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Extensive solid-state NMR analyses determine 

unambiguously the formation of silica supported W bis-

methylidene methyl species by reaction of the corresponding 

methyl carbyne wih trimethylphosphine or cyclic olefin. 

Transition metals alkylidene species are involved in olefin 

metathesis and assumed to be key intermediates in alkane 

metathesis.1, 2 Alkane metathesis is a reaction widely studied 

employing two catalytic systems: dual catalysts operating in tandem3 

and single supported multifunctional catalysts.1 For the single 

catalytic system, it is generally assumed that a metal alkylidene 

hydride or metal alkylidene alkyl belonging typically to group V and 

VI with a pendant alkyl group is needed to convert alkanes. This 

transformation occurs via a multistep mechanism (C-H bond 

activation, olefin metathesis...) Olefins were found to be key 

intermediates in this reaction forming metallacyclobutane.4, 5 In the 

past, several approaches to synthesize W methylidene species have 

been used. Initially, it was postulated that direct protonation of the 

carbynic W≡C bond by surface Bronsted acids should provide 

methylidene tungsten species.6, 7 The lack of results on this approach 

leads to the direct substitution of one ligand of a complex possessing 

already the alkylidene moiety, followed by cycloaddition of 

ethylene.8 Non alkyls ligands (imido, oxo, phenolate) are generally 

required to stabilize this alkylidene species explaining that these 

surface organometallic species are generally restricted for olefin 

metathesis.9 Additionally, direct methanation of W polyhydrides 

complex followed by α-H abstraction on the methyl ligand provides 

encouraging results for the obtention of W methylidene complex.10 

Therefore, we recently synthesized a well-defined silica supported 

W pentamethyl complex 1 possessing no β-H which upon thermal 

treatment is transformed into W methylidyne species 2a and 2b 

(Chart 1).11  

 

 

 

 

 

 
Chart 1: Well-defined supported W methyl catalysts 

 

These species were found to be active for propane metathesis giving 

lower and higher linear homologues. These results are in contrast to 

the silica supported Schrock complex possessing 

neopentyl/neopentylidyne group which found to be much less active 

for propane metathesis than 2.12  Nevertheless, this complex 

(≡SiO)W(≡CtBu)(CH2tBu)2 was very active for the propene 

metathesis.13 To account for the observed reactivity, the formation of 

a W bis-alkylidene was suggested without experimental evidence.   

Herein, we wish to report the isolation and characterization at the 

molecular level of well-defined W methylidene methyl species 

promoted by PMe3 from the tautomerization of W methylidyne 

methyl species. Its activity towards cycloalkane metathesis would 

also be disclosed. 

 

Xue and co-workers have observed by NMR spectroscopy that W-

alkyl/alkylidyne with a pendant silyl groups could undergo a 

tautomerization via an α-H migration to form a d0 W bis(alkylidene) 

species in homogeneous phase.14-17 Additionally, they calculated by 

DFT that the equilibrium between hypothetical molecular 

Me3W≡CH and its corresponding W bis-methylidene has an energy 

barrier of only 5 kcal/mol at room temperature (Scheme 1).18  

  

 

Scheme 1: Equilibrium between molecular W-methylidyne and W bis-

methylidene 

 

Furthermore, they found that the equilibrium between these W 

alkylidyne alkyl and W bis-alkylidene species could be catalyzed by 

coordination of trimethylphosphine. Addition of PMe3 on 

(Me3SiCH2)3W≡CSiMe3 promotes an observable exchange to give 

W bis-alkylidene tautomer (Me3SiCH2)2W(=CHSiMe3)2(PMe3) and  

(Me3SiCH2)3W≡CSiMe3(PMe3) at room temperature.18 Thus, we 

envisage that 2a and 2b could evolve to W bis-methylidene species 

via H-transfer of a pendant methyl ligand under our alkane 

metathesis conditions. These species 2a and 2b were fully 

characterized by NMR spectroscopy in our previous work: 13C 

CP/MAS spectrum displays four signals at 298, 48, 44 and 40 ppm 
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(Figure 1-IA).11 The carbon signal at 298 ppm, confirmed by DFT 

calculations, is assigned to a methylidyne moiety (W≡CH), which 

the corresponding protons signal shows no autocorrelation in 1H-1H 

double quantum and triple quantum. The carbon resonances at 44 

and 48 ppm correspond to the two methyl groups of monopodal 

species 2a and the carbon signal at 48 ppm correspond to the methyl 

group of bipodal species 2b. 

 

In the work described herein, a vapor pressure of PMe3 was 

introduced on silica supported 13C enriched 2a and 2b. The 13C 

CP/MAS solid state NMR spectroscopy of the resulting powder 

shows the disappearance of the signal at 298 ppm and the 

appearance of two signals at 356 ppm and 252 ppm (Figure 1-IB). 

The other signal at 33 ppm corresponds likely to PMe3 physisorbed 

on dehydroxylated silica (see the experimental evidence on ESI). 

Furthermore, the carbon resonance at 252 ppm shows a correlation 

with proton chemical shifts centered at 4.2 ppm in the 2D 1H-13C 

Heteronuclear (HETCOR) NMR experiment (Figure 1-II) with a 

short contact time (0.2 ms), attributed to a typical W alkylidene 

species. The carbon resonance at 356 ppm correlates with the proton 

chemical shifts centered at 7 ppm (Figure 1-II), that corresponds to 

the W methylidyne. These observed 13C chemical shifts are matching 

those obtained of W methylidyne and methylidene species in liquid 

phase of the molecular complex (Me3SiCH2)3W≡CSiMe3 in the 

presence of PMe3 in toluene d8.18 Note that several resonances 

centered at 33 ppm correlating with protons between 1.9 and 1.2 

ppm correspond probably to different orientations of the methyl 

groups.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: I) (A) 
13

C
 

CP/MAS spectrum of 2; (B) W methylidyne and W bis-

methylidene PMe3 adducts (both acquired at 9.4 T (ν0 (
1
H) = 400 MHz) with a 10 

kHz MAS frequency, 10.000 scans. A 4 s repetition delay and a 2 ms contact time. 

Exponential line broadening of 80 Hz was applied prior to Fourier 

transformation). II) 2D 
1
H-

13
C CP/MAS dipolar HETCOR spectrum of W 

methylidyne and W bis-methylidene PMe3 adducts (acquired at 9.4 T with an 8.5 

kHz MAS frequency, 4000 scans per t1 increment, a 4 s repetition delay, 32 

individual increments and 0.2 ms contact time). 

 

 

Additionally, 31P solid state NMR was also undertaken since its 

natural isotopic abundance allows fast acquisition. 31P NMR 

spectrum shows two signals at -21 and -47 ppm (figure 2A). The 

latter corresponds to the PMe3 physisorbed on silica (see ESI). Thus, 

the phosphorous resonance at -21 ppm corresponds likely to an 

average of the different W supported tautomers species coordinated 

with PMe3. The 31P-31P spin-diffusion shows no correlation between 

the two different phosphorus signals confirming the existence of two 

distinct coordination sites of PMe3: coordination to W atom and 

physisorbed on silica (figure 2B).19, 20 While, in the 2D 1H-31P 

HETCOR NMR spectrum (Figure 2C) with a contact time (1 ms) the 

two 31P signals at -21 and -47 ppm correlate with methyl protons 

between 1.6 and 2.1 ppm. To determine whether two phosphorous 

ligands could coordinate to the W metal center, we also study 1D 

INADEQUATE (Incredible Natural Abundance Double Quantum 

Transfer Experiment).21-23 This is a NMR method to identify pairs of 

bonded nuclei, including when the two nuclei have the same 

isotropic chemical shift.24-27 The 1D refocused INADEQUATE 

spectrum shows no signal at -21 ppm (see ESI). This result strongly 

supports that only one molecule of PMe3 is coordinated per tungsten. 

Schrock and Clark reported that (Me3CCH2)3W≡CCMe3 reacts with 

neat PMe3 to form (Me3CCH2)W(=CHCMe3)(≡CCMe3)(PMe3)2 

through CMe4 elimination at 100 °C in a sealed tube.28 Thus, 2D 
13C-13C double-quantum was performed to confirm the assignment 

of W bis-methylidene supported species. The DQ frequency in the 

w1 dimension corresponds to the sum of two single quantum (SQ) 

frequencies of the two coupled carbon and correlates in the w2 

dimension with the two corresponding carbon resonances.29 

Conversely, carbon groups with spins that are not dipolar coupled 

will give no signals. The projection on the w2 dimension of the 13C-
13C double-quantum MAS spectrum of species 2 in the presence of 

PMe3 shows the appearance of a signal at 252 ppm confirming the 

presence of two neighboring equivalent methylidene groups (Figure 

3). 

 

 

Figure 2: (A) 
31

P CP/MAS spectrum of W methylidyne and W bis-methylidene 

PMe3 adducts (acquired at 9.4 T (ν0 (
1
H) = 400 MHz) with a 10 kHz MAS 

frequency, 500 scans, 4 s repetition delay and a 2 ms contact time. Exponential 

I) 

II) 
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line broadening of 20 Hz was applied prior to Fourier transformation). (B) 2D 
31

P-
31

P spin-diffusion with DARR (dipolar-assisted rotational resonance) obtaining 

with a mixing time τmix=40 ms.
19, 20

 Sequence begins with CP using a ramped 

pulse on the 
31

P channel (acquired at 9.4 T with an 10 kHz MAS frequency, 400 

scans per t1 increment, a 4 s repetition delay, 128 individual increments and 4 ms 

contact time) and (C) 2D 
1
H-

31
P CP/MAS dipolar HETCOR spectrum of W 

methylidyne and W bis-methylidene PMe3 adducts (acquired at 9.4 T with an 10 

kHz MAS frequency, 400 scans per t1 increment, a 4 s repetition delay, 32 

individual increments and 1 ms contact time). 

 

 
Figure 3: Projection in the w2 dimension of the 2D 

13
C-

13
C double-quantum 

DQ/single Quantum (SQ) with cross polarization for weak dipole-dipole 

couplings, compensated for pulse imperfection of ) W methylidyne and W bis-

methylidene PMe3 adducts (acquired at 9.4 T with an 10 kHz MAS frequency, 

1000 scans per t1 increment, a 4 s repetition delay, 256 individual increments 

and 3 ms contact time). 

This result strongly supports that grafted W methylidyne species 2 

undergo tautomerization to form W bis-methylidene species 4 in the 

presence of PMe3 see scheme 2.  
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Scheme 2: Formation of W bis-methylidene species 4 

 

In order to have a better understanding of their reactivity, these 

supported catalysts were studied in the metathesis of cyclooctane.30 

Cyclooctane metathesis reaction using catalyst precursor 1 or 2 

found to be very similar in terms of reactivity and selectivity. TONs 

are respectively 311 and 362 for this alkane metathesis after 340h. 

Conversions reached respectively 50% and 57% (Figure 4). 

Supported species 3 and 4 were found to be inactive for this 

cyclooctane metathesis because an open coordination site is taken by 

the added phosphine ligand or the strong σ−donor property of PMe3 

decreases the electrophilic character of the W metal. 

 

 
Figure 4: Products distribution of cyclooctane metathesis catalyzed by 1 and 2. 

Reaction conditions: batch reactor, 1 and 2, cyclooctane (0.5 mL, 3.7 mmol), 

150°C.  

 

As observed in our previous work, this cyclooctane metathesis 

transformation involves the formation of olefin intermediate that 

would undergo a metathesis step.29 Having demonstrated earlier that 

cyclooctene would undergo a facile ring opening metathesis 

polymerization, we studied whether a coordination of cyclohexene 

(well-known to be difficult for ROMP)31 on the W metal sphere 

could also evolve to a W bis-methylidene species. Contacting 

cyclohexene to 2 lead to several carbon resonances at 307, 252, 144, 

59 and 44 ppm in 13C NMR spectroscopy (see ESI). The signal at 

252 ppm indicates the presence of the two methylidene ligands, 

demonstrating that an olefin could act as PMe3 by promoting the 

tautomerization.32 

 

Conclusions 

Extensive solid-state NMR allows the evidence of the first supported 

W bis-methylidene species, upon treatment of supported W 

methylidyne with either PMe3 or an olefin. This result is important 

to a better comprehension of alkane metathesis catalyzed with 

supported single catalytic system. We are currently exploring the 

reactivity of such supported complexes in alkene metathesis. 
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