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Since its discovery in the 1950s, olefin metathesis has emergedScheme 2. Reaction of 3a with Ethylene
as a valuable synthetic tool for the construction of carboarbon

bonds! In particular, well-defined ruthenium catalygteind2 have RS = ”(\2. = = NTN =

. L . . . . SO - = (2.2 equiv)
received significant attention due to their high reactivity, commercial CI’RU=\;C§ CDxCh, 50 °C, ,/\R)u or Cu—cl
availability, and functional group toleranéé. 3a;x=s<c5F5:, 3h ol . (
Extensive investigation into the mechanism of olefin metathesis 3b: X = BF, Cay-symmetric metallacycle

has determined that the principal steps occur according to the i ) o
Chauvin mechanism, where the reaction proceeds via the interme- 10 Study the dynamics of the NHC ligand, we envisioned the
diacy of a metallacyclobutane complex, which subsequently col- Preparation of an unsymmetrical catalyst, thereby breakin@ihe
lapses via a [22] cycloreversion to afford the olefinic product ~Symmetry previously observed with metallacydlero this effect,
and the propagating metal carbene catalysdwever, for catalysts ~ COMplex5 was prepared in seven steps in 16% overall yidlghon

1 and2, there is still an ongoing discussion as to the nature of the the reaction of5 with ethylene (1 atm) at-40 °C, complete
metallacyclobutane intermediate, particularly with regard to the COnversion to metallacycléwas observed after 1.5 h (Scheme 3).
stereochemical orientation of the ligands (Schemé Whfortu- Metallacycle 6 possesses a distinctive two-proton signal at
nately, acquiring detailed data on this has proven elusive, and until ~2-66 ppm that corresponds to the enantiotgpitydrogens?®*
recently, experimental evidence supporting metallacycle orientation Analysis of the reaction mixture via 2D COSY and ROESY NMR
in ruthenium-based systems has been indirect, relying primarily identified the metallacycle-hydrogen shifts at 6.75 and 6.60 ppm,
upon the translation of stereochemistry from olefinic compléxes. indicating that Re-NHC rotation is sufficiently slow on an NMR
While compelling, the study of such complexes primarily indicates time scale at-40°C that thea-methylene groups are diastereotopic.
the thermodynamic preference for olefin binding (either side-on or HMQC *H—15C analysis correlated the 6.75 and 6.60 ppm shifts
bottom-face), not the kinetic preference for subsequent metallacycleWith *°C shifts at 94.9 and 93.7 ppm, respectively, allowing the

formation. assignment of eaait-hydrogen signal to a unique carbon resonance.
These results support the trigonal bipyramidal structure proposed
Scheme 1. Initial Steps of the Olefin Metathesis Mechanism by Piers and co-workefeind computationally predicted by Chen.
L L
gy, Cingly Scheme 3. Reaction of 5 with Ethylene
% R R R'P = A & P, & Po
I|‘V‘\CI -PCy, ,L~\\CI y/ side-on pathway :2 N N’_PQ :2 N N:_PQ
C|’Tu=\R C|’Ru=\R =\ l;\m BFy = (latm) J}CI
. =\ + —_——
PCys \\&\R Ll %\\u S ‘\PCyz CD,Cly, —40°C, 2h Vo
1:L=PCy, SRU=\ = M/Ri] cl
2:L = H,IMes ‘;‘/J_— R R Cl/\)"“: ® ®
R =Ph S\ % . . .
HalMies = N MNg— Pt paesy With the Ru-NHC ligand dynamics better understood, we looked

to investigate the influence of metallacycle substitution on ruthe-
In 2005, Piers and co-workers reported the first direct observation Nium complex stability and stereochemistry. The exposure of

of a ruthenium metallacycle. Upon the reaction of cataBgstvith propene to a metathesis catalyst results in the formation of butene
2.2 equiv of ethylene at50 °C, aCy,-symmetric ruthenacyclobu- and ethylt_ene via cross-metathesis. Hence, when catalystas
tane @) was observed vidH NMR spectroscopy (Scheme 2. reacted with an excess of propene-&0 °C, the presence of the

Piers’s result is suggestive of bottom-face olefin coordination and ethylene-derived metallacycke in 45% conversion was readily
metallacycle generation, as additional shifts that could be attributed €xPlained (Scheme 4 and Figure ¥&)However, much of the mass
to protons lying above and below the plane of a side-bound structure Palance of the reaction remained to be accounted for, %96 of
were not observed (Scheme 1, A vsB)Such an orientation is  the starting catalyst had been consumed.

consistent with previous computatiohadnd crystallographfé

. . . . Scheme 4. Reaction of 3b with Propenelé
evidence. However, the ligand dynamics of rotation about the P

R X H,IMes A (- " H,IMes H,IMes H,IMes
ruthenium-N-heterocyclic carbene (NHC) bond as well as the QFI{\\CI e ChCh 0" an le_:\c‘ 2R|_$C| 2R|-“‘O ©
. . . . . U= u u u )
stereochemical orientation of substituted metallacycles remained o Foy, thencoolto-95°C Lo v cHp + cHi g =CHe
unknown. For these reasons, we initiated a comprehensive inves- 3b 4 7 8
(45%) (29%) (2%)

tigation to elucidate this information.

. 1 . .
§ Joint Science Department, Claremont McKenna, Pitzer, and Scripps Colleges. During our *H NMR StUd_IeS on metal!acydé’ it had been
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(a) Reaction at 40 °C (b) Reaction at—95 °C
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Figure 1. Reaction of catalysBb with propene.

sufficient line broadening of the metallacycle peaks had occurred
such that they disappeared into the baseline. Thinking that a similar
scenario might be in effect, we observed the reactioBtoWwith
propene at lower temperatures. Gratifyingly, three new peaks at
—2.11,—2.35, and—2.84 ppm were observed in the upfield region
of the 'H NMR upon cooling the reaction te 95 °C (Figure 1b).

The formation of these new species was found to be reversible, as

warming the reaction mixture back t640 °C afforded solely
metallacycle4 without any visible decomposition. In addition, the

however, further investigation is required to fully ascertain their
exchange behavior. The extension of these studies to include the
dynamics of substituted metallacycles derived ffdaiso remains

to be investigated?

Scheme 5. Dynamics of Ruthenium Metallacycles
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In summary, we have shown evidence supporting the bottom-
face orientation of ruthenium(lV) metallacycles derived from both
ethylene and propene. The metallacycle structures derived from
propene represent the first observed examples of substituted
ruthenacyclobutanes and offer new insight into the preferred
stereochemical orientation of metathesis intermediates. In addition,
we have presented new evidence that suggests that ruthenacyclobu-
tanes derived from ethylene and propene are dynamic structures
that proceed through a series of nonproductive metallacycle
formations/cycloreversions prior to olefin exchange. Current efforts
are underway to apply these data to the rational design of additional
olefin metathesis catalysts, particularly those directed at the still
unsolved problem of olefin diastereocontrol.

presence of these new peaks was found not to be solely due to Acknowledgment. The authors thank Dr. Phillip Dennison and

ethylene, as cooling a solution dfto —95 °C afforded no new

the U.C. Irvine NMR Facility for the generous donation of

species. Instead, these new complexes were ultimately attributedinstrument time for the propene VT NMR experiments. Theodor

to metallacycles derived from propene (Scheme 4).

2D COSY, ROESY, and HMQC analysis of the reaction mixture
identified the protons at2.11 and—2.84 ppm to occupy the same
carbon on propene-derived metallacyé|evhich was found to be
present in 29% conversion. The doublet observed285 ppm
was attributed thg-hydrogens of the&C,-symmetric metallacycle
8. As with 4, metallacycle§ and8 lie in a bottom-face orientation.
Repeating the reaction in the presence dfGHabeled propene
confirmed that no metallacycles derived from eitber or trans
2-butene are observable at these reaction temperataressult
consistent with what Piers had observed in the reactiddaafith
butene at-50°C.’ It is important to note that the trans orientation
of the methyl groups in metallacyc&is in marked contrast to the
preferred cis orientation that had been previously postulated in
analogy to cyclobutane puckeridAs the structure o8 indicates,

a cis/trans argument based solely upon the configurational prefer-
ences of cyclobutane is not entirely valid, particularly in view of
experimental evidence that suggests the metallacycle ring is a
distorted kite shape due to a-MC; interaction’

At this point, we had acquired significant insight into the-Ru
NHC ligand dynamics and the configurational preferences of
ruthenium metallacycles. During the course of our 2D NMR
investigations, however, we had additionally found teeand
p-positions of metallacycle4 and 6 to possess exchange cross-
peaks!3? raising the issue of metallacycle dynamics. Taking
previous mechanistic studies into accotfitthe presence of
exchange cross-peaks was strongly indicative that metallacycle
cycloreversion and re-formation was occurring on the NMR time
scale, leading to an equilibrium betweBrandB' (Scheme 5). In

addition, as no exchange was observed between the metallacycle (4

and free olefin within this time period, exchange betweencthe
andf-positions must be attributed to rotation of tirdound olefin
between successive reaction cycles. Two-dimensional EXSY
experiments o4 were utilized to determine the rate constant
(ks--) 14 for this process to be 26 2 s71, corresponding tehG¥3z«

= 12.18+ 0.04 kcal/mol. Experimental evidence indicates that
metallacycles derived from propene are also dynamic structures;
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