield (based on percent conversion). 

With an effective catalytic resolution of allylic styrene ethers in hand, we fo¬ 

cused our attention on the Ru-catalyzed reaction of disubstituted styrenyl ethers 

(e.g., 49). When we treated (S)-49 with 10 mol% la under an atmosphere of Ar 

(Scheme 12), we found chromene formation to be sluggish: 25-30% of dimer 

(S,S)-50 was isolated after 48 h at 45°C, together with substantial amounts of ol¬ 

igomeric materials. 

In contrast to the reaction carried under an Ar atm, when (S)-49 was treated 

with 10 mol% la under an atmosphere of ethylene (22°C, CH2C12, 24 h), (S)-41 

was obtained in 81% isolated yield and >98% ee (Scheme 12). As expected, the 

use of ethylene atmosphere proved to be necessary for preferential monomer 

formation (10% of the derived dimer was also generated). These results indicate 

that the presence of ethylene is imperative for efficient metal-catalyzed chromene 

formation as well for processes involving disubstituted styrenyl ethers (25-30% 
yield of dimer 50 under argon). 

Subsequent mechanistic studies suggested that the abovementioned effect of 

ethylene on reaction efficiency is connected to a mechanistic divergence that ex¬ 

ists for reactions of terminal styrenyl ethers versus those of disubstituted sty¬ 

rene systems [13b]. Whereas with monosubstituted styrenyl substrates the ini¬ 

tial site of reaction is the terminal alkene,with disubstituted styrene systems the 

cyclic Jt-systems react first. This mechanistic scenario suggests two critical roles 

for ethylene in the catalytic reactions of disubstituted styrenes: 
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1. Transformations of the more highly substituted styrenyl ethers are notably 

more facile under an atmosphere of ethylene due to the presence of the more 

reactive LnRu=CH2 (formed by the reaction of la or lb with ethylene) [20]. 

Under an atmosphere of Ar and after the first turnover has transpired, LnRu= 

CHCH3 is likely the participating catalyst. When the reaction is performed 

under ethylene, LnRu=CHCH3 is immediately converted to LnRu=CH2. Reac¬ 

tions of monosubstituted styrenes do not require ethylene to proceed 

smoothly because, as illustrated in Scheme 10, with this class of starting ma¬ 

terials, the more reactive LnRu=CH2 is formed following the first catalytic cy¬ 
cle. 

2. Catalytic reactions of disubstituted styrenyl substrates diminish oligomeric 

product formation because of the presence of ethylene. That is, if the initial 

transformation of the Ru-carbene occurs with the “undesired regiochemis- 

try” (e.g., 49^52 in contrast to 49^51, Scheme 13), dimerization and oli¬ 

gomerization may predominate, particularly in situations where reclosure of 

the carbocyclic ring is relatively slow (e.g., cycloheptenyl substrates). In con¬ 

trast, as illustrated in Scheme 14, in the presence of ethylene atmosphere, the 

unwanted metal-carbene isomer 52 may rapidly be converted to triene 53. 

The resulting triene might then react with LnRu=CH2 to afford metal-carbene 

51 and eventually chromene 41. 

To examine the validity of the above mechanistic paradigm, an authentic 

sample of triene 53 was prepared and treated with 5 mol% Ru complex lb 

(CH2C12, 22°C, 24 h). As depicted in Scheme 15, when catalytic RCM is carried 

out under an atmosphere of Ar, oligomeric products are generated. In contrast, 

when the reaction is performed in the presence of ethylene, 41 is obtained in 

83% isolated yield. 
Based on the above principles, cyclopentenyl substrates that bear a disubsti¬ 

tuted styrenyl ether should readily afford the desired chromenes by the catalytic 

Scheme 13. Reaction pathway for the Ru-catalyzed reactions of disubstituted styrenyl ethers 
in the absence of ethylene atmosphere 
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Scheme 14. Reaction pathway for the Ru-catalyzed reactions of disubstituted styrenyl ethers 

in the presence of ethylene atmosphere 

ethylene 
atm 

oligomers 

Scheme 15. Reaction pathway for the Ru-catalyzed reactions of disubstituted styrenyl ethers 
is strongly influenced by ethylene atmosphere 

process (in contrast to complete lack of reactivity of the derived terminal styrene 

48, Eq 5). Since the metal-carbene complex first reacts with the carbocyclic 

alkene, the strained tetracyclic intermediate, formed in reactions of terminal 

styrenes (cf. 43 in Scheme 10), can be avoided. Indeed, treatment of 54 with 

10 mol% lb (CH2C12,22°C, 50 h) leads to the formation of 55 in 78% yield after 
silica gel chromatography (Eq. 6). 
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10 mol % 1 b 
-► 
ethylene atm 

CH2CI2, 22 °C 

55 78% yield 

[compare to Eq (5)] 

5 mol % 1 b 
-► 
ethylene atm 

CH2CI2, 22 °C 

(6) 

Scheme 16. Reaction pathway for the Ru-catalyzed reactions of cyclohexenyl disubstituted 
styrenyl ethers is not influenced by the presence of ethylene 

The corresponding cyclohexenyl system 56 (Scheme 16) remains relatively 

unreactive, however, even when the reaction is performed under an ethylene at¬ 

mosphere: after 24 h (10mol% lb, 1 atm ethylene, CH2C12), only 10-20% of 

chromene 47 is obtained. This persistent lack of reactivity is presumably be¬ 

cause: (1) the relatively strain-free six-membered ring is less prone (relative to 

•cyclopentenyl and cycloheptenyl structures) to react with LnRu=CH2 [21], and 

(2) in case ring rupture does occur with the proper regiocontrol to afford 57 
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(versus 58, Scheme 16), reaction with the neighboring terminal alkene (leading 

back to 56) should be kinetically more favored (in comparison to reaction with 

the disubstituted styrene olefin to deliver 47). Accordingly, when triene 59 is 

subjected to the reaction conditions, only 15-20% of 47 is obtained (80-85% re¬ 

covered starting material; 24 h). (See below for an effective method that allows 

for efficient reactions of cyclohexenyl substrates.) 

4.3 
Reactions of Functionalized Styrenyl Ethers 

An advantage of the metal-catalyzed conversion of styrenyl ethers to chromenes 

is that control of relative stereochemistry on the carbocyclic substrate before 

catalytic synthesis of chromenes can lead to the formation of various function¬ 

alized heterocycles that are diastereomerically pure (Table 1). 

Table 1. Synthesis of functionalized chromenes through Ru- and Mo-catalyzed reactions of 
styrenyl ethers3 

entry substrate product 
yield(%) yield(%) 
Ru cat.b Mo cat.b 

1 

2 

3 

4 

a Bn 35 91 
b TBS 12 93 

a Bn 36 79 
b TBS 32 90 

a H 54 <5 
b Bn 82 75 
c TBS 88 97 

a H 10 <5 
b Bn 65 98 
c TBS 55 95 

a Conditions: 9 mol% lb, CH2C12,22°C, ethylene (1 atm), 36 h; 10 mol% 2, C6H6,22°C, ethylene 
(1 atm), 24 h. 

b Isolated yields after silica gel chromatography. 
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With the more functionalized substrates, chromene formation typically oc¬ 

curs more efficiently when Mo complex 2 is used instead of Ru-based catalysts 

la or lb. An impressive example is shown in entry 2 of Table 1; with 2 as the cat¬ 

alyst, even the relatively unreactive cyclohexenyl substrates such as 62a and 62b 

are converted to the derived chromenes in excellent yields. Exceptions to this 

trend are found in the reactions of 64a and 64b. Particularly striking is the proc¬ 

ess involving 64a, where the Ru complex lb affords 65a in 54% yield; in contrast, 

little or no product is obtained with 2 as the catalyst. The lower activity of 2 is 

perhaps due to the higher Lewis acidic nature of the Mo center, leading to cata¬ 

lyst inactivation through chelation with the Lewis basic alcohol and the adjacent 

phenoxy oxygen [22]. It is also possible that the hydroxyl group causes the pro¬ 

tonation of Mo-O, Mo=N or Mo=C, leading to partial or complete inactivation 

of the catalyst. The presence of an unprotected hydroxyl function, such as those 

shown in entries 3 and 4, appears to cause a notable reduction in reaction effi¬ 

ciency (mass balance remains >95%). 

4.4 
Zr-Catalyzed Kinetic Resolution of Functionalized Styrenyl Ethers 

As was mentioned previously, certain disubstituted styrene ethers can be effi¬ 
ciently resolved through the Zr-catalyzed kinetic resolution. As illustrated in 

Eq. 7, optically pure cycloheptenyl ether 64c is obtained by the Zr-catalyzed 

process. The successful catalytic resolution makes the parent alcohol and the de¬ 
rived benzyl ether derivatives 64a and 64b accessible in the optically pure form 

as well. However, this approach cannot be successfully applied to all the sub¬ 

strates shown in Table 1. For example, under identical conditions, cyclopentenyl 

susbstrate 60b is recovered in only 52% ee after 60% conversion. Cycloheptenyl 

substrates shown in entry 4 undergo significant decomposition under the Zr- 

catalyzed carbomagnesation conditions. These observations indicate that future 

work should perhaps be directed towards the development of a chiral metathesis 

catalyst that effects the chromene formation and resolves the two styrene ether 

enantiomers simultaneously. 

65% conv. 
(R,R)-64c >98% ee 

(7) 
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4.5 
Application to the First Enantioselective Total Synthesis of the Antihypertensive Agent 
(S,/?,ff,/?)-Nebivolol 

To examine and challenge the utility of the two-step catalytic resolution- 

chromene synthesis process in synthesis [23], we undertook a convergent and 

enantioselective total synthesis of the potent antihypertensive agent (S,R,R,R)- 

nebivolol (68) [24]. As illustrated in Scheme 17, the two key fragments (R,S)-71 

and (S,S)-73, which were subsequently joined to afford the target molecule, were 

prepared in the optically pure form by the technology discussed above. Impor¬ 

tantly, efficient and selective methods were established for the modification of 

the chromene alkenyl side chain. These studies therefore have allowed us to en¬ 

hance the utility of the initial methodological investigations: they demonstrate 

that, although the carbocyclic system may be used as the framework for the Zr- 

and the Mo-catalyzed reactions, the resulting 2-substituted chromene can be 

functionalized in a variety of manners to afford a multitude of chiral non-ra- 

cemic heterocycles [25]. 

4 mol % 2 

ethylene (1 atm) 

CgH6 

OTBS 

as above 

OTBS 

(S,S)-73 

I ^ [(S^R^RHiebivoloi 

(R,S)-71 

Scheme 17. The tandem Zr-catalyzed kinetic resolution and Mo-catalyzed conversion oi 
styrenyl ethers to chromenes is used in the first convergent and enantioselective total syn¬ 
thesis of the antihypertensive agent (S,R,R,R)-nebivolol 
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5 

Mo-Catalyzed Stereoselective Synthesis of MacrocydicTrisubstituted Alkenes 

5.1 
Studies on Sch 38516 Aglycon 

m* 

One of our earliest forays into the use of catalytic RCM was concieved in 1994, 

during the revision of our plans towards the total synthesis of the antifungal 

agent Sch 38516 (74; also known as fluvirucin Bj) [26]. We were required to re¬ 

evaluate our overall synthesis strategy, since our initial approach - one that was 

along the more established lines (Wittig olefination) - in constructing the 14- 

membered ring macrocycle had failed. We therefore conjectured that stereose¬ 

lective olefin synthesis through macrocyclization by catalytic RCM could be fol¬ 

lowed by Pd-catalyzed hydrogenation of the olefinic site. It was our hope that 

this two-step and fully-catalytic process would provide an effective solution to 

one of the more challenging problems in this total synthesis: control of the re¬ 

mote C6 stereogenic center. Our planning was also founded on initial molecular 

modeling (on the TBS-protected ring structure), indicating that catalytic hydro¬ 

genation of the resident olefin would benefit from selective peripheral addition 
[27] to deliver the desired stereoisomer. 

(fluvirucin Bd 

Thus, in seeking an alternative and more efficient scenario to the formation 

of macrolactam 75 (Scheme 18), we considered the possibility of using catalytic 

RCM to reach the desired trisubstituted macrocyclic alkene. At the time, synthe¬ 

sis of an 8- and a 13-membered heterocycle through the use of such catalytic 

procedures had been disclosed by Martin [28] and Pandit [29]. In the studies re¬ 

ported by Martin, a disubstituted alkene was efficiently prepared with Schrock's 

Mo catalyst (2), whereas in the case of Pandit, Grubbs's complex la was used. In 

both instances, however, the starting diene benefited from a rigid cyclic frame¬ 

work. Another report by Martin [30] illustrated that efficient synthesis of 12- 

membered rings from conformationally mobile aliphatic starting materials 

could be difficult under standard conditions. Our consternation about the im¬ 

portance of the conformational rigidity of the precursor diene on the facility of 

catalytic RCM of medium and large rings was exacerbated by Grubbs's report on 

* the influence of structural scaffolds on the facility of eight-membered ring con¬ 

struction promoted by la [6a]. 
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OTBS 

Me HN 

OTBS 

Me HN 

OTBS 

75 76 77 

Scheme 18. Retrosynthesis for the construction of the 14-membered macrolactam ring ol 

Sch 38516 (fluvirucin B,) 

Me 

20 mol % 2 
-► 

Me 

10% Pd(C), 
H2 (1 atm) 

EtOH 

Scheme 19. Mo-catalyzed RCM in tandem with catalytic hydrogenation allows the control ol 
C2-C6 relative stereochemistry in the macrolactam region of Sch 38516 

Because of the above concerns, the prospects for an efficient and reliable cat¬ 

alytic ring closure of 77 to afford 76 did not appear certain (Scheme 18). We were 

aware that the presence of stereogenic centers have been reported to infer appre¬ 

ciable degrees of structural rigidity on a number of occasions [31, 32]. But we 

also kept in mind that our plan required facile formation of a frzsubstituted mac- 

rocyclic olefin: substrate oligomerization, catalyst decomposition and confor¬ 

mational freedom would not be as readily overcome when the desired product 

is a slower-forming and highly substituted alkene [33]. 

To explore the validity of the ring formation strategy, we drew up plans and 

carried out an enantioselective synthesis of diene 77 (Scheme 19). Initially, 

based on previous studies on similar medium- and large-ring syntheses, we sur¬ 

mised that elevated temperatures would be necessary for effective macrocycliza- 
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tion. We therefore excluded ambient temperature conditions from our prelimi¬ 

nary investigations. Accordingly, we established that, when 77 is treated with 

20 mol% Mo catalyst 2 in benzene (0.01 M) and the mixture is heated to 50°C 

(12 h), macrolactam 76 is obtained in 60-65% isolated yield as a single olefin 

stereoisomer (Scheme 19). 

We later determined that with lower catalyst loadings (15 mol% 2), reaction 

efficiency suffers (<50% conversion). When Ru complex lb was used (20 mol%, 

benzene, 80°C), 5-10% dimer derived from reaction of the terminal olefins was 

formed as the only product. Continued investigation of the catalytic macrocycli- 

zation indicated that, with freshly prepared and recrystallized Mo catalyst, the 

metathesis process occurs smoothly at 22°C to afford 2 in 90% isolated yield after 

only 4 h. With 40 mol% 2, the yield improved to 97%, and less than 20 mol% cat¬ 

alyst gave notably lower conversions and yields. 

With the Mo-catalyzed macrolactamization secured, we turned our attention 

to the problem of C2-C6 remote stereochemical control. Catalytic hydrogenation 

of unsaturated cyclic amide 76, in the presence of 10% Pd(C), resulted in the for¬ 

mation of 78 in 84% yield and with >98% diastereoselectivity. 

5.2 
Origin of the Facile Mo-Catalyzed Macrocydization 

To gain insight into this remarkably efficient cyclization reaction (77-»76), and 
to determine the extent to which existing stereogenic centers preorganize diene 

precursor 77, we examined the catalytic RCM of 79 and 82. When 79 was subject¬ 

ed to 25 mol% 2 (50°C, 18 h), <2% 80 was formed (Scheme 20). Instead, dimer 

81 was obtained in 52% yield (3:1 mixture of olefin isomers; identity of major 
product not determined). When diene 82 was treated with identical conditions, 

macrolactam 83 was obtained in 41% isolated yield [33] along with 20% of the 

Scheme 20. In the absence of stereogenic centers, catalytic RCM may suffer significantly 



128 Amir H. Hoveyda 

derived 28-membered ring cyclic dimer 84 (presumably as a mixture of head-to- 

head and head-to-tail isomers); <10% of the acyclic dimer was detected. These 

data clearly illustrate that with the slower forming trisub stituted olefin, the pres¬ 

ence of stereogenic centers is required for facile ring closure (cf. 77^*76, 

Scheme 19), whereas when reacting alkenes are terminal olefins, formation of 

the 14-membered ring is more favored (41% yield of 83). Our results lend fur¬ 

ther credence to Grubbs's suggestion [6] that, with conformationally mobile di¬ 

ene structures, some form of structural restraint is needed for facile ring-closing 

metathesis. 
Considering the facility with which dimerization products 81 and 84 are ob¬ 

tained, we reasoned that, in catalytic ring closure of 77, the derived dimer is per¬ 

haps, initially formed as well. If the metathesis process is reversible [17b], such 

adducts may subsequently be converted to the desired macrocycle 76. To exam¬ 

ine the validity of this paradigm, diene 77 was dimerized (-*85) by treatment 

with Ru catalyst lb. When 85 was treated with 22 mol% 2 (after pretreatment 

with ethylene to ensure formation of the active complex), 50-55% conversion to 

macrolactam 76 was detected within 7 h by 400 MHz NMR analysis (Eq. 8). 

When 76 was subjected to the same reaction conditions, <2% of any of the acy¬ 

clic products was detected. Although we do not as yet have a positive proof that 

85 is formed in cyclization of 77, this observation suggests that if dimerization 

were to occur, the material can be readily converted to the desired macrolactam, 

which is kinetically immune to cleavage. 

5.3 
Mo-Catalyzed Macrocydization of Carbohydrate-Bearing Diene 

Subsequently, in the course of the total synthesis, we established that glycosyla- 

tion of the macrolactam alcohol or various silyl ethers by a range of protocols is 

not feasible. Repeated initiatives along these lines resulted in complete decom¬ 

position of the carbohydrate systems and low recovery of the macrocyclic sub¬ 

strate (<15%). The principal reason for such unsatisfactory outcomes proved to 

be the notorious lack of solubility of the parent alcohol of 76 in a wide variety of 

solvents; the 14-membered alcohol is sparingly soluble in methanol at ambient 

temperatures. Clearly, our initial efforts towards the use of catalytic RCM in con¬ 

structing the macrolactam segment of Sch 38516 required additional investiga¬ 
tion. 

The above observations implied that a more viable strategy would be to 

achieve stereoselective glycosylation of the more readily soluble acyclic diene to 
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Me OAc 

N(H)COCF3 

86 87 92% yield 

OAc 

Sch 38516 

N(H)COCF3 

10% Pd(C) 

H2 (1 atm), 

EtOH 

96% 88 72% yield 

Scheme 21. Mo-catalyzed RCM is carried out on the fully functionalized diene; subsequent 
hydrogenation delivers the protected form of Sch 38516 

obtain 86 (Scheme 21), which may then be induced to undergo catalytic RCM. 

Importantly, the success of the proposed route depended on whether the Lewis 

acidic metathesis catalyst (2) would remain operative in the presence of addi¬ 

tional Lewis basic heteroatoms carried by the pendant carbohydrate moiety. 

As depicted in Scheme 21, subjection of 86 with 20 mol% of freshly prepared 

2 after 4 h at 22°C indeed afforded 87 in 92% yield after silica gel chromatogra¬ 

phy (>98% Z). Stereocontrolled hydrogenation of the trisubstituted olefin (72% 

yield) and removal of the acetate and trifluroacetate groups, effected by subjec¬ 

tion of the hydrogenated adduct with hydrazine in MeOH, delivered Sch 38516 

(1) in 96% yield to complete the total synthesis. 

6 

Conclusions and Outlook 

The chemistry described in this review article demonstrates the impressive pos¬ 

itive influence that catalytic RCM has had on our research in connection to the 

development of other catalytic and enantioselective C-C bond forming reac¬ 

tions. There is no doubt that in the absence of pioneering work by Schrock and 

Grubbs, the Zr-catalyzed alkylation and kinetic resolution would be of less util¬ 

ity in synthesis. The number of unsaturated heterocyclic and carbocyclic sub¬ 

strates available for Zr-catalyzed asymmetric carbomagnesation would be far 

more limited without catalytic RCM. 

The enantioselective total syntheses of the antihypertensive agent (S,R,R,R)- 

nebivolol and the antigungal agent Sch 38516 (fluvirucin Bj) illustrate the posi- 
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tive impact that catalytic RCM may have on a total synthesis effort. The efficient 

and facile catalytic RCM of dienes 77 and 86 illustrate that this macro cyclization 

procedure offers a mild and stereoselective route to the synthesis of highly func¬ 

tionalized macrocycles bearing trisubstituted olefins. Subsequent to our prelim¬ 

inary reports [26], elegant studies by Danishefsky [34], Nicolaou [35], Fuchs 

[36], Fiirstner [37], and Schinzer [38] have provided additional and impressive 

testimony in support of the utility of this protocol in the preparation of macro- 

cyclic disubstituted alkenes (with la or lb as catalyst) [39]. 

There is much more left to be done in the area of catalytic RCM. It is likely that 

many elegant and creative uses of catalytic RCM are in the making. Judging by 

the related developments in recent years, it is also likely that catalytic RCM will 

influence positively the development of numerous other ongoing metal-cata¬ 

lyzed or uncatalyzed reactions. The advent and utility of complexes la, lb and 2 

will undoubtedly inspire organic chemists to devise new and useful transforma¬ 

tions, where these transition metal systems are effectively utilized (e.g., styrenyl 

ether rearrangements) [40]. 

Perhaps the most compelling research objective in this area will involve the 

development of a chiral metathesis catalyst that effects C-C bond formation ef¬ 

ficiently and with excellent levels of enantioselectivity [41]. In such a case, all the 

reactions discussed herein, in addition to those expertly developed in other lab¬ 

oratories [40], will become subject to asymmetric catalysis. Such a development 

should prove to have an enormous impact on the field of inorganic, organome- 
tallic and synthetic organic chemistry. 
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Enyne metathesis is unique and interesting in synthetic organic chemistry. Since it is diffi¬ 
cult to control intermolecular enyne metathesis, this reaction is used as intramolecular 
enyne metathesis. There are two types of enyne metathesis: one is caused by [2+2] cycload¬ 
dition of a multiple bond and transition metal carbene complex, and the other is an oxida¬ 
tive cyclization reaction caused by low-valent transition metals. In these cases, the alkyli- 
dene part migrates from alkene to alkyne carbon. Thus, this reaction is called an alkylidene 
migration reaction or a skeletal reorganization reaction. Many cyclized products having a 
diene moiety were obtained using intramolecular enyne metathesis. Very recently, intermo¬ 
lecular enyne metathesis has been developed between alkyne and ethylene as novel diene 
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1 

Introduction 

The metathesis reaction is a powerful strategy in synthetic organic chemistry 

[1], and it is generally accepted that this reaction is catalyzed by highly efficient 

transition metal alkylidenes [2, 3]. Intermolecular diene metathesis produces 
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Scheme 1. Enyne metathesis 

Scheme 2. Reaction proceeding by a low-valent transition metal complex 

many olefins [4], and it has usually been used as intramolecular diene metathe¬ 

sis [5]. Enyne metathesis is also quite interesting, and this reaction occurs be¬ 

tween alkene and alkyne. Since it is difficult to control this reaction, we also used 

it as intramolecular enyne metathesis. This reaction is designated as an alkyli- 

dene migration reaction from the alkene part to the alkyne carbon (Scheme 1). 

Thus, enyne metathesis is also called a skeletal reorganization or alkylidene mi¬ 

gration. 
Enyne metathesis is caused by transition metals. There are two types of enyne 

metathesis: one is caused by a carbene complex, as is olefin metathesis, via [2+2] 

cocyclization; and the other type is a reaction that proceeds via oxidative cycli- 

zation by a low-valent transition metal complex (Scheme 2). 

Enyne metathesis was discovered by Katz [6] in 1985. Katz demonstrated this 

reaction as a methylene migration reaction using Fischer tungsten carbene com¬ 

plex. The same types of reactions were subsequently reported using Fischer mo¬ 

lybdenum and chromium carbene complexes. Recently, very reactive carbene 

complexes for olefin metathesis were discovered by Grubbs and Schrock. Grubbs 

synthesized many cyclic compounds using his ruthenium carbene complex. 

This methodology is now a useful synthetic method for cycloalkenes in the field 

of natural product synthesis, especially macrocyclic compounds. It has become 

apparent that the ruthenium carbene complex acts as a catalyst for dienyne- and 

enyne metathesis. On the other hand, Trost discovered a very interesting palla¬ 

dium-catalyzed enyne metathesis during the course of his study on enyne cycli- 

zation. This reaction proceeds through oxidative cyclization by a low-valent 

metal complex. It is now known that many metals are effective for enyne meta¬ 
thesis. 
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2 

Intramolecular Enyne Metathesis 

2.1 
Enyne Metathesis Using Fischer Carbene Complexes (W, Mo, Cr) 

Katz [6] reported a very interesting methylene migration reaction using a 

Fischer tungsten carbene complex. The reaction of enyne 1 and 1 mol% of tung¬ 

sten carbene complex 2a gave methylene migration product 3 in 31% yield 

(Eq. 1). However, when an equimolar amount of complex 2b was used for this re¬ 

action, a different metathesized product 5 was obtained in 50% yield (Eq. 2). 

This is the first example of intramolecular enyne metathesis. In the former reac¬ 

tion, the real catalyst is methylene tungsten complex 4 (R=R-H). In this reac¬ 

tion, the alkyne part of enyne 1 reacts with methylene tungsten complex 4 gen¬ 

erated from 1 and 2a via [2+2]cycloaddition to form metalacyclobutene 6 

(Scheme 3). Retrocycloaddition occurs to give vinyl carbene complex 7, which 

reacts with the alkene intramolecularly to produce metalacyclobutane 8. Retro¬ 

cycloaddition occurs to give 3 and methylene tungsten complex 4. 

Following the report by Katz, Hoye [7] reported that enyne 9 having a dime¬ 

thyl group on the alkene gave metathesis products 10 and 11 using a stoichio¬ 

metric amount of a Fischer carbene complex (Eq. 3, Table 1). 

The substituent effects on the alkene were investigated in the reaction of 
enyne 12 and chromium carbene complex 2c [8]. In the reaction of enyne £-12a 

having a phenyl group on the alkene with Fischer chromium carbene complex 

2c, metathesis product 13a was obtained as a main product along with cyclopro¬ 

pane 14 and cyclobutanone 15 (Eq. 4). The reaction of Z-12a with 2c gave only 
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Scheme 3. Reaction mechanism 

Table 1. Reaction of enyne 9 with 2a 

M Yield (%) of 10 Yield (%) of 11 

Cr 30 - 

Mo 28 50 

W 6 34 

metathesis products 13a and 16 (Eq. 5). Investigation of the substituent effects 

on the alkene showed that an electron-withdrawing group accelerates the forma¬ 

tion of cyclopropane 14, while the enyne having an electron-donating group 

gave the metathesis product as a main product (Table 2). 

x 

Ts 

£-12 

(4) 

Ph 
1) 2c , CH3CN 

70 °C, 4 h 

N 2) [FeCI4][Fe(dmf)3CI2] 

Ts 

Z-12a 

Ts 

13a 49% 

(5) 

The reaction course is shown in Scheme 4. Enyne 12 reacts with 2 to give vinyl 

carbene complex 17, which is in a state of equilibrium with vinyl ketene complex 

21. [2+2] Cycloaddition of the ketene moiety and alkene part in 21 gives cyclob- 

utanone 22. On the other hand, the vinyl carbene complex 17 reacts with the 

alkene intramolecularly to produce metalacyclobutane 18. From metalacyclob- 

utane 18, reductive elimination occurs to give cyclopropane derivative 23. Ret- 
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Table 2. Reaction of enyne 12 with Cr-carbene complex 2c 

X Substrate 13a(%) 14(%) 15(%) 13a:14 

no2 12b 4 75 - 1:19 

Cl 12c 46 18 8 3:1 

H £-12a 53 7 9 7.7:1 

Me 12d 62 - 6 1:0 

Scheme 4. Reaction mechanism of enyne with Fischer carbene complex 

rocycloaddition occurs from 18 to give metathesis product 19 and alkylidene 

carbene complex 20. Since the [2+2]cycloaddition is controlled by HOMO- 

LUMO interactions, the cycloaddition in this instance should be retarded by a 

lack of activation of the double bond. Thus, 12b would afford only the chroma- 

cycle 18b, which gives the cyclopropane 23b (namely, 14b) in good yield because 

of the instability of the alkylidene carbene complex 20b. On the other hand, the 

electron donating groups on the double bond would favor the metathesis proc¬ 

ess because alkylidene carbene complex 20 generated from chromacycle 18 is 

stabilized by these substituents. 

If the substituents on generated carbene complex 20 are the same as those on 

the alkene, this reaction must proceed by a catalytic amount of chromium 

carbene complex 2 (Scheme 5) [9]. 

To confirm this, enyne 12e was reacted with 30 mol% of chromium carbene 

complex 2c to give the metathesized products 24e, 13e, and 13a (Eq. 6). Although 

compound 13a was the reaction product of 12e and 2c, the former two products 

24e and 13e were formed from enyne 12e and 2d, respectively. This indicates that 

chromium carbene complex 2d was generated in this reaction. On the basis of 
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R 

Scheme 5. Plan for chromium-catalyzed enyne metathesis 

these results, enyne £-12f was reacted with 10 mol% of chromium carbene com¬ 

plex 2c in MeOH to give metathesis product 13a in 70% yield (Eq. 7). The reac¬ 

tion of Z-12f with 10 mol% of 2c also gave 13a in 45% yield (Eq. 8). In a similar 

manner, enyne 12g gave 13g in 25% yield (Eq. 9). 

Ph 

Ts 
12e 

1) 30 mol % QEt 

(OC)5Cr=< 2c 
Me 

THF, reflux, 24 h 

2) [FeCI4][FeCI2(DMF)3] 

24e 5% 13e 11% 13a 18% (6) 

OB 
(OC)5Cr=< 2d 

Ph 

OEt 

Ts 

£-12f 

1) 10 mol % 2c 

MeOH, 70 °C, 2 h 

2) 10% HCI 
70% 

Ts 

13a 

(7) 

EtO 

1) 10 mol % 2c 

MeOH, 70 °C 

2) 10% HCI 45% (8) 

Z-12f 
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1) 10 mol % 2c 

MeOH, 70 °C 

2) 10% HCI js 

25% 
13g 

(9) 

2.2 
Pd- and Pt-Catalyzed Enyne Metathesis 

Trost [10] discovered a palladium-catalyzed enyne metathesis during the course 

of his study on palladium-catalyzed enyne cyclization. Treatment of the 1,6- 

enyne 25 with palladacyclopentadiene (TCPT, 26a) in the presence of tri-o-tolyl- 

phophite and dimethyl acetylene dicarboxylate (DMAD) in dichloroethane at 

60 °C led to cycloadduct 27 and vinylcyclopentene 28 in 97% yield in a ratio of 1 

to 1 (Eq. 10). The latter compound 28 is clearly the metathesis product. 

60 °C, 97% E=COOMe 

This reaction proceeds in a highly stereospecific manner.Thus, enyne Z-29 

gave a 68% yield of the diene product E-31 (Eq. 11). Similarly, the E-substrate 29 

gave predominantly Z-31 (Eq. 12). 

The reaction mechanism was considered to be oxidative cyclization, and pal- 

ladacyclopentene 32 was formed. Reductive elimination then occurs to give cy¬ 

clobutene 33, whose bond isomerization occurs to give diene 28. The insertion 

of alkyne (DMAD) into the carbon palladium bond of 32 followed by reductive 

elimination occurs to give [2+2+2]cocyclization product 27. Although the re¬ 

sults of the reactions of E- and Z-isomers of 29 with palladium catalyst 26a were 

accommodated by this pathway, Trost considered the possibility of migration of 

substituents. Therefore, 13C-labeled substrate 25 13C was used for this reaction. 



140 Miwako Mori 

Scheme 6. Reaction mechanism 

In the reaction of 2513C, 28a 13C and 28b 13C were obtained in 52% yield along 

with 12% yield of 2713C (Eq. 13). On the other hand, when 25-D was treated in 

a similar manner, 28a-D, 28b-D, and 28c-D were obtained in 42% yield with 19% 

yield of cycloadduct 27-D (Eq. 14). From these results, one explanation for this 

reaction is shown in Scheme 6. 

This method provides a very simple route to bridged bicycles possessing 

bridgehead olefins [11]. When enyne 35a (n=l, 2, and 6) was treated with 

TCPCtfe 26b, seven-membered (37a, n=l, 53%), eight-membered (37a, n=2, 

86%), and twelve-membered (37a, n=6,73%) rings were formed (Eq. 15). Incor¬ 

poration of nitrogen in the tether, as in 35b, provides the azabicyclic compound 

37b in 58% yield [11 a,b] (Eq. 16). In order to obtain further confirmation of the 

formation of a four-membered ring, a mixture of 4% TCPCHFB, 4% o-tri-o-tolyl- 

phosphate, bis(heptafluorobutyl)-acetylenedicarboxylate, and enyne 35c in 

dichloroethane was heated at 80°C, and cyclobutene 38 was obtained in 85% 

[11c] (Eq. 17). X-ray crystallography of 38 indicates that the stereochemistry of 

the fused 8,6-membered rings is trans. Although this palladium-catalyzed reac¬ 

tion seemed highly selective only in the case of substrates having an electron 

withdrawing group on the acetylenic terminal carbon and cis substituents on the 

olefic part, the reaction is very synthetically attractive. 
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TCPCtfe (26b, R=CH2CF3) 

TCPChfb (26c, R=CH2CF2CF2CF3) 

A simple platinum complex also effects metathesis of enyoate as outlined in 

Eq. 18 [12]. The yield is comparable to that of TCPC but the reaction significant¬ 

ly faster. Murai and Chatani [13] also reported platinum-catalyzed conversion of 

1,6- and 1,7-enyne to 1-vinylcycloalkenes. The treatment of 1,6-enyne 41a with 

4 mol% of PtCl2 in toluene at 80°C under nitrogen for 3 h resulted in skeletal re¬ 

organization to give 42a in 86% isolated yield (Eq. 19). The PtCl2-catalyzed reac¬ 

tion of 44 (cyclic olefin) gave exclusively bicyclic compound 45 in 97% yield 

(Eq. 20). The reaction of 41b with 8 mol% of PtCl2 at 80°C was completed in 3 h 

to afford 86% of the two isomers 42b and 43b with a ratio of 8:1. The formation 

of 43 is interesting with respect to the reaction mechanism because it involves an 

unusual change in the bond relationship. While the olefinic terminal carbon in 

41b migrates onto the alkyne carbon bearing the methyl group to give 42b, in a 

formal sense, insertion of the olefinic terminal carbon in 41b into the C-C triple 

bond would give 43b. The enyne 41c having an ester group on the terminal 

alkene underwent skeletal reorganization to give exclusively 43c in 80% yield. 

The anomalous C-C bond formation also occurred in the reaction of 41a-D, and 

42a-D and 43a-D were obtained in 86% yield in a ratio of 4 to 96 (Eq. 21). 

10% (Ph3P)2Pt(OAc)2 

1.3 eq. CF3COOH 

2.1 eq. DMAD 
PhH, reflux 4 h 

79% 

MeOOC 

(18) 



142 Miwako Mori 

cat. PtCl2 

toluene, 80 °C, 3 h 

41a R=H 
41b R=Me 
41c R=COOEt 

D 86% 
42a-D 43a-D 

42a-D:E-43a-D:Z:-43a-D=4:73:23 

(19) 

(20) 

(21) 

2.3 
Ru-Catalyzed Enyne Metathesis 

Murai and Chatani [14] also reported the ruthenium-catalyzed skeletal reorgan¬ 

ization of 1,6-enynes 46 to 1-vinylcyclopentenes 47 (Eq. 22). They used 

[RuCl2(CO)3]2 as a catalyst, and the reaction was carried out under an atmos¬ 
phere of CO. [RuBr2(CO)3]2> RuCl2(p-cymene)]2 and RuCl3-xH20 can be used 

for this reaction. The reactions of £-46a and Z-46a gave only the E-isomer of 47a. 

The reaction of 46b with [RuCl2(CO)3]2 under CO gave Z-47b as a major prod¬ 

uct, although the reaction using Trost's catalyst gave a 1:1.4 mixture of 47b' and 

bicyclo[3.2.0]heptene derivative, while 47b was not formed [10] (Eq. 23). From 

these results, it must be concluded that this reaction differs from Trost's palladi¬ 

um-catalyzed reaction. This catalyst is also applicable to a 1,7-enyne 46c 

(Eq. 24). The authors considered carbenoid 50 as an intermediate and attempted 

to trap this [15].The reaction of 6,11-dien-l-yne 48 in toluene in the presence of 

4 mol% of [RuC12(CO)3]2 at 80°C for 4 h under N2 gave tetra-cyclic compound 

49 in 84% yield (Eq. 25). The reaction involves two cyclopropanation reactions 

where both acetylenic termini formally act as a carbene. 

[RuCI2(CO)3]2 

toluene, CO 
80 °C, 1 h 

47a 
46a 

£-46a (E/Z=80/20) 95% 

Z-46a (E/Z= 11/89) 81% 

(22) 
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46b 

E [RuCI2(CO)3]2 

toluene, CO 
80 °C, 1 h 

90% 47b 47b' 
(Z-47b:E-47b:47b'=83:11:6) 

(23) 

(24) 

(25) 

Very reactive carbene complexes for olefin metathesis were recently discov¬ 

ered by Grubbs [2] and Schrock [3]. Grubbs et al. synthesized many cyclic com¬ 

pounds from dienes using his ruthenium carbene complex 52a [5]. Using this 

ruthenium catalyst, he developed an elegant dienyne metathesis [16]. When a 

benzene solution of diene 51 and 3 mol% of 52a was stirred at room temperature 

for 4 h, the cyclized product 53 was obtained in 90% yield (Eq. 26). In this reac¬ 

tion, dienyne 51 reacts with carbene complex 52a to produce ruthenium carbene 

complex 54, which reacts with olefin intramolecularly via [2+2] cycloaddition to 

produce ruthenacyclobutene 55 (Scheme 7). Retrocycloaddition occurs to give 

vinyl carbene complex 56, which reacts again with the other olefin group in¬ 

tramolecularly to produce cyclized compound 53 and ruthenium methylene 

complex 57, which is the real metathesis catalyst. It then reacts with dienyne 51 

to regenerate carbene complex 54 and ethylene. 

/ 
o 

A 
O 

CL, 
Ru=^/ Ph 

CI^PCy3 52a 

51 

Cy=Cyclohexyl 53 

(26) 

The symmetrical dienyne 58a was converted to a fused bicyclo [4.3.0] ring in 

95% yield [17] (Eq. 27). With substrate 58c containing an unsymmetrical diene 

tether, two different products, 59c and 59c', were obtained in a ratio of 1 to 1 

(Eq. 28). The reaction course in the formation of the different bicyclic rings is 

shown in Scheme 8. This dienyne metathesis is also catalyzed by tungsten or 

molybdenum complex 62 or 63 (Fig. 1), and a dienyne bearing terminal alkyne 

58b could be cyclized to give 59b in 97% yield. 
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Scheme 7. Ruthenium-catalyzed dienyne metathesis 

NAr 
R,0^ II 

Me 
J^Me 

RA,r V” 

Me Rfc/ Ph 
62 63 

Fig. 1. Tungsten and molybdenum complexes 62 and 63 

OSiEt3 

R 
58a, R=Me 

58b, R=H 

3 mol % 52a 

8 h, 25 °C 

95% 

OSiEt3 

R 

59a, 59b 

OSiEt3 

Me 

58c 

(27) 

(28) 

Enyne metathesis using ruthenium catalyst 52a was developed by Mori and 

Kinoshita [18]. When enyne 62a was treated with Grubbs's ruthenium catalyst 

52a in benzene at room temperature for 22 h, the cyclized product 63a was ob¬ 

tained in only 13% yield (Eq. 29). It seems that the catalyst was coordinated by 

the diene generated in this reaction. This problem was overcome by the study of 
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Scheme 8. Reaction mechanism 

Fig. 2. Diene 64, the cyclized product 65 and the alkylidene ruthenium complex 66 

the substituent effects on the olefin metathesis. When diene 64 was treated with 

1 mol% of 52a, the cyclized product 65 was not obtained. This means that alkyli¬ 

dene ruthenium complex 66 could not react with the exo-methylene part 

(Fig. 2). If the diene produced in enyne metathesis has an exo-methylene part, 

the ruthenium catalyst would not be coordinated by the diene moiety. On the ba¬ 

sis of this idea, diene 63b was obtained from enyne 62b in 91% yield after only 

35 min. Various cyclized products 63c-g were obtained from the corresponding 

1,6-, 1,7-, and 1,8-enynes 62c-g having substituents on the alkyne (Table 3). 

Table 3. Ruthenium-catalyzed enyne metathesis 

Substrates Time Products Yields (%) 

62c R=Ac 40 min 
62d R=TBDMS 50 min 

63c 86 
63d 83 

OTBDMS 

62e n=l 
62f n=l 
62g n=2 

1.5 h 
1.5 h 
2.5 h 

63e 88 
63f 86 
62g 77 

Ts 
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1 mol % 52a 

Benzene (29) 

62a, R=H 63a, 13% 

62b, R=Me 63b, 91% 

To investigate if the ruthenium catalyst first reacts with the alkyne part or 

with the alkene part, the reaction of 64 with ruthenium catalyst 52a was carried 

out (Eq. 30). Two metathesized products, enyne metathesis product 65 and di¬ 

ene metathesis product 66, were obtained in 19% and 5% yields, respectively. 

This result indicates that the reaction of the alkyne part with 52a is faster than 

that of the alkene part with 52a. 

65 19% 66 5% 

3 

Intermolecuiar Enyne Metathesis 

Intermolecular-enyne metathesis, if it is possible, is very unique because the 

double bond of the alkene is cleaved and each alkylidene part is then introduced 

onto each alkyne carbon, respectively, as shown in Scheme 9. If metathesis is 

carried out between alkene and alkyne, many olefins, dienes and polymers 

would be produced, because intermolecuiar enyne metathesis includes alkene 

metathesis, alkyne metathesis and enyne metathesis. The reaction course for 

intermolecuiar enyne metathesis between a symmetrical alkyne and an unsym- 

metrical alkene is shown in Scheme 9. The reaction course is very complicated, 

and it seems impossible to develop this reaction in synthetic organic chemistry. 

Compound 68 is known to form an electrically conducting “organic metal” 

with a large number of acceptor systems. When a toluene solution of enyne 67 

and alkene 68 was refluxed for 2 days, the coupling product 70, rather than the 

expected charge transfer complex, was obtained in good yield (Eq. 31, Table 4). 

This reaction involves a metathetic process [19]. 

69 70 
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R1~= R2 M= 

R3—=— R4 

R2 

R3 

Alkyne | 
Metathesis 

Polymer 

Scheme 9. Intermolecular enyne metathesis 

Table 4. Reaction of 67 with 68 

R Yield ( :%) 

CN 70a 77 

Ph-OC 70b 77 

COOEt 70c 47 

H 70d 33 

Intermolecular enyne metathesis has recently been developed using ethylene 

gas as the alkene [20]. The plan is shown in Scheme 10. In this reaction,benzyli- 

dene carbene complex 52b, which is commercially available [16b], reacts with 

ethylene to give ruthenacyclobutane 73. This then converts into methylene ru¬ 

thenium complex 57, which is the real catalyst in this reaction. It reacts with the 

alkyne intermolecularly to produce ruthenacyclobutene 74, which is converted 

into vinyl ruthenium carbene complex 75. It must react with ethylene, not with 

the alkyne, to produce ruthenacyclobutane 76 via [2+2]cycloaddition. Then it 

gives diene 72, and methylene ruthenium complex 57 would be regenerated. If 

the methylene ruthenium complex 57 reacts with ethylene, ruthenacyclobutane 

* 77 would be formed. However, this process is a so-called non-productive proc¬ 

ess, and it returns to ethylene and 57. The reaction was carried out in CH2C12 un- 
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Ph 
Ru=/ 52b 

- V/ hi — II2 / \ 
Ri R2 

72 71 [ h2c=ch2 1 

Pathway of Intermolecular Enyne Metathesis 

Scheme 10. Plan for 1,3-diene synthesis using intermolecular enyne metathesis 

der an atmosphere of ethylene gas at room temperature with a balloon, and the 

results are shown in Table 5. Symmetrical and unsymmetrical alkynes bearing 

functional groups in the tethers, and even the terminal alkynes, can be used in 

this reaction. In each case, the yield is moderate to good and the conversion 

yields are high. This procedure is a very useful and unique diene synthesis. 

Namely, the double bond of ethylene is cleaved and each methylene part is intro¬ 

duced into each alkyne carbon, respectively, as formally shown in Scheme 11. 

Takahashi [21] reported a very interesting formal intermolecular enyne me¬ 

tathesis between alkyne and vinyl bromide using an equimolar amount of dib¬ 

utyl zirconocene. When alkyne 71h was treated with an equimolar amount of 

Cp2ZrBu2 in the presence of vinyl bromide, diene 72h was obtained in 95% yield 

(Eq. 32). Cyclizations of 80 on zirconocene give diene 82 in high yields (Eq. 33). 

This reaction proceeds by the formation of zirconacycle 83 (Fig. 3) having a bro¬ 

mide at the a-position from alkyne 71h and vinyl bromide, and bond isomeri- 

zations occur to give vinyl zirconium complex 84, which is hydrolyzed to give di¬ 

ene 72h. 

Me3Si—=—SiMe3 

71 h 

1. Cp2ZrBii2 Me3Si siMe 3 

2. 

Br 
95% 72h 

(32) 
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Table 5. 1,3-Diene synthesis of intermolecular enyne metathesis 

Run Substrate 
Ru 
(mol %) 

Product Yield3' 

1 
f 

AcO 
— \ 

OAc 

71a 
72a 

66% (89%) 
71% (90%) 

2 
Et = \ 

OBz 
71b 

3 62% (100%) 

BzO ■wv COOMe 

10b) 
71c 

BzO 

72c 

COOMe 

53% (82%) 

53% (82%) 

4 
BzO 

/ =“ vs OTBS 

71 d 

O 

71 e 

10b) 

3 

60% (86%) 

74% (89%) 

6 3 
48% (84%) 

48% (84%) 

7 
Ts 

71 g 
5 

81% (100%) 

81% (100%) 

All reactions were carried out in CH2C12 under ethylene gas using ruthenium catalyst 52b at room 
temperature for 45 h. 

a Yields in parentheses are conversion yields. 
b 5 mol% of ruthenium complex catalyst 52b was used. After 40 h, 5 mol% of 52b was readded. 

H2C±CH2 
ci 'Cya 
cr^%h (52b) 

PCy3 

-R2 

71 

H2C CH2 

R1 R2 
73 

Scheme 11. 1,3-Diene synthesis from alkyne and ethylene 
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ZrBrCp2 84 

Fig. 3. Zirconacycle 83 and vinyl zirconium complex 84 

80a R=Ph 
80b R=n-C8H17 
80c R=SiEt3 

82a R=Ph, 84% 

82b R=n-C8Hi7, 82% 

82c R=SiEt3, 87% 

(33) 

4 

Utilization of Enyne Metathesis for the Synthesis of Natural Products and 
Biologically Active Substances 

Since enyne metathesis has only recently been developed, there are only a few re¬ 

ports on the utilization of enyne metathesis in synthetic organic chemistry. Mori 

and Kinoshita [22] succeeded in the total synthesis of (-)-stemoamide (85) from 

(-)-pyrroglutamic acid using ruthenium-catalyzed enyne metathesis as a key 

step. The retrosynthetic analysis is shown in Scheme 12. The reaction of enyne 

87a, which was prepared from (-)-pyrroglutamic acid, with ruthenium carbene 

complex 52a in benzene upon heating provided cyclized diene 86a in 73% yield 

(Scheme 13). On the other hand, the reaction of enyne 87b having a carbometh- 

oxy group on the alkyne with 52b in CH2C12 at room temperature gave diene 86b 

in 87% yield. Reduction of 86b followed by halolactonization gave bromide 90 

and elimination product 91. Treatment of 90 with NEt3 gave 91, which was re¬ 

duced with NaBH4 in MeOH in the presence of NiCl2-6H20 to give (-)-stemoam- 
ide (85). 

Barrett [23] reported an ingenious method of synthesizing bicyclic (3-lactams 

93 using enyne metathesis (Scheme 14). From enynes 92 having various func¬ 

tional groups in the tethers, the desired bicyclic (3-lactams 93 were obtained in 

good yields (Eqs. 34-36). In this reaction, terminal alkyne did not give a good 
result. 
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Me02C r-A 1) NaOH 
NaBH4, MeX±N>*0 MeOH-H20 

MeOH \ ) CuBr2 °n A,2°3 
85% 

87a, R=Me 
87b, R=COOMe 

86a, R=Me, 73% 
86b, R=COOMe, 87% 

89 

[a]D30 -219.3° (c=0.50, CH3OH) 

lit. [a]D26 -181° (0=0.89, CH3OH) 

Scheme 14. Synthesis of bicyclic (3-lactams 

(35) 

(36) 

Undheim [24] described the stereoselective synthesis of cyclic 1-amino-1- 

carboxylic acid using ruthenium-catalyzed enyne metathesis. His plan is shown 
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Scheme 15. Synthesis of cyclic 1-amino-1-carboxylic acid 

in Scheme 15. The starting enyne 101 was prepared in stereochemically pure 

form by stepwise alkylations of the chiral auxiliary (R)-2,5-dihydro-3,6-dimeth- 

oxy-2-isopropylpyrazine with bromo-alkenes and -alkynes. The enyne 101 was 

treated with 5 mol% of ruthenium catalyst 52b to give spiro compounds 102, 

which were cleaved to the desired amino acid methyl ester 103 under mild acidic 

conditions (0.2 M trifluoroacetic acid in CH3CN at room temperature) (Eqs 37, 
38). 

101a 

5 mol % 

52b 

102a 
73% 103a 42% 

(37) 

0.2 M TFA .COOMe 

CH3CN 
20 °C 

103b 

(38) 

5 

Perspective 

Although this chemistry was first developed only 13 years ago, in 1985, by Katz, 

many interesting reactions have been shown in the literature. The main charac¬ 

teristic feature of enyne metathesis is that the double bond of alkene is cleaved 

and each alkylidene part is introduced onto respective alkyne carbons forming 

a compound with a diene moiety. Thus, the triple bond of alkyne is converted 

into a single bond. Among the many enyne metatheses or skeletal rearrange¬ 

ment reactions, ruthenium-catalyzed enyne metathesis is useful because the cat¬ 

alyst is commercially available, the reaction procedure is very simple, the reac¬ 

tion proceeds under very mild conditions, and the reaction mechanism is clear. 

The mechanisms of enyne metatheses using other metals are less obvious. Thus, 

many interesting reactions may be developed using various metal complexes. 
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Despite its difficulty, intermolecular enyne metathesis has been developed and 

will be a very important reaction in synthetic organic chemistry. It is expected 

that many interesting and useful applications will be developed in the future. 
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Cross-Metathesis 

Susan E. Gibson (nee Thomas) and Stephen P. Keen 

During the past 4 years the transition metal catalysed alkene cross-metathesis reaction has 
enjoyed increasing attention from organic chemists as a method for carbon-carbon bond 
formation. The impetus behind this was undoubtedly the development of well-defined 
functional group tolerant molybdenum and ruthenium alkylidene catalysts by Schrock and 
Grubbs respectively. In light of these recent advances, we review herein the cross-metathesis 
reactions of functionalised alkenes catalysed by well-defined metal carbene complexes. 
Acyclic cross-metathesis reactions are presented in a chronological order and are accompa¬ 
nied by discussion of mechanistic and selectivity issues. The formation of monomeric 
products from the related ring-opening cross-metathesis reaction is also covered and pre¬ 
sented similarly. 
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1 

Introduction 

1.1 

Scope 

This review focuses on the cross-metathesis reactions of functionalised alkenes 

catalysed by well-defined metal carbene complexes. The cross- and self-metath¬ 

esis reactions of unfunctionalised alkenes are of limited use to the synthetic or¬ 

ganic chemist and therefore outside the scope of this review. Similarly, ill-de¬ 

fined multicomponent catalyst systems, which generally have very limited func¬ 

tional group tolerance, will only be included as a brief introduction to the sub¬ 

ject area. 

1.2 
Ill-Defined Catalysts 

Although the bulk of this review is concerned with well-defined metal carbene 

catalysts, it is important to note the contributions made to cross-metathesis 

chemistry by ill-defined or multicomponent catalysts. A brief discussion of the 

cross-metathesis reactions of functionalised alkenes using catalysts of this type 
will therefore be included here [1]. 

It was originally believed that extending the alkene metathesis reaction to 

functionalised substrates would pose a considerable problem since the classical 

catalyst system WCl6/EtAlCl2/EtOH was intolerant of functional groups. A 

breakthrough came in 1972, however, when it was reported that the self-metath¬ 

esis of methyl oleate 1 could be catalysed by a WCl6/Me4Sn catalyst [2]. Since this 

discovery, unsaturated esters, and in particular oleates, have been widely used 

as test substrates for determining the functional group tolerance of metathesis 
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catalysts. For this reason, numerous catalysts have been used for the self-metath¬ 

esis of co-unsaturated esters and there are many reports of cross-metathesis re¬ 

actions between esters of this type and simple alkenes [1]. An example, the 

cross-metathesis of methyl oleate 1 with ethene (ethenolysis) using a heteroge¬ 

neous rhenium catalyst [3], is shown below (Eq. 1). 

10 mol% 
Re207-AI203-Me4Sn 

2 atm ethene, 20 °C 
chlorobenzene 

20 h 

+ 

(1) 

75% conversion 

Particularly noteworthy was the rhenium catalysed cross-metathesis of trans- 

hex-3-ene with vinyl acetate or a,|3-unsaturated esters [4]. For example, cross¬ 

metathesis of methyl trans-crotonate with frans-hex-3-ene gave the desired 

cross-coupled product without any self-metathesis of the crotonate (Eq. 2). 

10 mol% Re207-AI203-SnMe4 
120 h, hexane 

45% conversion 

The use of ill-defined catalysts for the cross-metathesis of allyl- and vinylsi- 

lanes has also received considerable attention, particularly within the past dec¬ 

ade. Using certain ruthenium catalysts, allylsilanes were found to isomerise to 

the corresponding propenylsilanes prior to metathesis [5]. Using rhenium- or 

tungsten-based catalysts, however, successful cross-metathesis of allylsilanes 

with a variety of simple alkenes was achieved [6, 7] (an example typical of the 

results reported is shown in Eq. 3). 

,SiMe3 
1 equiv 

2 mol% WCI6, 25 °C 
chlorobenzene, 20 h 

37% 2.7 : 1 

(3) 

In contrast, ruthenium catalysts gave the best results for the cross-metathesis 

reactions of vinylsilanes with a range of unfunctionalised alkenes [8] (a typical 

example is shown in Eq. 4). 

^'SiMe;, 

5 equiv 

10 mol% RuCI2(PPh3)3 
benzene, sealed vial 

105 °C, air, 10 h 
50% 

'SiMe3 

(4) 

Unsaturated esters and silanes are not the only functionalised alkenes to have 

• been employed as cross-metathesis substrates: unsaturated alkyl chlorides [9], 

silylethers [10] and nitriles have all participated in metathesis reactions utilising 
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ill-defined catalysts. In fact, the cross-metathesis reactions of unsaturated ni¬ 

triles have been reported several times [11] including, most recently, examples 

of ring-opening cross-metathesis reactions [12]. Using a WCl6/l,l,3,3-tetrame- 

thyl-l,3-disilacyclobutane (DSCB) catalyst, cyclooctene and cyclopentene un¬ 

derwent ring-opening cross-metathesis with allyl cyanide to give the desired 

monomeric dienes (for example 2). The formation of self-metathesis products 

and dinitrile products, formed from cross-metathesis of the desired ring- 

opened products with a second equivalent of allyl cyanide, was also observed 

(for a typical example see Eq. 5). 

2 equiv 

2 mol% WCI6-DSCB, 70 °C 

sealed tube, vacuum 

10 h, benzene 

(5) 

2 

Acyclic Cross-Metathesis 

2.1 
Alkylidene Catalysts 

Initial reports of cross-metathesis reactions using well-defined catalysts were 

limited to simple isolated examples: the metathesis of ethyl or methyl oleate with 

dec-5-ene catalysed by tungsten alkylidenes [13,14] and the cross-metathesis of 

unsaturated ethers catalysed by a chromium carbene complex [15]. With the dis¬ 

covery of the well-defined molybdenum and ruthenium alkylidene catalysts 3 

and 4,by Schrock [16] and Grubbs [17], respectively, the development of alkene 

metathesis as a tool for organic synthesis began in earnest. 

3 4 5 

Prior to the first examples of the cross-metathesis of functionalised alkenes 

using these catalysts, however, was a report on the use of a lesser known tung¬ 
sten complex 5 [ 18,19]. 
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+ \ \ 

20% 
trans:cis = 85:15 

30% 
trans:cis = 3:1 

95% 
trans:cis = 3:1 

Scheme 1. Tungsten catalysed cross-metathesis of allyl methyl sulphide with pent-2-ene 
and but-2-ene 

2.2 
Tungsten Catalysed Cross-Metathesis 

The successful cross-metathesis of allyl methyl sulphide with ds-pent-2-ene and 
ds-but-2-ene, catalysed by the tungsten alkylidene 5, was reported by Basset and 
co-workers in 1993 [20] (Scheme 1). 

Using an equimolar quantity of allyl methyl sulphide and ds-pent-2-ene re¬ 
sulted in incomplete reaction of the allyl sulphide and some self-metathesis of 
the sulphide substrate. When an excess (4 equiv) of but-2-ene was used, howev¬ 
er, the desired but-2-enyl sulphide was formed in a good yield at ambient tem¬ 
perature. In this case, the large quantities of unwanted hydrocarbon starting ma¬ 
terial and self-metathesis products were gaseous alkenes and therefore easily re¬ 
moved. Using a large excess of one alkene to improve the yield of the desired 
cross-metathesis product in this way is obviously only viable if this alkene is in¬ 
expensive and both it and its self-metathesis product are easily removed. 

Although the application of tungsten catalyst 5 to the cross-metathesis reac¬ 
tion of other alkenes has not been reported, Basset has demonstrated that oo-un- 
saturated esters [18] and glycosides [21], as well as allyl phosphines [22], are tol¬ 
erated as self-metathesis substrates. 

2.3 

Selectivity with Styrene 

Shortly after Grubbs' seminal communications on the application of molybde¬ 
num catalysed ring-closing metathesis to the synthesis of oxygen and nitrogen 
heterocycles [23,24], the first cross-metathesis reactions using the Schrock cat¬ 
alyst 3 were reported [25]. Using just 1 mol% of the catalyst, styrene was rapidly 
cross-metathesised with several functionalised terminal alkenes to give prod¬ 
ucts with >95% trans selectivity (for a typical example see Eq. 6). 

OBn 
2 equiv ph''^> 

Ph (6) 1 mol% 3, DCM, 1 h 
85% 
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Scheme 2. Key intermediates for the four possible routes to the trans alkene products. For¬ 
mation of the cis products occurs in the same manner, except via cis metallacyclobutanes. 
For the sake of clarity, the formation of non-productive metallacyclobutanes is not shown. 
For the same reason the reversible nature of all of these steps is also omitted 

For the majority of substrates only trace amounts (< 10%) of the self-metath¬ 

esis products were isolated. Cross-/self-metathesis selectivity was significantly 

lowered, however, by the inductive effect of electron-withdrawing substituents 

on the alkyl-substituted alkene. Even moving a bromide one carbon closer to the 

double bond resulted in a significant decrease in the cross-/self-metathesis ratio 
(Eq. 7). 

2 equiv D, D , . 

1 mol% 3, DCM, 1 h * Br + 
(7) 

n = 1 50% 42% 
n = 2 90% 4% 

This correlation, between metathesis selectivity and the nucleophilicity of the 

alkyl-substituted alkene, was explained by considering the possible intermedi¬ 

ate metallacyclobutanes 9-12 formed in the reaction (see Scheme 2). 

Crowe proposed that benzylidene 6 would be stabilised, relative to alkylidene 

8, by conjugation of the a-aryl substituent with the electron-rich metal-carbon 

bond. Formation of metallacyclobutane 10, rather than 9, should then be fa¬ 

voured by the smaller size and greater nucleophilicity of an incoming alkyl-sub¬ 

stituted alkene. Electron-deficient alkyl-substituents would stabilise the com¬ 

peting alkylidene 8, leading to increased production of the self-metathesis prod¬ 

uct. The high trans selectivity observed was attributed to the greater stability of 
a frans-a,|3-disubstituted metallacyclobutane intermediate. 
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The reaction tolerated a variety of functionality, including ester and ether 

groups on the alkyl-substituted alkene at least two carbons away from the dou¬ 

ble bond, and raefa-nitro or para-methoxy substituents on the styrene. As ex¬ 

pected, cross-metathesis occurred selectively at the less hindered monosubsti- 

tuted double bond of dienes also containing a disubstituted alkene (Eq. 8). 

2 equiv 

(8) 1 mol% 3, DCM, 1 h 
86% 

However, not all substrates readily underwent cross-metathesis. Alkenes con¬ 

taining ketone groups were found to be very poor substrates for the cross-me¬ 

tathesis reaction, although acceptable yields were obtained by protecting them 

as their silyl enol ethers prior to metathesis. 

A year later, Schrock confirmed that the cross-metathesis of two alkyl-substi¬ 

tuted terminal alkenes could also be catalysed by his molybdenum catalyst [26] 

(Eq. 9). 

o 

13 

cis:trans = 1:4 O 4.3 equiv hex-1-ene 

~1 mol% 3, DME 
3 h 

OMe (9) 
o 

o 
14 

13:14 = 11.5:1 

The two alkenes were so similar electronically and sterically, with the ester 

group too far away to have any affect on the double bond, that there was very lit¬ 

tle cross-/self-metathesis selectivity. An approximately statistical mixture of es¬ 

ter 13 and diester 14 was isolated. The high yield of the cross-metathesis product 

13 obtained is due to the excess of the volatile hex-l-ene used, rather than a good 

cross-/self-metathesis selectivity. Although not as predominant as in the reac¬ 

tions involving styrene, trans alkenes were still the major products. 

2.4 

e/s Alkenes from Acrylonitrile Metathesis 

In 1995 Crowe and co-workers underlined the potential of the molybdenum 

alkylidene 3 as a catalyst for cross-metathesis when they reported the first exam¬ 

ples of productive acrylonitrile metathesis [27] (for example Eq. 10). 

2 equiv NC'^5^ 
OBn 

5 mol% 3, DCM, 3 h 
60% NC 

cis:trans = 7.6:1 

(10) 
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Previously acrylonitrile had proved to be inert towards transition metal cata¬ 

lysed cross- and self-metathesis using ill-defined multicomponent catalysts 

[lib]. Using the molybdenum catalyst, however, acrylonitrile was successfully 

cross-metathesised with a range of alkyl-substituted alkenes in yields of 40-90% 

(with the exception of 4-bromobut-l-ene, which gave a yield of 17.5%). A dini¬ 

trile product formed from self-metathesis of the acrylonitrile was not observed 

in any of the reactions and significant formation (>10%) of self-metathesis 

products of the second alkene was only observed in a couple of reactions. 

Like styrene, acrylonitrile is a non-nucleophilic alkene which can stabilise the 

electron-rich molybdenum-carbon bond and therefore the cross-/self-metathe- 

sis selectivity was similarly dependent on the nucleophilicity of the second 

alkene [metallacycle 10 versus 12,see Scheme 2 (replace Ar with CN)]. A notable 

difference between the styrene and acrylonitrile cross-metathesis reactions is 

the reversal in stereochemistry observed, with the cis isomer dominating (3:1- 

9:1) in the nitrile products. In general, the greater the steric bulk of the alkyl- 

substituted alkene, the higher the translcis ratio in the product (Eq. 11). 

2 equiv 

5 mol% 3, DCM, 3 h 

R R OMe 

'OMe 

NC (ID 
R = H 79% cis:trans = 7:1 
R = Me 64% cisrtrans = 3:1 

For a cis alkene to be formed the reaction would have to proceed through a 

ds-a,(3-disubstituted metallacyclobutane intermediate (cis isomer of 10). Al¬ 

though it was unclear why there was a preference for forming a cis metallacycle, 

which leads to the thermodynamically less stable product, it was probably relat¬ 

ed to the small size or the electron-withdrawing properties of the nitrile group. 

The success of the cross-metathesis reactions involving styrene and acryloni¬ 

trile led to an investigation into the reactivity of other jr-substituted terminal 

alkenes [27]. Vinylboranes, enones, dienes, enynes and a,|3-unsaturated esters 

were tested, but all of these substrates failed to undergo the desired cross-me¬ 
tathesis reaction using the molybdenum catalyst. 

2.5 

Allylsilanes: Good Cross/Self-Metathesis Selectivity 

Attacking the problem of cross-metathesis selectivity from a different angle, 

Crowe and co-workers explored the reactivity of a more nucleophilic partner for 

the jr-substituted alkenes. They chose to use allyltrimethylsilane since they pro¬ 

posed that the CH2SiMe3 substituent should have a negligible effect on alkyli- 

dene stability, but enhance the nucleophilicity of the alkene via the silicon (3-ef¬ 
fect (Fig. 1). 

Cross-metathesis reactions with styrenes or acrylonitrile gave yields and 

cisltrans selectivities that were comparable with the best results obtained in the 
previous reports (for example Eq. 12). 
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SiMe3 

LnM-^oSiMe3 

Fig.X The silicon (3-effect: stabilisation of a (3-cation enhances the nucleophilicity of allyl- 
silanes 

2 equiv Me3Si\^/^ 

2 mol% 3, DME, 4 h 
83% 

(12) 

As expected, there was no formation of stilbenes or a dinitrile product and, 

more surprisingly, in all of the reactions reported only 5-7% of the allyltrimeth- 

ylsilane self-metathesis product was observed. It was proposed that this lack of 

allylsilane self-metathesis was due to the steric bulk of the TMS group reducing 

the reactivity of the Me3SiCH2 substituted alkylidene. In a more recent report by 

Blechert and co-workers it was noted that allyltrimethylsilane and its hydrocar¬ 

bon equivalent (4,4-dimethylpent-l-ene) had comparable reactivities in the 

cross-metathesis reaction [28], further suggesting that the selectivity arises 

from steric rather than electronic effects. 

Cross-metathesis with small, functionalised, alkyl-substituted alkenes gener¬ 

ally gave lower yields (34-73%) of the desired products, as predominantly their 

trans stereoisomers (2.5:1—5:1) [29] (for example Eq. 13). 

^ 2 equiv Me3Si^^^ 

2 mol% 3, DME, 4 h 
60% 

The ratio of cross-/self-metathesis products, with respect to the alkyl-substi¬ 

tuted alkene, was generally poorer (typically 3:1) than the analogous reactions 

with styrene or acrylonitrile, probably due to the absence of a good alkylidene 

stabilising substituent on either alkene and the closer nucleophilicities of the 

two substrates. 
From the single comparative study reported, it appears that increasing the 

steric bulk of the silyl group in the allyltrialkylsilane can significantly enhance 

the trans selectivity of the cross-metathesis reaction without adversely affecting 

the yield (Eq. 14). 

trans:cis = 4.6:1 

2 equiv 

2 mol% 3, DME, 4 h 

R = Me 72% trans:cis = 2.6:1 
R = i-Pr 77% trans:cis = 7.6:1 

(14) 
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2.6 
Homoallylic Alcohols and (3-Lactams 

During the past 2 years several research groups have published research that ei¬ 

ther uses or expands upon Crowe's acyclic cross-metathesis chemistry. The first 

reported application of this chemistry was in the synthesis of frans-disubstitut- 

ed homoallylic alcohols [30]. Cross-metathesis of styrenes with homoallylic silyl 

ethers 15, prepared via asymmetric allylboration and subsequent alcohol pro¬ 

tection, gave the desired trans cross-metathesis products in moderate to good 

yields (Eq. 15). 

OTBDMS 

15 

2 equiv Ar^^ 

1 mol% 3, DCM, 3 h 
43-72% 

OTBDMS 

(15) 

R = Ph, Cy, Pr 
Ar = Ph, p-CIC6H4, p-MeOC6H4 

Barrett and Gibson also reported the application of the molybdenum cata¬ 

lysed cross-metathesis reaction to the elaboration of (3-lactams [31,32]. Protect¬ 

ed allyloxy (3-lactams 16 were successfully cross-metathesised with a selection of 

substituted styrenes to yield trans cross-metathesis products (Eq. 16). 

16 

4 equiv Ar'^^ 

1 mol% 3, DCM~ 
42-81% 

rf 
/-NR 

R = Bn, TBDMS, CH(C02Et)OTBDMS 
(16) 

Ar = Ph, p-CIC6H4, p-MeOC6H4, 
p-MeC6H4 

It is worth noting that the reactions with the unsubstituted styrene gave no¬ 

ticeably higher yields than the corresponding cross-metathesis reactions with 

the substituted styrenes. This appears to be quite a common characteristic of the 
molybdenum catalysed cross-metathesis reaction. 

2.7 
Ruthenium Catalyst Mark II 

Although the ruthenium vinylalkylidene catalyst 4 reported by Grubbs in 1993 

had, in the years following its discovery, been widely used for ring-closing me¬ 

tathesis reactions, there were no reports on its use as a catalyst for the cross-me¬ 

tathesis of functionalised acyclic alkenes [33]. This was probably due to the gen¬ 

erally lower metathesis activity of this catalyst 4 compared with Schrock’s mo¬ 

lybdenum catalyst 3. The significantly lower turnover numbers observed with 

the ruthenium vinylalkylidene [17], compared with the molybdenum catalyst 

[26], for the self-metathesis of ds-pent-2-ene demonstrated this difference in ac¬ 

tivity. This was attributed in part to the slow initiation of the parent vinylalkyli¬ 
dene complex 4. 
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With the development of an analogous ruthenium benzylidene catalyst 17 by 

Grubbs and co-workers in 1995, a ruthenium carbene catalyst suitable for the 

ctoss-metathesis reaction was in place [34]. Benzylidene 17 exhibited the same 

impressive tolerance of air and moisture, and the same stability towards func¬ 

tional groups as its predecessor 4, but benefited from easier preparation [35,36] 

and much improved initiation rates. 

ci ^ 
crlur>h 

P(Cy)3 

17 

2.8 
Cross-Metathesis with Polymer-Bound Substrates 

The first published report on the use of this catalyst for the cross-metathesis of 

functionalised acyclic alkenes was by Blechert and co-workers towards the end 

of 1996 [37]. This report was also noteworthy for its use of polymer-bound 

alkenes in the cross-metathesis reaction. Tritylpolystyrene-bound N-Boc N-al- 

lylglycinol 18 was successfully cross-metathesised with both unfunctionalised 

alkenes and unsaturated esters (Eq. 17) (Table 1). 

Boc^ 
N 

18 

x equiv r 

4 mol% 17 

(17) 

(p) = tritylpolystyrene; 0.2 mmolg'1 loading 

Two advantages of carrying out a cross-metathesis reaction with one of the 

alkenes immobilised on a polymer are clear from this study. Firstly, self-metath¬ 

esis of the immobilised alkene can be suppressed, although this required (a) a 

low loading of the polymer (with 0.6 mmol g_1 loading some self-metathesis was 

detected), and (b) use of a reasonably sterically bulky alkene (polymer-bound 

pent-4-enol or allyl alcohol readily self-metathesise). The second advantage is 

that a large excess of the soluble alkene can be used without causing difficulties 

in the isolation of the cross-metathesis product. 

It is noticeable that cross-metathesis with the unfunctionalised alkenes oc¬ 

curred in significantly higher yields over shorter reaction times and required a 

smaller excess of the soluble alkene. This was possibly due to the unfunctional¬ 

ised alkenes, which are more nucleophilic than their ester containing counter¬ 

parts, complementing the less nucleophilic/more carbon-metal bond stabilising 

allylglycinol 18. Comparable results were obtained from cross-metathesis reac¬ 

tions of the polymer-bound isomeric N-Boc C-allylglycinol with the same four 

alkenes. 
In a second report by Blechert on the cross-metathesis of polymer-bound 

alkenes, an immobilised allylsilane 19 was reacted with a variety of highly func- 



166 Susan E. Gibson (nee Thomas) and Stephen P. Keen 

Table 1. Cross metathesis reactions of tritylpolystyr ene-bound AT-Boc N- allylglycinol 

R x equiv Reaction time (h) Conversionb (%) transicis 

Mea 3 12 >95 10:1 

f-Bu 3 12 91 3:1 

C02Me 6 24 62 6:1 

OAc 6 24 65 10:1 

a cfs-hex-3-ene was used here as a less volatile propene equivalent. 
b Determined by GC of the alcohol obtained after cleavage from the resin. 

Scheme 3. Proposed mechanism for the protodesilylation of the polymer-bound metathesis 
products formed from allyl ethers or esters 

tionalised alkenes in the presence of the Grubbs ruthenium benzylidene [38]. 

Subsequent cleavage of the metathesis products from the resin by protodesilyla¬ 

tion with TFA gave one-carbon homologated products (for example Eq. 18). 

1) 1.3 equiv 19 

5 mol% 17, DCM, 18 h 
_reflux_ 
2) TFA, DCM (18) 

(p) = dimethylsilyl polystyrene; 1.3 mmolg'1 loading 

Products of this type were not isolated, however, when the non-immobilised 

metathesis substrates were allyl esters or ethers. In these cases, the combined ef¬ 

fect of metathesis and TFA cleavage was simply to remove the allyl group. A 

modified protodesilylation mechanism was proposed to account for these re¬ 
sults (Scheme 3). 

An example in which cleavage from the resin was achieved using a carbon 

electrophile demonstrated the ability of these polymer-bound metathesis prod¬ 
ucts to act as substrates for carbon-carbon bond formation (Eq. 19). 

1) 1.5 equiv Ph 

4 mol% 17, DCM, 18 h 
reflux 

2) CH3CH(OEt)2, TiCI4, DCM 
(19) 

(p) = dimethylsilyl polystyrene; 1.3 mmolg'1 loading 
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2.9 

Molybdenum Strikes Back 

Although the Grubbs ruthenium benzylidene 17 has a significant advantage over 

the Schrock catalyst 3 in terms of its ease of use, the molybdenum alkylidene is 

strli far superior for the cross-metathesis of certain substrates. Acrylonitrile is 

one example [28] and allyl stannanes were recently reported to be another. In the 

presence of the ruthenium catalyst, allyl stannanes were found to be unreactive. 

They were successfully cross-metathesised with a variety of alkenes, however, 

using the molybdenum catalyst [39] (for example Eq. 20). 

2 equiv Ph-iSn. 

5 mol% 3, DCM, 12 h 
reflux 
78% trans:cis = 2.7:1 

(20) 

Although these reactions required higher temperatures, longer reaction 

times (up to 48 h) and in some cases greater quantities of catalyst (10 mol%) 

than the previously reported molybdenum catalysed cross-metathesis reactions, 

moderate to good yields were obtained with a number of highly functionalised 

alkenes. Successful metathesis was achieved with alkenes containing ester, 

malonate, nitrile, acetal, glycoside or carbamate functional groups, which sug¬ 

gests that the molybdenum catalyst is not as sensitive to functionalised sub¬ 

strates as it was first believed. Two alkenes that failed to give any cross-metathe¬ 

sis products in these reactions, N-benzyl-4-vinyloxazolidin-2-one and allyl iso¬ 

cyanate, were, however, noted to be reactive substrates for the cross-metathesis 

with allyltrimethylsilane using the molybdenum and ruthenium catalysts re¬ 

spectively. 
As with the allylsilane cross-metathesis reactions, significant quantities of al¬ 

lyl stannane self-metathesis were not detected in any of the reactions and the 

trans isomer predominated in the cross-metathesis products. Identical reactions 

were carried out using allyltributyl stannane, in place of allyltriphenyl stannane, 

but the yields of the cross-metathesis products were consistently lower and in 

many cases dropped below 25%. 

2.10 
Good Metathesis Selectivity from Sterically Bulky Substrates 

Blechert and co-workers have also reported the application of cross-metathesis 

to the synthesis of jasmonic acid derivatives containing modified alkene side 

chains [28]. Molybdenum or ruthenium catalysed cross-metathesis of acetal 20 

with various alkenes gave the desired cross-metathesis products in high yields 

(Eq. 21) (Table 2). 
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Table 2. Cross metathesis reactions of acetal 20 

R x equiv Catalysr* Reaction time (h) Yield (%) transtcis 

CH2C02Me 1.5 5 mol% Mo 5 83 2:1 

CH2OAc 2 5 mol% Ru 20 73 2:1 

CH,CH,OH 1.5 8 mol% Ru 8 70 6:1 

CN 2 5 mol% Mo 2 92 0:1 

CH2f-Bu 1.5 5 mol% Mo 3 65 4:1 

a Mo, molybdenum alkvlidene 3: Ru, ruthenium benzvlidene 17. 

x equiv r'^%- 

DCM. reflux 
CO’Me 

(21) 

Performing the cross-metathesis reactions at reflux (open to an argon atmos¬ 

phere in a glove box) was designed to help remove the unwanted ethene pro¬ 

duced by the reaction. 
No self-metathesis products of the acetal 20 were isolated from these reac¬ 

tions, probably due to the large steric bulk of this substrate preventing formation 

of an «.|3-disubstituted metallacyclobutane containing two of these substitu¬ 

ents. Using a sterically bulky alkene appears to be another way of ensuring good 

cross-/self-metathesis selectivity, provided it is not so large as to prevent it from 

reacting at all. Self-metathesis of the second alkene (RCH=CH:) was observed to 

some extent with methyl but-3-enoate (26Qo) and allvl acetate (12°o), but only 

small amounts, if any, were observed with the other three alkenes. 

It is interesting to note that the two reactions involving allvl acetate and the 

unprotected alcohol, but-3-en-l-ol, failed when the molybdenum catalyst was 

used. The failure of the Schrock catalyst to tolerate unprotected alcohols has also 

been observed in ring-closing metathesis [40], where a tertiary alcohol has 
proved to be the only success [41]. 

Using the ketone instead of the acetal 20 caused a considerable drop in the 

yield of the cross-metathesis products, which was due in some cases to compet¬ 
ing olefination of the ketone (Scheme 4). 

Some further examples of the allyltrimethylsilane cross-metathesis reactions, 
originally investigated by Crowe, with more complex substrates were also in- 

M 
II 

O C 
Ft' 

R2 

Scheme 4. Ketone olefination: reaction of a ketone with a metal alkylidene, which results in 
the destruction of the catalytic species 
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eluded in this paper '28J. Two particularly notable examples are given below 

(hq>. 22,23;. The first demonstrates that, with the less active ruthenium benzyli- 

dene catalyst,it is possible to regioselectively cross-metathesise allyltrimethylsi- 

lane with the less hindered of two monosubstituted double bonds. 

TrO 

1.5 equtv Ife-.Si 

5 mot% 17 DCM, 4 h 
reflux 
50% 

trans:ci6 = 1.5:1 

(22) 

2.11 

Metathesis and o.-Amino Acids 

The '.econd example was the startlingly successful cross-metathesis of allyltri- 

methy. alane with a sterically hindered, readily isomerised vinylglycine 21 in an 

excellent yield and with very little isomerisation using Schrock’s molybdenum 

alkylidene fEq. 23). 

2C 

1.5 equtv Me-.O 

10 mo*% 3 DCM. a h 
./ 

CbzHN ^COg/le 

02% ee 

(23) 

About the same time, we published our own results on the cross-metathesis 

of . .eam.no ax;c cornoa.Jylglycine using the Crubbs ruthenium catalyst 17 (42). 

Tom uyrer.e ar.d oct-1 ene were successfully cross-metathesised with protected 

. .ornoah . glycine to g;ve the desired products in moderate to good yields 

fEq.24). 

• - v. • 

y 

y 

2 exjiw y 

5 mol% 17, CCHgCHzCl 
% ' V VV<" (24) 

" Ac Ftrcc 
Sr --a-, - 

= Ph: 43-55% 
hexyl 5% 03% 

The crow-metathesis reaction was successfully carried out using a variety of 

protecting group* r.cLcing Toe, Fmoc, acetyl and phthaloyl amine protecting 

groups and benzyl and r-butyl esters. Even an unprotected carboxylic acid was 

tolerated vy the catalyst. Jr. a.i cases self-metathesis of the homoallylglycine 
made up the remainder of the yield and only a trace of any unreacted amino acid 

>■ as observed. Theruthen; am catalysed cross-metathesis reactions with styrene, 

r. anal ogy with the mniybdenum catalysed reactions reported by Crowe, yielded 
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Table 3. A 
allyl- and 

comparison of the cross 
vinylglycine 

metathesis reactions between oct-1 -ene and homoallyl-, 

n 

Isolated yields (%) 

Cross-metathesis Amino acid self-metathesis Starting material 

22 2 66 28 0 

23 1 45 16 31 

24 0 7 0 69 

cross-metathesis products with very high trans/cis ratios and afforded only 

small amounts of stilbene. 

The reactions were performed under a steady stream of nitrogen to aid the re¬ 

moval of ethene from the reaction mixture. Changing from a static nitrogen at¬ 

mosphere to this flow of nitrogen resulted in a 30% yield enhancement and ap¬ 

peared to extend the life of the catalyst. 

We have also studied the effect that moving the double bond closer to the ami¬ 

no acid moiety has upon the reactivity of unsaturated a-amino acids [43]. To 

this end, the cross-metathesis reactions of similarly protected homoallyl-, allyl- 

and vinylglycine with oct-1-ene were investigated under identical conditions 
(Eq. 25) (Table 3). 

BocHN C02Me 
2 equiv hexyl 

BocHN ^.C02Me 

A 5 mol% 17, CICH2CH2CI j]) f 30 h, N2 stream ll 
22-24 / (25) 

It appears that the molybdenum catalyst is more suited to the cross-metathe¬ 

sis of the sterically bulky vinylglycines. The cross-metathesis reaction of a simi¬ 
larly protected dehydro alanine gave only recovered starting material. 

Although the metathesis reaction with allylglycine 23 did not go to comple¬ 

tion, a moderate yield of the desired cross-metathesis product was isolated. Very 

recently, Blechert has reported two similar cross-metathesis reactions of an al¬ 

lylglycine 25 using the ruthenium catalyst [44]. In these cases higher yields of 

the cross-metathesis products were isolated, presumably due to the higher reac¬ 
tion temperatures employed (Eq. 26). 

FmocHN C02Me »OTr 
2 equiv ^ 

4 mol% 17, DCM, reflux 
12 h 
75% 

FmocHN x^C02Me 

25 

n = 1 or 8 
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2.12 
Combinatorial Synthesis via Cross-Metathesis 

Applications of the cross-metathesis reaction in more diverse areas of organic 

chemistry are beginning to appear in the literature. For example, the use of 

alkene metathesis in solution-phase combinatorial synthesis was recently re¬ 

ported by Boger and co-workers [45]. They assembled a chemical library of 600 

compounds 27 (including cisltrans isomers) in which the final reaction was the 

metathesis of a mixture of 24 oo-alkene carboxamides 26 (prepared from six ami- 

nodiacetamides, with differing amide groups, each functionalised with four oo- 

alkene carboxylic acids) (Eq. 27). 

o 0 V''' o 

R1HN^'V",^''NHR2 

26 

n = 3, 4, 7 and 8 

20-25 mol% 17 

CHCI3, reflux, 16 h ’ 
62% 

NHR2 

(27) 

A complete set of sublibraries, 15 containing 72 compounds each and 6 con¬ 

taining 20 compounds each, were prepared in a similar manner, with compara¬ 

ble yields (37-75%). 

2.13 

Functionalisation of Si/0 Frameworks 

Alkene cross-metathesis has also been recently used for the modification of 

silsesquioxanes and spherosilicates, by Feher and co-workers [46]. Reaction of 

vinylsilsesquioxane 28 with a variety of simple functionalised alkenes, in the 

presence of Schrock's molybdenum catalyst 3, gave complete conversion of the 

starting material and very good isolated yields of the desired products (75- 

100%) (for example Eq. 28). 

Ph 

Si—O—Si 

OI o' 
'Si'-Po—Si'"P 

I 1 I 1 opsi-o^su 
"IP IP 
Si—O—Si 

5 equivt Ph"^^ 

3 mol%^ 3, CgDg 

12 h 

81% 

Ph. 
Si—O—Si 

01 6 
Si'-9o—Si"^ 

I 1 I 
Opi—O0-Si 

-=^lo IO (28) 

28 

tper SiCH=CH2 group 
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The relatively long reaction times employed and, for some reactions, the large 

excess of the second alkene required are possibly due to the sheer size of the 

silsesquioxane framework hindering reactivity at the vinylsilane sites. Presum¬ 

ably the absence of vinylsilsesquioxane self-metathesis products in all of the re¬ 

actions is also due to the steric demands of the Si/O framework. Similar results 

were observed for the cross-metathesis of the analogous vinylspherosilicate 

[(H2C=CHSiMe20)8Si8012] with either styrene or pent-l-ene. Using the less ac¬ 

tive ruthenium benzylidene 17, cross-metathesis occurred very slowly and poor 

conversions (< 25%) of vinylsilsesquioxane into the desired cross-coupled prod¬ 

ucts were observed. 

It is worth noting that the reactions were run under a slight vacuum to aid the 

removal of the ethene produced during the reaction, which offers an alternative 

to performing the reaction at reflux or under a stream of nitrogen. 

3 

Ring-Opening Cross-Metathesis 

3.1 

What Is Ring-Opening Cross-Metathesis? 

The ring-opening cross-metathesis reaction is similar to the acyclic cross-me¬ 

tathesis reaction discussed above, except that one of the acyclic alkenes is re¬ 
placed with a strained cyclic alkene (Scheme 5). 

Since one of the substrates is a cyclic alkene there is now the possibility of 

ring-opening metathesis polymerisation (ROMP) occurring which would result 

in the formation of polymeric products 34 (n >1). Since polymer synthesis is 

outside the scope of this review, only alkene cross-metathesis reactions resulting 

in the formation of monomeric cross-coupled products (for example 30) will be 
discussed here. 

O * t. 

r 

33 34 

Scheme 5. Possible metathesis products from the reaction of a cyclic and an acyclic alkene 
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3.2 

Tungsten Catalysed Ring-Opening Metathesis 

The report by Basset and co-workers on the metathesis of sulphur-containing 

alkenes using a tungsten alkylidene complex, mentioned previously for the acy- 

clitf'cross-metathesis reaction (see Sect. 2.2), also contained early examples of 

ring-opening cross-metathesis of functionalised alkenes [20]. Allyl methyl sul¬ 

phide was reacted with norbornene in the presence of the tungsten catalyst 5, to 

yield the desired ring-opened diene 35 (Eq. 29). 

Unfortunately, this product was isolated as a mixture with diene 36, formed 

from cross-metathesis with a second equivalent of the allyl sulphide, and was 

contaminated with some polymeric residues. It is also important to note that an 

excess of the sulphide was required to suppress competing ROMP of the nor¬ 

bornene. A similar result was obtained for the reaction of allyl methyl sulphide 

with cyclopentene. 

The reaction also tolerated the thiol group on the cyclic substrate: butylthio- 

cyclooctene 37 was ring-opened in the presence of an excess of ethene to give a 

good yield of the diene 38 (Eq. 30). 

4 equiv ethene 

2 mol% 5. C6H5CI 
6h SBu (30) 

72% 

37 38 

In this case, the use of ethene as the acyclic alkene means that the diene 38 and 

polymeric compounds are the only possible products that can be formed from 

metathesis. 

3.3 
Ring-Opening Cross-Metathesis of Cyclobutenes 

3.3.1 
The Reactions 

In 1995 the first examples of ring-opening cross-metathesis reactions for the 

preparation of functionalised monomeric products using the Grubbs ruthenium 

vinylalkylidene catalyst 4 were published by Snapper and co-workers [47]. Reac¬ 

tion of a variety of symmetrical cyclobutenes with simple terminal alkenes 
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yielded the desired cross-metathesis products in good yields (for example 

Eq. 31). 

o 
2equiv <^hex\/\ 

1 mol% 4, DCM 
63% 

O 
hexyl 

(31) 

cis:trans = 2.3:1 

Optimal yields were obtained by slow addition of the alkene substrates to a 

solution of the ruthenium vinylalkylidene and this allowed just two equivalents 

of the acyclic alkene to be used without significant formation of polymeric prod¬ 

ucts. Unlike the acyclic cross-metathesis reactions, which generally favour the 

formation of trans products, the above ring-opening metathesis reactions yield¬ 

ed products in which the cis stereoisomer is predominant. Particularly notewor¬ 

thy was the absence of significant amounts of products of type 31, formed from 

metathesis of one cyclic and two acyclic alkenes. In fact, considering the number 

of possible ring-opened products that could have been formed, these reactions 

showed remarkable selectivity (GC yields > 80%). 

Ring-opening cross-metathesis of unsymmetrical cyclobutenes was also ac¬ 

complished, although an extra complication arises due to the possible formation 

of two regioisomers (for example 39 and 40) of the desired cross-metathesis 
product (for example Eq. 32). 

HO" 
2 equiv ^^octyl 

1 mol% 4, DCM 
56% (39:40 = 1.3:1) 

HO- 
octyl (32) 

39: cis:trans = 2.3:1 40: cisrtrans = 1.7:1 

Unfortunately, the regioselectivity in this reaction was very poor. A better se¬ 

lectivity was observed, however, for a single example in which the cyclic alkene 

contained a substituent at the ring junction (4:1 mixture of regioisomers). 

When analogous reactions were performed using symmetrical internal acy¬ 
clic alkenes only polymerisation of the cyclobutene substrate was observed. 

3.3.2 

The Catalytic Cycle 

Snapper proposed that the selectivity for the formation of cross-metathesis 

products 41 observed in these reactions was due to the differing reactivities of 

the various ruthenium alkylidene species formed in the catalytic cycle 
(Scheme 6). 

The sterically bulky ruthenium alkylidene 42, formed via ring-opening of the 

cyclobutene, should react more rapidly with the terminal alkene than with a sec¬ 

ond molecule of the cyclobutene. This preference for reacting with the acyclic 

alkene is probably due to a combination of the greater steric hindrance of the cy¬ 

clic alkene and the ability of the reaction with the terminal alkene to proceed 
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42 

Scheme 6. Catalytic cycle leading to the formation of the desired cross-metathesis product 41 

through an intermediate a,a'-disubstituted metallacyclobutane 43. A preference 

in this step for proceeding via an a,a'-disubstituted, rather than an a,|3-disub- 

stituted metallacyclobutane, would explain why only ring-opened products con¬ 

taining a single R group are formed. The less hindered alkylidene 44 now formed 

should be less sensitive to steric factors and therefore would react preferentially 

with the highly reactive strained cyclobutene to reform 42. As Scheme 6 shows, 

this would result in selective formation of the desired cross-metathesis product 

41. Further evidence for this catalytic cycle was provided in a more recent pub¬ 

lication by Snapper and co-workers [48]. 

3.4 

Ring-Opening Cross-Metathesis of Norbornenes 

3.4.1 
Reactions with Internal Acyclic Alkenes 

Successful ring-opening cross-metathesis with symmetrical internal acyclic 

alkenes was,however, achieved by Blechert and Schneider [49]. Reaction of a va¬ 

riety of functionalised norbornene derivatives with frans-hex-3-ene in the pres¬ 

ence of the ruthenium vinylalkylidene catalyst 4 yielded the ring-opened prod¬ 

ucts as predominantly trans-trans isomers (for example Eq. 33). 

45: trans-trans:trans-cis = 2:1 
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Use of a symmetrical acyclic alkene limits the possible metathesis products to 

the desired diene (for example 45) and products formed from polymerisation of 

the cyclic substrate. Competing ROMP was suppressed in these reactions by us¬ 

ing dilute conditions and a tenfold excess of hex-3-ene. By adding the cyclic sub¬ 

strate slowly to a solution of the catalyst and ds-hex-3-ene (which was signifi¬ 

cantly more reactive than the trans isomer), less than two equivalents of the acy¬ 

clic alkene were used without causing a significant drop in the cross-metathesis 

yield. 
Replacing hex-3-ene with trans-l,4-dimethoxybut-2-ene resulted in slightly 

slower reactions, but gave comparable yields of cross-metathesis products. The 

desired reactions did not take place, however, when czs-but-2-ene-l,4-diol was 

used as the acyclic substrate. 

3.4.2 

Reactions with Terminal Acyclic Alkenes 

A subsequent publication by Blechert and co-workers demonstrated that the 

molybdenum alkylidene 3 and the ruthenium benzylidene 17 were also active 

catalysts for ring-opening cross-metathesis reactions [50]. Norbornene and 7- 

oxanorbornene derivatives underwent selective ring-opening cross-metathesis 

with a variety of terminal acyclic alkenes including acrylonitrile, an allylsilane, 

an allyl stannane and allyl cyanide (for example Eq. 34). 

1.5 equiv ,OAc 

7 mol% 17, DCM, 16 h 
58% 

AcO— 

°ttoh y-V'OH (34) 

cis:trans = 2:1 

Unlike the previous reports, very good selectivities were obtained here using 

just 1-1.5 equivalents of the acyclic alkene without the need for slow addition of 

one of the substrates. With the exception of the reactions involving acrylonitrile 

or allyltributyl stannane, which used the molybdenum catalyst, all the reactions 

reported were catalysed by the Grubbs ruthenium benzylidene. Ring-opening 

cross-metathesis with very sterically hindered acyclic substrates, such as vinyl- 

silanes and 1,1-disubstituted alkenes, proved to be unsuccessful. This was pre¬ 

sumably due to competing ROMP of the cyclic substrate being the more facile 

process in these cases. 

As mentioned earlier, when using an unsymmetrical cyclic substrate there is 

the possibility of forming regioisomers. Although, previously, only moderate re- 

gioselectivity had been observed with these reactions, the ring-opening cross¬ 

metathesis of lactam 46 with allyltrimethylsilane occurred with complete regi- 

oselectivity to yield diene 47 (Eq. 35). 
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Boc 

1 equiv ,SiMe^ 

5 mol% 17, DCM, 3.5 h 
83% (35) 

46 47: trans:cis = 2:1 

Ring-opening was not restricted just to norbornenes: bicyclo[3.3.0]octenes, 

cyclooctene and a functionalised cyclobutene were all reactive substrates for 
these reactions. 

3.5 

Regioselectivity Through Substrate Modification 

3.5.1 

Tricyclic Cyclobutenes 

At the beginning of 1997, about the same time as Blechert reported the above 

metathesis reactions of norbornenes with terminal alkenes, Snapper and co¬ 

workers published the application of ring-opening cross-metathesis to the syn¬ 

thesis of bicyclo[6.3.0] ring systems [51]. Ruthenium catalysed ring-opening 

cross-metathesis of a functionalised cyclobutene 48 with ethene yielded the bi- 

cyclic diene 49. A subsequent Cope rearrangement afforded the desired bicyc- 

lo[6.3.0] ring system 50 (Eq. 36). 

Pr. 

H" 

H 
_L 

ethene 

17 
60% 

Pr H _ 

48 49 50 

(36) 

Reaction of this same cyclobutene substrate 48 with a terminal alkene (TB- 

DMS protected pent-4-en-l-ol) gave a good yield (84%) of the cross-metathesis 

products, but with very little regioselectivity (3:2 mixture of regioisomers). 

Good levels of regioselectivity were observed, however, when analogous cy¬ 

clic substrates containing a hydroxy (51) or methyl substituent (52) projecting 

from the exo-face of the cyclobutene were used. Formation of exclusively trans 

double bonds in the major regioisomers was also observed with these substrates 

(Eq. 37) (Table 4). 

R 

H’" 

R1 

OTBDMS 

17 

51,52 major regioisomer 

(37) 
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Table 4. Cross metathesis reactions of 51 and 52 with silyl ether 17 

X R R' Yield (%) Regioisomer ratio 

51 CH2 C02Me OH 60 10:1 

52 0 Pr Me 72 8:1 

The ring-opening cross-metathesis reaction of the diastereomer of 51, in 

which the hydroxy group is on the opposite face, occurred with very little regi- 

oselectivity (1.9:1) and yielded the products as cisltrans mixtures. The different 

reactivities of the two diastereomers was even more pronounced in the methyl 

substituted cyclobutenes: no ring-opening metathesis occurred at all when the 

diastereomer of 52 (with the methyl group on the opposite face) was used. These 

results indicate that the regioselectivity observed here was due to the steric hin¬ 

drance of the substituent rather than electronic effects or coordination to the ru¬ 
thenium alkylidene. 

3.5.2 

Polymer-Bound Norbornenes 

More recently, regioselective ring-opening metathesis has also been observed in 

reactions involving polymer-bound norbornene substrates [52]. Initial solu¬ 

tion-phase ring-opening cross-metathesis reactions performed withpara-meth- 

oxystyrene and functionalised unsymmetrical norbornenes gave high yields of 

the desired diene products, but little regioselectivity (Eq. 38). Syringe pump ad¬ 

dition of the norbornene to the reaction mixture was required to minimise 
ROMP. 

5-10 mol% 17, DCM 
61-90% 

o: 
0,C02Me 

YJ 
o 

Ar 

Ar 

(38) 

regioisomer ratio = 1.3:1-1.6:1 

Ar = C6H4OMe 

X = N-Boc piperazine NHBu 
NHCH2C6H4OMe NHCH2CH2CH2NHBoc 

In order to avoid ROMP ring-opening cross-metathesis reactions between a 

norbornene substrate (for example 53), attached to Wang resin (0.85-1.01 

mmolg^1) via a variety of diamine linkers, and substituted styrenes were inves¬ 

tigated. Use of a piperazine linker or electron deficient styrenes gave modest re- 

gioselectivities at best. Ring-opening metathesis reactions between electron rich 

styryl ethers and resin-bound norbornenes attached through primary diamine 
linkers, however, were completely regioselective (Eq. 39). 
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cr o 

& 
H C02Me 10equiv<^Ar 0 

53 

10 mol% 17 
18 h 

IFA - H2N'X-n 

M6O2C 

o 

,0 (39) 

53-85% 
Ar = C6H3OR1R2 

R1 = Me, Ph, H; RZ = H, OMe 

X = CH2CH2CH2 [CH2]20[CH2]20[CH2]2 
CH2-m-C6H4CH2 

No explanation for this selectivity was given, although it was noted that an 

analogous reaction using a TentaGel resin, containing a long poly(ethylene gly¬ 

col) tether, was not completely regioselective. 

4 

Conclusion 

The results discussed herein show that the cross-metathesis reaction is begin¬ 

ning to display considerable potential as a synthetic tool for intermolecular car¬ 

bon-carbon bond formation. Using the Schrock molybdenum or Grubbs ruthe¬ 

nium carbene catalysts, an impressive array of functionalised alkenes have been 

successfully used as substrates in the cross-metathesis reaction. The tolerance of 

sulphide and phosphine groups exhibited by the tungsten alkylidene catalyst, 

developed by Basset, expands the range of possible substrates still further. Even 

substrates containing multiple functional groups such as (3-lactams, a-amino 

acids and glycosides readily undergo cross-metathesis. Substrates with func¬ 

tional groups attached to the double bond (with the exception of acrylonitrile 

and vinylsilanes) do, however, pose a problem for the alkylidene catalysts cur¬ 

rently available. The reaction is also currently limited to the formation of disub- 

stituted double bonds. 
Before the cross-metathesis reaction can be widely utilised in organic synthe¬ 

sis, however, the cross-/self-metathesis and cis/trans selectivity of the reaction 

need to be more reliable. Although chemo- and stereoselectivities of reactions 

with certain alkenes, such as styrene and acrylonitrile, are regularly very high 

and can be accurately predicted, substrates of this type are currently limited to 

a select few. The very good cross-/self-metathesis selectivity generally observed 

with sterically bulky alkenes, for example allyltrimethysilane, is a promising 

step, however, towards a more comprehensive method of directing chemoselec- 

tivity. 
For the cross-metathesis of functionalised alkenes the ill-defined 'classical' 

catalyst systems currently offer very few advantages (cost and heterogeneous ca¬ 

talysis) over the more functional group tolerant Schrock and Grubbs alkylidene 
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catalysts, particularly for laboratory scale organic synthesis. Although there are 

still some functionalised alkenes which display better cross-metathesis reactiv¬ 

ity with the ill-defined catalysts, such as a,|3-unsaturated esters, the number of 

examples is very small. 

The cross-metathesis reaction has evolved extensively during the past few 

years, but there is still a considerable amount of work to be done before the full 

potential of this reaction is realised. The development of new metathesis cata¬ 

lysts, greater understanding and control of selectivity, and more extensive appli¬ 

cations in synthesis that will surely follow in the near future, make this a partic¬ 

ularly exciting time in the evolution of the alkene cross-metathesis reaction. 
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Recent Advances in ADMET Chemistry 

D. Tindall, J.H. Pawlow, and K.B. Wagener 

Acyclic diene metathesis, the condensation of terminal dienes to yield high polymer, has 
been found to be an extremely versatile reaction. Using the appropriate choice of catalyst, 
polymers containing a wide variety of functional groups have been synthesized. A unique 
aspect of ADMET is its ability to produce new polymer backbones by strategic monomer 
design. ADMET has been utilized to make segmented block copolymers, metal containing 
polymers, and regularly branched polyolefins, that are difficult to synthesize by other 
means. New aspects of this chemistry are outlined, along with a discussion of the ADMET 
reaction mechanism, catalysts, and kinetics. 

Key words: Acyclic diene metathesis polymerization, ADMET, Condensation polymerization 
Functionalized polymers, Negative neighboring group effect, Branched polyethylene 
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1 

Introduction 

It is well documented that the productive metathesis exchange reaction of two 
acyclic olefins produces two new olefins; yet the reaction occurs efficiently with 
no obvious driving force except for the entropic increase associated with an 
equilibrium process [1]. However, if the newly created olefins are removed selec¬ 
tively from the reaction, then the productive metathesis equilibrium can be 
shifted decisively towards product formation. We have exploited this equilibri¬ 
um reaction, developing the chemistry which is now known as acyclic diene me¬ 
tathesis (ADMET) polymerization [2]. The ADMET reaction has been extensive¬ 
ly studied for several years to explore its viability in producing both pure hydro¬ 
carbon polymers as well as polymers possessing functional groups. Factors in¬ 
fluencing the polymerization of both classes of monomers have been examined 
in detail, and it is now known that a wide variety of macromolecules can be pro¬ 
duced by taking into account steric and electronic factors. 

1.1 
Mechanistic Aspects of the ADMET Reaction 

The ADMET reaction is shown below in Eq. 1, which generically displays an 
a,o)-acyclic diene being condensed into its requisite generic polymer plus a 
small molecule. 

Catalyst 
+ CH2=CH2 (1) 

Terminal dienes are the preferred monomers in the ADMET reaction, due to 
both entropic and steric considerations, which will be discussed in greater detail 
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+ - 

U,M=\ 

R' 

v. 
Lnrii=\ 

i 

R' 

2 

Scheme 1. The mechanism for ADMET polymerization 

later in this chapter. The small molecule formed during metathesis of terminal 

olefin units is ethylene, which is initially removed from the reaction by a simple 

change in state of matter to the gaseous phase and then can be completely re¬ 

moved from the system in vacuo. Internal olefin sites can also undergo compa¬ 

rable metathesis chemistry, concurrently forming the appropriate alkene but at 

a cost of reduced activity and rate. Another significant factor to contemplate is 

that ADMET chemistry is catalyst dependent, for it is known that other mecha¬ 

nisms can compete with the metathesis reaction to an extent that obviates the 

generation of soluble high molecular weight polymers. Catalyst selection has 

been limited to transition metal complexes that are essentially free of Lewis ac¬ 

ids, which have been shown to favor vinyl addition over metathesis chemistry 

[3]. However, if the appropriate acid-free catalysts are employed then the AD¬ 

MET mechanism predominates, as shown in Scheme 1 [4], 

The ADMET mechanism is characterized by the presence of a metallacyclob- 

utane ring, a reaction intermediate which is found both in ring opening metath¬ 

esis polymerization (ROMP) chemistry as well as ring closing metathesis (RCM) 

chemistry [1,5]. It has been conclusively demonstrated that this metallacyclob- 

utane ring is generated during the ADMET reaction, and in fact is found in a 

number of places in the reaction cycle which is illustrated above [6]. The initial 

step is the formation of a 7t complex, 1, between one of the olefin groups of the 

diene and the electron deficient metal center, followed by collapse to a metalla- 

cyclobutane ring, 2. In productive metathesis this ring cleaves in such a manner 

as to place the metal center on the end of monomer, and this species, 3, initiates 

the polymerization cycle. The next event is analogous to the one which has just 

occurred; one of the olefins in a diene or in a polymer chain end forms a tc com- 
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plex to the electron deficient metal center, which leads to another metallacyclob- 

utane ring, 4. It is this very important metallacyclobutane ring which leads to 

polymer creation, for it results in the formation of a larger molecule via the con¬ 

nection of two diene units. The likelihood of this event occurring is dependent 

on both steric and electronic features which are described later in this chapter. 

In the next step of the mechanism, 4 collapses to form an internal olefin within 

the growing polymer chain and generates the true catalyst in ADMET chemistry, 

a methylidene, 5. The cycle continues by a third formation of a metallacyclobu¬ 

tane ring, 6, again via the same it complexation described earlier. Cleavage of 6 

evolves ethylene, and the cycle is repeated, growing polymer in a stepwise fash¬ 

ion with every cycle. 

1.2 
Comparison of ADMET With RCM 

It is evident from this mechanistic illustration that the reactions which do occur 

must be highly efficient and precise in their nature; otherwise this equilibrium 

step-growth process could never be successful in producing high molecular 

weight molecules. In this respect, it is clear that ADMET chemistry functions in 

a manner very similar to ring closing metathesis (RCM) chemistry [lj. Neither 

of these two metathesis processes is favorable unless the metathesis chemistry it¬ 

self occurs to completion, for virtually quantitative conversions are needed in 

both cases to be useful in synthetic chemistry. Essentially, the ADMET reaction 

(Eq. 2) and the RCM reaction (Eq. 3) are inter- and intramolecular displays of 

the same mechanistic event. In the RCM reaction, intramolecular metathesis 

closes a ring to form a small cyclic molecule with concurrent loss of a small mol¬ 

ecule. Conversely, in the case of the ADMET reaction, macromolecules are pro¬ 

duced via successive intermolecular condensation of two olefins. Thus, the in¬ 

formation that is presented in subsequent sections within this chapter for the 

formation of ADMET polymers has a direct bearing on many of the reaction fea¬ 
tures involved in RCM chemistry. 

+ LnM=\ 
R' 

ADMET 

- CH2=CH2 (2) 

^R^. + LnM=\ 
R' 

RCM 

- CH2=CH2 (3) 

The balance of this chapter deals with the specific chemistry associated with 

producing hydrocarbon and functionalized polymers in addition to providing 

the most recent studies available on appropriate catalyst systems for ADMET 

condensation chemistry. Current work on the use of the ADMET reaction for 

modeling commercial high volume polymers such as polyethylene is also pre¬ 
sented. 
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2 

Preparation of Hydrocarbon and Functionalized ADMET Polymers 

2.1 '■* 

Saturated Hydrocarbon Dienes 

The outset of ADMET research began with an examination of pure hydrocarbon 

dienes that could be converted to their corresponding high molecular weight 

step polymerization polymers. The first monomer chosen in this study was 1,9- 

decadiene, and by using an acid-free catalyst, we were able to convert it with rel¬ 

ative ease to a high molecular weight polymer with a number average molecular 

weight value of 50,000 [2,7]. The reaction was carried out under bulk polymer¬ 

ization conditions to maximize monomer concentration in this equilibrium re¬ 

action with monomer to catalyst ratios of roughly 1000:1. Conversions occurred 

over a period of hours leading to polymers exhibiting polydispersity indices ap¬ 

proaching 2.0 [6]. These results are typical for any equilibrium step polymeriza¬ 

tion, such as those found in the formation of polyamide or polyester, and subse¬ 

quent work on the ADMET reaction has shown it is comparable to any poly¬ 

condensation reaction that is known today. 

2.2 
Sterically Encumbered Monomers 

Moving methyl groups in succession towards internal carbons in the diene illus¬ 

trates how steric effects play a role in the ADMET reaction. When a methyl group 

is present on the internal sp2 hybridized carbon, as in monomer 7, the ADMET 

reaction ceases (Eq. 4) [8]. This can be explained mechanistically by examining 

the reaction cycle shown in Scheme 1 where formation of the second metallacy- 

clobutane ring, 4, is prevented due to steric influences at this position. 

Equation 5 shows a further illustration of this point, where removing one of the 

methyl groups results in simple dimerization of 8 since one olefin in the mono¬ 

mer remains accessible while the other olefin site is sterically rendered inactive. 

Subsequent studies of this nature have shown that this steric effect can even be 

important at the position a to the double bond [9]. Sterically encumbering this 

position also hinders formation of the necessary metallacyclobutane ring, in¬ 

hibiting polymer formation. 

no metathesis (4) 

(5) 
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2.3 
Tailored Polymers from Diene Monomers 

A number of hydrocarbon polymer structures have been made using the AD- 

MET reaction when taking into consideration the steric effects that have been 

previously described. For example, it is possible to produce both saturated [10] 

and conjugated [11] hydrocarbon polymers by ADMET chemistry, resulting in 

the formation of very pure polymers. Typical examples include poly(phenylene 

vinylene) [12], 1,4-polybutadiene [13], and polyoctenamer [14], polymers 

which are of general interest in the materials community today. Furthermore, as 

shown in Eq. 6, it is possible to produce polymers with a microstructure identi¬ 

cal to perfectly alternating copolymers from a single monomer by choosing a 

triene monomer, such as 9 (Eq. 6) [15]. In this monomer, the internal, sterically 

encumbered olefin does not participate in the ADMET reaction, thereby result¬ 

ing in a polymer repeat unit which perfectly alternates isoprene and 1,4-polyb¬ 

utadiene. 

(6) 

2.4 

ADMET Depolymerization 

In addition, it is interesting to note that the polymerization of hydrocarbon 

monomers is completely reversible [16]. We have demonstrated that unsaturated 

polymers such as 1,4-polybutadiene can be converted to diene monomers via 

depolymerization with ethylene [17]. These conversions, illustrated in Eq. 7, 

show that it is possible not only to achieve high mass conversions of the polymer 

to 1,5-hexadiene, 11, but it is also possible to create telechelic materials, 10, in 

this manner [18]. Catalyst selection plays an important role here, and the most 

recent work shows that ruthenium catalysts are best in bringing about clean con¬ 

versions of high molecular weight unsaturated polymers to their telechelic oli¬ 

gomers. Furthermore, it has been shown that one can incorporate functional 

groups such as alcohols, esters, carboxylic acids, and imides into «,oo-telechelic 

dienes by ADMET depolymerization [19]. These telechelic oligomers can then 

be used in further reactions to create materials such as hydrophobic poly¬ 
urethanes and other specialty polymers. 

polybutadiene 

(7) 
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2.5 

Functionalized Diene Monomers 

Applying this methodology to monomers possessing functional groups, it is 

now evident that a wide variety of functionalized, unsaturated and saturated 

polyolefins can be prepared using ADMET chemistry. Catalyst choice as well as 

position of the functional group within the monomer makes a significant im¬ 

pact, both with respect to rate of polymerization and molecular weights 

achieved. The optimum conditions for ADMET chemistry occur by positioning 

the functional group at least two methylene units distant from the metathesizing 

olefin within the monomer unit. If the functional group is any closer, an in¬ 

tramolecular complex can form between the lone pair of electrons within the 

functional group and the electron-deficient metal center. This phenomenon, il¬ 

lustrated in Fig. 1, has been termed the “negative neighboring group effect” [20]. 

Referring to the ADMET mechanism discussed previously in this chapter, it 

is evident that both intramolecular complexation as well as intermolecular jt- 

bond formation can occur with respect to the metal carbene present on the mon¬ 

omer unit. If intramolecular complexation is favored, then a chelated complex, 

12, can be formed that serves as a thermodynamic well in this reaction process. 

If this complex is sufficiently stable, then no further reaction occurs, and AD¬ 

MET polymer condensation chemistry is obviated. If in fact the chelate complex 

is present in equilibrium with tc complexation leading to a polycondensation 

route, then the net result is a reduction in the rate of polymerization as will be 

discussed later in this chapter. Finally, if 12 is not kinetically favored because of 

the distant nature of the metathesizing olefin bond, then its effect is minimal, 

and condensation polymerization proceeds efficiently. Keeping this in perspec¬ 

tive, it becomes evident that a wide variety of functionalized polyolefins can be 
synthesized by using controlled monomer design, some of which are illustrated 

in Fig. 2. 
All of these monomers can produce polycondensation materials of typical 

number average molecular weights between 10,000 and 30,000. Molecular 

weight distributions are 2.0, typical in any ADMET reaction using hydrocarbon 

dienes, and the polymers offer a great diversity in terms of response, depending 

on the nature of the functional group which is incorporated. We have been able 

to prepare polyethers [20b, 21], polycarbonates [22], polyesters [23], polyke¬ 

tones [24], polysiloxanes [25], polycarbosiloxanes [26], polycarbodichlorosi- 

lanes [27], etc., in a manner that shows that the only limiting factor in this reac- 

12 

Fig.1. The negative neighboring group effect 
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O 

Fig. 2. Some representative functionalized diene monomers 

tion is the ease with which the monomer dienes themselves can be prepared. At 

this point, we expect that virtually any functional group could be included in an 

ADMET polymer if in fact the proper spacing is placed between the metathesiz- 

ing double bond and the functional group itself. 

2.6 
Segmented Copolymers by ADMET 

It has been possible to design a series of segmented copolymers in which func¬ 

tionality can be present either in the hard segment, the soft segment, or in both, 

as is desired. Soft segment a,co-dienyl telechelic poly(tetrahydrofuran) has been 

synthesized and shown to be polymerizable under ADMET conditions [28]. 

When copolymerized with 1,9-decadiene or ester functionalized diene mono¬ 

mers, segmented copolymers are produced, as shown in Eq. 8. The poly(tetrahy- 

drofuran) segment serves as the “soft” phase and the polyoctenamer or polyester 

unit serves as the “hard” phase in the resulting material. The development of 

a,co-dienyl telechelic oligomers composed of other repeat units is underway 

(Fig. 3), and it is anticipated that as long as these species meet the steric and elec¬ 

tronic restrictions of the ADMET reaction, there should be little restriction to 

their application as effective ADMET monomers. Drawing from the broad range 

of functionalized diene monomers known to be active in ADMET polymeriza¬ 

tion, an array of segmented copolymers with tailored properties is under inves¬ 

tigation, where the unique aspects of ADMET chemistry enable the synthesis of 

these polymers which are not easily accessible by other synthetic means. 

<S=;\~w-0(CH2CH2CH2CH20)n- 

O (S i M e2 O) n 

<^'''^''™'-(CH2CMe2)n 

Fig. 3. a,o)-Dienyl telechelic oligomers used for producing segmented copolymers by AD¬ 
MET 
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- a,w-Dienyl Telechelomers 

+ 
Catalyst 

3 ~ 
Recent Developments in ADMET Catalysis 

In condensing dienes into new polymers, the most significant observation on 

the ADMET reaction concerns the acidity effect in the catalyst used in bringing 

about this conversion. Highly acidic catalysts induce the competition of vinyl ad¬ 

dition chemistry, preventing high conversions of dienes to their respective con¬ 

densation polymers [1-4]. As a consequence, research over the past 10 years has 

focused on catalyst systems free of acids, and three such systems have been 

found to be useful in producing polymers of high molecular weight [29-31]. 

These three catalytic systems are illustrated in Fig. 4. 

3.1 

Tungsten and Molybdenum Catalysis 

ADMET chemistry commenced using the tungsten version of Schrock's molyb¬ 

denum catalyst, 13a. This and other highly hindered complexes based on both 

tungsten and molybdenum are the fastest ADMET catalysts known to date, pro¬ 

ducing polymers at a reaction rate comparable to that of acid chloride-alcohol 

polycondensation chemistry [6, 7, 32]. Rapid conversions can be performed 

with virtually any type of ADMET-active monomer, even those possessing het¬ 

eroatoms. Additionally, these catalyst systems promote very clean conversions of 

substrate. The nature of all the chemical species involved in the reaction cycle 

has been identified and characterized by a variety of spectroscopic means. These 

polymerization systems behave analogously to any other polycondensation re¬ 

action in the presence of an active catalyst system. Molecular weights of the 

products can be increased by further condensation and, as noted earlier, the re¬ 

action can be reversed by addition of the small molecule which has been elimi¬ 

nated as a result of the polycondensation event. 

15 

ArO-^-CI 
Cl" OAr 

16 

O 

13a M = W 
13b M = Mo 

Cy = CeHn 

14 
Cocatalysts 
SnBu4 
SnBu3H 
SnMe4 

X 

X 

Fig. 4. ADMET catalysts 
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3.2 

Ruthenium Catalysis 

The ruthenium catalyst system, 14, shown in Fig. 3, also carries out ADMET con¬ 

densation chemistry, albeit with higher concentrations being required to 

achieve reasonable reaction rates [32]. The possibility of intramolecular compl- 

exation with this catalyst influences the polymerization reaction, but nonethe¬ 

less, ruthenium catalysis has proved to be a valuable contributor to overall con¬ 

densation metathesis chemistry. Equally significant, these catalysts are tolerant 

to the presence of alcohol functionality [33] and are relatively easy to synthesize. 

For these reasons, ruthenium catalysis continues to be important in both AD¬ 

MET and ring closing metathesis chemistry. 

3.3 

Classical Catalyst Systems 

Most recently it has been demonstrated that classical metathesis catalyst systems 

such as those shown above are capable of inducing ADMET condensation chem¬ 

istry [34]. These classical systems, 15 and 16, are precursors to actual metal 

carbenes, and they must be activated with the presence of an alkylating agent 

such as tetrabutyltin or tributyltin hydride. The ADMET condensation chemis¬ 

try proceeds at a reasonable rate and high molecular weight polymers can be ob¬ 

tained. 

Exploiting this latter observation, we have created monomers which also 

serve as cocatalysts in classical metathesis reactions, thereby producing a “self- 

polymerizing” monomer system [35]. As shown in Eq. 9, bis(4-pentenyl)dibu- 

tylstannane condenses to its ADMET polymer in the presence of 15 or 16 with¬ 

out the need of added cocatalyst. This conversion occurs at a reasonably high 

rate and produces a clean metal-containing polymer possessing roughly 35 

weight % tin in its backbone [36]. Monomers that can function as cocatalysts are 
of interest in terms of catalyst activation, and this approach is the focus of cur¬ 
rent research. 

Bu Bu 
Sri 15 or 16 

(9) 

4 

The Influence of Functionality on the Kinetics of ADMET Chemistry 

4.1 

Measuring the Kinetics of ADMET Polymerization 

While the effects of various functionalities and their spatial location on ADMET 

chemistry are now evident, only recently has the dramatic influence of the func¬ 

tional group on the kinetics of the reaction depending upon the organometallic 
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catalyst chosen been studied quantitatively [20a]. It is well known that the rate 

of ring opening metathesis polymerization can be mediated by the presence of 

Lewis base containing solvents. The complex formed between the active catalyst 

and the base dilutes the effective concentration of catalyst available to carry out 

thepolymerization chemistry desired. In order to examine this phenomenon 

within the ADMET reaction scheme, a series of dienes were prepared possessing 

both oxygen and sulfur atoms in which the heteroatom has been placed at least 
three carbons distant from the metathesizing double bond. 

Two well characterized and highly efficient catalyst complexes were chosen 

for this study, Schrock's molybdenum catalyst, 13b (Mo(NC6H3-2,5-z-Pr)(OC 

(CH3)(CF3)2)2(CHC(CH3)2C6H5)), and Grubbs's ruthenium catalyst, 14 (RuCl2 

(P(C6Hj 1)3)2CHC6H5). Kinetic data were generated by measuring the rate of eth¬ 

ylene evolution with time, and in all cases in which a reaction was observed the 

rate of polymerization was shown to be second order with respect to monomer 
[20a]. 

4.2 

Influence of a Lewis Base Functional Group 

Representative data illustrating the influence of Lewis base functional groups in 

the ADMET reaction are shown in Table 1. When molybdenum catalysts are 

used to polymerize ether or thioether dienes, little change in reaction rate is ob¬ 

served as compared with the standard, 1,9-decadiene, which possesses no heter¬ 
oatoms in its structure. When a sulfur atom is three carbons atoms away from 

the alkene site, the reaction rate is reduced approximately one order of magni¬ 

tude; otherwise, the kinetics are all essentially unaffected [20a]. 

However, using ruthenium catalysis it becomes immediately evident that the 

presence of a heteroatom significantly slows the reaction rate [32]. For example, 

an oxygen atom placed three carbons away from the reactive site reduces me¬ 

tathesis rates by approximately two orders of magnitude. Reactivity improve¬ 

ments are observed when the oxygen atom is placed four carbons away, suggest¬ 

ing that the negative neighboring group effect does play a role in the reaction. 

Furthermore, the presence of sulfur in the monomer terminates ruthenium cat¬ 

alyzed reactions altogether, regardless of whether it is three carbons or four car- 

Table 1. Rate constants showing the kinetic effect of functionalized monomers with molyb¬ 
denum and ruthenium catalysis 

Diene Monomers 
Catalysts 

13b 14 

2.4 x 10 3 Lmol *s 1 

1.2 x 10 3 Lmol_1s_1 

2 x 10“4 LmoHs'1 

1.0 x 10 4 Lmol !s 1 

6 x 10~6 Lmol-1s-1 

0 
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bons away from the metathesizing olefin. Apparently the sulfur displaces the co¬ 

ordinated tricyclohexylphosphine ligands to form a stable intramolecular com¬ 

plex between the sulfur and the ruthenium center. Once this event has occurred, 

the stable complex formed is unreactive toward further metathesis activity, and 

it is unable to produce polymers of any significant molecular weight. 

4.3 
Mechanistic Differences With 1,5-Hexadiene 

Using 1,5-hexadiene, it was shown that depending upon whether ruthenium or 

molybdenum catalysts are used, a change in mechanism appears to occur. 

With molybdenum-based catalysis, 1,5-hexadiene produces principally line¬ 

ar polymers (Eq. 10) [20a]. A small quantity of cyclic species are formed in this 

conversion, but no more than is observed in a typical polycondensation reac¬ 

tion. However, when the ruthenium catalyst is used only minor quantities of ol¬ 

igomers are formed, with the primary product being the cyclic dimer, 1,5-cy- 

clooctadiene (Eq. 11) [20a, 32b]. This change in mechanism is attributed to a 

negative neighboring group effect, not with a heteroatom, but with the second 

olefin present in the diene. It is suspected that the terminal olefin forms a tc 

chelate complex with the catalyst center, which then favors the intramolecular 

ring forming reaction over the intermolecular polymerization. Significant mass 

spectral evidence indicates that the formation of polymers from monomers con¬ 

taining either heteroatoms or closely spaced diene units is contingent upon the 
catalyst chosen. 

5 

Studying the Crystallization Behavior of Polyethylene 

5.1 

Modeling Commercial Polymers 

With the details associated with ADMET chemistry reasonably well understood, 

we have embarked on a study of the synthesis of well-controlled polymer struc¬ 

tures via metathesis polycondensation chemistry [37]. A series of well-defined 

polyolefins have been designed to model the crystallization behavior of polyeth¬ 

ylene and its related copolymers, including new materials synthesized by metal¬ 

locene-based catalysts. This synthesis concept has been reduced to practice, and 

polymers that will aid in the understanding of branching within polyethylene it¬ 
self have been produced. 
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Branching in polymers plays a direct role in their crystallizability, as packing 

configurations are directly influenced by the nature and frequency of branches 

along a given polymer backbone. Much has been done in the past to understand 

the effect of randomly placed branches on the chain, yet no study has been per¬ 

formed on perfectly controlled branching in polyethylene. 

5.2 

Synthesis of Polyethylene by ADMET 

We have synthesized such a material, which is called perfectly imperfect poly¬ 

ethylene, where each branch is a methyl group and its frequency along the back¬ 

bone is controlled by the nature of the symmetrical diene used in the ADMET 

polycondensation reaction [37]. Equation 12 illustrates the chemistry used to 

produce polyethylene by a step polycondensation route rather than a chain 

propagation mechanism. 

17a R = CH3, n = 3 18a R = CH3, n = 3 19a R = CH3, n = 3 

In this case, symmetrical substituted dienes are condensed to their respective 

ADMET polymers followed by hydrogenation to give a completely saturated pol¬ 

ymer backbone. This technique gives control over the number of methylenes be¬ 

tween branch points as well as the length and identity of the branch itself. How¬ 

ever, synthesis of the required monomer 17 is a challenging six-step procedure. 

ADMET condensation of 17 is completed using molybdenum catalysis to give 

the unsaturated polymer 18, which is reduced to 19 using a variant of hydrazine 

reduction chemistry. Complete saturation of the polymer backbone has been 

demonstrated and is illustrated by the absence of olefin protons in the 13C NMR 

of 19a shown in Fig. 5. 

5.3 
Behavior of ADMET Polyethylene 

Due to the symmetry of 19a, which possesses a methyl group on each and every 

ninth carbon, the carbon NMR spectrum displays only six resonances. This con¬ 

clusively demonstrates that these techniques are able to prepare polymers whose 

regularity can be controlled with ease. The polymers themselves are sufficiently 

high in molecular weight to mimic crystallization behavior of polyethylene in its 

substituted forms. 
In the case of 19a, it was found that the typical melting point for linear poly¬ 

ethylene, 134°C, with a heat diffusion of 204 Jg-1, is depressed to -2°C with a 

heat diffusion of 32 Jg-1. A typical DSC curve is shown in Fig. 6. 
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Fig. 5. 13C NMR spectrum of methyl-branched polyethylene generated by ADMET 

Fig. 6. DSC thermogram of methyl-branched polyethylene generated by ADMET 

The nature of this type of crystal remains unknown and is the subject of fur¬ 

ther study. 

This is just the first example of how the ADMET reaction can be used to model 

branching behavior and precisely control the structure in olefin-based polymer 

backbones. Other polymers under study include polyalcohols, polyvinyl ace¬ 

tates, and ethylene-styrene copolymers. The ultimate goal of this research is to 

be able to define, or even predict, crystallization limits and behavior for many 

polymers, some of which have not yet been prepared in a crystallized form. 
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6 

Conclusions 

The ADMET reaction is now clearly defined and has been shown to be a useful 

method for condensing a variety of hydrocarbon and functionalized dienes to 

th^if respective polymers. The depolymerization metathesis reaction has also 

been shown to be effective in producing telechelic oligomers. Catalyst and mon¬ 

omer development remain subjects of interest where the goal is to produce mac¬ 

romolecules by easily accessible and less expensive means. Further, acyclic diene 

metathesis polymerization is now being used to produce materials with well-de¬ 

fined backbone structures and architectures, such as perfectly alternating and 

segmented copolymers, and perfectly branched polyethylene. These materials 

contribute to the study of structure-property relationships such as the crystalli¬ 
zation behavior of polymers in general. 
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Bioactive Polymers 

Laura L. Kiessling, Laura E. Strong 

The use of synthetic polymers for biological applications is a rapidly growing field of re¬ 
search, and neobiopolymers have been found to elicit significant and new biological activ¬ 
ities. The technology for the generation of these new materials has progressed considerably 
in the past few years. One method for neobiopolymer synthesis that provides a means to as¬ 
semble materials containing the diversity of functional groups found in biological systems 
is the ring-opening metathesis polymerization (ROMP). This review will focus on the ad¬ 
vances and advantages of ROMP for the generation of such neobiopolymers. To date, a 
prominent biological application of materials generated by ROMP has been in the explora¬ 
tion of the underlying features governing protein-carbohydrate interactions. Results in this 
area highlight the unique features of ROMP and point to many additional applications for 
this technology for the investigation and manipulation of biological systems. 

Keywords: Polymers, Organometallic catalysts, ROMP, Multivalent 
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1 

Introduction 

Biopolymers play critical roles in the growth and development of all living 

things. The term biopolymers describes natural polymers such as proteins, DNA 

and RNA, and polysaccharides. Specific recognition of these biopolymers coor¬ 

dinates fundamental physiological interactions. The generation of synthetic bi¬ 

opolymers, which we refer to as neobiopolymers, that mimic natural biopoly¬ 

mers could have profound applications in disease prevention and treatment, as 

well as in the elucidation of biological mechanisms. These applications are pred¬ 

icated on the development of new methods for the controlled synthesis of these 

materials. 

There are several important features of natural biopolymers that must be con¬ 

sidered in the design of synthetic biopolymer mimics. First the backbone must 

display the necessary functional groups in orientations that are similar to those 

found in natural displays. In addition, the final products of these syntheses 

should be compatible with all the relevant environments in which the natural bi¬ 

omolecules occur. Finally, many biopolymers are homogeneous, an important 

feature in eliciting and elucidating specific responses. The generation of linear 

displays, or linear polymers, which share the structural features of natural bi¬ 

opolymers, is a rapidly expanding area. Many interesting efforts to create mole¬ 

cules with conformational or functional properties of natural biopolymers have 

assembled the target materials using multistep reaction processes [1-4]. As an 
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alternative synthetic approach, polymerization reactions offer one critical ad¬ 

vantage: a complex material can be assembled in one process. 

While the efficiency of polymerization processes makes them extremely at¬ 

tractive for neobiopolymer synthesis, the biological functions of the resulting 

materials will be difficult to dissect if the materials are highly heterogeneous. 

Consequently, developments in polymer chemistry that will enable the synthesis 

of homogeneous, highly functionalized materials are needed. Living polymeri¬ 

zation processes offer opportunities to generate materials with these desirable 

attributes. A living polymerization is defined as a reaction in which the termina¬ 

tion and chain transfer processes are slow relative to elongation. For reactions in 

which the rate of initiation exceeds that of propagation, materials of controlled 

molecular masses can be generated by varying the monomer-to-initiator ratios. 

Although many living polymerizations are known, the reaction conditions for 

most of these processes do not tolerate the dense display of polar functionality 

essential for the function of biological molecules. A number of research groups, 

therefore, have set out to discover and exploit polymerization methods that are 

compatible with the diversity of functional groups that characterizes biological 

systems. 

Neobiopolymers have been generated by a number of different polymeriza¬ 

tion strategies. These include radical polymerization, cationic polymerization, 

ring-opening polymerization (ROP), and ring-opening metathesis polymeriza¬ 

tion (ROMP). The key mechanistic issues, advantages, and disadvantages of 

each method are outlined in this chapter. In addition, the recent, significant ad¬ 

vances in ROMP for the synthesis of novel biopolymers will be discussed. 

2 
Examples of Methods Used to Generate Bioactive Polymers 

2.1 
Radical Polymerization 

Free radical polymerization was the first method used to generate neobiopoly¬ 

mers (Fig. 1A) [5-8]. The polymerization reaction requires a radical initiator 

such as tetramethylenediamine (TEMED), ammonium peroxysulfate (APS), or 

2.2'-azobisisobutyronitrile (AIBN) (Fig. IB) [9]. Under optimized conditions, 

these compounds serve as initiators by forming the first radical species. The re¬ 

sulting radical can then react with a substrate, generally an electron deficient 

olefin such as acrylamide, which generates a new intermediate. From this radical 
species, the polymerization reaction propagates until the monomer is complete¬ 

ly consumed. The chemistry of this process has important advantages, including 

a tolerance for monomers with polar, functional groups and the ability to con¬ 

duct the reactions of such monomers in water. Large drawbacks of the radical 

approach exist, however, in that the polymers resulting from these processes of¬ 

ten have high molecular weights and high polydispersities (a large distribution 

of polymer lengths). 
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Fig. 1 A,B. Application of radical polymerization to the synthesis of neobiopolymers. A Y.C. 
Lee's approach to galactose-substituted polyacrylamide gels.B The stages of radical polym¬ 
erization 

The product heterogeneity that results from radical polymerizations arises 

from inefficient initiation, chain transfer and termination events. Ideally, each 

initiating species, for example APS, would generate a reactive monomer, but in¬ 

itiation typically does not occur with the desired efficiency. Vinyl polymeriza¬ 

tions, which are common for the generation of neoglycopolymers, typically have 

initiation efficiencies between 60% and 100% [9]. Under such conditions, con¬ 

trol of polymer length is not feasible. This problem is difficult to solve. Develop¬ 

ing molecules that undergo more rapid initiation is not enough; the intermedi¬ 

ates generated are active enough to undergo chain transfer (addition of two 

growing chains) or termination. These alternative reaction processes add to the 

difficulty of generating materials of controlled lengths as well as complicating 

the synthesis of mixed copolymers (polymers incorporating different monomer 

templates). Despite these challenges, significant progress toward developing liv¬ 

ing free radical polymerizations has been made [10], and these methods have re¬ 

cently been applied to the synthesis of well-defined neoglycopolymers [11]. 

2.2 

Cationic Polymerization 

Another reaction that has been applied to the generation of highly functional¬ 

ized polymers is cationic polymerization [12-15]. Catalysts for cationic polym¬ 

erizations are aprotic acids, protic acids, or stable carbocation salts. In these 

processes, the catalyst generally reacts with a cocatalyst to form an active initi¬ 

ated species. Initiation takes place by protonation of the monomer (Fig. 2A). 

Monomers that possess cation stabilizing groups, such as electron rich olefins, 

are preferred as they more readily undergo the desired polymerization process 
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with minimal side reactions. Because of the high reactivity of the carbocationic 

intermediates, an advantage of the electron-rich alkene monomers is that the 

polymerization reactions can be conducted at or below 0°C, thereby minimizing 

byproducts [16]. While there have been examples of living cationic polymeriza¬ 

tion and copolymerization, these reactions will not tolerate key functional 

groups found in biomolecules, such as multiple amides, nitrogen-containing 

heterocyclic rings and alcohols [ 16]. For example, carbohydrate-substituted pol¬ 

ymers can be prepared by this method, but the hydroxyl groups must be protect¬ 

ed (Fig. 2B) [13]. For unique functional groups, such as sulfate, found in biolog¬ 

ically important natural carbohydrates and glycoproteins, no suitable protecting 

group strategy is available. Materials derived from peptides and nucleic acid 

components would also be difficult to produce by this strategy, given the diver¬ 

sity of nucleophilic functional groups relevant for their biological activities. 

Moreover, even for the synthesis of polymers displaying less functionalized sac¬ 

charides, the need for protection can complicate the synthesis. For example, the 

efficiency of the protecting group removal for some masked polymers was 

shown to be dependent on the type of protecting group used [17,18]. Another 

potential drawback is that the protecting group can interact with the catalyst 

system, as was suggested for the phthalimide group in a protected glucosamine 

monomer [13]. Therefore this method can be used to generate some bioactive 
polymers, but its scope is limited. 

2.3 

Ring-Opening Polymerization (ROP) 

The generation of neobiopolymers through ring-opening polymerization (ROP) 

has recently been explored (Fig. 3) [19-21]. These polymers have unique struc¬ 

tural features in that they share the amide backbone, and perhaps some of the 

conformational preferences of polypeptides and glycoproteins. The assembly of 

these materials can be initiated by basic or acidic catalysts, and propagation 

takes place through either anionic or cationic intermediates generated through 

ring-opening reactions [22]. Once generated, the intermediate, whether anionic 

or cationic, propagates by ring-opening of additional monomer units. There¬ 

fore, the design of the monomer template depends on whether the reaction is to 

be conducted through anionic or cationic intermediates (Fig. 3A,C). Carbohy¬ 

drate-substituted materials have been prepared by both cationic and anionic 

ROP. For synthesis by the former method, a bicyclic, protected glucosamine-de¬ 

rived oxazoline was used as the initiating species for a cationic, living ROP 

(Fig. 3B), which afforded materials that terminate in a saccharide residue after 

deprotection [19]. This strategy was also used to form an interesting class of 

graft copolymers that displayed branches capped with glucosamine residues. In 

the case of anionic ROP, a saccharide-substituted ct-amino acid N-carboxyanhy- 

dride (NCA) template was used to synthesize carbohydrate-containing polya¬ 

mides (Fig. 3D) [20,21 ]. Upon removal of the hydroxyl protecting groups, the re¬ 

sulting materials correspond to O-glycosylated polyserine. This structure has 
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many features of glycoproteins, yet it does not correspond to any identified in 

nature to date. The biological properties of these saccharide-substituted materi¬ 

als have not yet been characterized. As with cationic polymerization, the ionic 

intermediates in these polymerizations can be intercepted by reactive functional 

groups found in naturally occurring biopolymers. Thus, for the production of 

most biopolymer analogs by ROP, the reactions must be carried out using pro¬ 

tected monomer units. The need to remove the protecting groups to generate the 

desired materials complicates the synthesis of many attractive bioactive materi¬ 

als by this method. 

2.4 

Ring-Opening Metathesis Polymerization (ROMP) 

Recently, the ring-opening metathesis polymerization (ROMP) has emerged as 

an attractive approach to the synthesis of neobiopolymers. To date, four organo- 

metallic complexes, RuCl3, Cl2(PCy3)2RuCFICFICPh2, Cl2(PCy3)2RuCHPh, and 

Mo(CHCMe2Ph)(N-2,6-z'-Pr2C6H3)(0-f-Bu)2, have been used to initiate neobi¬ 

opolymer synthesis (Fig. 4). The advent of defined, functional group tolerant, 

metal alkylidene initiators has offered new opportunities for the creation of tai¬ 

lored materials with significant biological properties. A generalized mechanism 

for polymerization involves an initial coordination of the metal alkylidene 

(RuC13 is believed to react with the monomer to form a metal carbene, which is 

likely the active species) [23]. A [2+2] cycloaddition between the initiator and a 

monomer unit forms a metallocyclobutane which then undergoes a retro [2+2] 

ring opening (Fig. 4) [24]. A [2+2] cycloaddition of the resulting metal alkyli¬ 

dene with another monomer occurs, followed by ring-opening, and this se¬ 

quence of events (propagation) continues until the monomer is fully consumed. 

The mechanistic pathway indicates that strained, cyclic alkenes will be highly re¬ 

active monomers, as is observed. Depending on the nature of the propagating 

intermediate, the growing chain can be terminated with an electron rich olefin 

if a ruthenium carbene is employed or an aldehyde in the case of the molybde- 

A 

RUCI3 
cu. 
Cl' 

PCy3 ph 
Ru=/ I 
PCy3 

L,M=/ 
OR' 

(0)ML„ 

Fig.4A,B. Ring-opening metathesis polymerization (ROMP): A Structures of organometal- 
lic initiators that have been used in ROMP to generate neobiopolymers. B General pathway 
for polymer synthesis using ROMP. Molybdenum-initiated reactions are typically capped 
with aldehydes and ruthenium-initiated with end ethers. 
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num alkylidene-catalyzed reaction. Although the overall mechanistic pathway is 

similar for polymerization with the molybdenum and ruthenium complexes, the 

initiators' tolerance of functional groups is different. For example, the ruthe¬ 

nium, but not the molybdenum, initiators tolerate unprotected hydroxyl groups 

and even sulfates, while the molybdenum initiator is more tolerant of amines 

[24,25]. Importantly, however, the ROMP strategy provides new avenues for the 

production of interesting bioactive polymers. The remainder of this chapter will 

focus on the advances in ROMP technology in the generation of biopolymers 

and will include some of the significant biological problems that have been ad¬ 

dressed. 

3 

Use of Organometallic Initiators to Make Bioactive Polymers 

3.1 
Use of RuCI3 to Generate Carbohydrate-Substituted Polymers and Their Application to 
the Study of Multivalent Interactions 

3.1.1 
Synthesis of the Carbohydrate-Substituted Polymers 

The first demonstration that ROMP could be used to generate bioactive materi¬ 

als focused on the preparation and properties of carbohydrate-substituted 

multidentate ligands [26]. Because carbohydrates are naturally presented on 

glycoprotein backbones or in glycolipid assemblies, saccharide-substituted pol¬ 

ymers represent attractive tools with which to investigate protein-carbohydrate 

interactions. The polymerization of saccharide-substituted monomers was car¬ 

ried out using RuC13 as the initiating agent. Previous examples of ROMP sug¬ 

gested that characteristics such as control over polymer size and structure, the 

ability to generate copolymers, and tolerance of functional groups could be sat¬ 

isfactorily achieved, but demonstration that such materials could be used to ex¬ 

plore and/or modulate biological recognition processes was lacking. Therefore, 

the immediate goal of these studies was to rapidly prepare carbohydrate-substi¬ 

tuted materials to determine whether they could serve as ligands for carbohy¬ 

drate-binding proteins. The monomer templates that were employed were com¬ 

posed of two carbohydrate recognition epitopes extending from a single 7-ox- 

anorbornene scaffold (Fig. 5). Using either a-O- or C-linker units, saccharide 

residues were appended to the template through ester groups. The polymeriza¬ 

tion of these monomers in the presence of RuCl3 in water proceeded in good 

. yields (ca. 70-80%). Characterization of the molecular masses of the polymers 

was accomplished by gel filtration chromatography. Using dextran standards, 

the resulting polymers were determined to have relative molecular masses (Mr) 

in the range of 106. This route provided ready access to polymers displaying a- 

0- or C-linked glucose or mannose epitopes for biological testing. 
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Fig. 5. Structure and biological activities of Kiessling's initial carbohydrate-substituted pol¬ 
ymers generated by ROMP. Relative inhibitory potency: the saccharide residue concentra¬ 
tion needed to inhibit the agglutination of red blood cells mediated by the protein concana- 

valin A 

Because the accessibility of a saccharide epitope can dramatically affect its 

ability to be recognized by a protein, a second generation of polymers, designed 

to display saccharide residues at lower density, was generated [27]. These mate¬ 

rials were composed of monomers substituted with a single carbohydrate 

epitope. The relevant monomer substrates could be easily synthesized as a mix¬ 

ture of diastereomers by treatment of the oxanorbornene anhydride with one 

equivalent of a protected carbohydrate-derived alcohol to open the anhydride, 

followed by addition of diazomethane to transform the liberated acid into a me¬ 

thyl ester. In addition to changes in the character of the monomer, modified po¬ 

lymerization conditions were investigated. Attempts to directly polymerize 

these substrates using ruthenium trichloride in water were unsuccessful afford¬ 

ing low yields; attempts to optimize these conditions by addition of more initia¬ 

tor also were unsuccessful. A procedure to preform the active propagating spe¬ 

cies for use in subsequent polymerizations afforded good results [28]. A small 

amount of monomer was heated with the ruthenium trichloride for 12 h, and a 

portion of this mixture was subsequently added to the solution of monomer to 

be polymerized. Using this in situ initiator preparation, a-C-linked mannose 
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and glucose polymers of the approximate same size and stereo*, hemu a I >. ompo 

sition as the first generation polymers (same percentage ot trans double bonds'! 

were generated (Fig. o') for comparison. 1'hese materials constitute a series ot 

compounds that was used to investigate structure function relationships in pro 

tein-carbohydrate interactions. 

3.1.2 
Bioactive Materials from ROMP: Exploring Multivalent Interactions 

Multidentate displays of saccharide epitopes can be used to elucidate the me* h 

anistic features that contribute to protein carbohydrate interactions, and the 

first and second generation polymers were designed for this purpose. A critical 

issue that these materials were designed to address is how low affinity binding, 

such as that which characterizes many protein saccharide interactions.can give 

rise to affinity and specificity in vivo. Specifically, the binding attinity ot a pro 

tein to a single carbohydrate residue is often weak (Kvl~l0 ' .\f) and mam , arbo 

hydrate-binding proteins (lectins) can recognize related,but distinc t, saccharide 
epitopes [29]. Carbohydrates in physiological settings, however, are rurelv found 

as isolated saccharide units. These entities are more commonlv presented in ar 

rays in which multiple copies of saccharide residues are displaced, as is ohsei ved 

for glycolipid assemblies and glycoproteins. The enhanced interactions available 

to a multivalent display may provide the key to understanding how such mole 

cules can mount the necessary avidity and selectivity for protein carbohydrate 

recognition processes in vivo. The exact mechanisms by which different multi 

valent displays achieve this objective are not known, however, and these max dit 

fer for particular receptor-ligand complexation events. Some of the possibilities 

for binding enhancement through multivalency include: binding of a multiva 

lent ligand to a multivalent receptor (the chelate effect), clustering of receptors 

by a multivalent ligand, subsite binding, and increased local concentration 

(Fig. 7). Access to materials which present multiple copies of specific carbohv 

drate epitopes will facilitate elucidation of the underlying forces governing these 
recognition events. 

Concanavalin A (ConA),a tetrameric plant lectin that binds both glucose and 

mannose residues, is an excellent model protein with which to probe the impor 

tance of multivalent displays in protein-carbohydrate interactions [30]. The 

binding of a wide range of mono- and multivalent saccharide derivatives to 

ConA has been investigated, and a tremendous amount of structural and bio 

physical data has been amassed. The features of ConA binding to 0 glycosylated 

a-mannose and glucose residues are well characterized: ConA exhibits a four¬ 

fold preference for a-mannose over a-glucose. Investigations of the correspond 
ing a-C-linked carbohydrates reveal that there is little difference in the binding 

free energies of a-C-propyl mannoside and a-C-propyl glucoside, although a 

subtle preference (1.5-fold) for the mannose derivative may exist [31], With 

monomeric and polymeric C- and O-glycosides of mannose and glucose, the at 

finity of ConA for the multivalent versus monovalent epitopes could be deter 
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Fig. 7A-D. Possible molecular mechanisms for increases in functional affinities for multi¬ 
valent ligands. A Interaction of a multivalent ligand with a multivalent receptor (chelate ef¬ 
fect). B Clustering of receptors by a multivalent ligand. C Increased local concentration 
(slow off-rates by statistical effect). D Subsite binding (occupation of secondary binding 
sites on a single receptor) 

mined, as well as the specificity for binding one multidentate ligand over the re¬ 

lated compound. 
The activities of the monovalent and multivalent ligands to interact with 

OonA could be assessed by evaluating their abilities to inhibit ConA facilitated 

agglutination of red blood cells. Because ConA is a tetramer at neutral pH, it can 

bind glycoproteins on opposing red blood cell surfaces thereby acting like a mo¬ 

lecular glue that holds cells together. To assess and compare the efficacy of the 

. various compounds, the relative inhibition values were calculated on a saccha¬ 

ride residue basis by determining the molar concentration of saccharide resi¬ 

dues required to block cell agglutination. 
In the case of first generation polymers, which display two saccharide 

epitopes for each monomer unit, the a-C-linked carbohydrate-substituted poly- 
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mers bound with extremely high avidities relative to the monovalent com¬ 

pounds. Specifically, the C-mannoside polymer was 105-fold more effective at 

inhibiting ConA activity than was the C-mannose-derived monomer. Moreover, 

the multivalent ligands were more selective than were the corresponding mono¬ 

valent compounds: the C-mannose-derivatized polymer inhibited at a 100-fold 

lower concentration than its C-glucoside counterpart. Since the monomeric a- 

C-linked sugars bound with equal affinities, this result highlights the greater se¬ 

lectivity multivalency can impart. 
Overall the C-glycoside polymers were more effective inhibitors than the cor¬ 

responding O-glycoside derivatives, but both showed significant avidity increas¬ 

es relative to the monovalent glycosides. It should be noted that the less polar C- 

glycosides may result in increases in ConA binding due to the hydrophobic ef¬ 

fect. With regard to the specificity of interactions, the a-O-linked mannose pol¬ 

ymer inhibited agglutination at a 160-fold lower saccharide residue concentra¬ 

tion than the corresponding glucose polymer (Fig. 5) [26]. The increase in selec¬ 

tivity for mannose over glucose displayed by the O-glycoside polymers is con¬ 

sistent with the increase in affinity differences between individual mannose and 

glucose residues (4-fold for the O-glycosides versus 1.5-fold for the C-glyco- 

sides). The second generation polymers showed similar trends; however, these 

materials were approximately tenfold more potent than for the first generation 

polymers (Fig. 6) [27]. This difference may be explained by considering the 

greater accessibility of the saccharide residues in the second generation poly¬ 

mers; these epitopes are less sterically encumbered by adjacent saccharide resi¬ 

dues. These investigations were the first to establish that ROMP could be used to 

prepare biologically active materials and that these materials could be used to il¬ 

luminate fundamental biological processes. The ability to create materials of dif¬ 

ferent molecular masses, to generate block copolymers, and to specifically end- 

label the polymers for immobilization or detection, would facilitate a range of 

biological studies. The possibilities provide impetus, from a new direction, for 

advances in polymerization technologies and their applications. 

3.2 

Use of CI2(PR3)2RuCHCHCPh2 (R=Ph or Cy) to Make Carbohydrate-Substituted Polymers 

3.2.1 

Synthesis of Polymers Substituted with Protected Carbohydrate Residues 

The first report of a neobiopolymer made with a defined organometallic com¬ 

plex, Cl2(PR3)2Ru=CHCH=CPh2 (R=Ph or Cy), was contributed by Fraser and 

Grubbs [18]. The neobiopolymers produced had a norbornene backbone with 

pendant, protected glucosamine residues (Fig. 8). Using monomers equipped 

with carbohydrate residues protected with acetate, triethylsilyl, or benzyl 

groups, the polymerizations were conducted in a range of different solvents and 

terminated by addition of ethyl vinyl ether. These polymerizations had some of 

the characteristics of living processes. For example, gel permeation chromatog- 
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Fig. 8. First synthesis of carbohydrate-substituted polymers by ROMP using a defined orga- 
nometallic initiator. Grubbs' synthesis of glucosamine-substituted polymers 

raphy (GPC) revealed that the polydispersities for several of these materials were 

low (ca. 1.1-1.2). In addition, diblock copolymers could be generated from this 

process, but it was not established that these conditions truly resulted in living 

polymerization of the saccharide-substituted monomers. The polymerization of 

protected carbohydrate-modified monomers was successful. The different pro¬ 
tecting groups, however, resulted in significant alterations in the rates of reac¬ 

tion of the various monomers, with acetate protected monomers reacting quick¬ 

ly (<5 min) and silyl ether protected monomers very slowly (2-3 days). In addi¬ 

tion to complexities resulting from differences in the rate of polymerization, the 

efficiencies of the different protecting group removal were variable. Although 

the silyl ether protecting groups were easily cleaved with tetrabutylammonium- 

fluoride in THF, attempts to remove other blocking groups resulted in incom¬ 

plete reactions and the formation of side products. 

3.2.2 

Synthesis of a Polymer Possessing Unprotected Carbohydrate Residues 

An important observation for the design and synthesis of neobiopolymers is 
that an unprotected glucose-substituted monomer could be polymerized using 

defined, metallocarbene ROMP initiators [18]. The assembly of unprotected 

monomers circumvents the problems of protecting group installation and re¬ 

moval and perhaps also that of differential rates of monomer reaction; moreo¬ 

ver, the opportunities increase for engineering materials with desirable proper¬ 

ties with the defined, well-characterized initiators. In these studies, the solubil¬ 

ities of the hydrophilic monomer and the hydrophobic metal complex are so di¬ 

vergent that the reaction conditions used for the assembly of protected mono¬ 

mers were unsuccessful. The problem was solved by the application of aqueous 

emulsion conditions, in which a cationic detergent was used to promote reaction 

at the aqueous-organic interface. The reactions were conducted in a dichlo- 
romethane-water mixture in the presence of the surfactant dodecyltrimethyl- 

ammonium bromide (DTAB),and the reactions were terminated by the addition 

of ethyl vinyl ether. Under these conditions, the polymerization reaction pro¬ 

ceeded in high yields (99%) to afford glucose-substituted polymers. The charac¬ 

terization of these materials is complex, as GPC analysis is generally conducted 
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in organic solvents. Nevertheless, GPC analysis of polymers soluble in organic 

solutions, but generated under the same conditions, indicated that polymers of 

low polydispersity (PDI<1.1) were formed [32]. These data suggest that these 

conditions may be conducive to a living polymerization. 

3.3 
Use of Mo(CHCMe2Ph)(N-2,6-/-Pr2C6H3)(0-f-Bu)2 to Generate Carbohydrate- 

Substituted Polymers 

Shortly following initial reports of neobiopolymer formation using ruthenium 

carbene complexes, the Schrock group reported the synthesis of “sugar-coated” 

polymers using a molybdenum complex, Mo(CHCMe2Ph)(N-2,6-z-Pr2C6H3)(0- 

f-Bu)2 (Fig. 9) [17]. These studies were the first to demonstrate that a living po¬ 

lymerization can be achieved with monomers bearing protected saccharide res¬ 

idues. Although molybdenum alkylidenes are not as tolerant of functional 

groups, these reagents have several desirable features that can be exploited in the 

preparation of neobiopolymers. Specifically, these initiators can be used to gen¬ 

erate stereodefined materials because they allow control over the cisltrans ratio 

of polymer backbone alkenes and polymer tacticity [33-37]. Moreover, elonga¬ 

tion can be terminated conveniently with functionalized aldehydes, which can 

give rise to polymers substituted with specific reporter end groups [38]. 

The polymerization of several different protected monomers was executed 

with the molybdenum initiator. Two types of norbornene templates were gener¬ 

ated as mixtures of diastereomers: one class possessed a single saccharide sub¬ 

stituent attached through either an endo or exo ester group, and the other was 

equipped with two carbohydrate residues appended to the bicyclic scaffold 

Fig. 9. Living polymerization to produce carbohydrate-substituted polymers by Schrock 
utilizing a defined molybdenum initiator 
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through trans oriented ester groups. The saccharides used were derived from ga¬ 

lactose, mannose, and ribonic-y-lactose, and in each, the hydroxyl groups were 

marked through cyclic acetal formation. The reactions were conducted in tolu¬ 

ene with Mo(CHCMe2Ph)(N-2,6-z-Pr2C6H3)(0-f-Bu)2, the most functional 

group tolerant molybdenum initiator, and quenched by addition of benzalde- 

hyde. The product polymers were obtained in high yields (92-99%) and were of 

low polydispersity (1.02-1.25), as determined by GPC. In addition to these re¬ 

sults, which suggest the polymerization is living, several multiblock polymers 

were also generated. Therefore, Schrock demonstrated that carbohydrate substi¬ 

tuted polymers could be assembled through living ROMP. Unfortunately, at¬ 

tempts to remove the saccharide protecting groups were not always successful. 

While treatment of two of the polymers with trifluoroacetic acid (TFA) and wa¬ 

ter resulted in the desired products of acetal cleavage, these conditions failed 

with the other two polymers. The NMR data from the two unprotected polymers 

are consistent both with protecting group cleavage and retention of the saccha¬ 

ride epitopes; however, the spectroscopic studies cannot rule out the possibility 

that some side reactions have taken place. Moreover, some biopolymer func¬ 

tional groups, such as heterocyclic bases, phosphoryl groups, and sulfates, 

would be incompatible with these reaction conditions. Although the molybde¬ 

num initiator used in these initial studies afforded mixtures of backbone stere¬ 

oisomers, such catalysts may provide access to stereochemically defined materi¬ 

als. A concern, however, is that the scope of saccharide residues that can be in¬ 

corporated using known molybdenum alkylidene complexes may be limited. 

3.4 

Use of Mo(CHCMe2Ph)(N-2,6-/-Pr2C6H3)(0-f-Bu)2 to Generate 

Amino Acid-Derived Polymers 

Concurrent with early studies using ROMP to generate saccharide substituted 

polymers, Gibson and coworkers were exploring the utility of ROMP for the pro¬ 

duction of amino acid-derived polymers (Fig. 10) [39]. Using the functional 

group tolerant molybdenum initiator, polymers substituted with alanine resi¬ 

dues were generated. The monomer units used were derived from attachment of 

alanine methyl ester to an exo- and endo-norbornene imide template. The tem¬ 

plate was generated by reaction of the alanine amino group with the correspond- 

:Me2Ph 

exo or endo isomer 
ii) PhCHO 

Fig. 10. Gibson's synthesis of amino acid-derived polymers using a defined molybdenum 

initiator 
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ing norbornene anhydride derivative, a process that occurred without racemi- 

zation of the amino acid [40]. The polymers were generated by treatment of the 

monomer with the molybdenum initiator in benzene. The propagation reac¬ 

tions were terminated with benzaldehyde, and the polymers were isolated by 

precipitation with hexanes. Characterization of the polymers by GPC revealed a 

narrow molecular mass distribution, with PDI values between 1.13 and 1.29. In 

addition, the product polymers were found to contain mostly trans double 

bonds (77-91%). By employing the symmetrical monomer with the molybde¬ 

num carbene, highly stereochemically regular polymers could be synthesized. 

Thus polymerization demonstrates that simple amino acid residues can be suc¬ 

cessfully incorporated into polymers using ROMP, and the results suggest that 

materials that have little stereochemical heterogeneity can be synthesized [41]. 

The authors envision that this approach can give rise to materials in which the 

amino acid side chains influence polymer structure, presumably generating ma¬ 

terials with unique architectures. 

3.5 

Use of CI2(PCy3)2RuCHPh for the Synthesis of Thymine-Substituted Polymers as 

Potential Nucleic Acid Analogs 

The design of DNA and RNA analogs with non-natural backbones is an area that 

has prompted considerable studies. The goal has been to generate molecules 

that conserve the recognition properties of oligonucleotides, to target endog¬ 

enous nucleic acids for example, while incorporating desirable properties not 

possessed by natural oligonucleotides, such as increased stability and the ability 

to rapidly cross membranes. Phosphorothioate-substituted oligonucleotides, in 

which a non-bridging phosphoryl oxygen group has been replaced with sulfur, 

are close analogs of oligonucleotides that share their recognition properties but 

have increased stability toward degradation by nucleases [42]. Another class of 

backbone-modified analogs is protein nucleic acids (PNAs), which are neutral 

oligonucleotide mimics. These compounds can selectively bind RNA and DNA 

sequences, and they do so with much higher affinities than oligonucleotides be¬ 

cause they do not experience the repulsive electrostatic forces that must be over¬ 

come in complexation. Gibson and coworkers explored the synthesis of a dis¬ 

tinctly different type of neutral oligonucleotide analog, which they envisioned 
could be generated by ROMP.) 

Gibson and coworkers described the synthesis of thymine-substituted poly¬ 

mers as a first step towards the generation of nucleic acid analogs using ROMP 

[43]. The norbornene imide template used previously in the assembly of amino 

acid-substituted polymers was employed, and a short linker used to connect the 

template and the thymine residue (Fig. 11). The major change from the Gibson 

group's previous work was the use of a ruthenium, rather than a molybdenum, 

alkylidene initiator, a choice that was presumably driven by the higher function¬ 

al group tolerance exhibited by the ruthenium complex. The reaction products, 

which were generated by polymerization in THF and termination by the addi- 
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ii) ethyl vinyl ether 
O 

HN~^ O 
O 

Fig. 11. Gibson and coworkers synthesis of a polymer displaying the nucleobase thymine 
using ROMP initiated by Grubbs' ruthenium complex 

O O 

Fig. 12. Analysis of the thymine-substituted polymers by MALDI-TOF mass spectrometry 
reveals that the polymers can be capped with two different groups 

tion of ethyl vinyl ether, were characterized by proton nuclear magnetic reso¬ 

nance (NMR) spectroscopy and matrix-assisted laser desorption ionization 

time of flight (MALDI-TOF) mass spectrometry. The analytical characterization 

of the thymine-substituted materials provided insight into the polymerization 

process. Using proton NMR spectroscopy, the reaction could be monitored by 

following the transformation of the initiating ruthenium species into a propa¬ 

gating species. MALDI-TOF mass spectrometry yielded additional information 

about the reaction features, and this study provided an excellent example of the 

utility of this technique in polymer analysis. When the polymerization was con¬ 

ducted with three equivalents of thymine-substituted monomer, the resulting 

product had a low PDI, 1.07. The observed Mn of 2500, however, was higher than 

the calculated Mn of 1221. This indicates that propagation is faster than initia¬ 

tion for this monomer under these conditions. Rates of initiation and propaga¬ 

tion have been shown to be dependent on many reaction conditions, such as 

substrate structure, solvent conditions, and monomer-to-initiator ratios [18]. 

Another notable finding is that the conditions used for termination influenced 

the structure of the final product. When ethyl vinyl ether was used to terminate 

the polymerization, the major signals from the MALDI analysis could be attrib¬ 

uted to polymers end-capped with a methylidene group. In contrast, exposure of 

the polymerization reaction to oxygen resulted in aldehyde capping groups as 

detected by MALDI spectrometry. This capping process for ruthenium carbenes 

had not previously been noted in the literature (Fig. 12). 
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The investigations directed at the synthesis of thymine-substituted polymers 

demonstrate that the type of functional groups displayed by nucleic acid bases 

are compatible with ROMP. Moreover, the application of MALDI-TOF mass 

spectrometry to the analysis of these polymers adds to the battery of tools avail¬ 

able for the characterization of ROMP and its products. The utility of this ap¬ 

proach for the creation of molecules with the desired biological properties, how¬ 

ever, is still undetermined. It is unknown whether these thymine-substituted 

polymers can hybridize with nucleic acids. Moreover, ROMP does not provide a 

simple solution to the controlled synthesis of materials that display specific se¬ 

quences composed of all five common nucleic acid bases. Nevertheless, the dem¬ 

onstration that metathesis reactions can be conducted with such substrates sug¬ 

gests that perhaps neobiopolymers that function as nucleic acid analogs can be 

synthesized by such processes. 

3.6 

Use ofCI2(PCy3)2RuCHPh to Generate Multivalent Penicillin Derivatives 

Molecules that may have biological activity, but are not designed to mimic nat¬ 

urally occurring biopolymers, also have been synthesized [44]. One design en¬ 

tailed appending a bioactive agent, such as penicillin, to a poly(norbornene) 

backbone. Baigin et al. outline several potential uses for such polymers: new 

bandage materials, drug delivery systems, or affinity column materials. In this 

example, polymers presenting multiple copies of 6-N-acylamino penicillanic 

acid were assembled using the Grubbs' ruthenium carbene initiator (Fig. 13). 

The polymer products were analyzed by proton NMR spectroscopy, and MAL- 

DI-TOF and electrospray mass spectrometry. In contrast to the excellent results 

obtained in the analysis of the thymine-substituted polymers, good quality 

MALDI-TOF spectra could not be obtained. Consequently, other mass spec¬ 

trometry methods for analyzing large molecules were employed. A material gen¬ 

erated with ten equivalents of monomer relative to initiator was examined by 

negative ion electrospray mass spectrometry. The spectra contained major 

peaks corresponding to polymers between 8 and 17 monomer units long. The 

average polymer length, which was estimated by comparing the integration of 

the NMR signals arising from the hydrogen atom attached to the ruthenium 

Fig. 13. The generation of multivalent penicillin derivatives by ROMP. It is proposed that 
such materials may function as drug delivery agents 
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carbene terminus to those of the backbone alkenes, was 24. Given the sensitivity 

of (3-lactams and their potential for decomposition through a number of differ- 

ent/nechanisms, this investigation provides additional examples of the diversity 

of functional groups tolerated by the ruthenium carbene complexes. The utility 

of these agents as drug delivery vehicles has not yet been described. 

3.7 

Use of Cl2(PCy3)2RuCHPh to Generate Carbohydrate-Substituted Polymers 

3.7.1 

Generating Carbohydrate Polymers of Defined Length 

Together, the examples from the Grubbs, Schrock, and Gibson research groups 

provide ample evidence that polymers containing the critical functional groups 

used by biomolecules in physiological settings can be synthesized through living 

ROMP. These results are especially significant given the findings that materials 

created by ROMP can have potent biological activities [26,27,45-47]. The ability 

to control relevant aspects of polymer structure provides new tools for investi¬ 

gating the relationship between structure and function in biological systems. 

Multivalent protein-carbohydrate interactions, which are difficult to study us¬ 

ing many traditional biochemical methods, but which are widespread in physi¬ 

ological settings, provide an excellent subject for study using materials created 
by ROMP. 

An important issue in multivalent binding is to examine how the number of 

recognition elements affects the activities of a series of multidentate ligands. 

Living ROMP can be used to address this issue, as materials of defined molecular 

masses can be assembled and their biological activities tested. Specifically, a liv¬ 

ing polymerization in which initiation rates are faster than propagation pro¬ 

vides a means to control polymer length by adjusting the monomer-to-initiator 

(m/i) ratio. To take advantage of this potential, Kiessling and coworkers used liv¬ 

ing ROMP to synthesize a series of mannose-substituted polymers of different 

average lengths. 
The target mannose-substituted materials were constructed using the defined 

ruthenium alkylidene, Cl2(PCy3)2RuCHPh, but the monomer structure as well 

as the reaction conditions needed to be carefully crafted to generate the desired 

products. Only the most reactive monomer templates resulted in controlled as¬ 

sembly of the polymers to afford materials of predictable lengths. The most re¬ 

active saccharide-substituted monomer was found to be a tricyclic norbornene 

imide template displaying a single a-linked mannose residue, a monomer de¬ 

sign that is similar to that employed by the Gibson group. Less electron-rich 

alkenes, such as 7-oxanorbornene derivatives, or less strained alkenes, such as 

norbornenes bearing an exocyclic amide linkage, exhibited decreased reactivity 

and engaged in premature termination processes. The reaction conditions sig¬ 

nificantly affected the assembly process, with different monomer-to-initiator ra¬ 

tios exhibiting different requirements. To synthesize polymers of varying 
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Fig. 14. A,B. A living polymerization of mannose-substituted norbornene derivatives can be 
used to produce materials of defined lengths for biological testing. B The relationship be¬ 
tween polymer length and biological activity was explored 

lengths, homogeneous conditions were employed for m/i ratios less than 100/1, 

but emulsion conditions were used for m/i ratios greater than 100/1 (Fig. 14A) 

[48]. The resulting materials, with their alkene-containing backbones, also pro¬ 

vide an opportunity to explore the importance of conformational entropy, man¬ 

ifested in backbone flexibility, in their biological activities. The flexibility of the 

polymer could be increased by reducing the backbone alkene groups with diim- 

ide. Thus, the living polymerization provides a new set of tools for investigating 

biological recognition events. 

3.7.2 

Relationship Between Polymer Length and Binding Enhancement 

It was envisioned that the different length mannose-substituted polymers could 

provide additional insight into multivalent binding events, such as those which 

are required for concanavalin A (ConA)-mediated agglutination of red blood 

cells. The Kiessling group's initial studies revealed that multidentate mannose- 

substituted polymers were potent inhibitors of the cell agglutination process. 

The underlying mechanism by which these multidentate ligands function, how¬ 
ever, was unknown. 

Since the cell agglutinating form of ConA is a tetramer, a simple model for the 

potent activity of the polymers would be that the saccharide recognition ele¬ 

ments presented by these agents can simultaneously bind two or more sites on 

the protein. A structural study of ConA reveals that adjacent saccharide binding 
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sites within the tetramer are separated by 65 A, suggesting that the most potent 
polymers should be capable of spanning this distance. To determine whether 
saccharides attached to the polymer backbone could simultaneously occupy two 
sites, the activities of polymers of various lengths -were assessed. As was expect¬ 
ed from previous results, the multivalent compounds were more effective inhib¬ 
itor* of the agglutination process than the corresponding monomeric mannose 
derivative. Most significantly,however, the inhibitory potency (determined on a 
saccharide residue basis; of each polymer increased with increasing polymer 
length Specifically, an exponential increase in potency was seen for linear poly¬ 
mer length increases up to a degree of polymerization (DP; of 50 f Fig. 14Bj. In¬ 
terestingly, molecular mechanics modeling of the polymer backbone indicates 
that a* a D? of 50 or above almost all polymers in solution are of sufficient length 
to br:dge two saccharide binding sites on Con A. Above a DP of 50, the potency 
remamed nigh, but d:d not dramatically increase. Similar effects were observed 
>• ' me red .cec polymers, indicating that increasing the conformational entro¬ 
py of ‘he polymer backbone has little effect on the activity of the polymers. 

The activities of the polymers can be rationalized by considering the chelate 
effect as well as other statistical effects. The chelate effect is a manifestation of 
ar. :r. urease in the apparent activities of binding for multidentate ligands and re¬ 
ceptors: once a recognition element occupies the first binding site, the probabil¬ 
ity that a tethered recognition dement will interact with a second ligand binding 
fite is increased (49-51). Thus, short mannose-substituted polymers will not be 
aUe to surnihaneousty occupy two saccharide binding sites, but as the length of 
'ra polymer population is increased, marked enhancements in inhibitory po¬ 
tencies should be observed (Fig. 7). The exponential augmentation in activities 
seen as the DP is varied from 10 to 50 units provides further support that the 
m ..‘.v%ler.‘. carbohydrate ligands are functioning through the chelate effect As 
more polymers occupy two binding sites, their apparent affinity for ConA in¬ 
creases exponents 11 y. Or.ce tr.e polymers are of sufficient length that both bind- 
;r.g sites are spanned, however, a decrease in potency on a per saccharide residue 
oasis m;gh‘ be expected. 7n s decrease is not observed. Thus, it appears that the 
addition of residues still contributes to polymer activities ''Fig. 14Bj. This con- 
tr; bution may be d ue to the statistical effect, where an increased local concentra- 
tion of ‘niea-linked mannose recognition element results in a decrease in off-rate 
for polymer dissociation (Fig. 7). Secondary site binding could also contribute 
to polymer activity (Fig. 7). The investigations with saccharide-substituted pol¬ 
ymers (neoglycopolymers; provide insight into the molecular mechanisms by 
which multivalent ligands function in a physiological setting. 
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3.8 

Use of CI2(PCy3)2RuCHPh to Generate Mixed Copolymers and Block Copolymers 

3.8.1 

Synthesis of Mixed Saccharide-Substituted Copolymers 

The relationship between polymer length and bioactivity for the materials de¬ 

signed to target ConA suggested that the most important mechanism by which 

multidentate materials can achieve high apparent binding activities is through 

the chelate effect. These studies also indicated, however, that not all of the sac¬ 

charide epitopes were contributing equally to binding. Because only some of the 

carbohydrate substituents are interacting with the protein and because the ac¬ 

tivities of the neoglycopolymers are assessed on a saccharide residue basis, it 

might be expected that materials containing fewer saccharide recognition 

epitopes located at critical positions would be more potent when evaluated on a 

saccharide residue basis. To further explore the relationship between polymer 

activity and number of recognition elements, Kanai et al. developed an ap¬ 

proach to the synthesis of mixed copolymers and block copolymers, all of which 

contained carbohydrate recognition elements [52]. 

Mixed copolymers were synthesized to test the hypothesis that only a subset 

of recognition elements was needed to achieve high affinity binding (Fig. 15). 

Although a number of “spacer” residues could be employed, it was postulated 

that using a monomer unit of similar structure and solubility would facilitate the 

synthesis of defined polymers. Therefore, in addition to the norbornene imide 

template substituted with a mannose recognition element, a structurally related 

galactose-bearing monomer was used as the spacer element. The tricyclic nor¬ 

bornene template was retained in the spacer unit to preserve the reactivity of the 

monomer, but galactose, which has a solubility similar to that of mannose but 

which is not bound by ConA, was attached as the substituent. Because both 

monomers appeared to have the same reactivity, polymers composed of the two 

units should contain a statistical mixture of mannose and galactose residues, 

which is dependent on the ratio of mannose and galactose monomers in the re¬ 

action mixture. Using this strategy, two sets of polymers of average DPs of 10 

Fig. 15. Mixed copolymers were generated to examine the effect of changing the recogni¬ 
tion epitope density for a biologically active series of carbohydrate-substituted polymers. 

Note: n and m represent ratios of mannose and galactose residues, respectively. 
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arid 100 were assembled. For each set, several materials composed of different 

galactose and mannose ratios were synthesized. These mixed neoglycopolymers 

should provide insight into the importance of saccharide residue density on bi¬ 
oactivity. 

3.8.2 

Synthesis of Saccharide-Substituted Block Copolymers: Mimics of Glycoprotein Mucins 

The mixed, random copolymers could be used to examine the relationship be¬ 

tween saccharide epitope density and bioactivity, but block copolymers might 

be used to investigate the spacing between saccharide binding sites. Moreover, 

block copolymers could be useful for drug targeting strategies or for creating ar¬ 

tificial vaccines. Interestingly, block copolymers share many features with a class 

of glycoproteins, termed mucins, which display clusters of O-linked saccharides 

separated by unglycosylated peptide segments. Kanai et al. sought to generate 

polymers that could mimic the clustered glycoside displays of mucins using tri¬ 

block copolymers with mannose residues displayed at each end of the polymer 

(Fig. 16) [52]. The separating units could contain non-binding carbohydrates 

(e.g., galactose residues as used previously, Fig. 16A) or a simple spacer (e.g., a 

diol, Fig. 16B). In order to spectroscopically monitor and differentiate the incor¬ 

poration of the first mannose sequence separately from the second, it was envi¬ 

sioned that 7-oxanorbornene imide-linked mannose be used at one end of the 

polymer and a norbornene imide-substituted mannose at the other terminus. 
Unfortunately, initial attempts at polymerization by sequential addition of ox- 

anorbornene imide-substituted mannose, norbornene imide-derivatized galac- 

Fig. 16. A ruthenium initiator was used to create block copolymers to investigate the rela¬ 
tionship between biological activity and the spacing of carbohydrates on the polymer back¬ 

bone 
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Fig. 17. Mechanistic studies of alkene metathesis provided methods to increase the rates ol 
reaction. Copper (I) chloride and hydrochloric acid have been used to encourage dissocia¬ 

tion of the phosphine ligands 

tose, and norbornene imide-appended mannose were unsuccessful, leading to a 

polymer approximately two times the expected length. 
The problem was solved when new mechanistic insights into the process of 

alkene metathesis by the ruthenium initiator were revealed by the Grubbs' 
group. Their investigations indicated that dissociation of a phosphine from the 

ruthenium complex facilitated the metathesis reaction (Fig. 17A) [53]. The ad¬ 

dition of phosphine scavengers, such as copper(I) chloride or hydrochloric acid, 

afforded large increases in the rates of metathesis and resulted in higher yields 

of metathesis products. The scavengers presumably act by trapping the released 

phosphine (Fig. 17B), either through complexation or protonation (Fig. 17B) 

[54]. 
For the synthesis of carbohydrate-substituted block copolymers, it might be 

expected that the addition of acid to the polymerization reactions would result 

in a rate increase. Indeed, the ROMP of saccharide-modified monomers, when 

conducted in the presence of para-toluene sulfonic acid under emulsion condi¬ 

tions, successfully yielded block copolymers [52]. A key to the success of these 

reactions was the isolation of the initiated species, which resulted in its separa¬ 

tion from the dissociated phosphine. The initiated ruthenium complex was iso¬ 

lated by starting the polymerization in acidic organic solution, from which the 

reactive species precipitated. The solvent was removed, and the reactive species 

was washed with additional degassed solvent. The polymerization was complet¬ 

ed under emulsion conditions (in water and DTAB), and additional blocks were 

generated by the sequential addition of the different monomers. This method of 

polymerization was successful for both the mannose/galactose polymer and for 

the mannose polymer with the intervening diol sequence (Fig. 16A,B). 

As had been observed in the synthesis of carbohydrate-substituted polymers 

of different lengths, the reactivity of the monomers was an important parameter 

in generating the triblock polymers. If the mannose-substituted 7-oxanor- 

bornene derivative was first polymerized, followed by the galactose-derivatized 

norbornene and the mannose-substituted norbornene monomers, two distinct 

sets of products were observed. These were identified by modification of the re¬ 

sulting polymers by acetylation, and analysis of the products by GPC. With this 

protocol, it was found that the product was composed of short polymers (DP= 
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15) and long polymers (DP=56), indicating that the reaction of the 7-oxanor- 

bornene derivative afforded significant amounts of terminated products. At¬ 

tempts to use the emulsion polymerization conditions with another spacer 

monomer, the norbornene diol derivative, resulted in the isolation of two sepa¬ 

rate polymers, one which was due to the polymerization of the diol and the other 

from the mannose-substituted monomer (Fig. 16C). With monomers of differ¬ 

ent solubilities, the rates of phase transfer complicate the polymerization proc¬ 

ess. Homogeneous triblock polymers could be generated by altering the se¬ 

quence of monomer additions. The most reactive mannose-substituted mono¬ 

mer, the tricyclic norbornene imide derivative [55], was polymerized first to 

minimize termination events. Treatment of the resulting intermediate with ei¬ 

ther of the spacer monomers and then with the 7-oxanorbornene-appended 

mannose derivative proceeded smoothly. The random and block copolymers 

can be used to develop additional structure and function relationships that will 
further illuminate multivalent binding events. These synthetic studies, however, 

are significant in the absence of biological data. They illustrate some of the 

methods that can be employed to overcome the obstacles encountered in the 
synthesis of water-soluble polymers by living ROMP. 

3.9 

CI2(PCy3)2RuCHPh Polymerization to Generate Analogs of Sulfated Glycoproteins 

Sulfated saccharides are critical constituents of many fundamental biological 

processes. For example, the selectins, proteins that facilitate the recruitment of 

white blood cells to the blood vessel wall in inflammation, bind several densely 

O-glycosylated, sulfated proteins [56]. The saccharide epitopes that bind to the 

selectins are negatively charged, as they possess anionic substituents including 

sialic acid and/or sulfate groups, and these serve as a basis for monomer design. 

The stability of the ruthenium carbene initiator to this type of functionality had 

not been explored. Thus, a first goal was to determine whether ruthenium initi¬ 

ators could facilitate the polymerization of sulfated carbohydrate derivatives, 

and to this end, monomers containing simple sulfated mimics of natural selectin 

ligands were designed. The initial monomers that were constructed possessed 3- 

sulfogalactose or 3,6-disulfogalactose epitopes; these saccharides share the 

charge distribution of the two putative L-selectin binding units: sulfatides and 

epitopes from the glycoprotein GlyCAM-1 (Fig. 18A-C). An oxanorbornene or 

norbornene acid derivative with a short linker attaching the carbohydrate was 

chosen as the template [45,46]. 

The initial polymerizations were conducted with both homogeneous and 

emulsion conditions. In the homogeneous reactions, a mixture of metha- 

nokdichloroethane was used to dissolve the sulfated monomer, and the initiator 

was introduced as a solution in dichloroethane. These reactions did not proceed 

to completion, even upon heating. During the reaction, the formation of a pre¬ 

cipitate was observed, which could be attributed to the growing polymer chain. 

Although the monomer is soluble in methanol as a triethylammonium salt, the 



R, = H, R2 = S03‘ or R-i = S03', R2 = H 

Fig. 18. Sulfated carbohydrates were polymerized under emulsion conditions using the de¬ 
fined ruthenium catalyst to provide glycoprotein mimics 

product polymers, which are significantly more polar, are soluble only in aque¬ 

ous solution. These results demonstrate that multivalent sulfated saccharide de¬ 

rivatives can be synthesized by ROMP, but new conditions were sought that 

might be amenable to living polymerization. The application of emulsion con¬ 

ditions, using low concentrations of DTAB detergent (1.6 equivalents) to facili¬ 

tate product isolation, resulted in a rapid almost complete reaction of the mon¬ 

omer. 

The multivalent sulfated polymers were evaluated for their ability to inhibit 

the binding of the selectins to their ligands. The assay involved monitoring the 

binding of a human leukemia cell line (HL60 cells), which display selectin lig¬ 

ands on their cell surfaces, to immobilized recombinant L, P, or E-selectin 

(Fig. 19). The monomers did not display any activity, but the polymers were 

highly effective inhibitors (IC50 values as low as 0.084 mM). Interestingly, the 

polymers produced under homogeneous conditions were more potent inhibi¬ 

tors of all three selectins than those generated under emulsion conditions. The 

differences in potency maybe due to variations in the average lengths of the pol¬ 

ymers that are generated under the distinct reaction conditions. In the case of 

the homogeneous polymerization reactions, the high polarity of the monomers 

may diminish the rates of initiation and/or propagation, leading to products of 

broad molecular weight distributions. Longer polymers may exhibit increased 

potency in bioassays, as was observed with the ConA system. Polymer size influ¬ 

ences activity, but the carbohydrate epitope is also critical. The differences be¬ 

tween saccharide epitopes are most striking for the emulsion polymers. While 

the 3-sulfogalactose emulsion polymer shows weak inhibition of P-selectin, the 

3,6-disulfogalactose emulsion polymer is a selective, potent, P-selectin inhibitor. 

The 3,6-disulfogalactose emulsion polymer has an IC50 value 500-fold lower 

than sLex, a naturally occurring monovalent ligand. Overall the results of this as- 
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Compound 
P-selectin 
(IC50 mM) 

L-selectin 
(IC50 mM) 

E-selectin 
(IC50 mM) 

X=0, R=H 2.2 75% @3.0 2.9 

x=o, r=oso3- 0.084 1.7 90% @ 3.0 

sLex 3.4 ±0.27 3.5 ±0.18 3.3 ±0.17 

a 
Compound 

P-selectin 
(IC50 mM) 

L-selectin 
(IC50 mM) 

E-selectin 
(IC50 mM) 

X=0, R=H 7.8 0% @20.0 20 

x=ch2, r=h 1.2 0% @20.0 0% @20.0 

x=o, r=oso3- 13% @20.0 13% @20.0 13% @20.0 

x=ch2, r=oso3- 0.17 18 58% @ 20.0 

Fig. 19. The sulfated glycoprotein mimics were tested for biological activity against the se- 
lectin family of proteins, which are involved in the inflammatory response. These results 
suggest that length may be a factor in the selectivity of polymers for different proteins 

say indicate that selective inhibitors can be generated by modifying not only the 

carbohydrate epitope but also the length of the polymer. 

3.10 
Use of Sulfated Polymers to Cause Novel Biological Changes 

A recent application of multivalent ligands, which were generated by ROMP, sug¬ 

gests new strategies for manipulating cell surfaces. To date, most of the biologi¬ 

cal activities of the multidentate ligands created by ROMP have focused on the 

synthesis of materials for investigating and inhibiting multivalent protein-sac¬ 

charide binding events. This study indicates that multivalent ligands can be used 

to cause clustering of specific receptors at the cell surface, and this clustering can 

lead to the proteolytic release of the target receptor into circulation. The ap¬ 

proach may lead to a new method for regulating the presence of proteins at the 

cell surface [57]. 
The interest in using saccharide-substituted polymers to bind and cluster cell 

surface proteins arises from studies of L-selectin, a protein involved in inflam¬ 

mation. L-selectin binds glycoproteins that display complex carbohydrates, and 
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glycoprotein-inspired materials have been assembled to explore the effects of 

multivalency on L-selectin recognition. These carbohydrates, 3’-sulfoLex, 3',6'- 

disulfo Lex, and 3',6-disulfo Lex, when displayed in a multivalent array more ac¬ 

curately mimic physiological selectin ligands. A synthesis of the trisaccharide- 

substituted monomers was developed. These monomers could be polymerized, 

using the emulsion conditions developed for the sulfated galactose polymers, to 

afford complex polymeric glycoprotein analogs in a single step (Fig. 20). Future 

studies relying on the production of water soluble materials of this type will be 

greatly facilitated by the recent development of a water-soluble ruthenium 

carbene initiator [54,58]. 
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L-selectin can be proteolytically released from the surface of white blood cells 

and this release occurs under physiological conditions [59]. A soluble form of L- 

selectin is found in human blood, but higher concentrations are associated with 

some disease states. It is not known how the proteolysis of L-selectin is regulat¬ 

ed,^1>ut circumstantial evidence suggest that binding of L-selectin to glycopro¬ 

tein mimics might trigger its release. Therefore, the glycoprotein analogs were 

tested for their ability to cause the cleavage or shedding of L-selectin from the 

cell surface. The 3',6-disulfo Lex polymer could effectively cause L-selectin shed¬ 

ding, but the corresponding monomer could not [60]. These studies highlight 

the ability of the glycoprotein analog displaying 3',6-disulfo Lex, which has the 

ability to cluster L-selectin on the cell surface, to induce the proteolytic release 

of L-selectin from the cell surface. White blood cells that have lost their L-selec- 

tin can no longer function in an inflammatory response; therefore, these mole¬ 

cules may lead to the development of new anti-inflammatory strategies. 

The glycoprotein mimics, like other selectin inhibitors, compete with natural 

ligands for selectin binding by non-covalent association. Yet, these agents have 

an activity that conventional inhibitors do not possess: they can cause a change 

in covalent bonding (covalent bond cleavage). Ligand-induced shedding irre¬ 

versibly modifies the cell surface. Because a number of proteins can be released 

from the cell, these results may serve as a blueprint for the design and synthesis 

of molecules that can surgically remove unwanted proteins from the cell surface. 

Thus, access to these glycoprotein analogs through ROMP has facilitated the dis¬ 

covery of a new physiological process, which can be selectively activated. The 

use of bioactive polymers to modulate the cell surface receptor population is a 
new horizon for controlling inter- and intracellular recognition and signaling. 

4 

Conclusion 

The synthesis of neobiopolymers using ROMP is a rapidly growing area. Ad¬ 
vances in the chemistry of ROMP have led to new strategies for the creation of 

glycoprotein, peptide, and nucleic acid analogs. In addition, polymers equipped 

with bioactive groups may be useful for targeted drug delivery or for vaccine de¬ 

velopment. To date, most researchers exploiting ROMP chemistry have focused 

on the synthesis of unique polymers with potential biological uses. Significantly, 

studies of carbohydrate-substituted polymers synthesized by ROMP reveal that 

these materials can have potent biological activities. They can illuminate under¬ 

lying mechanisms in biological recognition processes, act as potent inhibitors of 

physiological recognition events, and facilitate cellular processes including the 

removal of deleterious proteins on the cell surface. The exciting opportunities 

for applying tailored polymers to manipulate biological systems depend on new 

* advances in the chemistry of ROMP and an understanding and recognition of 

potential biological applications. It is this synergy that will lead to the creation 

of original classes of neobiopolymers and their uses in imaginative applications. 
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