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Abstract: An equilibrium mixture of alkyl alkylidyne W(CH,SiMe3);(=CSiMes)(PMe3) (1a) and its bis-
(alkylidene) tautomer W(CH.,SiMe3s),(=CHSiMe3).(PMes) (1b) has been found to undergo an o-hydrogen
abstraction reaction in the presence of PMejs to form alkyl alkylidene alkylidyne W(CH,SiMe3)(=CHSiMe3)-
(=CSiMes)(PMes), (2). In the presence of PMes, the formation of 2 follows first-order kinetics, and the
observed rate constant was found to be independent of the concentration of PMes. The activation parameters
for the formation of 2 are AH* = 28.3(1.7) kcal/mol and AS* = 3(5) eu. In the presence of PMe,Ph, an
equilibrium mixture of W(CH,SiMes)3;(=CSiMes)(PMe;Ph) (3a) and its bis(alkylidene) tautomer W(CH,-
SiMe3)2(=CHSiMes)2(PMe2Ph) (3b) was similarly converted to W(CH,SiMe3)(=CHSiMe3)(=CSiMes)(PMe;-
Ph), (4). The observed rate of this reaction was also independent of the concentration of PMe,Ph. These
observations suggest a pathway in which the tautomeric mixtures 1a,b and 3a,b undergo rate-determining,
o-hydrogen abstraction, followed by phosphine coordination, resulting in the formation of the alkyl alkylidene

alkylidyne complexes 2 and 4.

Alkyl alkylidene alkylidyne complexes are unique compounds
containing single, double, and triple bonds to one atom in a
single molecule. The first such complex, W(gEMes)(=
CHCMe;)(=CCMe;)(PMe;)2 (5, Scheme 1a), reported by Clark
and Schrock, was prepared througthydrogen abstraction by
heating a solution of alkyl alkylidyne complex W(GEMes)s-
(=CCMey) in liquid PMe; at 100°C.t The crystal structure of
an analogous complex, W(GEMes)(=CHCMe;)(=CCMe;)-
(dmpe) 6) containing a chelating phosphine ligand dmpe {Me
PCHCH,PMe), was reported by Churchill and Youngs,
unlike the bis-PMgcomplex5, exhibits cis coordination of the
chelating phosphine with the alkylidyne ligand in the axial
position (Scheme 1l1a). It is hypothesized that the phosphine
ligands in5 are coordinated trans to one another, and the other
ligands occupy the equatorial sites in a trigonal bipyramidal
configuration. Rhenium alkyl alkylidene alkylidyne complexes
Re(CHCMe;)(=CHCMe;)(=CCMe;) and Re(CHCMes)(=
CHCMe3)(=CCMe;)(py)2(OTf), as well as their derivatives,
have also been reported (Scheme 3b).

Earlier we had found unusual reactions &ftdntalum bis-
(alkylidene) complexes, such as Ta(§3iMe;)(=CHSiMes)o-
(PMes),, with silanes! The reactivities of the ¥ tungsten
complexes containing M8iCH= and MegSiC= ligands toward

silanes were of interest to us. We thus attempted to prepare

W(CH,SiMes)(=CHSiMe;)(=CSiMe3)(PMey), (2) and W(CH-
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(2) Churchill, M. R.; Youngs, W. Jinorg. Chem.1979 18, 2454.
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SiMes)(=CHSiMe3)(=CSiMe;)(PMePh), (4), thes-Si analogs
of 5. In these studies, we reported that W({ESMes)3(=
CSiMey) (7) reacts with PMg and PMePh, forming adducts
W(CH;SiMes)5(=CSiMe;)(PRs) (Rs = Mes, 1a, and MePh,
34).5 These adducts subsequently undexgoydrogen migration
to give bis(alkylidene) tautomers W(G&iMes),(=CHSiMe;),-
(PRs) (R3 = Megs, 1b, and MePh, 3b) and reach equilibria,

(5) (a) Morton, L. A.; Zhang, X.-H.; Wang, R.; Lin, Z.; Wu, Y.-D.; Xue, Z.-L.
J. Am. Chem. So@004 126, 10208. (b) Morton, L. A.; Wang, R.; Yu,
X.; Campana, C. F.; Guzej, I. A;; Yap, G. P. A,; Xue, Z.@rganometallics
2006 25, 427.
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leading to a rare case in which both alkyl alkylidyne complexes
and their bis(alkylidene) tautomers were obser®ed.

We have recently found that heating the tautomeric equilib-
rium mixtures ofla/3a<== 1b/3b in the presence of phosphines
leads too-hydrogen abstraction and the formation of alkyl
alkylidene alkylidyne complexes W(GBiMe;)(=CHSiMey)-
(=CSiMey)(PMey), (2) and W(CHSiMes)(=CHSiMes)(=
CSiMes)(PMePh) (4) (Scheme 2). Boti2 and 4 exist as
mixtures of two rotamer®-synand2-anti and4-synand4-anti,
as observed by NMR spectroscopy. Kinetic studies of the
formation of 2 and 4 suggest thatla’lb and 3a/b undergo
o-hydrogen abstraction, followed by the coordination of phos-
phine, to give the alkyl alkylidene alkylidyne complexes. In
other words, the first phosphine PRgand coordinates to
W(CH,SiMes)3(=CSiMe;) (7), forming an adduct and its bis-
(alkylidene) tautometa/b (3a/b) (Scheme 2). This mixture then
undergoesa-hydrogen abstraction to give an intermediate
containing metatcarbon single, double, and triple bonds, prior
to the coordination of the second phosphine ligand to @ive
(4). These studies offer the first direct insight into the formation
of the unique alkyl alkylidene alkylidyne complexes. Our
preparation and characterization&nd4, as well as kinetic
studies of their formation, are reported here.

(6) To our knowledge, there is one other reported direct observation of an
alkyl alkylidyne== bis(alkylidene) exchange: Chen, T.-N.; Wu, Z.-Z.; Li,
L.-T.; Sorasaenee, K. R.; Diminnie, J. B.; Pan, H.-J.; Guzei, I. A,
Rheingold, A. L.; Xue, Z.-LJ. Am. Chem. Sod.998 120, 13519.
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Results and Discussion

Synthesis and Characterization of 2 and 4High-oxidation-
state alkylidyne complexes such as W(ESiMes)3(=CSiMe;)

(7), highly electron deficient, are generally stabilized by the
coordination of phosphine ligands. When $ecies (R =
Mes, Me,Ph) were added to solutions of W(GEIMes)3(=
CSiMe3) (7), phosphine adducts W(GBiMes)3(=CSiMe;)-
(PRs) (1a/39 were observed. The alkyl alkylidyne phosphine
complexes then undergo tautomerization to bis(alkylidenes)
W(CH,SiMes),(=CHSiMe;)>(PRs) (1b/3b).5 The exchanges are
reversible and reach equilibria (Scheme 2).

Upon heating of these equilibrium systems containing
phosphines PMgand PMePh, the mixtures were found to
yield alkyl alkylidene alkylidyne complexes W(GHiMes)-
(=CHSiMes)(=CSiMe;)(PMe3), (2) and W(CHSiMes)(=
CHSIiMe;)(=CSiMe3)(PMePh), (4), respectively, through-hy-
drogen abstraction reactions (Scheme 2). Tg!3C, and31P
NMR spectral analysis & revealed two distinct rotamera.syn
and 2-anti, in solution3*8° The ratio of the two is 7:1 on the
basis offH NMR integration. It is likely tha®-synis the major
rotamer. In the2-syn rotamer, the—SiMe; group on the
alkylidene ligand points toward the alkylidyne ligand. Such
rotameric mixtures were also observed in alkylidene alkylidyne
complexes RetCHCMe;)(=CCMe;)(OR).%2 In the dmpe
complex W(CHCMes)(=CHCMe;)(=CCMe;)(dmpe) 6), the
only isomer observed in the X-ray crystal structure wasstjre
isomer (Scheme 1&)One isomer of octahedral Re(@EMes)-
(=CHCMe;)(=CCMey)(py)(OTf) (Scheme 1b) was observed,
and it was believed to be thgynisomers®

NMR spectroscopic characterizatiolH( 13C, 3P, 29Si, 1H-
gated-decouple#C, and HMQC) of the more abunda®+syn
suggests that the PMlBgands coordinate trans to one another.
One resonance in tiéP NMR spectrum foR-synwas observed
at—2.21 ppm tJp—w = 124.7 Hz). The twdrans-PMe; ligands
exhibit virtual coupling and appear as a pseudotriplet intthe
and 3C NMR spectra at 1.26 and 20.74 ppm, respectively.
Three singlet resonances of th&iMe; groups were observed
in the H, 13C, and 2°Si NMR spectra of2-syn The H
resonances of the-hydrogen atoms in-CH,SiMe; appear as
a triplet at—0.036 ppm with a larg8Jp_y = 22.4 Hz. In the
tantalum bis(alkylidene) bis(phosphine) complex TafSiMles)-
(=CHSIiMe&;),(PM&3),, where the phosphine ligands are trans
to one another, a large coupling constatdb (4 = 19.8 Hz)
was observed as wéell.The resonance of the alkylidyne C atom
in 2-synappears at 339.0 ppm as a triplélp(c = 11.1 Hz;
Jw-c = 161.8 Hz) due to its coupling with two equivalent P
atoms, and it is upfield shifted from that (343.27 ppm) of
W(CH,SiMe3)3(=CSiMe3) (7).12 The alkylidene C and alkyl
a-C atoms appear as triplets as well at 275.0 ppda-_¢€ =
11.1 Hz;YJw-c = 101.5 Hz) and 25.63 ppntJp—c = 6.2 Hz,
Lw-c = 36.3 Hz), respectively. Most of thi, 13C, and31P

(7) Schrock, R. RChem. Re. 2002 102, 145.

(8) See Supporting Information. Additional mechanistic pathways in the
formation of 2 and 4 have been considered to show the dependence of
reaction rates on concentration of the phosphinesavid PMePh.

(9) (a) Toreki, R.; Schrock, R. RI. Am. Chem. Sod992 114 3367. (b)
Toreki, R.; Vaughan, G. A.; Schrock, R. R.; Davis, W. B1.Am. Chem.
Soc.1993 115 127.

(10) Crabtree, R. HThe Organometallic Chemistry of the Transition Metals
3rd ed.; Wiley: New York, 2001.

(11) Diminnie, J. B.; Hall, H. D.; Xue, Z.-LChem. Commurl996 2383.

(12) Andersen, R. A.; Chisholm, M. H.; Gibson, J. F.; Reichert, W. W.; Rothwell,
1. P.; Wilkinson, G.Inorg. Chem.1981, 20, 3934.
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Scheme 4. Two Proposed Pathways in the Formation of 2 and 4
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resonances &-anti are shifted only slightly from those @fsyn
One exception in théH NMR spectrum is that the alkylidene
proton, W=CHSiMe;, is significantly shifted irR-antito 13.46
ppm from 10.54 ppm foR2-syn Likewise, the WCH,SiMes
resonance in th®C{H} NMR spectrum at 34.0 ppm is shifted
in 2-anti from 25.6 ppm in2-syn

Synthesis and Characterization of 4PMePh is bulkier than
PMe;, and the phenyl group often acts as an electron-
withdrawing group. In the presence of PM, its adduct,
W(CH,SiMe3)3(=CSiMe;)(PMe:Ph) B3a) and W(CHSiMe),-
(=CHSiMe3)(PMePh) 3b) also undergax-hydrogen abstrac-
tion, yielding the alkyl alkylidene alkylidyne complex W(GH
SiMes)(=CHSIiMe;)(=CSiMe;)(PMe,Ph), (4). As for 2, there
are4-synand4-anti rotamers in solution (Scheme 2) in a ratio
of 4-syn4-anti = 27:1 on the basis of thtH NMR spectrum.

The methyl groups on the PIgRh ligand in4 are diaste-
reotopic, as shown in the Newman projection down a RV

bond in Scheme 3. In addition, the two phosphine ligands show

virtual coupling. TheMe—P groups o#l-synthus appear as two
pseudotriplets in théH and13C NMR spectré One!H NMR
resonance of théle—P groups om-anti overlaps with those
of 4-syn®

Attempts were made to prepare compounds analogo@s to
and4 using PCy or PPh. Addition of these bulky phosphines
to solutions of W(CHSiMe;)3(=CSiMe;) (7) in tolueneds, and

2500
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Figure 1. Kinetic plots for the conversion dfab to 2. C;—¢ andC,- are
concentrations ofla,b (total) at time= 0 and in2 (total) at time=t,
respectively.
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Figure 2. Kinetic plot for the formation of4 at 348.2 K (ratio= [PMex-
Ph]/[3a,h] = 13.5).C3-o andC4— are the concentrations 8&,b (total) at
time = 0 and4 (total) at time= t, respectively.

their subsequent heating at 10€ for 2 days yielded no
products. No complexation was observed between BPRCy;
and W(CHSiMe;)3(=CSiMe;) (7). Perhaps the bulkiness of
PCy; and PPBh prevents them from coordinating #to form
adducts, a prerequisite for the formation of their alkyl alkylidene
alkylidyne derivatives.

Kinetic Study of the Conversion of 1a,b to 2 and 3a,b to
4. In the presence of phosphines, kinetic studies of dhid
abstraction reactions to yiel?l and 4 (Scheme 2) have been
conducted. The conversion dfto 2 was found to follow first-
order kinetics (eq 1913 as revealed by thtH NMR spectra of
the reaction between 333.2(0.1) and 358.2(0.1) K (Figure 1).
The observed rate constdahs[1.5(0.2) x 10°s71] at 338 K
was found to be independent of PMeoncentrations, when
Cpme, ranged from 1.51 to 3.06 M (PMein 12—30-fold
excess)

dC,/dt = —k,,C; 1)

C,: concentration ofla,b

The kinetics of the reaction to givé was also studied at
348.2 K by a kinetic equation similar to eq 1. These kinetic
studies with differenCpne,prCs ratios yielded the observed rate

J. AM. CHEM. SOC. = VOL. 129, NO. 23, 2007 7279
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Table 1. Observed Rate Constants (kops) in the Formation of 22

T(K) 105k0h5 (571)[7 T (K) 105kubs (571)b
333.2(0.1) 0.73(0.08) 353.2(0.1) 9.7(0.5)
338.2(0.1) 1.4(0.2) 358.2(0.1) 15.6(0.7)
343.2(0.1) 2.3(0.3) 363.2(0.1) 25.7(1.2)
348.2(0.1) 5.0(0.5)

aSolvent: tolueneds. P The largest random uncertaintyd&a/k = 0.2/
1.4= 0.14. The total uncertaintyk/k = 0.15 was calculated fromk.a/k
and the estimated systematic uncertaibity,dk = 0.05 bydk/k = [(Okrarl
K)? + (Oksydk)?] 2.

Table 2. Activation Parameters in Reactions through
Cyclometalation Transition States

reacns AH* (kcal/mol)  AS* (eu)
CpTaCh(CH,CMe;), — CpTaCh(=CHCMe;)** 21(2) —4(10)
W(CH,CMe;)3(=CSiMe;) — 275(0.6) —2.0(1.7)
W(CH,CMes),(CH,SiMes)(=CCMe;)® . -
W(cHZCM%)Z(CHQS'M%)(ESCM%) - 254008 —95(1.9) Figure 3. Space-filling drawing of the molecular structureldf, looking
W(CH:CMeg)((=CSiMey) : down an equatorial axis
Ta(CH:SiMes)s — Ta(CHSiMes)s(=CHSiMe)16  21.6(1.4) —5(5) q -
Scheme & 14 Intercept = 25.08
CH,SiMes PMes SiMe; Slope = -14.23
| _chsi l CSiMes ¢ R? = 0.997
2 MegsicH,—WZo oM A e sicH-W2 + MegSiCH W 15
" I~ " ~, . - 1
T CHSiMe3 CHSiMe; Me3SiCHzl CH,SiMe; -
PMe; PMe; R~y
1b 2 7 c -161
SiMe
|(;:| -17
Me3SiCHpu W s
/ Me3SiCH2/ “CH,SiMe; - 18 ‘ i i i i i
Fast 7 275 280 285 290 295 3.00
)\Slow CSiMes 1000/T
Me3SiCH2—W<// . Figure 4. Eyring plot for thela,b— 2 conversion.
SiMey S CHSiMe;
PMes
Intermediate A abstraction. Kinetic analyses of path Il are given in the

' - Supporting Information. In path II, both the steady-state or
constantkops = 5.1(0.2) x 107 s at 348.2(0.1) K for the  reequilibrium approaches show that the observed rates of the

forn;afii)n of4. The observed rate constakiyy) of 1.5(0.2) x reactions are functions of concentrations of bibéhb (or 3a,b)

10>s*at 348.2(0.1) K for the PMgcomplexedla,bis smaller  5nq pR. Two additional pathways in the formation Bfwere

than that involving bulkier PM@h complexesa,b. considered: both show the dependence of observed reaction
The observations th#tg,s for the formation of W(CHSiMes)- rates on the concentration of Pjfe

(=CHSiMe)(=CSiMe;)(PMey). (2) andksps for the formation Thus, the observations that the rates of the formation of alkyl
of W(CH,SiMe;)(=CHSiMe;)(=CSiMes)(PMe,Ph), (4) are alkylidene alkylidyne complexe and 4 are independent of
independent of phosphine concentrations suggest that thegoncentrations of PRsuggest that it follows path | in Scheme
coordination of the second phosphine moleculeasthe rate- 4. A review of the crystal structure of the bis(alkylidene)
determining ;tep. Two pa_ths were consi_<3|e"rerdpatl_1 | (Scheme complex W(CHSiMes),(=CHSiMes)(PMes) (1b)5® supports
4), tautomeric alkyl alkylidynebis(alkylidene) mixtureda,b this view. A space-filling drawing of the molecular structure of
and 3a,b undergo a rate-determining;-hydrogen abstraction  {he pentacoordinated complék (Figure 3) suggests that there
to give monophosphine, alkyl alkylidene alkylidyne intermedi- s jjttle open space around the W atomtinfor the coordination
atesA which th_en bind PRto give the bisphosphine _prod_ucts of a second PMgligand, as would be required via path II. In
2 and 4. In this pathway, theo-hydrogen abstraction is @  naih | o-hydrogen abstraction eliminates a ligand as SiMe
spontaneous process in the penta-coordinasgbland3a,bto convertingpentacoordinateda,band3a,bto tetracoordinated
yield tetracoordinated intermediatés In the second step,  jntermediatesh. Thetetracoordinated readily accepts the coor-
phosphine coordinates ® to give 2 and4. The rates of the  gination of a second phosphine ligand, yielding the pentacoor-
reactions are thus functions of the concentrationdab or dinated product® and4. Additional studies were conducted
3a/b and are independent @pr,. o involving the reaction ofLb with 1 equiv of PMePh and the

In path I, phosphine coordination fia,band3a,b, yielding thermal conversion dfb to 2 in the absence of added phosphine.
hexacoordinated intermediatd® precedes thex-hydrogen Both, discussed below, are consistent with path .
(13) See, e.g.: Espenson, J. Ghemical Kinetics and Reaction Mechanjsm The observed rate constants for tha/b — 2 conversion

2nd Ed.; McGraw-Hill: New York, 1995; pp 4649. between 333.2(0.1) and 363.2(0.1) K were calculated from

7280 J. AM. CHEM. SOC. = VOL. 129, NO. 23, 2007
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Figure 1, and they are given in Table 1. The Eyring plot (Figure
4) gives the activation parameters of the reactiti* = 28.3-
(1.7) kcal/mol andAS" = 3(5) eu. It is not clear whether alkyl
alkylidyne 1a, bis(alkylidene)lb, or both underga-hydrogen
abstraction reactions to giv@a,b. The process may involve a
cyclometalation transition state (Scheme 5). The activation
parameters of the conversiohH* and AS' (near zero) are
similar to other reported reactions through cyclometalation
transition states for complexes containin@H,CMe; and/or
—CH,SiMe; ligands (Table 2}4-16

Thermal Conversion of 1b to W(CH,SiMe3)(=CHSiMej3)-
(=CSiMez)(PMes), (2) and W(CH,SiMes)3(=CSiMes) (7) in
the Absence of PMe. W(CH,SiMes),(=CHSiMe;)»(PMe;) (1b)
dissolved in toluenels was heated at ca. 68(4% for 23 h.
After cooling of the sample to room temperature, tHReNMR
spectrum of the mixture revealed the formation of alkyl
alkylidene alkylidyne complex and phosphine-fre@, along
with unreactedla,b. IH NMR spectra before and after the
heating are given in the Supporting Information. This observa-
tion is consistent with the equilibrium involving PMe;, and
la (Scheme 6) that leads to partial PiMdissociation fromla
to provide the free phosphine. At the same titepundergoes
theoa-hydrogen abstraction to give tiermediateA (Scheme
4), which then picks up the free Plegorming bisphosphine
complex2. The ratio ofl vs 2 is ca. 0.63:1.00. Thestimated
rate constant for the formation @fusing eq 1 and this ratio is
ca. 1.2x 1075 s In comparison, the rate constant at 65.0-
(0.1)°C is 1.4(0.2)x 1075 s1 (Table 1). It should be noted
that there wasio added free PMgin the current reaction. The
PMe; ligand that reacts witia,b to give 2 comes from the
dissociation ofla,b. The fact that the estimated rate constant
for this reaction is close to that obtained for systems with added
PMe; (Table 1) is consistent with path | in Schemel&,b
readily dissociates PMéut undergoes a slow, rate-determining
o-hydrogen abstraction. The intermedidtehen quickly picks
up PMg dissociated fromla,b (Scheme 6) to give.

Reaction of W(CH,SiMe3),(=CHSiMe3),(PMe3) (1b) with
1 equiv of PMePh. A mixture of W(CH,SiMes),(=CHSiMe;)-
(PMe;3) (1b) and 1 equiv of PMgPh in tolueneds was heat-
ed at ca. 68(4)°C for 39 h. The solution was cooled to
—20 °C, and its™H NMR spectrum revealed the formation
of W(CH;SiMe3)(=CHSiMes)(=CSiMes)(PMes), (2), W(CH;-
SiMes)(=CHSiMe;)(=CSiMe;)(PMe,Ph), (4), and a new
mixed diphosphine complex, W(GHiMes)(=CHSiMe;)(=
CSiMes)(PMes)(PMePh) @). The alkylidene proton resonances
in the 'H NMR spectrum of the reaction mixture is shown in
Figure 5. This observation is consistent with the mechanistic
pathways in Scheme 7. PMdissociates fronib, yielding 7,
which then reacts with PMPh to give an equilibrium mixture
of W(CH;SiMes)3(=CSiMe3)(PMePh) Ba) = W(CH,SiMe3),-
(=CHSIiM&;),(PMePh) @b). Both 1 and 3 undergo the
o-hydrogen abstraction reactions to give the intermediates,
which then react with PMgor PMePh to give the three alkyl
alkylidene alkylidyne complexe, 4, and8.

(14) Wood, C. D.; McLain, S. J.; Schrock, R. R.Am. Chem. S0d.979 101,
3210

(15) Caulfon, K. G.; Chisholm, M. H.; Streib, W. E.; Xue, Z.-L.Am. Chem.
Soc.1991, 113 6082.
(16) Li, L.; Hung, M.; Xue, Z.-L.J. Am. Chem. S0d.995 117, 12746.

Concluding Remarks

The equilibrium mixtures W(CbSiMes)3(=CSiMes)(PRs)
(1a/39 = W(CH,SiMes),(=CHSIiMe;3)»(PRs) (1b/3b) have been
shown to convert to alkyl alkylidene alkylidyne complexes
W(CH,SiMe3)(=CHSiMes)(=CSiMe3)(PRs)2 (2 and4). In other
words, 1la/3a== 1b/3b are intermediates in the reactions of
W(CH.SiMes)3(=CSiMe;) (7) with PRs to give 2 and4. The
kinetic studies, the first such studies of the formation of the
complexes containing alkyl alkylidene alkylidyne ligands, show
that thea-H abstraction reaction to forr# follows first-order
kinetics. These results suggest that the equilibrium mix-
turela= 1bundergoes a rate-determinirnghydrogen abstrac-
tion reaction to give W(CEBiMe;)(=CHSiMe;)(=CSiMe;)-
(PMe;) (intermediateA), followed by fast coordination of PMe
to give 2.

It is interesting to note the difference in the reactivities of
W(CH,SiMe;3)3(=CSiMe;) (7) and its analogue W(CiEMes)s-
(=CCMe;) toward PMg. W(CH,CMe3)3(=CCMe;) reacts with
neat PMegin a sealed tube at 10, giving the alkyl alkylidene
alkylidyne complex W(CHCMes)(=CHCMe;)(=CCMey)-
(PMe;), through a-H abstraction and CMeelimination, as
Schrock and Clark reported (Scheme' When ca. 1 equiv of
PMe; was added to W(CHCMes)3(=CCMes) in benzeneds at
room temperature, a similar reaction giving W(g&H/es)(=
CHCMe3)(=CCMe3)(PMes); and CMa occurrec® No adduct
between alkylidyne W(GEMe3)3(=CCMe;) and PMeg was
obsewed In comparison, PR(R3 = Mes, Me,Ph) coordinates
readily to W(CHSiMes)3(=CSiMe;) (7) to give the phosphine
alkylidyne adducts W(CEEiMes)3(=CSiMe;)(PRs) (Laand3a).
These phosphine alkylidyne adducts then underdtydrogen
migration to give the bis(alkylidene) tautomers W(§3iMes)»-
(=CHSIiM&;)2(PRs) (1b and 3b). An a-hydrogen abstraction,
followed by PR coordination, gives the alkyl alkylidene
alkylidyne complexes2 and 4. Thus, in the current case
involving the —CH,SiMe; and =CSiMe; ligands, there are
intermediates [observed alkyl alkylidyr®R; = bis(alky-
lidene)-PRs; tautomeric mixtures and likely intermediagtg
before the formation of two rare alkyl alkylidene alkylidyne
complexe® and4. The current work exemplifies the differences
in —CH,CMe3; and —CH,SiMe; ligand systems.

Experimental Section

All manipulations were performed under a dry nitrogen atmosphere
with the use of either a glovebox or standard Schlenk techniques.
Solvents were purified by distillation from potassium benzophenone
ketyl. NMR solvents were dried and stored oBeA molecular sieves.
1H and 33C{*H} NMR spectra were recorded on a Bruker AC-250 or
AMX-400 spectrometer and referenced to solvent (residual protons in
the'H spectra)3'P, 2°Si, and HMQC (heteronuclear multiple quantum
coherence) spectra were recorded on a Bruker AMX-400 spectrometer.
29Sj chemical shifts were referenced to SiMe

Preparation of W(CH ;SiMe3)(=CHSiMe3)(=CSiMes)(PMe3) (2).
W(CH,SiMes)3(=CSiMe;) (7, 0.050 g, 0.0942 mmol) was dissolved
in toluene (0.5 mL) in a Schlenk flask (50 mL). PMEa. 10 equiv,
0.966 mmol) was added via a syringe to the vigorously stirred solution
at—40°C. The mixture was then stirred at room temperature for 24 h,
followed by heating at 80C for another 24 h. All volatiles were
removed in vacuo at room temperature, the residue was extracted with
Et,0, and the mixture was filtered. The filtrate was put in a freezer at
—32 °C and then filtered to remove a small amount of a white solid
impurity. After this second filtration, the volatiles in the solution were
removed in vacuo to give a dark brown solid (0.252 g, 45% yield).
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Figure 5. ™M NMR spectra {20 °C) of a solution of W(CHSiMe3),(=CHSiMe;)2(PMes) (1b) and 1 equiv of PMgPh in tolueneds after heating at ca.
68(4) °C for 39 h. This alkylidene proton region shows the formatior2,04, and mixed diphosphine alkyl alkylidene alkylidyne comp&x

2-syn 'H NMR (tolueneds, 399.97 MHz, 23°C, Jin Hz) 6 10.54 (t,
1H, =CHSiMe;, 3Jp—y = 4.2), 1.26 (t, 18H, Mles, 2Jp—y = 3.6), 0.33
(s, 9H,—SiMe3), 0.23 (s, 9H,—SiMes), 0.19 (s, 9H,—SiMe3), —0.04
(t, 2H, —CH,SiMe;, 3Jp—p = 22.4);13C{'H} NMR (tolueneeds, 100.59
MHz, 23 °C, Jin Hz) 6 339.0 (t,=CSiMes, 2Jp—c = 11.1, Y- =
161.8), 275.0 (t=CHSiMes, 2Jp_c = 11.1,1w_c = 101.5), 25.6 (t,
_CHQSiMeg, Zprc = 6.2,1\]\/\/7(; = 363), 20.7 (t, Me:;, l.]pfc = 14.5),
5.2 (s, —SiMe3), 3.7 (s, —SiMes), 2.4 (s, —SiMes); 3P{*H} NMR
(tolueneds, 161.92 MHz, 23°C, J in Hz) 6 —2.2 (s, YJw-p = 249);
29Si{1H} NMR (tolueneds, 79.46 MHz,—23 °C, Jin Hz) 6 —2.1 (s,
—CH,SiMe3), —4.7 (s,=CHSiMej3), —23.1 (5,=CSiMes). 'H and**C
assignments were confirmed by DEPT, HMQC, aftttgated-de-
coupled-3C NMR. 2-anti: H NMR (tolueneds, 399.97 MHz, 23C,
Jin Hz) 6 13.46 (t, 1H=CHSiMes, 3Jp_y = 5.6), 1.29 (t, 18H, Rle;,
2Jp-n = 3.2), 0.32 (s, 9H;-SiMe3), 0.22 (s, 9H~SiMe3), 0.06 (s, 9H,
—SiMe3), —0.37 (t, 2H,—CH,SiMes, 3Jp—y = 21.4); *C{*H} NMR
(tolueneds, 100.59 MHz, 23°C, J in Hz) ¢ 343.5 (t,=CSiMe;, 2Jp_c
=10.5), 273.8 (t=CHSiMes, 2Jp_c = 11.1) 34.0 (t—CH,SiMes, 2Jp_¢
= 6.2), 20.7 (t, overlapping witR-synand tolueneds peaks, Ries),
6.4 (s, —SiMe;), 3.1 (s, —SiMes), 2.0 (s, —SiMes); 3P{*H} NMR
(tolueneds, 161.92 MHz, 23C, Jin Hz) 6 —2.4 (s). Anal. Calcd: C,
36.36; H, 8.14. Found: C, 36.43; H, 8.17.

Preparation of W(CH ,SiMe3)(=CHSiMe3)(=CSiMes)(PMe,Ph),

(4). W(CH.SiMe;)3(=CSiMs;) (7, 0.050 g, 0.0942 mmol) was dissolved

in toluene (0.5 mL) in a Schlenk tube (10 mL). P¥?é (ca. 10 equiv,

0.970 mmol) was added with a syringe to the vigorously stirred solution
at—42°C. The mixture was then stirred at room temperature for 24 h,

followed by heating at 7879 °C for another 24 h. All volatiles were
removed in vacuo at 57C for 6 h togive a viscous, dark brown liquid
(0.475 g, 70% vyield)4-syn H NMR (tolueneds, 399.97 MHz, 23
°C, Jin Hz) 6 10.89 (t, 1H,=CHSiMe;, %Jp_y = 3.7), 7.4-7.0 (m,
5H, CeHs), 1.68 (t, 6H2Jp-n = 3.6, AMeMeyPh), 1.65 (t, 6H2Jp-p =
3.6, PMeMe,Ph), 0.44 (s, 9H-SiMe;), 0.28 (s, 9H,—SiMe;), —0.03
(t, 2H, —CH.SiMe;, 3Jp—4 = 21.5),—0.23 (s, 9H,—SiMe3); C{H}
NMR (tolueneds, 100.59 MHz, 23'C, J in Hz) 6 341.6 (t,=CSiMes,
Z\prc = 10.2,1.]\/\/7(; = 1627), 277.7 (t,=CHSIM63, Zpr(; = 11.0,
Jw-c = 103.5), 138-124 (CeHs), 28.5 (t, —CH,SiMes, 2Jp_c = 5.6,
w-c = 37.5), 23.5 (t1Jp_c = 15.3, Me:Mey), 20.6 (t,'Jp-c = 15.9,
PMeMey,), 4.7 (s,—SiMe3), 3.9 (s,—SiMe3), 2.6 (s,—SiMes); 31P{'H}
NMR (tolueneds, 161.92 MHz, 23°C, J in Hz) 6 12.6 (s,"Jw-p =
250);2°Si{ *H} NMR (tolueneels, 79.46 MHz,—20°C,Jin Hz) 6 —2.8
(s, —CH;SiMes), —3.8 (s,=CHSiMe3), —22.1 (s,=CSiMe3). *H and
13C assignments were confirmed by HMQC experime#tanti: H
NMR (tolueneds, 399.97 MHz, 23°C, J in Hz) ¢ 13.73 (t, 1H,=
CHSiMes, 3Jp—y = 4.8), 7.4-7.0 (m, 5H,C¢Hs), 1.55 (t, 6H, RMer
MepPh, 2Jp_y = 3.2), 1.48 (t, 6H, PMgMea,Ph, 23—, = 3.0), 0.20 (s,
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9H, —SiMe), 0.18 (s, 9H,~SiMes), 0.15 (t, 2H,—CH,SiMes, 3Jp_1y =
21.6),—0.05 (s, 9H—~SiMe3); 33C{*H} NMR (tolueneds, 100.59 MHz,
23 °C, J in Hz) 0 344.6 (t, =CSiMes, 2Jp-c = 11.9), 272.9 (t,
=CHS|M€3, Zprc = 85), 138-124 (C6H5), 36.0 (t,—CstiMe:;, Zprc
= 4.9), 19.7 (t,p-c = 14.7, MeMey), 18.9 (t, Jp-c = 13.8,
PMeMe,), 6.0 (s,—SiMe3), 3.1 (s,—SiMe3), 1.9 (s,—SiMes); 31P{1H}
NMR (tolueneds, 161.92 MHz, 23°C, J in Hz) 6 10.9 (s,"Jw-p =
250). Anal. Calcd: C, 46.79; H, 7.29. Found: C, 46.41; H, 7.19.

Thermal Conversion of W(CH.SiMes)(=CHSiMe3)>(PMej3) (1b).
W(CH_SiMe&;),(=CHSiMe&;),(PMe&;) (1b, 42 mg) was dissolved in
tolueneds (0.5 mL) in a J. Young NMR tube. The solution was heated
at ca. 68(4YC for 23 h. W(CHSiMe;)3(=CHSiMe) (7) and W(CH-
SiMes)(=CHSiMe;)(=CHSiMes)(PMe;) (2-syn 2-anti) were found as
products in ca. 0.83:1.00 ratio along with decomposed W&iHes),-
(=CHSiMgy),(PMe3) (1b).8

Reaction of W(CH,SiMes),(=CHSiMe3),(PMejs) (1b) with 1 equiv
of PMe,Ph. W(CH,SiMes),(=CHSiMes)(PMes) (1b, 42 mg) and 1
equiv of PMePh were dissolved in toluerg-(0.5 mL) in a J. Young
NMR tube. The mixture was heated at ca. 68{€) for 39 h. The
reaction was found to give three products: W¢SH/e;)(=CHSiMe)-
(=CHSiMey)(PMey), (2-syn 2-anti); W(CH,SiMes)(=CHSiMe;)(=
CHSiMe&;)(PMe&Ph), (4-syn 4-anti); a new, mixed diphosphine alkyl
alkylidene alkylidyne complex, W(Ci$iMe;)(=CHSiMe&;)(=
CHSiMe;)(PMey)(PMePh) @). 8-syn'” 'H NMR (tolueneels, 399.97
MHz, 23°C, Jin Hz) 6 10.70 (t, 1H=CHSiMes, 3Jp_ = 3.8), 7.6~
7.0 (m, 5H,Cg¢Hs), 1.64 (d, 3H,2Jp—n = 8.0 Hz, PM@MesPh), 1.62
(d, 3H,2Jp_4 = 8.0 Hz, AMMeaMegPh), 1.28 (d, 9H?Jp_ = 8.4 Hz,
PMe;), 0.46 (s, 9H,—SiMes), 0.28 (s, 9H,—SiMes), 0.02 (s, 9H,
—SiMe3), —0.13 (t, 2H, —CH,SiMes, 3Jp—yy = 14.0); °C{'H} NMR
(tolueneds, 100.59 MHz, 23°C, J in Hz) ¢ 339.8 (t,=CSiMe;, 2Jp_c
= 9.7), 275.8 (t=CHSiMes, 2Jp_c = 8.8), 151124 CeHs), 25.0 (t,
—CH,SiMe;, 2Jp_c =6.5), 23.4 (s, PMg, 9.0 (t,'Jp—c = 16.1, Mex
Mey), 17.4 (t XJp_c = 19.6, PMeMe,), 4.3 (s,—SiMey), 3.1 (s,—SiMey),
3.0 (s,—SiMey).

Kinetic Studies of the Formation of 2 and 4.In the kinetic studies
of the formation of2, at least a 10-fold excess of PMEpve, = 1.42—
2.31 M) was added through vacuum transfer to a mixture of WE&HH
Mes)3(=CHSiMe;) (7, 29.8-37.8 mg, 0.05620.0712 mmol, ca. 0.10
0.14 M), 4,4-dimethylbiphenyl (an internal standard), and toluege-
inaJ. R. Young's NMR tube. The sample was kept at@3vernight
to establish thda = 1b equilibrium. The sample was then placed in
a circulation bath between 60.0 (333.2 K) and FCQ363.2 K). After

a measured period of time, the NMR tube was removed from the

(17) Several peaks ¢, 4, and8 overlap in the NMR spectrum of the mixture
(Supporting Information)8-anti was not fully identified.
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circulation bath and placed in a dry ice/ethanol bath-@8 °C, and

Attempted Reactions of PCy and PPh; with W(CH ,SiMe3)s(=

IH NMR spectra were acquired at room temperature. Integration of CSiMes) (7). Two separate experiments were conducted with WXCH

the'H —PMe; resonances at 1.26..29 ppm for2-synand2-anti versus

SiMe;)3(=CSiMe;) (7, 50 mg), 4,4dimethylbiphenyl (an internal

an internal standard was used to give the kinetic plots in Figure 1. standard), and toluerg-in J. R. Young’s NMR tubes. PGyr PPh
Both isomers were integrated together, since the peaks overlap in therespectively was added in at least a 10-fold excess. The solution was
1H NMR spectra. The average slope of at least two experiments was heated for 2 days at 10GC. No reaction or adducts were observed by

used to calculatéops The enthalpy AH*) and entropy AS) were

calculated from an unweighted nonlinear least-squares procedure. The

uncertainties imH* andAS’ were computed from the error propagation
formulas developed by Girolami and co-workéfs.

Similar to the kinetic studies of the conversion Id,b to 2, the
conversion of3a,b to 4 was monitored by*H NMR. A mixture of
W(CH.SiMes)3;(=CHSIiMey) (7), PMePh, and 4,4dimethylbiphenyl
(an internal standard) in toluerg{Cs—o = 0.123 M,Cpmeph-o0 = 3.79
M or Cs3—o = 0.107 M, Cpmepn-0 = 1.45 M) in a J. R. Young's NMR
tube was heated in a circulation bath at 78@® (348.2 K) for a

measured amount of time. The reaction was then quenched in dry ice/

ethanol bath at-78 °C. 'H NMR spectra were acquired at room
temperature, and the integration of thé —PMe,Ph resonances at

H NMR spectroscopy.
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