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Olefin-Metathesis Catalysts

Catalytic olefin metathesis has quickly emerged as one of the

Angewandte
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most often-used transformations in modern chemical synthesis.

One class of catalysts that has led the way to this significant

development are the high-oxidation-state alkylidene complexes
of molybdenum. In this review key observations that resulted
in the discovery and development of molybdenum- and tung-
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sten-based metathesis catalysts are outlined. An account of the

utility of molybdenum catalysts in the synthesis of biologically
significant molecules is provided as well. Another focus of the

3. Ring-Opening Metathesis Polymerization
(ROMP) Catalyzed by Molybdenum-

review is the use of chiral molybdenum complexes for enan-
tioselective synthesis. These highly efficient catalysts provide  4-Achiral Molybdenum-Based Olefin-

unique access to materials of exceptional enantiomeric purity

and often without generating solvent waste.

1. Introduction

Metal-catalyzed olefin metathesis has had an enormous
impact on organic synthesis. A myriad of small-, medium-,
and large-ring carbo- and heterocycles, and a wide assortment
of acyclic unsaturated molecules are now readily accessible
through this important class of reactions.'*! Stereoselective
methods that utilize catalytic metathesis and successful
complex-molecule total syntheses that have strategically
benefited from this remarkable transformation are being
disclosed in increasing numbers. Reports of new metal
complexes that promote selective metathesis reactions that
were not feasible before, catalysts that can be applied to large-
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Figure 1. Tungsten-based olefin-metathesis catalysts.
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scale or combinatorial syntheses, or catalysts that are
recyclable or deliver unprecedented levels of efficiency and
selectivity continue to adorn our leading journals. Much of
this “revolution” in organic synthesis is a consequence of the
development of well-defined and functional-group tolerant
molybdenum- and ruthenium-based catalysts that are now so
widely used.

Herein we first provide an account of the journey that
eventually resulted in the discovery and development of high-
oxidation-state tungsten and then molybdenum imido alky-
lidene complexes. We will refer to a comprehensive list of
tungsten-based (Figure 17)) and molybdenum-based cata-
lysts throughout this review (Figure 2('*" for achiral com-
plexes and Figure 3% and Figure 40'“"***>! for chiral
complexes. In Section 2 of this article we review the design
and development of these tungsten and molybdenum-based
alkylidene complexes for olefin metathesis, and in Section 3
we discuss the utility of molybdenum-based imido alkylidene
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Figure 2. Achiral molybdenum-based olefin-metathesis catalysts. [a] Isolated with an additional 2,4-dimethylpyridine ligand (see 8b). [b] Isolated

with an additional quinuclidine ligand.

complexes as catalysts for ring-opening metathesis polymer-
ization (ROMP). In Section 4, we review the use of achiral
molybdenum-based catalysts in the synthesis of relatively
complex organic molecules. In Section5, the ability of
enantiomerically pure chiral molybdenum-based catalysts to
afford optically pure or enriched organic compounds is
presented. When relevant data are available, molybdenum-
based and ruthenium-based catalysts will be compared (see
also Section 6). For additional details the reader can refer to
other articles that cover the discovery and development of
high-oxidation-state alkylidene complexes for olefins meta-
thesis®>" and their early applications to polymer synthe-
sis.** % The reader may also consult recent reviews concern-
ing olefin metathesis in organic synthesis.['*
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1.1. The Basic Process and Key Intermediates in the Catalytic
Cycle

The key step in olefin metathesis is a [24-2] addition of an
olefin (for example, trans-RCH=CHR'; Scheme 1) to a metal-
carbon double bond (for example, in I) to give a metal-
lacyclobutane complex (for example, II in Scheme 1). Metal-
lacyclobutane II can decompose in a retro [2+2] reaction
either to give I and trans-RCH=CHR' again, or to give a new
metal alkylidene I' and trans-R'CH=CHR’, as shown in
Scheme 1. Further reaction of I' with ftrans-RCH=CHR'
then yields (for example) II', which can decompose to yield
trans-RCH=CHR and I. Metallacycles analogous to II (or II')
can form in which R’ (or R) substituents on one or both
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Figure 3. Chiral molybdenum-based catalysts for olefin metathesis bearing a 2,6-diisopropylaryl imido ligand. Complexes 11q and 11r to date
have not exhibited catalytic metathesis activity and are shown here only for the purpose of discussion. Ad =adamantyl, Ts =tosyl.

o carbon atoms and the 3 carbon are cis to one another. cis
Olefins can be generated upon cleavage of these metalla-
cycles. Therefore, as shown in Scheme 1, trans-RCH=CHR'
would be transformed catalytically into an equilibrium
mixture of approximately two parts of RCH=CHR’' (a
mixture of cis and frans) and one part each of R*CH=CHR’
(cis and trans) and RCH=CHR (cis and trans).” =) Metalla-
cycles that do not lead to new olefins may be formed as well.
For example, addition of trans-RCH=CHR' to I so that R is
on the [ carbon atom of the metallacycle and an R’ group is
present on each of the o carbon atoms (as opposed to II in
Scheme 1) would result in a degenerate metathesis reaction,
four of which are possible if both cis and trans olefins are
considered. Compounds I and I' are referred to as the
propagating alkylidenes, since they are the two possible
alkylidene complexes that can be formed from any alkylidene
that initiates the catalytic cycle.

A number of variations of the basic reaction shown in
Scheme 1 are known which allow the starting olefin to be
converted completely into products. Perhaps the simplest is
that in which R’ is a proton, in which case one of the products
is ethylene. If ethylene is removed during the reaction, RCH=
CH, would be consumed completely to give cis- and trans-
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RCH=CHR. If an a,w-diene were employed and if ethylene
were removed during the reaction, a cyclic olefin would be
formed. These and many other variations form the basic set of
transformations that are now used by chemists to access a
variety of olefinic products by treatment of readily available
alkenes with metal alkylidene initiators.

1.2. A Historical Perspective
1.2.1. lll-Defined Metathesis Catalysts

Early molybdenum- and tungsten-based homogeneous
olefin-metathesis catalysts were prepared in a wide variety of
ways from various types of starting materials in which the
metal was in an oxidation state between o and vi.'”* Typical
syntheses that began with W"' complexes involved reactions
between WCls or W(O)Cl, in chlorobenzene and an alkylat-
ing agent, such as an alkyl aluminum, alkyl lithium, or alkyl
stannane. Although such catalytic systems were examined
extensively by physical organic techniques (see Section 1.2.2),
the oxidation state of the metal and the nature of the ligands
were never determined. For this reason, and in contrast to
“well-defined” catalysts (isolable and characterizable com-
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Figure 4. Chiral molybdenum-based catalysts for olefin metathesis bearing various imido ligands.
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Scheme 1. A representative metal-catalyzed olefin-metathesis reaction.
Metallacyclobutanes Il and 1I" and the propagating alkylidene com-
plexes | and I' are key intermediates for productive metathesis. (Only
metathesis of a trans olefin to give trans products is shown.)
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plexes that are essentially identical to intermediates in the
catalytic reaction), early catalysts now may be considered “ill-
defined.” Today, a metal-containing compound that provides
catalytic activity, but is not directly related to the catalyst that
is actually present in the reaction, would be called a “catalyst
precursor” or a “precatalyst.”

In virtually all ill-defined systems the percentage of metal
that is active at any one time is thought to be small
(< 1%).P"*1 This is one of the reasons why characterization
of the active species in these circumstances has not been
possible. Many catalysts have been shown to be exceedingly
active (> 100 turnovers per second based on metal added),
but they are also generally the shortest-lived (minutes). Ill-
defined catalysts often tend to produce side products, or are
readily deactivated by common Lewis basic functional groups.
As a consequence of these features, the activity of ill-defined

Angew. Chem. Int. Ed. 2003, 42, 4592 — 4633
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catalysts, even if reproducible, cannot be controlled in a
rational manner. In addition, organic molecules frequently
undergo side reactions promoted by various requisite metal-
containing activators. Therefore, although much was learned
about the metathesis reaction, and many applications to
polymer synthesis were discovered® *! (see Section 3), the
use of ill-defined catalysts in the synthesis of organic
molecules that contain functional groups is relatively
rare. !

Complications observed in connection with the use of ill-
defined catalysts, and the lack of a plausible mechanistic
platform that would allow for an interpretation of selectivity
and reactivity data, pointed to the preparation of well-defined
catalysts as a compelling research objective. Well-defined
metathesis catalysts are those that 1) are essentially identical
to the active species in terms of metal oxidation state and
ligand coordination sphere, 2) react with olefins to yield
observable new carbene complexes derived from those
olefins, and 3) are stable enough to be characterized through
spectroscopic means and preferably also X-ray structural
analysis.

1.2.2. Fischer Carbenes as Metathesis Catalysts and Related
Mechanistic Studies

In 1964 Fischer and Maasbol reported the reaction of
phenyl lithium with [W(CO)] to give an anionic complex
which contains an acyl ligand.”! Protonation followed by
treatment with diazomethane yielded the first deliberately
synthesized “metal carbene” complex, [(CO);W=
CPh(OMe)]. This species contains 18 electrons in metal-
based orbitals. Reports of hundreds of compounds that bear a
heteroatom-stabilized (usually O or N) carbene ligand soon
followed.™ In such species the heteroatom is believed to
stabilize a partial positive charge on the carbene carbon atom,
thereby leading to their being characterized as “electrophilic
carbenes,” since the M=C bond would then be polarized with
a partial negative charge (0—) on the metal center and a
relative positive charge (6 +) on the carbene carbon atom,
that is, (0—)M=C(5 + ). It is appropriate to view a carbene
ligand that contains one or two heteroatoms bound to the
o carbon atom as being neutral with a metal-carbon bond
order between one and two. Therefore, [(CO)sW=
CPh(OMe)] contains W(0) and this type of complex falls
into the category of a carbene complex in which the metal is in
a low oxidation state. In the early 1970s a large volume of
research on heteroatom-stabilized carbene complexes was
carried out and several comprehensive reviews were pub-
lished.**" Since many Fischer-type carbene complexes had
been prepared when interest in olefin metathesis gathered
steam in the late 1960s, Fischer carbenes naturally were
scrutinized as possible olefin-metathesis catalysts.

In the 1970s several significant publications concerning
the mechanism of olefin metathesis appeared. Some of the
most important results were published by the groups of
Casey,™  Chauvin,®! Dolgoplosk,”™ Grubbs,F*?! and
Katz.”**! A detailed discussion of these and related studies
can be found in various early reviews> and texts.’’*)
Grubbs et al.,’"! Katz and McGinnis,”® and Chauvin and
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Hérisson®! demonstrated convincingly that metal-catalyzed
olefin metathesis is the result of a non-pair-wise exchange of
alkylidene fragments. Hérisson and Chauvin are given credit
for first proposing in 1971%**! the now widely accepted
mechanism illustrated in Scheme 1. Casey et al. synthesized
[(CO)sW=CPh,] and showed that it reacts with certain olefins
in a manner consistent with the metallacyclobutane mecha-
nism.¥! The expected new carbene could be detected under
certain circumstances, but many other products (e.g., cyclo-
propanes) were also observed, and metathesis products were
formed only in substoichiometric quantities. Katz et al.*¥
showed that when [(CO);W=CPh,] and even [(CO)sW=
CPh(OMe)] are added to certain strained cyclic olefins, the
cyclic olefins are polymerized slowly to give the polymers
expected from ring-opening metathesis polymerization
(ROMP; see Section 3 for more details). These investigations
collectively provided strong evidence that metal carbene
complexes are indeed intermediates in olefin metathesis
reactions. However, in spite of the fact that the initial metal
complex was well-characterized in many of the above
investigations, none rigorously established the nature of the
actual catalyst, and no propagating metal carbenes were
detected in a catalytic metathesis reaction. Since Casey et al.
reported in 1979 that [(CO)sW=CHPh] decomposes above
—60°C and does not yield metathesis products upon reaction
with olefins,® it seems unlikely that Fischer-type W(o)
complexes would be the propagating species in reactions in
which some catalytic metathesis activity was observed.®

1.3. “High-Oxidation-State” Carbene (or Alkylidene) Complexes
of Tantalum

At the time that early examples of metathesis with ill-
defined, homogeneous, W and Mo catalysts were known,
there were no reports of metathesis reactions promoted by ill-
defined tantalum-based catalysts.F”* Yet, tantalum-based
complexes played a crucial role in our understanding how
effective W and Mo catalysts might be designed, since
metathesis activity ultimately could be observed with certain
newly discovered and carefully tuned “high-oxidation-state”
carbene complexes. Therefore, Ta complexes will be consid-
ered in this historical perspective.

The events that led to the discovery of the first tantalum-
based alkylidene began in 1974 with the synthesis of
pentamethyltantalum,’®" the first pentaalkyl complex of Ta.
Pentamethyltantalum was found to decompose (sometimes
explosively) above 0°C through unidentified intermolecular
pathways.® To inhibit bimolecular decomposition, attempts
were made to synthesize [Ta(CH,fBu)s], in which bulky
neopentyl groups would replace the much smaller methyl
ligands. However, as illustrated in Scheme 2, these attempts
did not lead to [Ta(CH,/Bu)s], but to formation of the
tantalum-based carbene 18, the first example of a stable M=
CHR complex, through an intramolecular decomposition of
intermediate [Ta(CH,Bu)s].[! The intramolecular decom-
position consists of abstraction of an o hydrogen (proton) by a
neighboring alkyl group (a base). Compound 18 is unusually
robust thermally; it melts at around 70°C and can be distilled

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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in vacuo. It is sensitive to oxygen, water, and a variety of
functionalities, among them ketones and aldehydes, with
which it reacts to yield polymeric [(1BuCH,);Ta=0], and the
expected olefin.[*! Therefore 18 is related to an alkylidene
phosphorane,® and may be viewed as a Ta(v) alkylidene
species. Complex 18 differs sharply in several respects from
Fischer-type complexes where a heteroatom is bound to the
carbene ligand (see above).* Among these differences are
the polarities of the M=C bonds (e.g., (6 +)Ta=C(d—) as in
Scheme 2 vs. (0—)W=C(d +) in [(CO)sW=CPh(OMe)]) and
the number of electrons in metal-based orbitals (10 for the Ta
species versus 18 for the W complex). Note that the 18-
electron count in [(CO)sW=CPh(OMe)] would require that
one CO ligand be lost to give a 16-electron species before an
olefin can react and form the required metallacyclobutane
intermediate. In contrast, no (covalently bound) ligand could
be lost from the 10-electron tantalum species under mild
conditions, nor would any have to be.

The synthesis of Ta alkylidene 18 established that steri-
cally hindered covalently bound ligands can stabilize elec-
tronically unsaturated (< 18electron) pseudotetrahedral
alkylidene complexes towards bimolecular decomposition.
Accordingly, further exploitation of the principle of steric
protection, and investigation of neopentyl complexes in
particular, became critical in the study of high-oxidation-
state alkylidene complexes and their development as olefin-
metathesis catalysts.

As depicted in Scheme 2, a-hydrogen (proton) abstrac-
tion offers an attractive method for the generation of high-
oxidation-state alkylidene complexes. In this context, it was
demonstrated that such processes can be induced by coordi-
nating  solvents.["] For  example, yellow-orange
[Cl;Ta(CH,Bu),][19, Eq. (1)] is stable in pentane. In contrast,
dissolution of 19 in THF results in formation of purple, 14-
electron [Cly(thf),Ta=CHBu] (20).!

Compound 19 reacts with [TICp] (Cp =CsHs) to afford
[CpCL,Ta=CHBu] (21; Scheme 3), the first of the new
alkylidene complexes whose reactivity towards olefins was

Bu\ C|3| (|:I cl
"TaCl +2THF CO—T;\— M
| 71PN\
. u/ L § c”l e
" swe () 20

explored in detail.!””! Complex 21 undergoes reaction with
terminal olefins to give products derived from [-hydride
rearrangement of a tantalacyclobutane intermediate. As
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shown in Scheme 3 for the reaction between 21 and
ethylene, the intermediate (unobservable) tantalacycle
22 rearranges in the presence of ethylene to yield cis-
and trans-4,4-dimethyl-2-pentene, 4,4-dimethyl-1-pen-
tene, and tantalacyclopentane 23.°! It is presumed
that: 1) the two observed olefin products are bound to
Ta in a [CpTaCly(olefin)] complex immediately upon
rearrangement of 22; 2) olefin products are displaced by
ethylene to yield [CpTaCl,(ethylene)]; 3) [CpTaCl,-
(ethylene)] subsequently reacts with ethylene to yield
23.%1 Olefin complexes and tantalacyclopentanes ultimately
were investigated more extensively in the analogous Cp* (-
CsMe;) system.[*®)

gy Cl g <
g el He=cr | g, T,
Kla —_— Cl\l\; a=\Bu cl a?
sl < ci £u
u
19 21 22
= 2 HyC=CH,
|
Me N BY A BY CC]'“/Ta;"" N\
23

Scheme 3. (-Hydride rearrangement of a tantalacyclobutane formed by
reaction of a tantalum-based alkylidene complex with ethylene.

The reactions shown in Scheme 3 suggested that although
a metallacyclobutane forms when a Ta neopentylidene reacts
with ethylene, it rearranges more rapidly than it converts into
tert-butylethylene and a Ta methylene complex analogous to
21. It was subsequently shown that complexes such as
[Cl;(PMe;),Ta=CH¢Bu] react with olefins in a similar fashion
to afford olefinic products through rearrangement of unob-
servable tantalacyclobutanes, and that even 20 [Eq. (1)] is a
short-lived metathesis catalyst for cis-2-pentene.” In an
important contrast, however, it was demonstrated that
[(PMe;)(O1Bu),ClTa=CHrBu] (24) reacts with styrene in the
presence of PMe; to provide the isolable benzylidene com-
plex, [(PMe;),(OrBu),ClTa=CHPh] (25; Scheme 4). In addi-
tion, when treated with cis-2-pentene in the presence of PMe;,
Ta complex 24 or the analogous Nb system 26 promote the
metathesis of cis-2-pentene (25-30 turnovers) at room tem-
perature.”’ This was the first time that an alkylidene
complex analogous to the initial alkylidene species could be
isolated upon reaction with an olefin.!! However, the
ethylidene and propylidene intermediates which were
formed in the metathesis of cis-2-pentene (Scheme 4),
apparently rearranged readily to give ethylene and propylene,
respectively, and therefore could not be observed. Rearrange-
ment of ethylidene and propylidene intermediates to olefins is
one reason why metathesis by 24 or 26 is not long-lived. It was
demonstrated later that some tantalacyclobutane and alkyli-
dene complexes derived from them could be observed if three
bulky phenoxide ligands were bound to the Ta center.”>"*
Thus, it was clear that bulky alkoxide ligands are beneficial to
sustained metathesis reactions involving Ta or Nb alkylidene
complexes.

Angew. Chem. Int. Ed. 2003, 42, 4592 — 4633
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Scheme 4. The first example of an isolable high-oxidation-state metal
alkylidene complex (25) formed in a reaction between a well-character-
ized metal alkylidene catalyst (24) and an olefin, and catalytic metathe-
sis with 24 and 26.

In spite of the above discoveries, the prospects for Ta-
based alkylidene complexes as effective catalysts for use in
organic synthesis did not appear promising. Tantalum alky-
lidene complexes do not reform readily from intermediate
tantalacyclobutanes relative to the rate at which they
rearrange (as shown in Scheme 3), and electron-deficient Ta
alkylidene complexes are transformed to an olefin when the
alkylidene bears a p proton.”™

2. Design and Development of Tungsten- and
Molybdenum-Based Alkylidene Complexes for
Catalytic Olefin Metathesis

Three important findings that emerged from studies
involving Ta alkylidene complexes were relevant to alkene
metathesis: 1) entirely new (high oxidation state) alkylidene
complexes could be prepared and isolated, 2) alkoxides
(relative to chlorides as ligands) appeared to promote meta-
thesis, and 3) electron-deficient and sterically crowded pseu-
dotetrahedral alkylidene complexes that contain only cova-
lently bound bulky ligands (including the alkylidene) can be
stable. On the basis of the high metathesis activity of ill-
defined catalysts described in Section 1.2.1, it seemed likely
that some type of high-oxidation-state tungsten- or molybde-
num-based alkylidene complexes were the active species.
However, exactly what class of metal alkylidene complexes
should have been sought or how they might have been
prepared was unclear. It was nonetheless appreciated that an
alkylidene would have to be stable to bimolecular decom-
position if it were to be detected. Moreover, an alkylidene
that contains a § proton would have to be stable with respect
to rearrangement to an olefin. Finally, loss of an alkylidene
o proton to yield an alkylidyne complex, another type of high-
oxidation-state species (see Section 2.2),"" had to be avoided.
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2.1. Early Tungsten-Based Metathesis Catalysts

A tungsten-based complex believed to be a plausible
target as a well-defined catalyst for olefin metathesis was five-
coordinate [(fBuO),W=CHrBu]. (The advantages of a steri-
cally crowded pseudotetrahedral coordination sphere were
not appreciated at that time.) The first reaction shown in
Scheme 5 (between 27 and 28) was an attempt to prepare

0 cl i al
BLDI-\!!'. OB | G | P, B0 0By
~ + BgPa=—, —= C—W=0 Ta
807 OB o7 | Mgy B L, 807 “osu
27 28 PEh 29 30
R #R
a R=H |I/0F'El] Y AIC (trace)
b R=Ef - BhCL1h

c|7w=0 -
cR=Ph  Eup o 3

Scheme 5. Synthesis of tungsten-based oxo alkylidene complexes from
a tantalum alkylidene complex.

[(rBuO),W=CH¢Bu] through exchange of an oxo ligand on W
with an alkylidene on Ta.”””® Instead, the oxo alkylidene
[(PEt;),CLW(O)(CHrBu)] (29, SchemeS5) and 30 were
formed quantitatively. Assembly of 29 suggested that an oxo
ligand might help stabilize an alkylidene and that alkylidenes
other than a neopentylidene therefore might be observable.

The electron count of the metal center in 29 is 18, since the
oxo ligand donates one of its two electron pairs to the metal to
create a pseudo triple bond.”” Therefore it did not seem likely
that 29 could react with an olefin unless a phosphane or a
chloride ligand were lost to yield a 16-electron species.
Nevertheless, it was found that 29 would metathesize terminal
and internal olefins very slowly. However, the rate of
metathesis was accelerated dramatically in the presence of a
trace of AICL." It was in this context that the methylene
complex [(PEt;),CLW(O)(CH,)] (31a in Scheme 5) and new
alkylidene complexes that contain [} protons, such as 31b,
were observed for the first time.” Since it later was
demonstrated that addition of one equivalent of AICl; (in
CH,Cl,) to [(PEt;),CL,W(O)(CH?Bu)] (29, Scheme 5) yielded
the 16-electron cationic species [(PEt;),CIW(O)(CHzBu)]
[AICL,],B" and since [(PEt;),CIW(O)(CHBu)][AIC],] would
metathesize terminal and internal olefins (in CH,Cl,; up to
~ 100 turnovers in 24 h at room temperature), a small amount
of [(PEt;),CIW(O)(CH/Bu)][AICL,] was believed to be
responsible for the metathesis of olefins by [(PEt;),Cl,.
W(O)(CHrBu)] in the presence of a trace of AICl;. Interest-
ingly, the 16-electron complex [(PEt;)CL,W(O)(CHBu)]
could be isolated and crystallographically characterized and
shown to metathesize cis-2-pentene for a short time.””! On the
basis of these data, the metal oxidation state that is
appropriate for efficient metathesis activity was proposed to
be WY, where the alkylidene is counted as a dianionic ligand.
However, it was clear that bimolecular decomposition of
alkylidene complexes other than a neopentylidene was still
problematic. Decomposition was likely to be most rapid for
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methylene complexes, since even 18-electron [Cp,MeTa=
CH,| had been found to be unstable towards bimolecular
decomposition. ¥

Related advances were disclosed by Osborn and co-
workers,**l who found that addition of various Lewis acids
(such as AlBr3) to [(OCH,tBu),(CH,tBu),W=0] leads to the
formation of metathesis catalysts.*! Accordingly, it was found
that oxo-free alkylidene complexes represented by
[(OCH,tBu),Br,W=CH:Bu] (32, Scheme 6) could be iso-

o} OAIBry
BUCH,Ow ) ~CHBu  AlBry BUCHZOn CH, By
BUCH; HofBu = | BuCH H,Bu
% [AIOB], + MeBu
|
i i
Bu BUCHOn b =
{or[GaBra ) [AIBrT | BucH.0r = ™! "E Scin "'WL“Br
BUCHO 33 | (orGaBry) 32

Scheme 6. Formation of metathesis-active cationic tungsten-based
alkylidene complexes.

R. R. Schrock and A. H. Hoveyda

those prepared by Fischer and co-workers>*) such as
[Br(CO),W=CPh], did not metathesize alkynes. The discov-
ery of the first high-oxidation-state alkylidynes of Mo and W
of the type [(fBuCH,);M=CrBu] in 1978" within a few years
led to the development of high-oxidation-state alkylidyne
complexes that would metathesize alkynes, and in the process,
to an understanding of what might be required to prepare
well-defined Mo or W catalysts for olefin metathesis.

The development of well-defined catalysts for alkyne and
alkene metathesis took place more or less simultaneously and
are strongly linked. For this reason, a brief description of
high-oxidation-state Mo and W alkylidyne complexes is
provided below.

2.2.1. Synthesis of Well-Defined Tungsten- and Molybdenum-
Based Alkylidyne Complexes

The first practical synthesis of a high-oxidation-state
alkylidyne complex of tungsten consists of the reaction
between [W(OMe);Cl;] and six equivalents of neopentyl
magnesium chloride (Scheme 7). Sequential abstraction of

lated,®™! and that 32, in turn, could be trans- o 6equiv Bu
formed by Lewis acids into cations of the type Meo"‘vlv-"“c' CiMg™ > 8 < - 3equiv HCI [ (G
[(OCH,Bu),BrW=CH/Bu)]* (33). These cat- Meo” | e — AT B T Mo B
ions effectively promoted metathesis of inter- OMe Neu 35 @I/OMG 36
nal olefins and gave rise to observable prop-
agating alkylidenes.™ o NHTMir
O It should be noted that Pr \©/
O the above tungsten- »LioR 10’;‘(”\"% \Q
P';h O"\All‘/\g Pr based ' complexes, 4'7 II\IJ,«EI N o HT o 37
L \pr along with those later RO' I\N\/Bu Meo;w MeO—WE=—Bu
pp BuU discovered by Basset RO DME +2LiCl - <Cl |OMe 39 ¢ Sve 38
34 and co-workers (such  40a R=CCH3(CFy)

as 34),%% are among 400 R=8u

the few high-oxida-
tion-state metathesis catalysts that do not
contain a second multiply bound ligand in
addition to the alkylidene. The neopentoxides
were found to be crucial to the preparation and reactivity of
the class of tungsten-based catalysts discovered by Osborn
and aryloxides were found to be critical to the catalysts
prepared by Basset.

2.2. Alkylidyne Complexes and Alkyne Metathesis

The first reported homogeneous catalysts for alkyne
metathesis were prepared from molybdenum hexacarbonyl
and a phenol.”™* However, reactions promoted by such
complexes were slow and the active species and mechanism
could not be identified. Katz and McGinnis™ proposed a
catalytic cycle for alkyne metathesis that is analogous to that
suggested for alkene metathesis (see Scheme 1), which
involves a reversible reaction between a metal-carbon triple
bond and an alkyne to give a metallacyclobutadiene. Alky-
lidyne complexes that were known in the mid 1970s, namely
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Scheme 7. Synthesis of tungsten-based imido alkylidene complexes from alkylidyne
complexes; TMS = Me;Si.

two o hydrogen atoms (neopentyl—neopentylidene—neo-
pentylidyne) and complete alkylation at the metal center
gives the neopentylidyne complex 35 (Scheme 7). The
precise sequence of reactions that leads to 35 is not known.
Compound 35 is a yellow crystalline compound that melts at
approximately 70 °C and can be distilled in vacuo, properties
that are reminiscent of [(tfBuCH,);Ta=CHrBu] (18,
Scheme 2). As shown in Scheme 7, treatment of 35 with
three equivalents of HCl in the presence of dimethoxyethane
(dme) produces [(dme)Cl;W=CrBu] (36) quantitatively.
Tungsten-based alkylidyne 36 can be converted readily
into a variety of mononuclear compounds with the formula
[(OR);W=CrBu], as long as the alkoxide groups are sterically
demanding (e.g., OR=0rBu, OCMe(CF;),, or O-2,6-
(iPr),C.H;)."**! Compounds of this type were found to be
highly active for alkyne metathesis and were the first well-
defined catalysts for this reaction.”*’**** The expected
intermediate alkylidynes could be observed in alkyne meta-
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thesis reactions when bulky electron-withdrawing alkoxides
were present, and were isolated and characterized. The
structure of intermediate trigonal-bipyramidal (TBP) metal-
lacyclobutadienes could be elucidated by crystallography as
well. A representative example of an isolable metallacyclo-
butadiene is the triaryloxytungstacyclobutadiene shown in
Equation (2).”1 This species can act as a catalyst for alkyne

@

metathesis since it undergoes a retro [2+2] reaction to yield
an alkyne and a triaryloxytungsten alkylidyne complex.
Compound 36 (Scheme 7) reacts with an alkyne to afford a
five-coordinate trichlorotungstacyclobutadiene analogous to
the triaryloxytungstacyclobutadiene shown in Equation (2),
but the trichlorotungstacycle reacts further, and irreversibly,
with another alkyne equivalent to generate a W' cyclo-
pentadienyl complex.”” These studies confirmed that alk-
oxide ligands promote metathesis-like reactions, while chlor-
ides encourage side reactions that destroy the alkylidyne. On
the basis of these studies it was suggested that the most
successful tungsten-based olefin-metathesis catalyst might be
a pseudotetrahedral species that contains sterically demand-
ing alkoxide ligands.

Pseudotetrahedral molybdenum-based alkylidyne com-
plexes that contain bulky alkoxide ligands were synthesized
by techniques similar to those used to prepare the tungsten-
based complexes and were shown to be active for alkyne
metathesis.""*! With alkoxide or phenoxide ligands bound to
the Mo center, alkyne metathesis proved to be efficient, while
alkyne metathesis could not be detected when halide ligands
were present. Intermediate  molybdacyclobutadienes
appeared to be less stable than the corresponding tungstacy-
clobutadienes toward loss of alkyne and alkylidyne reforma-
tion.

Application of alkyne metathesis to organic synthesis is
enjoying increased attention today as a consequence of the
development of well-defined high-oxidation-state W and Mo
catalysts analogous to those described above.'" Although
alkyne metathesis may not have the scope and potential of
alkene metathesis, it is not complicated by the formation of
stereoisomers. Controlling the formation of cis or trans (or E
or Z) isomers in olefin metathesis for the most part remains
an unsolved problem.
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2.3. Development of Imido Alkylidene Complexes as Olefin-
Metathesis Catalysts

Tungsten-based complex 29, shown in Scheme 5, and
related systems proved to be fully functional olefin-meta-
thesis catalysts in the presence of AICl;, which probably
removes a chloride to generate an electron-deficient cationic
species (< 18 electron). However, metathesis activity was
limited by since alkylidene complexes other than the neo-
pentylidene were unstable towards bimolecular decomposi-
tion, a process that might include ligand redistribution (e.g.,
chloride transfer) or alkylidene coupling to give an olefin. The
success of using sterically bulky alkoxide ligands in promoting
metathesis (of olefins or alkynes) suggested that a complex
such as [W(O)(CHrBu)(OrBu),] might be a viable target as a
well-defined catalyst. Indeed, substitution of the chlorides in
29 with tert-butoxide groups led to formation of [(PEt;)(Ot-
Bu),W(O)(CHsBu)] but this species decomposed in solution
or in the solid state at room temperature.®” It was thus
recognized that an oxo ligand is not sufficiently sterically
bulky, that is, it can bridge between metal centers and
encourage bimolecular decomposition. Thus, a search for
alkylidene complexes that contain an imido ligand in place of
an isoelectronic oxo ligand, namely [W(NR)(CHsBu)(OR'),],
was initiated.

To maximize steric protection at the metal center by the
imido (NR) group and limit the ability of the imido ligand to
bridge between metal centers, complexes bearing N-2,6-
iPr,CsH; (NAr) were targeted. Sterically more demanding
candidates such as N-2,6-(rBu),CsH; were rejected on the
basis of projected synthetic difficulties. For this reason, a
route to [W(NAr)(CHzBu)(OR’),] species became the imme-
diate goal. An attractive strategy involved alkylidyne com-
plexes, which were being studied intensely at the time. Since
neopentylidynes had been prepared by removing two o pro-
tons from neopentyl ligands, it seemed possible that one
might be able to add a single proton to an alkylidyne to
prepare an alkylidene.

2.3.1. Synthesis of Tungsten- and Molybdenum-Based Imido
Alkylidene Complexes

The strategy of transferring a proton from an amido
nitrogen to an alkylidyne carbon atom was first established in
a paper published in 1982.1° Thus, amido neopentylidyne
complexes of the type [(NHR)CL,L,W=CrBu] (R=H or Ph;
L =PEt; or PMe;) were reported to be transformed into the
related imido neopentylidene complexes, [(NR)CLL,W=
CH1Bu], upon heating or addition of a base, such as triethyl-
amine; an example is shown in Equation (3). Reactions
analogous to those in Equation (3) where Ar=2,6-iPr,CsH;
were not attempted. Perhaps the main problem with the

-

N
| «PEts || PEts
Cl—=W=—=28u Cl=_W= ®
Etap/c ! toluene, 70 °C Etsp/c l Bu
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method shown in Equation (3), as far as preparation of the
desired [W(NAr)(CHsBu)(OR),] is concerned, is that phos-
phanes could coordinate to the W center and possibly limit
high catalytic activity of the resulting [W(NAr)(CHz-
Bu)(OR’),] species.

Six years later it was found that analogous transforma-
tions could be carried out on dimethoxyethane complexes, as
depicted in Scheme 7. The amido alkylidyne complex 38 was
prepared by the reaction of 36 with 37. Upon treatment with a
catalytic amount of Et;N, 38 was transformed quantitatively
into 39." Miscellaneous observations in the last fifteen years
suggest that the type of reaction represented by the con-
version of 38 into 39 can proceed in the opposite direc-
tion.*1%21 Accordingly, the energetic difference between an
amido alkylidyne and an imido alkylidene complex (for
example, 38 and 39, respectively, in Scheme 7) must not be
large. Proton migrations between anionic C or N centers in
d® metal complexes of the type described are related to the o-
hydrogen (proton) abstraction (Scheme 2) in which a neo-
pentylidene ligand is formed (irreversibly) from two neopen-
tyl ligands.

When the chloride ligands in tungsten-based alkylidene 39
(Scheme 7) are replaced with sterically demanding alkoxide
groups, four-coordinate 40a and 40b can be isolated; these
should be considered as 14-electron complexes, since the
imido ligand donates its electron pair to the metal center to
form a pseudo triple bond. Dimethoxyethane, which binds to
the metal only as a chelating ligand, does not remain bound to
the crowded bis(alkoxide) species for steric reasons. The fact
that all four ligands in W alkylidene complexes 40 are
sterically demanding and covalently attached to the transi-
tion-metal center accounts for their stability toward bimolec-
ular decomposition, a theme that harkens back to the stability
of [(tBuCH,);W=CrBu] (35, Scheme 7) and [(BuCH,);Ta=
CHrBu] (18).

The Mo alkylidyne complex [(fBuCH,);Mo=CtBu] is
prepared less efficiently than the analogous tungsten-based
alkylidyne 35 (Scheme 7). Moreover, the alkylidyne pathway
to imido alkylidene compounds (Scheme 7) requires that five
out of six neopentyl groups are discarded enroute to
alkylidyne 36. Accordingly, an alternative synthesis of molyb-
denum imido alkylidene complexes was sought. Towards this
end, it was established that [Mo(NAr),(dme)Cl,] (41,
Scheme 8) can be prepared in large quantities from
Na,MoO,, two equivalents of ArNH,, eight equivalents of

2 equiv ANH,, | Ar 2 equiv)i R l\llAr
8 equiv TMSCI <Cl CIM )< =
NapMoOy ————————»  MeO-MOo=NAr e m""'l/'o_NAr
4equiv EN, DME c” |
Oome 41 42
R
3equiv
Pr Pr 2equiv  Pr Pr TiOH
:u XoBu '|\|1$on R ANHOTF
BUO\UI ' Meo-—/Mé*— +MezCR
BuO 3a L IOMe s

R =Me or Ph; Ar = 2,6(iPr),CeHg

Scheme 8. The route for practical synthesis of molybdenum-based
alkylidene complexes; OTf=[CF;SO;]".
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Me;SiCl, and four equivalents of triethylamine in dimethoxy-
ethane. Alkylation of 41 with neopentyl or neophyl Grignard
reagents affords 42, which upon treatment with three
equivalents of triflic acid gives the 18-electron bis(triflate)
43, in which the Mo=C bond survives further attack by the
strong acid (cf. 35—36 in Scheme 7). In the presence of
various alkoxide or aryloxide salts (Li, Na, or K), including
even relatively weak nucleophiles, such as LIiOCMe(CF5),, 43
is converted into Mo alkylidene complexes represented by 3a
in Scheme 8."! These molybdenum-based bis(alkoxy)aryl
imido alkylidene complexes are stable as long as the alkoxide
ligand has sufficient steric bulk to prevent bimolecular
decomposition. A complete list of Mo complexes of this
general type can be found in Figure 2.

The route outlined in Scheme 8 is the preferred method of
synthesizing Mo imido alkylidene complexes. As can be seen
from the list in Figure 2, catalysts have been prepared that
contain a variety of aryl imido ligands. The only alkyl imido
complexes of this general type that have been isolated are 1-
adamantylimido species such as 8a or 8b (Figure 2). Note that
complexes that contain the relatively small OCH(CF;), or
OCiF; ligands can be isolated only as adducts with a suitable
base (3m, 4n, or 8b; see also Section 2.3.3). The distinct
reactivity and selectivity patterns arising from variations in
the aryl imido ligands of molybdenum-based chiral com-
plexes, and the unique attributes of the derived adamantyli-
mido systems, are among the topics discussed below in the
context of catalytic asymmetric olefin-metathesis reactions.

Tungsten imido alkylidene complexes can also be pre-
pared by methods related to those shown in Scheme 8, where
alkylidyne complexes are not involved.®

2.3.2. syn and anti Alkylidene Isomers of Imido Alkylidene
Complexes

In four-coordinate molybdenum- and tungsten-based
imido alkylidene complexes (Figures 1-4) the imido ligand
is bound to the metal through a pseudo triple bond. That is,
the electron pair on the nitrogen atom is donated into an
empty d orbital on the metal center. Therefore the M-N-C,
angle is approximately 180°, and the d orbital on the metal
that is involved in the formation of the M=C bond must lie
perpendicular to the N-M-C,,, plane. Thus, the metal
complex can exist as two stereoisomeric forms. As shown in
Scheme 9, one isomer is the syn alkylidene, where the
substituent R points towards the imido ligand. The other is
the anti alkylidene, where the substituent points away from
the imido nitrogen atom. Studies concerning the structural
and reactivity differences of syn and anti alkylidene com-
plexes of Mo (largely) and W, and the equilibrium between
them, have led to a number of important mechanistic insights
into olefin metathesis. Selected experimental observations are
summarized below. Many of these findings, as well as a
number of other details that cannot be explored easily by
experimental methods, have been probed by several groups
through a variety of theoretical studies.'””!

M=CHR complexes can be detected readily by "H NMR
spectroscopy. In all the complexes in Figures 1-4, the
resonance signal of the alkylidene H, usually is found
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Scheme 9. syn and anti Mo and W alkylidene complexes are intercon-
vertible. The rate constant for syn to anti conversion (k,,), and the
reverse (k,), are influenced by electronic and steric factors that affect
the energy of intermediate I.

between O = 8-14 ppm. The resonance that corresponds to the
typically minor anti isomer, if it can be seen, appears 1-2 ppm
downfield of the syn H, resonance. A reasonably reliable
method of identifying the isomer is the J coupling constant;
Jcy for the syn isomer is typically approximately 125 Hz, while
for the anti isomer it is typically about 140 Hz. Often only the
syn isomer can be detected in routine NMR spectra, since so
little anti isomer is present. However, the minor anti isomer is
detected in many situations, especially in the aryl oxide
complexes shown in Figure 3 and Figure 4.

In 1992, it was demonstrated that Mo complex 3d
(Figure 2, G =CMe,Ph), which exists almost exclusively as
its syn isomer at 22 °C, can be transformed into an equilibrium
1:2 mixture of anti and syn alkylidene complexes upon
photolysis (360 nm) of the sample in [Dg]toluene at —78°C
(see Scheme 9).%1%] When the light is turned off and the
temperature raised above —78°C, the anti isomer reverts back
to the syn form in a reaction that is first order in anti-3d. In
this manner, it was determined experimentally that anti
alkylidenes can interconvert with their syn isomers either
thermally or photochemically by rotation about the M=C
bond.

Rate constants for conversion of the anti into the syn
isomer (k,,) have been determined at temperatures between
—78°C and 22°C for a variety of Mo complexes. Once the
location of the anti H, resonance signal was determined, the
equilibrium constant between syn and anti isomers could be
measured at room temperature, although in some cases with
difficulty on account of the large magnitude of K., (K.,=
[syn]/[anti]). From K, and k,, at 22°C values (measured or
calculated from temperature studies), &, may be determined
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at 22°C (K4 =k,/ky,). Values for K., usually range from
approximately 20 to around 2000 and both k,, and k,, tend to
vary significantly as a function of the alkoxide and the imido
ligand. For example, comparison of k, for 3a and 3d, which
have nearly the same K, values (toluene, 22°C; Scheme 9),
reveals that the syn isomer of the fert-butoxide complex
converts into the anti isomer ~ 10* times more rapidly than in
the hexafluoro-tert-butoxide analogue.

As illustrated in Iin Scheme 9, the d orbital in the N-M-C
plane, which is involved in the formation of the pseudo triple
bond between the imido nitrogen atom and the metal center,
also participates in the formation of a M=C bond in the
rotated alkylidene. The M-N-C;, angle therefore is likely to
decrease in I, although it is not clear whether the imido
substituent would point away or towards the alkylidene.'®9 A
plausible model that explains the difference in &, for 3a and
3d is that the electron-withdrawing alkoxide groups in 3d
strengthen the M—N pseudo triple bond, thereby rendering
access to the rotated alkylidene I (Scheme 9) energetically
more costly. The rate of interconversion of syn and anti
isomers often changes with the nature of the imido group, the
alkylidene ligand, and the metal center (W versus Mo).l* If
photolysis in [Dg]toluene at —78°C does not establish an
equilibrium between anti and syn isomers, then spin satura-
tion transfer is a possible alternative method of determining
the rate of interconversion of anti and syn isomers. Spin
saturation transfer has been employed in studies involving
aryloxide complexes."*!%

Stereoelectronic factors are at least partially responsible
for the fact that syn alkylidenes are energetically favored. As
illustrated in III in Scheme 10, and supported by theoretical
studies,'™ an agostic interaction!" is proposed to exist
between the C,—H, bond and the transition-metal center.
Such a stabilizing hyperconjugation (0c_y—0%y,-n) increases
the m character of the C,—H, bond, thereby lowering /-y and
increasing the triple-bond character of the Mo=C, bond.
Crystallographic studies support the validity of such inter-
actions. As an example, as illustrated in Scheme 10, the X-ray

w? Ho m

Pr Pr

CeHoPrs N 7]

N I WN<

oMo _CyMe,Ph
(@) o

CGHQIPF3

syn11h

Mo-C,-Cy = 149.5°
Mo-C,, = 1.840 A

Mo-C,-Cy = 128.1°
Mo-C, = 1927 A

Scheme 10. Hyperconjugative effect proposed to be present in the syn
alkylidene complexes and representative structural consequences.
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structure of syn-11h""*! is comparable to that of the closely
related anti-12£1° except for two significant differences:
1) anti-12f contains a smaller Mo=C,—C; bond angle
(128.1(6)°) than syn-11h (149.5(10)°), and 2) anti-12f has a
longer Mo—C,, bond (1.927(9) A) than syn-11h (1.840(12) A).
Such differences can be explained in terms of the aforemen-
tioned agostic interaction.

On the basis of the structural differences between syn and
anti isomers discussed above, it is not surprising that the two
isomers exhibit disparate reactivity profiles, at least when
determination of a difference is possible. For instance, in the
case of Mo complex 3d the anti isomer is estimated to be at
least 100-times more reactive than the corresponding syn
alkylidene toward 2,3-bis(trifluoromethyl)norbornadiene
(NBDF,) at —78°C. In contrast, it has been estimated that
anti-3a is possibly 10°-times more
reactive than syn-3a towards
NBDF; at 22°C.'"" It is generally
presumed that an alkylidene/
olefin complex is a transition

R. R. Schrock and A. H. Hoveyda

donor ligands, such as THF, PMe;, pyridine, or quinuclidine
(see Figures 3 and 4 and Scheme 10 for THF and pyridine
adducts).'"” In all cases reported to date, the donor has been
found to add to a CNO tetrahedral face (one of two
pseudotetrahedral faces with the imido nitrogen, the alkyli-
dene C,, and an alkoxide oxygen atom at the corners), to
afford a trigonal bipyramidal complex in which the new ligand
is bound in the axial position (Scheme 11). When the alkoxide
groups are electron-withdrawing, as in 3d (Scheme 11), and
the donor (L) is PMe;, then the initial adduct contains the
alkylidene in the syn orientation (e.g., syn-3d-PMe;). This is
because the phosphane ligand binds tightly to the perdomi-
nating syn isomer (K.,~1400 for 3d). With time, as
illustrated in Scheme 11, the syn adduct loses the phosphane
to give a small concentration of the base-free species, the

state on the pathway to formation on I\HO\VG #Z» or '\HOVG Ksa onMos _L» ou"MO\\
of a metallacyclobutane inter- Fc—< <T FcA < kA d \G Fac—A d %
mediate. Accordingly, the lower  FsC Me )~Me ] FiC Me y—Me ka5 FiC Me )—Me 7_ FiC Me —Me
reactivity of the syn isomer might FsC CF3 FaC CFg FaC CFg L FiC CFg
result in part from steric interac- syn-3d-L syn-3d anti-3d anti-3d-L

tions between the alkylidene sub-
stituent and the aryl imido groups
in IV depicted in Figure 5, as

Scheme 11. syn and anti metal alkylidene complexes form adducts with various donor ligands (L).
Interconversion between the two isomers, however, requires loss and reassociation of the donor
ligand (G=CMe,Ph).

R? R? R? ; “R?
A

N~ N
RO, I N . RO, I R H
O o
P
H R
v v

Figure 5. Steric interactions in the square-pyramidal (SP) complex
formed upon coordination of olefin substrate may be partly responsi-
ble for lower reactivity of syn alkylidenes towards an olefin (ethylene
used as example).

compared to those in the anti isomer V. (See below for
further discussion and evidence.) anti Alkylidenes may
exhibit higher reactivity owing to the increased Lewis acidity
of the metal center (more effective association with the -
donor olefin substrate), which is consistent with the hyper-
conjugative interactions mentioned above (Scheme 10), and
the strength of the interaction between the metal center in
anti alkylidenes and two-electron-donor ligands such as
phosphanes (see Section 2.3.3).

2.3.3. Molybdenum and Tungsten Imido Alkylidene Complexes
with Various Donor Ligands: Mechanistic Implications

In general, four-coordinate Mo and W imido alkylidene
complexes can form monoadducts with good two-electron-
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alkylidene rotates about the M=C bond (syn-3d—anti-3d) in
the base-free form, and the phosphane binds again to yield the
thermodynamically more stable adduct of the anti isomer.
Note that the syn alkylidene is favored (K., = 1400) in base-
free 3d, while the anti alkylidene is the predominant adduct in
3d-PMe;. Coordinating bases bind strongly to electron-poor
metal centers, as in hexafluoro-tert-butoxides, and weakly to
relatively electron-rich metal centers, as in fert-butoxide
complexes; however, the strength of the metal-donor-ligand
interactions have not yet been quantified.

The crystal structure of syn-3d-PMe; shown in Figure 6
reveals a significant steric repulsion between the Bu group of
the alkylidene and one of the o-iPr groups of the imido ligand;
such a claim is based on essentially identical values (= 156°)
for the Mo-N-C,,, angle in the imido ligand, which is
normally about 180°, and the Mo-C,-C; angle in the neo-

F
C 3Me

MegP=—Mo
o \\:fﬂu
FicA
Me CF,

Figure 6. Structure of the PMe; adduct of [(NAr){OCMe(CF;),},Mo=
CHtBu].
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pentylidene ligand, which is typically around 140°. This effect
is the same interaction discussed in Section 2.3.2 and pre-
sented in Figure 5. Interaction between an o-iPr group and
the syn alkylidene substituent is probably at least partially
responsible for destabilizing the syn-L adduct, thus lowering
the reactivity of the syn alkylidene complex towards
two-electron donors, which include olefins. Reactivity differ-
ences therefore can depend dramatically on the nature
of the substituent on the alkylidene and the nature of the
imido ligand. For example, there is evidence that syn and
anti isomers of the l-adamantylimido Mo complex 8a
(Figure 2) are approximately equally reactive towards
NBDF,.['*

When the alkoxide ligand is relatively small and electron-
withdrawing, the derived neopentylidene or neophylidene
complex is stable toward bimolecular decomposition only as a
Lewis base adduct. As an example, Mo alkylidene 3m (see
Figure 2), where OR = OCH(CF;3),, can be isolated only as its
2,4-dimethylpyridine complex.'” Similarly, bis(hexafluoroi-
sopropoxide) Mo alkylidene 8b, bearing the relatively small
adamantylimido ligand, is isolated only as a 2,4-dimethylpyr-
idine complex.!”

A number of enantiomerically pure Mo systems exist as
THF adducts (Figure 3 and Figure 4). It is noteworthy that a
base adds to the same diastereotopic CNO face of a complex,
regardless of the diolate, imido group, alkylidene isomer, or
the donor molecule (see the pyridine complex 11h in
Scheme 10)."7" This trend suggests that one face of an
enantiomerically pure catalyst is sterically more accessible
(see Section 5 for a detailed discussion).

Among THF-bound chiral Mo complexes are those that
bear an electron-withdrawing 2,6-dichlorophenylimido ligand
(e.g., 13a-d in Figure 4). The smaller size of the 2.,6-
dichlorophenylimido group (compared to the NAr ligand)
in combination with its greater electron-withdrawing ability
encourages the donor molecule to coordinate to the more
electron-poor and sterically accessible metal center. In a
similar fashion, complexes that bear diolate ligands which
provide a significant amount of space in their chiral pocket (as
judged by examination of molecular models) are isolated as
pyridine or THF complexes. Representative examples of
the latter type are substituted binaphtholate Mo complexes
11i-m in Figure 3 and 12 e in Figure 4.

In the presence of coordinating solvents, such as THF
(especially at low temperatures), syn and anti complexes in
which the donor solvent is bound to the metal center can
usually be detected.!'*!31%! In some cases all four diastereo-
meric solvent adducts can be detected at low temperature,
where exchange of the bound THF is slow.1*®! At elevated
temperatures, NMR spectroscopic evidence suggests that
donor solvent molecules (usually THF) first begin to disso-
ciate from the less Lewis acidic syn complexes (see Scheme 9)
and subsequently from the more Lewis acidic anti com-
plexes."™ Dissociation of donor solvent molecules is more
facile in the case of sterically more demanding chiral ligands,
or when bulky and more electron-donating imido groups are
present.

If a coordinating solvent dissociates readily from syn and
anti isomers, then interconversion of the two alkylidenes may
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proceed through rotation about the Mo=C bond. In con-
nection with the effect of a Lewis basic ligand on the
efficiency of alkylidene isomerization, it has been determined
that the rate of interconversion between syn and anti isomers
of 3d, a Mo complex that bears electron-withdrawing
alkoxide ligands, is significantly slower in [Dg]THF than in
[Dg]toluene."™ Whereas for most Mo alkylidene complexes
the value for AS* is aproximately O in [Dg]toluene, the
relatively large and positive value for AS™ obtained in
[Dg]JTHF (420 to 25calmol™' K™') is consistent with a
process that requires rate-limiting loss of Lewis basic THF
from the metal center.'™ These values also suggest that the
alkylidene rotates in four-coordinate species, not five-coor-
dinate base adducts.

On the basis of the discussion so far, one might suspect
that five-coordinate base adducts of imido alkylidene com-
plexes cannot react directly with olefins, since the donor
ligand effectively blocks coordination of the olefin. All
evidence to date suggests that this is the case.

One might question whether an olefin adduct of an
alkylidene complex is observable. An alkylidene/olefin com-
plex, distinct from a metallacycle, has been detected in NMR
spectra at low temperatures in only one instance, one which
involves cationic catalysts of the type studied by Osborn and
Kress (see Scheme 6 and the related discussion).®! Alkyli-
dene/olefin intermediates have not been observed in any
imido alkylidene bis(alkoxide) complexes of Mo or W.

The strength of coordination of a base to an imido
alkylidene bis(alkoxide) complex, and the degree to which the
base stabilizes that alkylidene complex towards bimolecular
decomposition (see Section 2.4.2), depend on the size and
electronic characteristics of the alkylidene, alkoxide, and
imido ligands, and, of course, the Lewis base. We have
discussed primarily adducts of neopentylidene or neophyli-
dene complexes in which the alkoxides and imido ligands are
sterically demanding and are inherently relatively stable
toward bimolecular coupling of alkylidenes to form a
disubstituted olefin (e.g., trans-di-tert-butylethylene). There-
fore, complexes that contain disubstituted alkylidenes should
be even more stable toward bimo-
lecular alkylidene coupling. For
example, diphenylmethylene com-
plexes (such as 450'J that contain
small alkoxide groups) which in F.C N
solution are largely base-free at

concentrations of approximately FC OO(
10 mM, can be isolated. At the g Ph
other end of the steric scale are FiC” "CFRy

methylene complexes, no base-free
example of which has been isolated.
Thus, while complex 46 has been
isolated and characterized,l’’ the corresponding methylene
species has only been detected as a Lewis base adduct,
phosphane complex 47 being one example.”

The base adducts of alkylidene complexes can still be
reactive, if the base is labile enough to provide a significant
concentration of the free alkylidene, under conditions where
the alkylidene does not decompose bimolecularly. For
example, the 24-dimethylpyridine complex 8b (Figure 2)

45 L =2 4-dimethylpyridine
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readily polymerizes (o-TMS)phenylacetylene.'>'®) When the
base is pyridine, the adduct is virtually inactive toward (o-
TMS)phenylacetylene, while the 2,5-dimethylpyridine com-
plex analogous to 8b is unstable as a consequence of the high
concentration of the base-free species formed in solution
which then decomposes bimolecularly.

2.4. Olefin Metathesis Catalyzed by Imido Alkylidene Complexes
2.4.1. Reactions of Tungsten- and Molybdenum-Based Alkylidene
Complexes with Olefins

Alkoxide-bearing W imido alkylidene complexes, such as
those illustrated in Figure 1, are highly active catalysts for the
metathesis of internal olefins."?¥ Catalyst activity for
metathesis of an unfunctionalized internal alkene, such as
cis-2-pentene (to generate 2-butenes and 2-hexenes), is higher
with W complex 1d, which bears OCMe(CF;), ligands, than
with 1a, which contains OrBu groups. Differences in catalyst
activity can be attributed in a general sense to the increased
electrophilicity of the metal center in a given isomer (syn or
anti), although the rate of equilibration of syn and anti
isomers, and their relative reactivities are also important
aspects of overall reactivity (see Scheme 9 and related
discussion).

Two types of tungstacyclobutanes, each of which has
distinctive '"H and “C NMR spectra, have been observed
under a variety of conditions.”*! Crystallographic studies
indicate that these metallacyclobutanes possess either a
trigonal-bipyramidal (TBP, 48, Figure 7) or a square-pyrami-
dal geometry (SP, 49, Figure 7). In certain instances, both
geometries have been observed in solution and found to
interconvert without loss of an olefin. In each type of
metallacycle (SP or TBP) the W—C, bond lengths are
relatively short (2.05-2.15 A) compared to typical W—C,
bond lengths in ordinary W" alkyl complexes (2.20-2.25 A).
Moreover, it was established that SP com-
plexes are more stable towards loss of olefin
when they contain a relatively electron-
donating alkoxide group (e.g., OrBu) and
TBP systems are most stable when their
alkoxide ligands are relatively electron-with-
drawing (e.g., OMe(CF;),). However, it has
not been determined which metallacycle, if
either, is formed directly upon reaction of the
alkylidene complex with an olefin.

Unsubstituted tungstacycles (illustrated
by 48 in Figure 7), can be formed under
conditions where ethylene is generated. More
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Figure 7. Tungstacycobutanes have been isolated, characterized, and
shown to exist as trigonal-bipyramidal (TBP; 48) or square-pyramidal
(SP; 49) complexes.

unsubstituted than substituted metallacycles have been iso-
lated and characterized, since loss of ethylene occurs more
readily from unsubstituted metalacycles than the rate with
which substituted metalacyclcles loses alkenes.*!'") There-
fore, unsubstituted metallacycles may be the dominant and
detectable species in solution whenever ethylene is gener-
ated. Like five-coordinate base adducts of alkylidenes, five-
coordinate metallacycles are relatively stable towards bimo-
lecular decomposition and thus can serve as reservoirs for
reactive alkylidenes.

Isolation and study of tungstacyclobutanes revealed
another noteworthy mechanistic principle: formation of a
metallacyclobutane does not necessarily guarantee that an
olefin undergoes metathesis. For example, reaction of tung-
sten-based complexes 1d with TMSCH=CH, leads to the
formation of TBP metallacyclobutane 50 (Scheme 12) which
has been isolated and structurally characterized.”” Complex
50 contains trans TMS groups, rendering it a possible
intermediate en route to the formation of trans-1,2-bis(trime-
thylsilyl)ethylene (trans-TMSCH=CHTMS). Nevertheless, as
illustrated in Scheme 12, metallacycle 50 selectively loses
vinyltrimethylsilane to afford 51 (not TMSCH=CHTMS and
the tungsten-based methylidene species); therefore vinyl-
trimethylsilane is not metathesized by 1d to generate

Scheme 12. Bis(trimethylsilyl)tungstacyclobutane 50, isolated and characterized by X-ray
crystallography, breaks up to afford silylalkylidene complex 51 (not TMSHC=CHTMS),
which suggests that not all metallacyclobutanes lead to productive metathesis.
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ethylene and TMSCH=CHTMS. This result suggests that
transformations between certain terminal olefins might prove
to be selective in favor of formation of cross-metathesis
products versus those derived from homometathesis reac-
tions’[lll—llS]

Similar to tungsten-based systems, molybdenum-based
complexes (Figures 2-4) are highly active olefin-metathesis
catalysts, particularly when electron-withdrawing alkoxide
groups are present (e.g., 3d, Figure 2).5>%1 One advantage of
molybdenum-based catalysts is that molybdacyclobutane
intermediates appear to break up more readily than their
tungsten counterparts. Thus, in a molybdenum-catalyzed
metathesis process, an unsubstituted metallacyclobutane is
less likely to serve as a reservoir of a Mo=CH, complex.

No other anionic ligands in Mo and W imido alkylidene
complexes to date have proven to be as successful as
alkoxides for sustained metathesis activity.” This situation
arises either because alternative ligands are not bulky enough
to stabilize an electron-deficient metal center and prevent
decomposition (e.g., halides) or because such ligands donate
too much electron density to the metal in a o and/or &t fashion
(e.g., amides). Recent examples of the latter effect are
complexes 11q and 11r (Figure 3); no reaction was observed
between 11q or 11r and ethylene or even benzaldehyde.”

2.4.2. Pathways that Lead to Catalyst Decomposition

Two main mechanistically elucidated routes lead to a
depletion of catalyst concentration during a typical meta-
thesis reaction; in each of these processes, reduced (Mo"
W) species are generated. Such decomposition pathways are
the following: 1) Rearrangement of metallacyclobutanes to
olefins. For example, the reaction shown in Scheme 13

Pr’ ; ~iPr 2 equiv Pr ; ~iPr

Me N Me  ZsiMm iM
F.C I IMes  FyC SiMe,
F N onMos, Anen y >l\0" M°\>
FC / Ve
0} _ Me SiMes
F3C/f\Me /\("Ph F. C/)\
CF, 3d Me 3¥ CF, 52
iPr Pr 2> SiMe,
FsC e 'ﬁl
Me,Si” >7"siMe, + Fsc>\\o-")M0\/ SiMe,
3
o
FiC C|:3Me 53

Scheme 13. One pathway that results in decomposition of molybde-
num-based metathesis catalysts leads to molybdenum(iv) olefin com-
plexes, such as 53.

involving 3d, leads to formation of a Mo" olefin complex 53
as a consequence of B-hydride rearrangement of an inter-
mediate  o,a’-disubstituted metallacyclobutane  (52).114
2) Bimolecular decomposition of alkylidene complexes. This
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pathway, which is fastest for methylene complexes, leads to
the formation of olefins as a result of coupling of two
alkylidenes (Scheme 14). The fert-butoxide complex 3a upon

I Me ethylene |
Bu
OBt S ..ph 54
,C=CH,
lPrJiN;\/Pr Q\ HaC=CH,
BuOr. N\, ~OBu
12 M M N N
BuO0™ *~oBu <7- N|||o
Pr PR Bu0"/ "=CHe
HoC=CH, OBu
56

Scheme 14. Pathways that lead to the generation of dimeric complexes,
such as 56, also account for decomposition of molybdenum-based
metathesis catalysts.

reaction with ethylene is converted into a detectable (by
"H NMR spectroscopy) SP metallacyclobutane (54), which in
turn decomposes to afford imido-bridged dimeric system 56
via methylene complex 55.% It has been proposed that 56 is
formed via an intermediate that contains two bridging
methylenes, which subsequently loses ethylene.''¥! Bimolec-
ular decomposition of methylene complexes was demon-
strated most convincingly for the 18-electron species
[Cp,(CH;)Ta=CH,] early in the development of high-oxida-
tion-state alkylidene complex chemistry.®?

More recent studies involving the enantiomerically pure
binaphtholate complexes 11j, 11k, and 111 (see Figure 3)
indicate that some propylene is formed as well upon decom-
position of unsubstituted molybdacyclobutane species.”
These investigations suggest that decomposition of unsubsti-
tuted molybdacyclobutane compounds derived from binaph-
tholate complexes is faster in the absence or the presence of
ethylene. Accelerated decomposition in the absence of
ethylene can be ascribed to displacement of the equilibrium
between an unsubstituted metallacyclobutane and a methyl-
ene complex (for example, between 54 and 55 in Scheme 14)
in favor of the latter, which subsequently decomposes
bimolecularly. However, decomposition of an unsubstituted
metallacyclobutane to give propylene in the presence of
ethylene was unexpected. Clearly, additional mechanistic
studies will be required to elucidate decomposition pathways
of imido alkylidene complexes and their metallacyclobutane
counterparts. Regardless of various mechanistic intricacies,
the above findings indicate that since ethylene is generated in
a metathesis reaction involving a terminal olefin, it is
especially important to consider carefully the conditions
under which the transformation is carried out (for example,
whether a closed or open vessel is employed).
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3. Ring-Opening Metathesis Polymerization
(ROMP) Catalyzed by Molybdenum-Based Imido
Alkylidene Complexes

Olefin metathesis has many variations, among them
reactions that lead to polymers. Examples include the ring-
opening metathesis polymerization (ROMP) reaction,"%!
polymerization of terminal alkynes 12311311 step_growth
polymerization of dienes,'"""® and cyclopolymerization of
1,6-heptadiynes."'”'?! Studies concerned with ROMP of
norbornenes has led to an elucidation of the reactivity
patterns of syn and anti alkylidenes. The results of these
investigations are detailed below.

ROMP reactions were of great interest to polymer
chemists long before questions regarding the exact nature of
the active catalyst began to be addressed rigorously.®”** The
development of well-defined catalysts provided new oppor-
tunities for increasing our understanding of the mechanism of
ROMP. As illustrated in Scheme 15 for norbornene, in

l|\|lAr
Ro\.--l)ﬂowG ll\llAr
n —> RO '}Ao\‘{§\\\ z n G

Scheme 15. ROMP and cleavage of the polymer with benzaldehyde in a
Wittig-like reaction.

ROMP reactions a cyclic olefin reacts with the alkylidene to
give a metallacyclobutane that is ruptured to afford a new
alkylidene into which the cyclic species has been incorpo-
rated.’+¥121122] The new alkylidene may continue to react
with the cyclic olefin in a similar manner to form a polymer
with repeating units consisting of the “opened” alkene. If
intermediates of this type escape decomposition during the
process, and if the ring-opening step is irreversible, then such
ROMP reactions are referred to as living; another monomer
can be added after consumption of the first, which results in
the formation of block copolymers. Alternatively, the poly-
mer may be cleaved from W or Mo through reaction with a
benzaldehyde. In processes that are not living, ROMP
products can equilibrate to deliver mixtures that contain
other cyclic or linear olefins formed by secondary metathesis
processes.

3.1. Effect of Catalyst Structure (syn and anti Alkylidenes) on Rate
of Polymerization and Olefin Stereoselectivity

At —78°C the anti alkylidene isomer of Mo complex anti-
3d (Scheme 16) has been demonstrated to react selectively
with 2,3-bis(trifluoromethyl)norbornadiene (NBDFy) to pro-
duce the racemic syn “first insertion product” bearing a trans

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

R. R. Schrock and A. H. Hoveyda

Pfc.@p CFs3 PrQ\Pr

r
CF,
N 8 Me N
Ne I FCo__ .CFs
FoC FsC
oMo o~ MO\/@\/\
FC Q77 T\ FaC / G
O G —— 0
FoC™ L Me niiag F3C/(};:3Me syn+1,
CF,
Pr @/Pr oF, /PrQ\IPr
Me N Me
FsC N FsC>l\ N ‘CFs
Mo AT TN e
Fe” QT N C
Oax -
FC/*\M FC/)\M
3 CF3 e syn-3d s CF3 e syn+1,

Scheme 16. Different alkylidene isomers can lead to polymeric struc-
tures with varying backbone olefin stereochemistry (G=CMe,Ph).

olefin (syn + 1, in Scheme 16). This outcome can be explained
if NBDF, approaches one CNO face of the catalyst in the
manner illustrated in Scheme 16 (through the exo face of the
C=C bond), where the bridgehead methylene group of the
olefin substrate lies approximately over the “flattened” aryl
imido ring and the C=C and Mo=C bonds are approximately
parallel to one another.'™ Formation of the derived metal-
lacycle and subsequent ring-opening would then deliver a
trans alkene. Note that the syn+ 1, product now contains a
chiral § carbon atom, and that subsequent reaction of the
monomer at one or the other CNO face will not be energeti-
cally equivalent. It is estimated that NBDF, reacts with anti-
3d at least 100-times faster than with syn-3d at —78°C.

As depicted in Scheme 16, the syn alkylidene isomer of
the same Mo complexes (syn-3d) reacts with NBDF; to afford
selectively a syn Mo alkylidene that carries a cis alkene (syn +
1.). This reaction takes place readily only above 0°C.

The importance of these findings was underlined by the
subsequent discovery of the high cis content (=95 %) of the
polymer derived from NBDF; when 3d is employed as an
initiator.'” (For 3d K, =[syn)/[anti]=1400 at 22°C in
toluene, the anti form of the first insertion product, anti + 1.,
is not detected in routine NMR spectra; that is, K., was
estimated to be >100 for syn+ 1. and subsequent insertion
products.) Accordingly, syn alkylidene species are likely to be
responsible for the polymerization process. (anti Alkylidene
propagating species would deliver trans alkenes). The near
exclusive involvement of the syn isomer is the result of two
circumstances: 1) The anti isomer is not readily accessed
through rotation about the Mo=C bond on the time scale of
polymerization (k,,=7x10"s™" at 22°C). 2) Addition of
NBDF; to a syn isomer yields another syn isomer and a cis
alkene. Even though the anti isomer is the more reactive at
ambient temperature by at least two orders of magnitude, it
cannot be accessed rapidly and its concentration is low. The
modes of approach of substrate to a CNO face shown in
Scheme 16 are preferred in aryl imido complexes because the
flat aryl ring is expected to lie approximately in the trigonal
plane of the TBP transition state (where the incoming olefin
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occupies an axial position) and steric inter-
action between the incoming substrate and
alkoxide ligands can be minimized. Addi-
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Lewis acidic Mo complexes 3a (bearing ! syn+2y ’

OrBu ligands) affords a polymer in which
approximately 98 % of its backbone alkene
units are trans.'™ trans Linkages can be
formed through reactions involving only
anti alkylidenes (Scheme 17), if the follow-
ing assumptions hold:

1) The mode of approach of a monomer to an anti alkylidene
(Scheme 17) is the same as the proposed mode of
approach to a syn alkylidene (Scheme 16)

2) The tert-butoxide ligands in 3a deactivate the metal to the
point where the syn alkylidenes do not react with NBDF,
before the kinetically accessible (ky,=1s"") anti isomer
does, in spite of the fact that the concentration of the syn
alkylidene is nearly a thousand-times higher than the anti
isomer. Thus, if we assume that k,[anti] =100 k[syn] and
K.,=10’, then k,=10’, which indicates that the anti
alkylidene can be approximately five orders of magnitude
more reactive than the corresponding syn isomer toward
NBDFg.

For a more reactive monomer, such as norbornene, the above

mechanistic scenario may not hold and more cis linkages can

form.

It also has been demonstrated that when Mo complexes 8
are used instead of 3d (i.e., changing the aryl imido ligand to
an adamantylimido group), the initial syn and anti metal
alkylidene complexes appear to be approximately equally
reactive toward NBDF,. These findings suggest that the steric
and electronic properties of the imido ligand are of funda-
mental importance in determining polymer cis/trans struc-
ture.

In 1994, Feast, Gibson, and co-workers disclosed an
intriguing result demonstrating that the mechanistic pathway
for polymerization reactions catalyzed by molybdenum-based
catalysts might vary dramatically based on the nature of the
substrate.'”!?] These researchers established that 1,7,7-
trimethylnorbornene is polymerized slowly by the complexes
3d in CH,Cl, to give an all-trans polymer (not all-cis as with
NBDF) at a rate that is independent of substrate concen-
tration and with a rate constant that is essentially equal to the
k,, value measured for the catalyst at 22°C (7x10 > s™'). These
findings are consistent with a rate-limiting conversion of syn
into anti alkylidene. The anti alkylidene in turn reacts
relatively rapidly with the substrate monomer to afford a
syn insertion product with a trans alkene. Reaction of 1,7,7-
trimethylnorbornene with syn Mo alkylidenes, even highly
reactive 3d, essentially does not take place, presumably for
steric reasons.
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Scheme 17. In spite of predominance of the syn molybdenum-based alkylidene complexes,
the substantially higher reactivity of the anti isomers leads to the formation of all-trans
polymers (G=CMe,Ph).

3.2. Effect of Catalyst Structure on Polymer Tacticity
3.2.1. Achiral Catalysts and Chain-End Control of Stereochemistry

The ability to control cis/trans selectivity as well as the
relative stereochemistry between monomer units (tacticity)
are important features of ROMP with well-defined catalysts.
In ROMP reactions of norbornenes or norbornadienes that
contain a mirror plane, four stereoregular polymers can be
formed, as shown in Figure 8 for a generic disubstituted

a R, R RT.A:.‘.\\R Rin,— R
Ha Hpo Ha Hpb Ha Hp
b R «R R R
=R’ R
Ha Ho Hp Ha Ha Ho

Figure 8. The four possible regular structures of 2,3-disubstituted nor-
bornadienes and the effect of enantiomerically pure auxiliary R* (from
reactions of 57b) on the chemical environments of the inequivalent
protons H, and Hy; a) cis, isotactic (cc,mm), b) cis, syndiotactic (cc,r),
c) trans, syndiotactic (tt,rr), d) trans, isotactic (tt,mm).

norbornadiene (such as 57a or 57b). In a triad, which is a
three-monomer unit within the polymer as shown in Figure 8,
the central monomer unit in a cis, isotactic polymer is flanked
by cis double bonds and a mirror plane relates the central unit

ROC ~ COR

Me

57a R=Me

57b R Q

iPr
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to the unit on each side. That is, the polymer has a cc,mm
(cis,cis,meso,meso) structure at the triad level of analysis.
Therefore, as shown in Figure 8, the cis, syndiotactic polymer
has a cc,rr structure (cis,cis,racemic,racemic).

The all-trans product derived from polymerization of
NBDF catalyzed by Mo complex 3a is highly tactic (accord-
ing to *C NMR spectroscopy; see below).’!l In contrast, the
high cis polymer obtained from the reaction of NBDF, with
3d (G=1Bu) has been shown to be biased toward one
tacticity (~75%, “CNMR spectroscopy). Any tacticity
control under either set of conditions must arise through
chain-end control. That is, the chirality of the § carbon atom
in the first insertion product determines which diastereotopic
face of the M=C bond is approached by the next equivalent of
monomer. As summarized in Scheme 18, if the same CNO

iPr Pr A
Me a — isotactic polymer
F3CJ\ -»I\”o ~ B
FaC SAYAN ~ "’Me —
o) b\ FsC CF3 Ph’Me B)
/}\ —— syndiotactic polymer
FsC™ | “Me syn+1;
CF3

Scheme 18. Approach from the two diastereotopic faces of a chiral
alkylidene intermediate determines the tacticity of the polymer prod-
uct. A) monomer approaches one CNO diastereoface (a or b) in each
step, B) monomer approaches alternating CNO diastereofaces a

and b.

face is approached in each step in the polymerization process,
an isotactic polymer is formed. If alternating CNO faces are
approached in each step in the polymerization process, then a
syndiotactic polymer is generated. If monomers add ran-
domly to diastereotopic CNO faces then there is no stereo-
control and an atactic polymer results.

The tacticity of all-cis- or all-trans-poly(NBDF;) is
determined by evaluating the C(7) resonance(s) in
BC NMR spectra.”!! As shown in Figure 9a the C(7) reso-
nance in the all-cis polymer prepared by treatment of NBDF,
with achiral Mo complex 3d (G =CMe,Ph) was found to
consist of three resonances at & =38.4, 37.6, and 36.5 ppm,
with the dominant one being at 38.4 ppm. In atactic, all-cis
poly(NBDF), the resonances at  =38.4, 37.6, and 36.5 ppm
would be found in a 1:2:1 ratio, since the center resonance can
be ascribed to the C(7) resonance in a cis,cis,meso,racemic
(cc mr) triad. Therefore, the polymer whose C(7) resonance is
shown in Figure 9a is biased toward one tacticity that gives
rise to the C(7) resonance at approximately o =38.4 ppm.
However, the tacticities that give rise to C(7) resonances at
0 =38.4 and 36.5 ppm (cc,mm = isotactic or cc,rr =syndiotac-
tic; Figure 8) cannot be assigned a priori.

3.2.2. Chiral Catalysts and Stereochemical Induction by Metal-
Complex Asymmetry

A potential disadvantage of chain-end control is that an
error in a tactic polymer can control the next insertion. Such
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FaCruy_ CFg

cc
mr n

R
—

cc

—

.

400 390 380 370 360
~—— d/ppm

Figure 9. The C(7) resonance(s) in the *C NMR spectra of cis poly-
mers obtained from reactions of NBDF,, where molybdenum-based
complexes 3d (G=CMe,Ph); spectrum a), 110 (spectrum b), and

12g (spectrum c) are used as the catalyst. (cc mr=cis,cis,meso,racemic;
see text for explanation.)

an error is said to be propagated (not corrected). In contrast,
the asymmetric nature of a chiral catalyst may control the
stereochemistry of monomer addition more efficiently com-
pared to a chiral (3 carbon atom in a chain-end (Scheme 18),
and higher tacticity polymers would be expected. If a chiral
metal complex forces the monomer to add to the same CNO
face in each ROMP step, an isotactic polymer will be formed.

Molybdenum-based complexes 11d, 11m, 11n (enantio-
merically pure), and 12g were employed to examine the
control of polymer tacticity by a chiral catalyst (see Figure 3
and Figure 4).1%%1 Except for 11d, all the other Mo catalysts
were obtained and used as their THF-coordinated complexes.
The all-cis polymers obtained from polymerization of NBDF;
catalyzed by complex 110 (Figure 9, spectrum b) or especially
12¢g (Figure 9, spectrum c¢) were found to be highly tactic
(>99%), with only the & =38.4 ppm resonance being visible.
The results shown in spectrum c¢ of Figure 9 are particularly
striking compared to the low tacticity of the polymer product
obtained by chain-end control from reaction of NBDF in the
presence of 3d (G=CMe,Ph) as the catalyst (Figure?9,
spectrum a). When 11m is employed as the catalyst (wherein
the N-2,6-Me,C¢H; imido ligand of 12 g is replaced with N-2,6-
iPr,C¢H;), the resulting polymer contains =25% trans
olefins, and therefore is highly irregular with a complex and
broad set of resonances (not shown) for C(7). It is likely that
additional steric crowding in the syn alkylidene isomer of the
more sterically hindered 11 m shifts some chain propagation
to the anti isomer, which promotes the generation of trans
alkenes. Surprisingly, with biphenolate 11d, which is used as a
base-free complex and bears a ligand that is achiral in its
metal-free form, cis, tactic poly(NBDFy) is again obtained.
One would expect that a chiral catalyst encourages monomer
addition to the same diastereotopic CNO face and therefore
promotes the formation of an isotactic polymer. Therefore
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one would expect the d =38.4 ppm resonance to be due to all-
cis-poly(NBDF,). However, it is not feasible to prove the
tacticity of the all-cis, tactic poly(NBDF,) made from 12g, or
the all-trans, tactic poly(NBDF;) made from 3a (see Sec-
tion 3.2.1.)

It would be possible to demonstrate the tacticity of all-cis
or all-trans tactic polymers if they were to contain an
enantiomerically pure group (R* in Figure 8) in place of the
trifluoromethyl group. Fortunately, 2,3-dicarboalkoxynorbor-
nadienes 57a and 57b (which contain the required enantio-
merically pure group) can be polymerized to give all-trans,
tactic polymers with catalyst 3a, and all-cis, tactic polymers
with 12g; their ®CNMR spectra are analogous to those
discussed for poly(NBDFg). As in the case of poly(NBDFy)
samples, the olefinic region of the "H NMR spectra of all-cis,
tactic poly(57a) is sharp and well-resolved. This circumstance
made it possible to determine tacticity through analysis of the
'"H NMR spectra of poly(57b). Thus, as shown in Figure 8, the
two inequivalent olefinic protons (H, and Hy) in the four
regular structures are bound to adjacent olefinic carbon
atoms in isotactic, but not syndiotactic, polymers. Therefore,
if two olefinic resonances are observed and if the two olefinic
protons are coupled, the polymer is isotactic; if the protons
are not coupled, the polymer is syndiotactic. As illustrated in
Figure 10, the COSY spectra for a product obtained by

,J\[\\

5.46 A
52
53 5.50
&
o 5.4
~ 5.54
L 55
5.6 5.58 1
5.7
5.62 -
57 56 55 54 53 52 562 558 545 550 546

<~ F1(ppm) ~— F1(ppm)

Figure 10. The olefinic regions of the 300 MHz homonuclear COSY
NMR spectra of all-cis, isotactic (left) and all-trans, syndiotactic (right)
polymers obtained from polymerization of 57b (CDCl; at 25°C) with
12g and 3a as the catalysts, respectively.

polymerization of 57b show that the olefinic protons are
coupled in the cis (prepared with 12g as the catalyst), and not
in the trans polymer (prepared with 3a as the catalyst). These
findings are consistent with all-cis, isotactic polymer being
generated through enantiomorphic site control imposed by
chiral Mo complex 12g and all-trans, syndiotactic polymer
being formed by chain-end control in the presence of 3a.
Although it is not possible to demonstrate the tacticity of
trans and cis poly(NBDFy), it seems likely that they are also
syndiotactic and isotactic, respectively.
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4. Achiral Molybdenum-Based Olefin-Metathesis
Catalysts in Stereoselective Synthesis

Only a few years ago incorporation of a transformation
involving olefin metathesis in a total synthesis scheme was
viewed as a daring application of an interesting but unproven
process. Today, metathesis-based approaches, particularly
ring-closing metathesis (RCM), are employed with such
regularity that their use in a large number of contexts is
considered routine.™ In this section, we provide an overview
of the use of achiral molybdenum-based complex 3d in
modern organic synthesis. In instances where the use of
ruthenium-based catalysts 582" (shown in Figure 11) has also
been explored, comparative data are presented.

Mes Mes
Cl, Cls, N Cl,, N
CysP—Ru—PC CysP—Ru j CysP—Ru j
Y3l i \CI Y3 Vs | \_Cﬁ'\(‘ Vsl i %ﬂ\(j I
% Z Mes % Mes
ph H ph H Ph H
58a 58b 58¢c
cl, C cl, el ’,\\‘Aes
:PrO—»l’lau—PCya IP©—>I?u—<(:|
N
Mes
58d 58e

Figure 11. Achiral ruthenium-based olefin-metathesis catalysts.
Mes = 2,4,6-Me;CoH,.

4.1. Molybdenum-Catalyzed Cross-Metathesis Reactions

One of the earlier applications of Mo catalysts was
reported by Crowe and Zhang in 1993 in the context of
stereoselective cross metathesis (CM).''!) As the examples in
Scheme 19 illustrate [Eq. (a)-(c)], styrenes and terminal
aliphatic alkenes undergo CM promoted by Mo complex 3d
(G =CMe,Ph). Transformations proceed with varying effi-
ciency, depending on the electronic attributes of the aryl
olefin. The electron-rich alkene in Equation (b) of Scheme 19
delivers a significantly higher yield of the desired CM product
than the electron-poor nitrostyrene [Eq.(c)], with which
nearly 40% homodimer is generated. Based on these and
additional data, Crowe and Goldberg proposed a model for
the molybdenum-catalyzed CM (Scheme 19, bottom).!""?! It
was suggested that reactions are more efficient when one
olefin partner bears a substituent that stabilizes the partial
negative charge at the carbon atom of the Mo alkylidene and
the other olefin has an electron-donating substituent that can
stabilize the developing electron deficiency at the (3 carbon
atom of the incipient metallacyclobutane. The ability of
acrylonitrile to participate effectively in molybdenum-cata-
lyzed CM is consistent with this postulate [Eq. (d),
Scheme 19]. However, subsequent studies provided instances
that cannot be rationalized by the mechanistic picture in
Scheme 19; one such case is the efficient catalytic CM
between allylsilane and terminal alkenes [Eq.(e) of
Scheme 19] 01131281
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P /\)J\ 1 mol % 3d Me @
\ + —i— \ a
Ph Z Me Ch,Cly, 22°C Ph/\/\[‘/
th 86% yield (2% homodimer)
1mol % 3d ©)
x —+ —_—
M
MeO © h MeO Me
88% yield (2% homodimer)
1 mol % 3d
ON N+~ — " ON x ©
CHJCly, 22°C
Me: 1h e
48% yield (39% homodimer)
A~ 5mol % 3d CN
>+ PP
NG /\/j CH,Clp, 22°C K/j @
3h
BnO BrO

2mol % 3d
oo -

DME, 22°C

BnO 4h

77% yield, 9:1 cis:trans

Megsi\/\/J
BnO

(<2% homodimer)

@

66% yield, 2.6:1 frans:cis

(6% homodimer)

small and electron rich
R’ g
_ uf
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R1
—
o—",

/st
LMo=\ L M=~
R 1R i s

n system fo delocalize charge

R

Scheme 19. Top: Molybdenum complex 3d used in some the first examples of effi-
cient catalytic and stereoselective cross metathesis, bottom: proposed molybde-

num-catalyzed cross-metathesis mechanism.

Molybdenum-catalyzed CM was later
used by Barrett and co-workers to access
optically pure trans-disubstituted homoal-
lylic ethers, where the requisite terminal
homoallylic alcohol was prepared through
enantioselective allylation of aldehydes by
an optically pure allylboronate.* These
researchers later illustrated that, in con-
trast to ruthenium-based catalyst S58a,
complex 3d (G=CMe2Ph) does not
effect CM reactions with allenes.*"!

4.2. Molybdenum-Catalyzed Ring-Closing
Metathesis (RCM) Reactions
4.2.1. Synthesis of Macrocycles by Molybde-
num-Catalyzed RCM

In 1995, in the context of the enantio-
selective total synthesis of fluvirucin B, (or
Sch 38516), an efficient molybdenum-cat-
alyzed ring-closing metathesis (RCM)
leading to the formation of the desired
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fourteen-membered lactam was reported
(Scheme 20).%Y The catalytic ring closure of fully
functionalized diene 59 to afford macrocycle 60 was
effected in 92% yield.*™ Facile formation of 60
illustrated that Mo complex 3d can be employed to
prepare macrocyclic structures in the presence of a
variety of Lewis basic functional groups. The stereo-
selective formation of the trisubstituted olefin
(>95% Z) proved critical, as the subsequent cata-
lytic hydrogenation of the alkene could then be used
to establish the remote C7 stereochemistry
(>98% de).

Subsequent studies' demonstrated that effi-
cient generation of the fourteen-membered macro-
lactam and the absence of homodimeric products is
probably the result of the reversible nature of metal-
catalyzed metathesis."*! As depicted in Equation (4)
(where TBS =rBuMe,Si) treatment of homodimeric
triene 61 (1:1 E:Z, obtained from reaction of
monomer with Ru catalyst 58a) with 22 mol % 3d
(G =CMe,Ph) in the presence of ethylene led to the
formation of macrolactam 62. Ethylene was used to
ensure exact reaction conditions through generation
of the corresponding molybdenum methylidene
complex. Furthermore, subjection of 62 to the
above conditions did not deliver any monomeric or
homodimeric adducts, which suggests that stereo-
selective olefin formation is kinetically controlled
and not a result of a thermodynamic preference for
the Z alkene. Follow-up investigations showed that
conformational preorganization imposed by stereo-
genic centers in 59 or 61 (1:1 E:Z) is critical to the
efficiency of the catalytic RCM. Removal of stereo-
genic sites resulted in substantial amounts of homo-
dimers. It would be intriguing to establish the
effectiveness of some of the more reactive and

Me OAc
M
OAc Me AcO Me
o\ N(HICOCF3 N(H)COCF;
OAc
o o 20 mol % 3d
N ; CeHg, 22°C Et\\u"
Me Et Ho &
59 60 92% yield
OAc
,  OH AcO Me 10% Pd(C)
Me Ha (1 atm)
HOuw ~uMe : N(H)COCF '
d EtOH
N2H4
- Et -
MeOH
Sch38516  96% yield 72% yield

(fluvirucin B4)

Scheme 20. A key step in the total synthesis of fluvirucin B, is the molybdenum-catalyzed
RCM that forms a trisubstituted olefin 60 with >98% Z selectivity and generates a fourteen-

membered cyclic lactam.
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61 (111 E2

recently developed Ru-based catalysts, such as S58b-d
(Figure 11), in promoting the formation of such trisubstituted
cyclic olefins. In general, the same question can be posed in
connection to a number of olefin-metathesis processes
discussed below.

A more recent molybdenum-catalyzed RCM reaction,
where the target is a trisubstituted olefin within a macro-
lactone olefin, was reported in 1998 in the context of the total
synthesis of (—)-epothilone B.'** As illustrated in Scheme 21,

Me
Me—( j\) Lores 2oma%ad M _J,
——
M CeHp, 55°C 11 EZ
e
55% yield

o} OTBS OPMB

(-)-epothilone B

in the presence of
20mol% 3d (Figure 2,
22mol % 3d G = CMe,Ph), the
OTBS (pretreated with ethylene) desi 2 )

@ esired product was gen-
“Et X B erated in 55% yield.

22 mol % 3d i iruci
HN (oretreted with ethylene) Unlike the fluvirucin B,

synthesis, a mixture of £
and Z isomers (1:1) was
produced (separated
through chromatography on silica gel). Subsequent func-
tional-group manipulations, including oxidation of the appro-
priate alkene isomer, led to the isolation of the target
molecule.

Molybdenum-catalyzed metathesis reactions have been
investigated by Smith and co-workers in the context of the
total syntheses of (—)-cylindrocyclophanes A and F.['
Through a tandem molybdenum-catalyzed CM/RCM, as
depicted in Scheme 22, acyclic diene 63 is converted into

S

O OTBS OPMB

o} OH O

Scheme 21. Molybdenum-catalyzed RCM affords a macrocyclic lactone bearing the trisubstituted olefin used at a later stage to install the requisite

epoxide in the total synthesis of (—)-epothilone B. PMB = p-methoxybenzyl.

Me Me

wnBu

~
30mol % 3d OMe 4 ,,Pd(C)
—_— —_—
MeO OMe CgHp 20°C, MeO 2.BBr3
R 2h
nBu’ nBu’
63 64 72%yield O-cylindrocyclophane F M€
with 20 mol % Ru catalyst 58b: 84% yield
61% Yyield of 63 formed after 72 h
32 mol % 3d cisisomer: 75% yield
OMe MeO OMe CeHe, 20°C, trans isomer: 81% yield
B 8 N BU 75 min

Scheme 22. The molybdenum-catalyzed tandem CM/RCM reaction leads to a regioselective dimerization that serves as the foundation of a total
synthesis of (—)-cylindrocyclophanes; control experiments indicate that the initial CM is reversible, which allows the predominant formation of

the lower energy head-to-tail macrocycle.
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macrocyclic diene 64 with complete regiocontrol (head-to-
tail). The same transformation proved significantly less
efficient with Ru catalyst 58b (Figure 11). The reversible
nature of alkene metathesis plays a critical role here as well.
As shown by transformation of the head-to-head CM product
65 to 64, the higher energy pathway required for the RCM of
intermediates such as 65, causes reversion to monomeric
compounds.'*"13 Regeneration of the head-to-tail CM
adduct and a facile RCM leads to the desired macrocycle.

In the above examples, where catalytic metathesis is used
to prepare complex macrocycles, experimental evidence
points to the influence of ring size and substrate stereo-
chemistry in reaction efficiency. In this vein, it should be
noted that, in the context of the total synthesis of diazona-
mide A, Nicolaou and co-workers attempted to effect the
RCM transformation in Equation (5) with 3d (Figure 2, G=
CMe,Ph), or various Ru-based catalysts to no avail. This lack
of reactivity is likely to be a result of the ring strain associated
with the desired target structure.!’>]

3d or 58b

e ——»
CgHe, 20 °C,

2h

no reaction or decomposition

diazonamide A

4.2.2. Synthesis of Medium Rings by Molybdenum-Catalyzed
RCM

Since a considerable number of medicinally important
agents bear seven- and eight-membered-ring carbo- and
heterocycles, efficient and selective synthesis of medium
rings has been, and remains, a long-standing goal in modern
organic synthesis. In this arena also, molybdenum-catalyzed
olefin metathesis has made a significant impact.

One of the earliest examples (1994) of the use of olefin
metathesis to access a medium ring is the molybdenum-
catalyzed transformations reported by Martin and co-work-
ers. As depicted in Equation (6) (3d Figure 2, G = CMe,Ph),
synthesis of the desired tetracycle, including an eight-mem-
bered unsaturated amide proceeds in 63 % yield.l")

Another important early example, disclosed in the context
of the total synthesis of antitumor antibiotic (+)-FR900482, is
shown in Equation (7). This study is noteworthy as it
provides an early illustration of the complementarity of the
molybdenum- and ruthenium-based catalysts. Catalytic RCM
was effected by 10 mol% 3d (Figure 2, G =CMe,Ph), to
afford 68a in 88 % yield. When Ru complex 58a (Figure 11)
was used (30 mol %), the desired product was generated in
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COM
H oo

15 mol % 3d BnN

(6)

\ 63% yield

Manzamine A

22 % yield (48 % recovered starting material). Mo complex
3d (G =CMe,Ph) cannot be used with substrates that bear
sterically unprotected hydroxy units. However, reaction of
the allylic alcohol 67b was readily promoted by 10 mol %
58a to provide 68b in 78 % yield. Bicyclic amide 68b was

(5)  subsequently utilized to complete the total synthesis.
OPMP /OPMP
BO 4 QR BO 4 QR
10mol % 3d
BnO. ™
N—" = CgHe65°C
/
Troc
67a R=TBS 68a 88% yield with 10 mol % 3d,
67b R=H 22% yield with 30 mol % 58a
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<5% yield with 3d,
78% yield with 10 mol % 58a

OHC

In the course of studies towards the total synthesis of
balanol [Eq. (8); Boc=1,1-dimethylethoxycarbonyl], RCM
of diene 69 was effected at 70°C in the presence of Ru
complex 58a (Figure 11), to give a thermally induced non-
metathesis product.'*”l However, in the presence of 10 mol %

OBn OBn
N _“\Ng .\“N3
10 mol % 3d /
=__ —_— ®
N CHCly, reflux N
\ \
Boc Boc
69 70 94% yield
(e}
H
0. o 4
o N AP
OH
HOC OH
G
\
H
(9)-balanol OH
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3d (refluxing CH,Cl,), the desired unsaturated seven-mem-
bered-ring amine 70 was isolated in 94 % yield.

The formation of the trisubstituted olefin in Equation (9)
was later disclosed to proceed in 92 % yield in the presence of

3mol % 3d
©)

hexane, 55 °C

92% yield

dactylol

3 mol % 3d.["*) The desired bicyclic adduct was subsequently
transformed to the target sesquiterpene dactylol.

As depicted in Scheme 23, in the course of synthetic and
structure determination of liverwort diterpenes (such as 73),
RCM of 71 was effected by Mo complex 3d (Figure 2),
leading to functionalized cycloheptene 72. Since the same
process was effected with 10 mol % 58a (Figure 11), it is likely
that such high loadings of 3d are not necessary.'*! As also
illustrated in Scheme 23, initial attempts to promote the RCM
of the parent ketone was unsuccessful with catalysts 3d and
58a; Mo complex 3d (Figure 2, G=CMe,Ph) is usually
incompatible with carbonyl groups''*! and the reaction of 58a
is probably retarded by coordination of the ruthenium
carbene unit with the oxygen atom of the neighboring

OTES OTES
Me
COoEt COgEt
20 mol % 3d
Me
CGHG,GO °C
72 >98% yield
? o)
Me Me
Me —_—

Me

< 5% conv (24 h) with 20 mol % 3d or 58a
~20% product formed with 30 mol % 58a and 3
equiv Ti(O/Pr)4

Scheme 23. Molybdenum-catalyzed RCM affords medium-ring carbo-
cycles that can be used in the total synthesis of terpenes such as 73;
TES = Et,Si.
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carbonyl group. In support of the latter hypothesis, in the
presence of Lewis acidic Ti(OiPr), and 30 mol % 58a some of
the desired product was obtained.!**!47]

A variety of B-lactam carbocyclic esters have been
synthesized by tandem Ireland—Claisen rearrangement/cata-
lytic RCM methods. A notable advantage of molybdenum-
based catalysts (versus Ru complexes) was demonstrated in
the context of this investigation.!'*¥! Thus, the sulfur-contain-
ing diene, shown in Equation (10), was readily converted into

N
i 10mo|% (10)
o] Iv CHZCIZ,ZZC o
SR
Q 85% yield
NO, NO,

<5% product formed with 20 mol % 58a (catalyst decomposition)

the desired cyclic product. In contrast, ruthenium-based
catalyst 58a (Figure 11) rapidly decomposes upon exposure
to the same substrate.

More evidence regarding the influence of a substrate's
stereochemical identity and its conformational properties on
the facility of catalytic metathesis was provided in a study by
Prunet and co-workers (Scheme 24).1! Molybdenum-cata-
lyzed RCM of a mixture of two diastereomers of 74 leads to
the conversion of only one isomer to provide 75 and
recovered a-74. Furthermore, it is the trans alkene that is
generated preferentially; subsequent treatment of trans-74
with 3d (Figure 2, G = CMe,Ph), and diallyl ether leads to the
formation of the thermodynamically favored cis alkene
through sequential ROM/RCM. The same RCM was effected
by Ru complex 58a, albeit at a slower rate (8 days vs. 3 days

10mol % 3d

— Me,,
CgHe, 80°C g,
3days o

75 41%yield

a- 74 34% yield

10 mol % 3d

—_—
CeHg, 80°C
20h

77 9% yield

with 5 mol % 58c: 91% yield
"poor conversion” with 58a

Scheme 24. Functionalities within a substrate and conformational
preferences can be critical to the outcome of RCM reactions that
afford medium rings.
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for 3d). In contrast, when the cyclic carbonate of 74 was
exchanged with a cyclic silyl ether (76, Scheme 24), the
molybdenum-catalyzed RCM proceeded to completion to
afford 77 in 96% yield;™*" Ru complex 58a delivers “poor
conversions,” while the more active 58 ¢ (Figure 11) affords 77
in 91 % yield.

The discovery of medicinally significant and structurally
complex molecules, such as marine neurotoxin brevetoxin A
(Scheme 25), has given rise to a number of investigations
aimed at the development of efficient syntheses of these
polycyclic ethers. Given the remarkable ability of catalytic
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e CgHg 22°C
(0} 616 (0]
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<001 M

40% yield (~2:1)

15 mol % 3d
———— NOREACTION (¢)

H
A
oH

CeHe, 60°C
<001 M

CHO

brevetoxin A

Scheme 25. Molybdenum-catalyzed RCM delivers medium-ring enol
ethers that may be used as building blocks in the total synthesis of
ichthyotoxins, such as brevetoxin A (3d, Figure 2, G=CMe,Ph).

RCM in yielding medium rings that are otherwise difficult to
access, it is not surprising that a number of key studies in this
area are based on olefin metathesis.

Some of the more revealing disclosures in this connection
are by Clark and Kettle.'"I'3 As the results summarized in
Scheme 25 indicate, seven- and some eight-membered cyclic
enol ethers are accessible through molybdenum-catalyzed
RCM. As reactions in Equations (a)-(c) of Scheme 25
illustrate, seven-membered ring enol ethers that bear di-
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and trisubstituted olefins were synthesized at ambient tem-
perature with 13 mol % 3d. The efficiency of RCM does vary
depending on the substitution pattern of the substrate alkene
and enol ether moieties. As illustrated in Equations (d)
and (e) of Scheme 25, reactions that lead to eight-membered
rings were less efficient; not only were higher dilution
conditions required, significant amounts of a seven-mem-
bered-ring enol ether were generated as well [Eq.(d) in
Scheme 25]. The latter complication presumably involves
initial olefin isomerization to the disubstituted internal
alkene,™ followed by RCM.

RCM reactions involving enol ethers cannot typically be
promoted by ruthenium-based catalysts. Recent strategies to
access such structures through ruthenium-catalyzed RCM of
allylic ethers followed by olefin isomerization, although
effective in certain settings, may prove to be synthetically
limited, particularly in light of mechanistic uncertainties
regarding the nature of the isomerization catalyst. Moreover,
the latter strategy imposes limitations regarding the presence
of other olefin units that might also undergo adventitious
isomerization or metathesis reactions.!"*

Related molybdenum-catalyzed RCM of allylic ethers
have been outlined by Clark et al. as well (Scheme 26).1%157]
In these transformations, in contrast to the processes involv-
ing enol ethers (Scheme 25), eight-membered systems can be
prepared efficiently [Eq. (a), Scheme 26]. The difference in
the outcome between RCM of the two substrates in Equa-

R2
RiG R
HY\ ~R?
: O Z

25 mol % 3d
—

CeHg, 60°C o
0.008 M H
R'=Et, R%=H 97% yield
R'=H, R%=Et 86% yield

25 mol % 3d
—_—

CeHg, 60°C
0.003M

14% yield
58% yield

35 mol % 3d
—_—
CgHg, 55°C

OPMB
85% yield

50 mol % 3d
—_—
CgHg, 55°C

OPMB
21% yield
(65% yield with 30 mol % 58a)

Scheme 26. Molybdenum-catalyzed RCM affords eight- and nine-mem-
bered-ring allylic ethers; reaction facility depends on the relative ster-
eochemistry of substrate structures (3d, Figure 2, G=CMe,Ph).
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tion (b) of Scheme 26 provides another
illustration of the significance of a sub-
strate's stereochemical identity on reaction
efficiency. Also noteworthy is the formation
of the nine-membered ring [Eq.(d) of
Scheme 26]; this product can be accessed
more efficiently in the presence of Ru
complex 58a.

TBSO

4.2.3. Synthesis of Five- and Six-Membered
Rings by Molybdenum-Catalyzed
Metathesis

TBSO

Catalytic olefin metathesis has made a
significant impact on methods for synthesis
of five- and six-membered rings. As the
examples below illustrate, the availability
of Mo complex 3d (Figure 2 G = CMe,Ph)
has led to the development of effective
strategies that have allowed for unorthodox
retrosynthetic analyses, which give rise to
substantially more concise synthesis route-
s.In 1997, a catalytic conversion of various
carbocyclic styrenyl ethers into the corre-
sponding 2-substituted chromenes, building
blocks found in a wide range of medicinally
important agents, was reported (Sche-
me 27).”1 These ring-opening/ring-closing
metathesis (ROM/RCM) transformations
proceed effectively with substrates bearing
a terminal styrene with both 3d and Ru
catalyst 58a (Figure 11). However, with
disubstituted styrenes, such as those
shown in Scheme 27, only 3d is sufficiently
reactive. It should be noted that disubsti-
tuted styrenes are required for effective
zirconium-catalyzed kinetic resolu-
tions!"** > that deliver the requisite disub-
stituted styrenes in the optically pure form
(terminal styrenes cannot be resolved by
the same method). The tandem zirconium-
catalyzed kinetic resolution/molybdenum-catalyzed ROM/
RCM was subsequently employed in the enantioselective
total synthesis of antihypertensive agent nebivolol.'®!

In the course of the total synthesis of nebivolol, it was
established that unless the ROM/CM reactions are carried
out under an atmosphere of ethylene (with both Mo- and Ru-
based catalysts), products would be obtained in low yield
along with formation of significant amounts of homodimeric
compounds. Mechanistic studies!'”®! indicated that the pres-
ence of ethylene is critical to efficiency of metathesis
reactions for three reasons: 1) Ethylene rapidly converts the
initial metal complexes into the more reactive methylidene
complexes ([L,Mo=CH,] in Scheme 28), thus enhancing
initiation rates. 2) Rapid reaction of the metal alkylidene
derived from the terminal alkene of 82 (Scheme 28) with
ethylene leads to minimization of dimerization products.
3) Since reactions have been shown to be initiated at the
cycloalkene site (versus the styrene olefin) and such ROM

G=CMe,Ph).

M= Mo or Ru
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4mol % 3d F N NH,
B ——
1 atm ethylene o
CeHg 22°C
24h 97%yield OTBS OTBS
7z
o F.
4mol % 3d A , m
1 atm ethylene
CgHg 22°C o ©
24h 97%yield OTBS OTBS

F m F
\Cfon\N - o nebivolol
oH ™ ow

Scheme 27. Molybdenum-catalyzed ROM/CM used to prepare functionalized chromenes
en route to the total synthesis of antihypertensive agent nebivolol (3d, Figure 2,

Chemie

A A
[LpM=CHg] 81
0] - () — > homodimer

nlvlw — [LM:CHgl+ "
J/\O [L,M=CHp] ©? Jiij
(:g% [LM-CHj]

processes are not likely to be regioselective (78 and 79 in
Scheme 28 are formed nonselectively), ethylene converts the
“wrong” metal alkylidene 79 into an olefin 78 which can then
be converted into the desired chromene. This simple but
effective strategy has been subsequently adopted successfully
in a number of other related studies.*"

Molybdenum complex 3d has been employed in the
synthesis of highly functionalized smaller ring structures. One
example is illustrated in Equation (11) (3d, catalyst loading

HO .
1.3d ~"OH
hexanes, reflux & (1)
"ot eon 1O Y oH
2 PdHpEIOH |8
90% yield

and reaction temperature not specified), where catalytic
RCM occurs efficiently between a 1,1-disubstituted olefin and
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a sterically hindered terminal alkene. The resulting product
was subsequently transformed to a fructofuranose deriva-
tive.[16

Molybdenum-based catalysts are tolerant of amine func-
tional groups, as demonstrated in the transformation in
Equation (12) (3d Figure 2, G =CMe,Ph; catalyst loading

\H |

NMe NMe
3d
- - (12)
| CBHGx heat |
TsN TsN
86% yield
CO.H
| H
NMe
HN | lysergic acid

and reaction temperature not specified). These studies were
disclosed by Martin and co-workers in the context of the total
synthesis of the ergot alkaloid lysergic acid." In contrast, use
of the ruthenium-based catalyst 58a provided “small quanti-
ties” of the desired product. (For studies regarding enantio-
selective olefin metathesis involving tertiary amines, see Sec-
tion 5).

A trademark of molybdenum-based metathesis catalysts
is their often unparalleled reactivity. One telling recent
example is the RCM reaction reported by Rawal in the
course of the total synthesis of tabersonine. As illustrated in
Equation (13) (3d Figure 2, G =CMe,Ph) an allylic amide

MeO,CN™ >N
5 mol % 3d
AN _Smol%3d
'Et CgHg, 60°C
TBSO 1h

(13)

88% yield (>98% conv)

with 10 mol % Ru catalyst 58a, 60% conv after
10hat80°C

tabersonine

and a sterically encumbered terminal olefin adjacent to a
quaternary carbon center undergo efficient ring-closure to
deliver the desired compound.'*+1%]

Although highly reactive, Mo complex 3d can be used to
promote site-selective transformations. A revealing example
is shown in Equation 14, involving a regioselective process
that excludes participation by the more hindered vinyl
stannane.'® The unreacted C—Sn bond was subsequently
converted into the derived Grignard reagent and used by
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H
O Sn(rBu)z o) Sn(rBu)z
i = 26 mol % 3d o~ (14)
—_—
toluene, 22 °C N
Me 30min Me 81% yield

laulimalide

Nelson et al. in a key diastereoselective C—C bond-forming
reaction en route to the total synthesis of laulimalide.
Another site-selective molybdenum-catalyzed RCM has
recently been reported by Denmark and Yang in the context
of the total synthesis of antifeedant (4 )-brasilenyne
(Scheme 29).1 The vinyl iodide moiety, used in the follow-

92% yield

OPMB

7.5 mol % [{(allyl)PdCl}]
(MBu)sNF, 22°C, 60h

PMBO 61% yield

Scheme 29. Cyclic vinylsilane obtained from molybdenum-catalyzed
RCM is used in a subsequent palladium-catalyzed intramolecular
cross-coupling to afford a nine-membered-ring structure en route to
the total synthesis of brasilenyne.

up palladium-catalyzed cross-coupling, does not participate in
the catalytic RCM process.

A variety of small-ring enol ethers have been accessed
through molybdenum-catalyzed RCM. Four examples are
depicted in Scheme 30. The first instance involves the
regioselective ring-closure of 83 to afford vinyl iodide 84 in
the course of synthetic studies towards periplanone B.'%!
Similar to the case in Scheme 29 or analogous to the vinyl
stannane in Equation (14), the vinyl iodide moiety was later
utilized to effect an intramolecular Stille coupling (via 85).
The molybdenum-catalyzed RCM involving 86 proceeds
smoothly with two highly congested olefin partners to deliver
phytoalexine.['”

Another RCM transformation that underlines the unique
reactivity and functional group compatibility of 3d (Figure 2,
G = CMe,Ph) is the conversion of 87 into -C-disaccharide
88.7-172I Note that formation of compounds such as 88 are
inefficient with Ru catalyst 58a. With the more reactive
complexes 58b or 58¢ (see Figure 11) similar loadings are
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\/C 12mol % 3d
‘P

er pemane 22°C

H
84 55% yield BugSn 85
o
@)
(%)
ipl B
periplanone Pr
BnO OBn
1.12mol % 3d
o o) CGHS,SO °C
4 | OH
0 | Me 2. sz F'd(C)
hytoalexine 82% yield
Me 86 phy oyl
OBn
OBn
N o 0. 25 mol % 3d BnO
OBn B OBnOMe toluene 60 C BnO
BnO
87 88 68% yield BrO Guve
1. TiClg, TMEDA,
CHaBr,,zn, B
OMe PbClp, THF j\/\)o\
_
2.9mol % 3d, (0]
toluene, 60 °C )
OBn 89 1h OBn 90 78%yield

Scheme 30. Molybdenum-catalyzed RCM can be used in target-oriented synthesis to access a

variety of complex cyclic enol ethers; TMEDA = N,N,N’,N'-tetramethyl 1,2-ethanediamine.
Compound 88 is also formed with 25 mol % 58b (added in portions under Ar).

required but catalysts must be added in
portions (under Ar) to drive the reaction
to completion. The last example shown
in  Scheme30 (89—90) has been
reported by Rainier et al. who has uti-
lized catalytic RCM of highly function-
alized enol ethers to access intermedi-
ates to be used in the total synthesis of
brevitoxins.['*7]

The molybdenum-catalyzed transfor-
mation illustrated in Scheme 31 is an
efficient sequential ROM/RCM/RCM
reported by Burke etal. as part of
studies aimed at the total synthesis of
halichondrin B.'" Attempts to effect
this transformation with Ru complex
58a resulted in the formation of monop-
yrans shown in Scheme 31. These unde-
sired compounds are likely derived from
a ROM/RCM process, where the initial
transformation deposits the benzylidene
of the catalyst structure within the prod-
uct. Addition of ethylene to circumvent
the above complication proved unsuc-
cessful.
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5. Enantiomerically Pure Chiral
Molybdenum-Based Olefin-
Metathesis Catalysts in
Asymmetric Synthesis

With regard to the synthesis of
optically pure materials, catalytic
olefin metathesis has generally served
a supporting role. In cases where RCM
isrequired, as the examples discussed in
Section 4 illustrate, an already optically
pure diene is treated with an achiral
metal catalyst so that a nonracemic
product is isolated (e.g., Scheme 20,
Scheme 21, Scheme 22). Alternatively,
there are examples where optically
enriched cyclic alkenes are employed
in instances where ROM is needed
(e.g., Scheme 27). Although such strat-
egies have led to noteworthy accom-
plishments, there are several unique
attributes of olefin metathesis that can
only be realized with chiral optically
pure catalysts.

One of the most useful character-
istics of metathesis reactions is their
ability to promote skeletal rearrange-
ments, where simple achiral substrates
are transformed into more complex
chiral molecules. As will be seen
below, in numerous instances, products
that are rendered available by a chiral

Me Me
25mol % 3d > Z
CeHo 60°C TBSO o o " OTBS
H H
79% yield

Me Ph Me Me Ph Me
ﬁﬁvfﬁ m e
TBSO. -, OTBS TBSO. -, OTBS

vy A 0y
© H H © © H H ©

halichondrin B

Scheme 31. Molybdenum-catalyzed (3d Figure 2, G=CMe,Ph) ROM/RCM provides access
to bis(dihydropyran) structures that may be used as intermediates in the total synthesis of
halichondrin B. With 25 mol% of Ru complex 58a as the catalyst (80°C, C;H,) the two
byproducts shown in the middle of the scheme are formed in 21 % yield.
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metathesis catalyst would only be accessible, and often less
selectively, by a longer route if alternative synthetic methods
were to be used.

5.1. The First Enantiomerically Pure Chiral Catalysts for Olefin
Metathesis

As mentioned before (Section 3.2.2), the first enantio-
merically pure chiral metathesis catalysts were molybdenum-
based complexes 11 m, 11n, and 12 g (Figure 3 and Figure 4),
which were synthesized to address tacticity control in ROMP
processes.'®?!] The eventual application of such catalysts to
enantioselective synthesis of small organic molecules was
adumbrated in a statement that appeared in the 1993
publication that such chiral catalysts “could selectively ....
ring close one enantiomer in a racemic mixture.”*!

The constitution of molybdenum-based catalysts, such as
those shown in Figure 2, provides an attractive opportunity
for development of chiral metathesis catalysts. In addition to
their high activity, these complexes possess a modular
structure involving imido and alkoxide moieties that do not
dissociate from the metal center during the catalytic cycle.
Structural alterations may therefore be implemented so that
the desired effect on selectivity and reactivity is attained. As
with the first chiral complexes mentioned above, alkoxide
moieties offer an excellent opportunity for incorporation of
chirality.

5.2. Molybdenum-Catalyzed Asymmetric Ring-Closing
Metathesis (ARCM)
5.2.1. Catalytic Kinetic Resolution with a Chiral Hexafluoro
Molybdenum Catalyst!””!

The preparation and utility of chiral complex 11p
(Figure 3) in kinetic resolution of various dienes was disclosed
in 1996 by Grubbs and Fujimura.'”*®! As the case regarding
the resolution of shown in Figure 12 indicates, levels of
enantiodifferentiation proved to be low (k< 3).

OTES

iPr
FsC._ CFs N
E><O“..-}\/|O§/<
: O

CFy 11P

Figure 12. The first attempt at kinetic resolution through molybdenum-
catalyzed ARCM.

5.2.2. The First Effective Chiral Metathesis Catalysts

During the past seven years, numerous chiral Mo catalysts
and two chiral tungsten-based complexes (Figure 1, Figure 3,
and Figure 4), have been developed for use in asymmetric

RCM (ARCM)."8! As will be discussed below, the structural
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modularity of these chiral high-oxidation-state alkylidene
complexes has proven critical to their potential utility in
organic synthesis; preparation and screening of catalyst pools
can thus be carried out,'™ so that optimal reactivity and
selectivity levels are identified.

5.2.3. Chiral biphen Molybdenum Catalysts
Enantiomerically pure chiral Mo complexes 11a and 12a

were synthesized in 1997 and their ability to effect ARCM
was probed.'*1¥! It was established that these Mo catalysts

12a R=Me

X-ray structure of 11a

initiate olefin metathesis with excellent asymmetric induction
owing to their rigidity and the sterically based differentiation
imposed on the binding pocket of the chiral complex.
Complexes 11a and 12a are orange solids and indefinitely
stable when kept under an atmosphere of N,.

5.2.4. Catalytic Kinetic Resolution by Molybdenum-Catalyzed
ARCM

Catalytic kinetic resolution of various dienes through
ARCM can be carried out efficiently at 22 °C in the presence
of Smol% 11a.'! As the data in Scheme 32 illustrate, 1,6-

OTES OTES
Kre1 > 25 Krel = krel =

A N

Tknpenm W m

Krel = kre =17

R = alkoxy or alkyl

NS
\ R x= CHoorO
X

faster reacting enantiomer

Scheme 32. Effective molybdenum-catalyzed kinetic resolution of 1,6-
dienes through ARCM promoted by 11a.
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dienes!™ and allylic ethers"®! that afford five-membered-
ring structures upon ring closure have been resolved with
levels of enantioselectivity (k. > 10, see Scheme 32) that are
superior to those observed with 11p (see Figure 12).

The high levels of enantioselectivity attained with chiral
Mo complex 11a (vs. 11p) are likely to be due to the
intermediacy of the more reactive anti alkylidenes, such as I
(Scheme 32; see Section 2.3.2 for reactivity of syn versus anti
alkylidenes!'"™). The stereochemistry of the metal-olefin
complex arises from coordination of the Lewis basic olefin
to the CNO face,™ so that the olefinic 7 orbital can properly
overlap with the molybdenum-centered LUMO (see
Figure 5).'! Moreover, this mode of olefin-metal association
is consistent with the stereochemistry of coordination of
various donor ligands with Mo complexes shown in Figures 6,
3, and 4 (see Section 2.3.3). The 1,1-disubstituted olefin thus
interacts with the metal center while pointing away from the
protruding diolate tBu and the iPr groups of the imido ligands.

5.2.5. Modularity of Chiral Molybdenum Complexes and
Optimization of Catalytic ARCM Reactions

In spite of the high enantioselectivity observed in the
molybdenum-catalyzed ARCM of 1,6-dienes, when 11a and
12a are used in transformations involving 1,7-dienes, inferior
asymmetric induction is obtained (k,, <5). Representative
examples are shown in Scheme 33. To address this short-

L2,

OTES oTBS

CstrPr: 7\,‘ @Me
& Werzas it

e

CeHaiPr:

with 11a kg=<5 k=<5 6278
with 1) ke1=>20 ket =>25 11j R=pr
with 126 kg =<5 ke =<5 12e R=Me

Scheme 33. Molybdenum-catalyzed kinetic resolution of 1,7-dienes and
the importance of structural modification of the chiral catalysts.

coming, the modular character of the Mo complexes was
exploited and a range of chiral complexes were synthesized
and tested as catalysts. It was accordingly discovered
(Scheme 33) that binol (2,2'-dihydroxy-1,1"-biphenyl) based
complex 11j promotes the RCM of 1,7-dienes with out-
standing selectivity (k,y>20).'¥! Binol-based catalyst 12e,
bearing the (dimethyl)phenylimido ligand, appears to be less
efficient in promoting the resolution of this class of substrates.
The above findings underline the significance of the
availability of a diverse set of chiral catalysts. It should
however be noted that, as the data in Scheme 34 illustrate,
although binol-based complexes (e.g., 11j) typically promote
ARCM of 1,7-dienes with higher selectivity than the biphen-
based catalysts (e.g., 11a), such a trend does not always hold.
Thus, each catalyst may not be optimal in every instance, but
efficient resolution of a wide range of chiral oxygenated 1,6-
and 1,7-dienes can be achieved once the appropriate catalyst,
from a small set of two to four possibilities, is identified.
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e S e

with 11a kel =<5 kel =<5 kel =>20 ket =>25
with 12a ket =10 kg =14 ket =<5 Kl =<5
with 11j Keei=>25 ke =>25 ket =<5 ke =<5

Scheme 34. Small structural changes within the substrate structure can
alter the identity of the optimum chiral Mo catalyst.

5.2.6. Enantioselective Synthesis of Small Rings without use of
Solvents: Molybdenum-Catalyzed Enantioselective
Desymmetrization

The arena in which catalytic asymmetric olefin metathesis
can have a significant impact on organic synthesis is the
desymmetrization of achiral molecules. Formation of the
unsaturated furan in Equation (15) is promoted with 5 mol %

Me Me 2mol%11a \ .., Me
[ — [ 1
Me Me no solvent, Me H
22°C,5min Me

99% ee, 93% yield

11a in 99% ee and 93% yield;!"™! the reaction is complete
within five minutes at 22°C and can be carried out without
solvent. As the example in Equation (16) illustrates, enantio-

Me,

A5
Z 0 2mol%11j _
Me Me (16)
no solvent "/

60°C,4h >98% ee, 98% yield

selective synthesis of unsaturated six-membered-ring hetero-
cycles is catalyzed by 11j with exceptional efficiency and
selectivity and, again, without need for solvents."* Moreover,
although 5 mol % catalyst is typically used, 1-2 mol % loading
often delivers equally efficient and selective transformations.
It must be noted that the ARCM reaction in Equation (15) is
less efficient with 11j (< 5% conversion in 18 h). With 11a as
the catalyst, the transformation in Equation (16) proceeds
only to 50 % conversion in 24 h to afford the desired siloxane
in only 65% ee. In the latter transformation, even in a 0.1m
solution, the major product is that formed through homo-
metathesis of the terminal alkenes. The lack of homodimer
generation when 11j is used as the catalyst, particularly in the
absence of solvent, bears testimony to the remarkable degree
of catalyst—substrate specificity in these asymmetric trans-
formations. Finally, it has been reported recently that chiral
tungsten-based catalysts 1h and 2h (see Figure 1) promote
the reactions shown in Equations (15) and (16) with yields
and enantioselectivities similar to the analogous molybde-
num-based catalysts.”)
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The catalytic desymmetrization depicted in Equation (17)
involves ARCM of a meso-tetraene.?” The unaffected siloxy

| e MeZJ 15molo% 1, Me
Sy oS CgHe, 60°C,1h o OH
Me Me N an
2. KoCO3, MeOH

Me Me
>99% ee, 54% yield

ether moiety can be subsequently removed to deliver the
derived carbinol. In this enantioselective desymmetrization,
alkylidenes of both enantiotopic terminal alkenes are likely to
be generated. Since alkylidene formation is reversible, the
major product arises from the rapid RCM of the “matched”
segment of the tetraene. If any of the “mismatched” RCM
takes place, a subsequent and more facile matched RCM
leads to the formation of the meso-bicyclized product. Such a
byproduct is absent from the unpurified mixture, which
highlights the exceptionally high degree of stereodifferentia-
tion induced by the chiral catalyst. As before, in contrast to
11j, Mo complex 11a is ineffective in facilitating the ARCM
depicted in Equation (17).

Incorporation of electron-withdrawing groups within
either the imido or diolate moieties of a chiral Mo complex
can result in enhanced Lewis acidity of the metal center and
higher catalyst activity. As the examples in Scheme 35 outline,

Me
/ﬂeff\ 5mol % 13a Ei /(\
0~ "0 CGH 22°C (OfH
12h

with11a 29% ee, >98% conv

with 12a 51% ee, >98% conv

with 11j 13% ee, >98% conv
| with 13a 83% ee, >98% conv, 41% yield |

Scheme 35. Chiral complex 13a is the catalyst of choice for asymmetric
synthesis of acetals.

such structural modifications can have an effect on enantio-
selectivity as well. In the desymmetrization of the acetal
substrate in Scheme 36, dichlorophenylimido complex 13a
provides higher asymmetric induction than the biphen- or
binol-based catalysts that carry 2,6-dialkylphenylimido
ligands (e.g., 11a and 11j). Note that cyclic unsaturated
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Br
Br. M
18
/' 1mol%13a \O Si
O\S- o
e (13mg)
Me 2 —o>
CgHg, 22°C Me
Me' Me
(0.65 g) 94% ee, 98% yield

5mol % 13a /
Me -
CoHg 22°C /KH Ve
Me’ Me

90% ee, 50% yield

Me,
o~ 1mol % 11a Si
Ph o\'\slIie (30mg) o
Me 2 B
22°C,6h, Me
Me no solvent o
(109 87% e, 95% yield
1. mCPBA
93% ee;>20:1 de P, oH Fove 5 BUNF
0/ \si . ¥ i Ug
86% yield fortwo steps; e o

Scheme 36. Molybdenum-catalyzed tandem ARCM can be used to
synthesize enantioenriched seven-membered heterocycles in a practical
and efficient manner; mCPBA =m-chloro peroxybenzoic acid.

acetals of this type retain their stereochemical integrity
through various laboratory operations (such as chromatog-
raphy on silica gel) and can be functionalized to deliver a
range of chiral nonracemic functionalized heterocycles.
Molybdenum-catalyzed ARCM has been utilized by
Burke et al. in a brief and enantioselective total synthesis of
endo-brevicomin [Eq. (18)]; the key step is a catalytic

ﬁ 1.10mol % 11a,

'/<O] ~ CsHe 22°C endo-brevicomin  (18)
M ..

o o H2 Pd(C Et

59% ee, 78% yield

enantioselective desymmetrization of a triene.™™ It is possi-
ble that screening of additional molybdenum-based catalysts,
unavailable at the time of this study, could lead to significantly
higher asymmetric induction.

5.2.7. Enantioselective Synthesis of Medium-Ring Ethers; Use of
Solvent not Required

As the examples in Scheme 36 (see also Scheme 37)
indicate, molybdenum-catalyzed ARCM has been applied to
the enantioselective synthesis of medium ring heterocy-
cles."™ These processes are effected efficiently in preparative
scale, at low catalyst loading and without use of solvent.
Moreover, as the last example in Scheme 36 illustrates, the
optically enriched siloxanes obtained by molybdenum-cata-
lyzed ARCM can be stereoselectively functionalized to afford
compounds that are otherwise difficult to synthesize.
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5.2.8. Enantioselective Synthesis of Acyclic and Small- and
Medium-Ring Amines; Use of Solvent not Required

The functional group tolerance of chiral molybdenum-
based catalysts is underlined in ARCM reactions illustrated in
Scheme 37. Acyclic and cyclic tertiary amines are synthesized
with high enantiopurity through catalytic kinetic resolution or
asymmetric synthesis.'™ The facility and selectivity with
which medium-ring unsaturated amines are obtained is
noteworthy. Catalytic enantioselective synthesis of the
eight-membered-ring amine (Scheme 37) proceeds efficiently,
with excellent enantioselectivity and in the absence of
solvent.

Catalytic Kinetic Resolution:
Me

N/\/
Ph

Kt =17 with 5mol % 11a

/\J
N

Ph
MeO

ket =13 with 5mol % 11a

Me
/\f
N
Ph
kel >50 with 5 mol % 11a

Catalytic Asymmetric Synthesis:

5mol%11a m
N/\/ CsH622°C Me

98% ee, 78% yleld

Me Me
/L/E%\j 5mol % 13a
e
Me N no solvent Me

N
Ph 22°C, 20 min Ph

97% ee, >98% yield

Scheme 37. Enantioselective synthesis of amines through
molybdenum-catalyzed ARCM.

5.3. Molybdenum-Catalyzed Asymmetric Ring-Opening
Metathesis (AROM)

Catalytic ROM transformations—although less explored
than RCM processes—offer unique and powerful approaches
to selective organic synthesis.®*! Moreover, chiral Mo alky-
lidene complexes that are products of AROM may be trapped
either intramolecularly (by RCM) or intermolecularly (by
CM) to generate an assortment of versatile optically enriched
compounds.

5.3.1. Molybdenum-Catalyzed Tandem Ring-Opening/Ring-
Closing Metathesis Reactions (AROM/RCM)

Transformations described in this section are the first
reported examples of catalytic asymmetric ring-opening

(AROM). In 2000, it was disclosed that meso-triene substrate
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in Equation (19) can be converted into a chiral heterocyclic
triene in 92 % ee and 68 % yield in the presence of 5 mol %
112" It has been proposed that, as illustrated, stereo-

Me
Me,
“ 5mol % 11a — |
- > (19)
\\"A CGHG‘ 22°C o é Me
Me

\Q 92% ee, 68% yield

ou MO§D

selective approach of the more reactive cyclobutenyl alkene
leads to the enantioselective formation of the observed
dihydrofuran enantiomer.

Another early example of AROM, shown in Scheme 38,
involves the net rearrangement of meso-bicycle 91 to 92 in
92% ee. The reaction is promoted by 5mol% 1la and

Me
0)

A

5mol % 11a
—_—

pentane
91 N /7
92% ee,
(0] 54% yield
Me 10mol %
0.
5mol % 11a
rapid polymerization
pentane, 22 °C
93
5mol % 58a ethylene
CHxCly 5mol % 11a
Me ——>
pentane
94 78% yield 95 >98% eg,
84% yield

Scheme 38. Efficiency of catalytic AROM processes can depend on the
stereochemical identity of the substrate.

requires the addition of diallyl ether.'”’s! As mentioned
previously (see Scheme 28), initial reaction of diallyl ether
with neophylidene 11a most likely leads to the formation of
the substantially more reactive chiral Mo=CH, complex,
which can react with the sterically hindered norbornyl alkene
to initiate the catalytic cycle.

In contrast to 91, diastereomer 93 undergoes rapid
polymerization in the presence of 11a (Scheme 38), presum-
ably because of its more exposed strained olefin. The less-
reactive Ru catalyst 58a (Figure 11) can, however, be used

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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under an atmosphere of ethylene to effect a tandem ROM/
CM to generate meso-94. The resulting triene may be
subsequently induced to undergo molybdenum-catalyzed
ARCM to afford optically pure 95, the AROM/RCM product
that would be directly obtained from 93.

The molybdenum-catalyzed transformations shown in
Scheme 39 might be viewed as examples of tandem AROM/
RCM.I It is however possible that initiation occurs at the

X

Cy .
5mol % 11j

_

CeHg, 50°C

Ph (\
© 5mol % 11j
;’, Ph/\““u

CeHe, 50°C

91% ee, 95% yield
Me

P N

tipranavir  OH Et

Scheme 39. Molybdenum-catalyzed enantioselective rearrangement of
cyclopentenes to unsaturated pyrans. Cy = cyclohexyl.

terminal olefin, followed by an ARCM involving the cyclic
alkene. The enantioselective rearrangements shown in
Scheme 39, catalyzed by binaphtholate-based catalyst 11j,
deliver unsaturated pyrans bearing a tertiary ether site with
excellent enantioselectivity. Biphenolate Mo catalysts, such as
11a, deliver significantly lower ee values. This class of hetero-
cycles would not be accessible by an asymmetric synthesis of
the precursor diene, followed by RCM promoted by an
achiral catalyst. The enantioselective synthesis of the pyran
portion of the anti-HIV agent tipranavir (Scheme 39) dem-
onstrates the potential of the method in asymmetric synthesis
of biomedically important agents.['””

The nonracemic pyrans shown in Scheme 39 can be
obtained by molybdenum-catalyzed ARCM of trienes as
well. The example shown in Equation (20) is illustrative.

S
0o .
5 mol % 11j

Me — > Me

toluene, 80 °C
7 \

(20)
>98% ee, 90% vyield

Elevated temperatures are required for high enantioselectiv-

ity; under conditions shown in Scheme 39, (50°C) the triene

substrates are converted into the desired pyrans in signifi-

cantly lower ee values.
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A related process to those discussed above is the
asymmetric molybdenum-catalyzed synthesis of cyclohexenyl
ethers (96—97, Scheme 40)."* An unusual attribute of this
class of reactions is that higher levels of enantioselectivity are

Cl Cl
N
CGHQIP r3
13d
7
TBSO 5mol % 13d, TBSO.,,
10 equiv THF
_—
CeHe, 4°C
% 97

92% ee, 93% yield

0
9mol % 13d MGO >
Me > 2 /

CgHg, 50°C
83% ee, 80% yield

Scheme 4o. Enantioselective synthesis of carbocyclic tertiary ethers
and spirocycles through molybdenume-catalyzed asymmetric olefin
metathesis.

obtained when substrate THF is added to the reaction
mixture. As an example, 97 is formed in only 58 % ee in the
absence of THF (<5% conversion when THF is used as
solvent). As also shown in Scheme 40, enantioenriched
spirocycles are accessed easily by a similar approach; in this
case, additive effects are not observed.'”

5.3.2. Molybdenum-Catalyzed Tandem Asymmetric Ring-
Opening/Cross Metathesis Reactions (AROM /CM)

The chiral molybdenum alkylidene complex derived from
AROM of a cyclic olefin may participate in an intermolecular
cross metathesis. As depicted in Scheme 41, treatment of 98
with a solution of 5mol% 11a and two equivalents of
vinylsiloxane leads to the formation of optically pure 99.°
Subsequent palladium-catalyzed cross-coupling delivers opti-
cally pure 100 in 51 % yield (>98% trans).l"”)

As the representative products illustrated in Scheme 41
indicate, the molybdenum-catalyzed AROM/CM may be
performed on functionalized norbornenes and aryl or ali-
phatic terminal alkenes. These are optically pure and easily
functionalizable organic molecules that cannot be easily
prepared by other methods. It should be noted that the
relative orientation of the heteroatom substituent versus the
reacting olefin has a significant influence on reaction effi-
ciency (see Sections 5.6 and for a discussion of complemen-
tarity of Mo and Ru catalysts).
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OMOM (MeQ}Si OMOM
5mol % 1a - -
H H
- (MeO)Si~ P~
CeHe 22°C
i 25 mol %
[l{ally)PdCl}z]

100 7

=98% ee, =08% frans, 51% yield

V\é’\%

AcO Ohc
=08% ee, 94% yield B6% ee, 67% yield
MOMQ, &,

Ph

s

>08% ee, 85% yield >08% ee, 84% yield

(=98% trans in all cases)

=08% ee, 84% yield

Scheme 41. Molybdenum-catalyzed tandem AROM/CM proceeds with
high enantioselectivity and olefin stereocontrol; MOM = methoxy-
methyl.

5.4. Towards more User-Friendly and Practical Chiral
Molybdenum-Based Catalysts for Olefin Metathesis

The issue of practicality is a critical aspect of research
regarding the development of practical molybdenum-based
metathesis catalysts. Two related key advances have recently
been reported. One is in connection to the in situ preparation
of commercially available Mo catalysts from commercially
available compounds, and the other is related to the develop-
ment of a recyclable polymer-supported chiral Mo catalyst.

5.4.1. Chiral Molybdenum Catalysts Prepared In Situ: Catalyst
Isolation not Required

From a practical point of view, binaphthol-based catalysts
such as 11j have an advantage over the biphenol complexes
represented by 11a. The synthesis of the optically pure diolate
begins from the inexpensive and commercially available (R)-
or (S)-binaphthol. Access to the optically pure biphenol
ligand in 11a and its derivatives requires resolution of the
racemic material by fractional crystallization of phosphor-
us(v) mentholates."'Enantiomerically pure 11£%? shown in
Scheme 42, is a catalyst that bears a “biphenol-type” ligand
but is synthesized from the readily available optically pure
binaphthol. Complex 11 f shares structural features with both
the biphen- and binol-based catalysts and represents an
intriguing possibility regarding the range of reactions for
which it can serve as a suitable catalyst.””! Two examples are
depicted in Scheme 42. Note that in many, but not all,
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g/!ez
A"

kre1> 25 with 11a
ki< 5 with 11

Keet > 25 with 11f

(5 mol % loading)

S o ~70% eewith 11a
5mol % 11f M
Me Me ———» o oME  599% ee with 11]
CeHe, 55°C ]f
3h

96% ee, 56% yield

Scheme 42. Chiral complex 11 f represents a hybrid between biphen-
and binol-based catalysts and provides a unique selectivity profile.

instances, 11f delivers compounds of high optical purity
where either biphen- or binol-based catalysts are ineffective.

Not only is Mo complex 11f easier to prepare than
biphenolate 11a, it is also simpler to use. As outlined in
Scheme 43, a solution of 11f, obtained by the reaction of
bis(potassium salt) 101 (commercially available from Strem)
and Mo triflate 102 (commercially available from Strem), can
be used directly to promote enantioselective metathesis.*
Similar reactivity and selectivity is observed with in situ 11 f as
with isolated and purified 11a or 11 f. Moreover, asymmetric

THF,
-50—22°C
in hood

Me OTf
[o, l\/llo/ NAr Me
gl
O™ | —fwpn
e

Me OTt 11fin THF

102
direct from
(Strem) bottle

1h

(Ry-101

5mol % in situ
11f (THF)

—_—

22°C, CgHg, 2h

O/\/
Me Me

88% ee, 80% yield

with 5 mol % isolated 11f: 93% ee, 86% yield

[+
5mol % in situ OBn
11f (THF)
/\@ A S
°C CgHe, 2h

>98% ee, >98% trans, 86% yield

with 5 mol % isolated 11f: >98% ee, >98% trans, 87% yield

Scheme 43. In situ preparation and utility of chiral metathesis
catalyst 11 f.
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olefin metatheses proceed with equal efficiency and enantio-
selectivity with the same stock solutions of (R)-101 and 102
after two weeks, which makes the use of glovebox, Schlenk
equipment, or vacuum lines no longer mandatory. It has
subsequently been demonstrated that the insitu catalyst
preparation procedure can be readily applied to other chiral
Mo complexes as well.’]

5.4.2. The First Enantiomerically Pure Solid-Supported Catalyst
for Olefin Metathesis

Synthesis and catalytic activity of the first supported chiral
catalyst for olefin metathesis was disclosed in 2002.%! As
illustrated in Scheme 44, supported catalyst 103 efficiently

R. R. Schrock and A. H. Hoveyda

5.5. The First Enantiomerically Pure Alkyl Imido Molybdenum
Catalyst

In spite of the advances discussed above regarding chiral
molybdenum-based complexes, a large number of problems
in selectivity and reactivity cannot be addressed by the
available chiral catalysts. Accordingly, recent efforts have
been directed towards the development of structurally
distinct chiral catalysts. Such initiatives have resulted in the
synthesis, characterization, and study of the catalytic activity
of the first enantiomerically pure molybdenum-based alkyl
imido complex (Scheme 45).%! Enantiomerically pure alky-
lidene complex 17 exists almost exclusively in its syn form
(=0.5% anti alkylidene at 22°C) and can be easily prepared

on multigram scale. Importantly, the adamantylimido
complex exhibits unique reactivity and selectivity

profiles not available through the use of aryl imido
systems. One representative example, where 17 pro-
motes an AROM/CM substantially more efficiently
than any molybdenum-based catalysts, is presented in
Scheme 45.

OBn

PS

Cycle 1: >58% conv, 30 min; 97% og
product contains 3% of total Mo initially used

& mol % 103 Ph‘i{\ OBH;',"

2 equiv styrena H’Q\H

CgHg. 22°C

Cyocla 2: G8% conv, 30 min; 98%: oa
product containg 1079 of wotal Mo initially used

Cycle 3: 55% com, 16 h; B9% ee
product comtains 16% of total Mo initially used

Scheme 44. The first recyclable and supported chiral catalyst for olefin meta-
thesis delivers reaction products that contain significantly less metal impurity.
The two dram vials show unpurified product from a reaction catalyzed by

11a (left) and 103 (right).

promotes a range of ARCM and AROM processes. Reactions
are slower than with the corresponding monomeric complex
11a, but often similar enantioselectivity is observed.
Although 103 must be kept under dry and oxygen-free
conditions, it can be recycled. Moreover, the unpurified
product solution, after simple filtration, contains significantly
lower levels of metal impurity than detected when using the
monomeric catalysts, where >90% of the Mo used is found
in the unpurified product (ICP-MS analysis). The lower levels
of activity exhibited by 103 might be due to inefficient
diffusion of substrate molecules into the polymer. On the
other hand, the supported catalyst is also expected to be less
susceptible to bimolecular decomposition of methylidene
intermediates (see Scheme 14).0'
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5.6. Comparison with Chiral Ruthenium Catalysts

Two different types of chiral ruthenium-based
catalysts have been disclosed. Although these Ru
systems complement enantiomerically pure Mo cata-
lysts, the latter class of catalysts have so far proven to
be superior in scope.

In 2001, Grubbs and co-workers reported the first
chiral Ru catalyst for olefin metathesis 107
[Eq. 21)]." The reactions illustrated in Equa-
tion (21) include the highest ee value reported in that
study (13-90% ee). Asymmetric induction is lower
than that obtained with molybdenum-based catalysts
[see Eq. (15) for comparison] and is dependent on the
degree of olefin substitution. As is the case with nearly
all catalytic enantioselective reactions,'® the identity
of the optimal catalyst depends on the substrate being
used. A number of chiral Ru catalysts were therefore
synthesized and screened before 107 was identified as the
most suitable.

Early in 2002, the synthesis, characterization and catalytic
activity of chiral ruthenium-based carbene 108 was disclosed
(Scheme 46).2 Catalyst 108 is stereogenic at the metal
center, can be prepared in >98% diastereoselectivity and

Pro\

Ph
o N
Cy3P—/—Ru—<(
Cl )I' N Ph

o™ P H A
Me Me o 107
j)\[ 5mol % @)
R R THF, 38°C, 1 equiv Nal

R=H
R=Me

39% ee, 22% conv
90% ee, 82% conv
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OBn
v, %AAGA*
AS<° :
OB md Me 104
90% ee, 78% yield
OBn OBn
Me & Me: O_"B +
22°C, GgHg, 6h Me 5 105 106
e
e
(13:1 104:105)

e =—sae e TN

[=7]
(=]

e COMVErsion —
B dn
=]

11a 12‘,'135
11j 13d 15¢ 11§ 11h.1|g 104
Catalyst

Scheme 45. The adamantylimido chiral catalyst 17 can offer levels of reactivity and selectivity that are not available by the corresponding aryl
imido catalysts.

tative cases in Scheme 46 illustrate, this chiral Ru catalyst is
highly effective (0.5-10 mol % loading) in promoting AROM/
CM. These enantioselective transformations can be effected
in air and with unpurified solvents air (see Scheme 46). It
should be noted that the substrates illustrated in Scheme 46

NUN O

\
O
g’P undergo rapid polymerization in the presence of chiral
T
108 molybdenum-based catalysts.
_ Smol%108 \/"h 6. A Few Notes Regarding Molybdenum- Versus
[ air, oncisiled THF Ruthenium-Based Metathesis Catalysts
| T e
° OAZ v 6.1. Are Molybdenum Catalysts “Functional-Group Tolerant?”
OAr
05MI%108 2% A oS

Statements that simplify a complicated field of research
often gain rapid popularity. One claim that is frequently
stated by users of olefin metathesis is that “unlike ruthenium-
based catalysts, high-oxidation-state complexes are not func-
tional-group tolerant.” Such a statement tends to marginalize
important data and can lead to unwise decisions in exper-
imental design.

In contrast to the ruthenium-based catalysts, such as those

-_—
THF,22°C,1.2h
1_ 96% ee, 76% yield, >98% trans,
a Ar = pOFsCeHs 71% recovered catalyst
b AP = pOMeCgH.

Scheme 46. Air stable chiral ruthenium-based catalyst for olefin
metathesis can be used to promote AROM/CM reactions.

purified by chromatography on silica gel with undistilled
solvents. This styrene ether Ru complex, which is based on
complexes represented by 58d,e (Figure 11) which were first
reported in 1997777 catalyzes RCM and ROM reactions.
Moreover, 108 is air stable and recyclable. As the represen-
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shown in Figure 11, Mo complexes are relatively sensitive to
moisture and air, and should be handled under inert
atmosphere and used in anhydrous solvents. The early-
transition-metal complexes are incompatible with carboxylic
acids, ketones, aldehydes, most alcohols and primary amines.
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However, Mo catalysts are effective in the presence of
phosphanes® and thioethers [see Eq. (10)],722 functional
groups that readily decompose Ru complexes. Molybdenum
catalysts also have been shown to be active in the presence of
nitriles™? and a sterically protected free alcohol.”™! There
are numerous reported examples, including several discussed
above (see Scheme 37), where Mo catalysts not only show
high catalytic activity in the presence of amines, they deliver
unparalleled enantioselectivity.””! Molybdenum catalyst 3d
(Figure 2, G = CMe,Ph) is active in the presence of metal-
carbonyl compounds.”™ Thus the response to a statement
that a particular class of catalysts are “not functional-group
tolerant” should be: exactly which functional groups are
being discussed?

6.2. Do Molybdenum catalysts still Offer the Highest Levels of
Reactivity?

Although recent generations of ruthenium-based cata-
lysts, such as 58b,c and 58 e (Figure 11), provide significantly
improved activity compared to their precursors 5S8a and 58d,
Mo catalysts can still offer unique levels of reactivity. As an
example, the ROM/CM in Scheme 43, which occurs within
minutes with 5 mol % 11a, does not proceed, even at 70°C, in
the presence of catalytic or stoichiometric amounts of
“second generation” Ru catalysts 58b or 58e.2""]

One important lesson that the field of catalysis has taught
us is that simple generalizations, in spite of their lure, are best
avoided. Blanket statements regarding reactivity or selectiv-
ity often carry as many (if not more) cases that are exceptions
as agreements, particularly since higher activity of a catalyst is
often claimed based on data collected regarding a narrow
field of substrates (at times a single starting material is used).

As discussed above, molybdenum- and ruthenium-based
catalysts offer complementary degrees of efficiency and
stereoselectivity. Superior activity of a Mo catalyst in one
case does not mean that such is true in all cases.

7. Conclusions and Outlook

The journey from a new high-oxidation-state Ta alkyli-
dene to asymmetric Mo catalysts for the metathesis of olefins
required twenty-five years. Investigations of high-oxidation-
state Ta alkylidene chemistry led to the finding that bulky
alkoxide ligands slow the rearrangement of tantalacyclobu-
tane rings to olefins and promote olefin metathesis. Studies
concerned with alkylidyne complexes of W and Mo confirmed
that bulky alkoxide ligands are most desirable for efficient
metathesis of alkynes and revealed that trigonal-bipyramidal
metallacyclobutadienes are intermediates in alkyne meta-
thesis reactions. Neopentylidene or neophylidene complexes
of W or Mo can be isolated when sterically demanding aryl
imido and alkoxide ligands are present and serve as effective
olefin-metathesis catalysts, especially when the alkoxide is the
relatively electron-withdrawing hexafluoro-tert-butoxide
group. Moreover, several new alkylidenes derived from
olefins and metallacyclobutane intermediates have been
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observed and isolated. Studies regarding ROMP have
resulted in the realization that syn and anti isomers can be
present in imido alkylidene complexes, and that their
reactivities and rates of interconversion may vary dramati-
cally with the nature of the alkoxide and imido ligands.
Finally, the success at controlling ROMP structure with chiral
biphenolates culminated with the synthesis of enantiomeri-
cally pure imido alkylidene catalysts which can be employed
in asymmetric metathesis reactions.

The exciting results of the investigations described in the
preceding sections clearly indicate that the modular construct
of molybdenum- and tungsten-based imido alkylidene com-
plexes can be exploited to generate a range of highly efficient
and selective catalysts for olefin metathesis. A variety of ring-
closing, ring-opening, and cross metathesis reactions can be
promoted by high-oxidation-state complexes to obtain prod-
ucts that are typically unavailable by other methods or can
only be accessed by significantly longer routes.

Molybdenum-based catalysts, although more sensitive to
moisture and air than the related ruthenium-based systems,
often provide complementary reactivity and selectivity pat-
terns and offer the most effective chiral catalysts that can be
used in asymmetric synthesis. Achiral catalyst 3d and chiral
complex 11a (both antipodes and racemic) are commercially
available from Strem, Inc. Molybdenum-based complexes can
be handled on a large scale and in the significant number of
cases, reactions proceed readily to completion in the presence
of 1 mol% loading. In many cases, optically pure materials
can be synthesized within minutes without the need for
solvents.

The advent of protocols for in situ preparation of chiral
Mo catalysts and the emergence of supported and new
generations of easily recyclable complexes augur well for
future developments towards truly practical molybdenum-
and tungsten-based metathesis catalysts. The above attributes
and ongoing research efforts will hopefully lead to the arrival
of even more efficient catalysts that can be used in organic
synthesis.
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