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range was 4 kbar. The results, shown in Figure 1, may be 
summarized by the statement that the activation volume for 
the concerted shift (I) equals - 3 0 ± 5 cm3/mol and that for 
the stepwise reaction (II) is +10 ± 2 cm3/mol. These obser
vations clearly confirm that this activation parameter provides 
a criterion for concertedness in sigmatropic shifts as well as for 
cycloadditions. 
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Multiple Metal-Carbon Bonds. 10.1 Thermally 
Stable Tantalum Alkylidyne Complexes and the 
Crystal Structure of Ta(i75-C5Me5)(CPhXPMe3)2Cl 

Sir: 

Alkylidene complexes of niobium and tantalum have been 
prepared by deprotonating (formally2 or actually3) the a-
carbon atom of an alkyl ligand in a M 5 + complex. We now can 
prepare thermally stable Ta neopentylidyne4'5d complexes 
similarly by deprotonating a cationic neopentylidene complex. 
Both neopentylidyne and benzylidyne complexes can be pre
pared more cleanly by accelerating abstraction of the alkyli
dene a-hydrogen atom by the alkyl ligand in neutral alkyl/ 
alkylidene complexes with trimethylphosphine. 

Addition of 1 mol of PMe3 to red TaCp(CHCMe3)Cl2
7 in 

toluene yields the sparingly soluble yellow adduct, 
TaCp(CHCMe3)Cl2(PMe3) ( l ) . 8 a In THF in the presence of 
3-5 additional mol of PMe3 ,1 reacts with P h 3 P = C H 2 to give 
[Ph 3PCH 3 I+Cl- (~90% yield). Removing the THF and ex
tracting the residue with pentane gives moderately soluble, pale 
yellow, crystalline 2 in 60% crude yield (30% yield of pure, 
recrystallized 2; eq 1, path A). Calcd for TaC]6H3 2P2Cl: C, 

1. PMe3, THF (path A) 

' 2. Ph3P=CH2 

C1-/X, 
Cl 

CHMe3 

X 

N ^ 1. LiCH2CMe3, pentane / 

2. 2PMe3 (path B) 

I 
Cl—Tar—PMe3 

Me3P 
CMe3 

(1) 

38.23; H, 6.41; Cl, 7.05. Found: C, 38.09; H, 6.26; Cl, 6.99. We 
postulate that [TaCp(CHCMe3)Cl(PMe3)2]+Cl- is an in-
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Figure 1. The 22.63-MHz 13CI1HI NMR spectrum of Ta(^-C5H5)-
(CCMe3)(PMj)2Cl (2). 

termediate from which a proton is removed by P h 3 P = C H 2 to 
give 2 (cf. the reaction OfTaCp2(CHCMe3)Cl with PMe3 to 
give1 [TaCp2(CHCMe3)(PMe3)J+Cl- and the deprotonation 
of [TaCp2Me2] +BF 4

- by M e 3 P = C H 2 to give TaCp2(CH2)-
(CH3)3). Yellow 2 is indefinitely stable at 25 0 C in solution. 
In the solid state it reacts only slowly with oxygen but is more 
sensitive to water or other protic solvents. It sublimes with little 
decomposition at 100 0 C and 1 n and is a monomer in cyclo-
hexane (mol wt, 527 cryoscopically; theory, 503). 

The 13C[1Hi NMR spectrum of 2 is shown in Figure 1. The 
most important feature is the 1:2:1 triplet at 348 ppm due to 
the neopentylidyne a-carbon atom coupled to two equivalent 
phosphorus nuclei. Some coupling of the neopentyl methyl 
carbon atoms (C2) to phosphorus can also be seen. In the gated 
decoupled spectrum the resonances for C5 and C3 are broad 
(owing to long-range CH coupling), but every other peak is 
split into the appropriate multiplet. The neopentylidyne C a 

resonance is ~100 ppm farther downfield than the neo
pentylidene Ca resonance in TaCp(CHCMe3)Cl2

7 and related 
molecules1'2 and is in the same region where the alkylidyne 
a-carbon resonances in group 6 complexes such as Br-
(CO) 4 W=CPh are found.5 The 1H NMR spectrum8b also 
suggests that the phosphine ligands are equivalent. 

The reaction of LiCH2CMe3 with TaCp(CHCMe3)Cl2 at 
25 0 C in pentane gives TaCp(CHCMe3)(CH2CMe3)Cl (3) 
in 85-90% isolated yield as a pentane-soluble, thermally stable, 
sublimable, orange oil.9 On adding PMe3 to a pentane solution 
of 3 at 25 0 C 1 mol of neopentane evolves immediately and 2 
forms quantitatively (eq 1, path B); no other products can be 
seen by 1H NMR. We believe that PMe3 coordinates to 3 to 
give a pseudo-five-coordinate complex in which abstraction 
of the neopentylidene ligand's a-hydrogen atom by the neo
pentyl ligand is more favorable than it is in pseudotetrahedral 
3. It is also possible that abstraction of an a-hydrogen atom 
from the neopentyl by the neopentylidene ligand is similarly 
"accelerated", but, since this reaction is degenerate, we cannot 
tell which a-abstraction process is faster. 

The reaction of thermally unstable TaCp(CH2Ph)3Cl1 0 in 
benzene with 2 mol of PMe3 gives less soluble, red 
TaCp(CH2Ph)3Cl(PMe3) (by 1H NMR) which dissolves 
completely on heating to 60 0 C for 2 h to give an orange solu
tion which contains 2 mol of toluene (by 1H NMR and GLC) 
and 4 (eq 2). We do not yet know whether pseudo-six-coordi-

^ 

Cl—Ta—CH2Ph + 2PMe3 

PhCH2 CH2Ph 

^ 

2CH3Ph + Cl—Ta^-PMe3 

Me3P C^ 

Ph 
4 (2) 
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nate TaCp(CH2Ph)3Cl(PMe3) decomposes more readily than 
pseudo-five-coordinate TaCp(CH2Ph)3Cl or whether 
TaCp(CHPh)(CH2Ph)ClLx {x = 0 or 1) is an observable 
intermediate (cf. Ta(JjS-C5Me5)(CHPh)(CH2Ph)Cl below). 
The ' 3C spectrum of 4 is similar to that of 2;u the benzylidyne 
a-carbon resonance occurs at 334 ppm with Jcp = 21 ± 1 
Hz. 

Both Ta(^-C5Me5)(CHCMe3)(CH2CMe3)Cl123 and 
Ta(r?

5-C5Me5)(CHPh)(CH2Ph)Cl12b react instantly with 
PMe3 to give Ta(r?5-C5Me5)(CCMe3)(PMe3)2Cl (5a) and 
Ta(r?5-C5Me5)(CPh)(PMe3)2Cl (5b) quantitatively at 25 0C. 
The 13C NMR spectrum of each is similar to that of the cor
responding ri5-C5H5 analogue above (for 5a &c<* 354 (Jc? = 
19 ± 1 Hz); for 5b 5C« 345 (J0? = 20 ± 1 Hz)). 5a and 5b are 
more soluble in pentane, but otherwise their physical properties 
are very similar to those of 2 and 4, respectively. They too are 
monomers (mol wt for 5b, 576 in cyclohexane (average of 565 
and 586); theory, 593). 

Bridging alkylidyne ligands are found in the complexes,13 

[M(CH2SiMeS)2(CSiMe3)J2 (M = Nb or Ta), in which M is 
in the same formal oxidation state as Ta in 2,4, or 5, but the 
valence electron count of hypothetical monomeric 
M(CH2SiMe3J2(CSiMe3) is 10 (and the complex is not 
crowded) while the valence electron count in 2,4, and 5 is 18 
and they are relatively crowded molecules. Since the formal 
valence electron count about each metal does not change on 
dimerization through the alkylidyne ligand, steric hindrance 
may be the primary reason why 2, 4, and 5 do not dimerize. 

We expect the alkylidyne a-carbon atom to be nucleophilic 
since the alkylidyne ligand is formed in a manner similar to that 
of an alkylidene ligand, and alkylidene ligands are nucleophilic 
in TaCp(CHCMe3)Cl2 and all other complexes with the metal 
in that formal oxidation state (3+ or 5+ depending on one's 
point of view).1-3 

The molecular geometry of Ta(??5-C5Me5)(CPh)(PMe3)2Cl 
(5b) has been determined unequivocally by means of a sin
gle-crystal X-ray diffraction study. It crystallizes in the cen-
trosymmetric monoclinic space group P2\/c with a = 10.5129 
(12) A, Z) = 13.8147 (16) A, c = 18.1793 (21) A, 0 = 102.945 
(8)°, V = 2573.1 (5) A3, and p(calcd) = 1.531 g cm"3 for mol 
wt 592.90 and Z = 4. Intensity data were collected by the 0-20 
scan technique on a Syntex P2] automated four-circle dif-
fractometer and were corrected for absorption via an empirical 
method based upon a series of \p scans (n 47.3 cm -1). The 
structure was solved via Patterson and difference-Fourier 
methods; full-matrix least-squares refinement (Ta, Cl, P, and 
C anisotropic; H isotropic) has led to the final discrepancy 
indices RF = 4.1% and RwF = 3.5% for those 3140 reflections 
with 4° < 20 < 45° (Mo Ka radiation) and |F 0 | > <r(|F0|). 
All atoms other than the hydrogen atoms of the r?5-C5Me5 li
gand were located directly; the molecular geometry is shown 
in Figure 2. 

The central tantalum (5+) atom is surrounded in a "four-
legged piano stool" arrangement by the ?;5-C5Me5 ligand and 
the four monodentate ligands. The tantalum-benzylidyne 
linkage (Ta-C1) is 1.849 (8) A in length—i.e., some 0.40 A 
shorter than a normal Ta-C(sp3) single bond and ~0.18 A 
shorter than the tantalum-neopentylidene linkage of 2.030 (6) 
A found in Ta(^-C5Hj)2(CHCMe3)Cl.14 Distortion of the 
Ta -C-C 2 angle (171.8 (6)°) from 180° presumably results 
from repulsive /nfermolecular interactions. Nevertheless, it 
seems appropriate to regard the tantalum-benzylidyne linkage 
as essentially a triple bond. The C - C 2 bond length of 1.467 
(10) A is quite in keeping with its being an unperturbed 
C(sp)-C(sp2) single bond. 

Ta-C(cyclopentadienyl) bonding distances are (cyclically) 
2.417 (8), 2.460 (8), 2.518 (9), 2.455 (9), and 2.397 (9) A; the 
average value is 2.449 A. The four monodentate ligands define 
a remarkable regular geometric pattern around the tantalum 
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Figure 2. Molecular geometry of the Ta(i)5-C5Me5)(CPh)(PMe3)2Cl 
molecule (ORTEP diagram; 50% probability contours for all atoms except 
hydrogen atoms). 

atom. The two "pseudo-trans" angles, C-Ta-Cl and P1-
Ta-P2, are equivalent with values of 125.54 (22) and 125.41 
(7)°, respectively. The four cis angles are C-Ta-P 1 = 80.29 
(22), Pt-Ta-Cl = 76.66 (7), Cl-Ta-P2 = 75.76 (7), and 
P2-Ta-C = 78.96 (22)°. The tantalum-phosphorus bond 
lengths are Ta-P1 = 2.567 (2) and Ta-P2 = 2.565 (2) A, while 
the tantalum-chlorine distance is 2.548 (2) A. All other dis
tances and angles in the structure are normal. 
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Multiple Metal-Carbon Bonds. II . 1 

Bisneopentylidene Complexes of Niobium and Tantalum 

Sir: 

In a recent communication1 we showed that alkylidyne 
complexes can be prepared from alkyl/alkylidene complexes 
by "accelerating" (with PMe3) the nondegererate a-hydrogen 
atom transfer from the alkylidene a-carbon atom to the alkyl 
a-carbon atom. An interesting question is what happens if 
a-hydrogen abstraction occurs in a di- or trialkyl-alkylidene 
complex? Either an alkyl/alkylidyne or a bisalkylidene com
plex in principle could be formed. Dimeric alkyl-"alkylidyne" 
complexes are known.1,2 We now want to show that bisneo
pentylidene complexes (of Nb and Ta) can also be the ultimate 
products of accelerated a-hydrogen abstraction reactions in 
di- or trineopentyl-neopentylidene complexes. They can also 
be prepared from alkylidyne-chloride complexes by substi
tuting the chloride with the alkyl.3a 

Ta(CH2CMe3)3(CHCMe3)3b-c is relatively stable thermally 
as a solid or in pentane or benzene (for weeks at 25 0 C) prob
ably because (i) intermolecular decomposition pathways are 
slow and (ii) the first observed change is a degenerate intra
molecular scrambling of a-hydrogen atoms (AG* « 28 kcal 
mol -1; no neopentane evolves during the scrambling process313). 
In the presence of at least 2 mol of L (L = PMe3 or PMe2Ph), 
however, neopentane (1 mol) does evolve, comparatively 
rapidly when L = PMe3 (2 h at 25 0 C) but more slowly (2 
weeks at 25 0C) when L = PMe2Ph. We therefore propose that 
a five-coordinate intermediate is formed (eq 1) in which a-

H 
(Me3CCH2)3M=CN 

CMe3 

"(Me3CCH2)3M(CHCMe3)L' 

L = PMe3 or PMe2Ph 

1CMe, 

"(Me3CCH,)M(CHCMe3)2L" -^* M(CHCMe3)2(CH2CMe3)L2 

la, M = Ta 
b, M = Nb 

(D 

hydrogen atom abstraction is easier3b and that the final product 
(in essentially quantitative yield) is a bisneopentylidene 
complex, la. It is not necessarily true that the immediate 
precursor is also a bisneopentylidene complex (see later), al
though this is what we have assumed for the present. The ev
olution of neopentane from Nb(CH2CMe3)3(CHCMe3)3 b is 
also accelerated dramatically on adding L and the analogous 
products, lb, can be isolated in <~75% yield. All complexes are 
orange to red, crystalline, sensitive to air and moisture, and 
moderately soluble in pentane. A molecular weight determi
nation for Ta(CHCMe3)2(CH2CMe3)(PMe3)2 in cyclohexane 
(cryoscopically) showed it to be a monomer (mol wt found, 540 
± 40; two runs at 0.006 and 0.011 M). The presence of two 
neopentylidene ligands is suggested by the instantaneous re
action of 1 with acetone to give 2 mol of disobutylene.4 

The 1H and 13C NMR spectra of 1 show that (i) it has 
a plane of symmetry and (ii) the neopentylidene ligands 
are nonequivalent on the N M R time scales (60-270 MHz) 
at 30 0 C. For example, the 1H N M R spectrum of Ta-
(CHCMe3)2(CH2CMe3)(PMe3)2 at 270 MHz shows three 
CMe3 singlets, a PMe3 triplet ( / H P = 2.4 Hz), a neopentyl HQ 

triplet at T 9.39 (7HP = 19 Hz), and two neopentylidene H a 

resonances at T 7.92 and 3.07 (THP ^ 2). On broad-band-
decoupling 31P the neopentyl H a triplet resonance becomes a 
singlet and the broadened neopentylidene H a resonances 
sharpen. In the gated decoupled 13C spectrum we find two 
neopentylidene C a doublet resonances at T 274 and 246 with 
low CH coupling constants (JQH = 95 and 85 Hz, respectively, 
JCP ^ 5 Hz) characteristic of neopentylidene ligands in 
crowded environments.5 When L = PMe2Ph (and M = Ta) 
the gated decoupled 13C N M R spectrum establishes that the 
phosphine's methyl groups are diastereotopic; two P-Me 
quartets are found (at 5 22.5 and 19.2; JCH = 128 Hz) but only 
one type of phenyl ring. In the four most likely structures 

H. 

*—M" O=M 

H 

Hi. J^ 
B C7 D 

(A-D) the neopentylidene ligands must not freely rotate about 
the M=C axis.6 We favor A, based only on the relatively large 
-CH2-phosphorus coupling constant (19 Hz) vs. the relatively 
small =CH-phosphorus coupling constant (;S5 Hz). 

Thermally unstable Ta(CH2CMe3)4Cl can be prepared by 
adding HCl to Ta(CH2CMe3)3(CHCMe3) at - 7 8 0 C in 
pentane.3b We added PMe3 in an attempt to trap the proposed 
decomposition product, M(CH2CMe3)2(CHCMe3)Cl;8 the 
high yield product is, instead, Ta(CHCMe3)2(Cl)(PMe3)2 (2a, 
eq 2). Analogous procedures give thermally stable products 

M(CH2CMe3)4Cl 

-CMe 2L 
"M(CH2CMe3)2( CH CMe3)Cl" -zrr- Cl—M 

fr 

CH3—M. 
If*> 

-CMe, 

'LiCH3 

>! 

> l 
2a, M = Ta 

b, M = Nb 
L - PMe3 or 

PMe2Ph 

(2) 

where L = PMe2Ph or M = Nb. Apparently even the larger, 
less basic PMe2Ph can coordinate to incipient 
M(CH2CMe3)2(CHCMe3)Cl to give (most likely) thermally 
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