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The addition of excess H,C=C(H)ER to (PCys).Cl,Ru=C(H)R (1a,b) afforded a series of
well-defined ruthenium carbene complexes, (PCys).Cl,Ru=C(H)ER (ER = OEt (5), SEt (6),
SPh (7), N(carbazole) (8), N(pyrrolidinone) (9)) in yields ranging from 66 to 90%. Such
complexes containing an electron-donating group on the carbene carbon are often referred
to as Fischer-type carbenes. Replacement of one phosphine ligand with 1,3-dimesitylimi-
dazolylidene (IMes) afforded the respective mixed-ligand complexes (IMes)(PCys3)Cl,Ru=
C(H)ER (11-14) in 48—89% vyield. Alternatively, addition of H,C=C(H)OEt to (H.IMes)-
(PCy3)CI,Ru=C(H)Ph (3a; H:IMes = 1,3-dimesityl-4,5-dihydroimidazolylidene) afforded
(H21Mes)(PCy3)Cl,.Ru=C(H)OEt (15) in 93% yield. The crystal structures of complexes 5,
7—9, and 11 were determined and found to be structurally similar to the parent ruthenium
alkylidene ([Ru]=C(H)R) complexes. In solution, the chemical shift of the [Ru]J=C(H)ER
resonance in *H NMR spectra was found to be inversely related to the electronegativity of
the a-heteratom; however, no trends were evident in the 3!P or 3C NMR spectra.
Intramolecular coordination of the pendant amide carbonyl group to the Ru center established
a temperature-dependent equilibrium between complexes 9 and 14 and their cyclometalated
forms. All Ru electron-rich complexes initiated the ring-opening metathesis polymerization
(ROMP) of strained cyclic olefins and the ring-closing metathesis (RCM) of diethyl
diallylmalonate. A general trend in the relative reactivities and thermal stabilities of the
(PCys3)2Cl,Ru=C(H)ER complexes followed the order C > N > S > O. In addition, complexes
coordinated with an N-heterocyclic carbene ligand (e.g., (IMes)(PCy3)Cl,Ru=C(H)ER)
displayed enhanced activities in olefin metathesis and were thermally more stable than their
bis(phosphine) analogues. Finally, the thermal decomposition product of (PCys3),Cl,Ru=C(H)-

OEt was isolated and determined by X-ray analysis to be (PCys),CIRu(H)CO (10).

Introduction

Over the past decade, the development of Ru-based
olefin metathesis catalysts has led to their use in a
variety of organic and polymer synthesis applications.!
The catalysts with the general structure LL'X;Ru=CHR
have received the bulk of the attention because they are
generally robust and functional group tolerant and
because a variety of synthetic pathways exist. In addi-
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tion, extensive synthetic,2 mechanistic,® and theoretical*
investigations have continually improved the perfor-
mance of the catalysts and expanded their overall
applicability. For example, early systems such as (PPhg),-
Cl,Ru=C(H)C(H)=CPh, were only effective in the ring-
opening metathesis polymerization (ROMP) of highly
strained olefins (e.g. norbornene) and displayed rather
limited thermal stability.> The incorporation of more
bulky and electron-donating phosphines (e.g. PCys)
afforded catalysts, (PCys).Cl,Ru=CHR (1a—c; Figure 1),
that are active in a wide variety of ring-closing metath-
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Figure 1. First- and second-generation ruthenium alky-
lidenes.

esis (RCM), cross-metathesis (CM), and ROMP applica-
tions.6 However, they are limited to olefinic substrates
that are not sterically hindered or that do not possess
functionality in the a-position (such as unsaturated
esters and amides). This limitation was recently over-
come through incorporation of large, electron-donating
imidazoylidene ligands.” The new catalysts (IMes)-
(PCy3)Cl;Ru=CHR (2a,b) and (HzIMes)(PCy3)Cl.Ru=
CHR (3a,b) (IMes = 1,3-dimesitylimidazolylidene; H,-
IMes = 1,3-dimesityl-4,5-dihydroimidazolylidene) have
enabled the preparation of not only a-functionalized
olefins but also di-, tri-, and tetrasubstitued olefins.8 In
addition, the increased activity of these catalysts has
not resulted in the loss of functional group tolerance and
inertness toward air and moisture.

The recent results with acrylates and related systems
suggested that Ru electron-rich carbene complexes
derived from functionalized olefins such as enols,®
enamines,’0 and vinyl sulfides® were relatively unreac-
tive in metathetical [2 + 2] reactions with olefins.11.12
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Figure 2. Triphenylphosphine-ligated ruthenium alky-
lidenes.

For example, an early report demonstrated that the
ruthenium alkylidenes (PPhs)2(TFA),Ru=C(H)R (4a)
reacted with vinyl ethers, amines, and sulfides to afford
the Ru Fischer-type complexes (PPh3)2(TFA),Ru=C(H)-
ER (4b—d, ER = OEt, SPh, N(carbazole); Figure 2),
which were subsequently found to be inert toward
olefins.’® In fact, ethyl vinyl ether is commonly used to
quench Ru-based ring-opening metathesis polymeriza-
tions, affording a methylene-terminated polymer and
the Ru Fischer-type carbene (PCyz),Cl,Ru=C(H)OEt.1*

However, a number of recent reports have indicated
that [Ru]=C(H)OR type complexes may indeed be active
olefin metathesis catalysts.'® Although a few Ru Fis-
cher-type carbenes have been synthesized and charac-
terized, a detailed study of their fundamental structures
and reactivity is required.13150-d.16 |n addition to reac-
tivity, the thermal stability of Ru Fischer-type com-
plexes has not been examined, even though they are
believed to be more thermally stable than their alky-
lidene counterparts.15¢ To address the effect of directly
modifying the electronic nature of the carbene carbon,
we have prepared and characterized a series of well-
defined carbenes (PCys3),Cl,Ru=C(H)ER and (L)(PCys3)Cl,-
Ru=C(H)ER (L = IMes, H;IMes; ER = OR, SR, NR).
As will be discussed below, the complexes contain
structural (solution and solid-state) and thermal char-
acteristics similar to those of Ru alkylidenes. More
importantly, these catalysts were found to be active in
a variety of olefin metathesis reactions. These results
define the requirements for the efficient metathesis of
functionalized olefins such as enols, enamines, and vinyl
sulfides.

Results and Discussion

Synthesis and Characterization of Bis(phos-
phine) Ru Electron-Rich Carbene Complexes. The
reaction between various vinyl ethers and (PCyzs),Cl,-
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