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Enyne metathesis has emerged as an important new method forScheme 1. Kinetic Study of Enyne Metathesis

1,3-diene synthesisWith a number of methodology studies and 1 (5 mol %) J|\/H
applications to total synthesis, mechanistic interpretation is basedR—= + R R' Fug (1)
on early proposals and is not well understood. To the best of our PhCH;, 25 °C

knowledge, there are no reported kinetic studies on enyne metath- reaction rate

esis, a necessary first step to describing the catalytic reaction Mes—N._N-Mes 0Bz R R'

mechanism. In this Communication, we report a kinetic investiga- _3-C' / /\ ) LnRu:g
tion of enyne metathesis using an IR method (Scheme 1). These ,RlL':Ph = R <= R A R

data establish the kinetic rate law, illustrate unanticipated rate effects C pey,
. - . . 2A (R=Me) 3A(R',R2=Me)
due to propargylic substitution, and provide a comparison of 1 2B(R=H) 3B (R'=HR?=nCeHy,)
reactivity for both ethylene and 1-hexenealkyne cross metatheses T T e
(eq 1, R=H, R = C4Hy). Table 1. Kinetic Data for 1-Hexene—Alkyne Metathesis using the

Mechanistic study will help explain inconsistencies and provide IR Method
a better understanding of the reaction. In the past few years, ethylene
has been used to help certain ring-closing enyne metathdsss,

entry alkyne 1, mMm 1-hexene, M k,M~ts! (error)

. . T 2A 0.26-1.0 0.25-0.62 0.063 (0.007)
does not help others. There is a perceived limitation for heteroatoms 5 2B 1.0-3.6 0.50-1.54 0.0038 (0.0005)
in the propargylic position; in some cases, they benefit ethylene 3 3A 0.52 0.25-0.50 0.083 (0.007)
metathesig2in others, chelation is thought to retard the reacton. 4 3B 0.77-4.0 0.36-1.2 0.0040 (0.0006)

In some cases, metathesis is impervious to heteroatom subst#ution.
Knowledge of reaction mechanism will lead to extended reaction 1,p/e >  Kinetic Data for Ethylene—Alkyne Metathesis using the
scope, higher turnover catalysts, and the design of new reactions.R Method

Preliminary mechanistic data have helped guide the development

¢ licati 8 includi th entry alkyne 1, mM ethylene, M k (error)

of new a Ications In our own group, INncluding € ene co-

tath .p? bri bout silvl Ig th@ipk 9 tyth dis 1a 2A 0.3-3.0 0.38-0.62 0.21 (0.03) Mist
metal .e5|s (0} rlng apout silyl enol e yne Cross meta e. ) 2b 2B 7.9-16 0.38-0.62 6.4(0.7)x 10451
and ring synthesis by methylene-free enyne metathesis with

cycloalkenegb:c aReagction is first order in both alkyne addind zero order in ethylene.

To obtain kinetic data for the catalytic enyne metathesis, a simple b Reaction is first order il and zero order in both alkyne and ethylene.
and efficient monitoring method was developed using IR spectros- disappearance was normalized by dividing this value by the
copy. The terminal alkyne reactant has a unique IR absorption: the concentrations of and 1-hexene used for each individual run. This
CH bond stretch, which can be observed even at low alkyne treatment produces the second-order rate constant in the right
concentration8.Monitoring the decay of this absorption at 3300 column of Table 1, which can be compared for each alkyne. The
3310 cn1! over time gave the rate of disappearance of the alkyne reaction of thenore-substitutedlkyne2A was 16 times faster than
reactant. Using a gc assay, we verified the accuracy of the ratethat of the less-substituted homologe (entries 1 and 2). Faster
determination, showing (1) that the rate of alkyne disappearancereaction of a more-substituted alkyne was surprising. Chelation
was the same as that with the IR method and (2) that the diene might explain the observed rate retardationZBrwith 2A reacting
product was appearing at the same rate as alkyne disappe&rancefaster due to weaker chelation (conformational restrictions imposed
The IR method is fast and convenient, permitting systematic kinetic by the additional substituent). To test th& was next examined
evaluation of reactant concentrations without overlapping absorp- (entry 3, Table 1), and the rate constant was similar to the substituted
tions. benzoate2A. Furthermore2B was contrasted witt3B; the rate

Kinetic order for alkene and alkyne was established for the constants were within experimental error. These comparisons
metathesis of 1-hexene and alkyBA. Time-dependent loss of  demonstrate that chelation by the ester group does not influence
alkyne under pseudo-first-order conditions (excess 1-hexene)the rate-determining step. Since the alkyne shows zero-order rate
showedlinear decrease of alkyne concentration indicating zero- dependence, its binding rate to the metal is not kinetically relevant.
order rate dependence. First-order rate dependence on [1-hexene] The rate of ethylenealkyne cross metathesis was studied to
was established by IR monitoring of alkyne disappearance at severalcontrast overall reaction rate and to evaluate the effect of substitu-
1-hexene concentrations using the same catalyst stock sofution. tion. The ethylene metathesis ®A (Table 2, entry 1) was found
First-order dependence on [catalyst] was also established. to be first order in alkyne but zero order in ethyl€rEne slope of

To assesst-substituent effects, the relative reactivity of substi- the In[2A] versus time plot gave a pseudo-first-order rate constant,
tuted alkynes was compared. The effect of alkyne substitution on which was divided by I] to give the second-order rate constant
reaction rate was evaluated A and2B (Table 1). In both cases,  value of 0.21 M s™%, For alkyne2B, the ethylene metathesis was
the rate was zero order in alkyne. The raw rate of alkyne slower, and higher catalyst concentrations were needed. At ethylene
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Scheme 2. Proposed Catalytic Mechanism of Enyne Metathesis Phosphine dissociation rate data from the literature are consistent

L Ru— 1) L= with the observed magnitude of the rate data obtained in the
oy, " —= @ ethylene metatheses. The rate of phosphine dissociationIfi(@n

o R= ° \ the catalyst trati din th iment trapo-
. | 7 . R e catalys <>conc.en rations u'se in these expenn:sen S) 1vlvas extrapo
ol ™ f O L it lated to 25°C using Grubbs’ data, giving k 10°° M/s.'* This

o — LRu= ﬁ R o OF agrees favorably with the measured rate of ethyte2®@ metathesis

of 8.4 x 107¢ M/s!4 since greater substitution on the carbene (e.g.,
R’ group in E) accelerates phosphine dissociation, known from
Grubbs’ initiation studies in alkene metathesis (rate of phosphine
dissociation CHEt- CHCH=CMe, > CHPh> CH,).1%15Though
enyne metathesis deals with vinyl carbene intermediates, phosphine
recombination is also important for alkene metathesis where
selectivities versus alkene binding range over 4 orders of
magnitudetlp

=
R

pressures of 2550 psig (solution concentration 0.-38.62 M), the
reaction was found to be zero order in alkyZ®and zero order in . N
A In conclusion, we have developed a kinetic method to study

ethylene (entry 2, Table 2). In this case, a first-order rate constant ’ . .
is obtained. Interestingly, though the ethylene metatheses have""YNe metathesis using IR spectroscopy. The rate law for a variety
' of l-alkyne-alkene combinations using the second-generation

different rate-determining steps and are slower than the 1-hexeneG bb b lex has b btained. In th tudied
metatheses described in Table 1, the relative magnitude of the rubbs carbene compiex has been obtaned. In e cases studied,
chelation is not observed, and propargylic substitution accelerates

substituent effect was similar to that observed with 1-hexene; reaction rate. Further Kinetic and mechanistic studi ‘e onaoin
alkynes with the more-substitutedcarbon react about 20 times ir??)culrogrois. urther kinetic a echanistic studies are ongoing

faster (60 mM alkyne and 2.7 mi).8

On the basis of the kinetic data obtained, the catalytic cycle is  Acknowledgment. The authors gratefully acknowledge support
proposed as illustrated in Scheme 2. The two phosphine binding of this work through research grants from the NSF (CHE-092434,

steps, which remove catalyst from the cycle, are also shown ontp S T.D.) and the NIH (RO1CA090603, to S.T.D.). We also thank
each side of the cycle. After re-entry into the cycle from resting ateria for generously providing complex

stateB or E, the catalyst can turnover many times before phosphine
reassociates. The rate of product formation will be determined by ~ Supporting Information Available: Experimental procedures and
the amount of Cata|yst in the Cyc|e and the turnover number’ which additional rate plOtS. This material is available free of Charge via the
reflects the slow step in the catalytic cycle. Internet at http:/pubs.acs.org.

Kinetic partitioning of the vinyl carbene intermediateinflu-
ences overall reaction rate. For 1-hexeatkyne metathesis, the
rate law requires that the rate-determining step in the cycle is either
V or VI (alkene dependence, alkyne independeficéhe 14-
electron intermediat& may react with 1-hexene or become trapped
by CysP. The faster rate foRA versus 2B is explained by
partitioning; (a) the faster intrinsic rate of ¢ dissociation from
E is promoted by steric bulk at the propargylic positiorRh (b)
1-hexene complexes more favorably Aoas compared to GP
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