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I. lnfroducfion 
Transition metal complexes containing alkyl or aryl ligands 

have proliferated in the past decade. One of the most striking 
developments is the synthesis of “binary” complexes con- 
taining only a-alkyl or -aryl ligands which violate previously 
accepted stability rules, such as the principle that stable 
metal alkyls must be diamagnetic or that they must be coor- 
dinatively saturated (the 18 electron rule).‘ 

We intend to summarize recent advances in transition 
metal alkyl and aryl chemistry and will emphasize the early 
transition metals (groups 4-7) since the most exciting funda- 
mental developments involve these elements. Generally 
group 8 metal alkyl chemistry is still well represented by ear- 
lier comprehensive  review^.*^^ More recent discussions of 
the metal-carbon bond are also available4-’ (see also sec- 
tion VI), while other sources cover earlier or more special- 
ized material.’-16 

II. Binary Alkyl Complexes+ 
Transition metal compounds bearing only a-alkyl ligands 

have previously been so scarce and so little studied that the 
impression arose that binary metal alkyls are inherently un- 
stable. The key to dispelling this fallacy came with the under- 
standing that transition metal alkyls can decompose via @- 
hydrogen ‘‘elimination” (or “abstraction”), which is not com- 
mon among main group alkyls under similar mild experimen- 
tal conditions. Subsequently people recognized that alkyls 
which have no P-hydrogen should form stable complexes. 
(Stability normally refers to thermal stability, a property 
which has not yet been measured in a standard way.) Several 
research groups reported examples almost simultaneously. 
Particularly striking are WMe6 and Ti(CH&iMe3)4, which 
grossly violate the 18 electron stability rule, and paramagnet- 
ic V(CH2Ph)4. 

Others prepared stable compounds containing tert-butyl or 
norbornyl groups. In the former the p hydrogen appears to be 
sterically inaccessible to the metal atom. In the latter P-elimi- 
nation is unfavorable because unsaturation at a bridgehead 
carbon would result (Bredt’s rule). 

Though suppression of intramolecular decomposition (pri- 
marily &elimination) has received the greatest emphasis, the 
fact that binary complexes with large alkyl ligands lacking a 
6 hydrogen are prepared more easily and are more stable 
than the corresponding methyl complexes almost certainly 
can be attributed also in part to the concomitant suppression 
of intermolecular decomposition reactions. The interesting 
consequence in some instances is that intramolecular a-hy- 
drogen abstraction becomes a favored decomposition mode. 

For brevity, “alkyl” will usually be a general term including aryl and 
alkaryl, and ligands containing Si in the 6 position such as -CH2SiMe3. 
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Quite generally, the new binary metal alkyls react with air 
and moisture and are only modestly stable thermally. The 
usual synthesis involves reaction of a Grignard or organolithi- 
um reagent with a transition metal halide as in 

Et20 
4PhCH2MgCI -k ZrCI4 + Zr(CH2Phk 

Exact experimental details are often critical. We classify bi- 
nary alkyls by ligand type and discuss their preparation and 
chemistry below. 

A. Neutral 
1. Methyl 

In general, binary methyl complexes are extraordinarily 
stable relative to those containing alkyls bearing a p hydro- 
gen. Complexes are known for Ti, Zr, Ta, Nb, Cr, W, and Mn. 

Clauss and Beermann" first prepared bright yellow TiMe4 
in 1959 from methyllithium or a methyl Grignard reagent and 
TiCI4 in diethyl ether at -78'. Inverse addition (TiCI4 to the 
alkylating agent) was later found to give a smoother reac- 
tion. Tetramethyltitanium and ether codistill from the reac- 
tion mixture at ca. -30'. In ether it decomposes near room 
temperature to give methane, traces of ethylene and ethane, 
and a black residue containing carbon, hydrogen, and Ti.19s20 
Crystalline TiMe4, obtained by removing ether in vacuo from 
a hexane-ether solution at -78' (ref 18), begins to decom- 
pose a few degrees above -78'. 

Tetramethylzirconium is prepared in ether-toluene at 
-45' from methyllithium and ZrCl4. Codistillation gives a 
red-brown ether solution of ZrMe4 which evolves 4.0 mol 
methane per zirconium on hydrolysis.21, No further charac- 
terization or reactions have been reported. 

Methyllithium (2 mol) reacts with TaMesCl2 at -78 to 0' in 
ether to give TaMe5 which can be isolated as volatile, pale 
yellow needles which melt at ca. 10' to a yellow It de- 
composes smoothly at 25' in several hours to give methane 
(ca. 3.2 mol) as the only detectable gaseous product. Its lH 
NMR spectrum in toluene-& at -10' shows a single sharp 
singlet at T 9.18 and its mass spectrum a peak correspond- 
ing to TaMe4+. Like TiMe4, its solutions in ether appear 
somewhat more stable than the pure complex; it may be sta- 
bilized by coordination of ether. The analogous reaction of 
NbMe2CI3 with 3 mol of LiMe gives a yellow-orange ether so- 
lution of a product which decomposes smoothly between 
-20 and -10'. Though a stable, seven-coordinate adduct, 
NbMe5L2 (L2 = e.g., a chelating phosphine), was isolated 
after adding L2 to the ether solution, firm conclusions con- 
cerning the existence of NbMe5 must await further studies. 

Hexamethyltungsten can be prepared in ca. 40% yield 
from wc16 and 3 mol of LiMe in ether at -20' (ref 23, 24). 
The yield is reportedly extremely sensitive to this reactant 
ratio, and evidence suggests WMe6 does not form directly. 
Traces of oxygen may also be required.25 It has also been 
prepared from wc16 and AIMe3 in aliphatic  hydrocarbon^.^^ 
WMe6 can b2 extracted into pentane or sublimed onto a 
-10' probe and melts and decomposes near room tempera- 
ture to give ca. 3 mol of methane containing <5% ethane. In 
toluene-d8 it gives a single 'H NMR resonance at T 8.38. The 
WMe5+ peak was the highest found in its mass spectrum. It 
can be characterized further by reaction with 0 2 .  RpNH, and 
halogens (X2) to give W(OMe)e, W(NR2)6, and wx6, respec- 
tively, and with NO to give WMe4{0N(Me)N=O]2 (see section 
VI1.G). A photoelectron spectrum is consistent with octahe- 
dral W(VI) bound to six carbon ligands.26 

Isolation of WMe6 and TaMe5 suggests that other third-row 
binary methyl complexes, HfMe4 and ReMe7, should be isola- 
ble though a direct method of preparing the latter is not ob- 
vious. ReMe6 has recently been mentioned briefly.25 

Only binary methyl complexes with the metal in its highest 
common formal oxidation state (Ti'", TaV, Wvi) are well char- 
acterized. A few lower valent complexes have been re- 
ported, but only dimethylmanganese has been isolated. Reac- 
tion of T~CIS(THF)~ with LiMe in ether17 or MeMgCl in THF or 
ether27 gives a dark-green solution believed to contain tri- 
methyltitanium. Brown-red CrMe3 and black CrMe2 have been 
postulated in analogous reaction schemes," while CrMe4 is 
probably formed from c r ( 0 C M e ~ ) ~  and 4LiMe in pentane at 
-78' (ref 28, 29). All are exceedingly unstable and no ad- 
ducts have been isolated. It was notedz9 that codistillation of 
CrMe4 and petroleum in vacuo gave a considerably less sta- 
ble solution (it decomposed slowly at -60') than when lithi- 
um reagent was present. Dimethylmanganese (from Mn12 and 
2LiMe in ether30$31), unlike the complexes discussed so far, 
is insoluble in ether and assumed to be polymeric. It has also 
been prepared in THF,32 coordination of which apparently 
prevents polymerization. 

Binary methyl complexes have low formal valence elec- 
tron counts (e.g., 8 for TiMe4) and consequently readily form 
adducts with donor ligands when sterically possible. Adducts 
of tetramethyltitanium have been studied to the greatest ex- 
tent.33-35 Both five-coordinate (TiMe4L) and six-coordinate 
complexes (TiMe4L2) have been isolated. Those which can 
be characterized are monomeric in aromatic solvents. In 
general, TiMe4L complexes are less stable. A qualitative 
thermal stability series is L = diox < NMe3 < PMe3 < py. For 
TiMe4Lp it is L2 = TMEDA < 2PMe3 < phen < bpy < dmpe. 
For example, TiMe*(diox) explodes at 0' while TiMe4(dmpe) 
sublimes in vacuo at 30-40' without decomposition. Great- 
est stability occurs when two coordination sites are strongly 
occupied, the implication being that vacant metal coordina- 
tion sites allow at least initiation of decomposition. This phe- 
nomenon has been observed somewhat more directly for re- 
markably stable TaMes(dmpe) and NbMe5(dmpe).22 The 'H 
NMR spectrum of TaMes(dmpe) at 105' exhibits a triplet res- 
onance for five methyl groups coupled to two phosphorus nu- 
clei. At slightly higher temperatures the triplet becomes a 
singlet, coordinated dmpe exchanges with added dmpe, and 
the complex rapidly decomposes. Weak 1:l adducts of 
WMe6 with PPh2Me, PPhMe2, and PPh2Et are isolable at low 
temperature, but the ligands dissociate readily in solution at 
room t e m p e r a t ~ r e . ~ ~  Finally, apparently even weak solvent 
adducts are more stable than the parent compound judging 
by enhanced stability in solvents such as diethyl ether. 

2. Phenyl 

Contrary to popular belief, phenyl complexes are not in- 
herently more stable than alkyl complexes, unless the alkyl 
contains a p hydrogen. Neutral binary phenyl complexes are 
scarce and difficult to prepare. Metal reduction and biphenyl 
formation are common. A low energy decomposition route 
involving ortho hydrogen abstraction, strictly analogous to p- 
hydrogen abstraction, may be responsible for these difficul- 
ties (see section V1.A). 

The MPh4 complexes where M = Ti,36 Zr,37 or Vs8 have 
been prepared at low temperature in ether and characterized 
by reaction with HgC12 to give PhHgCI. All decompose readily 
at 0': 

MPh4 - MPh2 + biphenyl (M = Ti, V) 

ZrPh4 -+ [ZrPh2(ether)]2 + 0.5biphenyl + C6H6 

No details of the latter, which apparently requires a source of 
H, were proposed. Black, crystalline [ZrPhp(ether)]2 can be 
isolated in 95% yield and has been characterized well. It is 
very soluble in ether, THF, dioxane, and aromatic hydrocar- 
bons and poorly soluble in saturated hydrocarbons. It decom- 
poses at high temperatures according to the stoichiometry 
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50-180° 
[ZrPhp(ether)]2 + 2Zr(Ph)(OEt) + 

The exact nature of black, pyrophoric TiPh2 and VPh2 has not 
been fully elucidated. 

Reduction can be minimized by appropriate choice of 
reactants, order of addition, rate of addition, and temperature. 
For example, good yields of TiPh4 are obtained by reaction of 
TiC14L2 (L = py, pip, or quin) and PhMgBr in ether at -160 
(ref 39). The authors attribute this favorable result to precipi- 
tation of MgBr2L, during the reaction. They also suggest that 
the crystalline "TiPh4" which was isolated at -80' in ethe?6 
was actually sparingly soluble TiPh4.nMgX2 (X = halide). Fur- 
ther studies showed that substitution of Ti(OCMe3)4 for TiCI4 
and use of inverse addition gives Ti(OCMe3)4*nPhMgBr which 
disproportionates on addition of dioxane to give TiPh4, 
Mg(OCMe3)2, and sparingly soluble MgBrl(diox),. The best 
system appears to be that employing Ti(OCMed4 and MgPh2 
which gives a smooth reaction to form TiPh4 with essentially 
no reduction of Ti'" (ref 40). These authors conclude that, at 
least in the case of titanium, magnesium halides and other 
Lewis acids contribute to instabilities of reaction mixtures 
containing TiR4. Accordingly, in contrast to previous re- 
p o r t ~ , ~ ~ , ~ ~  they found pure TiPh4 does not decompose in re- 
fluxing ether.42 In the crystalline state, however, TiPh4 turns 
black in a few minutes at room temperature. It is monomeric 
in benzene. 

A few adducts of TiPh4 were prepared for spectroscopic 
purposes.35 Apparently only orange TiPhdbpy), stable at 
O'C, was isolated, though they observed adducts with 
TMPDA, py, TMEDA, and TMMDA in solution. 

The major class of binary phenyl complexes are those of 
chromium. The early work of Hein was shown by Zeiss and 
Tsutsui in 1954 to involve T6-arene complexes of Cr(0) and 
Cr(1).43 At about the same time, the first o-organochromium 
compound, blood-red CrPh3(THF)3, was prepared from 
CrC13(THF)3 and PhMgBr in THF at -20' (ref 44, 45). It de- 
composed on heating to a black solid which gave Cr($- 
C6ti6)2 and Cr(q'-CsH6X~~-biphenyl) on hydrolysis. More re- 
cent . ~ t u d i e s ~ ~ * ~ ~  have not altered the overall interpretation 
though details are still not fully understood. This aspect of 
chromium chemistry as well as the preparation and proper- 
ties of a-bonded organochromium compounds in general 
have been discussed in detail.13 Only adducts, CrPh3L3 and, 
in one case, CrPh3L2, have been isolated. Decomposition to 
Cr(0) appears determined to a large extent by the lability of L. 

Addition of L-L to CrPh3(THF)3 gives sparingly soluble 
CrPh3(L-LXTHF) (L-L = bpy or  hen).^^ These adducts are 
considerably more stable than CrPh3(THF)3 and decompose 
at 135' (bpy) and 160' (phen). 

When CrPh3(THF)3 is dissolved in neat PPhR2 (R = Et, Bu) 
and THF removed in vacuo, five-coordinate, red-violet 
CrPh3(PPhR.& complexes can be isolated.49 They may be re- 
crystallized from hexane and are monomeric in benzene. 
Only traces of aromatic complexes are found after refluxing 
for several hours in ether, benzene, or hexane even though 
they dissolve in THF to give C~P~S(THF)~  instantly. 

A Cr(ll) species, CrPhz(bpy)p, can be prepared by a direct 
or indirect method50 (eq 1). It does not decompose at 80'. 

1 ,  PLiPh, -78" (THF) 
2. Pbpy, -20" (THF) * CrPh,@PY), 

(u = 3.22) 

CrPh2(CHPh2)(THF)2 was prepared in THF from 
Cr(CHPh2)C12(THF)2 and 2LiPh. 

The mesityl derivatives of Cr(lll) and Cr(ll), in contrast, ap- 
parently do not give Cr(0) on decomposition. Violet 
Cr(MeshTHF (p = 3.74) was prepared from CrC13(THF)3 and 
MesMgX in THF.51 THF is lost in noncoordinating solvents 
and refluxing causes decomposition to mesitylene and Cr(lll); 
subsequent hydrolysis did not give Cr(0) species. The authors 
suggest that absence of an ortho hydrogen and/or steric hin- 
drance stabilizes Cr(Mesh toward reduction. Intermolecular 
decomposition was not ruled out. Violet C~(M~S)~(THF)~ ,  
black-violet Cr(Mes)2(bpy)(THF), and blue Cr(Mes)CI(THF)2 
were reported a year later.52 Decomposition in ether or THF 
also gave no Cr(0) species. Similar compounds containing 
the 1-naphthyl and 2-methyl- 1-naphthyl ligands were reported 
but not well characterized. 

Violet-blue v(Me~)~.l.25THF (p = 2.74) was prepared53 as 
for the Cr analog. It is stable to 120' in vacuo and loses THF 
in dioxane or benzene. The solvent-free complex could not 
be isolated. 

The existence of green diphenylmangane~e~~ has been 
disputed.31 If MnPh2 was indeed prepared, its insolubility in 
ether would suggest a polymeric structure analogous to 
MnMe2. However, as with MnMe2, soluble MnPh2 can be pre- 
pared in THF.54 

Finally, several rhenium complexes containing o-aryl 
groups are known.55 Blue RePh3(PPhEt2)2, Re(pt~ly l )~(P- 
PhEt2)2, and [RePh2(PPh3)2]. are prepared from ReC13L3 or 
Re(O)CI3L2, and orange Re(N)Ar2(PPh3)2 (Ar = Ph, ptolyl, (F 

tolyl) from Re(N)C12(PPh3)2. The former are stable in refluxing 
benzene; the latter decompose. 

3. Benzyl 
Preparation of binary benzyl complexes marked the begin- 

ning of a rapid development in the area of "stable" binary 
alkyl complexes. Alkyl ligands such as neopentyl or trimeth- 
ylsilylmethyl, stable complexes of which were soon discov- 
ered, resemble the benzyl ligand in that they too have no p 
hydrogen and are rather bulky. In addition to their scientific 
import the M(CH2Ph)4 compounds, especially the zirconium 
derivative, have practical potential as olefin polymerization 
catalysts.56 

Tetrabenzyltitanium was prepared in solution in 1 96740957 
and isolated a year later.58 It is most commonly prepared 
from TiCI4 and PhCH2MgX (X = CI, Br) in diethyl ether but 
variations have been studied ~ a r e f u l l y . ~ ~ - ~ ~  An interesting in- 
direct method employing TiMe4 and B(CH2Ph)s has also been 
reported.63 In general, however, Ti(CH2Ph)d is much easier to 
prepare than TiPh4. One important finding" is that some 
ether is necessary apparently in order to form an adduct with 
TiCI4. 

The preparations of Zr(CH2Ph)464-65 and Hf(CH2Ph)466-69 
are entirely analogous to that of Ti(CHzPh14, while green 
V(CH2Ph)4 is best prepared from VC14 and Mg(CH2Ph)2 in 
pentane in the presence of a small amount of ether,70 or in 
neat ether." Apparently only black, crystalline 
V(CHzPh)d(ether) has been i~olated.~'  Use of PhCH2MgCI 
gave large quantities of VC13 and little V(CH2Ph)d. Tetraben- 
~ y l t u n g s t e n ~ ~ ~  and tetraben~ylmolybdenum~~~ have also been 
mentioned, but details are not yet available. 

The synthesis, properties, and some reactions of 
Ti(CH2Ph)4 and Zr(CH2Ph)d have been described fully65.73,74 
(Figure 1). Red Ti(CH2Ph)d (mp 70') and yellow Zr(CH2Ph)4 
(mp 133') are slightly soluble in aliphatic hydrocarbons, 
more so in aromatic hydrocarbons and ethers, and are mono- 
meric in benzene. 

Both Ti(CH2Ph)d and Zr(CH2Phk decompose in refluxing 
heptane in several hours (Ti >> Zr). The titanium compound 
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M(OCH2Ph), M I4  + 4PhCH21 

2co; I OLEFIN 
#' A'ICH2Ph13 1 ISOMERIZATION and 

PhCH,COeH + (PhCH2)xWIi POLYMERIZATION ~. 

i (AFTER HYDROLYSIS) 

Zr(CHpPh 14 .  AI (CH2Ph )3 

Figure 1. Some reactions of M(CHzPh), (M = Ti, Zr). 

yields the maximum theoretical amount of toluene which can 
arise from methylenic hydrogen atom transfer (2.66 mol). No 
deuterated toluene is produced in deuterated solvents. In the 
solid state both decompose to give benzene, bibenzyl, di- 
phenylmethane, and ethylene in addition to toluene.73 The 
black Zr-containing residue on deuterolysis gave a mixture of 
50% H2, 25% HD, and 2 5 %  D2 (suggesting catalyzed H/D 
exchange), do- to d~toluene, and deuterated mixtures of 
methane and ethane, while reaction with HgC12 gave 
PhCHpHgCI, MeHgCI, and EtHgCI, all in trace amounts. 

Interestingly, Z ~ ( C H Z P ~ ) ~  is photosensitive, more so than 
Ti(CH2Ph)d. Irradiation in toluene at -60' gave a brown prod- 
uct believed to be Zr(H)(CH2Ph)2(CH2C6H4CHzPh). Hydrolysis 
gave hydrogen, toluene, and a 1:l mixture of 0- and pben- 
zyltoluene. Though methanolysis with CH30D gave HD, in- 
frared or 'H NMR spectroscopy did not confirm a Zr-H bond. 
Photochemical activation is apparently necessary to observe 
rapid olefin polymerization by Zr(CH2Ph)4.56 

Single-crystal x-ray structural determinations have been 
completed for the three M(CH2Ph)A species (M = Ti, Zr, or 
Hf).66,75376 In contrast to S ~ I ( C H ~ P ~ ) ~ ,  an essentially perfect 
tetrahedron with C-Sn-C angles of 108-111' and a mean 
Sn-C-C angle of 11 lo, the M(CH2Ph)4 structures are distort- 
ed with rather large variations in the C-M-C angles (e.g., 
99-1 18' for Hf) and small mean M-C-C angles (Hf, 94'; Zr, 
92'; Ti, 103'). Several authors have suggested that metal in- 
teraction with the phenyl ring contributes to their stability 
though no abnormal 'H NMR spectral features support this 
proposal. The structure of V (CHZP~)~  is also a distorted tetra- 
hedron as suggested by the well-resolved ESR spectrum at 
room temperat~re.~' 

Several adducts Of tetrabenzyl species are known. 
Ti(CH2Ph)r(bpy) has been isolated at room t e m p e r a t ~ r e ~ ~ ~ ~ ~  
and adducts with TMEDA, TMPDA, TMMDA, and py are 
formed in solution.35 At low temperature Ti(CH~Ph)~(ether)~ 
crystallizes from ether.63 Adducts of Zr(CH2Ph)4 with bipyri- 
dy167.73.77 and py, THF, thioxane, and other donors77 have 
also been isolated. An 'H NMR study67-69 of Lewis base in- 
teractions with Z ~ ( C H P P ~ ) ~  and Hf(CH2Ph)4 has shown that (i) 
only monoadducts form for L = py, quin, PMe3, or THF; (ii) 
the equilibrium constant for pyridine adduct formation in chlo- 
robenzene is ca. 13 for Zr(CH2Ph)4 and ca. 460 for 
Hf(CH2Ph)4; (iii) no adducts form with NR3 (R = Et, Pr, Bu, or 
Ph), TEEDA, diethyl ether, dioxane, PPh3, P(OMe)3, P(OEt)3, 
cyclooctene, cyclohexene, or 1,l-diphenylethylene; and (iv) 
bipyridyl forms insoluble M(cH~Ph)~(bpy). Clearly steric fac- 
tors play an important role. 

Reaction of TiC13(THF)3 with PhCH2MgCI in ether at -45' 
gives a brown solution which may contain Ti(CH2Ph)s as sug- 
gested by reaction with 3.512 to give Til4 and 3PhCH21." 
When the temperature of the initial mixture rose to 20' a red 
color developed, ethane, methane, and smaller amounts of 
ethylene, propane, and pentane were evolved, and 
Ti(OEt)2(CH2Ph)2(ether)2 was subsequently isolated. The sol- 
vent-free form, [Ti(OEt)2(CH2Ph)2] 2, was prepared from 
Ti(CH2Ph)4 and 2 mol of e t h a n ~ l . ~ ~ , ~ ~  

The reaction between TiCppPhp and 2LiCH2Ph reportedly 
gives T i (cH~Ph)2 .~~ The authors suggested a polymeric solid- 
state structure. It dissolved in tetrahydrofuran in which it 
reacted with HCI to give 2 mol of toluene. 

Neither Cr(CH2Ph)4 nor Cr(CH2Ph)s has been isolated. ESR 
evidence for the former was ~ b t a i n e d ~ ~ ~ ~ ~  while the latter 
probably exists at low temperature." On hydrolysis at 20' 
the mixture from the -78' reaction of 3PhCH2MgCI and 
CrCI3(THF)3 gave H2, toluene, bibenzyl, 2-benzyltofuene, and 
[Cr(~6-2-benzyltoluene)(q6-toluene)]+, isolated as its tetra- 
phenylborate salt. 

The dimeric complexes, Mz(CH2Ph),j(M = Mo, W), are 
probably structurally similar to M02(CH2SiMe3)6~~ (section 4, 
below). Preparative details have not yet been published. 

Finally, M ~ I ( C H ~ P ~ ) ~  was prepared in THF but not isolat- 
ed.32 

4. Neopentyl, Trimethylsilylmethyl, and Related Alkyls 
Neopentyl and trimethylsilylmethyl ligands have been used 

to prepare what is now the most extensive class of binary 
metal alkyls. 

The group 4 M ( C H Z C M ~ ~ ) ~  complexes are usually prepared 
from neopentyllithium and MC14 in an ethereal solvent and 
red-purple C T ( C H ~ C M ~ ~ ) ~  by air oxidation or disproportiona- 
tion of [Cr(CH2CMe3)4]- in hydrocarbons or ether.29,80,83-85 
(In THF Cr(CH2CMe3)3(THF)3 does not readily disproportion- 
ate.") The pale yellow to colorless group 4 complexes are 
all volatile, low-melting solids which sublime in vacuo without 
decomposition. Attempted preparation of V(CH2CMe3)4 from 
either VC14 or VOC13 and neopentyllithium in saturated hydro- 
carbons gave brown solutions whose ESR spectra were not 
consistent with its f~rmation.'~ 

Corresponding M(CH2SiMe3)4 complexes have been pre- 
pared for M = Ti, Zr, Hf, and Cr, and also for M = V by analo- 
gous The group 4 complexes are liquids at 
room temperature. The green vanadium complex is some- 
what unstable at room temperature in contrast to the group 4 
complexes. Cr(CH2SiMe3)4 is remarkably inert toward water, 
dilute mineral acids, amines, phosphines, alkenes, phenylac- 
etylene, and CO at 100' and 200 psi, but reacts with oxygen. 
In contrast, V(CH2SiMe3)4 decomposes in aqueous solu- 
tions, alcohols, and chlorinated solvents and is oxidized to 
V(0)(CH2SiMe3)3 on passage through a cellulose column, yet 
it does not react under mild conditions with CO, alkenes, 
acetylene, or phosphines. 

Related MR4 species such as Cr(CHZCMe2Ph)d and 
Cr(CH2CPh3)4,29s80 Zr(CH2SiI~lepPh)4,~~ and Ti(CH2Si- 
Me2Ph)490 have been mentioned. A crystal structureg' of 
Cr(CH2CMe2Ph)4 clearly shows the dense packing around the 
metal which is assumed to be at least partly responsible for 
its chemical stability. It is a slightly distorted tetrahedron with 
Cr-C distances from 2.01 to 2.07 A. 

Because the Cr(lV) oxidation state is rather unusual, the 
ESR and electronic spectra of CrR4 species have been thor- 
oughly studied.26~29~80~92 Several ESR signals are generally 
observed, possibly because the alkyls cannot rotate about 
the metal-carbon bond. Both electronic and ESR spectra 
suggest a distorted tetrahedral symmetry. 

Attempts to prepare binary -CH2CMe3 or -CH2SiMe3 com- 
plexes from NbC15, Tact5, MoCI5, and wc16 gave unantici- 
pated results, probably in part because more than four of 
these bulky ligands on a single metal is sterically unfavor- 
able. The niobium and tantalum reactions gave both bridging 
and terminal carbene complexes (see section ll.A.5), proba- 
bly by a-hydrogen abstraction. 

Attempts to prepare -CH2SiMe3 complexes of Mo(V) or 
W(VI) employing Me3SiCH2MgCI gave the dimers, 
M2(CH2SiMe3)8, which are stable in air for a short time and 
sublime in vacuo at 120' (ref 83, 88). A crystal structure6* of 
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Mo2(CH2SiMe3)6 shows the following essential features: (i) a 
short (2.167 A) Mo-Mo distance indicates a multiple metal- 
metal bond; (ii) each molybdenum has a distorted tetrahedral 
coordination and the three alkyl groups on one atom are 
staggered relative to the three on the second: (iii) the Mo- 
CH2-Si angle (121') and the Mo-Mo-CH2 angle (101') are 
probably a consequence of the mutual repulsion of the bulky 
trimethylsilyl groups; and (iv) the mean Mo-CH2 distance is 
2.131 A. The tungsten analog is isostructural. 

To avoid low yields the analogous Mo2(CH2CMe3)6 com- 
pound must be prepared with neopentyllithium instead of the 
Grignard reagent.84 Though it is sufficiently volatile to sub- 
lime (130'), it is slightly more unstable than the -CH2SiMe3 
analog and decomposes at this temperature. 

All complexes in this section have been fully examined by 
infrared, 'H NMR, or ESR (for V and Cr) spectroscopy, but 
only qualitative reactions reported. Unfortunately, the large li- 
gands hinder a reagent's approach to the metal and thereby 
limit to some extent reaction under conditions where the 
complex remains intact. Ironically, this is probably one rea- 
son why the complexes can be prepared in the first place. 

5. Alkylidenes 
Neopentyl and CH2SiMe3 alkylating agents react with 

NbC15 and TaCI5 to give compounds containing carbene li- 
gands probably because more than four bulky alkyl groups 
cannot fit around a single metal atom. 

Addition of MCl5 to 5.5 mol of Me3SiCH2MgX in ether did 
not give M(CH2SiMes)s (M = Nb or Ta) but [M(CH2Si- 
Me3)~(CSiMe3)]2.'~.'~ These red (Nb) or orange (Ta) com- 
plexes do not sublime in vacuo though they are soluble in 
pentane and decompose only at their melting points, 152 and 
170', respectively. Formulation of the Nb complex has been 
confirmed by a crystal structureg3 shown schematically in 
Figure 2. The two crystallographically independent dimers do 
not differ significantly. The metals and bridging carbon atoms 
lie in a plane but neither the Nb-C(bridging)-Si angles nor the 
Nb-C(bridging) distances are identical in a given molecule. 
Nevertheless, the Nb-C-Nb-C ring can be described as 
quasi-aromatic, a fact which explains the diamagnetism of 
these complexes and possibly also why they do not readily 
react with NO, CO, tertiary phosphines, amines, or alkenes. 
Their mechanism of formation is unknown and neopentyl an- 
alogs were not obtained. 

The attempted preparation of T ~ ( C H Z C M ~ ~ ) ~  from 
Ta(CH2CMe3)&12 and 2 mol of LiCH2CMe3 in pentane gave 2 
mol of LiCI, 1 mol of neopentane, and very soluble, orange, 
crystalline Ta(CH2CMe3)3(CHCMe3).94 Its 'H NMR, mass 
spectrum, and molecular weight are consistent with formula- 
tion as 

\ /H 
Me3CCH2 

Me3CCH2-Ta-C 
Me,CCH2 CMe, 

\ / 

Hydrolysis with 5 mol of DCI produced 3.7 mol of a mixture of 
three parts neopentane-dl and one part neopentane-d2 while 
13C NMR confirmed the presence of a carbene-carbon with a 
250-ppm chemical shift. Labeling experiments suggest for- 
mation via Ta(CH3CMe3)s by intramolecular cy-hydrogen ab- 
straction. An exactly analogous reaction gives wine-red 
Nb(CH2CMe3)3(CHCMe3).95 The former is extraordinarily sta- 
ble thermally, the latter considerably less so. Their isolation 
demonstrates clearly that, under some conditions, (i) alkyli- 
dene complexes are stable and (ii) intramolecular a-hydrogen 
abstraction is a viable mode of "decomposition" of binary 
alkyl complexes. 

Interestingly, elimination of a second mole of neopentane 

Nb ... Nb = 2.897; 
C . . . C  = 2.684A Si Me 3 

I 

I 
Si Me 3 

Figure 2. The structure of [Nb(CH$3Me3)2(CSiMe3)] (ref 93). 
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Flgure 3. The structure of Ta(CH2CMe3)3[C(CMe3)(Li.N,h"dimethyC 
piperazine)]. 

to give the carbon analog of [M(CH2SiMe3)2(CSiMe3)] 2 (vide 
supra), i.e., 

-C5H12 
M(CH&Me3)3(CHCMe3) - 0.5 [ M(CH2CMe3)2(CCMe3)] 

does not occur readily despite the fact that lithium reagents 
react with M(CH2CMe3)3(CHCMe3) to give M(CH&Me3)3[C(C- 
Me3)(Li-L,)] (L, = N,N'-dimethylpiperazine, for example),94 
i.e., the neopentylidene CY proton is more acidic than a neo- 
pentyl CY proton. Failure to isolate M(CH2SiMe3)3(CHSiMe3) 
may possibly be ascribed to the greater acidity of protons CY 

to silicon vs. CY to carbon. 
A crystal structure of the lithiated Ta species has been 

completedg6 (see Figure 3). The extraordinarily short tanta- 
lum to "carbene"-carbon distance (1.76 A) and large Ta- 
C-CMe3 angle suggest that this compound should be viewed 
as a "carbyne" complex analogous to group 6 carbyne com- 
p l e ~ e s . ~ ~  

6. Other Alkyls 
a. Bulky Alkyls 

Complexes of the type M(l-n~rbornyl)~ where M = Ti, Zr, 
Hf, V, and Cr (also Mn, Fe, and Co) were prepared from the 
metal halides and 1-norbornyllithium in pentane.98 Dispropor- 
tionation to yield M(IV) species was the rule when lower va- 
lent halides were used. Chromium (2,3,3-trimethylbicy- 
cl0[2.2.1]hept-I-yl)~ could also be prepared but with 2,2,3- 
trimethylbicycl0[2.2.l]hept-l-yl only CrR3 (61 % yield) re- 
sulted. Ligand interrepulsions must be too large in CrR4 in 



248 Chemical Reviews, 1976, Vol. 76, No. 2 R. I?. Schrock and G. W. Parshall 

this case. All are pentane-soluble, monomeric, and pass 
through an alumina column unchanged. The authors attribute 
their thermal stability ( t I 1 2  = 29 h at 100’ for TiR4) to the fact 
that @-hydrogen abstraction is unfavorable (unsaturation at a 
bridgehead carbon would result) and their chemical stability 
(M = Ti, V, or Cr) to the ligands’ close packing around these 
relatively small metals. It is also interesting to note l-nor- 
bornyl has no a proton which would allow decomposition by 
an a-abstraction process. ESR98-’00 and preliminary x-ray 
data (for Cr( l -n~rbornyl)~) suggest tetrahedral structures. 

Apparently only three CH(SiMe3)p ligands can fit conve- 
niently about a first-row transition metal. Paramagnetic 
M[CH(SiMe3)2]3 species (M = Ti, V, Cr) have been isolat- 
edl0la and at least the Cr complex is quite stable thermally; it 
decomposes at ca. 80’. Excess LiCH(SiMe3)2 reacts with 
MCI4 (M = Zr, Hf) in ether to give only M[CH(SiMe3)2]3CI 
while 1 mol reduces TiCp2C12 to [TiCppCI]2. CH(SiMe3)2 must 
be about the size of N(SiMe3)n for which many three-coordi- 
nate complexes are 

Though the tert-butyl ligand is very susceptible in most cir- 
cumstances to &hydrogen abstraction, Cr(CMe3)4 can be 
prepared in 60% yield from Cr(OCMe3)4 and LiCMe3 in pen- 
tane.28 It can be chromatographed on alumina and sublimes 
at mm. The activation energy for decomposition ( t I l 2  = 
4.5 min at 70’ in heptane) measured over the range 55 to 
80’ was 29 f 3 kcal/mol. At 80’ the decomposition prod- 
ucts were isobutane and isobutylene (6.5: 1) containing small 
amounts of methane, ethane, and propane. Its stability is at- 
tributed to the fact that the methyl groups are tightly packed 
and cannot orient properly for @-hydrogen abstraction to 
occur. 

Colorless Ti( I-adamantylk was prepared recently in 18% 
yield from TiC14, Na, and 1-chloroadamantane in refluxing cy- 
clohexane. 102a Considerable biadamantane was also ob- 
tained, consistent with a radical reaction. The extraordinary 
thermal stability of Ti( I-adamantylk (mp 233-235’; “the 
compound proved difficult to decompose with HN03-HF- 
H202 mixtures at 170’ when analyzing for the metal”) com- 
bined with the fact that the adamantyl radical is fairly long- 
lived (ref 13 in ref 102a) suggests that homolytic metal-car- 
bon bond cleavage is not a common primary decomposition 
step (see section V1.E). @-Hydrogen abstraction is unfavor- 
able for reasons analogous to those stated for 1-norbornyl; 
1-adamantyl also has no a hydrogen. 

b. “Unstable” Alkyls 
Except for special cases (e.g., Cr(CMe&) and in monoal- 

kyl complexes with an 18 valence-electron count (e.g., 
Mn(CO)sEt), complexes of alkyl groups containing a @-hydro- 
gen atom are accessible only at low temperature or in coor- 
dinating solvents. For example, TiR4 species where R = Cy, 
Bu, CMe3, Pr‘, Pr, and Et can be prepared without accompa- 
nying reduction to Ti(lll) by adding Ti(OCMe3)4 to RMgX at low 
 temperature^.^^ The CrR4 species where R = Pr’, s-Bu, Bu, 
and cyclohexylmethyl, prepared as for Cr(CMe3)4, are “more 
or less stable between -78’ and room temperature” in pen- 
tane.28 For R = Bu and cyclohexylmethyl. CrR4 appeared sta- 
ble for several hours at 0’ in pentane. Decomposition rates 
of MnR2 in THF32 are almost certainly moderated by forma- 
tion of M~IR~(THF)~. They vary in the order R = Pr‘ > CMe3 > 
Et > Pr - Bu >> Me - CH2CMe3 - CH2Ph. (“MnPrp” decom- 
poses 10% in 2 h at 25’.) Though decomposition of long- 
chained alkyl complexes produced in situ may be accelerat- 
ed by metal salts, reduced metal complexes, etc., the basic 
contention concerning their instability appears sound. Excep- 
tions, where the valence-electron count is less than 18, will 
probably have a crowded coordination sphere similar to that 
in Cr(CMe3)4. 

c. “Mixed” Alkyls 
A few complexes containing more than one type of alkyl 

are known. Not unexpectedly, properties of the mixed binary 
complexes are roughly intermediate between those of the 
parent species. 

Exchange between TiMe4 and BPh3 or B(CH2Ph)3 at -78’ 
in diethyl ether yields TiMe2Ph2 or TiMe(CH2Ph)s. respective- 
ly, and BMe3.63 (TiMe(CH2Ph)3 has also been prepared from 
Ti(CH*Ph)3CI and MeMgI.”) In the latter case raising the tem- 
perature to -30’ caused complete exchange to give 
Ti(CH2Ph)4. The reaction with BPh3 was not altered by chang- 
ing the reactant ratio. One suggested mechanism 

TiMe4 -t- BPh3 [TiMe3]+[BMePh3]- * 
TiMe3Ph + BMePh2 * etc. 

should be compared with the proposed mechanism of methyl 
exchange between TiMe4 and AIMe3 in the presence of 
ether: 102b 

TiMe4 + AIMe3 + [TiMe3]+[AIMe4]- 

The reaction of Cr(CHPh2)C12(THF)2 with phenyllithium to 
give Cr(CHPhp)Ph2(THF)2 was briefly mentionedSo as was a 
bipyridyl adduct. 

B. Anionic 
Most “anionic” metal alkyls contain one or more alkali 

metal counterions. Since lithium alkyls contain bridging alkyl 
groups, it is not surprising that the “anionic” complexes con- 
tain the Li-R-M arrangement. The truly anionic complex, 
[Li(THF)4]+[TaPhe]-, probably exists because a structure 
containing Li-Ph-Ta bonds is sterically unfavorable. 

1. Methyl 
Addition of methyllithium to TiMe4 in ether followed by 2 

mol of dioxane gives a precipitate, Li [ T i M e ~ ] . 2 d i o x . ’ ~ ~ . ~ ~ ~  
Conductivity measurements in THF favor an ionic formulation 
but the manner in which dioxane is bound is uncertain. Simi- 
larly, TiMe4 and LiPh or LiCH2Ph (LiR) gave Li[TiRMe4].2diox- 
ane, and TiMe2Ph2 and LiPh, Li [TiMe2Ph3].2dioxane. All de- 
compose at -20’ to 0’. 

Reaction of ZrC14 with >6 mol of methyllithium in ether- 
toluene gives Li2[ZrMe6] .lo5 The bright yellow crystals are 
stable under nitrogen at 0’ for several hours and dissolve in 
ether, tetrahydrofuran, and toluene, but not in aliphatic hydro- 
carbons. In toluene, alcoholysis produced only methane (6 
mol per Zr). A structure was not proposed but may well con- 
tain Li-Me-Zr bridges as found in Li3[CrMe6].3(solvent) (vide 
infra). Some bridging structure is probably retained even in 
coordinating solvents, though [zrMe6l2- does not seem un- 
reasonable. 

Similar anionic niobium and tantalum complexes, 
[MMe,15-” ( n  = 6 or 7), are probably formed in ether from 
appropriate quantities of TaMe3Clp or NbMepC13 and methylli- 
thium.22 However, the ’H NMR spectrum of Li2[TaMe7] in 
THF suggests equilibria between at least two unidentified 
species and methyllithium. Ether solutions are remarkably 
stable compared with those of TaMes or NbMes yet methylli- 
thium is readily lost on addition of dmpe and MMeddmpe) iso- 
lated. 

The chromium-methyl system has been studied most ex- 
tensively so far. Reaction between CrC13 and 6LiMe in ether 
at - 18’ gives Li3[CrMe6], isolable as blood-red Li3CrMe6- 
3dioxane on addition of dioxane.’06 It is insoluble in hexane 
and benzene (it slowly decomposes in these solvents) but is 
soluble and stable in ether and dioxane in which it is mono- 
meric and apparently undissociated. Its reactions with H20 
and l2 give 6 mol of methane and 6 of methyl iodide, respec- . 
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Figure 4. A schematic drawing of Li&rMes(dio~)~ 
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Figure 5. Partial schematic structure of [Li2CrMe4(THF)2]2. 

tively. Its structurelo7 is shown schematically in Figure 4. Six 
methyl groups are disposed in a slightly distorted octahedral 
arrangement around Cr, and each tetrahedral lithium atom is 
surrounded by two methyls and two dioxanes. The dioxanes 
bridge to lithiums in other molecules. The Ti and Zr com- 
plexes discussed above are most likely structurally related. 

In ethers Li3CrMes slowly decomposes to give a dimeric 
Cr(lt) compIex:lo6 

The dimer may also be prepared directly from CrC12 and 
methyllithium or from Cr2(~3-C3H5)4 and 8LiMe in THF.Ioe Its 
reduced paramagnetism (p  = 0.57) suggests a Cr-Cr bond. 
The structure10g of [Li2CrMe4(THF)2]2 is partially shown in 
Figure 5. Each of the four equivalent faces of the tetragonal 
prismatic unit composed of eight methyl groups and two 
joined chromium atoms is capped with a lithium atom to 
which a THF molecule is also bound. The authors postulate a 
quadruple Cr-Cr bond. 

MoCI~(THF)~ is reduced by 5LiMe to give Li2MoMe4(THF)2 
and 0.5 mol of ethane, according to the authors.lloa (Li3- 
Mobles is apparently not isolable.) Li2MoMe4(THF)2 is a dia- 
magnetic dimer analogous to [Li2CrMe4(ether)2]2 (vide 
supra). This is confirmed by an x-ray structure”” where 
Mo-Mo = 2.148 A and Mo-C(mean) = 2.29 A. 

Also in this class is [Li2Cr(C4H8)2(ether)2]2 (see section 
11.6.3 and Figure 6).11’ The metallocyclic rings are staggered 
with Cr-Cr = 1.975 A. The Cr-CH2 distances and angles are 
variable. 

The only other “anionic” methyl complex is Li[MnMe3].31 
Few details concerning its preparation and properties are 
available. 

2. Phenyl 
The reaction of LiPh with CrC13 in ether112 simply gives 

metathesis in contrast to reduction to Cr(0) usually observed 
with Grignard reagents. The orange crystalline product, iso- 
lated in high yield, has the formula (LiPh)3CrPh3(ether)2,5. It is 
also formed starting with CrBr3, CrC13(~y)~, Cr(acac)3, and 
Cr(ll) salts, disproportionation occurring in the latter in- 

Figure 6. Partial schematic structure of [Li*Cr(C4Hs)2(Et20)*] 2. 
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Figure 7. A schematic drawing of Na2CrPh5(ether)3(THF) 

stance.’13 Hydrolysis with water gives 6 mol of benzene but 
some biphenyl is formed on reaction with iodine: 

(LiPh)3CrPh3(ether)2,5 -F 4.512 - 3Lil Crl3 + 3Phl 4- 1.5Ph2 

Somewhat surprising also is its reaction with molecular hy- 
drogen to give postulated Li3CrHPh5 and Li3Cr2H3Ph6. Its mo- 
lecular weight in benzene is close to theory initially, but ether 
is gradually lost and (LiPh)&rPh3 can be isolated as a yellow 
powder. The magnetic moment (3.61) is characteristic of oc- 
tahedral Cr(lll) and its structure is probably similar to that of 
Li3CrMe~(diox)3 (cf. the structure of Na~CrPh~(ether)a(THF) 
below). 

Lower members of the M,-3CrPhxS, family (x = 4, 5 ,  or 
6, M = Na or Li, S = an ether) have also been studied. The 
blue-green product resulting from the reaction of NaPh with 
CrC13 is Na~CrPh~(ether)3, ‘~~ analogous to the lithium deriva- 
tive reported several years earlier.’ l5 (Yellow Na3CrPh6 is 
unstable toward loss of NaPh.) It is monomeric in ether (ebul- 
lioscopy), has a magnetic moment of 3.66, and gives olive- 
green Na~CrPhs(bpy)~ ( p  = 3.90) with bipyridyl. A crystal 
structure’ l6 of Na2CrPh5(ether)3(THF) reveals a greatly dis- 
torted trigonal-bipyramidal geometry about Cr with each Na 
interacting with two phenyl rings (Figure 7). 

The lowest members (x = 4, M = Li, Na) are prepared by 
redistribution reactions’ l7 (ether molecules omitted): 

4Na2CrPh5 + CrC13 - 5NaCrPh4 + 3NaCI 

2Li3CrPhs + CrCI3 -+ 3LiCrPh4 + 3LiCI 

Each can be characterized as its blood-red dimethoxyethane 
adduct, MCrPh4(dmek (p  = 3.85 for M = Na, 3.65 for M = 
Li). The magnetic moments appear to rule out formulation as 
[M(dme)4]+[CrPh4]-; octahedral Cr(lll) with two dme ligands 
and two bridging phenyl groups to Na(dme)2 is more plausi- 
ble. 



250 Chemical Reviews, 1976, Vol. 76, No. 2 R. R. Schrock and G. W. Parshall 

All members of the Cr(lll) class react with CrC13 to yield 
Cr(ll) complexes under proper conditions:’ 

4Na&rPhs(ether)3 -k CrC13(THF)3 - 
5NaCrPh3(ether)l,5 + Y2Ph2 + 3NaCI 

3LiCrPh3(ether)l.5 + 3/2Ph2 + 3LiCl 

These are brown-black, soluble in THF, benzene, diglyme, 
and diethyl ether, and react characteristically with H20, HgCI2 
and 12. Their reduced magnetic moments (ca. 0.6-0.8) and di- 
meric character (molecular weight studies) indicate they 
probably are structurally similar to [Li&rMe4(THF)2] 2. 

Finally, a monomeric, anionic Cr(ll)-phenyl complex has 
been i~olated:~’ 

2Li$rPhe(ether)2,5 + CrC13(THF)3 - 

Cr(CHPh,)Ph, (in situ) + 2LiPh THF-ether+ Li2Cr(CHPh2)Ph, 
I 

-0. 5Ph2CHCHPh2 

Li,CrPh,VHF), J 
It can also be prepared from CrC12(THF)2. The yellow crystal- 
line complex is stable in an inert atmosphere to approximate- 
ly 90’. Its magnetic moment (4.73) is characteristic of a 
high-spin d4 species and suggests it is not a member of the 
dimeric class, [Li~CrR4S2]2, but the sole member of a third 
class of “anionic” organochromium species. Apparently the 
large phenyl groups prevent dimerization. 

A molybdenum species, (LiPh)3MoPhdether)3, is formed in 
20% yield on reaction of MoC15 with 10 mol of LiPh in ether 
at -30’ (ref 119). The yellow crystals, obtained from a dark 
red reaction mixture, dissolve in ether, benzene, THF, or 
butyl ether to again give a red color which is believed that of 
a species formed by loss of LiPh. Hydrolysis produced ether 
and benzene in a 1:2 ratio while thermal decomposition left a 
black, crystalline, ether-soluble residue which was not identi- 
fied. Its “anomalous” reaction with HgC12, viz. 

(LiPh)3MoPh3 + 6HgCI2 - 3PhHgCI + 
1.5Hg2C12 + 1.5CeH5-C6Hs + MoC13 + 3LicI 

was taken as evidence against the “Li3MoPh,j(ether)3” formu- 
lation suggested by other authors.’20 

An apparently analogous tungsten complex was prepared 
from WBr5 and excess LiPh in ether at 0-10’ (ref 121). It is a 
finely crystalline, black powder which gives deep violet ben- 
zene and ether solutions. Reformulation as (LiPh)4WPhp(eth- 
er)4 was suggested122 based on titrationlZ3 and flame pho- 
t ~ m e t r y . ’ ~ ~  It reacts with 2 mol of hydrogen reportedly to 
give WH( LiPh)4. ’ 25* ’ 26 

Anionic vanadium complexes have also been reported. For 
e~ample,‘~’ 

THF 
lOLiPh + VC13(THF)3 d (LiPh)4VPh2(ether)4 

As for Cr, the Grignard reagent gives zerovalent species.’** 
The permanganate-colored crystalline product ( p  = 3.85), 
soluble in ether and benzene, was later prepared from 
VCp2Ph and 7LiPh in 66% yield.129 With only 2 mol of LiPh in 
the latter reaction, (LiPh)VPh2(ether) is formed. A third com- 
plex was also reported: 

VCp2 + 7LiPh -+ 2LiCp 4- (LiPh)5VPh2(ether)5 

Two niobium complexes have been r e p ~ r t e d : ’ ~ ~ - ’ ~ ’  
ether 

NbBr5 + 8LiPh (LiPh)3NbPh4(ether)3 (p  = 1.66) 
ether 

24 h 
NbBrs 4- 9LiPh +(LiPh)4NbPh2(ether)3,s ( p  = 1.81) 

Both are black-violet, thermally unstable, and soluble in ben- 
zene or dioxane; they do not conduct in dioxane. Niobium ox- 
idation states 4-k and 2+, respectively, but no definite struc- 
tures, were proposed. 

Black-violet (LiPh),TaPh2(ether)3,5 was prepared in an 
identical manner’32a (p  = 1.68). A bright green intermediate, 
(LiPh)3TaPh3(ether)2.5-3, was also isolated, 

In another report’32b the authors draw a distinction be- 
tween magnetically “normal” and magnetically “abnormal” 
complexes of the type (LiPhkMPh,(ether), on the basis of 
oxidation products with oxygen. The complexes of Nb, Ta, 
and W give triphenylene while pure LiPh and those of V and 
Cr do not. They inferred the former contain orthodisubsti- 
tuted phenyl groups, a hypothesis supported by the ’H NMR 
spectrum of the W complex in which an A2B2 pattern charac- 
teristic of an orthodisubstituted phenyl group appears. They 
suggested the Nb, Ta, and W complexes therefore be refor- 
mulated as M(IV) species, (LiPh)4M(C&4)2. The manner in 
which phenylene coordinates was not discussed, but it could 
conceivably bridge two metals as in Ni2(c.rC6H4)2(PEt3)4.133 

The only truly anionic phenyl complex is [Taphe]- (ref 
134). Addition of 5 mol of LiPh (17.8% in a benzene:ether 
solvent, 77:23) to TaC15 in benzene at ca. 20’ followed by fil- 
tration, and addition of tetrahydrofuran gave crystals of or- 
ange, light-sensitive [Li(THF)4]+ [TaPh6]-. Other reactant ra- 
tios or temperatures gave lower yields (0; none at all) though 
this could at least partially be a function of product solubility. 
Salts containing [NEt4]+ and [AsPh4]+ were prepared by 
metathesis reactions. All have ’H NMR spectra consistent 
with their formulation and conduct in tetrahydrofuran or ace- 
tonitrile. Isolation of [Taphe]- is surprising since the metal is 
commonly reduced in systems of this type. Reactant ratio, 
order of addition of reagents, and mixed solvent are probably 
all crucial in preventing reduction. [Taphe]- probably forms 
directly but disproportionation of a reduced species is not un- 
reasonable, especially in view of the low isolated yield. 

WH(LiPh)4,’25*’26 Li3CrHPh5,‘13 and Li3Cr2H3Ph6’13 are the 
postulated products of the reaction of molecular hydrogen 
with the corresponding anionic phenyl complexes (vide 
supra). Perhaps the best characterized complexes of this 
type are diamagnetic Li2MoPh2H2’ lob and Li4Mo- 
Ph2H2Me2(dio~)21 lot: 

5Li3MoPh6 + MoC13(THF)3 -+ 6Li2MoPh~H2 
3C6H5-CeH5 + 3LicI + 12“C6H4” 

Li2MoPh2H2 + 2LiMe.diox + Li4MoPh2H2Me2(diox)2 

Apparently ortho-hydrogen abstraction (see section V1.A) 
gives dehydrobenzene which can be trapped by anthracene 
to give triptycene.’ lob Both complexes were characterized 
by hydrolyses and by ’H NMR in which the peaks at 7 8.05 
and 8.70, respectively, were assigned to the proposed bridg- 
ing hydride ligands. Further investigation of these species, in- 
cluding an x-ray structure, would be relevant to understanding 
the peculiarities of MPh, species, their mode of decomposi- 
tion, and metal reduction. 

No group 4 or 7 phenyl complexes analogous to those de- 
scribed in this section have been reported. Ether-insoluble 
LiMnPh3 (as well as the analogous ptolyl and panisyl com- 
plexes) was reported in an early but preparation and 
properties have not been described in detail. 

3. Other Alkyls 
Dark blue [Cr(CH&Me3)4]- (ref 29, 83) and blue-green 

[Cr(CH2SiMe&]- (ref 83, 88) are the products of reaction of 
CrC13(THF)3 in tetrahydrofuran with the appropriate lithium re- 
agent. They are stable only in THF, and attempts to isolate 
crystalline salts by addition of large cations failed. They are 
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TABLE I 

Cr-N 

Cr-C Cis to C Trans Ref 

readily oxidized in solution by air to CrR4 from which they 
may be regenerated polarographically or with sodium amal- 
gam. Half-wave reduction potentials with [NBu4]+I- as the 
supporting electrolyte in ethanol are -1.28 V for 
[c~(CH&iMe3)~]- and -1.65 V for [Cr(CH2CMe3)4]- vs. the 
saturated calomel electrode. Electronic properties suggest 
that these are two of the few examples of tetrahedral Cr(1ll). 

A chromium complex containing the bidentate alkyl - 
(CH2)4- has been prepared:135 

ether 
CrCt3 + 3LiC4H~Li-dioxane + Li3Cr(C4H6)3(dio~)2,5 

(p  = 3.9) 

It is believed analogous to Li&rMes(diox)3 as suggested by 
physical properties and decomposition to [Li2Cr(C4H8)2(eth- 
er)p]p. A structural determination of the latter showed it to be 
a member of the [Li2CrR4S2I2 family (S = solvent; see sec- 
tion 1I.B. 1). A preparation employing LiCsHloLi gave another 
member of this family, [Li2Cr(C~Hlo)2(LiBr)(ether)2]2, directly. 

Other anionic phenyl chromium species have been isolat- 
ed with pyrrolyl, diphenylamido, or dicyclohexylphosphido li- 
g a n d ~ ~ ~ ~  (eq 2). The first is in the MCrR4 class (M = e.g., Li); 

CrPh,(THF), 

t LiC,H,N - LiCrPh,(C,H,N)(THF), 

( p  = 3.78) 

- Y m z  
t 2KNPh2.3diox - K,CrPh,(NPh,),VHF), 

t 2LiPCy2 - Li2CrPh2(PCy2),(THF), 
( p  = 4.67) (2) 

-%Ph2 

( p  = 4.77) 

the second and third are in the M2CrR4 class. Though para- 
magnetic, the latter two gave 'H NMR spectra with phenyl 
signals at 7 2.72 and 2.75, respectively. No conclusions con- 
cerning the stability of the Cr(1ll) species, or, alternatively, the 
ease with which they are reduced to Cr(ll), could be drawn. 

Finally, there are the poorly characterized, polymeric 
LiMnBu3 and LiMnEt3 species.31 

C. Cationic 
No simple cationic complexes, [MRx]+, have been re- 

ported, only cationic chromium complexes containing donor 
ligands, such as water (see section V.E) and amines. The lat- 
ter are of the type cis-[CrR2(L-L)2]+ (R = Ph,137v136 
CH2SiMe3, 139v140 anisyl, 138b9141-142 tolyl, 138b and L-L = bpy, 
or R = Ph and L-L = phen.13' It is also suspected that prod- 
ucts with the composition WMeCI5L3 (L = e.g., py) are ionic, 
Le., [ WMeCI4L3]+CI- (ref 143). 

Orange-yellow [CrPh2(bpy)2]+1- is slightly soluble in alco- 
hol, THF, and acetone, and thermally stable (dec 230'). Salts 
containing other anions (X- = CI-, Br-, NO3-, C104-, 
[BPh4]- and [BH4]-) may be prepared by reaction with AgX. 
Significant bond lengths from three crystal structures are 
shown in Table I. The results indicate little correlation be- 
tween the Cr-C bond length and the compound's "stabili- 
ty". 40 

2.087 (4) 2.147 (4) 138a 
2.071 (10) 2.156 (10) 141, 142 
2.103 (7) 2.156 (7) 139, 140 

D. Chelating Alkyls and Aryls 
Several workers have prepared complexes containing 

alkyl or aryl ligands which chelate to the metal via a substitu- 
ent donor. Their extraordinary thermal stability (the last de- 
composes at 350') may be attributed to the fact that the li- 
gands are s?erically bulky, stereochemically rigid, and che- 
late strongly. Attempts to prepare Ti and V species contain- 
ing the C5H4NC6H4 ligand gave complexes which decom- 
posed readily at room temperature. 

(ref 144) 
- 

p = 0.54 
(ref 145) 

Cp,Ti 

p = 3.88 
(ref 145) 

2 

p = 3.64 
(ref 146) 

(ref 147) 

Ill. Halide-Alkyl Complexes 

p = 3.80 
(ref 148) 

Halide-alkyl complexes, MR,X, (X = halide), are usually 
prepared with a Grignard or lithium reagent deficiency or with 
milder alkylating agents like Zn, Hg, B, AI, Sn, or Pb alkyls. It 
is sometimes stated they are thermally less stable than bina- 
ry alkyls, but the reverse in probably more often the case. 
They are best classified and discussed according to the 
metal. 

A. Group 4 

TiC14 with Me2AICI: 
In 1959 Beermann and B e ~ t i a n ' ~ ~  reported the reaction of 

twxane 
Tic14 + AIMe2CI + TiMeC13 4- AIMeCI2 

Addition of excess NaCl effectively removed AIMeC12 as 
Na+[AIMeCI3]-. TiMeC13 has also been prepared from reac- 
tion of TiCI4 with MeMgCl suspended in hexane150 or with 
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ZnMe2.151 It also forms smoothly from any of the polymethy- 
lated Ti species and the appropriate quantity of TiC14. 

Methyltitanium trichloride is a deep violet solid which is 
stable at room temperature and melts at 28-29' to give a 
yellow oil. It gives yellow solutions in saturated or aromatic 
hydrocarbons and is monomeric in benzene. Its red ether so- 
lutions probably contain TiMeCI~(ether),. Surprisingly, Ti- 
MeC13 reportedly decomposes more rapidly in ether than in 
hydrocarbons, a reversal of the usual behavior for alkyls.152 
Decomposition in chlorinated solvents gives methyl chloride, 
in deuterated hydrocarbons only CH4. 153 

Black-violet TiMeBr3 was prepared by the ZnMe2 
route151*152 and has properties analogous to TiMeC13. It has 
also been prepared admixed with TiMe2Br2 from TiBr4 and 
MeMgBr suspended in benzene at 0-10' (ref 150). It is less 
stable than the trichloride, an observation which appears 
general for many halide-alkyl complexes. 

Further alkylation of TiMeCI3 with A l M e ~ l ~ ~  or ZnMe2151 
gives black TiMenCl2. It is markedly less stable than TiMeC13 
and decomposes at ca. -10' to TiCI2. Addition of dioxane to 
a yellow hexane solution gives a yellow dioxane adduct. 'H 
NMR studies of methyl exchange between ZnMe2 and Ti- 
Me2CI2 and between Ti(CD3)C13 and TiMe2CI2 have been de- 
scribed, 154 but the system's complexity makes interpretation 
difficult. 

Berthold and Groh'* briefly mentioned TiMe31, but no fur- 
ther details have appeared. 

The TiMe,X4-, ( n  = 1, 2, 3, 4) system is the only one in 
which at least one representative species has been isolated 
for each value of n. Thermal stability of the pure (solvent- 
free) complexes decreases in the order n = 1 > 2 > 3 > 4 
and X = CI > Br > I. More information on their solid-state 
structure could shed some light on the relationship of thermal 
stability to molecular structure. For example, TiMeCI3 may be 
dimeric in the solid state as evidenced by its deep violet 
color, though it is monomeric and yellow in benzene. 

Characteristically, complexes containing alkyl groups 
other than methyl are markedly less stable. The TiRC13 
species have been prepared where R = ethy1,149v151 pro- 
pyl,151 isobutyl,149 and pentyl151 employing alkylaluminum or 
zinc reagents but are stable only at low temperatures. Only 
blue to blue-violet bipyridyl adducts, TiRC13(bpy), were isolat- 
ed in low yield.151 Yet Bawn and Gladstone report155 that 
TiEtBr3 (and TiMeCI3) can be prepared from PbR4 and TiX4 (R 
= Me or Et, X = CI or Br) in heptane or toluene. Pure TiEtCI3, 
a violet solid which melts to a red liquid at room temperature, 
was obtained in 40-50% yield by vacuum distillation. In the 
presence of lead compounds it decomposes readily to 
C2H5CI, and Ti(IV) species. The zinc route also gives TiEtCI3, 
as well as TiPrCI3 and Ti(n-C5H11)C13.152 

Phenyltitanium halides are prepared by arylation with di- 
p h e n y l ~ i n c : ' ~ ' ~ ~ ~ ~  

-200 

pentane 
TiX4 f 0.5ZnPh2 TiPhX3 + 0.5ZnX2 

(X = CI, Br) 

The reaction between Tic14 and LiPh in toluene at -50' also 
gives TiPhCI3, but separation of lithium chloride is trouble- 
some. Red-green dichroic TiPhC13 has properties analogous 
to TiMeC13 but is less thermally stable, suggesting that aryl 
complexes are not necessarily more stable than the corre- 
sponding alkyls, especially if the alkyl has no 0 hydrogen. 

Several zirconium( IV) species can be prepared employing 
zinc  reagent^.'^^,'^^ In contrast to the titanium system, zinc 
dialkyls (R = Me, Et, Pr) do not react with ZrX4 (X = CI, Br) in 
hexane. In ether they do, but only to give nearly insoluble sol- 
ids containing zinc. However, in toluene at -10 to 0' brick- 
red solutions of ZrMeX3 (X = CI, Br) result. Addition of diethyl 

ether gives stable, isolable diethyl etherates, ZrMeXs(ether)p. 
In pyridine at 0' alkylation proceeds further to give brown so- 
lutions which probably contain the adducts, ZnR2X2(py)2. 
These could not be isolated but addition of bipyridyl gave iso- 
lable ZrR2X2(bpy). In no solvent did ZrX4 react with SnR4, 
consistent with the finding that TiMeCI3 and SnCI4 give Tic14 
and 0.25SnMe4. Though ZrR2X2(bpy), which is soluble in tet- 
rahydrofuran and pyridine, is believed to be monomeric, the 
authors suggested ZrRXs(ether)2 is not, since it is only slight- 
ly soluble in ether. The authors also argue that ligand free 
alkyl complexes are more likely to be dimeric for zirconium 
than titanium. 

What is believed to be ZrPhC13(THF)3 has been prepared 
from PhMgCl and ZrC14 in t01uene-THF.l~~ Several adducts 
were isolated but extreme sensitivity to water and oxygen 
and low solubility made characterization difficult. 

Titanium and zirconium benzyl complexes have been pre- 
paredB5 from M(CHPP~)~ in toluene at -10' (eq 3). All are 

M(CH2Ph)d + HX M(CH,Ph),X 

MX41 \ 
M(CH,Ph),X2 Ti(CH,Ph),F 

M = Ti: X = CI, Br, I 
M = Zr; X = CI 

(3) 

rather unstable in solution and monomeric in benzene with 
the exception of Ti(CH2Ph)sF whose apparent molecular 
weight is concentration dependent. 

Partial alkylation of Ti(lll) has been less successful. Treat- 
ment of TiC13(THF)3 with 2 mol of LiPh in ether at -50' gives 
red-violet fiPh&l(ether)3 solutions.27 Red crystals were iso- 
lated at temperatures below -50'. In pyridine an essentially 
identical procedure gives isolable, deep blue TiRClp(py)3 
species (R = Me or Ph) which are "fairly stable" at room 
temperature under nitrogen.158 Kuhlein and C l a u ~ s l ~ ~  pre- 
pared TiMeC12 at -78' in aliphatic hydrocarbons by a less di- 
rect approach: 

2TiMeC13 + Hg(SiMe3)2 - Hg + 2TiMeCI2 4- 2SiMe3CI 

Isolated adducts are listed in Table II. Six-coordinate 
species are by far the most common. Five-coordinate 
species probably form in solution with some monodentate li- 
gands, but isolation is rarely possible. At low temperatures 
the 'H NMR spectra of TiMeCIs(L-L') (L-L' = a chelating Ii- 
gand) suggest a static mer configuration;lBO if the two ends 
of L-L' are different, the preferred donor trans to Me is 0 > 
N > S.16' In general the finding that TiR4L2 stability varies 
according to how firmly L is bound also holds true for 
MRnX,+nL2 (M = Ti or Zr). 

B. Group 5 
The best known alkyl complexes of the vanadium triad are 

niobium and tantalum methyl complexes. In 1964 J u ~ i n a l l ' ~ ~  
reported the low-yield preparation of NbMe3C12 and TaMegC12 
by alkylation with dimethylzinc in pentane. The volatile yellow 
complexes were trapped at -36' during solvent removal. 
Actually the reactions are quite clean and the products easily 
i s ~ l a b l e . ' ~ ~ ~ ' ~ ~  Two are obtained virtually pure in high yield: 

pentane 

24 h 
NbC15 + ZnMe2 - ZnC12 + NbMe2C13 

pentane 

l h  
TaCI5 + 1.5ZnMe2 - 1.5ZnCI2 + TaMe~C12 

Traces of NbMeCI4 or TaMe2C13 respectively can be convert- 
ed to the more highly methylated complexes by addition of 
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TABLE I I .  Halide-Alkyl Adducts of the Group 4 Metals 

M R X Ln Ref 

T i  Me CI 3 2CH3CN, 2py, 2THF, 2Me,S, 2THF, 2(1,4-thioxane) 
dme, 2,5-dithiahexane, dppe 
bpy 
TMEDA, o-( Me,N),C,H,, o-C,H, (OCH J (N Me,) 
CH,OCH,CH,NMe,, CH,OCH,CH,SMe, 

CH,SCH,CH,NMe,, o-C,H,(CH,NMe,)(NMe,) 
THF, a-picoline, 1,4-dithiane 
Dioxane, PPh, 
CH,OCH,CH,CH=CH, 

Ti Et, Pr, pentyl CI3 bpy 

Zr Me, CI,,Br, bPY 
Zr Et2 CI,, Br, bpy 

T i  Ph CI 3 2ether, 2py, bpy 

Zr Me cI3, Br, 2ether 

TABLE 1 1 1 .  Physical Characteristics and Spectroscopic Data for MMenCI,-, (M = Nb or Ta, n = 1 ,  2, 3) 

162 
160, 162 
151, 162 
160 
161a 

162 
149, 162 
161b 
15 1 
151 
156 
156 
156 

Mol wt 
Complex Color Decompna (found)b Mass spec 'H NMR (T)C 

NbMeCI, Orange-brown 65" 440',, NbMeCI,+ 6.65 (CH,CI,, 34°)95'164 
8.02 (CH,CI,, -35")16, 
7.52 (tol-d,, -35°)95 

N bMe,CI , Orange RT, slowly 24195 7.10 (CH,CI,, 34°)95'164 

NbMe,CI, Yellow RT, slowly NbMe,CI,+ 7.40 (CH,CI,, 34")16, 
7.73 (told,, -35O)95 

7.75 (tol-d,, -35O)95 
10.50 (CCI,, 

TaMeCI, Yellow Near 50" 7.22 (CH2C1z)95'164 
7.1 (CH,CI,, -35O)I6, 
7.92 (C,D6)95 

8.32 (C6D6)95 

8.47 (C,D,)95 

TaMe,C13 Not isolated RT, slowly - 7.81 (CH2C12)95'164 

TaMe,CI, Very pale yellow RT, slowly 30795 8.23 (CH2C12)95'164 

a RT = room temperature. b In benzene. CSome slight shifts occur upon lowering the temperature. All N b  species exhibit broad peaks at 
room temperature which sharpen on cooling. This behavior i s  more l ikely due t o  the onset of coupling t o  the 93Nb nucleuS (S = 9 / 2 ,  100% 
abundant) at higher temperature rather than t o  an exchange phenomenon. 

the appropriate quantity of ZnMe2 while NbMe3C12 may simi- 
larly be prepared quantitatively from NbMe2C13 (ref 95). Al- 
kylation does not proceed beyond the trimethyl stage with 
ZnMe2 though methyl group exchange between NbMe3C12 
and ZnMep in CCI4 is rapid on the NMR time scale.163 Mono- 
methyl species form in about 95% purity in situ in aromatic 
hydrocarbons from either the di- or trimethyl species and the 
appropriate quantity of MC15. Since MC15 is nearly insoluble 
in pentane, MMeC14 cannot form completely. 1649165  Both 
NbMeCI4 and TaMeCI4 recently have been prepared and iso- 
lated from MCl5 and 0.5HgMe2 or 1.0SnMe4 in CH2C12 at 
-35' (ref 166). Similar reactions with NbBr5 were slower, 
required more alkylating agent, and gave markedly less sta- 
ble NbMeBr4 with difficulty. [Similarly, TaMe3Br2 (from TaBr5 
and ZnMep) decomposes slowly in the solid state at -35' to 
yield explosive, shock- or temperature-sensitive products.95] 
Finally, TaMe2C13 has only been prepared admixed with Ta- 
MeC14 and/or TaMe3C12. The compounds are listed in Table 111 
(MR4CI species are unknown). The more volatile di- and tri- 
methyl complexes are probably monomeric while the 
MMeCI4 species are nearly dimeric in benzene. 

A large number of adducts have been prepared with group 
5 and 6 donor  ligand^."^-'^^ Three types have been isolated: 
dimers containing a bridging ligand, e.g., (NbMeC14)2(diox); 
normal six-coordinate species, e.g., NbMe2C13(PPh3); and 
seven-coordinate species containing a chelating ligand, e.g., 
TaMegClp(bpy). The six-coordinate species are assumed oc- 
tahedral. A crystal structurelsa of TaMesClp(bpy) reveals a 
distorted capped trigonal prism with two of the methyl-metal 

bond distances equal to 2.24 and 2.16 A. The third methyl 
and a chloride are disordered. Solution studies were ham- 
pered by redistribution reactions to give adducts of other 
MMe,CI5-, species and a tendency to dissociate a chloride 
ion as evidenced by conductivity measurements in dichloro- 
methane. Attempted adduct formation with tertiary amines 
gave metal reduction (common for early transition metals) 
while oxygen was slowly abstracted from triphenylphosphine 
oxide, trimethylphosphine oxide, or (Me2N)3P=0.166 Ab- 
straction from the very stable Pv oxides illustrates niobium 
and tantalum's high oxygen affinity. 

Several derivatives of TaMe3CI2 [ T ~ C P ~ M ~ ~ , ~ ~  TaMe3- 
(BH4)2,95 TaMe&sHa) (see section V.D.), TaMe3- 
(BH2(pzM2, and TaMe3(acac)2169a] have been prepared 
straightforwardly. 

Vanadium methyl and ethyl complexes have been men- 
tioned briefly. Reaction of BMe3 with VC14 yields VMe2CI2 
and VMeC13; with BEt3, VEt2C12 results.170 VR2C12 (R = Me, 
Et) may also be prepared employing ZnR2 and several ad- 
ducts are known. 152 Surprisingly, bright violet VMe2CI2 re- 
portedly does not dissolve in aliphatic hydrocarbons and de- 
composes at 150- 170'. 

The only other group 5 complexes are Ta(CH2CMe3)3C12,84 
M(CH2SiMe3)3C12 (M = Nb,lssb- Ta,lssc), M(CH2SiMe3)2C13 (M 
=' Nb or Ta),169b,c and Ta(CH2SiMe3)C14.169C The first is 
formed from TaC15 and 3Me3CCH2MgCI in ethera4 or 
1.5Zn(CH2CMe3)2 in pentane.95 The latter were prepared in 
ether from MC15 and Zr1(cH~SiMe3)~. All are thermally stable 
and most sublime in vacuo without decomposition at ca. 
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100’. Several recent attempts to prepare Nb and Ta benzyl 
complexes were reportedly U ~ S U C C ~ S S ~ U ~ . ~ ~ ~  

C. Group 6 

in group 6. 

employing organoaluminum compounds in THF:17‘ 

CrC13(THF)3 + AIR3 (or AIR2OEt) - 
Phenylchromium halides have received greatest attention 

A series of CrRC12(THF)3 complexes has been prepared 

THF 

CrRC12(THF)3 + traces of CrCI2(THF)’ or 

R = Me, Et, Pr, or Bu’ 

Yields can be high (79% for R = Et using AIEt2(OEt)). Ther- 
mal stabilities decrease in the expected order (Me > Et > Pr 
> Bu’), decomposition giving alkanes, alkenes, and alkyl 
coupling products. Decomposition of CrMeC12(THF)3 in CDC13 
(go’, 1 h) gave only traces of CH3D. No evidence for chro- 
mium-hydrido species was found. Pyridine, acetonitrile, and 
bipyridyl adducts were also isolated. 

Several of these compounds had been prepared earlier by 
other methods, for example, CrMeC12(THF)3 from CrC13 and 
MeMgCl in THF.‘72 A structure of one, Cr(p 
~ o I ) C I ~ ( T H F ) ~ , ’ ~ ~ ~ ’ ~ ~  reveals a mer geometry and an inter- 
esting Cr-0 bond lengthening trans to the ptolyl  group. The 

,THF 

CH, *-{rLTHF‘ 
THF CI 

Cr-C = 2.014w 
Cr-0 VHF) = 2.045 8, 
Cr-CI = 2.31 8, 
Cr-0 (THF’) = 2.2 14 A 

authors suggested that a similar “trans effect” might be an 
important factor in the conversion of triarylchromium(ll1) 
compounds to bis(n-arene)chromium(O) or chromium(1) 
species; that is, loss of a trans ligand may be the initial step. 
Structural studies of CrPh2CI(THF)3 (vide infra) and 
CrPh3(THF)3 would provide interesting comparisons. 

A benzyl complex, Cr(CH2Ph)C12(THF)3, was believed to 
form at -20’ in tetrahydr~furan’~~ but only bibenzyl and 
CrC12(THF)2 could be found after warming to 20’. Hydrolysis 
at low temperature gave [ C ~ ( C H ~ P ~ ) ( H P O ) ~ ] ~ +  (ref 176). A 
pyridine adduct was prepared by oxidation of CrC12(py)2 with 
PhCH2CI:’76.’77 

PY 
2CrC12(py)2 + PhCH2CI -----) CrCl3(py)3 Cr(CH2Ph)Chpy3 

Red-brown Cr(CH2Ph)CI2(py)3 decomposes at 40-60’ in ben- 
zene or pyridine to give bibenzyl and Cr(ll) salts, but the solid 
may be stored for months under dry nitrogen at 5-10’. It 
reacts with perchloric acid in water to give 
[Cr(CH2Ph)(H20)5J2+ and with 1,3-~yclohexadiene to give 
benzene, toluene, and bibenzyl. Both Cr(CH2Ph)2CI(THF), and 
Cr(CH2Ph)a(THF), are unstable in tetrahydrofuran. 175 

Steric factors must be responsible for coordination of only 
two THF molecules in Cr(CHPh2)C12(THF)2:50*178 

THF 

-50° 
CrCl3 4- PhpCHLi(diox)p - Cr(CHPh2)C12(THF)2 

The bright blue complex has a stability comparable to 
CrMeCI2(THF)3. Decomposition in THF-hexane, benzene, or 
ether gives CrC12(THF)2 and Ph2CHCHPh2; CrCI2(donor) forms 
in the presence of bpy, 2py, or dme (=donor). Complexes 
having only one halide, or none, could not be isolated. 

Only one example of a CrR2CI species is reported. A re- 
distribution reaction between [CrPh6J3- or [CrPh5I2- and 
CrC13(THF)3 in dme gives CrPh2Cl(dme)1.~.’~~ This completes 
the Cr(l1l) series, CrPhCl2 to [CrPh6I3- (solvents omitted). 

Alkylation of wc16 with a variety of alkylating agents gives 
green, thermally unstable WRCI5. 143~152~180e~181 

-350 
wc16 + 0.5MMe2 + WMeCI5 + 0.5MC12 

[M = Zn (in ether) or Hg (in CH&12)] 

wc16 + 0.5ZnPh2 + WPhC15 (incomplete) 
ether 

room T 

hexane 
wc16 + SnR4 WRC15 + SnR3CI 

(R = Me, Et, Bu, or Ph) 
ether 

Wc16 + ’/3BR3 WRCl5 + %BCl3 

(R = Me, Et, Bu) 

Traces of Zn, Sn, or B possibly affect stability; i.e., one re- 
claims WMeCls decomposes at - 15’, anotherls1 at 

65’. Authors noted that (i) wc16 and ZnR2 (R = Et or Bu) in 
ether at -60’ give WCI4 which may be isolated as WCI4L2 (L 
= THF or py); (ii) WClS and SnR4 do not react in ether; and 
(iii) WClS and ZnR2 do not react in hexane. WPhC15 is appar- 
ently not well characterized. A recent reportlsob claims that 
diamagnetic WPhC13 (fine brown crystals) is the only pure 
product: 

refluxing 

pentane 
wct6 -k 2SnPh4 + WPhC13 + 2SnPh3CI -k PhCl 

Some adducts, WMeCl~(py)2, WMeC15(bpy), and WEtCl,(bpy), 
appear to be eight-coordinate while conductivity measure- 
ments suggest WMeCIsL3 (L = NHEt2 and py) is ionic, Le., 
[ WMeCI4L3] %I-. 

Extension of these studies to molybdenum was unsuccess- 
ful.la2 No Mo(V) species were isolated employing MoC15 and 
ZnMe2, SnMe4, or ZnEtp in hexane, ether, tetrahydrofuran, or 
pyridine. In ether, MoCI4 and 0.5ZnMe2 gave M0MeCI3(ether)~ 
(insoluble, p = 2.0) but in tetrahydrofuran or pyridine only 
MoCI3L3 (L = THF or py). Methane and methyl chloride were 
commonly observed products. Reaction of MoC15 and AIPh3 
gave similar 

D. Anionic Complexes 
Anionic (or cationic) complexes should be isolable. Simple 

halide addition to niobium’65 and t i t a n i ~ m ‘ ~ ~ , ‘ ~ ~  gives anions: 

NEbCI + NbMe2C13 [NEt41+[NbMe2C14]- 

NEt4X + TiMeX3 - [NEt4]+[Ti2Me2X,]- (purple) 

CH3CN 

CHZC12 

[NEt4]+2[Ti2Me2X8]2- (brown) 

or [NEt4]+2[TiMeX5]2- (blue) 

The dimers are believed analogous to [Ti&lg]- and 
[Ti2Cl10]~- which have (respectively) doubly and triply bridg- 
ing chlorides. Interestingly, they are stable at room tempera- 
ture only a short time while the mononuclear Ti anion is in- 
definitely stable. The latter is also stable toward oxygen. 
Reexamination of systems in which only neutral species 
were sought could be fruitful. For example, VMe2CI2 and 
ZnMe2 give Zn[VMe4CI2].OEt2 and LiMe and VCI4 give Li2[V- 
Me4C12].152 
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IV. Cyclopentadienyl-Alkyl Complexes 
It is now believed that cyclopentadienyl "stabilizes" the 

metal-alkyl bond simply by occupying coordination sites 
which would otherwise be utilized in decomposition just as 
amines and phosphines promote stability by adduct forma- 
tion. Readily available early metal cyclopentadienyl com- 
plexes have long been used to prepare many exemplary alkyl 
complexes. 

A. Groups 4 and 5 

Two groups prepared TiCp2R2 (R = Me, Ph, mtolyl, and 
p-dimethylaminophenyl) approximately 20 years ago.186-188 
Other members of this class are ZrCp2Me2,189a,195c 
H f C ~ 2 M e 2 . l ~ ~ ~  MCp2Ph2 (M = Zr or Hf),'95c M C P ~ ( C H ~ P ~ ) ~  (M 
= Ti, Zr),lg0-lg2 and MCpz(CHzSiMe& (M = Ti, Zr, 
Hf).86,87,89*'93,194 The related x-indenyl species, M(lnd)2R2 (M 
= Ti, Zr, Hf, R = Me; M = Ti, Zr, R = Ph) have also been 
prepared.195c Several in which R2 is a chelate are also 
known: 

(ref 195a) (ref 195a) 

CH, 
Ph 

(ref 196) (ref 197) 

All were prepared from MCp2CIz and a lithium or Grignard re- 
agent. Photolysis of MCppMe2 (M = Ti, Zr, Hf) in the pres- 
ence of PhCECPh also reportedly gives MCp2(C4Ph4). 195b 
Thermal stabilities are variable, approximately R = Me < 
CH2Ph < Ph < CH2SiMe3 < chelates and Ti < Zr. For exam- 
ple, orange-yellow TiCpzMep blackens in the solid state at 
40' and decomposes at ca. 0' in solution, while colorless 
ZrCpzMep sublimes with little decomposition at 100'. An ex- 
ception is TiCp2(C4H8) which must be prepared and purified 
below -30'. In this case a carbon-carbon bond can cleave 
to yield TiCp&H4)2, but @-hydrogen abstraction probably 
predominates. Interestingly, Ti(q5-C5Me5)2Me2 is relatively 
stable,lg8 suggesting that a bimolecular reaction or one in- 
volving hydrogen abstraction from the x-C5H5 ring may be 
one pathway by which MCp2R2 species decompose. Decom- 
position of several TiCpzRz species (R = aryl or benzyl) has 
been studied recentIy.lgga The structure of TiCp2Ph2 is 
pseudo-tetrahedral with a mean Ti-C bond length of 2.272 

Several MCp2RX (M = Ti or Zr, X = a halide) complexes 
are also known. Yellow ZrCpzMeCl was prepared from 
(ZrCp2CI)20 and trimethylaluminum200 and in the following 
manner: lags 

4ZrCp2Me2 + 2PbC12 - 4ZrCppMe(CI) + Pb + PbMe4 

The corresponding ethyl complex, ZrCp2(Et)Cl, is reportedly 
stable only at 0' (ref 201). Those with R = cyclohexyl, 4- 

A, 199b 

AIFtr 

ZrCp2Cl2 ZrCp2(Et)CI (27%) 
CHKIZ, 0' 

vinylbiphenyl, and 2-methyl-2-butyl are also only marginally 
stable;189b the carbon to which the metal is attached in the 
last two is uncertain. 

Addition of 1 mol of RMgX to TiCpnCl2 (R = Me, Et, Pr, Bu, 
Bu', n-CgH11. CH2CMe3, Ph, CHzPh, and C H Z C H ~ P ~ , ~ ~ ~  and 
CHzSiMe387) gives the corresponding TiCp2RCI complexes. 
Their thermal stability appears greater than that for MCp2R2. 
Interestingly, TiCp2RCI apparently ionizes, even in nonpolar 
solvents, if R is CH2CMe3, Ph, or CHzPh, to give [TiCp2S,R]+ 
(S = solvent). In acetonitrile treatment with AgN03 gave 
ASCI, but no organometallic products could be isolated. 

Compounds containing one cyclopentadienyl ring, 
TiCpMe3, lg4s203 T ~ C P ( C H ~ S ~ M ~ ~ ) ~ , ' ~ ~ - ~ ~ ~  and TiCpPh3,205 are 
known. As might be expected, they are somewhat less stable 
than the corresponding TiCppR:, species. TiCpPh3 decompos- 
es readily in ether to give biphenyl and TiCpPh(ether)p and 
gives TiCpPh(NH3)2 with NH3. 

Titanium(ll1) compounds, TiCpeR, are obtained from 
TiCpzCl and RMgX in ether (X = CI or Br; R = Ph, o, m, and 
ptolyl, 2,6-MezC6H3, 2,4,6-Me3C6H2, or CH2Ph).206 The 
green, monomeric complexes have a magnetic moment 
close to the spin-only value for one unpaired electron (1.58 
for R = Ph and 1.66 for R = 2,6-xylyl). Their thermal stabili- 
ties vary in the order R = ptolyl - mtolyl < Ph < CH2Ph < 
otolyl < 2,6-xylyl - mesityl.207 Attempts to prepare alkyl 
derivatives with R = Me, Et, Pr', or CMe3 were unsuccessful 
though evidence for TiCp2Me by electrolytic reductionz0& or 
on reaction of TiCp2Cl with MeMgX20Eb exists. TiCpz- 
( c H 2 S i M e ~ ) ~ ~ ~  and TiCpz[CH(SiMe3)2] lola are also known. 
The aryl complexes react with qolecular nitrogen to give 
deep blue diamagnetic (T~CP~R)~N~,~O'  but TiCp2(CH2SiMe3) 
does not. 

Only the analogous vanadium(ll1) complexes (R = 
Ph,2'o.211 Me,21z or CH2Ph212) were isolated starting with 
VCp2C12 or VCp2CI. That steric factors do not allow VCp2R to 
form is suggested by the following: (1) VCpz (C=CPh)2 can 
be prepared, presumably since the alkynyl ligand has minimal 
steric requirements; (2) the allyl ligand in VCpz(C3H5) is 
a-bonded, not x-bonded as in the corresponding titanium and 
niobium complexes; and (3) the nitrogen ligand in VCp2(e 
Me2NCH2C6H4) is not coordinated as in the corresponding Ti 
c0mp1ex.l~~ Interestingly, while VCp2R (R = Me or CH2Ph) 
reacts with CO to give VCp2(CO)(COR), VCp2Ph yields 
VCp(C5H5Ph)(C0)2z13 (cf. Ph migration to C8H8, section V.D, 
and Et to q5-C5H5z14). 

ESR evidence suggests that addition of a large excess of 
RMgX (R = Et, Me, Pr') to TiCpzCl gives [TiCp2Rz]- (ref 
208b). Surprisingly, not only [TiCpzMe2]-, but [TiCpsEt~l- 
was proposed to be stable for 1-2 h at room temperature in 
THF under the experimental conditions employed. 

The only known TiCpRR' species are the f o l l o ~ i n g : ~ ~ ~ ~ ~ ~  

TiCp2Ph2 + LiCH2Ph - TiCpPh(CH2Ph) 

T ~ C P ~ ( C H ~ P ~ ) ~  + LiCHZPh - T ~ C P ( C H ~ P ~ ) ~  

Addition of LiPh to TiCppPh2 reportedly187 gives [TiCpnPhsl-, 
which decomposes216 via intermediate TiCpPh2. 

Paramagnetic NbCp2Rz (R = Ph,2'79218 Me,219 and 
CH2SiMe386) and TaCp2MeZ2l9 are more stable than diamag- 
netic TiCp2R2, suggesting that an unpaired electron (if this 
were the only criterion) does not markedly decrease stability. 
At -45' NbCpzPhp reacts normally with HCI in ether to give 
NbCp2C12 and 2 mol of benzene, but, curiously, neither prod- 
uct is found when the reaction is carried out at room temper- 
ature.218 

Finally, two rather unusual compounds with the MCpz 
basic unit are known. The first is ZrCp2(H)Mez20 which was 
prepared from ZrCp2MeCl and LiAIH4 or LiAI(OCMe3)3H in 
tetrahydrofuran. Its insolubility in common organic solvents 
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(R = H, M = Mo; R = Me, M = W) 
hv 

WCp2H2 + C6H6 WCp,Ph(H) 
isoprene 
hu 

WCp2H2 + mesitylene W C P ~ ( C H ~ C ~ H ~ M ~ ~ ) ~  

Figure 8. The structure of Nb(q5-C5H5)2(C*H4XC2Hg). 

and broad UM-H infrared band at low frequencies (1500, 1310; 
UM-O = 1090, 965) suggest a polymeric structure which pre- 
sumably does not allow reductive elimination to give methane 
and ZrCp2. The second is N ~ C P ~ E ~ ( C ~ H ~ ) : ~ ~ ’  

C2H4 C2H4 
NbCp2H3 NbCp2(H)(C2H4) NbCp2Et(C2H4) 

-H2 -c2H4 
The crystal structure222 shows that the Et and C2H4 carbon 
atoms all lie in a plane which passes through Nb and bisects 
the Cp-Nb-Cp angle (Figure 8). On loss of ethylene &hydro- 
gen abstraction regenerates NbCp2(H)(C2H4). 

6. Groups 6 and 7 
Many MCP(CO)~R (M = Cr, Mo, or W), C~CP(NO)~R, and 

MoCp2(NO)R complexes have been prepared, most often by 
the salt method;223 for example 

NalHg RX 

0.5 [MoCp(CO)3] 2 N~+[MOC~(CO)~] -  - MoC~(CO)~R 

Exotic preparative schemes have also been used 

MoCp(C0hH + CH2N2 - MoCp(C0)3Me 

[ReCp(C0)2(NO)]+ + NaBH4 - ReCp(CO)(NO)Me (ref 224) 

as well as straightforward methods 

CrCp(N0)pl + MeMgl - CpCr(N0hMe 

(ref 188) 

(ref 188) 

Variations in R and other ligands (for example, tripyrazolylbo- 
rate225 for Cp or tertiary phosphines for CO) are many, and a 
full discussion of their preparation and chemistry is not possi- 
ble in this article [see ref 226-228 and earlier reviews]. 

The system based on MCp2C12 (M = Mo or W) has yielded 
many new species, the chemistry of which is developing rap- 
idly:214.229-231 

MoCppClp + AICI2Et - MoCp2ClEt 
R‘X 

MCP~(C~H~R)  - [ M C P ~ ( C ~ H ~ W ‘ I +  

(M = Mo, R = H, R’ = Me; M = W, R = H, Me, 

(R‘ = Me or CH2Ph; X = halide) 

[MCP~(H)(C~H~R)]+ 2 [MCp2(PPh3)(CH2CH2R)]+ 

PPhMep 
[MoCp2(C2H4)Me] - [MoCp2Me(PPhMep)] + 

[MCp2(olefin)R]+ species almost certainly have a structure 
analogous to NbCp2Et(C2H4) (vide supra). The crystal struc- 
t ~ r e ~ ~ ~ ~  of W C P ~ ( C H ~ - ~ , ~ - M ~ ~ C G H ~ ) ~  reveals a M-C bond 
length of 2.28 and 2.29 A and Cp-W-Cp angle of 75’. The 
authors propose that it and WCp2(CH2-pC6H4Me)2 form by 
insertion of W into a methyl C-H bond. 

V. Other Alkyl Complexes 
Since it is now believed that the transition metal to carbon 

bond is not inherently weak (see section VI.E), the role of 
other ligands in determining the stability and reactivity of a 
given complex will be examined more closely in the future. 
Several classes of complexes containing an alkyl or aryl li- 
gand are discussed below according to the type of “ancil- 
lary” ligand. 

A. Alkoxides 

In 1952 Herman and Nelson reported232-235 the first stable 
complex containing a carbon-titanium bond, TiPh(0Pr’)s (eq 
4). It can be stored indefinitely in the dark at 10’ but decom- 

Ti(0Pr’k + LiPh/LiBr ----+ 
ether 

0.25TiCid 
TiPh(0Pr ’)s.LiOPr ‘.LiBr-ether + TiPh(0Pr i)3 + 

0.25Ti(OPri)4 + LiCl + LiBr + ether (4) 

(53%) 

poses rapidly at its melting point (88-90’) to give biphenyl 
and, at ca. 200°, also a 1:l mixture of saturated and unsatu- 
rated C4 hydrocarbons. The stability of TiPh(OPri)3 and analo- 
gous compounds was proposed to be primarily a function of 
the substituent groups’ electronegativity. A stability order for 
TiRnX4-, complexes was suggested: R = Bu < Me < ethynyl 
< panisyl < Ph < a-naphthyl < indenyl; X = OPr’ - OPr - 
OBu - OBu’ > OMe - CI > F; and n = 1 > 2 > 3 > 4. The 
structure of TiPh(OPr’)3 is unknown, but a dimeric formulation 
with two bridging alkoxide groups is plausible. 

The analogous methyl complex, a distillable (50’, 0.01 
mm), viscous, yellow liquid is prepared from Ti(0Pr’)~Cl and 
LiMe in ether at -50’ (ref 236, 237). Nonvolatile TiMe(0Et)s 
was prepared similarly. Addition of a second LiMe to TiMe(0- 
Pr‘)3 gives TiMea(OPr’)2. Both the mono- and dimethyl com- 
pounds undergo redistribution reactions with TiMeC13: 

2TiMe(OR), + TiMeCI, t 3TiMe(OR),CI 

TiMe(OR), + 2TiMeC1, - 3TiMe(OR)C12 

(also TiCI4 + TiMe,(OR),) (R = Pri or Et) 

CH,CI, 

85% 

,P aooio 

All may not be monomeric; for example, TiMe(OPr‘)&I is sol- 
uble in pentane, melts at 62-64’, and sublimes in vacuo, 
while TiMe(OEt)C12 is only slightly soluble in toluene. The ap- 
parent molecular weight (362) of TiMe(OPr’)3 in benzene indi- 
cates some tendency to dimerize. 

One member of the TiRn(OR’)4-, family, Ti(CH2Ph)2(0Et)2, 
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which is known to be dimeric in benzene,65 decomposes 
least rapidly of the series Ti(CH2Ph)sF > Ti(CH2Ph)SCI > 
Ti(CH2Ph)2Br2 > Ti(CH2Ph)3Br > Ti(CH2Ph)4 > Ti(CH2- 
Ph)2(OEt)2. Generalization is difficult since Ti(CH2Ph)sF is 
also strongly associated in benzene. An attempt to correlate 
structure with stability would be valuable but appears prema- 
ture. 

A titanium complex containing the chelating 2-methyl-2,4- 
pentanediolate ligand can be isolated in good yield:238 

-100 

THF 
TiC12(C6H1202) + 2MeMgVether d TiMe2(c6Hl2o2) 

A dimeric structure was suggested by molecular weight and 
confirmed by x-ray studies.239 Each titanium has a trigonal- 
bipyramidal geometry with two methyl groups located in the 
trigonal plane (Figure 9). The Ti-O(bridging) bond lengths are 
longer (1.97-2.06 A) than the Ti-O(termina1) (1.77 and 1.78 
A), while the Ti-carbon distances vary from 2.11 to 2.19 A. 
The compound decomposes slowly at room temperature in 
the solid state or in solution. 

In addition to the direct method, alkoxides, in principle, 
may be prepared by reaction of metal alkyls with alcohol or 
oxygen (see section VI1.C). Ether cleavage is more unusual:37 

heat 
[ZrPh*(ether)]z d PZrPh(0Et) C6H6 

0.5biphenyl + 0.5C2H6 + 1.5C2H4 

Alkoxide ligands can take part in decomposition reactions, 
though most likely only under extreme conditions, for exam- 
ple, in the high temperature decomposition of TiPh(OPri)3.232 

B. Oxo 
Allowing V0Cl3 to react with a deficiency of Grignard re- 

agent or passing V(CH2SiMe3)4 through a cellulose column 
gives lemon-yellow V(O)(CH&iMe3)3 which is relatively air 
stable, sublimes in vacuo (70°), and is light sensitive." It 
does not react with water, alcohols, carbon monoxide, terti- 
ary phosphines, or primary amines under mild conditions. 

The reaction of V(0)C13 with HgPh2240,241 or 2nPh~,'~' but 
not SnPh4, in aliphatic hydrocarbons at -25' gives red, crys- 
talline V(O)PhCI2. It is stable in hydrocarbons at <-25' but 
at ca. -10' gives biphenyl, chlorobenzene, and a trace of 
benzene in what is believed to be a concerted, nonhomolytic 
decomp~s i t i on~~ '  (eq 5). With Hg(C6H5D)2 (92.8% monodeut- 

2V(O)PhCI2 --f V(O)Ph,CI + V(O)CI, 

1 > V(O)CI, (5) 
Ph2 + V(0)CI 

erated), dilabeled biphenyl results. Oxygen "insertion" into 
the metal-phenyl bond may occur since hydrolysis of the 
product prepared with 0.5 mol of HgPh2 gives a 75% yield of 
phenol. Surprisingly, electron donors destabilize V(0)PhC12; 
in ether it decomposes completely in minutes at -50'. How- 
ever, isolation of V(O)PhC12(bpy) was successful (dec 14'). 
Reaction of V(O)CI, with SnMe4 did not occur, while ZnMe2 
gave a product from which ZnC12 could not be removed.240 

Reaction of V(0)(OPri)3 with HgPh2 failed to give V(0)- 
Ph(OPri)2 in either ether or benzene242 but in pentane ZnMe2 
reacted smoothly: 

pentane 
V(0)(OPri)3 4- ZnMe2 d V(0)Me(OPri)2 + ZnMe(0Pr') 

The red-brown viscous product can be distilled in vacuo (50', 
<2 mm) but decomposes rapidly at 70'. No adducts (e.g., 
with bipyridyl) could be isolated. The parent ion was the high- 
est peak in the mass spectrum. 

Methylmagnesium iodide reduces NbOCI3 to NbOCI2 in 

mQ 

Figure 9. Schematic drawing of [TiMe2(C~H1202)]~. 

ether but not in toluene-ether mixtures (ca. 2:l) at -15°.243 
Only NbMeOC12 adducts, e.g., NbMeOC12(0PMe3)2, which 
was also prepared from NbMeC14 and 30PMe3, could be iso- 
lated. No reaction was observed between NbOC13 and HgMe2 
or SnMe4 under a variety of experimental conditions. 

The tungsten complexes, WCp2(0)R2 (R = Me, Et, Ph, or 
CH2Ph), were prepared from WCp2OC12 and RMgl in ether or 
te t rah~dro furan .~~~ They decompose on attempted sublima- 
tion at ca. 60'. The phenyl and benzyl compounds are mod- 
erately stable in air. 

At -78' in CH2Cl2, W(0)CId and HgMe2 give W(0)Me- 
CI3."' It is markedly more unstable than WMeC15 and de- 
composes at ca. -10'. The HMPA adduct, W(O)MeCI3(HM- 
PA), was also obtained from reaction of WMeC15 with HMPA. 

Finally, Re(O)(PPh3)&13 or Re(O)CI4 reacts with methyllith- 
ium to give thermally stable, red-purple Re(0)Me4 (mp 
44°).245 Its mass spectrum shows the parent ion and its in- 
frared spectrum the characteristic strong R-0 stretch at 
1016 cm-'. Its ESR spectrum at -175' suggests a tetrago- 
nal-pyramidal structure. It is thermally stable in the vapor 
state to ca. 150' and does not react with water, alcohols, H2, 
CO, or SO2 under mild conditions. With 12 it gives CH31 quan- 
titatively and both 0 2  and NO react rapidly to give as yet un- 
characterized products. 

C. Dialkylamido 
A series of complexes, Ti(NR&(R') (R = Me, R' = Me, 

CD3, Et; R = Et, R' = Me, CD3, Pr, Pr', Bu, CMe3 and Ph), 
were prepared from Ti(NR2)3X and R'MgX or LiR' (X = a halo- 
gen).246 They all melt below room temperature, sublime easi- 
ly in vacuo, and decompose around 70'. All were character- 
ized unambiguously by 'H NMR. Note that R' can be isopropyl 
or even tert-butyl, ligands which are normally susceptible to 
/%hydrogen abstraction. The bulky NR2 ligands apparently 
discourage both decomposition and adduct formation with 
typical donor ligands. Decomposition247 gives methane and 
diamagnetic Ti(IV) residues: 

Ti[NMe2]3(CD3) + 

Ti[NEt2]3(CD3) + 

50% CH2D2, 20% CH3D, 20% CHD3 -I- Ti(IV) 

the authors proposed abstraction from the dialkylamido group 
by an "ionic" rather than radical mechanism. 

30% CH2D2, 30% CHD3, 30% CD4 4- Ti(lV) 

D. Cyclooctatetraene 
Complexes of the type Zr(C8H8)R2 (R = Me, Et) have been 

prepared from Zr(C'H8)C12.248 The dimethyl derivative forms 
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a yellow dietherate in which the ether may be bound to the 
metal. If C8H8 is planar, the adducts are monomeric, 18-elec- 
tron species. The methyl compound decomposes to give 
methane and the ethyl to give 67% C2H6, 14% C2H4, and 
10% of a mixture of butane and butenes (455.5 ratio) in 4 h 
at 60'. 

Niobium and tantalum complexes containing both cyclooc- 
tatetraene and alkyls are also known:249 

(M = Nb or Ta, R = Me, or Ph) 

(M = Nb, R = Me: M = Ta, R = Me or Ph) 
toluene 

TaMe3CI2 + [ K+] 2 [CeH8] 2- --+ Ta(C8H8)Me3 
- 78' 

The red-brown, crystalline M(CeH&R complexes are moder- 
ately soluble in tetrahydrofuran and dichloromethane and do 
not sublime without decomposition while Ta(C8H8)Me3 is 
blue, sublimes nicely at 100' and 1 p,  and is soluble in aro- 
matic hydrocarbons. In M(C8H&R one C8H8 ring is believed 
planar (v8), the second diene-like (v4). Monomeric 
Ta(CsHe)Me3 most likely has a planar C8H8 ring with three 
methyl groups disposed in a tripod-like fashion. When 
M ( C ~ H B ) ~ P ~  reacts with dmpe or diars, the Ph ligand migrates 
to a Cdi8 ring to give complexes containing a 2,3,4,5,6-~-en- 
do-8-phenylbicyclo[5.1 .O]octadienyl ligand, M(C8H8)- 
(c&i~ph)(L-L) (L-L = dmpe or diars). 

E. Aquo 
Benzyl or radicals generated from 

PhCH2CMe200H252 oxidize Cr(C104)2 to give [Cr(H20)5- 
(CH2Ph)12+ in aqueous solution. The former, in which 
benzyl radicals are postulated, resembles formation of 
[Co(CH2Ph)(CN)5I3- from benzyl bromide and [CO(CN)~]~- 
(ref 253). 

PhCH2CI + Cr2+ - CrCI2+ + PhChp. 

PhCH2. + Cr2+ - Cr(CH2Ph)2+ 
The analogous methyl complex was first postulated as a 

minor product of Cr2+ oxidation with Me3COOH254v255 but 
later was similarly prepared and isolated in perchloric acid by 
ion-exchange ~h romatog raphy .~~~  It may also be obtained by 
methyl group transfer from an organocobaloxime257 or cor- 
rin258 complex to aqueous Cr2+: 

C0R(Hdmg)~(H20) + Cr2+ 4- 2H+ - 
Co2+ + [Cr(H20)5(R)I2+ + 2H2dmg 

(dmg = dimethylglyoxime) 

It is relatively stable (f1/2 = several hours at 0') in perchloric 
acid as are its Et and Pr analogs. 

The striking fact, of course, is that the metal-carbon bond 
survives in an aquo complex and is cleaved only relatively 
slowly even in aqueous acid259 (the rate is dependent on 
[H+]). The fact that it is dicationic and/or that Cr(l1l) substitu- 
tion processes are slow must account for its stability in aque- 
ous acid. 

F. Carbonyl 
One of the few group 7 alkyl species, M(C015R [M = Mn, 

Re], is prepared by alkylation of [M(C0)5]- (ref 223) or by 
decarbonylation of RCOM(C0)5.260 Like most " 18-electron'' 

R can vary widely. They are probably best classed as carbon- 
yls and will not be discussed here (see ref 226, 227, 261). 

VI. Decomposition 
Transition-metal alkyl decomposition modes have 

been discussed frequently and studied specifically for 

metals outside groups 4-7 (see ref 276). However, no unified 
theory of decomposition, or even a clear understanding of 
specific cases (with one or two exceptions), has resulted. 
Wilkins0n,8~ Baird,276 Braterman and Cross,277-279 and Min- 

among others, discuss decomposition broadly. We in- 
tend to present what we feel are the most pertinent results 
which support postulated decomposition pathways. Much 
mechanistic information derives from studies of platinum al- 
kyls, which are experimentally convenient because of stabili- 
ty to air, but the results probably apply equally well to early 
transition metal alkyls. 

A. &Hydrogen Abstraction 
Recognition that many transition metal alkyl derivatives de- 

compose by abstraction of a @-hydrogen atom has had sub- 
stantial practical consequences. The number of isolable alkyl 
compounds is growing rapidly through use of alkyls lacking a 
P-hydrogen as described in preceding sections. The very 
success of this approach carries with it the danger that p- 
abstraction will be overemphasized. 

&Hydrogen abstraction or elimination can describe more 
than one reaction, the overall results of which may be identi- 
cal. The best documented and the one usually meant by "p- 
hydrogen elimination" is intramolecular &hydrogen abstrac- 
tion by the metal: 

Ti,1920262-268 V 269.270 Cr,270-275 and Mn,32 in addition to 

H I CHR 
M-CH2-CH,R - M-11 - "decomposition" 

CH2 
The best-studied example is Pt(PPh3)2( 

Ph3P \ 7 4 H 9  - Pt(PPh3)z + n-C4H,, + 1 -C4H, 
/Pt\ 

Ph3P C4H9 

The following are pertinent: 
(1) Decomposition is a first-order intramolecular process. 
(2) Addition of PPh3 decreases the rate: presumably PPh3 

dissociation is inhibited. 
(3) Deuterium in the 1, 1-C4D2H7 derivative is extensively 

scrambled in the 1-butene product. 
(4) Added 1-butene does not exchange during the decom- 

position. 
An important point is that 0-hydrogen abstraction from po- 

lyalkyl complexes can give equal amounts of alkane and al- 

C4H9 I 
Ph3P- k-H 7 Pt(PPh3)2 

butane I 
PPh3 

monoalkyl complexes containing relatively nonlabile ligands, B 
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kene, a phenomenon once thought characteristic of homolyt- 
ic M-C bond cleavage. Butene presumably arises by 0-ab- 
straction to give A, from which it dissociates, while butane 
forms by reductive elimination (section V1.D) from the hy- 
drido-butyl compound, B. Presumably these principles can be 
applied to many systems, though rarely can decomposition 
be ascribed to this specific mode, excluding all others. 

In the early transition metals, a nice example of &hydro- 
gen abstraction is the thermolysis of NbCp2Et(C2H4) to give 
isolable N ~ C P ~ ( C ~ H ~ ) ( H ) . ~ ~ ~  With only a single alkyl group on 
the metal, alkane should not form unless an intermolecular 
reaction occurs: 

M-H M-R + 2M + RH 

A @-hydrogen may also be abstracted from an aryl ligand. 
In TiCpzPhp or its C@5 analog either Ti or phenyl abstracts 
an ortho hydrogen to give benzene282a 

24 h 

Evidence for a phenylene complex, “Cp2Ti(C6H4)”, consists 
of in situ reactions with COz or PhCrCPh (eq 6). Phenylene 
complexes have also been postulated in Cr,13 W, Nb, and 
Ta,132b and MolroQ systems. 

\ 
P h C l C P h  c p z T ( y  (ref 282c) 

,c=c\ 
Ph Ph 

As mentioned above, a /3 hydrogen can be abstracted di- 
rectly by another alkyl: 

Of course, the overall result is identical with abstraction by 
the metal. 

Finally, intermolecular abstractions of both types are pos- 
sible (eq 7). Again they cannot be distinguished from each 
other, but in theory can be distinguished from intramolecular 
abstraction since the formal oxidation state of the metal is 
reduced by only one. 

L L  

M + CH3CHZR CHR 

B. a-Hydrogen Abstraction 
Much less well recognized is a process in which an a-hy- 

drogen of an alkyl ligand is abstracted to give an alkylidene, 
or carbene, complex. A substantial amount of information in- 
dicates this is also a significant decomposition mode. 

As for /?-abstraction, a-abstraction can occur in four ways. 
Intramolecular abstraction by the metal has been suggested 
by several authors.230,265,283-287 This process, M-CHR2 -+ 

M(H)(CR2), is more likely to occur in complexes with less 
than 18 valence electrons since the number must increase 

by two; the relationship to formal metal oxidation state is less 
clear. What is perhaps the first evidence of intermolecular 
a-hydrogen abstraction, photolysis of CD3TiC13 in hydrocar- 
bons to give CD4 and a series of perdeuterioalkanes up to 
CgD20, 153 could involve a transient CD2=M complex. How- 
ever, photolysis of metal alkyls is, in general, even less well 
understood than thermolysis. 

The only documented example is an apparent intramolecu- 
lar a-abstraction by another alkylg4 (eq 8 and 9). The neo- 

Ta(CH2CMe3)3C12 + 2LiCHzCMe3 - 
“Ta(CHzCMe3)5” + 2LiCI (8) 

/H 
Ta(CH2CMe3), - (Me,CCH,),Ta=C’ + CMe, 

(9) 
\ 

CMe3 

pentylidene ligand probably forms by abstraction of a neo-t 
pentyl a-proton by a neighboring neopentyl group in the steri- 
cally crowded penta(neopenty1) intermediate. An analogous 
a-abstraction may occur in the thermal decomposition of 
Ti(CH2Ph)4 in which 2.66 mol of toluene is generated per 
mole of complex,65 exactly the amount predicted by redistri- 
bution of all a hydrogens to give toluene and “Ph C(Ti)3”. 

The dimeric species, (M[CH2SiMe3]2[CSiMes]l2 (M = Nb 
or Ta),83,84 possibly form from incipient M[CH2SiMe3]3- 
[CHSiMes] by a second a-hydrogen abstraction from 
CHSiMe3 by CH2SiMe3. Intermolecular reactions, possibly in- 
cluding the Grignard reagent, are also likely.84 In a related 
vein, toluene is produced on addition of AI(CH2Phh to 
Ti(CH2Ph)4.65 Interestingly, however, alkylidene a hydrogens 
are possibly more easily abstracted as suggested by the re- 
action of Ta(CH2CMe3)3(CHCMe3) with LiRaL, to give Ta- 
(CH2CMe3)3[C(CMe3)(Li*Lx)] . 9 4 3 9 6  

Carbenes may be formed in olefin disproportionation sys- 
tems, possibly by a-hydrogen abstraction. Disproportionation 
via equilibrium 10 has been p r o p o ~ e d . ~ ~ ~ - ~ ~ ~  

M-CR’, CR‘2 
(1 0) L - M-ll II CR2 

I 
CR,=CR, 

CR2 

C. Ligand Hydrogen Abstraction 
Several examples demonstrate that nonalkyl ligands do- 

nate hydrogen in a decomposition reaction in which alkane is 
produced. For example, T i ( ~ ~ - c ~ M e ~ ) M e ~  decomposes as 
shown in eq 11.1g8 Apparently a-abstraction to give Ti($- 

Me 

Me $,LH2 Me 

.: -C , M e AMe 

Me 

C5Me&(CH2) and methane is unfavorable. Perhaps the cy- 
clopentadienyl’s methyl protons are more acidic than the 
metal’s methyl protons. Similar examples are (i) H abstrac- 
tion from v5-C5H5 in UCp3R d e c o m p o s i t i ~ n , ~ ~ ~  (ii) abstraction 
from the ethyl group of a diethylamido ligand in Ti(NR2)sR‘ 
species,246 and (iii) abstraction of ortho hydrogen in a PPh3 li- 
gand in M(PPh3)3Me (M = RhZ9’ or lr292) to give 
M(C6H4PPh2)(PPh& and CHI (see also ref 16a). 
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D. Reductive Elimination (Coupling) 
Conceptually one of the simplest decomposition modes of 

a polyalkyl complex is alkyl coupling. It is relatively uncom- 
mon but well established for the polymethyl derivatives, fac- 
[PtMe3L(L‘)z]+ (L = tertiary phosphine),293a PdMez(P- 
E t 3 ) ~ , ” ~ ~  and A u M ~ ~ ( P P ~ ~ ) , ~ ~ ~  which cleanly eliminate eth- 
ane. In the first, two methyl groups trans to L’ couple more 
readily if L’ has a high “trans-influence”, and L = L’. In the 
second, evidence suggests the two methyl groups must be 
cis to couple. 

Coupling to give biphenyl is common for polyphenyl deriv- 
atives like CrPh3(S), (S = solvent). Much less commonly, po- 
lybenzyl compounds give bibenzyl. Evidence suggests that 
aryl coupling in early metal compounds is not necessarily 
analogous to the cis reductive elimination of methyl groups 
and may be much more c0mp1ex.l~ 

At some point during metal alkyl decomposition, an alkyl 
and hydride ligand are likely to be on the same metal. Their 
coupling is common, for example, as the final step in hydro- 
genation of activated olefins by dihydride complexes. A well- 
studied example is hydrogenation of activated olefins by 
M O C P ~ H ~ . ~ ~ ~  The intermediate hydrido-alkyl complex can 
sometimes be isolated and the reductive elimination reaction 
studied as a separate step (eq 12). 

CH2C0,Me 

I 

/cHco2Me - HCC02Me 

HCC02Me 
---t CP~MO 

H 
CH2C02Me 

CH2C02Me 

\ 
MOCP2HZ + II  

NOCP21 + I (1 2) 

E. Homolytic M-C Bond Cleavage 
Though metal alkyls like PbMe4 decompose at high tem- 

peratures to give free alkyl radicals,296 evidence that early 
transition metal alkyls decompose similarly at low tempera- 
tures is slight. Detection of coupling products is inadequate 
because they may arise in other ways. For example, decom- 
position of copper and silver propenyl complexes gives hexa- 
dienes with retention of configuration, suggesting the ab- 
sence of free propenyl r a d i ~ a l ~ . ~ ~ ~ ~ ~ ~ ~ ~  Yet free radical de- 
composition may take place under certain circumstances as 
in chlorinated solvents (see, for example, ref 299a). Some 
CuZgab and Ag alkyls also decompose by homolytic M-C 
bond cleavage, though probably not exclusively. The only sat- 
isfactory answer to this dilemma is to directly observe carbon 
based radicals or radical pairs (by ESR or CIDNP, respective- 
ly) on decomposition of a well-characterized metal alkyl. (The 
attempt to observe a benzyl radical on decomposition of 
Z ~ ( C H Z P ~ ) ~  was unsu~cessful .~~) Experiments with radical 
trapping agentszggb (see, for example, ref 299c) are less 
convincing since it is difficult to exclude the possibility that 
the trapping agent reacts with the metal complex and, in ef- 
fect, initiates homolytic ~ l e a v a g e . ~ ~ ~ ~ , ~  

The postulate that the dissociation energy of the transition 
metal to carbon bond is significantly lower than that of a main 
group element is unsupported by estimates obtained so far 
[M-Me and M-Ph (M = Pt, Ti)a3~276~z79]. Metal-carbon bond 
force constants in TiMeC13300 and TiMe4301 do not differ sig- 
nificantly from those in analogous main group compounds. 
Metal-carbon bond length also does not correlate well with 
stability.’40~226 A large number of early transition metal peral- 
kyl complexes are now available and should permit resolu- 
tion of this issue, for example, by calorimetric studies. Some 

of the first related experiments of this type have shown that 
the M-CH3 dissociation energy in M(CH3)(CO)5 (M = Mn, Re) 
may, in fact, be on the order of that of M-C0.299f 

VI/. Reactions of Alkyl Complexes 
Many transition metal alkyl reactions are similar to those 

of main group metal alkyls with some exceptions such as re- 
action with Nz or SOz. We survey briefly the common transi- 
tion metal alkyl reactions2~6~’1 and emphasize examples 
within the early metal category. Fundamental reactions of 
metal alkyls from a mechanistic viewpoint can also be found 
in a recent book by Heck.lGb 

A. Electrophiles 
Protonic reagents generally readily cleave the metal-alkyl 

bond to yield the alkane. In a few cases, e.g., Cr(CMed4, Ti(1- 
adamantyl)4, and [Cr(Hz0)5R]2+, strong acids are required. In 
principle the proton may attack the metal, with RH formation 
by reductive elimination, or attack the alkyl carbon atom di- 
rectly. A means of distinguishing between the two is not 
readily apparent. The former, in which the metal’s formal oxi- 
dation state increases by two, does not seem possible for do 
complexes such as WMe6 or Ti(cH~cMe3)~. 

Lewis acids like BR3, AIR3, ZnRz, or even’MgXz (X = a ha- 
lide) are often present after alkyl preparation or are added to 
“activate” the metal alkyl. Reactions between aluminum al- 
kyls and transition metal halides have been extensively stud- 
ied, yet most details remain obscure. A recent example is the 
reaction between M(CHzPh), and AI(CHzPh)3 (M = Zr, Ti).65 
When M = Zr a red crystalline product results which may 
contain bridging CHZPh groups. When M = Ti, however, no 
stable product was isolated, and toluene formed with time. 
Compare these results with the following proposal:302 

115’ 

petrol 
CpzTiCIP -I- 2AIMe3 CpzTi(CHzAIMeC1)2 + 2CH4 

Since alkyls with few d electrons, like TiMe4(do), are also 
good Lewis acids, similar reactions (intermolecular a-hydro- 
gen abstraction) may initiate d e c o m p o ~ i t i o n : ~ ~ ~  

2TiMe4 -+ CH4 + “Me3Ti” -I- “TiMe3(CHz)” 

Mechanistic details are not obvious. 

B. Hydrogen 

tion of hydrogen with a transition metal alkyl: 
“Oxidative addition” is an attractive primary step for reac- 

R,M + H2 - R,MHz 

Reductive elimination gives RH: 

R,MH2 -+ RH + R,-iMH - R,-pM + RH 

Oxidative addition to do complexes in this strict sense, how- 
ever, seems impossible since higher oxidation states are un- 
known. Two reasonable alternatives are: (i) a catalytic 
amount of a lower valent metal complex forms by reductive 
elimination of R-R followed by addition of H2 and redistribu- 
tion, viz. 

RzM - R-R M 

M f Hz + MHz 

RzM + MH2 + 2RMH 

PRMH - 2RH + M 

and (ii) hydrogen addition to M-R proceeds via a transition 
state in which only one end of the H2 molecule is attached to 
the metal, viz. 
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lj----y 
MR, + H, - 1 I - RMH + RH 

I I M--- -R 3- 
RH + M 

Compare (ii) with the known reaction of LiPh with H2 to give 
LiH and benzene. The reaction of hydrogen with the Li3MPhe 
complexes almost certainly falls into this category. It is sur- 
prising in any case that the M(CH2Ph)4 complexes (M = Ti or 
Zr) “catalyze” olefin hydrogenation under conditions where 
they do not react with hydrogen.65 However, since they also 
react with olefins, species which react more readily with hy- 
drogen may form initially. 

Hydrogen reactions are preparatively valuable in several 
instances. Hydrogen (1 atm) reacts with TiCp2Me2 in solution 
to give “titanocene”, Ti2(CloH6)Cp2H2.303 In contrast, 
ZrCp2Me2 gives a dimeric crimson species postulated to be 
(ZrCpzMe)~, 189a while T i ( ~ ~ - c 5 M e ~ ) ~ M e ~  is stable toward H2 
under moderate conditions.lg8 At 500 atm hydrogen reacts 
with MMe~(dmpe) (M = Nb or Ta) in THF in the presence of 
dmpe to give MH~(dmpe)2.~~ 

C. Oxygen 
The reaction of oxygen with metal alkyls to give the corre- 

sponding alkoxides has been known for many years. Brindley 
and Hodgson304 recently studied its reaction with some se- 
lected metal alkyls, MR4 (M = Ti or Zr, R = CH2SiMe3; M = 
Zr, R = CH2Ph) and M2R6 (M = Mo, R = CH2SiMe3 or 
CH2CMe3; M = W, R = CH2Ph). In hydrocarbons at 20 and 
-74’ each rapidly absorbed 0.5 mol of O2 per alkyl group. 
They postulated a radical chain mechanism propagated by al- 
kylperoxy radicals: 

R,M + O2 -+ [R,M-02] - R. (initiation) 

(propagat ion) 

fast 
R. + 0 2  + ROy 

R02. + R,M -+ R02MRn-1 + R. 

Peroxy transition metal alkyls were difficult to detect since 
they were rapidly converted to alkoxides. Nevertheless at 

small amounts of peroxide. At -74’ Zr(CH2Phk and 
W2(CH2Ph)6 gave 0.6 and 0.8 mol of peroxide per mole of 
metal, respectively. On hydrolysis the latter gave benzyl hy- 
droperoxide. Only traces of peroxides were observed for the 
CH2SiMe3 and CH2CMe3 species. Phenothiazine retarded oxi- 
dation, consistent with the proposed free radical mechanism. 
The authors concluded that the hindered approach of peroxy 
radicals to vacant metal orbitals significantly slowed the re- 
action rate. 

D. Halogens 

carbon bond: 

20’ M02 [cH&Me3]6, W2(CH2Ph)6, and Zr(CH2Ph)4 gave 

Chlorine, bromine, and iodine commonly cleave the metal- 

M-R + X2 - MX + RX 

In one case,3o5 MII(CO)~R, the configuration at carbon is re- 
portedly retained, suggesting an initial oxidative addition of 
Br2 to the metal followed by reductive elimination of RBr. 

In contrast, Br2 may attack the a carbon of R in 
[Cr(H20&(R)l2+ directly to give a transition state of the 
“open” variety since kinetically stable [Cr (H~o)~Br l  2+ was 
not observed.306 The bimolecular rate constants varied sig- 
nificantly with R, decreasing in the sequence Me > Pr > Et > 
CH2CMe3. Similar kinetic studies of the reaction of [Cr(p 
R C G H ~ ) ( H ~ O ) ~ ] ~ +  (R = Me, H, Br, CF3, CN) with Br2 and l2 
provided further support for the open transition state.307 

Br-Br Br-Br 

“open” “closed” 

Several  author^^^^-^'^ found predominant inversion of 
configuration at carbon in other systems. It is possible that at 
least two cleavage mechanisms operate, the relative amount 
of each depending on the metal, halogen, ligands, and experi- 
mental conditons. 

The possibility of free radical pathways should not be ig- 
nored. Certain alkyl halides oxidatively “add” to lr(1)31 ’ or 
Pt(0)312 by a free radical mechanism. A similar cleavage 
mechanism (by X2) could be proposed. Interestingly, iodine 
reportedly does not react with M(CH2SiMe3)4 (M = Ti and Zr) 
in the absence of oxygen.304 Possibly a free radical pathway 
initiated by peroxyalkyl radicals predominates. 

E. Carbon Dioxide and Carbon Disulfide 
In the preparation of transition metal alkyls, CO2 often is 

added at low temperatures to destroy excess Grignard or lith- 
ium reagent. A misconception that metal alkyls do not react 
with CO2 has therefore arisen. While it is probably true that 
most transition metal alkyls do not react with COz as readily 
as do Grignard reagents, several, especially the more highly 
alkylated ones, do react under mild conditions. For example, 
C02 reacts with M(CH2Ph)4 (M = Ti or Zr) at room tempera- 
ture and atmospheric pressure (Zr > Ti).65 Hydrolysis yields 
phenylacetic acid and tribenzylcarbinol in approximately 
equal amounts. In a second example COP apparently reacts 
with the decomposition product282b (eq 13). Similar CS2 “in- 

U 

sertions” into a metal-alkyl bond are known as well as a 
crystal structure of Re(C0)4(SSCPh) in which the dithio ligand 
is bidentate.313 Recent a r t i ~ l e s ~ ~ ~ , ~ ~ ~  provide further exam- 
ples, details, and discussion of CO2 and CS2 reactions. 

F. Carbon Monoxide 
Migration of an alkyl ligand to a CO ligand to give the acyl 

with retention of configuration at the alkyl carbon3Iob is now 
a well-known phenomenon,260 migrations in M(CO)5R, 
FeCpLL’R (e.g., L = CO, L’ = PPh3), and MCP(CO)~R (M = 
Mo or W) being studied most thoroughly. Several early metal 
examples follow. 

The reaction of CO with TiCp2(X)(R) (R = Me, CH2Ph, X = 
CI; R = Et, X = CI, I) probably proceeds via TiCpz(X)(R)(CO) 
followed by migration of R to CO to give TiCp2(X)(COR) (VC=O 
= 1600-1625 ~ m - ’ ) . ~ ’ ~  Decarbonylation of TiCp2- 
(CI)(COCH2Ph) gave TiCp2(CI)(CH2Ph) essentially quantita- 
tively at 40’ in heptane in 0.5 h. 

A similar reaction occurs between NbCp2Et(C2H4) and CO 
to give NbCp2(CO)(COEt)316 at high temperature and pres- 
sure, but TaCp2Me(CO) is unchanged at 80’ in benzene 
under 1 atm of CO after 1 day.95 

Acyl-alkyl complexes appear unstable with respect to fur- 
ther alkyl attack on the acyl: 



262 Chemical Reviews, 1976, Vol. 76, No. 2 

0 
II 

TiCpz(CHzPh)z % TiCp2(C0)2 + PhCHzCCHzPh (ref 190) 

0 

(ref 282cj 
II 

TiCp2Ph, T~CP,(CO)~ + PhCPh 

R. R. Schrock and G. W. Parshall 

Me'  

C p z T a  T~CP,(CO)~ + @3 (ref 196) 

0 

li co 
0 

Cp,Ti(CI)(CCH,) + MeMgCl -Msa; 
I1 

T~CP,(CO)~ + CH,CCH, (ref 31 5)  

When more than two alkyl ligands are present, further re- 
action of the incipient ketone might be expected as in134 

0 
CO hydrolysis II 

[TaPhJ - - inter alia PhCCH,Ph + Ph,COH 

The coordinated or free diketone, PhCOCOPh, is apparently 
reduced on hydrolysis. Products before hydrolysis may be 
complex; e.g., Ta(C8Hs)Mes and TaMeS(dmpe) react with ex- 
cess CO to give products with no infrared absorption charac- 
teristic of CGO or C=O? Metal-oxygen bonds may be 
present as in the reactions1' of Z ~ ( C H P P ~ ) ~  and CO where 
Zr-0-C-Zr bonds had to be postulated; the authors could 
find no evidence for ZrCEO or ZrCOR. 

G. Nitric Oxide 
An alkyl group also readily migrates to an NO ligand. NO (2 

mol) reacts with ZrCp2Me2 or ZrCp2(CI)(Me) to give mono- 
meric species containing the Kmethyl-Knitrosohydroxylami- 
nato ligand, ZrCp2[ON(Me)N=O](CI or Me).lBga No further 
reaction occurred in several hours at higher temperatures. A 
similar but not monomeric product formed on reaction of 2 
mol of NO with TiCppMe2. 

Hexamethyltungsten reacts with 4 mol of NO to give yel- 
low WMe4[ON(Me)N=0I2 in essentially quantitative yield.24 
The crystal structure shows an eight-coordinate geometry 
somewhere between square-antiprismatic and dodecahe- 
draI3l8 (Figure 10). The four oxygen atoms lie nearly in a 
plane while the four methyl groups do not; the CH3'-W-CHsr 
angle is 128.9', the CH3-W-CH3 angle 100.2'. Its 'H NMR 
spectrum in CD2Clp at room temperature shows two sharp 
singlets in a 4:2 ratio at 7 8.42 and 5.97, respectively, 
suggesting nonrigid behavior. Below -50' the 7 8.42 peak 
becomes two at 7 9.65 and 7.59. The highest observable 
peak in the mass spectrum was WMe3[0N(Me)N=0]2+. 

NO (4 mol) reacts with MMe,CI+, (x = 2 or 3, M = Nb or 
Ta) to give seven-coordinate MMe,-2C15-,[ON- 
(Me)N=0]2.3'9 The structure of the tantalum complex where 
x = 3 is a slightly distorted pentagonal bipyramid with the 
two chelating ligands and a methyl group in the pentagonal 
plane. The tantalum-carbon bond length, 2.248 A, is not un- 
usual. 

H. Olefins and Acetylenes 
The reactions of chromium alkyl and aryl species, some 

prepared in situ, with ~ l e f i n ~ , ~ ~ ~ , ~ ~ ~ * ~ ~ ~  dienes,273-320,321 di- 
2-butyne 325-329 and acety- 

lene54 have been studied extensively. Ol'efins and dienes are 
isomerized and hydrogenated. With acetylenes, cyclic and 
linear condensation products in addition to products resulting 
from hydrogenation and alkyl or aryl transfer are found; e.g., 
see eq 14.284c1323 Methyl complexes of Ti, Zr, V, Nb, Mo, and 

Me ' 
Figure 10. Schematic drawing of WMe4[ON(Me)N=0I2. 

Mn give similar results322 while phenyl groups transfer from 
TiPh4 to PhC=CPhs30 or C~P~S(THF)~  to HCECH.54 In fact, 

Ph 

CrMe,(THF), + PhC-CPh - ph)&ph + 
Ph Ph (prepared in situ) 

Ph 
P i  

Ph 

Ph Ph 

Yh Ph 

Me 

(cis + trans) 

PhCH-CHPh + PhCH2CHzPh + 

(1 4) 
/ Ph 

Ph 

C-CHPh + CH2=C 
/ \ 

\ 

Me' 'CH,Ph 

cis and trans 

such findings are observed rather generally.328*33' The inter- 
esting feature in this context is that the products incorporate 
methylene (formally), which is one reason why authors have 
postulated chromium-methylene complexes.324 In one in- 
stance, F ~ ( V ~ - C ~ H ~ ) ( C O ) ~ R ,  dimethyl acetylenedicarboxylate 
inserts into the Fe-R bond with retention of configuration at 
carbon .3 Ob 

Whitesides and Ehmann32B studied the stoichiometric re- 
action of 2-butyne with CrPh3(THF)3, which yields, inter alia, 
1,2,3,4-tetramethyInaphthalene. They excluded a free or 
metal-complexed tetramethylcyclobutadiene intermediate 
based on 

CrPh3(THF), + CD3CsCCH3 &:: 0 0 

Further labeling and kinetic isotope experiments and exami- 
nation of relative yields of 1,2,3,4,5-pentamethyInaphthalene 
and 1,2,3,4,6-pentamethyInaphthalene employing CrR3(THF)3 
(R = e, p. or mtolyl) "demonstrates that a long-lived aryne- 
chromium complex is also not an intermediate in these cycli- 
zations". Numerous other results led to the proposal (sol- 
vents omitted) in eq 15. The "chromocycle" intermediate is 
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similar to’ the product of the reaction of TiCp2Php with 
PhCFCPh.282c In the reaction of 2-butyne with Cr(o-anisyl)3, 
a related chromocycle forms by cleavage of methoxy from 
the ring.325i3z6 

Ph 
I 

1 

CH3 CH3 

Alkyl ligand transfer to an olefin (or olefin “insertion”) is 
comparatively difficult to study since it yields another alkyl li- 
gand which similarly reacts with more olefin. If the first trans- 
fer occurs, then subsequent transfers are also likely. Alkyl 
chain growth in this manner is usually postulated in olefin po- 
lymerization by a transition metal catalyst, but details are still 
unclear. For example, the olefin may not need to 7r-bond to 
the metal before the alkyl transfers. Group 4 metal catalysts 
are most active, usually only in the presence of a cocatalyst 
like an aluminum alkyl, the function of which is uncertain. Re- 
cently, however, ethylene has been polymerized with 
M(CH2Ph)4 (M = Ti, Zr) and CrRC12(THF)3 (R = Me, Et, etc.) in 
the absence of  cocatalyst^'^^ (see also ref 56b). Perhaps the 
alkyl-olefin complex most similar to a postulated intermedi- 
ate in an active system is N ~ C P ~ E ~ ( C ~ H ~ ) , ~ ~ ’  but it only loses 
ethylene and gives NbCp2(H)(C2H4) on heating. Alkyl transfer 
to other unsaturated hydrocarbons like Cp (ref 213, 214) or 

are probably poor models for the general reaction. 
Better models might be based on deVries’ observation153 that 
isobutylene reacts with TiMeCI3 to give a product which on 
hydrolysis yields some neopentane. A second isobutylene 
“insertion” is probably sterically unfavorable. 

Transfer of an aryl group to an olefin is basically different 
since an alkyl complex is formed which usually does not 
readily react with more olefin. In the case of Pd,16b rapid p- 
hydrogen elimination gives a new olefin, the aryl-substituted 
form of the starting olefin. 

Two groups report the use of tungsten alkyls as olefin dis- 
proportionation catalysts. Hexamethyltungsten on alumina 
converts propylene to a mixture of ethylene and bu- 
t e n e ~ ~ ~ ~ * ~ ~ ~  while tetrabenzyltungsten with AICI3 in benzene 
converts 2-pentene into a mixture of 2-butene and 3-hex- 
ene.72a In each case the alkyl complex almost certainly does 
not survive and the true catalyst is probably more closely re- 
lated to group 6 disproportionation catalysts prepared in 
other ways (see, for example, ref 334). 

1. Ketones 
Since many main group alkyls like ZnEt2, Hg(ptolyl)2, and 

PbEt4 do not readily react with the carbonyl function like a 
Grignard reagent, a wide range of reactivities between transi- 
tion metal alkyls and (e.g.) ketones should be expected. The 
Gilman test,335 in which a metal alkyl adds to Michler’s ke- 
tone, (pMezNC6H4)2C0. sometimes fails. For example, it is 
negative for TiMeC1318 and CrPh2C1.179 It is positive for binary 
alkyls except where steric crowding prevents ready addition. 
Though other factors or side reactions may conceivably be 
involved, the test results should indicate whether a given 
alkyl or aryl complex will react with ketones in general. Qual- 

itatively, one might expect that the more powerful the alkylat- 
ing agent which is required to prepare a given alkyl, the more 
readily the alkyl will react with the carbonyl function. 

A study of the reaction of methylniobium and methyltanta- 
lum chlorides, primarily NbMe2C13, with ketones and al- 
dehydes has recently appeared.336a Bulky ketones like Me- 
COCMe3 behave as donor ligands while a methyl group mi- 
grates to acetone or benzaldehyde to give an alkoxy ligand. 

J. Other Reactions 
A few other reactions should be mentioned. 
Isocyanates “insert” into the metal-methyl bond in 

MMe,C15-, (x = 1, 2, 3; M = Nb, Ta) to give acetamido com- 
p l e ~ e s . ~ ~ ~ ~  With isonitriles, complexes containing -c- 
(Me)=NR result. Each is a fairly general r e a c t i o r ~ . ~ ~ ~ - ~ ~ ’  
When x = 2 and R = Me or Ph in RNCO, Only 
MCI3 [N(R)C(O)MeI2 species could be isolated in pure form 
while both MMeC12[N(R)C(O)Me]2 and MCI2[N(R)C(O)Me]3 re- 
sult when x = 3. In all cases the possibility that the substrate 
inserted into the M-CI rather than M-Me bond could not be 
eliminated. Niobium complexes are considerably more unsta- 
ble than those of tantalum and decompose near 25’. 

lsothiocyanates react similarly to give products of the type 
MC14[N(R)C(S)Me], TaMeC13[N(R)C(S)Me], and NbC13- 
[N(Me)C(S)Me]2 (R = Me or Ph; M = Nb or Ta).340 Thiocy- 
anates, however, form simple adducts such as 
M M ~ z C I ~ ( N C S M ~ ) ~ .  A crystal structure of NbCI3[N(Me)- 
C(S)Me] 2 shows two bidentate Kmethylthioacetamide 
groups in the pentagonal plane of a pentagonal bipyramidal 
structure. 

Carbodiimides, RN=C=NR (R = Pr‘, Cy, or ptolyl), react 
with MMe,CI5-, (M = Nb or Ta) to give complexes contain- 
ing the RN-k(Me)=NR ligand which, in at least one case, Ta- 
MeCI2 [CyNC(Me)=NCy12, is bidentate336c as shown by x-ray 
studies. The reactivity sequence follows the order MMeCI4 > 
MMe2CI3 > MMe3CI2, an order which holds also for the reac- 
tions discussed above. 

Sulfur dioxide often reacts with group 4 metal alkyls to 
give 0-bonded sulfinates in contrast to the more common S- 
sulfinates formed with group 8 metal alkyls.3411342 With 
TiCp2R2 and TiCp2RX (R = alkyl or aryl; X = halide), mono- 
meric TiC~2(02SMe)~, TiCp2(02SPh)2, and TiCp2Cl(02SMe) 
were formed.343 In the latter, ’H NMR evidence suggested 
isomers based on the mode of 02SMe bonding. The reaction 
of SO2 with ZrCp2MeCl did not give the expected product but 
one with the stoichiometry of a bis-SO2 adduct postulated to 
be ZrCp(02SC5H5)(OZSMe)CI. Sulfur dioxide reacts with 
TiMeX3 (X = Br, CI), but the products have not been well 
characterized. 

Zr(CH2Ph)4 reacts with SOz, PhNCO, and MeNCS to give 
Zr(CHpPh)(02SCH2Ph)3(0-suIf inate), Zr [ N(Ph)COCH2Ph] 4, and 
Zr [N(Me)CSCH2PhI4, re~pectively.~’ It reacts with NO to give 
mixtures of the expected ON(CH2Ph)N=0 complexes. 

An intriguing reaction between molecular nitrogen and a 
phenyl ligand has been reported344 (eq 16). 

N2 
TiCp2Ph2 4- 5LiPh - PhNH2 + NH3 after hydrolysis (1 6) 

0.03:O. 17 mol per Ti at 1 atm 

0.15:0.65 mol per Ti at 100 atm 

A TiN=NPh intermediate was postulated to account for 
these results. In the corresponding o-tolyl system, a mixture 
of all three isomeric toluidines resulted, which suggests 
isomerization possibly via benzyne-like intermediates during 
the course of the reaction (cf. ref 282a). A later study335 
showed LiPh was not necessary. 
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VI I I .  Abbreviations 
acac 
bPY 
Bu 
But 
CP 
CY 
diars 
diox 
dme 
dmpe 
dPPe 
Et 
HMPA 
I nd 
Me 
Mes 
Ph 
phen 

Pr 
Pr’ 
PY 
PZ  
quin 
TEEDA 
THF 
TM EDA 
TM M DA 
TM PDA 

PiP 

acetylacetonate 
2,2-bipyridyl 
n-butyl 
is0 butyl 
q5-cyclopentadienyl 
cycloh exyl 
o-phenylenebisdimethylarsine 
p-dioxane 
1,2-dimethoxyethane 
1,2-bisdimethyIphosphinoethane 
1,2-bisdiphenyIphosphinoethane 
ethyl 
hexamethylphosphoramide [ ( Mez N),P=O] 
q5-indenyl 
methyl 
2,4,6-trimethylphenyI (mesityl) 
phenyl 
o-phenanthroline 
piperidine 
n-propyl 
isopropyl 
pyridine 
pyrazol yl 
quinoline 
N, N, N‘,N’-tetraethylethylenediamine 
tetrahydrofuran 
N, N, N ’ ,  N’-tetramethylethylenediamine 
N, N,  N ’ ,  N’-tetramethylmethylenediamine 
N, N ,  N ‘ ,  N‘-tetramethylpropylenediamine 

IX. Addendum 
In the period following completion of the manuscript, many 

significant findings have been reported. Perhaps the most in- 
teresting are reports by Schwartz et al. and by Schrock on 
the use of early transition metal alkyl compounds as potential 
reagents for organic synthesis. 

Schwartz and coworkers345 have recently developed syn- 
thetically useful reactions based on zirconium alkyls of the 
type ZrCp2(R)CI. These are prepared by addition of olefins to 
ZrCpAH)CI, a reaction which was briefly explored by Wailes, 
Weigold, and Bell.‘EQb The Zr atom migrates to the least hin- 
dered accessible position along the alkyl chain, probably by a 
series of Zr-H additions and eliminations. Cleavage reactions 
with HX, X2 (X = Br, I), or acyl halides, or “insertions” with 
CO or 02, thereby provide routes to alkyl halides, aldehydes, 
esters, acids, ketones, or alcohols. When R was fhreo- or 
erythro-CHDCHDCMe3, the configuration at the a-carbon 
atom was retained on cleavage with Br2 or on “insertion” of 
CO or SO2, while some racemization occurred on reaction 
with 02.345c Oxidation of the zirconium alkyl derivatives with 
tert-butyl hydroperoxide followed by hydrolysis gave primary 
alcohols in high yield.345d 

Similar interest pertains to alkylidene complexes of tanta- 
lum which are structural analogs of phosphorus ylides. The 
readily availableg4 (neopentyl)3Ta=CHCMe3 has been studied 
most thoroughly.346a It reacts with C=O functions to give ole- 
fins in much the same way as do phosphorus ylides, but the 
scope of the Ta=C reactions appears to be broader. 

Simple methylene complexes of tantalum have now been 
prepared. The reaction of TaMe3C12 with 1 or 2 mol of TlCp in 
toluene gave trimethyl compounds, TaCpMe3Cl and 
TaCp2Me3, respectively. In contrast similar reactions between 
Ta(CH2CMe3)2C13 or Ta(CH2Ph)3C12 and 2 mol of TlCp provid- 
ed alkylidene compounds (see section VI.B), TaCp2(CHC- 
Me3)CI, and TaCp2(CHPh)(CH2Ph), respectively.346b Treat- 
ment of TaCp2Me3 with CPh3+BF4- gave [TaCp2Mez]+BF4-, 
which, on deprotonation with base, gave the first definitive 

example of a transition metal-methylene complex, 
TaCp2(CH2)(CH3). It is stable at room temperature but slowly 
decomposes in apparently a bimolecular fashion to give 
TaCp2(CH3)(CH2=CH2) and the fragment, “TaCp2(CH3)”, 
which reacts with L (L = C2H4, CO, PR3) to give TaCp2(CH3)L. 
Its reactions with CH31 and AIMe3 suggest that the methylene 
carbon atom is nucleophilic. A crystal structure347 showed 
the Ta-methylene bond length to be 2.026 (10) A while ‘H 
NMR studies showed A& for the barrier to rotation about the 
Ta=CH2 bond to be 121.4 kcal mol-’. In contrast, the A& 
values for carbene ligand rotation in TaCp2(CHCMe&I and 
TaCpn(CHPh)(CHaPh) are 16.8 f 0.1 and 19.3 f 0.1 kcal 
mol-‘, respectively. 

Lappert, Patil, and P e d l e ~ , ~ ~  have measured the heats of 
alcoholysis of some titanium and zirconium complexes, MR4 
(R = CH2SiMe3, CH2CMe3, or CH2Ph), M(NR’2)4 (R = CH3 or 
C2H5), and MCI4, and several hafnium analogs. The calculated 
“mean bond energies”, E(M-C), which varied from ca. 45 to 
75 kcal mol-‘, can be taken as further evidence that the 
transition metal to carbon bond is not necessarily weak (see 
section ME). Close comparisons of E(M-C) values, however, 
can be misleading because an alternative description of a 
particular M-C bond strength, the mean bond dissociation en- 
ergy, D(M-C), can be quite different from a particular E(M-C), 
as in the case of R = CH2Ph. 

Galyer, Wilkinson, and Lloyd349 found the photoelectron 
spectrum of WMe6 and TaMe5 to be consistent with Oh and 
D3,, structures, respectively, in the gas phase. The spectrum 
reported by Cradock and Savage26 is believed not to be that 

Several new rhenium alkyls have been reported.350 Vola- 
tile, red ReOMe4 is the product of a complex reaction be- 
tween ReOC13(PPh3)2 and methyllithium in diethyl ether in the 
presence of traces of molecular oxygen. An analogous reac- 
tion employing Me3SiCH2MgCI gave blue ReO(CH2SiMe3)4 and 
red Re203(CH&iMB3)6. All are thermally stable and fairly un- 
reactive toward water, dilute mineral acids, alcohols, H2, Con, 
CO, and SO2. The ESR and electronic spectra of the mono- 
mers are consistent with square-pyramidal g e ~ m e t r i e s . ~ ~  

A brief communication described the isolation of thermally 
stable MnR2 complexes in which R = CH2CMe3, CH2SiMe3, 
and CH2CMe2Ph.352 They are apparently oxidized by molecu- 
lar oxygen to give relatively unstable, green MR4 complexes 
analogous to Mn( l - n o r b ~ r n y l ) ~ . ~ ~  A uranium complex, 
Li2U(CH2SiMe3)6(TMEDA)7, was also described. It is the first 
uranium alkyl containing more than one metal to carbon u 
bond. 

The preparation and properties of W(CH2Ph)472a have now 
been described more fully.353 Red-brown W(CH2Ph)4 is best 
prepared from WC14 and Mg(CH2Ph)z in diethyl ether. It is 
sparingly soluble in common solvents and stable at room 
temperature. The authors also describe the preparation of 
olive-green W(CHzPh)CI5 from WC16 and B(CH2Ph)3 in ether 
at -15 to -30’. Both form sparingly soluble bipyridyl ad- 
ducts. 

An expanded version of the original report71 on isolable 
“V(CHzPh)4” has also appeared.354 The black, low-melting 
crystals have the composition V(CH2Ph)4(ether),(dioxane), 
where n 2 1 and m 2 2. The ESR signal at 77’K occurs at g 
= 1.965, in contrast to earlier results,70 and no signal was 
found in ether or as a solid at 0’. “V(CH2Ph)4” decomposes 
at 90’ in ether to give 3.3-3.7 mol of toluene per V (cf. 
Ti(CH2Ph)4 decomposition, section ll.A.3) and a dark residue 
which gives V(a~etate)~, Ha, and toluene on treatment with 
acetic acid. 

Frohlich and coworkers have briefly described the prepara- 
tion of yellow Zr(CH2Ph)2(NPh2)2355 and paramagnetic (w  = 
1.54) V ( N E ~ ~ ) S ( C ~ H ~ ) . ~ ~ ~  The former was prepared by addition 
of 1-2 mol of HNPh2 to Zr(CH2Ph)4 and the latter by addition 

Of WMe6. 
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of LiC2H5 to V(NEt2)&I in heptane. V(NEt2)&H5), a green 
liquid, appears to be thermally more stable than its Ti analog 
(see section V.C); it decomposes at ca. 1 15'. 

The chemistry of organochromium compounds has been 
discussed thoroughly in a recent book by S n e e d e ~ ~ . ~ ~ '  
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