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ABSTRACT

Highly active N-heterocyclic carbene-coordinated catalysts may be synthesized and used in situ, without requiring prior isolation of the catalyst.
Activation of this in situ catalyst with ethereal HCl dramatically reduces the reaction times required for high conversions. A variety of r,â-
unsaturated carbonyl-containing substrates participate readily in cross and ring-closing metathesis reactions using this preparation.

Olefin metathesis with well-defined alkylidene complexes
has recently become a widely used carbon-carbon bond-
forming method in organic synthesis.1 In particular, com-
plexes12 and23 are now routinely employed in synthesis as
both ring-closing (RCM) and crossmetathesis (CM) catalysts.
Although catalyst1 exhibits excellent functional group
compatibility, the range of substrates amenable to metathesis
has been limited to electronically rich alkenes that are
relatively removed from heteroatom functionality. The recent
advent of N-heterocyclic carbene-coordinated catalysts,4,5

such as ruthenium benzylidene3, has dramatically alleviated
this limitation by performing the metathesis of vinyl silox-
anes, fluorinated alkenes, andR,â-unsaturated carbonyl
substrates.6 Catalyst3 has permitted significant reduction in

catalyst loadings and reaction times compared to the parent
complex1. In addition,3 demonstrates the high activity of
2 while maintaining the functional group tolerance of1.

Currently, the widespread use of3 is limited due to its
relatively difficult preparation. Initial syntheses have utilized
the free carbenes of type4, which are extremely air and
moisture sensitive (Scheme 1).7 Recent investigations by our
group and subsequently by others have demonstrated that
the free carbenes can be generated and directly trapped by
1.4,5 Despite this simplified ligand preparation, the isolation
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of these new catalysts usually requires air-free, anhydrous
conditions and multiple purifications to remove free phos-
phine generated in the synthesis. It would be highly desirable
to obtain a catalyst that has comparable activity to3 but does
not require extensive purification under rigorously air- and
moisture-free conditions.

A potential solution to the purification problem would be
the production and use of3 in situ. Although a majority of
organometallic reagents are generated in situ, olefin metath-
esis catalysts prepared in this way are not commonly used
by organic chemists.8 Complexes of high purity are required
because productive metathesis using1 or 3 is inhibited by
an excess of free phosphine.5c,9aA simple combination of1
and an N-heterocyclic carbene (or the corresponding alkoxide
adduct) is therefore not expected to produce a highly active
catalyst, because 1 equiv of free phosphine is generated
(Scheme 2).

To overcome potential phosphine inhibition in the in situ
generation of3, the use of phosphine scavengers is an
attractive possibility. Previously studied in our group for1,9a

scavengers are believed to activate the catalyst by removing

free phosphine from solution and abstracting bound phos-
phine from the ruthenium metal center. To probe the efficacy
of these processes, a variety of scavengers has been screened
in the in situ cross metathesis of methyl vinyl ketone and an
unfunctionalized terminal olefin (Table 1). This test reaction

was chosen because catalyst1 only produces homodimer of
the terminal olefin; thus, no “background” cross metathesis
(from unconverted catalyst) will be observed. Additionally,
high conversion is obtained at long reaction times even in
the absence of a phosphine scavenger (entry 1). The addition
of ethereal HCl (entry 2) provides yields and reaction times
typical of isolated3 (i.e., 95% after 14 h for the identical
reaction with pure3).6a

Other phosphine scavengers are much less effective. The
generally slow formation of insoluble phosphine-copper
adducts may explain the lower yields obtained with copper
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1627-1628. (c) Lynn, D. M.; Mohr, B.; Grubbs, R. H.; Henling, L. M.;
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Scheme 1. Synthetic Scope of N-Heterocyclic
Carbene-Coordinated Ruthenium Olefin Metathesis Catalysts

Scheme 2 In Situ Catalyst Synthesis by the Alkoxide Routea

a Key: (a) KOBut, THF, less than 1 min at 25°C; (b) catalyst
1, 80 °C, 30 min; (b)6 refers to the mixture of3 and 1 equiv of
PCy3.

Table 1. Effect of Phosphine Scavenger on the Cross
Metathesis of Methyl Vinyl Ketonea

entry scavenger % yieldb time (h)

1 none 92 48
2 HCl/ether 90 14
3 CuCl2 12 14
4 CuCl 42 24
5 B(C6F5)3 47 14
6 Ni(COD)2 NAc <1
7 AlCl3 67 14

a 6 represents the in situ catalyst preparation described in Scheme 2.
COD ) cyclooctadiene. See ref 13 for experimental procedure.E/Z ratios
) 14:1. b Isolated yields.c Yield is negligible; paramagnetic line broadening
in 1H NMR.
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salts (entries 3-4). Another common phosphine scavenger,
B(C6F5)3, was also ineffective in driving the reaction to
desirable yields (entry 5). Using Ni(COD)2 (entry 6) pro-
duced a paramagnetic species (as observed by NMR),
completely shutting down the reaction. Only the last additive
(AlCl3) and HCl provided acceptable metathesis activity.10

To ascertain the overall effectiveness of HCl as a phos-
phine scavenger, NMR-scale experiments were performed.11

Under the conditions of Table 1, catalyst1 was observed to
completely convert to catalyst3 and generate 1 equiv of free
phosphine. Addition of ethereal HCl (25 mol %) to the NMR
sample immediately converted the free phosphine to its
phosphonium salt without decomposing3 (as determined by
31P NMR spectroscopy).

Further optimization of the reaction temperature, loading
of HCl, and ruthenium source was then performed (Table
2). Raising the temperature results in catalyst deactivation

(entry 1). Lowering the HCl loading dramatically reduces
the yield, although the amount of acid used in this case
remains greater than twice that of the catalyst (entry 2).12

Switching to the dimethylvinyl carbene8 as the ruthenium
source resulted in reduced yields, apparently arising from
the slower initiation of8 relative to1. The most active system
is therefore prepared from1, 5, and 25 mol % ethereal HCl
at 45°C.

Preliminary work on a range of CM and RCM substrates
indicates that3 and the6 + HCl system behave similarly
(Table 3).6a,13 Unsaturated esters and aldehydes readily
participate in CM with unfunctionalized terminal olefins
(entries 1-2). Even a challenging trisubstituted case (entry

3) and a RCM (entry 4) example are successful with this in
situ catalyst system. In each case, only small reductions in
yield are observed relative to those obtained with pure3.

For many applications, the6 + HCl system offers an
advantage over isolated3. No organometallic isolation is
required. All of the reagents, including the imidazolium salt
and the ruthenium benzylidene1, are easily obtained and
are air stable.14 The reaction is therefore easily scalable,
allowing in situ metathesis to be applied to the early stages
of preparative scale syntheses.

In summary, generating3 in situ and in the presence of
HCl is a viable method for achieving high activity similar
to that obtained with pure3. Further work on N-heterocyclic
carbene ligands for in situ catalysis is currently underway.
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(10) For a related discussion of HCl, AlCl3, and other Lewis acids as
potential phosphine scavengers, see: (a) Sanford, M. S.; Henling, L. M.;
Grubbs, R. H.Organometallics1998,17, 5384-5389. (b) Katayama, H.;
Yoshida, T.; Ozawa, F.J. Organomet. Chem.1998,562, 203-206.

(11) NMR tube reactions were prepared under dry nitrogen atmosphere
in a Vacuum Atmospheres glovebox and sealed in a J. Young NMR tube.
THF-d8 and C6D6 were dried and degassed prior to use and stored over
molecular sieves. The concentration of all reagents was identical to those
used in the experiments of Table 1. NMR spectra were recorded with Varian
VNMR software on an Oxford 300 MHz instrument.

(12) The excess HCl is required to fully protonate the free phosphine.
In addition this strong acid may protonate the carbonyl substrates to provide
a rate acceleration. A highly oxophilic Lewis acid such as AlCl3 may also
play a similar role. For a related example of Lewis acid activation of
carbonyl-containing substrates, see: Fürstner, A.; Langemann, K.J. Am.
Chem. Soc.1997,119, 9130-9136.

(13) A typical experimental procedure is as follows. A suspension of
tetrafluoroborate salt5 (14 mg, 35µmol) in dry THF (1 mL) was prepared
in a flame-dried Schlenk flask under nitrogen. Potassiumtert-butoxide (4
mg, 35 µmol) was added to the rapidly stirred suspension at room
temperature, resulting in the immediate dissolution of5 to form a yellow
solution. After 5 min, a solution of1 (21 mg, 25µmol) in dry benzene (2
mL) was added via cannula. The mixture was heated to 80°C for 35 min
and subsequently cooled to room temperature. Methyl vinyl ketone (100
µL, 1.3 mmol), 5-hexenyl acetate (84µL, 0.5 mmol), and HCl (2.0 M in
diethyl ether, 60µL, 120 µmol) were added to the cooled solution via
syringe. The reaction mixture was then heated to 45°C for 14 h, followed
by concentration in vacuo to a brown residue. Purification by silica gel
chromatography (9: 1 hexanes: ethyl acetate) yielded 90% of6 (84 mg,
0.45 mmol) as a clear, yellowish oil.

(14) Catalyst1 and the imidazolium tetrafluoroborate salt5 will be
available from Strem Chemicals, Inc. soon.

Table 2. Variation of Reaction Parameters for the3/HCl in
Situ System in the Production of7a

a All unspecified conditions are identical to those in entry 2 of Table 1.
b Isolated yields.c Toluene/THF was used as solvent.

Table 3. Substrate Scope for the 6+ HCl in Situ Systema

a Conditions are identical to entry 2 of Table 1.b Isolated yields.c The
compound originally characterized as theZ isomer in ref 5a was later found
to be the autoxidizedE isomer.
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