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Abstract: This report details the effects of ligand variation on the mechanism and activity of ruthenium-based
olefin metathesis catalysts. A series of ruthenium complexes of the general formulg)(XBRu=CHR!

have been prepared, and the influence of the substituents L, X, R,'amitRe rates of phosphine dissociation

and initiation as well as overall activity for olefin metathesis reactions was examined. In all cases, initiation
proceeds by dissociative substitution of a phosphine ligand)(®iEh an olefinic substrate. All of the ligands

L, X, R, and R have a significant impact on initiation rates and on catalyst activity. The origins of the observed
substituent effects as well as the implications of these studies for the design and implementation of new olefin
metathesis catalysts and substrates are discussed in detail.

Introduction

Over the past decade, olefin metathesis has emerged as
powerful method for the formation of carbewarbon double
bonds! In particular, the ruthenium-based catalyst (B&EZ!),-
Ru=CHPh () (Figure 1% has been used extensively in organic
and polymer chemistry due to its high reactivity with olefinic

substrates in the presence of most common functional groups.

The mechanism of olefin metathesis reactions catalyzed by
and its analogues has been the subject of intense experifnéntal
and theoreticdlinvestigation, with the ultimate goal of facilitat-

N-heterocyclic carbene (NHC) ligands, which are significantly
larger and more electron donating than trialkylphosphthg@se

Hew complexes were prepared by substitution of a single;PCy

ligand of1 with an N-heterocyclic carbene to produce products
of the general formula (NHC)(PG)YCI);Ru=CHPh. These
“second generation” ruthenium olefin metathesis catalysts
exhibit dramatically increased reactivity with olefinic substrates
relative to that of the parent catalyst For example, in ring
closing metathesis (RCM) and cross-metathesis (CM) reactions,
NHC—ruthenium complexes catalyze the formation of tri- and

ing the rational design of new catalysts displaying superior tetrasubstituted olefin’i>*3as well as functionalized alkeniés

activity, stability, and selectivity. Early mechanistic studies of
the catalysts (PR2(X).Ru=CHR! established that phosphine

in good to excellent yields. The NHC complexes, particularly
8 and14 (Figure 1), are also highly active catalysts for the ring

dissociation is a critical step along the olefin metathesis reaction 0pening metathesis polymerization of cyclooctadiene (C&D).
coordinate and demonstrated that catalysts containing stericallyln fact, the rate of COD polymerization catalyzed &even
bulky and electron-donating phosphine ligands display the surpasses that of electrophilic early transition metal-based

highest catalytic activity2 This trend was explained on the basis

catalyst system® The high activity of the NHC catalysts was

of the increased trans-effect of larger and more basic phosphinespriginally attributed to increased labilization of the phosphine
which was believed to accelerate dissociation of the second PR due to the large trans-effect of the NHC ligarfd&? However,

ligand and to stabilize the Ru(lV) metallacyclobutane
intermediate’2

On the basis of these important studies8wad othery®

have developed a new class of ruthenium alkylidenes containing
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nistic studies (involving analogues of catalygts3)'’ could
not distinguish between these two pathways, but an associative

k k ;
X|L G —Plia X ',- K +Ol:ﬁn '|‘ A exchange was proposed on the _baS|s of a preference for the 18-
M Tom S =T w electron over the 14-electron intermediétdt has proven
PRy k_f X P gt difficult to investigate this ligand displacement directly in
®) © solution because the putative ruthenidoiefin adduct C)

cannot be observed by spectroscopic metiédss such, we

We describe herein an extensive and systematic evaluationundertook studies using the degenerate exchange of free and
of the effects of ligand variation on the kinetics and mechanism bound PR (Scheme 2) as a simple, but potentially relevant,
of ruthenium-catalyzed olefin metathesis reactions. A series of model system for the phosphine/olefin substitution.
ruthenium complexes with the general formula LERR) Ru= 31P NMR spectroscopy showed that phosphine exchange in
CHR! have been examined, and the influence of the substituentscatalystsl—14 is relatively slow on the NMR time scale, and
L, X, R, and R on the rate of phosphine exchange and on the coalescence of the free and bound phosphine signals was not
kinetics of initiation and propagation in olefin metathesis observed up to 80C in toluenees.’® Therefore,3P NMR
reactions is described in detail. On the basis of these data, amagnetization transfer (MT) experiments were utilized to
detailed mechanism for ruthenium-based olefin metathesis determine phosphine exchange rateslinl4. In these MT
catalysis is presented. Finally, the implications of these studies experiments, the free phosphine resonance was selectively
for the design and implementation of new catalysts and inverted using a DANTE pulse sequeri€and3'P NMR spectra
substrates are discussed. were recorded after variable mixing times (ranging between
0.00003 and 50 s). The time-dependent magnetization data were
analyzed using the computer program CIBITand rate
constants Kg) for the exchange between bound and free

Phosphine ExchangeA series of ruthenium catalysts of the ~ phosphine were obtained for all of the catalysts. This analysis
general formula L(PB(X),Ru=CHR! (Figure 1) were prepared  also provided Tvalues for both free and bound phosphine, and
in order to probe the effect of each substituent (X, L, R, and independent T analysis showed good agreement with the
RY) on catalyst reactivity. The bis-phosphine complexies?) calculated values.
and the NHC-coordinated complexés-(14) represent the two As summarized in Table 1, the phosphine exchange rate
major classes of ruthenium metathesis catalysts developed byconstantsKg) at 80°C for ruthenium complexe$—14 range
our group over the past several years. Initial investigations of over 6 orders of magnitudeln fact, the rate constants at the
catalysts 1-14 were focused on the ligand exchange of high and low ends of the scale could not be measured by
phosphine with olefinic substrate (Scheme 1). An understanding Magnetization transfer at 8€ and were obtained by extrapola-
of this initial ligand substitution is critical because this reaction tion from Eyring plots. For the olefin metathesis catalysts
allows entry ofl—14into the olefin metathesis catalytic cycle. (17) The mechanistic studies detailed in ref 4a involved the diphenylvinyl
In the two limiting cases, this substitution could occur according carbene analogues of benzylideries3.

to an associative (Scheme 1a) or a dissociative (Scheme lb)t (18) Chen and co-workers have provided mass spectrometric evidence
hat dissociatie substitution of phosphine with olefinic substrates occurs

pathway. In the former pathway, olefin coordination to form i, rythenium catalyzed olefin metathesis reactions in the gas phase (ref 5).
an 18-electron intermediate (or transition statg) i€ followed (19) Even at 100C, only catalysB shows significant line broadening.

by dissociation of phosphine, while in the latter, phosphine Higher temperatures were not accessible in these systems because catalyst
; ' decomposition was observed.

dissociation to generate a 14-electron intermedidg i6 (20) Morris, G. A.; Freeman, Rl. Magn. Reson1978 29, 433.
followed by trapping with the olefinic substrate. Early mecha-  (21) Bain, A. D.; Kramer, J. AJ. Magn. Reson1996 118A 21.

Results
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Table 1. Rate Constants and Activation Parameters for Phosphine 5
Exchangé
AH* AG*298 K)
catalyst kg (s71) 80°C* (kcal/mol?) AS (eu) (kcal/moi™) N
1 9.6+0.2 23.6+05 12+2  19.88+0.06
2 30+ 2 23.1+ 0.3 13+1 19.11+ 0.03
3 1660+ 22C° 19.0+05 10+2 16.12+0.01 gL
4d ~
5 19.4+08  243+06 16+2  19.6+0.1 S
6 0.33+0.02 24+ 1 8+3 22.0+0.2 z
7 1.424+ 0.06 24+ 1 11+ 3 21.1+0.1 -8
8 0.13+0.01 27+ 2 13+ 6 23.0+ 0.4
9 0.52+ 0.02 27+ 2 15+ 6 22.0+0.4
10 29+ 3 23+ 4 12+11  19.0+ 05
11 7.5+ 0.5 21+ 3 5+9 19.6+ 0.3 o
12 0.165+ 0.006 27+ 1 13+4 22.7+0.3
13
14 0.03+ 0.0r 25+ 4 6+ 11 24+ 1 10 ‘ , ‘ ‘ , ‘ ‘ |

a Reactions were carried out in tOerd@With 1 equiv of Ru ([RU] 0.00265 0.0027 0.00275 0.0028 0.00285 0.0029 0.00295 0.003 0.00305

= 0.04 M) and 1.5 equiv of free RRrelative to bound P§. ® Values UT
for kg are reported per coordinated PRyand. ¢ Values forkg at 80 ) ) ) .
°C were extrapolated from Eyring plotValues forks in complexes Figure 2. Eyring plot for phosphine exchange in catal@st
4 and13 could not be determined due to catalyst decomposition at the
elevated temperatures required for these experiments.
rate increases by 2 orders of magnitude. The increade in

betweenl and 2 (a factor of about 3) is much less than that
L(PRs)(X).Ru=CHRY, all of the ligands X, L, R, and Rwere betweer and3 (a factor of approximately 55). The phosphine
found to have a significant influence on the rate of phosphine exchange rate in the di-iodide catalyst, (R)aft).Ru=CHPh
exchange. The most striking ligand effect in this series involves (3) (1660 s at 80°C), is the largest observed for any ruthenium
the two most widely used ruthenium-based olefin metathesis complex in this study. Halide substitution in the IMeslifjated
catalysts: (PCy(Cl):Ru=CHPh () and (IMesH)(PCys)(Cl).- complexes (catalys® 9, and10) shows almost identical trends
Ru=CHPh @) (IMesH, = 1,3-dimesityl-4,5-dihydroimidazol-  in kg as in the bis-phosphine series, and the di-iodide catalyst
2-y|idene). As we noted in our earlier Communicaﬂbme (|Mes|—|2)(PCy3)(|)2Ru=CHPh a_o) exchanges phosphine almost
simple substitution of one P@yligand of 1 with an N- 225 times faster than the di-chloride comp&hotably, olefin
heterocyclic carbene (IMeshresults in adecreasén phosphine  metathesis activity in catalysts—3 is inversely proportional
exchange rate of over 2 orders of magnitdéi&he large  to ks. [The relative rates ki) for the RCM of diethyl
difference inkg is particularly notable becauseexhibits much  diallyimalonate have been reported as approximately 20 (catalyst
higher olefin metathesis activity thd#® and the sterically bulky 1), 15 (catalys®), and 1 (catalys8).4®1]
and highly basic IMeskiligand was originally designed to Finally, the nature of the substituent {jRon the carbene
accelerate the phosphine dissociation event. a-carbon also affects the dynamics of phosphine exchange. The

More subtle changes of the phosphine and/or the N-hetero-magnitude ofkg for Rt = CH;CH, (5) > Ph (1) > CHCHC-

cyclic carbene L-type ligands also have a significant impact on (CHs), (6) > H (4). In fact, the value okg for the methylidene
the rate of phosphine dissociation. For example, in the bis-phos-complexes (PGy(Cl);Ru=CH, (4) and (IMesH)(PCy)(Cl)--
phine complexes, substitution of tricyclohexyl- with tricyclo-  Ru=CH, (13) could not even be measured using this technique
pentylphosphine (catalysésand?, respectively) leads to a4-fold  pecause of catalyst instability at the temperatures required for

increase irks. The result is intriguing because P{3nd PCp magnetization transfer experiments.
are believed to have very similar steric and electronic param-  Examination of the rate constanks] as a function of
eters? phosphine concentration established a dissociative mechanism

In the N-heterocyclic carbene-containing catalysts, replacing for this degenerate exchange reaction. For all of the catalysts
the IMesH ligand (containing a saturated imidazolyl ring) with  1—14, ks was independent (within error) of [RRover a wide
the IMes (IMes = 1,3-dimesitylimidazol-2-ylidene) ligand  range of phosphine concentrations (0-@477 M). Activation

(containing an unsaturated imidazolyl ring) suppredeeby parameters for phosphine dissociation in each complex were
close to an order of magnitude (compleX®and 14, respec-  obtained from Eyring plots, and the results are summarized in
tively). In addition, substitution of the P@yigand of 8 with Table 1. In addition, a representative Eyring plot (for complex

PPh (11) leads to a 50-fold increase in the rate of phosphine g) is shown in Figure 2. The activation entropi@ss}) in these
exchange. However, when the PQ@f 8is replaced with PB  systems are all positive in sign and range between 5 and 16 eu.
(12) (a phosphine with steric and electronic properties that are Typically, AS"s above 10 eu indicate a dissociative reaction
intermediate between PPfand PCy),* only a very small  mechanisn?® The values ofAH? in catalysts1—14 are all
increase irkg is observed. relatively large ¢ 19 kcal/mol) and positive in sign. Although

Substitution of the X-type ligands also has a large influence |ess diagnostic, these enthalpies of activation are also consistent
on kg. As X is changed from chloride to bromide to iodide with dissociative ligand exchandgeInterestingly, our experi-
(catalystsl, 2, and 3, respectively), the phosphine exchange mental values fonH* in catalystsl (23.6+ 0.5 kcal/mol) and

(22) The values oks are reported per coordinated phosphine ligand. As 31-4 (25+ 4 kCaI/m'ol)Ssare Inl exlcellgrg[ agreement ;’V'th |||gar:jd
such, the phosphine exchange rate in solution for the-f®sphine issociation energies\€) calculated by Herrmann for relate

complexesl—7 is actually double the values reported in Table 1. model compoundsAE in (PMe;)(Cl).Ru=CH, and (NHC)-
(23) Cole, M. L.; Hibbs, D. E.; Jones, C.; Smithies, N.JAChem. Soc.,
Dalton Trans.200Q 545. (25) Atwood, J. DInorganic and Organometallic Reaction Mechanisms

(24) Tolman, C. A.Chem. Re. 1977, 77, 313. VCH: New York, 1997; p 13.
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Scheme 3 systems. As shown in Scheme 1b, dissociative substitution of
L kg L L phosphine with olefinic substrate proceeds through the four-
x,| R _PR, x. | R'  4#PR, x| R coordinate intermediatd3. Application of the steady-state
RU=" ————= ""Ry=" B Ru= i i i i
|~y +PR, N _+PR, 1 ~x approximation taB affords the rate expression ShOWh in eq 1.
PRs X ReP Under conditions wherk_1[PRs] < ko[olefin] (saturation), this

expression is reduced to eq 2, and phosphine dissociation

Scheme 4 becomes the rate-determining step of the reaction. As described
Il- Polymer '|- o above, the rate constant for phosphine dissociati@r=kg)
X"‘Fliui‘; 0T X"-rlmi;‘( A 2 poiymer has already been determined for catalyists 4.
RsP RgP
D) rate= k k,[Ru][olefin]/{ k_,[PR;] + kj[olefin]} (1)
(PMey)(Cl),Ru=CH, (NHC = 1,3-dihydroimidazol-2-ylidene) rate= ky[Ru] when (_,[PRy] < k[olefin])  (2)
were calculated to be 25.8 and 24.9 kcal/mol respec-
tively).10 Initiation Kinetics by NMR Spectroscopy. The reactions

The magnetization transfer data described above suggest tha®f catalysts1—14 with ethyl vinyl ether were studied biH
phosphine substitution in complexes-14 proceeds by a  NMR spectroscopy using a large excess of olefin{&6 equiv
dissociative mechanism. As summarized in Scheme 3, this "elative to [Ru]). The disappearance of the starting catalyst
mechanism involves initial phosphine dissociation to produce (0-017 M in tolueneds) was monitored as a function of time,

a four-coordinate, 14-electron intermediate LgXYy=CHR! (B). and unl_ess_ otherwise noted, the re_actmns_;hoyved c_Iear_l first-
This intermediate has not been observed®Hy or 'TH NMR order kinetics over at I_east 3 half-lives. Inlt}al investigations
spectroscopy, indicating that the equilibrium for phosphine focused on the reactivity of the NHC-coordinated complexes
dissociation lies very far toward the 16-electron starting material 8—12 and 14. For all of these catalysts, the initiation rate
in these systems. In the degenerate exchange, this 14-electroffonstantKinir) wascompletely independenf olefin concentra-
intermediate undergoes rapid trapping by freg PRegenerate tion over a conqgntratlon range of 0.173 to 1..02 M. Additionally,
the starting complex. Importantly, recent results have shown kinit Was insensitive to the structure of the ymyl ethfer substrate.
that four-coordinate ruthenium carbenes similar to the proposedor €xample, the values @ for the reaction oB with ethyl
intermediateB can be stable under certain conditidfg6 vinyl ether, ethyl 1-propenyl ether, 2,3-dihydrofuran, and 3,4-
Initiation Kinetics. The phosphine exchange rates observed dihydropyrafi® were identical within the error of the measure-

for complexedl—14 are clearly not directly proportional to their ments (in each caséu = (4.6 & 0.4) x 1075 * at 35°C).
-omp - ceary Y proport These results demonstrate that saturation conditions (eq 2) are
olefin metathesis activities. [In fact, if anything, an ap-

proximately inverse relationship between olefin metathesis achieved even at relatively low concentrations of olefinic
. . . r n h h hine di iation is the rate-
activity andkg is observed.] As such, we considered that substrate and suggest that phosphine dissociation is the rate

; . L determining step of these reactions. This can be confirmed by
might, instead, be related to the initiation rates of these catalysts. . ) : . - L
The initiation event involves the initial substitution of phosphine comparison of thn values with the phosphine dissociation

. - . r f th | . (Val I r |
with olefinic substrate, which allows entry of the “dormant” ates kg) of these catalysts. (Values kf were extrapolated to

. i . - ) the appropriate temperature from the Eyring plots of the
speciesl—14 into the olefin metathesis catalytic cycle. The magnetization transfer data.) As shown in Tablég2, andks
kinetics of initiation can be measured by monitoring the

oo . . ) . . ~.~ are identical (within error) for each of the cataly8ts12 and
stoichiometric reaction of a ruthenium complex with a judi-

ciously chosen olefin, ethyl vinyl ether. The reaction of
ruthenium carbenes with ethyl vinyl ether has been utilized as
a method for quenching ring opening metathesis polymeriza-
tions?” This reaction is highly regioselective and results in the
guantitative formation of a Fischer carbene complB) &nd
an olefin-capped polymer chain (Scheme 4). Ethyl vinyl ether
offers the advantages that it reacts rapidly, quantitatively, and same time scale as the initiation event, and as such, only an
irreversibly with all of the catalysts under investigati@§As a upper limit for ki could be established for this compleixn&
result, these reactions generally proceed with clean kinetics and <1x 103s!at85°C).
provide close to an upper limit for the initiation rates of catalysts Several of the bis-phosphine catalysts showed saturation
11429 ) B o o kinetics by'H NMR spectroscopy. The initiation rate constants
Under saturation conditions, the initiation kinetics of catalysts (kinit) for the reactions of complexesand 6 with ethyl vinyl
1-14may be related to the rates of phosphine exchange in thesesther were found to be independent of olefin concentration

The methylidene complek3 was a notable anomaly in the
NHC-coordinated catalyst systems. Extremely high temperatures
(>80°C) were required in order to observe appreciable reaction
of 13with ethyl vinyl ether, implying that phosphine dissociation
from this complex is extremely slow. In fact, under these forcing
reaction conditions, the decomposition 18 occurred on the

(26) (a) Sanford, M. S.; Henling, L. M.; Day, M. W.; Grubbs, R. H. (29) Previously, initiation studies of catalysts-14 utilized terminal
Angew. Chem., Int. EQ00Q 39, 3451. (b) Coalter, J. N.; Bollinger, J. C.; olefinic substrates such as 1-hexene (refs 2 and 4b) or 1-butene (ref 5c).
Eisenstein, O.; Caulton, K. GQlew J. Chem200Q 24, 925. However, unlike the reaction with ethyl vinyl ether, these reactions are

(27) For a recent example, see: Maynard, H. D.; Okada, S. Y.; Grubbs, readily reversible and lead to the formation of both kinetic (alkylidene)
R. H. Macromolecule200Q 33, 6239. and thermodynamic (methylidene) products. Particularly in the case of the

(28) Fischer carbene complexes can be active for olefin metathesis NHC-containing catalyst8—14, the simultaneous formation of alkylidene
reactions under some conditions (see references below). However, through-and methylidene products leads to complications in the kinetic analysis.
out the kinetics experiments described herein, Fischer carbene formationis  (30) The reaction of 3,4-dihydropyran is particularly significant because

quantitative and irreversible byH NMR spectroscopy. (a) Katayama, H.; it involves the ring opening a relatively low strained six-membered ring.
Urushima, H.; Nishioka, T.; Wada, C.; Nagao, M.; Ozawafgew. Chem., This is typically a challenge for olefin metathesis catalysts (the ring opening
Int. Ed.200Q 39, 4513. (b) van der Schaaf, P. A.; Kolly, R.; Kirner, H. J.;  of cyclohexene, for example, is only effected by extremely thermodynami-
Rime, F.; Muhlebach, A.; Hafner, Al. Organomet. Chen200Q 606, 65. cally unstable carbenes) and speaks to the favorable thermodynamics
(c) Katayama, H.; Urushima, H.; Ozawa, F. Organomet. Chen200Q associated with the generation of Fischer carbene moieties. Ulman, M;

611, 332. Belderrain, T. R.; Grubbs, R. Hetrahedron Lett200Q 41, 4689.



Ruthenium Olefin Metathesis Catalysts

Table 2. 'H NMR Initiation Kinetic$

J. Am. Chem. Soc., Vol

0.02

. 123, No. 27, @01

catalyst T(°C) kinit (57%) ks(predicted) (s1)°

1 10 (1.0£0.1)x 103  (3.8+£0.6) x 103 0.018 - .
2 0 (1.1+£0.1)x 103 (3.14+0.4)x 103
3 5 (2.4+0.4)x 103 1.7+0.1
4 40 (8.54+ 0.3)x 1074 0.016 - .
5 0 (5.4+05)x 104  (1.1+£0.2)x 102
6 25 (1.0£0.1)x 10°%  (94+3)x 104 oo
7 25 (1.5£0.3)x 103  (4.0+£0.8)x 103 R N
8 35 (4.6£0.4)x 104  (4+3)x 104 N
9 35 (20£0.1)x 103  (1.8+0.8)x 10°3 0012 |-

10 0 (2.84£02)x 103  (2£1) x 1073

11 10 (33£0.2)x 108  (4+2)x 1073

12 50 (5.4+£0.5)x 103 (44 1) x 1073 0.01 le

13 85 <1x10°3

14 50 (5+£2) x 104 (1.0£0.6) x 1073 3

a Reactions were carried out in toluedg-[Ru] = 0.017 M and 0008 -

[olefin] = 0.50 M (30 equiv)® ks(predicted) was determined by . 0‘5 ; 1‘5 ; 2J5 ; 3‘5

extrapolation of Eyring plots from the magnetization transfer data to
the temperature of the initiation experiment for each catafySom-

. ; L San lefi /L
plexes3 and 13 did not show clean first-order kinetics. (otefin] (mol/L)

Figure 3. kit vs [olefin] for catalystl.
([olefin] = 0.173-1.02 M). Furthermorekni; in these systems
showed excellent agreement with the predicted valueks of
(Table 2). These data indicates that,4nand 6, phosphine
dissociation is the slow step of the reaction sequence. Notably,

Table 3. UV-—uvis Initiation Kinetic$

T wavelength  kii(saturation)  kg(predicted)
complex (°C) (nm) (s (s

the bis-phosphine methylidereinitiated quite slowly relative % ;8 jgg 8-8;% 8-88% 8-82& 8-882

to the other bis-phosphine catalysts (Table 2). However, 5 20 354 0,028 0002 0.026 0.003

in?tiat_ion_ i_n CataIySt4 (klnit_ = 8.5 x 104 s 1at 40 oC) WaS 7 30 468 0:07& 0:002 0:07% 0:003

still significantly more efficient than in the NHC methylidene - - - - : —

13, and methylidene decomposition was not competitive with _ * Reactions carried out in toluene; [Re]0.77 mM and [olefin}=

e o~ 0.58 M.

initiation at 40°C in this system.

NMR initiation kinetics of_the bis-phosphine catalydts2, ~ Table 4. Solvent Effects on Initiation

3,5, and7 s_howed an approximately I|_near dependence on olefin catalyst solvent dielectric constar) ( Ko ()

concentration. In these complexds, is large (forl, 2, 3, 5, -

and7, ke > 1 st at 80°C), and phosphine dissociation is not 16 {)0?33,26 21'38§ ((J)'glji 8'88%

rate determlnlng at low concentrations o_f olefin. In fact, even 1a diethyl ether 434 0.022 0.004

up to the highest concentrations accessible by NMR spectros- 12 CH,Cl, 8.9 0.021+ 0.001

copy (approximately 120 equiv of ethyl vinyl ether relative to 12 THF 7.32 0.032+ 0.004

[Ru]), kinit remained strongly dependent on [olefin]. Importantly, g’; gg%qeel& é-SS ((g-gi 8-2 X 1g;‘
) : X : . L ,Cl, ) ) 2) x

these NMR experiments are still consistent with a dissociative &  THFd, 732 (1.0% 0.1) x 102

mechanism, since the values obtained Kgg are well below

those predicted by magnetization transfer for saturation condi- 2 Reactions kinetics measured by YVis spectroscopy (484 nm)

tions (Table 2). at 20 °C with [Ru] = 0.77 mM and [olefin]= 0.58 M._bReaction
Initiation Kinetics by UV —Vis Spectroscopy Since satura- g'gitf‘;'ﬂ r;ﬁgs[gggﬁn?foNslc\)ma spectroscopy at 35C with [Ru] =

tion could not be achieved 3§ NMR spectroscopy, we studied ' '

initiation kinetics in catalystd, 2, 3, 5, and 7 by UV—vis

spectroscopy. The reaction of these ruthenium complexes with

ethyl vinyl ether was accompanied by a color change from

purple/red to orange and a corresponding blue shift of the visible

absorbance. This relatively weak band (extinction coefficients

typically range from 700 to 1500 dirmol~t cm™?) is likely

due to metal to ligand charge transfer (MLCT) into theorbital

of the Rt=CHR! bond3! The MLCT band provides an excellent

handle for following both the disappearance of starting material

and the appearance of product. The reactions of cataly&s

4, and7 (0.77 mM in toluene) with ethyl vinyl ether were each

as a function of ethyl vinyl ether concentration ([ethyl vinyl
ether]= 0.024 to -3 M), and a representative plot kf;; vs
[olefin] (for complex1) is shown in Figure 3. As expected for
a dissociative substitutioini; becomes independent of [ethyl
vinyl ether] at high concentrations whekglolefin] becomes
much greater thark-i[PRs]. Most importantly, the values
obtained fork,; at saturation were identical to the predicted
ks's, within the error of the two measurements (Table 3). The
UV —vis data as well as tht#H NMR studies described above
confirm that dissociative substitution of phosphine for olefinic

monitored at an appropriate wavelength (of the product), and substrate (Scheme 1b) is the operative initiation pathway in all

the kinetics data showed clean first-order fits over 5 half-Iffes. of the catalystd—14 o
For each complex, the initiation rate constant was determined ~Solvent Effects on Initiation. Changes of solvent were found
: : : : : ’ : ~ to have a significant impact on the initiation rates of catalysts
(31) This assignment is consistent with Hofmann’s calculations which 1_14 A systematic examination of catalyst initiation as a
suggest that the LUMO of catalyst (and its analogues) is localized . . .
primarily on G, Hansen, S. M.; Rominger, F.; Metz, M.; Hofmann, P. flfnc'“on of solvent was carried out using completéby UV—
Chem. Eur. J1999 2, 557. vis spectroscopy) and (by 'H NMR spectroscopy). As
(32) The reaction o8 with ethyl vinyl ether showed anomalous BV i i : _
vis and NMR kinetics data, and quantitative measurement of the initiation s_ummarlzed in Table_ 4nir Was found to be rpughly propor
tional to the dielectric constant of the reaction medium. For

rate of this complex was not possible. However, the valug-pffor 3 was it ;
qualitatively much faster than that of the other four catalysts. both catalysts, the initiation rate increased by 30% upon
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moving from toluened = 2.38) to dichloromethane & 8.9)33 Table 5. Values for thek_1/k, Ratio for Selected Catalysts
Both the magnitude and direction of this solvent effect are catalyst T(°C) K1/
typical of dissociative ligand substitution reactions. For example, 1 50 13x 10°
recent studies of dissociative exchange at neutral Pt(ll) centers 2 50 8.2% 10¢
showed a 3-fold increase in rate constant upon moving from 3 50 2.6x% 10°
toluene to CHCI,.3* The rate acceleration is these systems is 6 50 8.1x 107
likely the result of increased stabilization of the 4-coordinate 8 50 125
intermediateB and/or of free PCy since both are expected to 10 go g.3>< 1
be more polar than the ruthenium starting material. The E 58 2:2

stabilization ofB may involve coordination of solvent to the I _
electron-deficient Ru(ll) center (particularly in the case of THF _ *Reaction k'nlet'CS measured Bt NMR spectroscopy with [Ru]
and diethyl ether): however no evidence of solvento adducts ~ 0-017 M in toluents.

has been detected bYH or 3P NMR spectroscopy. These 1400 —

solvent effects are particularly significant in light of recent gas- CVaT o

phase mass spectrometric investigations of ruthenium olefin PC“"RQ/

metathesis reactiorlsWhile these studies provide extremely 1200 = CyG!L °

valuable information that cannot be obtained through solution —
studies, they do not take into account solvent interactions which oo | ~\MerNYN~Mes

may be critical, particularly when highly polar and/or charged
intermediates are involved.

Estimation of k_i/ko. As summarized in Scheme 1b, the % g
dissociative reactions of ruthenium complexgs14 with <
olefinic substrates are governed by two important factors. The
first factor is the rate of phosphine dissociatitq F kg = Kinit 600
(saturation)] to produce the 14-electron intermedBteand a
second consideration is the reactivity of this intermediate.
ComplexB can be trapped by free BRo regenerate the 16-
electron starting material (at a rate proportionalktg) or it
can bind olefinic substrate and undergo productive olefin
metathesis reactions (at a rate proportionat;)o An estimate 0 0.5 1 15 2 25
of the ratio of these two rate constanis(k,) can be obtained [PCy.Vlolefin]
by manipulation of eq 1. In the presence of a large excess of ’
olefin and of free PR a linear relationship betweenkdjsand
[PRs)/[olefin] (eq 3) is obtained.

Ph
O}
e
P

Cys

Figure 4. 1/kqs vs [PCy)/[olefin] for catalysts1l and8.

were varied, and the data showed the expected linear correlations
1K, ps = K_1[PRyJ/K;k[olefin] + 1/k; (3) for all of the catalysts investigated. The values obtainedfor
[1/(intercept) of the linear curve fit] were generally closekgo
Notably, two important assumptions were made in the (prgdicted from thg magnetization experjmentg). These values
derivation of eq 3. First, this equation requires that olefin (Which are summarized in Table S3) provide a thirdependent
coordination is essentially irreversibléo (> k ). This is verlflcan_on pf ki an(_j fu_rther confirm that a dissociative
obviously somewhat unrealistic since the reversibility of this Mechanism is operating in these systems.
step is crucial to achieving catalytic turnover in olefin metathesis  The bis-phosphine complexds 2, 3, and6 as well as the
reactions. However, the use of ethyl vinyl ether (which MesH; catalysts8, 10, 11, and 12 were investigated in this
undergoes a single, irreversible olefin metathesis event with Study, andk-i/k, for each complex is listed in Table 5. A
1—14)?8 should improve the validity of the assumption in these comparison of compoundsand8 is indicative of the dramatic
systems. A second approximation inherent to this derivation is differences between the two series of catalysts, and an overlayed
that all of the steps after olefin coordination (particularly Plot of 1kopsvs [PCys/[olefin] for 1 and8is shown in Figure
metallacylobutane formation) are fast. This is likely a better 4- At 50 °C, k-/k; is 1.3 x 10* for complex1 and 1.25 for
assumption for the NHC-containing complex8s-{4) than for complex8. The decrease of orders of magnitudén k-i/k,
the bis-phosphine adducté<7). The former contain highly ~ betweenl and 8 reflects a large (and general) increased
electron donating N-heterocyclic carbene ligands which are Selectivity for8 to bind olefinic substrates in preference tosPR
expected to better stabmze h|gh 0X|dat|on state ruther“um |n bOth Cata|ySt Sel’les,.SubStltutlon OfCh|OI’Ide W|th |0d|de I’eSU|tS
intermediates. In systems where this approximation is not good, in @ 100-fold increase in the-; to k; ratio. However, the relative
k_1/k, is likely to be overestimated since additiomkalandk_» difference ink-1/k; for catalysts3 and 10 remains 4 orders of
terms are not included. However, despite these caveats, we fee@gnitude. Also notable are the differencekia/k, between
that eq 3 provides a very simple and useful starting point for 2 (8.2 x 10f) and 10 (3.3 x 10%). These catalysts dissociate
understanding the olefin metathesis reactivity of catalysts4. phosphine at similar rates, and yet thleis to k ratios differ
H NMR kinetics of the reactions of the ruthenium complexes by 2 orders of magnitude. A final comparison can be made
(0.017 mM in toluenedg) with ethyl vinyl ether were utilized ~ between the IMesfbenzylidene§ and11, which contain PCy
to determine Ky as a function of [PR/[olefin]. Both the and PPBh, respectively. The magnitude kfis identical in these

concentration of PRand the concentration of ethyl vinyl ether W catalysts, since they both produce the same intermediate
IMesH2)(Cl).Ru=CHPh—upon dissociation of phosphine. As

(33) Gordon, A. J.; Ford, R. AThe Chemists Companipdohn Wiley ; i
and Sons: New York, 1972: p 2. such, the values df_1/k; for 8 and11reflect the relative affinity

(34) Plutino, M. R.; Scolaro, L. M.; Romeo, R.; Grassi,IAorg. Chem. of this intermediate for binding PGyersus PPh However,
200Q 39, 2712. as shown in Table 5, these reactions were carried out at
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substantially different temperatures (due to the extremely high Scheme 5

reactivity of 11), so these values can only be compared L ky by

qualitatively3 It is important to point out that ethyl vinyl ether x| A" _pR, _ A olefin [nu]=~“R1

is an electron-rich olefin and reacts extremely rapidly with all T‘”TX . (Ru1= et C

. 3 B) - olefin == )

of the catalystd—14. Therefore, the data in Table 5 represent PRs k. k. 'R

close to the lower limit ok_/k; for these systems. Nevertheless, ks o

we anticipate that theelative differences between these values —otefin || + olefin k|| ks

for the catalysts should remain constant across a range of olefinic

substrates. R R'
Relatiye _Catalyst Activities_. The ring opening metath_esis T _ R k. [R“f> (E)

polymerization of cyclooctadiene has been studied using the (Ru= ks .

new NHC catalysts8, 9, 10, 11, and 13. This reaction is © R

frequently utilized as a standard for comparing the “activities” [Ru] = X,LRu

of single-component olefin metathesis cataly8¢$:3In these
systems, the rate of polymerization reflects the efficiency of
both the initiation and the propagation steps of the metathesis
reaction. As a result, the relative contributions of initiation and
propagation to the overall activity of the catalysts can be difficult
to deconvolute. Furthermore, the presence of multiple catalyti-
cally active species throughout a given polymerizatiadten
precludes a simple kinetic analysis of the data. However, this
reaction still serves as a useful benchmark for comparing the
relative actwities of our new ruthenium complexes. The ROMP

of cyclooctadiene catalyzed 89, 10, 11, and13was carried observation because this complex is a crucial intermediate durin
out at 20°C in CD.,Cl,, and the reactions were monitored by . . pie> . . nng
ring closing and cross-metathesis reactions of terminal olefins.

IH NMR spectroscopy. In all cases, the disappearance of produc o . . . .
was monitored over at least 3 half-lives, and the data were fittedtggz Iinr:tigtrgg Sg:?'fg tieesggk\):?a?:%\;epﬁgggsﬁéh d?;;g';;imf

to a first-order exponential. Although the first-order fits were
not excellent for all of the catalysts, this treatment of the data catalyst13.
has been shown to provide a good approximation of the lower _
limit of metathesis activity in related systers:® Discussion
The di-iodide catalystlO shows a slightly higher rate of
polymerization than the di-chloride compl&x(ke = 1 for 8
and 1.4 for10). The small increase in rate does not directly
correlate with the amount of catalytically active species formed
since 10 initiates almost quantitatively (as determined by the
nearly complete conversion of starting benzylidene to a new
alkylidene), while initiation of8 is highly inefficient. This
indicates that the propagating species formed upon phosphi
dissociation fromlO is significantly less active for metathesis
than the propagating species fr@dnThis result is consistent
with earlier studies of metathesis activity in the di-chloride and
di-iodide bis-phosphine catalystsand3.4217Catalyst9 has an
initiation rate intermediate between those&#&nd 10 and is
also expected to have an intermediate propagation rate. It is
therefore noteworthy th& shows the same activity d$) for
COD polymerization Ke = 1.4), presumably due to the

competing effects of initiation and propagation. . LU )
However, once the phosphine comes off, coordination of olefin

Of further interest is a comparison of the relative activities . . - )
of 8 and11. Complexes8 and 11 dissociate PRto generate 'S facile compared to re-binding of BRK-1/k; ~ 1 and [olefin]
the same propagating species, so the rates of propagation iffS Nigh)- As such, the NHC complexes can perform multiple
these two catalysts should be identical. However, catalgst olefin metathesis events before they recoordinate phosphine and

initiates more than 50 times faster th&nand is therefore ~ return to their resting state.

expected to be an exceptionally fast olefin metathesis catalyst. Notably, the catalytic cycle shown in Scheme 5 does not
Under the same conditions used to measure the reaction rate ofndicate stereochemistry about the ruthenium center for the
8, the polymerization of COD catalyzed il is complete within important catalytic intermediat€sandE. Several possibilities

for the geometries o2 and E have been proposed by our
(35) We feel that a reasonable comparison can be made in these system@rourjla and by Chen and co-worke¥sHowever, the current

becausek-1/k; is a ratio of second-order rate constants. As such, the . . .
temperature dependencelof, andk, should be roughly equivalent. work provides no evidence to support or refute either of these

(36) Weskamp, T.; Schattenmann, W. C.; Spiegler, M.; Herrmann, W.
A. Angew. Chem., Int. EA.998 37, 2490. (39) Notably, catalystl1l carries out the RCM of terminal olefinic
(37) The catalytically active species in these reaction mixtures include substrates with less than a 2-fold increase in rate relatie This appears
the un-initiated pre-catalyst and multiple ruthenium alkylidenes with to be due to competitive inhibition of the RCM reaction by ethylene
appended polymer chains. Each of these complexes can initiate andgenerated as a consequence of the ring closing reaction.
propagate at different rates. (40) Scheme 5 outlines a genedegenerat®lefin metathesis reaction
(38) Dias, E. L.; Grubbs, R. HOrganometallics1998 17, 2758. (i.e., the ruthenium starting material and product are the same).

seconds of adding monomer. In fact, the loading of catdl¢st
must be reduced 50-fold (relative to that®fin order to achieve
similar rates of polymerization. These results demonstrate that,
with the appropriate choice of catalyst, highly efficient poly-
merizations can be achieved at significantly lower catalyst
concentrationd? In contrast, methylideng&3 reacts exceptionally
slowly with cyclooctadiene, and the relative rate of polymeri-
zation with this catalyst is ovet orders of magnitude lower
than that of catalyst8. This is a particularly significant

Mechanism of Ruthenium-Catalyzed Olefin Metathesis
Reactions.On the basis of the above data, we propose a general
mechanism for olefin metathesis reactions catalyzed-by4.

* As summarized in Scheme?*3substitution of phosphine with
olefinic substrate occurs in a dissociative fashion, to generate
the four-coordinate intermediat8. Importantly, our results

n eorovide no evidence that an associative reaction pathway
(involving the 18-electron olefin adduét) contributes signifi-
cantly to the metathesis reactions of any of these catal¥bts.
the bis-phosphine systems (complexes7), the 14-electron
intermediateB is formed frequentlyl is large). However, under
our reaction conditions, the recoordination of free ;PR
competitive with substrate bindind(i/k, > 1). The active
species carries out few catalytic turnovers before being
“guenched” with free PR In contrast, the NHC complexe8

14) dissociate phosphine relatively inefficientlig (is small).
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possibilities!! Another mechanistic question which remains
concerns the possibility that metallacyclobutarte) (s a
transition state rather than an intermediate along the olefin
metathesis reaction coordin&t@nce again, this question cannot
be answered definitively on the basis of the investigations
described herein.

Ligand Effects on Olefin Metathesis ReactionsAlthough
olefin metathesis reactions catalyzed by the complexes ){PR
(X)2Ru=CHR! proceed according to the same general mecha-
nistic pathway, the ancillary ligands play a significant role in
determining the relative rates of the individual steps along the
reaction coordinate.

(1) L-Type Ligand. The most important ligand effect in these
systems involves the huge increase in olefin metathesis activit
upon changing the L ligand from a phosphine to an N-
heterocyclic carbene (e.g., cataly$tand8, respectively). The
high activity of 8 relative tol can be understood on the basis
of thek-; to k; ratios of these two catalysts, which show that
the IMesh ligand increases selectivity for binding olefinic
substrates over free phosphine dyrders of magnituderhis
improved selectivity may be explained by the electronic
properties of NHC's, which are known to be excellent donor
ligands relative to trialkylphosphiné&#243 Cavell and co-
workers have compared a series of Pe{@lefin complexes

containing either N-heterocyclic carbenes or phosphines as

ancillary ligandst* 'H and3C NMR as well as IR spectroscopic
studies indicate that the electron-donating NHC’s promote and
stabilize metal-to-olefin back-bonding to a much greater extent
than the phosphine ligands in these systéhavell's study
is consistent with our observations that the NHC-coordinated
complexes8—14 show increased affinities for-acidic olefinic
substrates relative t@-donating PR. Additionally, the IMesH
catalyst8, is much more active for the polymerization of COD
than the IMes comple£4,1> and the IMesHl ligand is a better
electron donor than IMe<.Importantly, in addition to stabilizing
the olefin complexC, electron donation from NHC's is expected
to accelerate the oxidative addition required for metallacyclobu-
tane formation.

The dramatic decrease in initiation upon substitution of
phosphine ligands with N-heterocyclic carbenes is much more
difficult to rationalize. X-ray crystallographic studies of these

complexes suggest that this is not a ground-state effect. A

comparison of crystal structures reveals that the-RGy;

distance barely changes upon substituting the trans ligand from

PCy; to IMes (the Ru-PCys distances il are 2.4097(6) and
2.4221(6) A°and the Ru-PCys distance inl4 = 2.419(3) A)?

The 640-fold difference itk; between these two catalysts may
reflect different reorganizational energies associated with the
transition states for phosphine dissociation. Alternatively, the

variation in initiation rates may simply be the result of a steric .

effect. Although both PGyand IMes (and IMesp) are large
ligands, the distribution of steric bulk about the ruthenium center
is dramatically different in each ca$eThese differential steric
distributions may lead to a destabilizing interaction in complexes
1-7 or a stabilizing interaction ir8—14 which changes the
activation energy required for phosphine loss. We anticipate
that future studies ok; as a function of NHC ligand (where

(41) Investigations on this topic are currently in progress. Benitez, D.;
Grubbs, R. H. Unpublished results.

(42) The K, of 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene (an NHC
closely related to the IMes ligand) is 26. Alder, R. W.; Allen, P. R;;
Williams, S. J.J. Chem. Soc., Chem. Commuad®95 1267.

(43) Lappert, M. FJ. Organomet. Chen1975 100, 139.

(44) McGuinness, D. S.; Cauvell, K. J.; Skeleton, B. W.; White, A. H.
Organometallics1999 18, 1596.

(45) Trnka, T. M.; Henling, L. M.; Grubbs, R. H. Unpublished results.

Sanford et al.

Table 6. Values ofke for ROMP of COD by Selected Cataly3ts

catalyst [Ru] (mM) COD:Ru Krel
8 5 300 1.0
9 5 300 1.4
10 5 300 14
11 0.05 30 000 0.5
13 5 300 6x 104

aReaction kinetics measured By NMR spectroscopy in CELl,
at 20°C.

the steric and electronic parameters of this ligand are varied
substantially) will provide further insights into the origin of this
important effect.

y (2) Phosphine Ligand (PR). Changing the phosphine ligand

(PRy) in the IMesH-coordinated catalysts has a dramatic effect
on both catalyst initiation and on catalyst activity. For example,
replacing the PCyof catalyst8 with PPh (11) leads to an
increase irk; of over 2 orders of magnitude. This effect may
be related to the lower basicity of the RRigand relative to
PCys (the Kys of the conjugate acids are 2.73 and 9.7,
respectivelyf® since a less electron donating phosphine is
generally expected to be more labile. Interestingly, however,
the PBr complex12initiates at almost the same rate as complex
8, despite the fact that PBr{pK, = 6.0) is significantly less
basic than PCy*® This result clearly indicates there is not a
linear correlation between phosphin& pand k;, and the
complexities of the steric and electronic changes resulting from
phosphine variation in these systems are still under investigation.
Importantly, the PPhcatalyst11 polymerizes COD more than
50 times faster than the Pg€gomplex8.3° A comparison of
the k_4/k; ratios for these two catalystk (1/k, = 1.25 and 2.2

for 8 and 11, respectively) indicates that this result is almost
completely due to the improved initiation efficiency bf.

(3) Halide Ligand (X). The halide ligands also have a
significant impact on the initiation rates of the catalysts
L(PRs)(X)2Ru=CHR In both the bis-phosphine complexds (
and 3) and the IMesH complexes § and 10), changing the
X-type ligands from chloride to iodide leads to an approximately
250-fold increase in initiation. (Changing from chloride to
bromide results in a much smaller, 3-fold increaséih We
believe that the increase in initiation is predominantly due to
the increase in steric bulk upon moving from chloride to iodide.
[The ionic radii of CI and I are 167 pm and 206 pm, and the
covalent radii of Cl and I are 99 pm and 133 pm, respectit@ly.
The larger size of the latter is expected to increase steric
crowding at the ruthenium center, thus promoting; BRsocia-
tion. Electronics may also play a role in these systems; however,
cis electronic effects on dissociative ligand substitution reactions
are generally relatively smdil.Notably, alkoxide X-type ligands
are even larger and more electron donating than iodide ligands;
in fact, alkoxides are often formally counted as XL ligands,
donatingthree electrons to a metal cent&We have shown
previously that replacing the chlorides dfvith tert-butoxides
results in the generation of (Pg¢O'Bu),Ru=CHPh (which can
be considered an analogueR)and free PCy26 The stability
of this 4-coordinataert-butoxide adduct clearly demonstrates
that the appropriate choice of X-type ligand can effectively
promote complete phosphine dissociation.

While the di-iodo catalyst8 and10initiate efficiently, their
olefin metathesis activities are comparable to, or even lower

(46) Streuli, C. A.Anal. Chem196Q 32, 985.

(47) Huheey, J. E.; Keiter, E. A.; Keiter, R. Ilnorganic Chemistry:
Principles of Structure and Reagitly; Harper Collins: New York, 1993;
Chapter 13.

(48) Crabtree, R. HThe Organometallic Chemistry of the Transition
Metals John Wiley and Sons: New York, 1994.
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than#2those of the parent di-chloride complexes. The moderate reaction remains unusé&é.Faster initiation rates permit a
olefin metathesis activities &and10 are related to th&_; to decrease in catalyst loading while maintaining high catalytic
ko ratios in these systems. In both the bis-phosphine and theolefin metathesis activity. For this reason, the new complexes
IMesH; catalyst series, moving from the di-chloride to the di- 10 and 11 are excellent alternatives @ for wide variety of
iodide complex leads to an approximately 100-fold increase in catalytic applications. These complexes maintain the superior
k-1/ko. The reasons behind this large shiftkny/k; are poorly  activity and functional group tolerance of the parent catayst
understood at this time, since it is impossible.to separate Fhe(in fact, the active species, (IMegHiCl),Ru=CHPh, forllis
effects of the two rate constants. One possible explanationjgentical to that in8) but initiate almost 2 orders of magnitude
involves the suggestion that olefin coordination requires a trans¢,sier. As shown in Table 6, the catalyst loadingLafcan be

o cis isomerization of the X-type Iigand%_.This is might be lowered at least 50-fold relative to that 8o achieve similar
less favorable when the X-ligands are sterically large and could |, o5 of activity for the ROMP of cyclooctadied®

lead to a decrease i for the di-iodo catalysts. . . e
(4) Carbene Ligand (RY). The R ligand also has a large (2) Kinetic Selectivity. Faster initiation rates also allow for
9 ’ 9 9 catalysis at lower temperatures than were previously viable.

influence on the initiation rates of these catalysts, &mnd L ing the t i . ticularly advant for th
increases substantially a3 R changed from H4) to CHCHC- owering the temperature IS particularly advantageous tor the

(Me), (6) to Ph (1) to CH,CHs (5). Earlier studies of initiation _development of_selectivg olefin metgthesis rea_tctions. _There_is
in ruthenium olefin metathesis catalysts (using different meth- intense curr_e_nt interest in the selec_twe formation of either cis
odology) showed similar trends in the initiation rate as a function ©F trans olefinic products, as well as in the development of chiral
of RL24b These results can be rationalized on the basis of the catalysts for the kinetic resoIL_Jtlon of racemic oleffds3
steric and electronic features of thé Bubstituent. Sterically =~ However, secondary metathesis events are known to occur
bulky and electron-donating'Riroups (e.g., alkyl) lead to higher ~ readily in these systems and may erode the kinetic selectivity
initiation rates because they more effectively promote phosphine Of the catalyst§* The development of catalysts that initiate and
dissociation. In contrast, small and electronically neutral groups propagate olefin metathesis at lower temperatures should provide
(e.g., H) are less effective at labilizing the phosphine liglnhd. a versatile tool for the optimization of selectivity in metathesis
The effect of R is significant because, unlike the other ligands, reactions.
this substituent can change throughout an olefin metathesis (3) Catalyst Decomposition RatesWe believe that the
reaction. An alkylidene moiety is generated after one turnover jnjtiation kinetics of catalystd—14 may also be related to the
of a typical ring opening metathesis polymerization and becomes gecomposition rates of these complexes. The thermal decom-
the propagating species. Similarly, a ruthenium methylidene is position of complexed and5 has been studied in detail and
generated upon initiation of ring closing and cross-metathesis h55 heen proposed to occur via phosphine dissociation followed
reactions as well as during the acyclic diene metathesis p pimolecular coupling of two 4-coordinate ruthenium frag-
(AD'_V'ET) |.oolymer.|zat|on of termmal olefins. ) ments®® These results suggest that catalyst initiation and
It is particularly important to point out that the methylidene decomposition in these systems proceed through a common
complexest and especialljl3 areextremely poor initiatorsor intermediate B. In general, it has been observed that NHC-
olefin metathesis reactions at ambient temperatures. Catalyst,,, ginated complexes exhibit dramatically improved thermal
13is an actlve_olefln met_athe3|s catalyst in its phOSph'ne'fre.e stabilities relative to their bis-phosphine analogues. For example,
form, and multiple catalytic turnovers can be achieved when it Nolan and co-workers have demonstrated that comfisleshows
is generated in situ fror@. However, when (IMesE)(Cl),Ru= no signs of decomposition aftd h at 100°C in tolueneds.®
CH; is trapped with free PGy it is essentially incapable of Under th diti livis 75% d e d
re-entering the olefin metathesis catalytic cycle. This is manifest( nder the same concditions, COmpIEAS /-7 decompose )
in the extremely low activity ofL3 in the polymerization of This remarkablg Stqb'“ty was originally attrllbuted to. steric and
electronic stabilization of the 14-electron intermediate, IMes-

cyclooctadiene. Because of the slow initiation ratest@nd i ) S
13, the formation of these complexes should be avoided if at (CD2RU=CHPh, by the IMes ligan& While such stabilization

all possible. In many instances, substrate design can be utilized™ay take place, we suggest that the thermal longevitg4f
to limit the generation of methylidene intermediatéSubstitu- ~ (@nd related NHC complexes) is predominantly due to reduced
tion of the X and/or PRligands of4 or 13 should provide an ~ rates of phosphine dissociation i relative to 1. Since

additional means of improving the initiation efficiencies of these decomposition is second order i) the rate of decomposition
catalysts. is extremely sensitive to the concentrationB®fin solution,

Implications for Olefin Metathesis Reactions.The results ~ Particularly in the absence of olefinic substraftes.
described herein have significant implications for the selection  Notably, the methylidene complexdsand 13 decompose
and implementation of current olefin metathesis catalysts, asrelatively rapidly despite exhibiting very slow rates of initiation.
well as for the design of new catalysts and substrates for olefin However, both of these complexes appear to decompose by a
metathesis reactions. different pathway than ruthenium alkylidenes and benzylidenes.
(1) Catalyst Loadings. A first consideration involves the  The decomposition of and13is notinhibited by the addition
catalyst loading required for a metathesis polymerization and/
or an organic reaction. Lower catalyst loadings facilitate the = (51) The low initiation efficiency o8, 13, and14 suggests that attempts
development of more cost efficient and atom econormical '3, SC1C% hese cataysi Leng heamerang palymer suppori wil only
processe¥ and make metathesis catalysts more attractive for A, G. M.; Braddock, D. C.; Procopiou, P. Synlett200Q 7, 1007. (b)
processes in which residual metal contamination is undesirable.Jafarpour, L.; Nolan, S. FOrg. Lett.200Q 2, 4075.
When catalyst initaion is nefficient (as for compl@xand (52 fUmus O b L 1A Chem, Soaeen 118 2458,
particularly 13), the majority of catalyst added to a given R R.J. Am. Chem. S0d998 120, 4041.

(54) Lee, C. W.; Grubbs, R. HOrg. Lett.200Q 2, 2145.
(49) Kirkland, T. A.; Lynn, D. M.; Grubbs, R. HJ. Org. Chem1998 (55) Ulman, M.; Grubbs, R. HJ. Org. Chem1999 64, 7202.

63, 9904. (56) Huang, J.; Schanz, H. J.; Stevens, E. D.; Nolan, ©rBanome-
(50) Trost, B. M.Sciencel991, 254, 1471. tallics 1999 18, 5375.
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of free PCy.5” Furthermore, the decomposition #thas been  obtained from commercial sources and used as received. Silica gel was
shown to exhibitfirst-order kinetics® On the basis of these  obtained from TSI. Ruthenium complexés 2,*2 3,214,252 6,1 7,%
results, methylidene decomposition has been proposed to occud:® and14* as well as the [IMesHBF, salf® were prepared according
via intramolecular G-H activation of an L-type ligand, rather 0 literature procedures.
than involving the intermediatB. In any case, a quantitative (IMesH2)(PCys)(Br) .Ru=CHPh (9). [IMesH;]BF4 (115 mg, 0.29
investigation of the correlation betwek and decomposition ~ ™Mo} and KGBu (30 mg, 0.27 mmol) were combined in benzene (2
rate in all of the catalysté—14 is currently underway. mL), anq the resulting yellow suspension was stirred for 1 h. To this
L . ) . . Do suspension was added a solution of com@g220 mg, 0.24 mmol)

(4) Polymerization ReactionsA final important implication in benzene (8 mL). The reaction was heated t6G@or 18 h and then
of these mechanistic studies involves the control of molecular cooled to room temperature. The resulting suspension was filtered
weight distributions in ring opening metathesis polymerizations. through a plug of Celite, and the benzene was reduced to 2 mL under
It has been observed that the polymerization of highly strained vacuum. The product was purified by column chromatography (4:1
monomers with catalyst, and particularlys, results in products ~ pentane/diethyl ether) according to the procedure of Hoéyalafford
with broad molecular weight distributioR4558 These distribu- 9 as a light pink powder (147 mg, 65% yield}P{*H} NMR (C¢Dy):
tions are the result of a large disparity between the rate of ¢ 30-83 ()H NMR (CeDe): 0 19.87 (s, 1H, RerCHPh), 9.75 (br s,
initiation (k;) and the rate of propagatiokef of a polymerization 1H, ortho GH), 7.5-7.0 (br multiple peaks, 6H, metatC para Gi,

. . ortho CH, and Mes @), 6.70 (br s, 1H, Mes B), 6.10 (br s, 1H, Mes
reaction. (Using both catalysts and 8, ki < ke for many CH), 3.55 (br m, 4H, E1,CH), 2.44 (s, 3H, para B), 2.06 (s, 3H,

monomers.) New procedures for decreasksgand/or for o3 4, 3.01-1.33 (br multiple peaks, 45 H,G3s and ortho Giz).
increasingk, should result in dramatically narrowed polydis-  1ac{iH} NMR (CeDe): 6 296.92 (m, Re=CHPh), 222.31 (d, RG(N),,
persities (PDI’s). The mechanism outlined in Scheme 5 suggestsj., = 78 Hz), 152.37, 139.40, 138.57, 138.07, 137.92, 137.59, 136.34,
a facile method for achieving the former. The addition of free 130.61, 129.81, 127.94, 52.72 (i = 3 Hz), 51.70 (dJcp = 2 Hz),

PR; to a polymerization will not affedt;, sincek; is independent 33.07, 30.38, 28.59, 28.51, 26.95, 21.91, 21.48, 21.32, 19.91. Anal.
of [PRs]. However, free phosphine will decrease the rate of Calcd for GeHesNoBroPRu: C, 58.91; H, 6.99; N, 2.99. Found: C,
propagation by lowering the number of catalytic turnovers that °9-25; H, 7.09; N, 2.97.

occur before the active species is trapped with frees PR (IMesH2)(PCys)()) Ru=CHPh (10). Complex 8 (350 mg, 0.41
(effectively increasingk_1[PR3] relative to ky[olefin]). Alter- mmol) and Nal (1.23 g, 8.2 mmol) were combined in THF (15 mL),
natively, our studies suggest methods for increadingy and the reaction mixture was stlrr_ed for 8 h. The solyent was removed
modifying either the X-type ligands or the phosphine ligands under vacuum, and the green residue was taken up in benzene (10 mL).

f | ds. Imol . f both of th . The resulting suspension was filtered through a plug of Celite, and the
of catalystsl and8. Implementation of both of these strategies e green solution was concentrated under vacuum to yield complex

has proven successful for lowering PDls in ruthenium-catalyzed 10 as'a green powder (320 mg, 75% yiel#P{*H} NMR (CD.Cl,):
ROMP reaction§? 5 30.84 (s).™H NMR (CD,Cl): ¢ 19.09 (s, 1H, RecCHPh), 7.96-

In summary, the reactivity of a series of ruthenium metathesis 6.94 (br multiple peaks, 8H, orthoH; meta G, para G4, and Mes
catalysts has been studied in detail. The multistep nature of theCH), 6.25 (br s, 1H, Mes H), 3.98 (br m, 4H, €1.CHy), 2.71-2.34
olefin metathesis reaction renders mapping the entire reaction(multiple peaks, 15 H, €y; and Mes &i3), 2.28 (s, 3H, Mes 85),
coordinate an extremely challenging endeavor. However, this 1:85 (5. 3H, Mes €), 1.56-0.90 (m, 30H, Rys;).*> *C{*H} NMR

H : : : C7D3): 0302.34 (m, REFCHPh), 223.01 (d, RlG(N)Z, Jep=76 HZ),
investigation has brought us a few steps closer to understanding) 5>, 4 35 44"135'04 137.13, 136,36, 130.27, 129.57, 128.45, 127.33,
the subtle effects of ligand variation on ligand substitution

L P . 126.85, 52.67 (dJcp = 3 Hz), 51.78 (dJcr = 1 Hz), 34.84, 34.70,
kinetics as well as on catalyst initiation and activity in these 34550 2728 2728 26.69 23.54 2099 2087. Anal. Calcd for

ruthenium-based systems. Our studies also provide some insightg, +,.N,I,PRu: C, 53.54: H, 6.35: N, 2.71. Found: C, 53.68; H, 6.32:
into methods for tuning both reaction conditions and ligands in N, 2.40.

order to achieve specific catalytic properties. Many of the subtle (IMesH,)(CsHsN),(Cl),Ru=CHPh.5667 Complex 8 (1.1 g, 1.3
and surprising factors governing ligand effects (particularly those mmol) was dissolved in toluene, and pyridine (10 mL) was added. The
involving N-heterocyclic carbenes) in these systems have yetreaction was stirred for 10 min during which time a color change from

to be unraveled. pink to bright green was observed. The reaction mixture was cannula
transferred into 75 mL of cold (OC) pentane, and a green sold
Experimental Section precipitated. The precipitate was filtered, washed with 20 mL of

] ) ) pentane, and dried under vacuum to afford (IM@$EsHsN)2(Cl)2-
General Procedures.Manipulation of organometallic compounds  Ry=CHPh as a green powder (0.75 g, 80% vyield). Samples for
was performed using standard Schlenk techniques under an atmosphergjemental analysis were prepared by recrystallization freiy@entane

of dry argon or in a nitrogen-filled Vacuum Atmospheres drybox (O followed by drying under vacuum. These samples analyze as the mono-
< 2 ppm). NMR spectra were recorded on a Varian Inova (499.85

MHz for *H; 202.34 MHz for®'P; 125.69 MHz for3C) or on a Varian (61) Wilhelm, T. E.; Belderrain, T. R.; Brown, S. N.; Grubbs, R. H.
Mercury 300 (299.817 fotH; 121.39 MHz for3'P; 74.45 MHz for Organometallics1997, 16, 3867.
13C). 31p NMR spectra were referenced usingPi@y (6 = 0 ppm) as (62) Complex7 was prepared by methodology analogous to that used

an external standard. UWis spectra were recorded on an HP 8452A to prepares. Wilhelm, T. E. Ph.D. Thesis, California Institute of Technology,

B 998.
diode array spectrophotometer. Elemental analyses were performed af (63) Jafarpour, L.; Nolan, S. ®rganometallics200q 19, 2055.

Midwest Microlabs (Indianapolis, IN). (64) Garber, S. B.; Kingsbury, J. S.; Gray, B. L.; Hoveyda, AJHAM.
Materials and Methods. Pentane, methylene chloride, diethyl ether, Chem. Soc200Q 122, 8168.
toluene, benzene, and benzehevere dried by passage through solvent __ (65) Minor alkylidene peaks are also observediNMR spectroscopy

e 0 : at 18.14 and 17.17 % of total) in analytically pure samples 0.
purification columns? Toluenes and THFd.B were dried by_ vacuum These peaks disapp%gmon the ad)dition of free;F!(EJ[ggestingpthat they
transfer from Na/benzophenone. &I, pyridine, and ethyl vinyl ether 4y correspond to phosphine-dissociated catalyst species. Further investiga-
were dried by vacuum transfer from CaHAll phosphines were tion of this phenomenon is underway.

(66) (IMesh)(CsHsN)2(Cl),Ru=CHPh was prepared by methodology
(57) Ulman, M. Ph.D. Thesis, California Institute of Technology, 2000. analogous to that used to prepare the phosphine anald§@s)-

(58) Robson, D. A.; Gibson, V. C.; Davies, R. G.; North, Macro- (CsHsN)2(Cl)2Ru=CHPh. Dias, E. L. Ph.D. Thesis, California Institute of
moleculesl999 32, 6371. Technology, 1998.
(59) Bielawski, C. W.; Grubbs, R. H., manuscript in preparation. (67) Further details concerning the synthesis and reactivity of IMesH

(60) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.;  (CsHsN)2(Cl);Ru=CHPh will be reported elsewhere. Sanford, M. S.; Love,
Timmers, F. JOrganometallics1996 15, 1518. J. A.; Henling, L. M.; Day, M. W.; Grubbs, R. H., manuscript in preparation.
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pyridine adduct (IMesk)(CsHsN)(CI),Ru=CHPh, probably due to loss  and after variable mixing times (between 0.00003 and 50 s), a
of pyridine under vacuuntH NMR (C¢Dg): 6 19.67 (s, 1H, E€IPh), nonselective 90pulse was applied and an FID recordéd decoupling
8.84 (br. s, 2H, pyridine), 8.39 (br. s, 2H, pyridine), 8.07 (d, 2H, ortho was applied during the 90pulse. Spectra were collected as-8
CH, Jun = 8 Hz), 7.15 (t, 1H, para B, Jun = 7 Hz), 6.83-6.04 (br transients with relaxation delays between 30 and 50 s. The peak heights
mulitiple peaks, 9H, pyridine, and Me, 3.37 (br d, 4H, Ei,CH,), of the free and bound phosphine at variable mixing times were analyzed
2.79 (br s, 6H, Mes Hs;), 2.45 (br s, 6H, Mes Bs), 2.04 (br s, 6H, using the computer program CIFIT in order to obtain the exchange
Mes (Hs). BC{*H} NMR (CsDg): ¢ 314.90 (m, Re=CHPh), 219.10 rate of bound phosphine with free phosphikg)(Values for the Ts
(s, RuC(N),), 152.94, 150.84, 139.92, 138.38, 136.87, 135.99, 134.97, for the free and bound phosphine were also obtained in this analysis,
131.10, 130.11, 129.88, 128.69, 123.38, 51.98, 51.37, 21.39, 20.96,and the results are summarized in Table S1. The relaxation timgs (T
19.32. Anal. Calcd for Hs/N:ClbRu: C, 61.20; H, 5.76; N, 6.49. for complexes1—14 as well as for free PGywere determined
Found: C, 61.25; H, 5.76; N, 6.58. independently using standard inversion recovery experiments, and the
(IMesH5)(PPhg)(Cl),Ru=CHPh (11). (IMesH,)(CsHsN)(Cl),Ru= results are summarized in Table S2. Eyring plots for cataly/sts4
CHPh (150 mg, 0.21 mmol) and PPL76 mg, 0.28 mmol) were  are shown in Figures S1S11.
combined in benzene (10 mL), and the reaction mixture was stirred  NMR Initiation Kinetics. The ruthenium alkylidene (0.0106 mmol)
for 10 min. The solvent was removed under vacuum, and the resulting was dissolved in toluends (600 «L) in an NMR tube fitted with a
brown residue was washed with420 mL pentane and dried in vacuo.  screw cap containing a rubber septum. The resulting solution was
Complex11was obtained as a brownish powder (125 mg, 73% yield). allowed to equilibrate in the NMR probe at the appropriate temperature,
#P{*H} NMR (C¢Dg): 6 37.7 (s)."H NMR (C7Dg): 6 19.60 (s, 1H, and ethyl vinyl ether (in equivalents relative to [Ru]) was injected into
Ru=CHPh), 7.70 (d, 2H, ortho B, Jun = 8 Hz), 7.29-6.71 (multiple the NMR tube neat. Reactions were monitored by measuring the peak
peaks, 20H, Phs, para G, meta G4, and Mes &), 6.27 (s, 2H, Mes heights of the starting alkylidene as a function of time over at least 3
CH), 3.39 (m, 4H, Gi-CHy), 2.74 (s, 6H, ortho ), 2.34 (s, 6H, half-lives. The data were fitted to a first-order exponential using Varian
ortho (Hs), 2.23 (s, 3H, para Bs), 1.91 (s, 3H, para Bs). C{H} kinetics softwaré?
NMR (CeDg): 9 305.34 (m, Re=CHPh), 219.57 (d, R&(N), Jep = UV—Vis Initiation Kinetics. In a cuvette fitted with a rubber
92 Hz), 151.69 (dJcr = 4 Hz), 139.68, 138.35, 138.10, 138.97, 137.78, septum, a solution of ethyl vinyl ether (in equivalents relative to the
135.89, 135.21, 135.13, 131.96, 131.65, 131.36, 130.47, 129.83, 129-5%Ru]) in toluene (1.6 mL) was prepared. This solution was allowed to

(d, Jep = 2 Hz), 129.15, 128.92, 128.68, 128.00, 52.11J¢h = 4 thermally equilibrate in the U¥vis spectrometer at the appropriate
Hz), 51.44 (dJer = 2 Hz), 21.67, 21.35, 21.04, 19.21. Anal. Calcd  temperature. To the temperature-equilibrated solution was added 100
for CasHa7N2CloPRu: C, 66.50; H, 5.70; N, 3.37. Found: C, 67.18H, | of 2 0.0139 M stock solution of the ruthenium catalyst in toluene.
5.81; N, 3.31. The kinetics of the reaction were followed by monitoring the appearance
(IMesH2)(PBng)(Cl):Ru=CHPh (12). (IMesH,)(CsHsN)z(Cl).Ru= of the product as a function of time. The data were collected over 5
CHPh (150 mg, 0.21 mmol) and PBI@88 mg, 0.29 mmol) were  paif-lives, and kinetics traces were fitted to first-order exponentials.

combined in benzene (10 mL), and the reaction mixture was stirred piots ofk; versus [olefin] for catalystg, 5, and7 are shown in Figures
for 10 min. The solvent was removed under vacuum, and the resulting g12-514.

brown residue was washed with-420 mL pentane and dried vacua kops VS [PCysJ/[olefin] for Catalysts 1, 2, and 3. Ruthenium

Complex12was obtained as a brown-pink powder (130 mg, 73% yield). catalyst (0.0106 mmol) and P€fin equivalents relative to [Ru] from

31P{H} NMR (CgDg): 6 34.7 (s).*H NMR (C¢De): 6 19.31 (s, 1H, A : :

RU=CHPh). 8.31 (d. 2H. ortho B. Ju = 7 Hz). 7.36 (7. 1M a 0.061 M stock solution in toluerdy) were combined in an NMR
U= ). 8.31 (d, 2H, ortho B, Ju = 2,), 7.36 (7, 1H, para tube fitted with a screw cap containing a rubber septum. The resulting

CH, Jun = 7.0 Hz), 7.16 (br s, 19H, P(GIRh)3, meta G4, Mes (H), . - -

6.64 (s 2H Mes &) 3.77 oH. GLCH.). 3.64 2H CHCH solutions were diluted to a total volume of 6@Q with tolueneds.

3'29 (Z' 6H’ bes I)’E. J (m_’ - H 23 12' ) GH(m' th ’BHCZ 27)8 The tubes were allowed to thermally equilibrate in the NMR probe,
: 6IE| ’ thi &nzyz 12é HP ;H 2), Et éSllz ' O?EHO 3, Et and the ethyl vinyl ether (in equivalents relative to [Ru]) was injected
(s, 6H, ortho G13), 2.18 (s, 3H, para By), 2.12 (s, 3H, para Bs). neat into the NMR tube. Reactions were monitored by measuring the

13C{1H} NMR (CsDs): 0 297.50 (m, Re=CHPh), 222.30 (d, R&G(N),, ! ' . ) ;
peak heights of the starting alkylidene as a function of time over at
Jep= 85 Hz), 151.52, 140.31, 139.54, 137.94, 137.77, 137.30, 135.45, . . .
135.42 135.39 13127 13124 13121 130.21. 129.72. 129.00. 126 42Ieast 3 half-lives as described above. Plots &¢sl/as a function of
e o b o o e o o ““{PCys]/[olefin] for complexesl, 2, and3 are shown in Figures S15

126.40, 51.72 (dJep = 1 Hz), 51.52 (dJep = 4 Hz), 25.80, 25.68,

21.36, 21.20, 21.11, 19.13. Anal. Calcd fopsiN,Cl.PRu: C, 67.42; _ ,
612 N 3.21. Found: ©. 67.70 H GO.IS%NZ&ZZS. Likavs s [PReJ/[olefin] for Catalysts 6, 8, 10, 11, and 12Ruthenium

_ catalyst (0.0106 mmol) and RRin equivalents relative to [Ru]) were
mrg(';/ll)e\?vﬂg(fjics)slg?\(/ce:gzilr?ubegziziél(sl)(.) ﬁ;ngﬁjx sr(e(ggti)rizn;g’woﬂfés combined in an NMR tube fitted with a screw cap containing a rubber
atm of ethylene. The reaction mixture was stirred at6For 90 min septL_Jm. The solids were dissolved n 6p0 .Of tolueneds. Each
during which time a color change from pink to dark brown was solutlo_n was aIIO\_Ned to_ thermally equmbrate in the .N.MR probe, _and
observed. The brown solution was cooled to room temperature anolethyl vinyl ether (in equivalents relative to [Ru]) was injected neat into

the product was purified by column chromatography (gradient elution: the NMR tube. Reactions were monitored by measuring the peak heights

100% pentane to 8:1 pentane/diethyl ether) according to the procedurec.)f the starting alkylidene as a function of time over at least 3 half-

- . lives as described above. Plots ok;k{as a function of [PE/[olefin]
of Hoveyd&* to afford an orange-yellow solid (97 mg, 36% yield). S
IP{IH} NMR (CeDe): 6 38.6 (s).3H NMR (CeDe): 6 18.41 (s, 2H, for complexess, 8, 10, 11, and12 are shown in Figures S1&22.

Ru=CHy), 6.92 (s, 2H, Mes @), 6.70 (s, 2H, Mes @), 3.22 (m, 4H, ROMP of Cyclooctadiene.The ruthenium alkylidene (0.003 mmol)
CH,CH3), 2.78 (s, 6H, ortho B3), 2.53 (s, 6H, ortho &3), 2.37 (m, was dissolved in CECI, (600xL) in an NMR tube fitted with a screw
3H, FCys), 2.18 (s, 3H, para Bs), 2.10 (s, 3H, para Bs), 1.61 (m, cap containing a rubber septum. The resulting solution was allowed to
12H, FCys), 1.10 (m, 18H, Bys). 13C{*H} NMR (CsD¢): 6 294.75 (d, equilibrate in the NMR probe at 20C, and COD (0.90 mmol) was
RU=CHj, Jop = 10 Hz), 222.52 (d, RG(N)z, Jep = 75 Hz), 139.59, injected into the NMR tube neat. Reactions were monitored by

138.95, 138.41, 138.11, 137.76, 135.33, 130.49, 130.00, 128.91, 128_67measuring the peak heights of the COD olefinic signal as a function of
128.03, 127.84, 51.97 (dcp = 3 Hz), 50.33 (dJop = 1 Hz), 31.03, time over at least 3 half-lives. The data were fitted to a first-order
30.89, 29.51, 28.37, 28.29, 28.29, 27.03, 21.534g= 3 Hz), 20.42, exponential using Varian kinetics softwafe-or catalystl1, the same
19.42. Anal. Calcd for GHeiN.ClL,PRu: C, 62.16; H, 7.96: N, 3.62. procedure was followed with the exception that 0.0@0@0l of
Found: C, 61.12; H, 7.75: N, 3.64. ruthenium benzylidene was used.

Magnetization Transfer Experiments. The ruthenium alkylidene
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