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The preparations of Nb(CH,),, Ta(CH,),, and Ta(CH2CsH5)s are reported in 
detail. The M(CH& complexes decompose autocatalytically to give 3.4 f 0.1 
mol of methane and a non-hydrolyzable residue with approximate composition 
MC1.5H while Ta(CH2C6H5)5 decomposes in a non-autocatalytic manner to give 
ca. 2.6 mol of toluene per Ta. Decomposition of Nb(CD& gave 96% CD4 in 
diethyl ether while the toluene produced on decomposition of Ta(CD&6H5)5 
was at least 90%-d+ An observed kinetic deuterium isotope effect of 2-3 in 
each case is evidence that an a-C-H(D) bond is broken in a slow step of the 
decomposition. It is postulated that M(CH,), and Ta(CH,C,H,), decompose 
primarily by a-hydrogen atom abstraction though almost certainly in a com- 
plex, possibly intermolecular fashion in the case of M(CH&. In neither case 
(R = CH3 or CH,C,H,) was there evidence for significant homolytic cleavage 
of the metal-carbon bond to give free alkyl radicals. 

Introduction 

In the past decade many neutral binary transition m&al complexes, MR, 
(M mainly metals in Ti or Cr triads), have been isolated and an approximate- 
ly equal number postulated to exist in solution at low temperatures El]_ Some 
selected isolable examples are M(CH2C6H5)4 (M = Ti, Zr, Hf), V(l-norbornyl),, 
WCHCSi(CH&)&, and WCH&- Th e isolated complexes are thought to be 
thermally stable due to the fact that R usually contains no P-hydrogen atom(s) 
(R = CH3, CHzCsHs, CH&(CH,),, CH$i(CH&, mesityl, etc.) and the well- 
documented, relatively low energy P-hydride elimination process therefore can- 
not occur. When decomposition is induced (usually by heating in an appropriate 

* Contribution No. 2362. 
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"inert" solvent), the alkane (<x mol per Mj is the orgariic product almost ex- 
clusively- Intramolecular alkyl coupling, another well-documented decomposi- 
tion pathway for platinum(IV) and gold(III) -methyl comfilexes, is evidently 
unfavorable relative to the process which yields RH. 

Arguments concerning the formation of alkane have centered about whether 
RH forms from R- and H abstracted from the solvent or by an “‘a-hydride elimi- 
nation” mechanism which leaves carbene, carbyne, or carbide fragments trapped 
in often intractable residues. The former has been shown to be unlikely in at 
least one instance, Ti(CD&_ Consequently, for this, and many other complexes 
(not only binary complexes) containing one or more alkyl groups bound to the 
metal, the latter has been invoked. 

Recently, several examples of apparent “u-hydride elimination” (or, in this 
case, perhaps more accurately, “u-hydrogen atom abstraction”) to give stable 
Nb and Ta complexes containing an alkylidene ligand have been discovered [2]. 
In each case the hypothetical alkyl complex which had “decomposed” to give 
the alkylidene complex would have had a crowded coordination sphere; there- 
fore the “decomposition” was postulated to be intramolecular. It was therefore 
of interest to examine the mode of decomposition of the isolable, less-crowded 
complexes, Nb(CH& and Ta(CH& [3], and a new example, Ta(CH&,H,),, in 
more detail. Their preparation and characterization are also described fully. 

Results 

Pentamethylniobium and pentamethyltantalum 
Preparation and characterization. The entire class of alkyl halides of the 

type M(CH3)XC15_, (M = Nb or Ta, x = 1,2, or 3) is known and each member, 
except Ta(CH&C13, has been isolated in a pure state [la]. Two members of 
this class, Nb(CH3)&13 (I) and Ta(CH&& (II), are obtained nearly pure di- 
rectly from MCI5 and 1.0 (M = Nb) or 1.5 mol (M = Ta) of Zn(CH&. M(CH&- 
CL_= impurities can be converted to I and II easily by appropriate addition of 
MCI5 or Zn(CH&. Both are volatile, monomeric, crystalline, highly soluble 
complexes which react violently with water or oxygen and decompose slowly 
at room temperature in a nitrogen atmosphere. 

Addition of two moles of halide-free methyllithium in diethyl ether to a 
solution of II in diethyl ether at -78°C followed by warming to room temper- 
ature gives a pale yellow solution of Ta(CH& (III) and lithium chloride_ Routine 
manipulation (see Experimental Section) gives halide- and solvent-free, volatile, 
yellow, crystalline III (m-p. ca. 0°C) which can be handled easily by vacuum 
line techniques. The yield of isolated III is limited by its volatility but the fact 
that Ta(CH,),(dmpe) (IV) can be isolated in nearly quantitative yield by addi- 
tion of dmpe [1,2-bis(dimethylphosphino)ethtie] to the original ether solution 
suggests that the conversion of II to III is essentially quantitative. Pure, liquid 
III begins to turn green within a few minutes at 25”C, a grey solid forms, and 
methane is evolved. Ta(CH& decomposes violently in air to a black, soot-like 
material, 

Caution - it is dangerous to isolate more than one mmol of Ta(CH& It 
should never be stored more than a few hours at -78” C, and never in a partially 
decomposed state since further decomposition can be sudden and violent. 
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The instability of III precluded accurate elemental analyses for C and H. It 
should be noted, however, that analyses for halides (Cl and Br) and lithium 
were low (<OX, <0.3, and <O.l%, respectively) while hydrolyses of pure sam- 
ples with HCl in methanol or ethanol gave 4.5 - 5.0 mol of CH, per Ta (3 runs). 
The highest peak in the mass spectrum of III is due to the Ta(CH& ion_ The 
‘HNMRspectrum ofIIIintoluene-& at-10°C consists ofasingleresonance 

at r 9.18. The spectrum is unchanged at ----90X. 
Pentamethylniobium (V) can be prepared similarly from I (or Nb(CH3)&12) 

and methyllithium in diethyl ether. However, its brilliant yellow ether solutions 
cannot be warmed above -30°C. Above this temperature they turn green and 
deposit a black precipitate as methane evolves. It has not yet been isolated as 
a pure, crystalline solid but techniques similar to those used to isolate pure 
Ti(CH,), [4] probably would be equally successful for V. A dmpe adduct, 
yellow Nb(CH&(dmpe) (VI), can be isolated in high yield and has been char- 
acterized fully. 

Decomposition of neat Ta(CH,), ,4 sample of pure III (ca. 0.5 mmol) can be 
condensed into a weighed, evacuated flask (V = 200 ml) and allowed to decom- 
pose at room temperature. The volatile products can then be examined by 
Toepler pump techniques and the residue weighed, recovered, and analyzed. 
Evolved methane can be measured step-wise (cooling the flask in liquid N, each 
time) in order to plot the rate of evolution or to determine the point at which 
decomposition is complete (usually less than 3 h). 

Normally (vide infra) the volatile product mixture consists almost entirely 
(298%) of Cl!&, 3.43 t 0.10 mol per Ta (7 runs). Traces (l-2%) of ethylene, 
ethane, and H2 are the remaining volatile products. The methane accounts for 
3.4 carbon atoms and 13.7 hydrogen atoms of the original TaCsH1+ 

After decomposition of III the entire inner surface of the flask is coated with 
a metallic dark grey residue which sometimes falls off the walls as a powder. 
Its weight is 81 f 3% (7 runs) that of the starting Ta(CH&_ Elemental analyses 
of one sample showed Ta = 91.7%, C = lO.l%, and H = l.O%, or roughly 
TaCI-SH. The weight of a residue with this composition would be 78% that of 
the starting Ta(CHs),. Little gas evolves on hydrolysis of this residue with HCl 
at 25°C in 1 h, in one instance < 0.3 mol per Ta. This gas was essentially pure 
H2 (< 1% ethane). 

Usually, therefore, neat Ta(CH& decomposes as follows (ignoring trace 
products) : 

Ta(CH,), + 3.43 CH, + TaCI-SH 

These products account for 4.9 of the original five carbon atoms and 14.7 of 
the original fifteen hydrogen atoms. 

In many cases when III has decomposed about halfway, and the flask is dis- 
turbed, a “detonation” takes place within. This sudden and sometimes violent 
step appears to complete the decomposition process. The major volatile prod- 
ucts then consist of 3.10 mol of CH, per Ta (2.53 to 3.41 mol in 5 runs) and 
0.77 mol of Hz per Ta (0.20 to 1.52 mol in 5 runs); more Hz forms (1.52 mol, 
for example) when less CH, is produced (2.53 mol in the same run). The weight 
of the residue, 77 + 2% (5 runs) vs. Ta(CH&, is not significantly different than 
it is in a “normal” decomposition. According to the total number of carbon 



212 

atoms (3.1) and hydrogen atoms (13.9) accounted for by-CH4 and HZ, the resi- 
due’s composition should be closer to TaCzH (unconfirmed). It also does-not 
hydrolyze easily. In one instance 0.14 mol (per.Ta) of essentially pure H2 was 
evolved on hydrolysis with HCl in methanol at 25°C for 8 h. 

The “abnormal” decompositions suggest that the residue itself influences 
the rate of decomposition of III_ Three pieces of evidence confirm that this is 
the case. The rate at which CH4 evolves varies widely (vide infra). Secondly, 
decomposition in a flask filled with ca_ 16 g of vacuum-dried glass wool (Owens- 
Corning Fiberglass No. 3950) was complete in 1 h while tl,s of a “normal” de- 
composition varied from ea. 90-160 min. Thirdly, decomposition of freshly 
prepared Ta(CH& on the residue of a previous decomposition run was complete 
in ca. 30 min. Significantly, the most Hz (1.52 mol per Ta) and the least CH4 
(2.53 mol per Ta) were produced in this experiment compared to the other 
four “abnormal” decompositions starting with a-clean flask. Clearly, therefore, 
the decomposition of neat Ta(CHs)s is markedly autocatalytic. 

Decomposition of Nb(C!H,), in diethyl ether. Bright yellow solutions of V 
(containing LiCl and LiBr or LiI from preparations of LiCH3) begin to turn 
green at -30” to -20°C. (Solutions free of LiBr and LiI behave similarly_) A 
black precipitate forms steadily as the solution warms and gas evolves briskly_ 
When gas evolution ceases the supematant liquid is colorless_ 

The evolved gas, 3.40 mol per Nb, is essentially pure CH4 (2 98%) containing 
traces of ethylene, ethane, and HZ_ The weight of the insoluble precipitate is not 
satisfactorily reproducible_ Elemental analysis showed it to contain variable 
amounts of Nb, C, H, Li, halides, and 0. In one case, using LiCH3 prepared 
from CHsBr (Alfa), the residue analyzed for 35.2% Nb, 38.8% Cl, 9.4% C, 1.4% 
H, and 3.2% 0 (this particular sampie was not analyzed for Br or Li). As in the 
case of Ta, the residue yields only small amounts of H2 on hydrolysis with HCl 
in methanol_ 

The fact that Nb(CH,), has not been isolated in a pure state makes studies as 
detailed as those on decomposition of Ta(CH,), impractical_ Note, however, 
that the amount of CH4 evolved on decomposition of Nb(CH& in ether is es- 
sentially the same as that on decomposition of neat Ta(CH&. The apparent 
autocatalytic decomposition of Nb(CH& has not yet-been confirmed. One 
might infer from the results of labeling studies described below that the gross 
features of the decomposition of Nb(C&), in ether are essentially the same as 
those of neat Ta(CH,),_ 

Labeling studies. The primary purpose of deuterium labeling studies was to 
confirm what the decomposition of neat Ta(CH& to give only traces of ethane 
and ethylene might suggest, that free methyl radicals are probably not sole or 
even significant primary decomposition fragments_ 

Labeling experiments depended on mass spectroscopic analysis of the meth- 
ane evolved on decomposition of Ta(CH,),(CD3),-, and Nb(CH,),(CD,),,_ The 
method most accurately gave the relative amount of CD4_ The accuracy for 
CD3H, CD-& CDH3, and Cl& decreased in that order. Great care was taken to 
eliminate any interference by adventitious water or 0, (see Experimental Sec- 
tion for details)_ A standard prepared by hydrolysis of a 1 I 1 mixture of CDs- 
MgBr and LiCH3 with a 1 : 1 mixture of CH30H and CHSOD gave results (%) 
which suggest that any amount or difference on the order of 5% is experimental- 
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ly significant : 

CH4 CH3D CH2 I)2 CHD3 CD4 

Found 28. 24 4 21 23 
The0l-Y 25 25 0 25 25 

-_- 

Evidence against free radical behavior. Nb(CD,), was prepared in ether at ’ 
-78°C from iodide-free LiCDa and Nb(CD3)&1+ The solution was degassed 
three times by evacuation at -196°C followed by warming to -30°C. It was 
then allowed to warm to room temperature. After 16 h 2.8 mol of methane 
per Nb had evolved. Mass spectroscopy showed it to consist of 96% CD4 and 
4% CD3H. Knowing the ease with which a free methyl radical will abstract a 
hydrogen atom from diethyl ether [ 5,6], one must conclude that free CD, rad- 
icals are not produced during decomposition of Nb(CD3)5 to any great extent, 
or if they are, they do not live long enough to diffuse into the bulk solution. 
(Therefore description of such a fragment as a “free” radical, or even a radical 
at all, is probably misleading 163.) 

The results of decomposition of “mixed” complexes, e.g., “Ta(CH,),(CD,),“, 
provide additional evidence against free radical decomposition. Such complexes 
can be prepared straightforwardly and their empirical formula confirmed by 
hydrolysis. For example, hydrolysis of “Ta(CH3)3(CD3)2” with DC1 in CHaOD 
gave the following results (%I): 

CQ CH3 D CHZ D2 CHD3 CD4 

FOWKi 6 55 1 2 36 
Theory 0 60 0 0 40 

Unfortunately, no direct evidence suggests that only Ta(CH3)3(CD3)2 is present. 
Since methyl ligands redistribute in a I : 2 mixture of TaCl, and Ta(CH3)3C12 
in C6D6 in a few minutes at 25°C to give Ta(CH,)CL,, it is reasonable, but not 
easily proved, that CH, and CD, ligands in “Ta(CH&CD&” also redistribute 
to give a statistical mixture of Ta(CH3),(CD3& _ x species (x = 0, I,& 3,4, or 
5). Yet, whether this is or is not the case does not bear on the results to be des- 
cribed. 

The three following decomposition experiments gave identical results (%) 
within exeerimental error: 

.~. 
CW CH3 D CH2 Dz CHD3 CD4 

Ta(CH3)3<CD3)2. neat 39 11 11 31 8 
Ta(CH&WD3)2. ether. LOX free 36 13 14 30 7 

NMCH3)3<CD3)2, ether. LiCl present 39 9 8 34 10 

Since the decomposition of Nb(CD3)5 was just shown to have minimal free rad- 
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ical character, the isotopic distribution in the methane evolved on decomposii 
tion of Nb(CH&(CD& presumably is the result ‘of an identical no&free radi- 
Cal process. Notably this distribution is essentially identical (within ‘experimen 
tal error, ca. 5%) to the isotopic distributions in the methane obtained on de- 

composition of Ta(CH,),(CD,),, neat;or in ether. Therefore; the presence or 
absence of ether does not significantly affect the ratio of non-free radical to 
free-radical decomposition, if any of the latter obtains in either situation. Most 
likely it does not. 

The Origk of CH2D2. 
A second interesting result should be noted; the amount of CHzDz is greater 

than 5% and therefore experimentally significant. Though of course it is not 
possible at this time to say how CH,D, does form, the results of the two follow- 
ing experiments suggest two ways in which it does not to any major extent. 

The first consists of deuterolysis of a sample of Ta(CHs)s(CD& to give es- 
sentially only CHsD and CD4 within experimental error (vide supra), Therefore 
H and D do not scramble rapidly among methyl carbon atoms in discrete III, 
i.e., 

Ta(CH,),(CD,), J’+ Ta(CH,),(CH,D)(CD;)(cD,H) 

The second experiment is meant to test whether H and D scramble in a man- 
ner which is, overall, that shown above, during decomposition. A solution of 2 
mm01 of Nb(CH3)2(CD3)3 in ether containing LiI (3 mol per Nb) and LiCl (up 
to 2 mol per Nb) was allowed to decompose until 2.2 mmol of the expected 
6.8 mmol of methane had evolved. The solution was then cooled to -78°C 
1.3 mmol (CH&PCH&H,P(CH,), added, and 0.18 g (0.57 mmol) of yellow 
Nb(CH,),(dmpe)-d, (VI-d,) isolated_ Hydrolysis of VI-d, with HCl in CHJOH 
gave 2.31 mmol of the expected 2.78 mmol of methane with the following iso- 
topic composition (%)I 

CH4 CH3D CH2 D2 CHD3 CD4 

Found 35 0 4 60 1 
Theory 40 0 0 60 0 

Analysis of the first 0.7 mol (per Nb) of methane and the next 2.4 mol of meth- 
ane evolved on decomposition of an identical sample of Nb(CH3)2(CD3)3 show- 
ed the following (%): 

CH4 CH3D CH2D2 CHD3 CD4 

First 0.7 mol 21 8 42 22 

Next 2.4 mol 16 10 40 26 

Hydrolysis of CHzD and CKD, ligands in VI& would give CHsD and CHzDz 
respectively. Since CH2D2 is present to a signifkantly greater extent (ca; 8%) 
in the methane evolved on decomposition of Nb(CH,),(CD,)s than in the meth- 
ane evolved on hydrolysis of VI-&, H/D scrambling between CHs and CDs li- .. 
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~~gzmds-togive discrete i-&w methyl groups, e.g., CHD*, in a discrete pentameth- 
-“ylniobium molecule during decomposition would seem remote. 

It’sbould also be noted that the ratio of CH4 to CD, in the evolved methane 
apparently:decreases with time. Though the differences here are on the order 

of experimental error, this is the first hint that CH4 and CD4 are not formed 
at the.same rate in “mixed” complexes such as Nb(CH,),(CD,),. 

Theruteofmethaneevolutio~. The rate of evolution of methane from 
samples of neat Ta(CH& and Ta(CD,), can be followed by periodically freez- 
ing the reaction flask in. liquid nitrogen and measuring the methane by Toepler 
pump techniques (vapor pressure = 11 mm at -196°C). The time required to 
warm the flask back to room temperature is insignificant on the time scale of 
the decomposition. 

Fig. 1 shows four experiments in which the methane evolved on decomposi- 
tion of ca. 1 mmol samples of Ta(CH& in a 200 ml Pyrex bulb was measured 
periodically as described above. The variable results are understandable in view 
of the alutocatalytic nature of the reaction and any differences in the rate of 
methane evolution in the dark vs. room light, in base-treated flasks vs. untreated 
flasks *, or on varying the amount of Ta(CH,), fi-om 0.5 to 1.5 mmol are there- 
fore apparently too small to be detected under these conditions. Similar curves 
for five additional runs fell between the two extremes and to this extent the 
results of decomposition of neat Ta(CH& in a given size and type of flask are 
reproducible. Half the expected 3.4 mol per Ta of methane evolved in ca. 90- 
160 min (Cctl,2”). 
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Fig. 1. The rate of evolution of methane on decomposition of ea. 1 mm01 samples of neat Ta(CH3)s in a 
200 ml Pyrex bulb. 

* Tbe same flask was used for several runs. The residue from a previous run was rinsed out xvith 5% HF 

solution. The flask was then rinsed out with distiied water. 1 N NaOH. more distilled water. then 
acetone. and fii~ was dried in vacua. A fresh shmple of Ta(CH3)s was then condensed in and the 
decomposition in the dark or in room light followed as before. These results did not suffer signifi- 
cantly from those in which the 1 N NaOH treatment was omitted (an “untreated”‘flask)_ 
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Fig. 2 shows the extreme curves from Fig. 1. plotted on a ‘different time scale 
with shading between the two, and three curves similarly obtained on decom- 
position of Ta(CD,),. Note that ti in the case of Ta(CD& v&es from ca: 230- 
480 mm, significantly longer than t$ for Ta(CH& The data is sufficiently.con- 
sistent to conclude that Ta(CH& decomposes signific&ntly more rapidly than 
Ta(CD&, roughly 2-3 times as fast. A difference in their rates of decomposi- 
tion is evident even on casual examination_ For example, Ta(CD,), can be 
handled for longer periods of time than Ta(CH& near room temperature with 
comparatively little decomposition. 

Though the decomposition of neat Ta(CH& is clearly complex, only one 
explanation for the enhanced stability of Ta(CD& seems reasonable; at least 
one relatively slow step in the decomposition must involve breaking a C-D 
bond. The only pertinent data bearing on the magnitude of this suspected 
primary kinetic deuterium isotope effect comes from studies of deprotonation 
of [Ta($-CSHS),(CH,)(CD,)]’ with (CH&P(CH2) to give a mixture of Ta(q’ - 
CSH&(CH3)(CDZ) and Ta(q5-C,H,)2(CD3)(CHz) [2b]; kn/kn for the deprotona- 
tion is also in the order of 2-3 [7]. That the stability of Ta(CD,), vs. Ta(CH&) 
is due to a secondary isotope effect, or some other, unknown effect, therefore 
does not seem likely. Of course, a primary isotope effect is also consistent with 
the tentative conclusion (vide supra) that slightly more CH, forms in the early 
stages of decomposition of Nb(CH&(CD&, and slightly more CD4 in the latter 
stages. 

Pentabenzyltantalum 
Preparation and characterization. The reaction betvveen ether-free Zn(CH2- 

C6H& (1.5 mol) and TaC& in toluene at 25” C gives red-orange Ta(CH&6H5)3- 
Cl? (VII) in good yield. It is moderately soluble in saturated hydrocarbons. Ele- 
mental analysis and its 220 MHz ‘H NMR are consistent with the formulation_ 

-*- -73 mmoles~dork.floskAunfrwfed~ 

-=- 65 ma&s ~dark,fla~kAirea!ed1 

--0--1.27mmdesfdark,fIaskBtrwled~ 

200 400 600 800 
TIME fminutest- 

Fig_ 2_ A comparison of the rates of methane evohticn on decomposition of Ta(CHs& (cross-hatched) and 
T&CD3 )5 - 
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ITribenzyltantaIum dichloride seems thermally more stable than Ta(CH&Clz 
but should still be stored under NZ at 0°C or less. Evidence for Nb(CH&H5), 
Cl, _ x (x probably = 2 or 3) is in hand but so far it has not been isolated in 
pure form (see Experimental Section). 

The reaction between VII and Mg(CH2C6H5)t(THF), in toluene at -78°C 
followed by warming to 25°C gives a red solution containing a gelatinous white 
precipitate of MgC12(THF)2. Filtration and addition of pentane gives red crystals 
of Ta(CH,C,H,), (VIII) in high yield, the first transition metal complex con- 
taining more than four benzyl ligands. Its formulation is supported by elemental 
analyses, 220 MHz ‘H NMR data, and by the fact that hydrolysis with 12N HCl 
in ether (12 h at 25°C) gives 4.9 mol of toluene per Ta. Molecular.weight deter- 
minations (cryoscopic in CsH,) support the monomeric formulation. Pentaben- 
zyltantalnm does not sublime without decomposition and begins to decompose 
in benzene at 40°C within a few minutes according to ‘H NMR. 

Decomposition of pentabenzyltantalum. A 0.5 mmol sample of VIII was 
heated in ca. 4 ml of C&D6 at 80°C for 16 h in a sealed tube. During this period 
the red solution darkened steadily to red-brown. After several hours some solid 
had formed but even after 16 h the deep red-brown color remained. The residue 
which remained after removing all readily volatile products, a red-brown gum, 
has not been characterized. Quantitative GLC analysis of the C6Ds solution of 
the volatile components showed that the amount of toluene formed per Ta was 
2.50 mol. Mass spectral analysis indicated it to be ca. 98% toluene-do and 2% 
toluene-d, . (The experimental error in this and similar measurements must be at 
least +-2%). As in the decomposition of M(CH&, little organic product consists 
of the didkyl, in this case, bibenzyl- In one experiment, after hydrolysis of the 
red-brown residue with 1 N HCl/ether, only ca. 0.1 mol per Ta of bibenzyl was 
found by quantitative GLC analysis. Therefore < 0.1 mol per Ta of bibenzyl 
must have been present before hydrolysis. 

The failure to form significant quantities of toluene-d, by abstraction of D 
from CsD6 by C6HSCH2’ would not be at all surprising in view of the very low 
reactivity of both &H&Hz - and CsD6 (or C,H,) in this type of reaction [5,83. 
The only reliable indicator of possible free radical-type decomposition would 
then be the formation of bibenzyl. Since the upper limit on the amount of bi- 
benzyl formed is 0.1 per Ta (some or all may form on hydrolysis of the residue), 
the decomposition of Ta(CH2CsHS js would not seem to give any significant 
concentration of benzyl radicals. 

The reverse of the above experiment consisted of decomposing Ta(CD2C6H5)s 
in C6H, for 2 and 6-3 h at 80°C to give 11 and l-6 mol of toluene per Ta res- 
pectively. Table 1 lists the peak intensities in the mass spectra of the toluenes 
from these two experiments along with C6HSCD3 and CsHsCDzH standards 
(from deuterolysis or hydrolysis, respectively, of Mg(CD&,H,),(THF),), a run 
in which C6D6 was substituted for C6H6 (2.0 mol toluene per Ta after 11 h at 
SO”C), and a calculated spectrum of a mixture of 10% C,H,CD,H and 90% Cl,- 
H&D3. Unfortunately the data is not sufficiently precise to conclude with 
certainty that the toluene obtained on decomposition of Ta(CD2CsH5& is en- 
tirely toluene& but it must be at least 90% toluene-d,. Since any possible 
toluene-d, is almost certainly not formed by C6H&D2’ abstraction of H from 
CbH6 (vide supra) these results may indicate that the phenyl ring in ar ,or-dideu- 
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TABLE 1 

MASS SPECTRAL PEAK INTENSITIES OF LABELED TOLUENES 

m/e 

91 92 93 94 95 96 

W-%CDs 3.1 2.7 46.4 90.1 100.0 7.5 - C6HsCD2H 3.0 29.6 100.0 92.2 7.0 

Decomposition of Ta<CD?C&I5& in 
C6H6 (2 h. 80°C) 13.2 12.6 54.0 100.6 100.0 8.6 

Decomposition of Ta<CD2CgHg)5 in 
C6H6 (6.3 h. 80°C) 9.0 7.5 56.7 97.8 100.0 7.5 

Decomposition of Ta(CD2C6H5)5 in 
C6D6 <II h. 80°C) 8.3 8.5 50.5 94.3 100.0 7.5 

C&x&ted for 10% tol-d~.90’% tol-dg 3.4 3.0 57.9 100.3 100.0 7.5 

terobenzyl Iigand is the source of the hydrogen atom. Even if this is the case, 
however, the predominant mechanism of decomposition clearly involves ab- 
straction of only the ac-deuterium atoms to give c6H5cD3_ 

Rate of toluene formation. Separate 0.5 mm01 samples of Ta(CH2C6HS)s 
and Ta(CD,C,H,), were heated in 4 ml of C6H6 in sealed vials at 60°C for peri- 
ods from 0.5 to 11 h. Each vial was opened and the volatiles transferred in 
vacua and analyzed quantitativeIy by GLC for toluene. The results are shown 
in Fig. 3, 

It first should be noted that each set of points falls on a smooth curve. One 
might expect considerably less reproducible results and a noticeable S-shape 
to the curves (cf. Figs. 1 and 2) if the decomposition were markedly autocata- 
lytic. Since it apparently is not, the curves represent accurately the rate of for- 
mation of toluene in each case, and a comparison of the two therefbre is valid. 

Clearly Ta(CH2CsH5)5 decomposes significantly faster than Ta(CD2C6H5)+ 
It is not vitally important that the intimate mechanism of decomposition be 
known at this stage. The results are meant to illustrate that at least one relati- 

3.0 , I I 

TIME (hr) 

Fig. 3. A plot of the toluene produced on decomposition of individual sakples of Ta(CH2C6H5)5 and 
Ta<CD2C6H5& in Cg& at 60°C. 
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vely slow step of the decomposition of Ta(CD&sHS)5, like that of Ta(CD& 
(vide supra), m us t consist of breaking a C-D bond. Of course, this result is aIs0 
consistent with the primary decomposition mode involving abstraction only of 
o-hydrogen (deuterium) atoms (vide supra). 

Discussion 

Preparations and properties 
The general physical properties of Nb(CH& and Ta(CH& appear analogous 

to those of Ti(CH& [4,9] and W(CH& [lo] respectively_ Both Ti(CH& and 
Nb(CH& decompose at ca. -30°C in ether while Ta(CH& and W(CH& are 
volatile liquids which decompose readily near 25’ C. Ta(CH& is probably mono- 
meric in the vapor phase [1X] (symmetry = D3h) according to its He photoelec- 
tron spectrum. Like Ti(CH3),, Nb(CH& and Ta(CH3& form relatively stable, 
well-characterized adducts, e.g., seven-coordinate M(CH,), (dmpe) [ 33. Details 
of the preparation of the adducts are given in the Experimental Section. 

One report states that several attempts to prepare M-benzyl complexes were 
as unsuccessful for M = Ta as for M = Nb 1121. The successful preparations of 
Ta(CH2C6H&C12 (VII)‘and Ta(CH2C6H5& (VIII) (and the evidence for Nb(CH2- 
C,H,),Cl,_ ,) demonstrate that seemingly minor variations in experimental 
procedure can profoundly effect the outcome of an alkylation experiment. 
Several authors have reached this conclusion about other transition metal al- 
kyls [l], Ti(CgH5)4 probably being most thoroughly studied in this regard [13]. 

Decomposition of MRS complexes -general considerations 
The decompositions of Nb(CH& and Ta(CH& closely resemble that of 

Ti(CH& 1141. The results are potentially more informative, however, because 
the stoichiometry, at least that of Ta(CH& decomposition, can be ascertained 
more accurately and labeling procedures are more straightforward. The similar- 
ities are the following: (i) the decompositions are autocatalytic; (ii) homolytic 
cleavage of M--Cl+ bonds is minimal in aliphatic hydrocarbons or diethyl ether; 
and (iii) CH2D2 is formed on decomposition in systems containing both CH3 
and CD3 ligands. The major differences are that (i) significant amounts of H2 
are formed in some instances on decomposition of neat Ta(CH& and (ii) up 
to 0.6 mol of methane per Ti evolves on hydrolysis of the Ti residue (the Ta 
and Nb residues hydrolyze only slightly to give molecular hydrogen). 

The decomposition of Ta(CH,C6H5)5 could be compared with that of Ti(CH*- 
C,H,), or Zr(CH2CsH&. The major difference is that less than the total possi- 
ble amount of toluene (3.33 mol) was found for Ta, assuming that only (Y-H(D) 
atoms are available to form toluene; the maximum, 2.66 mol per metal, was 
found for Zr(CH2C6H5)4 [15]. An additional informative result in the case of 
Ta(CD&Hs)5 is that little (if any) CsDsCD2H is formed by H abstraction from 
the phenyl ring of a CD&H5 Iigand; primarily (Y-H (or D) atoms are abstracted. 

The observation of kinetic deuterium isotope effects would seem important 
for three reasons_ First, it suggests that a slow step in the decomposition of 
TaR, species consists of breaking an a-C-H or (Y-C-D bond. That an effect of 
this magnitude can arise in a decomposition step which consists of homolytic 
M-C bond cleavage does not seem likely. Therefore, e-abstraction is at least 
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kinetically more favorable than homolytic cleavage_ Secondly,.it is &&eivable 
that metal aIkyIs (not containing a @-hydrogen atom) which are of borderline 
stability under a given set of conditions can be isolated by substituting D for 
H on the a-carbon atom. This conclusion follows directly from the relative 
stability of Ta(CD,), and Ta(CD&H& vs. Ta(CH,), and Ta(CH&H&, respec- 
tively_ Finally, it should be noted that small amounts of protio impurities in 
deutero sources (e.g., CDzH in CI&) wiII be magnified slightly by the isotope ef- 
fect. For example, if the Iigands in Nb(CD& are only 98% CDs and 2% CD2H, 
and k,/k, = 3, then the methane formed on decomposition by a random cy-ab- 
straction process would be 96.7% CD, and 3.3% CD,H. Note that.this is approxi- 
mately the isotopic mixture formed on decomposition of Nb(CD,), in ether in 
Pyrex glassware (vide supra) . 

a-Hydrogen atom abstraction 
a-Abstraction might be viewed as the analog of “o-hydride elimination” in 

instances where the aIkyl possesses no p-hydrogen atoms, i.e. 

RCHz-M-CHZR + RCH,-M=CHR * CHsR + M=CHR 

There is, in fact, evidence that a metal can “abstract” an ar-hydrogen atom Cl61 
and this particular variation has therefore, by analogy, been called “a-hydride 
elimination”. However, a second alkyl Iigand may also abstract the e-hydrogen 
atom directly, a discrete metal hydride not being formed. A distinction be- 
tween these two processes when more than one aIky1 Iigand is bound to the 
metal wiII be extremely difficult at best. For the present, therefore, we must 
assume that either, or both versions may obtain in any particular situation. 

In contrast, a pattern does seem to be emerging concerning whether an CK- 
abstraction process is inter- or intra-molecular, though, again, con&usive evi- 
dence is lacking_ Several authors have noted that alkyls such as Ti(CH,), are 
more stable in dilute solution (diethyl ether for example) [I]. It is also clear 
that binary complexes containing larger alkyl ligands (CHzCsHs, CH2C(CH3)s, 
etc) are considerably more stable than those containing CH, [l]. Finally, ad- 
ducts of binary methyl complexes (e.g., Ta(CH,)s(dmpe) and Ti(CH,),(dmpe) 
are considerably more stable than the binary complexes themselves.[la]. Each 
of these observations is consistent with the postulate that relatively uncrowded 
binary alkyIs decompose most readily by an intermolecular mechanism. On the 
other hand, several hypothetical complexes containing bulky ligands apparently 
decompose by what can only reasonably be an intramoIecuIar a-hydrogen atom 
abstraction to give stable a.IkyIidene compIexes [2]_ One can therefore postulate 
that Ta(CHs)s decomposes by an intermolecular a-hydrogen atom abstraction 
mechanism, one which quite likely is complex * and does not give simple, or at 

* The CH3D3 obtained on decomposition of M(CH3)JCD3)5 -x complexes may be characteristic of 
the apparently complex. autocatalytic nature of tlm reaction. particularly the violent. ‘cabnormal” 
decompositions which produce significant amount of molecular hydrogen_ However, this need not 
be the case. For example. it is known that the deuterium in [(CH3)3CCH313Ta=CDC(CH3)3 will 
scramble among the a-carbon atoms under conditions where the complex does not decompose L2aI. 
Assuming that this is a first order (intramolecular) reaction. one can show that A G&g = 27.5 f 0.5 

heal mol-l [?I_ A related. more rapid scrambling process (possibly intermolecular) during decompo- 
&ion of M(CH3)x(CD3~5_x could therefore be one means of forming <ultimately) CH3D3. 
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least, stable primary products_ It is less clear how Ta(CHZC6HS)S decomposes. 
If it, in contrast, decomposes by primarily an intramolecular mechanism, then 
hypothetical (C6H5CH&Ta=CHC6Hs must not be long-lived under the usual 
reaction conditions.-It should be noted in this context that all the known, stable 
Nb and Ta alkylidene complexes also have sterically crowded coordination 
spheres and in one case, Ta($-CsH5)2(CHs)(CH2), the most reasonable mecha- 
nism of decomposition is bimolecular since Ta($-C5H,),(CH3)(CH2=CHz) and 
the “Ta($-C5H5)2(CH,)” fragment are formed [Zb]. 

The concept of ol-abstraction versus homolytic M-C bond cleavage as a pri- 
mary decomposition process seems particularly attractive in view of the results 
of recent calorimetric studies aimed at determining M -C bond strengths. 
Values of E(M-C) for complexes of the type M[CH&(CH,)J, (M = Ti, Zr, Hf) 
&we been found to be 44, 54, and 58 +- 2 kcal mol-‘, respectively 1171, while 
D(M-C) for Ta(CH& and W(CH& similarly have been found [X3] to be 62 
and 38 + 2 kcal mol-‘, respectively. The larger values are on the order of the 
metal--carbon bond strengths in main group alkyls like Pb(CH,),, and Pb(CH,), 
decomposes in the gas phase to give free methyl radicals only at high tempera- 
tures (ca. 500°C) 1193. It is now perhaps not surprising to find that Ta(CH,), 
does not decompose at 25°C to give free methyl radicals. The “sterically al- 
lowed” intermolecular c-hydrogen atom abstraction process by which it is pos- 
tulated to decompose therefore must have a relatively low activation energy. 

Though details may differ from one situation to another, the concept of 
o-hydrogen atom abstraction appears sound. The deuterium isotope effects 
observed here along with other aspects of MR5 decompositions, as well as 
isolation of products of apparent intramolecular a-hydrogen atom abstrac- 
tions [2], should help to more firmly establish the validity of this mode of 
decomposition for (at least) Nb(V) and Ta(V) alkyl complexes. The possibility 
that such processes may be more general and alkylidene complexes (even if 
short-lived) more common, is obviously intriguing. 

Experimental section 

All manipulations were done in a N,-filled Vacuum Atmospheres HE43-2 
drybox. Solvents were dried by passing them through Linde 4A molecular 
sieve columns. Metal halides were purchased from standard sources. Dimethyl- 
zinc was purchased from Stauffer Chemical Company. Methyllithium was pur- 
chased from Alfa and standardized by measuring methane evolved on hydroly- 
sis (Toepler pump). ZnCl, was dried with SO&, then in vacua for 24 h. 

(1) Preparation of LiCD3 in ether 
LiCDs was prepared from 25g CD,1 (Merck Isotopes, > 99 mol%) and 0.2g 

Li dispersion (1% Na) in 150 ml ether at 0°C followed by warming to room 
temperature. After filtering, a sample was hydrolyzed with methanol and the 
evolved methane measured by Toepler pump techniques; yield 73%. One mol 
dioxane per Li was added to precipitate LiI - dioxaue. After filtering, the 
halide-free LiCDs solution was again standardized by hydrolysis as above (86% 
recovered); overall yield 63%. 
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(2) Preparation of Zn(CH&H& ant’ Zn(CD,C&),~ .. 
: 

A Grignard reagent was prepared by addition of 126 g di+lled CsH&HSCi 
over 2 h to 40 g Mg turnings in 1 I ether at 0°C followed h$stirring for 5 h at 
25°C. Anhydrous Z&I, (68 g) was then added slowly a.& a solid followed by 11 
ether and stirring overnight. The mixture was filtered and the soIid.rinsed with 
11 ether. The combined filtrates were skipped to a s$rup. Toluene (- 300 ml) 
was added, the mixture filtered, and the filtrate distilled at 1 atm. till the head 
temperature reached 210°C (some Zn metal forms). The mixture in the distil- 
lation pot was cooled and filtered_ Pentane (ca. 150 ml) was added and the 
mixture was shaken, then ahowed to stand a few minutes till it separated into 
two layers. The top layer was decanted off and discarded. This process was 
repeated twice. Exposure of the resulting oil to vacuum caused it to crystallize 
suddenly; yield 96 g (78%) ZTI(CH~C&?~)~_ ‘H NMR (T, CBDB): 2.7-7.3 (m), 

8-48 (s), 5 : 2 ratio_ Reduction of 65 g benzoyl chloride with log LiAlD4 gave 
47g &H&D,OH (91%) which was converted to 46 g CBHsCDIC1 (84%) with 
36 ml SOCIz in 100 ml CHC13 (stirred overnight then distilled at 27 mm, 80°C). 
Zn(CD&H,), was prepared in 61% yield as above. 

(3) Preparation of Mg(CH&l&)~ and Mg(CH&& j2(THFj2 
Two moles of C,H,CH,MgCl were prepared at 0°C in 11 ether from 254 g 

distilled &H&H&l (b-p. 82”C, 18 mm) and 75 g Mg. The solution was heated 
to reflux for one hour and 171 ml dioxane added dropwise. MgCll(dioxane)z 
was filtered off with difficulty and all solvent removed from the filtrate in vacua 
leaving 60 g (29%) cmde Mg(CH&H&_ 

Crude Mg(CH&H& (6.55 g) was dissolved in 20 ml THF. Pentane (40 ml) 
was added and the solution stood at -30°C overnight to give 6.1 g (55%) white, 
crystahine Mg(CH&H,),(THF),_ ‘H NMR (7, C,D,): 2.9 (m, 8); 3-3 (m, 2); 
6-77 (m, 8, THF); 8.26 (s, 4); 8.83 (m, 8, THF). 

Mg(CD2C6H,),(THF)2 was prepared similarly from C6H&D&l (see (2)). 

(4) Preparation of Ta(CH& 
Only ca. 1 mmol of pentamethyltantalum should be isolated at one time. 

Ether solutions containing larger amounts can be prepared by scaling up the 
procedure; these shouId be used soon, not stored. The following procedure is 
the one used to isolate small quantities of pure Ta(CH,), for analyses, decom- 
position studies, etc. 

Ta(CH,)&12 (0.60 g, 2.0 mmol) in 35 ml ether was cooled to -78°C and 
2-42 ml of 1.65 M LiCH, in ether, diluted to 20 ml, was added dropwise with 
stirring_ The mixture was warmed to 25OC to give a pale ye’ilow solution and 
a fine precipitate of LiCI_ LiCI was removed by filtration and the ether was 
removed in vacua to give a voIatiIe yellow oil. Pentane was added and residual 
lithium salts removed by filtration; On removing the pentane in vacua, Ta(CH,), 
crystaRizes-on the cold fiask w&s, then melts as the flask warms to room 
temperature. The flask is then frozen in liquid N, and evacuated. The last 
traces of pentane or ether can -be removed by warming the flask to room tem- 
perature, subliming Ta(CH& onto the upper half by briefly cooling a small 
area with a swab dipped in liquid N2, then opening the flask to vacuum for- 
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.a few setionds. The sample can then be condensed with liquid N2 into a weighed 
flask for further studies; yield ca. 0.30 g. 

Samples thus isolated were analyzed after hydrolysis with methanol. Anal.: 
Br < 0.3; Cl < 0.2; Li < 0.1; CHJ 4.5-5-O mol per Ta (3 runs). ‘H NMR (7, tol- 
d 8, -10°C): 9.18 (s). Mass spectrum: Ta(CH,)$ at m/e 241. 

(5) Prepanrtion of Ta(CD& 
A 0.6 M solution of LiCD3 (33 ml) was added to 1.38 g ZnCl, (dried with 

SOCI,) at -78°C. After warming to 25”C, 25 ml of pentane and 2.4 g of TaC15 
were added. After stirring for 5 mm, 0.88 g dioxane was added, and stirring 
continued for 10 mm. The mixture was filtered and the solvent removed in 
vacua. The residue was extracted with pentane, the mixture filtered, and the 
pentane stripped from the filtrate in vacua to give 1.45 g Ta(CD&C12. 

Ta(CD,), was prepared from Ta(CD&& and LiCD3 as in (4). 

(6) Preparation of Ta(CH3)5(dmpe); dmpe = (CH3)$CH2CH,P(CH3), 
Ta(CH& in ether was prepared as in (4) from 16.0 g Ta(CH&C& in 200 ml 

ether and 50 ml 2.2 M LiCH,. The yellow color was discharged on addition of 
8.2 g dmpe in 50 ml ether. The solution was filtered, the solvent removed in 
vacua, and the residue-e&acted with toluene (25 ml)_ After filtering, one 
volume of pentane was added and the solution stood overnight at -30” C to 
give 15.4 g of white crystals (pentane wash). The filtrate’s volume was reduced 
to ca. 10 ml in vacua and an additional 1.5 g isolated by addition of 25 ml pen- 
tane and standing at -30°C; total yield 16.9 g (77%) Ta(CH,),(dmpe). 

Anal.: Found: C, 32.09; H, 7.62; P, 14.58. TaC,,H,,P, c&d.: C, 32.52; H, 
7.68; P, 15.24%. The ‘H and 13C NMR spectra are discussed in the preliminary 
communication 131. 3’P(xH)NMR (ppm downfield from 85% H3P04, tol-&, 
-30°C); 11.85 (s). 

(7) Preparation of Nb(CW,), or Nb(CD3)5 in ether 
This preparation is analogous to (4) employing Nb(CH3)*C1 and LiCH, at 

-78°C in diethyl ether followed by warming to -30°C. 
The preparation of Nb(CD3)$13 (from LiCD3, ZnCl,, and NbC15) is analogous 

to that of Ta(CD3),ClZ (see (5)) and Nb(CD3)5 analogous to that of Nb(CH3), 
above. 

Since Nb(CH,), is too unstable to be isolated its existence can only be in- 
ferred by indirect means (see (8)). 

(8) Preparation of Nb(CH&dmpe) 
A solution of 6-O g Nb(CH,),Cl, in 100 ml of diethyl ether was cooled to 

-78°C and 18.0 ml of a 2.2 M LiCH3 solution in ether added dropwise over a 
period of 5 min. followed by a solutioqof 2.0 g dmpe in 25 ml of diethyl ether. 
The mixture was warmed to 25”C, stirred for 1 h., and filtered. Solvent was 
removed from the filtrate in vacua and the residue was extracted with 50 ml 
of toluene and filtered_ Pentane (40 ml) was added to the filtrate and the solu- 
tion stood at -30°C overnight to give 5.4 g (67%) brilliant yellow Nb(CH3)5- 
(dmpe). 

Anal.: Found: C, 41.60; H, 9.60; P, 19.02. NbCllH31P2 calcd.: C, 41.51; 



(9) Preparationof Ta(CH,C&)& - --- -. .- -: . . 

TaCIS (5.0 g) and Zn(CH&H,), (5.2 g) were s&red in 50 ml of-a-l : 1 tolu- 
enejpentane mixture for 2 h. The Z&&was removed by filtration and the or- 
ange filtrate stripped in vacua. The residue was dissolved in 50 ml of hexane 
and filtered_ The filt&.e was cooled and reduced in volume td give 4.05 g or- 
ange, crystalline Ta(CH,C,H&Cl, (55% yield). 

Anal.: Found: C, 47.68; H, 4.10; Cl, 13.46. TaC21H21C12 calcd.: C, 48.02; 
H, 4.13; Cl, 13.50%. ‘H NMR (T, C6D6): 2.7-3.0 (m, 5), 6.80 (s, 2). 

Ta(CD&H5)&lz was prepared similarly. 

(I 0) Evidence for Nb(CH&H5),C15, 
Dioxane (0.36 g, one per Nb) was slowly added to NbCIS (1.0 g) in 25 ml of 

ether followed by a solution of 1.40 g Mg(CH2CsH5)2(THF)2 in 25 ml ether 
(rapidly); After 5 mm the red solution was filtered and the ether removed in 
vacua leaving a red oil. The oil was dissolved in 5 ml of pentane and a small 
amount of activated charcoal added. The mixture was filtered and the pentane 
was removed in vacua leaving a red semi-solid (ca. 0.25 g). A ‘H NMR spectrum 
in C6D6 shows phenyl resonances, the characteristic sharp singlet due to biben- 
iyl, and a broad peak at T 6.25 which is almost certainly due to cr-protons on 
a benzyl group attached to Nb (cf. benzyl o-proton resonance at T 6.80 in 
Ta(CHzCsH,),CIZ). The relative amount of bibenzyl and the proposed Nb-ben- 
zyl complex varies from one experiment to another. So far the two have not 
been separated. 

(11) Preparation of Ta(CH&a5)5 
Ta(CH&H&C& (4.05 g) was dissolved in 25 ml of toluene and the solution 

was cooled to -78°C. To thiswas added dropwise a solution of 2-70 g Mg(CH,- 
C,H,),(THF), in 25 ml of toluene followed by warming to room temperature. 
The mixture was filtered and the filtrate stripped to a red-orange syrup. Hexane 
(20 ml) was added and the mixture stood at -30°C for 2 h to give 4.6 g (93%) 
Ta(CH&&)+ 

Anal.: Found: C, 66.30; H, 5.77; Cl, < 0.3. TaCSSHS5 calcd: C, 66.04; H, 
5.54%. ‘H NMR (7, C6D6, 220 MHz): 2.88 (t, 2, J= 8, Hmetn), 3.09 (t, 1, J = 8, 
H,,,), 3.27 (d, 2, J= 8, H ortho), 7.39 (s, 2, CH,). Mol.wt. (cryoscopic in ben- 
zene): found: 572, c&cd.: 636. Hydrolysis with a 12 N HCl/ether mixture in a 
sealed tube for 12 h gave 4.9 + 0.1 mol of toluene per Ta (quantitative GLC 
analysis)_ 

Ta(CD&Hs)s was prepared in an identical fashion. 
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