1. Alkylidene Complexes and Olefin Metathesis

The broad goals of this research are (i) to discover fundamentally new organometallic
chemistry of broad significance, and (ii) to discover new catalysts and new principles of catalysis
through guided exploratory synthesis supported by kinetic and mechanistic studies. The main
type of organometallic chemistry that has evolved concerns complexes that contain a metal-
carbon double bond or a metal-carbon triple bond in which the metal is in its highest possible
oxidation state (alkylidene or alkylidyne complexes, respectively), and the products of reactions
of them with alkenes, alkynes, and other simple molecules of interest to organic or
organometallic chemists (e.g., metallacycles of various

sorts). In the last two years research has focussed on ﬂ
monoalkoxide  pyrrolide (MAP) imido alkylidene |
complexes. !

Molybdenum and tungsten bispyrrolide species were
prepared with the view of employing them as precursors to
bisalkoxide, biphenolate, and binaphtholate species through
addition of monoalcohols or diols. An intermediate in this
process when monalcohols are employed is a MAP species.
An example is shown in Figure 1. The pyrrolide is bound to
the metal in an n' fashion, which leaves the metal with a 14
electron count. Binding of the pyrrolide in an 1’ fashion is Figure 1. A model of the structure of

. . e Mo(NAr)(CHCMe,Ph)(Dimethyl-
probably disfavored for steric reasons in this circumstance. pyrolide)(Diisopropylphenoxide).

A reaction between bispyrrolide complexes and an
enantiomerically pure phenoxide (Figure 2) was found to lead to a mixtures of diastereomers.
These diastereomers could be interconverted by a strongly
coordinating trimethylphosphine ligand through formation of five- ‘O

OH

coordinate adducts (equation 1).  This interconversion was
estimated to be approximately two orders of magnitude slower than OR
inversion of the metal through reaction with an olefin, especially ‘O
ethylene (see below). The structure of a trimethylphosphine adduct

of the R,,, diastereomer showed it to be square pyramid with the
alkylidene in the apical position and the trimethylphosphine trans Figure 2. An enantiomerically
to the pyrrolide ligand. Studies involving complexes that contained | pure monoprotected biphenol.
the Br,OBitet ligand led to the concept of Z-selective metathesis
reactions and the Br,OBitet ligand served as a model for other
sterically demanding phenoxides for this purpose.
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Studies of tungsten methylene bispyrrolide species led to the crystallographic
characterization of a tungstacyclobutane MAP species, shown in Figure 3. The
metallacyclobutane ring is similar to those found in bisalkoxide complexes. A detailed study of



the chemistry of this tungstacyclobutane complex showed
that the rate limiting loss of ethylene from the MC,; ring is in

\
the range of 2-3 s at 22 °C. Methylene species were found o £
to be relatively stable thermally. For example, the el ‘
methylene  species  that contains the  2,3,4,5- A\m“p\
tetraphenylphenoxide ligand was found to be stable upon w1 /(.3\; o
heating to 80 °C in solution. The methylene ligand in this : 2 =4

species was observed to rotate at a rate of 90 s”. This is the
first direct observation of rotation of a methylene species
about the M=C bond in any Mo or W high oxidation state
species, primarily because methylene species have been
relatively unstable with respect to bimolecular
decomposition reactions.

The theory as to how MAP species function is the
following: (i) metallacyclobutanes that contain axial imido ,

. . . . . Figure 3. Structure of a

and alkoxide ligands are metathesis intermediates in MAP | o qcyclobutane MAP complex that
catalyst systems; (ii) an olefin arrives and leaves frans to the contains the Br,OBitet ligand.
pyrrolide (CNO face); (iii) The configuration at the metal
inverts with each forward metathesis step and is relatively fast compared with rearrangement of
any S-coord species; (iv) only syn alkylidenes are involved. This process is illustrated in
equation 2.
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The most dramatic illustration of the value of MAP species for rapid enantioselective
reactions is the enantioselective synthesis of quebrachamine (equation 3), which was achieved as
part of a continuing collaboration with the group of Amir Hoveyda at Boston College. All other
enantioselective catalysts of the biphenolate or binaphtholate type failed to yield any product.
The catalyst can be prepared in situ from bispyrrolide complexes and employed without
purification as a mixture of diastereomers. The explanation of the method of action of
diastereomeric catalysts includes a required rapid interconversion of the two diastereomers in an
ethylene catalyzed reaction and a low reactivity of one diastereomer toward completion of a
desymmetrization reaction.
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MAPBT,, 7:1, 2 mol%, 1h, 98%conv, 75%yield, 95%ee Quebrachamine



Studies involving the Br,OBitet ligand included the ring-opening cross-metathesis
reaction shown in equation 4. Although biphenolate and binaphtholate catalysts produce
products with the more stable Z configuration about the C=C bond, when the MAP catalyst
shown was employed the configuration of the C=C bond is >98% Z. Again, catalysts were
prepared and employed in situ. These results gave rise to the proposal that no substituents on the
metallacyclobutane ring (Figure 3) can point toward the aryloxide for steric reasons.

(prepared in situ from 1 mol %
bispyrrolide and 1 equiv alcohol)
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Studies involving the Br,OBitet
ligand gave rise to other studies of MAP
compounds that contain a nonchiral but
sterically demanding phenoxide such as
2,6-hexaisopropylterphenoxide  (OHIPT).
A crystal structure of a
tungstenacyclobutane OHIPT  complex
(Figure 4) showed it to have the expected
structure in which the positions where three
protons are pointed toward the OHIPT
ligand are unlikely to be occupied by any
larger (alkyl) substituent. Therefore, Z-
selective metathesis reactions could be Figure 4. Structure of a tungstacyclobutane MAP complex
observed. In the case of ROMP reactions, that contains the OHIPT ligand.
not only were Z (cis) polymers obtained,
but they were shown to have a tacticity (syndiotactic) that has never been observed, one that
arises directly from the proposed mechanism that involves approach of the substrate trans to the
pyrrolide and inversion of configuration at the metal center with each forward step of the
metathesis reaction (equation 5). ROMP polymerization takes place via "stereogenic metal
control," a method of controlling the structure that has little precedent in the literature. Z-
selective  metathesis of internal Z  olefins could be documented  with
Mo(NAd)(CHCMe,Ph)(pyrrolide)(OHIPT) (Ad = 1-adamantyl), but general methods of making
Z olefins are exceedingly rare; therefore, Z selective coupling of Z internal olefins is likely to be
of limited utility. Z selective coupling of terminal olefins would be vastly more desirable.
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It has now been demonstrated that Mo and W MAP catalysts can couple terminal olefins
to give as high as >98% Z products in moderate to high yields with as little as 0.2% catalyst.
Results were reported for 1-hexene, 1-octene, allylbenzene, allyltrimethylsilane, methyl-10-
undecenoate, methyl-9-decenoate, allylB(pinacolate), allylOBenzyl, allyINHTosyl, and
allyINHPh. An example of Z-selective coupling is shown in equation 6. Molybdenum catalysts
generally deliver less dramatic selectivity than W catalysts. The reason for the high selectivity of
tungsten catalysts remain to be determined.
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0.2% cat, benzene reflux, 18 h, 74% conversion, 94% Z

The relatively high stability and reactivity of intermediate methylene complexes is
proposed to be the reason why reactions are relatively efficient with MAP catalysts. The systems
also appear to be relatively stable toward ethylene, a fact that allows ethenolysis reactions to be
carried out. For example, methyl oleate can be turned into a mixture of 1-decene and methyl-9-
decenoate at room temperature and 10 atm of ethylene with 99% selectivity and 95% yield
(equation 7). No other catalyst has been reported that is as efficient.

22 °C, 10 atm C,H,, 15 h

MC(CH2)7CH=CH(CH2)7C02MC Me(CH2)7CH=CH2 + CH2=CH(CH2)7C02MC (7)

Mo(NAr)(CHCMe,Ph)(Me,pyr)(Br,OBitet) catalyst; >99% selectivity, 95% yield, 4750 turnovers

The following selected and recent papers are relevant to this area of chemistry (see the
complete publication list for others): 450, 456, 457, 462, 466, 467, 468, 472, 473, 481, 486-497.



