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We report here the synthesis, characterization, and catalytic
properties of highly active well-defined silica supported hetero-
geneous olefin metathesis catalysts,1-5 [(tSiO)Mo(tNAr)-
(dCHCMe2R1)(NR2)] (1). These catalysts are compatible with ethyl
oleate and function without a cocatalyst.

In the past few years, we have shown that monosiloxy Mo-, W-,
and Re-based catalysts, of general formula [(tSiO)M(tER)-
(dCHtBu)(CH2tBu)] are highly active olefin metathesis catalysts
(M ) Re, ER) CtBu;6,7 M ) Mo, ER ) NH;8,9 M ) Mo10 or
W11, ER ) NAr), that often display reactivity and stability greater
than their homogeneous analogues, [(RO)2M(tER)(dCHtBu)] (RO
) Me(CF3)2CO12-14 or (RO)2 ) POSS15). Interestingly, complexes
that are asymmetric at the metal center appear to provide optimum
activity.16 Moreover, silica supported systems are less prone to
deactivation10 as a consequence of being isolated on the surface,
thereby eliminating bimolecular decomposition of alkylidenes.17,18

However, in the metathesis of propene, traces of 1-butene are found,
which might be ascribed to side reactions that involve the neopentyl
ligand. We were attracted to the possibility of adding recently
reported bis(amido) complexes, [Mo(tNAr)(dCHCMe2R1)(NR2)2]
(2; Ar ) 2,6-iPr2C6H3, R1 ) Me or Ph; NR2 ) pyrrolyl for 2a19

and NPh2 for 2b20) to partially dehydroxylated silica (SiO2-(700))
to yield well-defined asymmetric systems1 having no alkyl ligand
present, in contrast to3, [(tSiO)Mo(tNAr)(dCHtBu)(CH2tBu)]
(Scheme 1).

The reaction between SiO2-(700) and2a-Ph (NR2 ) pyrrolyl, R1

) Ph), was monitored by IR spectroscopy. The IR peak associated
with the surface silanols at 3747 cm-1 disappeared as new IR bands
associated with theν(C-H) andδ(C-H) of hydrocarbyl ligands
appeared in the 3000-2700 and 1500-1350 cm-1 region, respec-
tively (Supporting Information, Figure S1). The new IR peaks at
3088, 3065, and 3028 cm-1 are attributed to theν(dC-H) of
arylimido group, and that at 3610 cm-1 to residual OH interacting
with aromatic ligands.11 Overall, the disappearance of the band at
3747 cm-1 during grafting is in agreement with a chemical grafting
of 2a-Ph. When a mixture of SiO2-(700) (298 mg, 0.26 mmol SiOH
per gram, 0.077 mmol) and2a-Ph (44 mg, 0.082 mmol) in C6H6

(8 mL) is stirred for 2 h at 25°C, 0.9 equiv of pyrrole per grafted
Mo (2.28 wt %) is formed in agreement with the formation of the
surface complex1a-Ph (Scheme 1). The Mo elemental analysis
(2.28 wt %) corresponds to 0.24 mmol of Mo per gram of solids
in agreement with the consumption of most surface silanols (ca.
92%), and it is also consistent with the formation of a monomeric
species. Moreover, the materials contain on the average 25( 2
carbons and 1.7( 0.5 nitrogens per grafted Mo (obtained from
elemental analysis), which is consistent with the proposed structure

1a-Ph, for which 26 C/Mo and 2 N/Mo are expected. Furthermore,
all the distinct signals in1H MAS solid-state NMR spectra and,
more clearly, in constant time (CT)1H MAS NMR spectra (Figures
1 and S2)21 are fully consistent with the proposed structure of1a-
Ph. These resonances are found at 11.9 (dCHCMe2Ph), 6.8 (Csp2-
H), 5.7 (pyrrolyl-Csp2-H), 3.2 (CHMe2), 1.8 (unreacted SiOH), 1.4
(dCHCMe2Ph) and 0.7 (CHMe2) ppm. The resonance at 1.8 ppm
is assigned to residual silanols since it almost disappears when
deuterated silica is employed (Figure S3).

The13C CP MAS spectrum contains nine resolved peaks (Figure
S4a; Table S1), which can be assigned as follows: 22{CH(CH3)2},
28 {dCHC(CH3)2Ph+ CH(CH3)2}, 54 {dCHC(CH3)2Ph}, 122-
153 {Ar}. However, the alkylidene carbon resonance was not
observable for1a-Ph at natural abundance. Therefore the corre-
sponding13C labeled neopentylidene complex,1a*-Me {[(tSiO)-
Mo(tNAr)(d*CHCMe2R1)(NR2)] (R1 ) Me), 99%13C labeled on
the R-carbon to Mo (Figures S4b-S5; Table S1)} was prepared.
This surface complex unambiguously displays a large isotropic
signal at 285 ppm in the13C CP MAS NMR spectrum, consistent
with the presence of an alkylidene carbon (ModCHR1). This has
been confirmed in 2D1H-13C dipolar HETCOR NMR spectra,22,23

which show that the carbon at 285 ppm is correlated with a proton
at 11.9 ppm (Figure S6).

Similarly, 2b-Ph (NR2dNPh2, R1 ) Ph) reacts with a silica
surface to yield the corresponding monosiloxy complex1b-Ph
according to mass balance analysis, IR, and1H and13C solid-state
NMR spectroscopies (Figure S7-S11; Table S2). The1H, 13C, and
2D NMR spectra of1b*-Me display the expected proton and carbon
signals for the carbene, observed at 11.4 and 288 ppm, respectively.
A small amount of the anti isomer is also observed in this case,
which proton and carbon signals appear at 12.9 and 302 ppm. The
maximum Mo loading in this case has been only 1 wt % (0.11
mmol/g), which corresponds to the consumption of∼40% of the
surface silanols of SiO2-(700) (0.26 mmol/g). The remaining silanols
are interacting with the ligand of1b-Ph according to IR spectros-
copy (Figure S7) and therefore are not accessible. Considering a
calculated projected area of 2.1 nm2 for the [Mo(tNAr)-
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(dCHCMe2Ph)(NPh2)] fragment, the maximum Mo loading should
have been 0.15 mmol/g (1.5 wt %), which shows that the silanols
of a SiO2-(700)are not evenly distributed on the surface of the solid.11

When propene is contacted with1a-Ph or 1b-Ph (0.017 mol
%), equilibrium is reached in 60 min for1b-Ph, while only 30%
conversion is achieved for1a-Ph (Table 1). The initial turnover
frequencies are 2.2 (1a-Ph) and>4 mol/mol Mo/s (1b-Ph), so that
1b-Ph is slightly faster than1a-Ph and 3 [(tSiO)Mo(tNAr)-
(dCHtBu)(CH2tBu)] (3-4 mol/mol Mo/s under similar reaction
conditions).10 Moreover, with catalyst1, no 1-butene was observed
even after 24 h (<0.01% if any) in contrast to3 (0.06%). We ascribe
this beneficial effect to absence of an alkyl group.

The self-metathesis of ethyl oleate (EO) was investigated as a
test substrate for functionalized olefins. Under identical conditions,
0.5 M solution of EO are equilibrated within 30 and 10 min with
1 mol % of 1a-Ph and 1b-Ph, respectively (Figure S12). In
comparison, equilibrium is reached in 60 min for [(RF6O)2Mo-
(tNAr)(dCHCMe2Ph)] under similar reaction conditions. Using
0.05 mol % of catalyst1b-Ph, equilibrium is reached within 3 h,
while 1a-Ph deactivates faster so that only 20% of the EO has
been converted after 8 h (Figure S13). Finally, ring-closing
metathesis of diallylmalonate can be achieved with 1 mol % of
1a-Ph and1b-Ph in 2 h and 30 min, respectively.

In conclusion, we have shown that bisdiphenylamido and
dipyrrolyl Mo complexes serve as precursors24,25 to well-defined

supported catalysts for olefin metathesis that are asymmetric at the
metal.16,26 We believe that the remaining amido ligand in the
supported catalyst is responsible for greater stability and selectivity
compared to catalysts prepared from dineopentyl precursors, as
evidenced by the absence of formation of 1-butene in the metathesis
of propene. The diphenylamido system appears to be the most
promising, although many possibilities remain. We will continue
to explore this new generation of well-defined active silica-
supported catalysts.
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Figure 1. Proton NMR spectra of1a-Ph recorded on a Bruker Avance
500-MHz spectrometer at a MAS frequency of 12.5 kHz: (a) single pulse
spectrum (8 scans); (b) CT spectrum (T ) 4 ms, 64t1 points of 16 scans
each) (# indicates residual silanol).21

Table 1. Comparative Reactivity in Olefin Metathesis

propenea,b ethyl oleateb,c

catalyst TOF time TOF time

1a-Ph 2.2 180d 0.11e 30
2a-Ph 0.01 f
1b-Ph 4.0e 20 0.15e 10
2b-Ph g g

a Experimental conditions: 0.017 mol % Mo, 25°C. b TOF is the initial
turn over frequency measured after 5 min of reaction expressed in mol of
substrate converted per mol of Mo per second. Time is the time (in minutes)
to reach the equilibrium conversion (34% for propene and ca. 50% for EO).
c Experimental conditions: 0.5 M solution of EO in toluene, 1 mol % of
Mo. d The reaction stops after 30% conversion (thermodynamic conversion:
34%). e In these cases, the conversion is already high after 5 min, and the
initial TOFs are probably greater than measured.f Deactivation after 30%
conversion (4 h).g Less than 0.1% conversion.
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