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I. Titanium, Zirconium, and Hafnium Hydrides 

A. TITANIUM HYDRIDE COMPOUNDS 

The current literature reflects the fact that  molecular species con- 
taining a titanium-hydrogen bond are of much interest. This is, in 
part, due to their possible involvement in reactions involving unsatu- 
rated molecules such as alkenes, alkynes, hydrogen, carbon monoxide, 
and dinitrogen. However, such species remain elusive in many re- 
spects, and are often poorly characterized. Considerable progress has 
been made since the early 1960s, when reports of such compounds 
started to appear, but even now very few definitive X-ray (or neutron) 
diffraction studies are available because of the difficulty in obtaining 
suitable crystals of the air-reactive materials. Spectroscopic identifica- 
tion of Ti-H bonds is also frequently difficult to obtain. The intensity of 
absorptions associated with Ti-H stretching frequencies in infrared 
spectra is often low, and samples are often paramagnetic, being deriva- 

267 
Copyright 0 1982 by Academic Press. Inc. 

All rights of reproduction in any form reserved. 
ISBN 0-12-023625-7 



268 G .  E. TOOGOOD AND M. G .  H. WALLBRIDGE 

tives of Ti(III1, so that ESR rather than NMR spectra must be used to 
infer the presence of such bonds. Relatively little use has been made of 
Raman spectroscopy, and the newer Fourier transform infrared tech- 
niques have not yet had time to make an  impact on the problem. Chem- 
ical reactions, such as  the release of hydrogen on treatment of the 
suspected hydride with acids and the conversion of CC1, into CHC13, 
have often been used as the means of detecting the Ti-H bond. 

There has been no recent comprehensive review of this area, al- 
though a book on the organometallic chemistry of titanium, zirconium, 
and hafnium deals, in part, with some of the hydride derivatives (1 ). In 
the present review, the first part of the discussion reflects the fact that  
much of the early work on organotitanium hydrides was, often un- 
knowingly at  the time, interwoven with attempts to prepare 
titanocene, Cp2Ti (Cp = q5-C5H5). Subsequent sections deal with simi- 
lar compounds containing an  additional metal (e.g., aluminum), mis- 
cellaneous titanium hydride compounds, and a summary of the main 
properties of the above species. 

1. Organo- and Cyclopentadienyl Titanium Hydrides 

Four closely related species have featured prominently in the de- 
velopment of cyclopentadienyl titanium hydride chemistry, namely 
[(q-C5H5)lTill-2, the so-called titanocene; the titanocene hydride [(q- 
C5H5)2TiHl,; the fulvalene-containing hydride p-(q5 : q5-CI&8)-p-(H)2- 
[(q-C,H5)Til2; and the C5H,-bridged compound (q-C5H5)2Ti-p-(q : q5- 
CsH4)-Ti(q-C5H5). The nature of the first two of these compounds 
remains uncertain even now, and related derivatives have often 
been prepared to assist in characterizing this type of compound. It 
now appears likely that several of the early experiments designed to 
prepare titanocene, Cp2Ti, did in fact lead to the fulvalene titanium 
hydride derivative, although it should be stressed that this remains to 
be proved in several cases. In view of this fact, the early chemistry of 
titanocene-type compounds is reviewed first, in order to clarify the 
relationship between the different types of compounds described in the 
various reports. 

An air-sensitive, dark-green, diamagnetic crystalline solid, obtained 
by treating titanium dichloride with NaC5H5 in tetrahydrofuran 
(THF), was reported to be titanocene, (cJH5)2Ti, as early as 1956. The 
compound was easily oxidized t o  the cation [(C5H5)2Til+ and formed a n  
adduct with THF, (C5&)2Ti . THF, that exists as a green paramagnetic 
solid at low temperatures, and quickly transforms to a brown 
diamagnetic solid a t  25°C (2). A similar green solid was obtained by 
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Clauss and Bestian (3) when Cp2Ti(CH3)2 in hexane a t  20°C was sub- 
jected to an atmosphere of hydrogen, but the solid was formulated by 
these authors as a dimeric species [(C5H5)2Ti12. 

Attempts to repeat these experiments did not immediately clarify 
the situation, since products were often incompletely characterized. 
The use of Na/Hg amalgam ( 4 , 5 ) ,  Nahaphthalene ( 6 , 7 ) ,  and sodium 
sand (8) in reactions (11, (21, and (3) also led to volatile green solids, 
again formulated as dimeric species 

(1) 

(2) 
(3 1 

CsHsCHa 
Cp2TiClz + 2NaHg - [(C5H5)zTi1 + 2 N a C l +  2Hg 

CmTiClz + 2NaCloHB+ [(C5HshTil + 2C10HB + 2NaCI 

CpzTiCIz + 2Na - [(C,Hs)zTil + 2NaCI 

THF 

CiHsCHs 

[(C5H5I2Til2, and the unexpected diamagnetism was confirmed. A fur- 
ther unusual feature, deduced from infrared spectral data, was that in 
one case the compound was not of the r-sandwich type, but instead the 
dimer apparently contained both 7- and u-bonded cyclopentadienyl 
groups (8). 

The precise nature of “titanocene” therefore remained uncertain up 
to the late 1960s, although other reports appeared to be consistent with 
the presence of the (C5H5)Ti unit in some form in the various reaction 
mixtures. Thus the green solution, obtained as in reaction (21, absorbed 
carbon monoxide slowly to give the known dicarbonyl, Cp2Ti(CO)2, and 
although the green solution did not react with 2,2’-dipyridyl, the 
monomeric, blue-black Cp2Ti(dipy) compound was obtained by the ac- 
tion of dilithium dipyridyl on CpzTiCl2. However, even at this stage 
doubts were expressed as to whether titanocene was a simple 
ferrocene-like molecule (9). A series of experiments also identified a n  
“active titanocene,” prepared as in Eq. (21, as a dinitrogen fixing re- 
agent, with [(C5Hs)2Ti12N2 as the intermediate (10, 11 ). Experiments 
related to those above have also claimed to have trapped Cp2Ti as the 
Cp2Ti(2-bipyrydyl) complex when Cp2TiMe is reacted with aromatic 
amines (121, and Cp2Ti is also stabilised by bridging pyrazolyl groups 
as in (CpzTi)2(p-pyrazolyl)z (13).  

Meanwhile, other reports indicated the presence of titanium hydride 
species in many reduced Ti(1V) solutions. As early as 1966, Brintzinger 
suggested on the basis of ESR measurements, that  a hydride was pres- 
ent in the dark brown solutions obtained from the action of EtMgCl on 
Cp2TiC1 ( 1 4 )  and this was later identified using ESR as the anion 
(CpzTiH2)-, which may also be obtained using magnesiudTHF or iso- 
propyllithium as the reducing mixture (15). A neutral hydride was also 
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postulated as an  intermediate, but not isolated, in the reactions (16, 
17) :  

CpZTiC1, + i-PrMgBr + [CpzTiH1 + C3H6 CpzTi (allyl) 

A related series of anionic { [Cp~Ti(pu-H)zTiCp~l-M+, where M = Li, Na, 
(I)} and neutral [CpZTiHzM, where M = MgBr, AlClz, AlHz, (1I)I hy- 
drides, first reported by Olive et al. (18, 19) ,  have also been partially 
characterized from line-width trends in their ESR spectra (20, 21 ). 

Q\ /H\ /“‘ 
Ti Al 

cp, /H\ /cp 

c1 
[ CP / \ / \  Ti  Ti CP ]‘-nM+ CP / \H/ \ 

(1) (11) 

A series of investigations by Brintzinger and Bercaw in the early 
1970s largely clarified the relationship between these titanocene and 
hydride derivatives. The first isolated hydride, CpzTiH, was obtained as 
a violet solid by treating CpzTiMez with hydrogen at low pressure in 
the absence of solvent (22).  Under these conditions, only traces of the 
green “titanocene” referred to be Clauss and Bestian ( 3 )  are formed. 
Since the hydride was diamagnetic a dimeric structure (111) was pro- 

(L = THF o r  PP$) 
cp\ /H 

cp\Ti/H\Ti/cp T i  
/ \H/ \ 

CP CP 

(111) (IV) 

posed, and cleavage of the T ~ ( / . L - H ) ~ T ~  unit by ligands (THF, PPhd 
yields the paramagnetic species (IV). The hydride is apparently only 
an intermediate, since i t  decomposes at  150°C in uucuo to the green 
“titanocene” reported earlier. 

150’ 

vacuum 
(CpzTiHh - [CPZT~IZ or [Cl~HloTilz + HI 

green “titanocene” 

It also transforms slowly into a gray-green isomer on standing a t  
room temperature (22). This isomer was subsequently suggested to be 
a polymeric form of the hydride, (CpzTiH),, and is interesting in that on 
stirring in toluene at  20°C this is also unstable and evolves 0.5 mol of 
HZ per mole of Ti with the formation of a dark-colored solution (23) .  
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While the solution species must therefore be formulated as (CpzTi),, it 
has been shown to be dimeric in benzene. Although the degree of as- 
sociation in the solid state is uncertain, the infrared spectra of the solid 
and solution species are similar, but different from that of (CpzTiH),. It 
is noteworthy that a toluene solution containing (CpzTi)~ is para- 
magnetic and forms a bright green adduct with THF that decom- 
poses quickly to a brown solid. Such behavior is comparable with 
that in the initial report claiming the preparation of titanocene (2). 
The dark-colored solid and solution, initially called “metastable” 
titanocene, is different from, but isomeric with, the green titanocene. It 
is a much more reactive compound than the latter, and it is trans- 
formed into the green form by heating in toluene at 100°C (23). 

The early 1970s also saw the resolution of the problem regarding the 
precise nature of the green “titanocene” (C10H10Ti)2. While several re- 
ports had indicated that treatment of “titanocene” with hydrogen 
chloride gas did not afford CpzTiC1 or Cp2TiCl2, it was Brintzinger and 
Bercaw who established that the product of this reaction was in fact 
(CloH,TiC1)2 (24 ). Since the infrared spectrum of “titanocene” contains 
a strong band a t  1230 cm-’ that is absent in (CloHsTiC1)2, Brintzinger 
and Bercaw suggested that this arises from a Ti(p-H),Ti group, 
and formulated titanocene, (CpzTi)z, as  a fulvalene derivative 
[Cp(CsH4)TiH12 or (CpTiHMCloHd (V). 

(V) 

Although this proposal has not been verified by X-ray crystal data, 
since suitable crystals have not yet been obtained, there are structural 
data available on closely related compounds. The hydride (V) is hy- 
drolyzed by water to the bis(hydroxy) derivative (VI), which crystallizes 
from THF solution as the bis solvate. 

(CpTiH)2(CloHa) + 2 H 1 0 z  (CpTiOH)dC&~) .2C&O 
(VI) 

The crystal structure of (VI) confirms the presence of a n-bonded ful- 
valene, with hydroxy groups bridging the two titanium atoms, and the 
THF hydrogen-bonded to the hydrogens of the hydroxy groups (25).  
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The Ti-Ti separation (3.195 A) leaves open the question of how much 
Ti-Ti interaction is present, and it is significant that the compound is 
weakly paramagnetic. The presence of a .rr-bonded fulvalene has also 
been found in other systems, namely, the mixed aluminotitanium hy- 
drides (CpTi)2(H)(H2AlEt2)(ClOHs) (26) (VII), and [(C&IdTiHAlEt212 
CloHe) (26,271, which are discussed further below, and the niobocene 
(CpNbH)2(CloHs) (28). In addition the 13C-NMR spectrum of titanocene 

yz? q ‘H\&/”’D 
Et, 

(VI) (VII) 

confirms the presence of a fulvalene group by comparison with the 
(q5 : q5’-fulvalene)dicobalt(III,III) dication (29). With the structure of 
the green “titanocene” therefore established it is very probable that 
many of the previous formulations as [(C5H5)2Ti12 require modification 
(e.g., Refs. 2-8) although some intriguing uncertainties remain. For 
example, the green titanocene (Cp2TiH)2(CloHd is relatively unre- 
active, but the isomeric “metastable” dark form, referred to above as 
[(C5H5)2Til,, reacts rapidly as the dimer in toluene or ether solution 
with CO and N2 forming C p ~ T i ( c 0 ) ~  and [(C5H5)2Ti12N2, respectively 
(23, 30). A more complex reaction occurs with hydrogen, and the 
hydride species formed have not been fully identified (23). 

Although another active form of titanocene, formulated as 
[(C5H5)2Till-2, has been obtained by van Thmelen et al., it  was sug- 
gested that this may very well be identical to the metastable form ( 3 2  1. 
More recently, a black solid active form of titanocene, also formulated 
as CloHloTi, has been obtained from the diphenyl derivative Cp2TiPh2 
by photolysis in benzene (32, 33). One report suggests that the 
titanocene is similar to that obtained earlier from CpzTiMe2 (see Ref. 
321, and although the product was not fully characterized it does not 
show any bands in its infrared spectrum between 1230 and 1220 cm-’ 
from any Ti-H-Ti group vibration (32). An ESR spectrum of another 
similar product suggests a solution equilibrium as 

THF 
CP,Ti(SOlV)* = 2Cp,Ti(Solv) 

and continuing the photolysis leads to  Cp2TiH*THF, as well as 
(Cp2TiH), (33). An overall reaction scheme has been proposed: 
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I Ph 

Ph 
Pt; 

No suggestions have yet been made as to either the precise struc- 
tures of these active forms or how they differ from the more stable 
green fulvalene form. Several attempts have been made to prepare 
similar species by electrochemical reduction of CpzTiXz and CpTiXs 
compounds (e.g., Ref. 30, and references therein). Blue solutions have 
been obtained, but the identity of the species at present remains un- 
certain, although recent studies have indicated that anionic species 
are the probable products in THF solution according to Refs. 34-36: 

CpzTiXp + e-  * [CpzTiXzl- 
[CpzTiXzl- + e -  [CpZ'I'iX2l2- 

[CpzTiXZl2- + e -  c LCpzTiXzJ3- 
~CpzTiXzI2- + [CpzTiXI- + x- 

where X = C1, Br, alkyl, aryloxy. However, it has also been reported 
that controlled reduction of CpzTiClz in dimethoxyethane under an  
atmosphere of CO results in a high yield of CpzTi(CO)~, so that (CpzTi) 
may be produced a t  some stage in the reduction (23).  

While it is not the purpose here to review all Cp-Ti compounds, there 
is obviously a very close relationship between CpTi moieties and their 
rearrangement product (CsHJTiH via ring-to-titanium a-hydrogen 
shift, as has been alluded to above. The nature of the Ti-H species 
involved in reactions between low-valent titanium compounds and di- 
nitrogen is not always clear. There seems little doubt that  some form of 
bis(cyclopentadieny1) titanium is an active intermediate in dinitrogen 
coordination reactions (31, 37-39), but there is as yet no conclusive 
evidence that a Ti-H species is involved in the initial reaction ( I I ) ,  
despite some claims to the contrary ( 4 0 ) .  The existence of different 
forms of CpzTi is referred to again below. 

Further information on the products of reduction of CpzTiClz with 
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potassium naphthalene in THF has been elicited by carrying out the 
reaction at  -80°C. Removal of the solvent at room temperature fol- 
lowed by extraction with toluene yields (C5H5)3(CJH4)Ti2 (VIII) as a 
black powder. Although crystals of this material suitable for X-ray 
analysis could not be obtained, the structure of the THF adduct, (7- 
C,H,),-T~-~-(T~ : T~-C~H~)-T~-(~)-C~H~)(C~H~O)-(C~H~O) (IX), shows the 
existence of a Ti-Ti bond, with one THF molecule occupying a lattice 
site. Since (IX) is converted to a pure form of (VIII) by removal of the 
THF under vacuum at room temperature, it has been suggested that 
the structures of (VIII) and (1x1 

(VIII) 

are similar (41, 42).  

The black solid (VIII) is converted into the green fulvalene titanocene 
(V) a t  llO"C, and also reacts with H2, N2, and alkenes (42),  as do the 
active metastable forms of titanocene (30) .  With hydrogen, (VIII) 
yields a green-gray precipitate, formulated as KC&)AC5H4)Ti21 * H2, 
from toluene solution. The infrared spectrum and deuteration studies 
show this solid to  contain a Ti-H bond, probably with the hydrogen in a 
bridging position, as either 

The solid evolves 1 mol of hydrogen per mole of (VIII) used, under 
vacuum, and is therefore similar to the green-gray metastable 
polymeric form of titancene discussed above and formulated as 
(CpZTiH), (23 1. This solid evolves only 0.5 mol of hydrogen per mole of 
Ti under vacuum, but both solids show an infrared absorption a t  1140 
cm-' from the Ti-H bond, as opposed to an absorption at 1450 cm-' 
from the Ti-p-(H),-Ti group in the violet (Cp2TiHI2 (22). Thus al- 
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though the two green-gray solids are similar, further properties of each 
are required before their relationship can be considered as established. 

The metallocycle 1,Ctetramethylene bis(cyc1opentadienyl)titanium- 
(IV), obtained by reacting CpTiC1, with Li(CH&Li, decomposes at 
-3O"C, yielding a mixture of l-butene and ethylene (43).  The pathway 
leading to l-butene may involve a hydride intermediate, although 
whether this is formed by a- or /I-hydrogen atom elimination is uncer- 
tain, e.g., 

Assuming carbon- carbon bond cleavage occurs in the route leading to 
ethylene formation, unsuccessful attempts have been made to isolate 
the bis(ethy1ene) intermediate by reacting ethylene with titanocene 
obtained in a way similar to that described above (41).  However, car- 
bonylation of the reaction mixture yielded cyclopentanone, inferring 
that titanocene intermediates are produced (43 ). 

In conclusion, it cannot be assumed at present that all compounds 
previously formulated as (CsHs)sTi are in fact (VIII); subtle differences 
between the various compounds still remain. 

A summary of the reactions involving the cyclopentadienyl titanium 
hydrides is given in Scheme 1 (page 276). 

Successful attempts have been made to classify the nature of some of 
the above species by the use of the pentamethylcyclopentadienyl group, 
C5Me5(Cp* 1, which it was supposed avoided the possibility of hydrogen 
transfer from the Cp* ring to the metal. Using this modification it has 
been possible to obtain pure monomeric Cp$ Ti as described below; this 
is now best prepared from its dinitrogen complex, through a series of 
equilibria (39, 44 ): 

N, 
2Cp.TTi + [CflTiloNo - [Cp.T"iNzlz NZ 

vacuum vacuum 
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H,/low pressure/no solvent (R = Me) 

photolysis (R = Me. Ph) 
b(CI,H,,Ti) purple complex 

(black titanocene) 

EtMgCl 

Li Bu / H, 
Cp,Ti(H)PBu, 

Na/C,,H, 

/ \ ",O 

several forms? 

H21- , (active (Cp,TI) 1-1 titanocene)? - (Cp,Ti),-, form) 

cl, Cp,Ti(C,HJTICp deep-blue complex 

Na/PhCH, identical? 

K C& 
-80°C 

vm 

(Cp(CIH,)TiHAIEt,], 
XVI 

(CpTi),(H) (H,ALEt,)(C,,H~ - [C.H,)TiHAlEt&(C,,HJ 

xvn 
f vn 

:iH)* 
let) ~.. ...-, _.., 

CO 25°C 

+ PPh, 

/ \-. 25°C 

I 

(Cp,Ti),N, Green ___f B r o m  
(deep blue) adduct 0.5 hr decomp. 

product I 

[Cp,TiCI], + PPII, 

H,/PPh,/C,H,,/O"C (R = Me) 

SCHEME 1. 

This route is necessary since initial attempts to prepare Cp2Ti led to 
mixtures. Thus while Cp2TiMez does not react appreciably with hydro- 
gen (in contrast to CpzTiMez) when it is refluxed in toluene solu- 
tion, methane is evolved and a turquoise solid (Cp* )(CsMerCHJI'iMe, 
is formed. This solid does react with hydrogen, yielding the diamag- 
netic dihydride Cp3TiHz, which dissociates in hydrocarbon solvents 
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under vacuum at room temperature to exist in equilibrium with 
CpZTi and CpZTiH, both of which appear to be monomeric in solution 
(23, 39) .  

Passage of dinitrogen into this mixture precipitates the dinitrogen 
complex as a blue-black microcrystalline solid, and thus provides a 
synthesis of pure CpZTi. The yellow-orange Cp8 Ti turns yellow-green 
in solution, and NMR measurements on the paramagnetic Ti(I1) 
species have led to suggestions of the tautomerism: 

L 

1 

(yellow) (green) 

On prolonged standing a t  room temperature, Cp8Ti slowly evolves hy- 
drogen yielding the dark violet monomeric (Cp* )(C5Me4CHdTi (39) .  

Cp:Ti i- tcr H, 

Although relatively few further investigations have been made on 
these compounds, they nicely illustrate the significantly different 
chemistry that emerges with the use of the C5Me5 ligand. The various 
reactions are summarized in Scheme 2 (page 278). 

Thus the ring-to-titanium a-hydrogen shift, noted above for the 
C5H5Ti moiety, persists even for the C5Me5 ring. Confirmation of the 
fact that the cyclopentadienyl ligand acts as a hydrogen source was also 
obtained in studies on the dinitrogen-fixing system CpzTiClz/Mg/MgIz 
using deuterated solvents and the C5D5 ligand (45) .  
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CpiTiCL, 

LiMe 1 
1 

CpiTiMe,  

1 1 0 ° C  PhCH, 

Cp*(C,Me,CH,)TiMe 
(turquoise) 

Cp*(C5Me,CH,)TiH 

I t  
C p i T i  

(yellow-orange) 

f vacuum 

evolved 

SCHEME 2. 

2 .  Miscellaneous Ti-H Compounds 

The formation of C B T ~ ( H ) ( P P ~ ~ )  from ( C ~ Z T ~ H ) ~  has been referred to 
above (Scheme 1). A similar derivative CpzTi(H)(PBu3) has been de- 
tected by ESR measurements when the phosphine is added to a mixture 
of CpzTiCldLiBdHz in toluene solution. Such mixtures are hydrogena- 
tion catalysts, and the active species has been suggested to be CpzTiH 
existing in a monomer-dimer equilibrium. A complex reaction occurs 
when CpzTiPhz is heated with ZnPhz in ethereal solvents or toluene 
solution; benzene is evolved and a dark violet diamagnetic solid pre- 
cipitates. Although neither mass nor NMR spectra could be obtained, 
other data suggested the solid contained the Ti-H group and a Ti-Ti 
bond as in (XI or (XI) (46). w w  

H -Ti - - - - - - - - - -Ti - Ph 'H\Ji 

P h  An& phA% 
(X) (XI) 

In contrast to this reaction, the action of the fulvalene titanocene V 
or the complex VIII on ZnPhz results in decomposition of the latter to 
metallic zinc and benzene. Similar decompositions are observed for 
HgPhz (47 )  and ZnEt, (48). 

A series of hydrides of empirical formula MezP(CHz)zPMe2MH3 (M = 

Ti, Zr, or HD have been prepared from the tetrabenzyl metal com- 
pounds by reaction with the phosphine ligand under a high pressure 
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(200-400 atm) of hydrogen. The compounds appear to be polymeric 
species containing M- H- M bridge bonds (49). Another interesting 
series of hydrides has been reported by Wilkinson et al., arising from 
reduction of [Ti(OPh)zCl~12 using either sodium amalgam (or potassium 
metal) or sodium borohydride (50). With the former, [Ti(OPh)21,H is 
formed under argon as an air-sensitive gray powder, and has been 
assigned the probable structure (XII). If the reaction is carried out 
under nitrogen, the purple complex “l‘i(OPh)21~(N~)H results, and the 
structure (XIII) has been suggested. The action of the borohydride in 
THF solution leads to a yellow solid that also appears to contain a 
bridging hydride Ti-H-Ti group in [T~(OP~)ZCI(THF)~I~H (XIV). 

A compound similar to (XIII) has also been prepared from the 
pyrocatechol compound Ti(02C$14)C12 by reduction with sodium amal- 
gam in THF, and has been formulated to be similar to (XIII) with the 
two phenoxide groups at  each titanium being replaced by the 
pyrocatecholate dianion. The ESR signal from both these complexes 
suggests the presence of one unpaired electron per dimer (50). 

3 .  Hydrides Bridging with Other Elements 

Several compounds containing Ti-H-M bonds are well known, in 
particular those containing a BH, or A1H4 group. Since the former 
compounds have been reviewed recently (51 1, only brief mention is 
made of them here, but the Ti-H-A1 compounds are discussed in more 
detail. The mode of attachment of the BH4 group to the titanium atom 
is established, in compounds such as Cp2TiBH4, to be through a double 
hydrogen bridge 

H 
/ \  

Ti BHo 
\ /  

H 

and recent electron diffraction results indicate that a similar model 
persists in the gas phase (52).  An unusual Ti-H-B interaction occurs 
in the dimeric compound [C1$I~~N20~Ti(BH~)212. Here, two BH3 
groups are coordinated to nitrogen atoms in the NN‘-ethylene- 
bis(salicylidenaminat0) ligand, and also interact, through Ti-H-B 
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bonds, with each metal center, as in (XV), forming a capped octahedral 
arrangement around each titanium atom (53). The unstable borohy- 
dride Ti(BH4)3 has recently been prepared by grinding solid %C14 and 
LiBH4 together at  low temperatures. It decomposes at 20°C, but can be 
stabilized as the THF adduct Ti(BHJ3.2THF (54 ) .  

TiCl, + LiBH, - Ti(BH& + TiB2 + O.SBd& + 4 . 5 H ~  

(XV) 

Ti-H-A1 compounds. Some of these have been briefly referred to 
ab0ve-e.g. (VI1)-and a novel series of related compounds, (XVI) and 
(XVII), has been obtained by a series of reactions (26,27, 55): 

CpzTiPh2 ) 

(XVII) 

The structure of the reddish-purple (VII) has been given (Section 
I,A,l). Compound (XVII) is similar in that it also contains the ful- 
valene ligand, but it is unlike (VII) in that it possesses a Ti-Ti bond. 
On the other hand, both (XVII) and (XVI) are more reminiscent of the 
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compound that is possibly related to the “active” form of titanocene, 
containing both bridging (C5H,) groups and Ti-Ti bonds. However, it is 
clear that a close structural relationship exists among all three com- 
pounds, the two Cp ligands in (XIV) being replaced by the fulvalene 

(XVI) (XVII) 

ligand in (XVII). It has not yet been reported whether i t  is possible to 
convert (XVI) to (XVII), but such a transformation would appear feas- 
ible, especially in view of the relationship among (Cp2Ti),(H)(H2A1Et,) 
(C1JI8), (VII), and (XVII) mentioned above. These reactions are obvi- 
ously relevant to the nature of the active species involved in the cata- 
lytic polymerization of alkenes; the action of AlEb on Cp,TiCl, has also 
becn shown to yield Cp2TiCl2A1Et, (56-581, and in the reaction dis- 
cussed above this has been separated from (XVI) by crystallization 
(55). 

Several studies have been made on reactions involving the interac- 
tion of species containing A1-H and Ti-C1 bonds, but so far the precise 
nature of the products of such reactions has not been defined. The use of 
ESR spectroscopy to assist in the identification of species such as 
Cp2TiH2A1H2 has already beer1 discussed briefly. A recent investiga- 
tion, using both calorimetric titrations and ESR methods, has sug- 
gested that there are four steps in the CppTiC12/LiA1H4 and CpTiC13/ 
LiAlH4 reactions. These coincide with CpzTiCls or CpTiC13 to LiA1H4 
mole ratios of 2 : 1, 1 : 1, 1 : 1.5, and 1 : 2, as summarized in the accom- 
panying tabulation. 

Reactants Mole ratio Products 

CpzTiClz/LiA1H4 
CpTiC13/LiA1H, 
CpZTiClz/LiA1H, 
CpTiClJLiAlH, 
CpzTiCl2/LiA1H4 
CpTiC13/LiA1H4 
CpzRC1z/LiAlH4 
CpTiC13/LiA1H4 

2: 1 
2: 1 

1:l 
1:l 

1 : 1.5 
1 : 1.5 

1:2 
1:2 
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The product formulas are those suggested from both the stoichiometry 
and the ESR spectra. Thus in the 2 : 1 reaction, the latter technique 
suggests that both CpzTiHzAIClz and CpzTiC1 are present, presumably 
in some trinuclear product (59).  The presence of Ti-H bonds may be 
inferred in various solutions of titanium chlorides (TiC14, CpzTiClz, etc.) 
with various metal hydrides, where such solutions are used as catalysts 
for the hydrogenation (and related reactions) of alkenes (60-63). 

4 .  Catalytic and Other Properties of Ti-H Bonds 

The use of both TiClJLiAlK and TiCldLiA1H4 mixtures in organic 
synthesis has been reviewed (64,651. In addition to the hydrogenation 
reaction, such mixtures are also active catalysts for the isomerization 
(66) and hydrometallation (67, 68)  of alkenes, although in the latter 
case aluminum is invariably the metal that becomes attached to the 
olefinic bond. The relationship between hydrogenation and isomeriza- 
tion, as well as between metathesis and oligomerization leading to 
polymerization, has been often emphasized. An original proposal, com- 
bining both metallocycles and the elimination of a-hydrogen from 
metal alkyls believed to be involved in metathesis and isomerization 
reactions respectively, has been put forward to give a mechanism 
for the homogeneous and heterogeneous transition-metal-catalyzed 
polymerization of alkenes. In particular for Ziegler-Natta systems, the 
Ti-alkyl and Ti-H systems are combined as follows (69): 

\ Mi>F-CH2 I 
FHZ - 

H- [Ti]-C-Me 
[Ti]-C I 

P = polymer H’ ‘Me H 

The involvement of the a-elimination reaction in this cycle has been in 
question following experiments on cyclopentadienyl cobalt complexes, 
where evidence for olefin insertion for Ziegler-Natta polymerization 
catalysis has been obtained by labelling experiments, using CzH4 with 
a deuterated cobalt complex (70): 
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+ CH,CHCDs + CD,H 

Other studies have shown that both the fulvalene titanocene (V), and 
the cyclopentadiene dititanium compound (VIII) act as homogeneous 
catalysts for the conversion of ethylene into ethane and buta-1,3-diene. 
In this case, an intermediate containing Ti-H bonds has also been 
proposed ( 71 1. 

m Ti 
Ti- > 

Ti Ti - 5 
P-hydrogen 
abstraction I 

Ti -Ti 
+ - H\ /H + Ti-Ti 

CZH, 

Polymer-attached CpzTiClz has been reduced by sodium naphthalide, 
and the resultant species, which may contain a mixture of Ti(IV), 
Ti(III), and Ti(II), are more active hydrogenation catalysts for olefins 
than is the unsupported CpzTiClz (72). Although distinct Ti-H- 
containing species were not identified, it has been suggested that the 
complete reaction occurs at  one metal center, in contrast to earlier 
suggestions that such reductions involve a bimolecular reaction of an 
intermediate titanocene alkyl and a titanocene hydride (30). 

Various experiments have suggested that, in general, hydride de- 
rivatives of the group IVA metals show considerable hydridic character 
as M+-H-. Thus compounds such as (CpzTiH2)- and CpZTiBH4 react 
rapidly with acids liberating hydrogen (14, 73, 741, and CpzTiBH4 does 
not react with amines to liberate BH3, also consistent with considerable 
hydridic character of the B K  group (73). The reaction of hydride com- 
pounds of group IVA, VA, and VIA elements with ketones has been 
used to assess the relative degree of hydridic character in the M-H 
bond, and although the nature of the other ligands present is impor- 
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tant, there does appear to be a decrease in hydridic character on going 
from group IVA to VIA (75 ) .  Relatively few theoretical studies have 
been made on Ti-H bonds, but calculations on the unknown species 
TiF3H suggest that the hydrogen atom would be hydridic in nature 
(76). Other calculations have been concerned with the change in 
stereochemistry through the series TiH4, TiH:, TiH3, TiH,, in compari- 
son with their carbon and silicon analogs (77),  and have dealt with 
the transannular ligand superhyperfine splittings in the ESR spectra 
of species such as C12TiH2MXo-2 (M = Li, Mg, Al; X = H, Cl), where the 
interaction is primarily through space between the titanium d and 
transannular atom s orbitals (78). A comprehensive study of bisky- 
clopentadienyl) metal compounds has included calculations for the bent 
systems Cp2TiH+, Cp2TiH2, and Cp2TiH3 compounds using the models 
shown below. In each case, the hydrogen atoms lie in the yz plane, 
which bisects the two Cp rings and contains the twofold rotation axis of 
the bent CpzTi system. The hydrogen in Cp2TiH+ lies off the twofold 
axis, and the angles between the hydrogen atoms in the bishydride and 
trishydride compounds are calculated as shown. Although calculations 
were not carried out for the d' complex Cp2TiH, it was predicted that for 
the related alkyl compound Cp2TiR the alkyl group would also lie off 
the C2 axis (79).  

Cp2Ti Hi Cp,TiH, 

The properties of the various titanium hydride compounds are sum- 
marized in Table I. 

B. ZIRCONIUM HYDRIDE COMPOUNDS 

The use of zirconium hydride derivatives in organic synthesis (80) 
and as reagents for coordinating dinitrogen and hydrogenating ligated 
CO (81,82 1 has been reviewed, and are therefore not discussed in detail 
here. The compounds used in these studies are usually derivatives 
containing either the (Cp2Zr) or [(CsMes)2Zrl group, e.g., Cp,Zr(H)Cl or 
Cp$ZrHp, and the properties of these and related compounds are in- 
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cluded in the general summary given next. The monohydrides are dis- 
cussed fist ,  followed by the dihydride compounds. 

a. [HZr(dmpe)2(qS-C,H,)1. While reduction of ZrC14(dmpe)2 by 
Cdbenzene or Na /Hg//THF yields intractable products, in the presence 
of 1,3-cyclohexadiene a red-brown crystalline hydride is formed in 40% 
yield. The hydride is stable a t  ambient temperature, but decomposes 
evolving hydrogen and benzene above 130°C. The Zr-H group could not 
be detected spectroscopically (infrared and NMR; in the latter it is 
assumed that the resonance is obscured by the dmpe or cyclohexadienyl 
proton resonances between T 4.5-9.3) (83, 84). 

b. [Cp2Zr(H)R12 and [Cp$Zr(H)RI. Two independent reports (84, 
85) have shown that the cyclopentadienyl compounds may be prepared 
from the corresponding chloro derivative: 

H R  
LiAlH, / \ I  

Cp2Zr(C1)R or Li[AlH(O-t Bu),]/DME - 
R H  

where R = (cyclohexyUmethy1, cyclohexyl, ethyl, n-octyl, neopentyl 
(85), or CH(SiMe3I2 (86). These compounds all appear to be essentially 
dimeric in benzene solution, in contrast to the methyl derivative (R = 

Me), which is reported to be polymeric (87,881. The silyl group conveys 
a higher stability on the hydride, since the ordinary alkyl compounds 
are only stable below -30°C in solution. This general instability of 
hydridoalkyl compounds compared with the corresponding dihydro or 
dialkyl compounds has been recognized (89 ), and continues into the 
pentamethylcyclopentadienyl analogs. Thus CpSZr(H)(CH2CHMe2), 
prepared from the action of isobutylene on the hydride Cp3ZrHz (go) ,  
decomposes slowly at 75°C evolving isobutane, while Cpg ZrH2 and 
CpZZrMe2 are stable over long periods at  100°C (91 ). The Cp* groups 
also cause the hydridoalkyl to be monomeric. 

Both the Cp and Cp2’ hydridoalkyl compounds react with hydrogen, 
but different mechanisms have been proposed. In both cases there is no 
evidence for the reductive elimination of alkane followed by the oxida- 
tive addition of H2 to the Cp2Zr or CpSZr fragment, In the case of the 
CpzZr(H)R compounds, reaction with D2 leads to incorporation of D into 
the hydride position, and a mechanism involving deuteride abstraction 



TABLE I 

TITANIUM HYDRIDE COMPOUNDS AND RELATED DERIVATIVES 

'H NMR Infrared Refer- 
Compound Reparation Properties (7 ,  M-H) (cmP ) Comments ences 

CprTi 

Photolysis, CRTiMe, , or 
ChTiPh: 

Redn. CmTiClt 
with Na/Hg, 
Na-C,&, or Na 

Dark-green solid, 
air-sensitive, 
diamagnetic. Forms 
THF adduct, which 
decomp. to brown 
solid. 

Dark-green solid. 
dimeric in soh. 

Black solid. Broad resonances 
not completely 4-5 (Cp?) 
characterized. 0.5- 1.5 (?) 

Green diamagnetic 
volatile solids, 
react 
co + Cp,Ti(COh, 
N: + (CmTihN: 

Dark-green solid, 
dimeric in C.H.. 
paramagnetic. 
Forms gre-en adduct 
with THF, but t u r n  
brown (cf. Ref. 2 ) .  

cene. Dark-colored 
soh. converted to 
green fulvalene hy- 
dride (V) on heating 
to 100°C. Reacts 

Metastable titano- 

co - Cp,Ti(CO).. 

No band near 
1230 (no Ti-H?) 

Sharp bands at  
790. 1010; no 
bands at  1220- 
1230 

1228 (Ti-H), 
1262, 1300 

790, 1010. Very 
weak band near 
1230 (not assigned 
in Ref. 23). 

790, 1010 

Stable in inert 
atmosphere, no 
spec. props. 
available. 

Probably contains 
fulvalene-Ti 
hydride (V). 

From IR presence 
of (V) in samples 
indicated. 

Shows similarities 
to Cp(C,HI)Tir 
WIII,. 

Also closely 
similar to (VIII). 
Dark form of CmTi 
not well character- 
ized. Also obtained 
via C~TiMer/Hr/ 
CJ-IH,,/OoC mixture. 

2 

3 

32,33 

4-9 

22,23 

22,23, 30 



CptTiClJNdtoluene under 
argon 

(ChTiH2)- CRTiCl, (or 
CRTiCWEtMgCI 
(or Mg/THF, or 
Li iR) 

CprTiHxM (M‘ = MgBr, (CpzTiCl)dLiAlIt/THF 
AlH., AlCI,) 

(Cp,TiH), (i) CRTiMe,/hexane 
SOln./&/OC 

25°C. 
(ii) Demmpn. (CkTiHk at 

CpiTiMedHdlow pres- 
surelno solvent 

(CpTiHhCioHa) (V) Various methods 

typically redn. 
of cptnc1,. 
Probably present 
in reaction 
pmduda re- 
ported earlier 
aa “ t i t a m n e ” )  
(see text). 

green “titanocene” (e.g., see above), 

Monomer- dimer equi- 
librium. Unstable at 
r.t. Reacts 

as dark-blue wm- 
plex. 

N, + CmTiNtTiCh 

Dark brown in solu- 
tion, decomp. by 
HzO/acids evolving 
HI. 

Obtained in soh. only, 
not isolated. 

Green-gray isomer 
of (ChTiHh. Both 
hydrides show simi- 
lar reactions but 
(ChTiH), inaol. in 
ethereal solventa. 
Unstable in toluene, 
forms H, + meta- 
stable titanocene. 

Diamagnetic 
violet solid, 
decomp. 150°C in 
uacuo to green 
“titanoeene” 
solid (see above). 
With 1.3-pentadiene 
-, ChTi(allyl), 
aH. - ChTiBHi, 
etc. 

Diamagnetic green 
solid, soluble in 
hydrocarbons. 
Air- and water- 
reactive, H,O + 

tCpTi0H)dCioHs) 

ESR shows 1 : 2 : 1 
triplet (g = 1.992) 

Identified from 
ESR data (see also 
Refs. 20, 21 1 

- 

“C: - 105 (Cp), 
- 100 to - 122 ppm 
(CloHa). rel. to TMS 
(Ref. 29). 

790,1010; no 
band at  1200- 
1250. UV max. 
at 486, 640 nm 

Broad band,at 
1140. tentative 
assignment to 
Ti-H-Tivibration in 
(-H-Ti-H-Ti-),. 
Otherwise similar to 
(CpzTiH)r. 

Broad band at  1450 
fmm Ti(p-&)Ti 
P U P .  

Band at -1230 
from Ti@-H,)Ti 
gmup. Compare 
with above. Other 
bands near 800 (790 
and 810) and 1010. 
UV bands at 428, 
824 nm. 

From UV appears 31 
very similar to 
(VIII). Lack of band 
at  1223 cm-’ in 
infrared indicates 

(V) not present. 
(C~’l’iH)r(CioH.) 

- 14, 15, 18 

- 18-21 

Stable when stored 22,23,33 
as solid under Ar. 

Cleaved by ligands to 22 
give paramagnetic 
wmps. Unstable on 
storage as solid. 

Structure established 24 
by X-ray study on 
bidhydroxy) wm- 
pound (Ref. 25) .  
Parent ion in maas 
spectm. Best pre- 
pared by action 
Na/C,,& on 
CRTiCl, . 

(table con.tinues) 



TABLE I (Continued) 

Compound Preparation Properties 
'H  NMR 
( r ,  M-HI 

Infrared 
t cm~ ' 1 

Refer- 
ences Comments 

Cp*TitCJLITiCp (VIII) CBTiCIJK/naphthalene/ 
THF/-80"C 

tCpTiH)tlC,.H.)iEt,AUtolu- 
ene/25"C 

(VII)/EtSAUsealed 
tube/100"C/30 h 

Cp,TiXt (X = Ph, 
C1, CUZYAIEtd 
CsHsi70"C/l2 h 

Black, solid, magnetic 
props. recorded but 
not reliable. Green 
soln. in benzene and 
THF, latter decomp. 
to brown s o h  lcf. 
Refs. 2 , 2 2 , 2 3  I. 
Reacts Ht, N,, etc. 

Reddish-purple 
crystals, diamag 
netic. 

Diamagnetic, purple- 
red solid, m.p. 
172- 173°C. 

Broad resonance 
a t  15 ppm downfield 
TMS at 32°C-sug- 
gests paramagnetic 
(?). Moves to higher 
field and broadens 
on cooling, origin of 
resonance a t  1/T = 

0 is -7 ppm lcf. 
Ref. 32 where black 
titanocene shows 
Cp protons a t  
5 - 6  ppm as broad 
signal). 

4.74 lC&): 
3.55, 5.39, 6.20 
(CloHsl; 8.63, 
8.79, 9.65, 9.87 
tCH2CHJl; 21.62 
lTiH,AlTi); 31.80 
(TiHTi). 

5.17, 5.45, 5.75, 
1.73, 3.61, 4.16, 

5.84 IC&): 8.47, 
8.77, 9.21. 10.00 
(CHzCHS); 16.59 
(TiHAI). 

4.92 (Cpl; 
3.14, 4.17.5.07, 
5.71 ICJL); 
8.54. 8.68, 9.36, 
9.54 IAIEt,); 
17.02 (D-H-AII. 

Major band a t  790, No significant 41.42 
similar to other 
metallocenes No 
splitting of 790 
band as  there is in 
(V). Weak band a t  
1223 cm-' present 
due to probable 
presence small 
amounts of (V). 

band a t  824 nm in 
uv, thus only traces 
of (V) present. 
No evidence of 
M- H band apart 
from trace (V). 

26 Ti-Ti distance 
of 3.37A suggests 
little banding, 
magnetic props. due 
to exchange in 
Ti-H-Ti group? 

Ti-Ti distance 26.27 
2.91 A suggests 
Ti-Ti band. 

Separated from 5s 
C~TiC12AIE4 by 
crystallization. 



C&Ti(H)PBu, 

(PhC&iHSZnCB,lH 
TiTiPhtC,&)? 

IMe.P(CH, )*PMe2lTiHS 

ITi(OPhk1.H 

5 cpra 

CSTiH, 

CplTiH 

Cp*(C,M&HzlTiH 
(green form of Cpl Ti 1 

CpZTiCl./LiBd 
HzIPBus/C.H,CH, 
solution 

Cp,TiPh,/ZnPh,/ 
Etz0/6OoC/10 h 

Ti(benzyl ),I 
IigandlHd 
200-400 atm 

Ti(OPh).CI2/2WAr 
atmosphere/toluenei25"C 
Under N, gives purple 
N, complex. 

Ti(OPh),CI,/NaBH,RHF 

CptTiH, = 
CprTi + CptTiH 

CprTi 
CplTiH} ' 
(CpfTi)tNx 

pac 

CprTi 
(Cp* )(C&feCHz)TiMe 

+ H, -%% CptTiH, 

Cp?TiHt= 
CprTiH 

Present in s o h  
of CptTi. Yellow 
s o h .  of CprTi 
a t  low temps. 
change to yellow- 
green on warming 

Diamagnetic, dark- 
violet solid. 
Sensitive to H,O 
and 0, 

Polymeric? 
Black solid 

Gray solid, air- 
reactive. Magnetic 
props. suggest one 
unpaired electron 
per 3 Ti atoms. 

Yellow solid, only 
stable in THE 
Probably dimeric 
with one unpaired 
electron per dimer. 

yellow-orange, 
monomeric in 
benzene. Decomp. 
to violet 
(Cp*)(C,Me,CH,) at 
r.t. 

Paramagnetic, 

Diamagnetic orange 
crystals, monomeric 
in benzene. 

Red-brown, crystal- 
line, monomeric in 
C,,HS. Unstable 
evolving H, . 

Exlsts in eqilibrium 
with C s T i  a t  25°C. 

740, 710 ICaHs): 
820 tCsHal; no 
band a t  1230, thus 
no TiH,Ti group. 

Broad ESR signal, 1258 (nbondedl 
no hyperfine phenoxo group. 
splitting No band assigned 

to Ti-H. 

- 440 (terminal 
Ti-CI), no band 
from R-H.  

Similar to CptTiCl, 
from 4000-400. No 
bands from Ti - H 
bonds. 

Broad singlet 
86.2 ppm downfield 
from TMS. 

Singlets a t  6 1.95 Broad band a t  
(C.Mer) and 1560, from 
0.28 tTiH,) ppm. TiH, group. 

Band a t  1575 Broad singlet a t  
22.2 ppm 130°C). 
Shows Curie 
dependence. 

a t  7.82, 8.2, 8.38, 
8.64, 8.92. No Ti-H 
remnance detected. 

assigned to Ti-H. 

Shows sharp singlets - 

Hydrogenation 
catalyst 

Interaction of 
two Ti.'- centers 
proposed to 
rationalize 
diamagnetism. 

- 19 

47 

36 

Ti - H detected 5 0 
by reaction with 
CCI, - CHCIJ. 

Ti-H detected as  50 
above. 

Tautomerism 39 
between yellow 
CptTi and 
green (Cp* 1 
(C,Me,CH, )TiH. 

23,39 

39 

39 
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from Dz, followed by electrophilic attack of the residual D', was pro- 
posed (85) :  

+ R-D 

+ H-D 

The reverse reaction was shown to be faster than the forward one, 
leading to the incorporation of deuterium into the alkyl hydride. With 
Cp3Zr(H)R, however, no exchange of deuterium with the hydride posi- 
tion occurred with Dz, and the first step was proposed to be a facile and 
reversible metal-to-ring hydrogen transfer. This was then followed by 
oxidative addition of Hz to the intermediate 14-electron system fol- 
lowed by elimination of the hydrocarbon (91 ): 

fast - & Zr-R 

These two pathways have been discussed more recently, and an  in- 
teresting alternative proposal has been made wherein the formation of 
an  adduct between Hz and (C5R5)zZrRi (R,R' = H or Me) is proposed. 
This model utilizes back-bonding from high-energy Zr-R' bonding or- 
bitals into the & H2 orbitals, and is seen as  being analogous to the 
formation of a CO adduct. The model is supported by extended Huckel 
molecular orbital calculations, and the transition state is suggested to 
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contain an  (H--H--H) moiety as a three-center ligand with bonding 
properties similar to those of an  alkyl group. The term direct hydrogen 
transfer has been used to describe this process, and it offers an  attrac- 
tive alternative mechanism for reactions where dihydrogen is acti- 
vated a t  a metal center (92). 

A continuation of the studies on Cp2Zr(H)R compounds has shown 
that in addition to hydrogen various tertiary phosphine ligands can 
also produce reductive elimination of alkane: 

ChZr(H)R + 2L 4 ChZrL, + RH 

where L = PhtPMe, PhPMe2, PhzP(CHd2PPh2, and Me2P(CHd2PMe2, 
and R = cyclohexylmethyl. The compound Cp2Zr[Me2P(CH2)2PMe21 is 
stable a t  room temperature, and is a black-green crystalline solid 
which is sensitive to both air and moisture. The compounds with 
Ph2PMe and PhPMe2 decompose slowly at  room temperature in solu- 
tion, affording deep-red diamagnetic dimeric species, as in (93). 

c.  Cp2Zr(H)C1 and Cp2Zr(H)A1H4. Addition of LiA1H4, LiAl(0-t- 
BuhH (87, 88) or NaA1(CH3OCHzCHz0)2Hz (94)  to Cp2ZrC12 in THF 
precipitates the hydride Cp2Zr(H)C1 in high yield. Further details of 
this preparation and that of Cp2ZrH2 have been published (95). The 
infrared spectrum of Cp2Zr(H)Cl indicates the presence of bridging 
hydrogens in Zr-H-Zr bonds and is consistent with the formulation of 
the solid as a polymer. Addition of a further mole of LiA1H4 to 
Cp,Zr(H)Cl suspended in THF yields a clear solution, from which 
Cp2Zr(H)A1H4 may be obtained. This compound is also polymeric and 
liberates hydrogen on heating in solvents a t  60°C, with the formation of 
a deep-red diamagnetic product that has yet to be fully characterized 
(87,881. This contrasts with the properties of the related CprrZr(H)BH4, 
which is volatile at 60°C and reacts further with amine ligand to yield 
polymeric Cp2ZrHz ( 73 1. 

NMe 
C ~ Z Z ~ ( B H ~ ) ~  2 ChZr(H)BH4 % (Cp&HI), 

+ BHs.  NMes + B&.  NMes 

The use of Cp,Zr(H)Cl in hydrozirconation reactions has been ,re- 
ferred to (801, and consists of addition to the Zr-H moiety to unsatu- 
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rated organic molecules, frequently alkenes and alkynes (96). The re- 
sulting alkyls, or alkenyls, undergo further reactions-e.g., elec- 
trophilic halogenation, oxidation, or insertion reactions (971-40 yield a 
range of organic products, as in 

Cp,Zr(H)Cl i- R,C=CR;- Cp,Zr [C(R,)--C(H)R;]Cl 

The use of CpzZr(C1)BH4 [prepared by the action of BHB*MezS on 
Cp,Zr(H)Cl (98) or by treating CpzZrClz with 1 mole equivalent of 
LiBH, (7311 as a selective reducing agent for converting aldehydes or 
ketones to alcohols has also been recently exploited (98). 

d. Cp$Zr(H)OR (R = Me, cyclo-CSH,, CH=CHCHCMez) and 
(Cp% ZRH)z(p-OCH=CHO). A series of monohydrides has been obtained 
by insertion into one of the Zr-H bonds of the pentamethylcyclopenta- 
dienyl compound, Cp%ZrHz (90,99): 

/H 
Cp:ZrH, + CO ____) Cp:Zr,-CO 

H 
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Cp: ZrH, + H,C=CMe, - Cp: Zr(H)CH,CHMe, 

t 
Cp: Zr(H)(OCH=CHCHMe,) 

If the last reaction of the alkyl hydride with CO is carried out a t  -5O"C, 
an acyl intermediate Cp%Z(H)(Me2CHCH2CO) is formed and has been 
identified from its 'H-NMR spectrum. Rearrangement to the final 
product Cp$Zr(H)(OCH=CHCH Me2) occurs at -20°C. 

The question of the mechanism of the insertion of the CO into the 
Zr-H bond remains to be solved, and different mechanisms may oper- 
ate. Two routes appear the most likely: 

1. Formation of a formyl intermediate by migration of CO into a 
Zr-H bond and reduction of this by Cp%ZrH2. 

/ \  ' 'H 'H H H' ' 

This appears to be favored by the reaction involving isonitriles given in 
Section I,B,e. 

2. Direct reduction, by attack on the coordinated CO. 

Support for this path comes from the reaction between Cp%Zr(COh and 
CpJ ZrHz, which forms a cis-enediolate. 

H H  

Carbonyl insertion into the Zr-H bond of Cp2Zr(H)C1 also occurs, 
yielding the monomeric [Cp, Zr(H)C112CH20, and this has also been 
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suggested to proceed through reduction of a formyl intermediate as in 
(1) by a further mole of Cp,Zr(H)Cl (100). 

e. CpSZr(H)CH=NMe and Cp$Zr(H)NMe2. The addition of isoni- 
triles to Cp$ZrH2 affords first an intermediate formimidoyl hydride 
species-e.g., Cp$Zr(Hi(CH=NMe)-that is generally unstable a t  
room temperature but reacts further with hydrogen forming a stable 
hydride: 

H 
I 

This sequence provides support for the migratory insertion of the in- 
coming ligand (e.g., MeNC, and by inference, CO) into the Zr-H bond 
as outlined in mechanism (1) in  Section I,B,e above (101 ). 

f .  CpZZr(H)OCH=MCp* (M = Mo, W), Cp%Zr(H)OCH=Nb(H)Cp2, 
and Cp4 Zr(H)OCH2Nb(CO)Cp2. The possibility that Cp$ZrH2 might 
act as a hydride transfer reagent has been realized in reactions where 
CO is coordinated to another transition metal. Thus, with CpzM(C0) 
( M  = Cr, Mo, or W) and Cp2Nb(H)CO, the bimetal species are obtained, 

H H 
I 

Cp,Nb(H) (CO) + CpZZrH, - Cp,(H)Nb=C-O-’i!r-Cp: 

with the identity of the tungsten derivative being established uniquely 
by X-ray diffraction, and the W-C bond distance being short, 2.005(13) 
A, as expected (102). Unpublished observations have shown that sev- 
eral transition-metal carbonyl compounds react with Cp$ ZrH2, but 
only with those containing a single M-CO group are the zirconoxycar- 
benes, shown above, obtained (82). 

g. Cp2Zr(CloH,)(H)ZrCp2. The isolation of p-(vl : v5-C5H4)q-C5H5h 
Ti2 (VII) from the low-temperature reduction of Cp2TiC12 with potas- 
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sium naphthalene has been discussed (41 1; a similar reduction of 
Cp2ZrC12 has yielded a dark green compound. Although this showed 
no obvious absorptions due to M-H bonds in its infrared spectrum, a 
singlet a t  tiSille, -9.3 in its 'H-NMR spectrum and reactions with HCl 
and CHJ indicated that it was a hydride derivative. The structure 
(XVIII) from X-ray diffraction showed a naphthyl ligand bridging two 
metal atoms, and the hydride, which was not detected from the X-ray 
data, was also assumed to be in a bridging position (103). 

(XVIII) 

While (XVIII) is stable in the solid state, it decomposes slowly in 
solution, turning blue or purple, to produce other zirconium hydride 
species that have yet to be characterized. 

h. HZrCH2CH2CMe3. Reaction of Zr  atoms with alkanes (e.g., 
isobutane, neopentane) condensed into a matrix at 77 K results in 
oxidative addition of the metal to both C-C and C-H bonds. In the 
latter case, the presence of a black solid hydride has been inferred from 
hydrolysis reactions and deuteration studies (e.g., 104). 

HZrCH2CMe3 

H3CZrCMe3 

Zr + neopentane 

i. Cp(C5H4)ZrH. Although this compound has not been isolated, it 
has been postulated, from ESR spectra, as an intermediate in the 
photolysis of Cp2ZrMez. The compound is photolabile and degrades fur- 
ther by cleavage of the Zr-H bond to form the Zr(I1) derivative (105). 

A 
Cp2ZrMe2 3 CBZr(1II)Me + Me (CpdrMe)* f CpzZr + Cp2ZrMes 

CpZr 2 Cp(CsH4)Zr(III)H !%' [Cp(CSH4)Zrl. + H 



296 G. E. TOOGOOD AND M. G. H .  WALLBRIDGE 

1. Dihydride Compounds 

a. Cp,ZrHz and (C5H4R)2ZrH2. The white polymeric hydride 
(CpnZrHs), was first reported in 1967, and may be prepared by three 
methods, two of which are (73, 87,881 

2NMe 
Cp,Zr(BH4)2 2 (Cp2ZrH2), + 2BH3 NMe3 

(Cp2ZrC1)~0 + LiAIH, --P (CpZrH,), + LiCl + (A1OCI)Z 
THF 

The LiA1H4 may be replaced by four moles of LiAl(O-t-Bu),H, but when 
only two moles of the latter are used, the hydride precipitates as 
(Cp,ZrH)zO(CpzZrHz) (88).  The (CpaZrHz), acts as a catalyst for the 
hydrogenation of alkenes and alkynes (106). 

The third preparative route consists of the hydrogenolysis of M-C 
bonds in the reaction (107) 

where R = H, Me, Me2CH, Me3C, PhCH2, or Ph(Me)CH (two stereo- 
isomers), and M = Zr or Hf. This method has been used to prepare an  
optically active dimethyl compound (C5Hs )[C5H4CH(Me)PhlZrMe2, al- 
though when this was used to hydrogenate alkenes under hydrogen 
pressure the products showed no induced optical activity, probably due 
to the distance of the chiral center from the catalytic center. 

b .  (C5Me5)2ZrH2 and the adducts (C,Me,),ZrH,. L (L = CO, PF,). 
While CpJZrH, may be obtained from Cp3ZrClz by treatment with 
Li(BEt3H) or NalA1Hz(OCHzCH20CH3)z3, i t  is better prepared from 
the nitrogen derivative (81,82, 90, 99). 

NdHg 
[Cp8ZrN2lsNz + 4NaCl 

2Cp8ZrC12 7 
0°C 

[CptZrN~l2N~ + 2H2 2CptZrH2 + 3N2 

Unlike the polymeric (CpzZrHz), , this pale yellow compound is soluble 
in hydrocarbons and is monomeric. Since it is a 16-electron compound, 
i t  not unexpectedly forms adducts; however, the somewhat surprising 
feature is that i t  forms only CpgZrH,. L (where L = CO or PF,; 
only stable below room temperature), and does not combine with 
other ligands such as P(OMe)3, PPh3, or PMe3. The precise structure 
of these adducts remains uncertain. Although they are usually de- 
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picted as possessing a symmetrical structure (XIX), in a recent study 
where CO coordinates to C P ~ Z I - ( C ~ H ~ ) ~  the resulting q3-benzoyl com- 
pound has its carbonyl oxygen in the lateral position, indicating the 
initial formation of an unsymmetrical adduct (XX) ( I08 1. 

(XIX) (XX) 

The hydridic nature of the hydrogen atoms in Cp%ZrHz has been 
emphasized (751, and the Zr+-H- character of the bond is illustrated 
by reactions with HC1, CH31, and CHzO (81 ), as in 

c. HzZr(tetrahydroindenyl)2 and H2Zr(COT). Hydrogenation (Hz, 
80 atm, 140°C/8 h) of (~- indenyl)~ZrMe~ affords the tetrahydroindenyl 
hydride derivative (C9H1J2ZrH2, which is soluble in aromatic hydro- 
carbons and dimeric in benzene. The ‘H-NMR spectrum of the dimer 
indicates that there are two sets of hydride hydrogens that are ex- 
changing at  30°C, but not a t  -36”C, and that within the two sets, each 
of the two hydrogens are magnetically equivalent. It has therefore been 
suggested that a t  least one set occupies bridging positions between two 
zirconium atoms (109). 

The reduction of Zr(ORI4 compounds with Et2AlH in the presence of 
cyclooctatetraene (COT) produces the dihydride (COT)ZrH2. This re- 
acts with protonic hydrogens, liberating hydrogen; but since the dihy- 
drides in general act as efficient hydrogenating catalysts for alkenes, 
the final hydrocarbon product formed is essentially a mixture of cyclo- 
octatriene and cyclooctadiene (1101, e.g., 

I 2EtOH 

I 
H, + Zr(OEt)4 

Different products may be obtained from the initial reaction; thus when 
tetraallylzirconium is treated with COT and EtZAlH, the 1 : 1 and 1 : 2 
adducts (COT)2Zr(HAlEtJ1 are formed. In addition, the complex 
(COTI2Zr . (HA1Eh)2 may be formed in the reaction shown below, and it 
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is postulated to  ionize in toluene solution to form an anion containing a 
Zr-H-A1 bridge bond (110). 

Zr(0R). + 4AlEt, + 2COT + (COT)2Zr + 4EhAlOR + [4C2HS1 

(COT)2Zr + 2Et2AlH + (COT)zZr. (HAlEk) 
Jt 

[(COT)arH(Et&UHl- + tEtzAl1' 

d .  H3Zr(dmpe)z. This compound has been referred to in the section 
on titanium, and is prepared by reacting zirconium tetraphenyl with 
hydrogen under high pressure in the presence of the ligand 
MesP(CHz)zPMez(dmpe) (49).  

2 .  Spectroscopic Properties of Zirconium Hydrides 

These are summarized in Table 11. The Zr-H stretching frequency 
now appears to lie in the region 1600-1500 cm-', rather than 2000- 
1800 cm-' as observed for the group VI-VIII transition-metal hydrides 
(81). Frequencies for v(M-H) have been observed at 1710 cm-' and 
1735 cm-' for C&NbHs (111) and CpzTaHa (1121, respectively, and 
main group hydrides (e.g., Ge, Sn, Pb) show similar absorptions near 
2000 cm-' (1 13 1. Some uncertainty still exists since bridging hydride 
vibrational modes (e.g., Zr-H-Zr) have not been positively identified. 
Thus (CpZZrHdz shows broad absorptions associated with Zr-H vibra- 
tions a t  1540-1520 cm-' and -1300 cm-' (73, 87); assuming a 
polymeric structure of the general type 

H 
I 

Cp,Zr-H-ZrCp, 
I I 
H H 

I 

would suggest that the terminal and bridging vibrations should be 
assigned to the bands at -1500 cm-' and -1300 cm-', respectively. 
The polymeric CpZZr(H)Cl shows only one 4Zr-H) absorption at 
1390 cm-', presumably arising from a bridging Zr-H-Zr bond (87). 

In the 'H-NMR spectra of zirconium hydride compounds, the unusual 
feature compared with later transition-metal hydrides is the low-field 
chemical shift of the hydride hydrogen. For CpZZrHZ, axr-" is 7.46 (90); 
a weak resonance signal a t  S 4.5 has been tentatively assigned to the 
simple hydride hydrogen in CpzZr(H)BHr (73 ); and similar signals for 
CHTiHZ and Cp$HfHz have been observed at 6 0.28 and 15.6, respec- 
tively (82,901. A more comprehensive listing of the hydride shifts for 
many of the compounds discussed above has been given, and all the 



TABLE I1 

ZIRCONIUM HYDRIDE COMPOUNDS 

'H NMR Infrared 
Compound Preparation Properties (T, M-H) (ern-') Comments References 

lCp&(H)RIJR = alkyl. 
cydohexyl, CH(SiMeA1 

CptZdHCl 

CptZrtHIBH, 

(Cp,ZrH,I, 

Cp&tCI)WLiAlH, or 
LilAIH(O-tBu).V 
DME 

Zr atomdimbutane/ 
eondense in matrix 
a t  I1 K 

CptWBH,hB mol 
NMe, or lCp,ZrClkO/ 
LiAIH4!l7W/25"C 

Red-bmwn crystals, Zr-H not detected, 
C a r  ligand from demmp. above 130°C 

evolving Ht. Reads 2.59-5.5 
HC1 -t Ht (fmm 
Zr-H). 

Colorlesn solida dimeric 
in benzene except 
R = Me (polymeric). 
Generally unstable a t  
r.t. except silyl 
derivative. 

Polymeric white solid, 
-Zr- H- %-bonds. 
Reacts alkenes, 
alkjnes, etc. 

Volatile white solid, 
hydrolyzed in air 
releaeing hydrogen. 

Decomposes in soin., 
reaeb Me1 -. CH,. No 
magnetic data. 

Black solid, not fully 
charncterized, Zr-H 
bond deduced from 
hydrolysis. 

White polymeric solid. 

Dark-grear solid. 

-12 (Zr-H) 

Insolubility limits 
investigation 
(Ref. 88). 

5.47 (Zr-H?); 
4.30 (Cp); 
10.20 (BH,). 

19.3 (Zr-H); 
4.0 (Cp); 
2-5 (C,oH,). 

Zr- H not detected 
(parent ion found in 
mass spectrum). 

1500 and 1310 in 
ICp,Zr(H)Mel. fmm 
Zr- H- Zr 

1390 (Zr-H-Zr) 

1623 (Zr-H); 
2400, 1945, 1132 
(BH,). 

detected. strong 
band a t  -800 from 

Unstable on warming 
from matrix temp. 
No spectmempic 
data. 

1520 and 1300 
(Zr-H-Zr). 

No Zr-H band 

CP groups. 

Catalyst for dis- 83,83 
proportionation 

Further addn. LiAIH, 
gives CbZr(H)AlH.,, 
also pmbably 
polymeric. 

- 

Structure from X-ray 
data, H in Zr-H bond 
not located. 

Oxidative addition of 
C-H bond to metal 
atom. 

Hydrogenation catalyst. 

85,86 

87.88,94.95 

73 

103 

J O J  

73,87, 88, 95 

(table continues) 



TABLE I1 (Continued) 

'H NMR Infrared 
Compound Preparation Properties li. M-HI lcm ' 1  Comments References 

White polymeric solids. 
except where 
R = Me$ or MelCH 
when compounds are 
dimers. Sensitive to 
air and moisture 

dimeric in C.&. D, 
affects exchange in 
ZrH, groups. 

Reacts H' -+ H,: 
EtOH - C.H,, + 
ZrlOEtl, + HI. 

Pale-blue, proposed 
dimer, unstable 
r.t. -+ unidentified 
crimson comp. 

Deepblue oil, unstable 
at r t .  

Sol. hydrocarbons. 

Hydrogenation 107 
catalysts for alkenes 
and alkynes. 

IlC~H1d2ZrH21~ 
ICSH,, = tetrahydro- 
indenyll 

I CsH.~ZrMe2iH2/80 
atm/l4O0C/8 h 

541. 11 56 tZr-HI 1545. 1285 IZr-H-Zrl. Two sets of ZrH2 protons 1 0 9  
in dimer are 
inequivalent in 
H-NMR spectrum. 

tCOTIZdHAlEt,),,,, I, 
also prepared. 

Bridged specie% e.g., I10 

- I16 

lCOT)ZrHI ZrlOR,liEt,AIHCOT 1537, 1310 IZr-HI 

lCp2ZrH. ' A1Me311 7.08 (Zr-H-Zr): 
9.08 (Zr-H- All; 
4.50 (Cpl; 
10.41 IAI-Me). 

ti:::} Zr-H-A1 

4.43 tCp1 

1780 (Zr-H-AI); 
1350 (Zr-H-Zrl 

lCp,ZrH1 I,/( I Bu 1,AlHi 
Ce&/25"C 

Reacts (rBuIpA1CI - I 1  7 
Cp*Zr(HH&-Hh 
l A l ~ ~ B u l ~ l ~ C l .  Also 
MMeJ - CpZrlHl  
(p-HMAl( iBultl 
( AIMed. 

neohexyVH groups 
between Zr and Al. 

Indicates interchange of 1 1  7 lC~ZrHllr lAl(  iBu 1.RI. 
IR = neohexyl) 

Cp2ZrR./21 I Bu W H  Reacts with further 
IIBUI~AIH - 
trihydride CpZrlHI 
l,~-H)~IAl(iBul,l 
I All 1BulR1. 

Pale-pink insoluble 
polymer. Reacts acids, 
all Zr-H bonds- H1. 

reacts HCI - H, 

solid, sol. hydro- 
carbons. Forms 
adducts CptZrH2 ' L 
IL = CO or PF,I a t  
low temps 

Dark-brown solid. 

Monomeric, pale-yellow 

ICp,Zr( HIl2OCp2ZrHI CmZrH2/2 mol 
LiAlIO-tBuI3ETHF 

Zrtbenzyl ),/Hddmpe/ 

Cpi+ZrCllhBEt.H or 
lCpl"ZrN2)eN~:2Hd 
PhCH,iOC 

C&/200 atm 

1510, 1385, 1240 
IZr- H-Zrl 

1280 IZr-H-Zrl 

1555 IZr-HI 

- 

2.54 IZr-H); 
7.98 (Cu*). 

81, 8.2, 90.99 



Cpi ZrHdCHFCMet 
a t  r.1. 

Pale-yellow, monomeric 
in benzene, stable to 
70°C when 
CH,=CMe, evolved. 

White crystals, 
monomeric, reacts 
HCI - CpZZrCI,. 

Yellow crystalline d i d ,  
reacts Me1 - 
I CptZrllz 
(OCH-CHO). 

3.57 IZr-H); 
8.07 (Cp*). 

Deuterated species alm 90 
prepared. 

4 3 (Zr-H). 
6 13 tOCH,). 
8 04 lCp* I 

4 27 IZr-HI: 
8 06 (Cp* I, 3 45 
tOCH=CHO) 

1590 (Zr-H); 
1140 tC-01. 

1580 (Zr-H): 
1205 (C-0). 

90. 99 C p$ Zrt H It  OCHd 

tCp$ZrH)dOCH=CHO) 

C S  ZrtC O)dHII1 10" or 
Cp%ZrHKOV 
CpZZrHIIHI 

warm to -50°C. 
Allow CpZZrHdCO) to X-Ray studies on 90 

c Cpl ZrI), 
tOCH==CHO) in 
accord with proposed 
structures for 
h ydride. 

- 90 CpTW-Hd 
C0125"C or 
Cp%Zr(CO)zlC21tlh Y 

CpZZr(H)(CH*CHMed 
COll atrn-5O"C 

White crystalline mlid. 
reacts Me1 - CH, + 
CplZr(INOC=CH 
CH&H&H,I. 

intermediate, 
rearranges a t  -20°C 
to CpfZr(H) 
(OCH=CHCHMe.). 

Orange oil, but not 
isolated pure. 

Transient acyl 

1538 (Zr-H); 
1628 (C=C);  
1275 (C-01. 

- 

CpZZr(H1 
lOC=C HC HIC H&Hz) 

CpfZr(H)(Me2CHCH,CO) - 90 

w 
0 
CL CpfZr(H) 

lOCH=CHCHMed 
90 

I01 

102 

102 

102 

Final product of 
rearrangement at  
- 20°C given above. 

Cp% ZrHdMeNCiWl 
atmireaction 
warmed from -80" to 
25°C. 

Cp?ZrH./Cp&l(COV 
CeHsCHsI-80'C 

3.96 (Zr-H); 
8.06 (Cp*); 
3.37 
5.391 (C5HQ) 

3.59 (Zr-H); 
8.06 (Cp*); 
7.59 (NMel). 

1550 (Zr-H) Intermediate reaction 
product is 
formimidoyl hydride 
CpZZr(H) 
C(H!=NMe. 

tungsten compound. 
Cr compound demmp 
a t  25°C. 

X-Ray structure on 

- 

Reacts Me1 + 

Cp$Zr(IlNMe, + CH,. 

CpfZr(H)(OCH=MCp,) 
(M = Moor W) 

W comp. brown 
crystalline solid. 
thermally stable 

Product in nearly 
quantitative yield 
from NMR. 

4.28 (W comp.); 
4.20 (Mo comp.): 
4.06 (Cr mmp. 
a t  -3°C). 

4.30 (Zr-H): 
4.98 ICpk 

13.14 INb-HI; 
'T also reported. 

4.77 (Zr-H); 
5.28 (Cp); 

8.01 (cp*); 

7.99 (CP* ). 

1560 (Zr-H, W comp.1 
1543 (Zr-H, 
Mo romp.) 

1567 (Zr-H): 
1701 (Nb-H). 

CpZWHl 
lOCH=Nb(HEp21 

CpTZr(H1 
IOCHzNb(COEprl 

CpZZrHtlC~NbtHl 
tCO) under CO a t  
25'C 

1553 (Zr-HI; 
1898 Ic=oI. 
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resonances lie in the region S 0-7.46 (90). Although the metal atom in 
each of these compounds possesses formally a do electron configuration 
and may therefore be considered to be more like the main-group ele- 
ments in some of its properties, the reason for the low-field shift re- 
mains in doubt a t  present. 

3. Zirconium Hydrides Containing Bridge Bonds Zr-H-M 
(M = B or Al) 

This section does not review comprehensively all the tetrahydro- 
borate derivatives, since these have been adequately covered else- 
where (50 ). The aluminohydride compound Cp2Zr(H)A1H4 has been 
mentioned, but several similar hydrides have been identified. Such 
compounds are relevant in particular to known reactions where 
titanium(1V) or zirconium(1V) compounds catalyze the addition of 
A1-H bonds to alkenes and alkynes (114, 115). 

a. [Cp2ZrH2 * A1Me3I2. The addition of AlMe3 to a suspension of 
(CBZrH2)z in benzene leads to  a pale-violet solution from which a 
pale-blue compound Cp2ZrH2 . A1Me3 may be isolated in high yield. 
This is postulated to be a dimer on the basis of spectroscopic data and is 
unstable a t  room temperature, forming an  unidentified crimson com- 
pound and evolving methane and hydrogen (116). 

Cp,Zr-H-NMe, 

2Cp,ZrH, + N,M% - H’ ‘H 
Cp,Zr-H-NMe, \ /  

A similar product has been reported to result from the action of (Z-BU)~ 
A1H on Cp,Zr(neo-hexyl)z, and here alkyl- hydride exchange clearly 
occurs. Further addition of (i-BdzA1H displaces (i-Bu)zAl(neo-hexyl) 
and affords the trihydride (11 7): 

Cp,Zr-H-Al(i - Bu),R 

Cp,ZrR, + B(i-Bu),AlH - H’ ‘H 
Cp,Zr \ /  -H-Al(i- Bu),R 

(R = neo-hexyl) 

( ~-BU),AIH 1 
H-Al- ( i- BU), 

/ /  
\ /  

Cp,Zr-H (i-Bu) + (i-Bu),AIR 

H-Al-R 
I 

(i-Bu), 
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b. Cp2ZrH3A1R2, CpzZr(H)(~-HZ-A1-R2-R-A1R~), and CpzZr(H)[p-H2- 
(Al&)-Cll. If CpzZrH, reacts with (i-Bu), AlH instead of A1Me3, the 
deep-blue oily complex (XXI) is formed. While this decomposes at room 
temperature, treatment of (XXI) with (i-Bu),AlCl yields the ther- 
mally stable compound (XXII) as a pale-violet oil. Alternatively, 
treatment of (XXI) with AlMe, produces the mixed alkyl oily complex 
(XXIII) (96, 117). 

2% 
/ -\ 

Cp,ZrH, + (i-Bu),AIH - Cp,Zr-H-$l(i-Bu), 
\H. ,  

Cp,Zr-H h 
\ /  
H-Iil 

\ 
( i - Bu), 

Cp,Zr-H 
\ 7" 
H-Al 

Me, 

(XXII) (XXIII) 

The compound (XXII) is also obtained upon addition of 3 mol 
(i-Bu),AlH to Cp,ZrCl, in benzene. It is interesting that this compound 
absorbs 2 mol CO, and the resulting golden-yellow solution on hy- 
drolysis yields a series of alcohols ROH (R = Me, Et, n-Pr, n-Bu). The 
mechanism has been postulated to involve the initial dissociation of 1 
mol (i-Bu),AlH, followed by coordination of CO to zirconium; subse- 
quent chain propagation occurs as shown below (118). 

- ZC-H + AI-CH-0-Al 

co t 
(R = H or alkyl) Al-0-Al + Zr-CH,-R - homologation 

The properties of the various zirconium hydride compounds are 
summarized in Qble 11. 

C. HAFNIUM HYDRIDE COMPOUNDS 

In contrast to  the extensive zirconium series, there have been rela- 
tively few hafnium hydride compounds reported (Table 111). The 



TABLE 111 

HAFNIUM HYDRIDE COMPOUNDS 
~ ~ -___  ~~- 

' H  NMR Infrared 
Compound Preparation Properties (7, M-H) (cm-') Comments References 

CpzHf(HG1 CkHfClz/LiA1H4 White solid, reacts - - - 119 
alkenes, appears 
similar to Zr analog. 

meric solid. from CpzHfC12/ 
(CpzHfHz), Cp2Hf Mez/Hz White insoluble poly- - - Methyl comp. 107 

LiMel-20°C. 
I(C~H&)zHfH~lz CkHfMez/H2/ For R = Me&, Me2CH, - - More stable I07  

(R = Me, PhCHz, 60 atm/80"C x = 2, sol. hydro- thermally than 
PhCHMe, Me& carbons. For R = Me, Zr analogs. 
Me&H) PhCHz, PhCHMe, 

polymers, insol.hy- 
drocarbons. 

49 1300 (Hf-H-Hf?) (dmpe),HfH3 Hff benzyl)4/dmpe/ Tan solid. - 
C&/Hz/4OO 

atd9O"C 
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monohydride chloride Cp2Hf(H)C1 has been prepared by the action of 
LiA1H4 on CpzHfC12 and, as expected, it shows similar reactions to the 
zirconium analog in reactions with alkenes and alkynes. For example, 
with l-heptene i t  yields Cp2HfC1[(CH2)6Me], which on treatment with 
bromine liberates the alkyl bromide Me(CH&Br (219). 

Reference has already been made to Cp2Zr(H)BH4; preliminary re- 
sults have shown that a similar hafnium compound may be obtained 
(73). The hafnium dihydride is polymeric like (CpzZrH2)l, and may 
also be prepared by hydrogenolysis of CpzHfMe2 (107). The dihydrides 
(C5H4R)2HfN2 [R = Me, Me2CH, Me3C, C6H5CH2, CsH5(Me)CH (two 
stereoisomers)] have been obtained by the same reaction used for the 
zirconium compounds, namely treatment of the corresponding 
dichloride with methyllithium followed by treatment with hydrogen 
under pressure (107). The trihydride (dmpe)zHfH3 has been included in 
the general patent referred to earlier (49) .  

II. Vanadium, Niobium, and Tantalum Hydrides 

The chemistry of hydrido complexes of group V metals seems to 
reflect the usual tendency for vanadium to behave differently from the 
other two elements, although generalizations are probably premature 
in such a new field. Certainly niobium and tantalum form numerous 
hydrides of similar composition and properties, appearing to have no 
vanadium counterparts to date, but there have been no systematic 
investigations involving all three elements under comparable condi- 
tions, as is clear from the following discussions. 

A. VANADIUM HYDRIDE COMWUNDS 

Compounds containing vanadium-hydrogen bonds were first re- 
ported in the early 1960s, but only recently have any been reasonably 
well characterized. With one exception, all such compounds involve 
carbon monoxide (or the equivalent n-acceptor, PF3) as coligands, and 
many also contain chelating phosphines or arsines, or the cyclopen- 
tadienyl moiety. Those compounds containing terminal vanadium- 
hydrogen bonds show characteristic 'H-NMR absorption in the region T 

13.5- 18.5, except for the trihydrides (T  = 8.861, but no infrared absorp- 
tions attributable to fill+, have been reported. The spectroscopic proper- 
ties of each of the vanadium hydrides are summarized in Table IV, 
together with other relevant information. 

In the treatment that follows, the monohydrides are considered first, 



TABLE IV 

VANADILIM HYDRIDE COMPLEXES 

Compound Preparation 
'H NMR Infrared Refer- 

Pmperties (7, M-H) (em-') Comments ences 

V(C0). + (1)NniHg + 
l2)H,PO, 

V(C0)dPPha + 
(1)NniHg + ( 2 ) W .  

V(CO)I- + PF, + irradia- 
tion + protonation 

[E4NI[V(CO),(dppm)l 
pmtonation 

[E4Nl[V(CO),(dppp)l 
pmtonation 

[Et,NI[V(CO).(dppb)l 
pmtonation 

Pale-yellow crystals, 
sublimes 6O'C (lo-' 
torr), atable to 
135'C. 

Yellow crystale. m.p. 
75-822°C (ded, 
stable under Ns a t  
lOT, turnn bmwn 
in days at rmm 
temperature. 

Yellow mlid changing 
k.tJ to brown (with 
110 detectable spec- 
tral changes, 123) 
or green/black 
[V(CO)dppel(125); 
solutions deteri- 
orate rapidly. 

Yellow d i d  (turning 
bmwn a t  r.t.1. 

Yellow mlid (turning 
bmwn a t  r.t.). 

18.4 multiplet 
[solution in 
Ni(PF,).I 

15.04 triplet 
(THF-d.. 2 0 v ;  
14.37 triplet 
(benzene-&); 
*J('H-S'P) 21.9 Hz 

15.03 triplet 
(THF-4, 20'C); 
*J('H-3'P) 26.0 Hz 

14.91 triplet 
(THF-d.,202"C); 

V('H-"P) 25.9 Hz. 

(THF-d,,2O"C); 
'J('H-''P) 26.7 Hz. 

15.15 triplet 

I,, 846, 911 

ik-0 1989. 
1901,1875, 1857 
(0.02 M THF) or 
1990. 1885. 1858, 
1815 (KBr) 

ko 1990, 1878 
(0.02 M THF) or 
1988,1890.1867, 
1856 (Nujol) 

i.c-0 1990. 
1909,1867,1831 
(0.02 M THF) 

Cc-0 1988. 1895. 
1867,1839 (THF) 

Acidity functions 
measured but only 
salts are well 
C h a r a e t e r i .  

Diamagnetic, X,, 
-236 x 10-ecmJ 
mol-'; maes spec. 
shows HV(PF,): but 
not WPF,);. 

"V NMR reported 

"V NMR reported 

"V NMR 

''V NMR 

120, I21 

I22 

123, I24 

123, I25 

I23 

I23 



[ELNIlV(CO),(dmpe)l 
pmtonation 

[Et.Nl[V(COL(diars)l 
protonation 

HV(CO)IPhP(CItCHIPPh,), Aa for diphosphines 
0 
4 

HV(CO)&feC(CH,PPh, h As for diphosphines 

HV(CO),MeC(CHIPPh. h As for diphosphines 

HV(CO)B(CH&HSPhsh Aa for diphosphines 

HV(CO)IP(CHCHsPPhrh Aa for diphoaphinea 

HV(CO),(PhSCH&HSPhCH,), As for dipbsphinea 

HV(CO),(PhrPCH&HSPhCH,h An for d iphphines  

Pale-yellow eryetals 
stableunderN.(r.t.) 
(turns bmwn in air); 
toluene mlutions 
Btable under Ar 
(OW; m.p. 123'C 
(dec). 

similar to (dppm) 
complex. 

Yellow crystal~ 

Pale-yellow crystals 
stable under Nr 
(r.t.). Solutions air 
sensitive, but 
toluene mlutions 
under As are stable 
( O W .  

Yellow crystals 

Yellow 

Red nsedlea 

Yellow pow& 

14.58 triplet 
(toluene, 4,  20°C); 
V('H-"P) 23.4 Hz 

15.08 doublet 
(THF-4.2OT); 
14.53 doublet 
 benzene-4); 
'J('H-"P) 25.9 Hz 

(toluene. 4.20°C).  
14.48 singlet 

14.54 sextet 
(THF4.60'C); 
V('H-"P) 20 
and 39.7 Hz. 

15.06 (broad) 

15.20 (triplet); 
'J('H-"P) 26.1 €Is 

15.32 (triplet); 
*J('H-''P) 26 Hz. 

14.64 (mxt8t); 
*J(lH-"P) 

15.20 (triplet); 
39.7.20.0 Hz. 

'J('H-''P) 29.0. 
27.0 Hz. 

15.08 (quartet); 
*J('H-''P) 29.2. 
21.4, 32.1 Hz 

Gc-a 1981. 1865 
(THF) m 1973. 
1863.1842 (Nujol) 

ka 1990. 1875 
(THF) or 1985, 
1885. 1868, 1852. 
1822 (KBr) 

Gc-o 1989, 1975 
(THF) or 1989, 
1900,1863,1830 
(NUjOl) 

Gc-o 1927,1920, 
1835,1820 (THF) 

Gc-a 1908. 1825, 

GC-o 1987, 1866 

ic-,, 1991. 1877 

Gc-o 1922. 1911. 

1810 

1819 

i r - o  1990. 1905, 
1877, 1845 

i c -0  1905, 1806 

NMR shows no 
temperature 
dependence 
between +20 
and -65°C. 

S'V NMR 

NMR show8 no 
temperature 
depend- 
between +20 
and -67°C. 

"V NMR 6 -1640 
"P NMR 6 +90 

"V NMR 6 -1528 
"P NMR 6 +27, -28 
s'v NMR a -1608 

"P NMR 6 +87. +76. 

"'V NMR 6 -1690 
-15.6 

NMR 6 +99, +83, 
-15.6 

I'V NMR 6 -1685 
NMR 8 +68 

"V NMR 6 -1665 
"P NMR 6 +96, +84, 

+80, -15.1, -18.0 

126 

123. 127 

123,126 

123,124 

124 

124 

I24 

124 

124 

124 

(table continues) 



TABLE IV (Continued) 

Compound 
'H NMR Infrared Refer- 

Preparation Properties ir, M-H) ( C n - 1 )  Comments e x e s  

cis-HV(C0 hPCHtCHtPPh, Irradiation of HV(COIa- 
P(CHX: H,PPb )s 

Red crystalline 
powder 

trans- Irradiation of HV(CO)I- 
HV(COMPhrPCHtCHtPPhCH2h (PhrPCH.CHZPPhCH,), 

W 
0 
m 

HV(COb(mesity1ene) lV(CO),(mesitylene)l- 
PFs + (1) NaI and 
12) NaBH, or N a g  

(a )  CpVCO), + 
(1) NdHg + (2) H*O + 
(3)pptn. asPPN-salt;or 

(b) CpVlCO), electrolysis 
in THFW,O; or 

(c) NallCpVtCO)31 + 
Et.NC1 in CH&N at  
room temperature 

Red needles 

Orange solid stable in 
air (-20°C) but de- 
composing slowly at 
+25"C. Ikc. under 
vac 69°C. THF 
solutions stable 
(under Ar). Other 
solutions dec. at 
25°C. lbluene 
stable a t  -20°C. 

PPN' salt is orange- 
yellow, m.p. (dec) 
201°C. Air sensitive 
as solids or in solu- 
tion (THF). E q "  
salt is rela- 
tively air stable. 
Slow decomposition 
(2 days) in solution 
(THF or C&CNl. 

13.84 (quartet C C - < ,  1829. 1772 
of doublets); 
*J('H-"P) 39.7, 
9.6 Hz. 

of triplets; 
'JI'H-"P) 113.0, 
17.7. 

13.62 triplet CC-o 1884, 1764 

15.8 Gc-o 1961, 1895, 
1879 (hexme) 

"V NMR 6 -1541 124 
''P NMR 6 +lo0 

"V NMR 6 -1658 124 
"P NMR 6 +111, +98 

NMR line-width 128 
is temperature- 
dependent. Maas 
spec. shows strung 
peaks for [HV(CO).- 
(mesit)'] and 
[V(CO).(mesit)+l 
where n = 0. 1.2,3. 

16.10 (THF, 4 ) L o  1890. 1780 
~THF) 

NMR line-width 
is temperature 
dependent. 

129-131 

124 



CpV(lr-H)rBH, 
0 
0 
rD 

CpV(C0). + 
[CpV(H)(CO),I- + uv 
irradiation or 
[CpV(H)(CO)J plus 
bmmoalkanes 

CpVC1. + EkAlCI, in 
CH&l./n-heptane 

ICpV(H)(CO),I- + H' 

[HV(CO).(diars)l + H* 

[Et,N1[V(CO)4(diars)l plua 
exma8 HX(X = C1. Br. 
or I) in THF 

[HV(CO),(dmpe)l plus 
t-butyl chloriddHzO 

CpVCltMaBf4 

(a) [PPN+l[CpV(H)(CO)J 
BHs. THF 

(b) CpV(C0. + 
PPN'BHT (irradiation) 

Very reactive 
materials spectm- 
seopically observed 
but not isolated. 

Reactive intermediate 
observed by ESR. 

Suggested as an 
intermediate. 

Postulated 
intermediate. 

Red-violet crystals 
stable in air (r.t.) 
for several weeks. 
Under Ar, stable to 
130°C. 

solid. 

pymphoric solid 

Unstable violet-red 

Dark-violet 

Green crystals 
(PPN+ salt) 

iC-,, 1857. 1817 

ir -o  1840, 1779 8.86 triplet 
(CHzCL, Dr, (THF) 
-20°C). 

6,-o 1827, 1740 

k - ~ ,  2442.2418 
kHb 1745, 1650 

(THF) 

5.86 (Cp) GC-O 1846, 1735 
2.48 (PPN*) (THF) 

iC -o  1835, 1721 
(KBr) 

1.-, 2360 (KBr) 

ESR study 

NMR linewidth very 
temperature 
dependent. 

Spectra similar to 
HaV(CO).Adiars). 

Mol. weight 
(cryosopy). Raman 
spedrum. 'H NMR 
shows all BH, 
protons equivalent 
(r.t.) a t  r = 19.46. 

Elemental analysis. 

129, 130 

132, 133 

130,134 

135 

126, 135 

I35 

136, 137 

130 

13R. 139 
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followed by the di- and trihydrides, and the section concludes with 
discussion of compounds containing bridging V-(H),-BH, linkages. 

1 ,  Monohydrides of Vanadium 

a.  HV(C0)a and HV(CO)5(PPh3). Protonation of carbonyl anions is 
a well-established general route to hydride complexes and has been 
used for the production of these vanadium compounds: V(C0)i can be 
made from V(C0)s by reduction with sodium amalgam, or from VC13 by 
reaction with sodium and carbon monoxide in diglyme at 160°C; 
V(C0)5(PPh3)- can be prepared by treatment of V(C0)s with triphenyl- 
phosphine (1 : 3 mole ratio) in hexane, followed by reduction with 
sodium amalgam. Phosphoric acid has been found to be the most con- 
venient protonating agent for either anion. 

Although numerous metal salts of these acids have been made and 
analyzed, the acids themselves are poorly characterized. However, i t  is 
known that they are strongly acidic, as indicated by their pK, values, 
which have been determined potentiometrically (120, 121 1. 

In view of the similar ligand properties of CO and 
PF3, it is not surprising to find that this complex has been produced in 
an  analogous manner to that used for the carbonyl hydride: 

b. HV(PF3)s. 

The ’ H-NMR spectrum [in Ni(PF3)41 showed a characteristic hydride 
resonance a t  T = 18.4, and the mass spectrum showed the molecular ion 
and fragments derived by successive loss of PF3 from the ions 
[HV(PF3I5]+ and [V(PF,),I+ but gave no indication of [V(PF3)sl+. The 
compound is thermally stable to at least 135°C (222). 

c .  [HV(CO),(phosphine)] complexes and related compounds involv- 
ing arsenic ligands. Compounds of this nature are known for a vari- 
ety of “di-,” “tri-,” and “tetraphosphines” and some arsenic analogs. 
For the diphosphines and diarsines, only tetracarbonyls (XXIV- XXX) 
have been reported; but when “tri-” or “tetraphosphines” are employed, 
m = 2 ,  3 ,  or 4 carbonyls (XXXI-XXXIX) are known, though in these 
cases the tetracarbonyls appear to be the least stable. 

d. “Diphsphine” compounds: [HV(C0)4PPl(PP = PhzP(CHz),PPhz; 
n = 1- 4; XXIV-XXVII); HV(C0)4{Me~P(CHz)2PMez} (XXVIII); 
HV(C0)4{ P ~ ~ A S ( C H ~ ) ~ P P ~ ~ } ,  (XXIX); and HV(CO)r(diars), (XXX). 
Various methods of preparation have been reported for these com- 
pounds, but all involve protonation of the corresponding “phosphine” 

C I -  
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carbonylate anions, and they differ only in the manner in which this 
has been accomplished. Treatment of the anions with silica gel, pre- 
sumably by virtue of potentially acidic {Si-OH} groups, has proved 
a convenient method for compounds (XX1V)- (XXIX) (223, 124 ). Other 
means have included t-butyl chloride and water (for XXV and XXVII) 
(225,226), and PhzAsHClz * 2H20 in benzene (for XXX) (223,226). 

The hydrides are described as microcrystalline yellow powders, 
which change to ochre or brown upon standing a t  room temperature. 
These color changes are not accompanied by any observable changes in 
the infrared or NMR spectra (223) unless the storage is prolonged, in 
which case more profound changes may occur. For example, (XXV) is 
converted to  paramagnetic green-black V(CO)4(dppe) (125).  At lower 
temperatures ( -  10°C), and under Nz, the solid complexes are stable for 
a t  least several months; however, solutions of the hydrides deteri- 
orate rapidly unless oxygen is rigorously excluded. Room-temperature 
‘H-NMR (THF-4) spectra reveal the hydridic resonance in the range 
T = 14.5 to T = 15.15 and have been interpreted for compounds 
(XX1V)-(XXVIII) as showing either a fluxional motion of the hydride 
about the entire seven-vertex polyhedron or that the hydride is fixed 50 
that the two phosphorous atoms are magnetically equivalent with re- 
spect to it (223). However, the ‘H-NMR spectrum of (XXX) shows no 
evidence of fluxionality, since there is no change in the T = 14.48 reso- 
nance between +20°C and -67°C (226). 3’P-NMR and ”V-NMR spectra 
were also obtained for all compounds but add little to the conclusions 
reached from the proton spectra (223, 124). 

The hydrides readily lose their hydrogen upon reaction with other 
materials. In some cases, the hydrogen is transferred to the reactant, 
which then occupies the coordination position originally held by the 
hydride ligand (1271, e.g., HV(C0)4f%’ + Et3N + HNEtaV(C0)SP and 
HV(CO)4(dppm) + isoprene + (q3-dimethylallyl)V(CO)3(dppm). 

e. “Triphosphine” compounds: HV(CObPhP(CHZCHzPPh2)2, (XXXI); 
HV(C0)3MeC(CHzPPh2)3, (XXXII). These compounds have been 
made by the silica-gel protonation method used for their diphos- 
phine counterparts (223,1241, and their ‘ H - ,  3’P- and ”V-NMR spectra 
have been interpreted in favor of a model involving restricted dynamic 
behavior based on a hydride-face-capped octahedron similar to that of 
HTa(dmpe)z(CO)z (224 1. 

f. “Tetruphosphine” compounds: HV(CO)4P(CH2CH2PPh2)3, 
(XXXIV); HV(CO)~P(CHZCH~PP~&, (XXXV); HV(C0)4(PhzPCH&H2 
PPhCHZ)z, (XXXVI); HV(C0)3(Ph2PCHzCHzPPhCHz)~, (XXXVII); cis- 
HV(CO),P(CHZCH2PPh,), , (XXXVIII); and trans -HV(CO),(Ph,PCH,)- 
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CH2(PPhCH2), , (XXXIX). Compounds (XXXIV) - (XXXVII) have been 
made via the silica-gel protonation route just described, and the 
dicarbonyl complexes (XXXVIII) and (XXXIX) by UV irradiation of 
their tricarbonyl analogs (124 1. 

This compound is obtained as a bright 
orange powder (decomp. 69-72°C) from the reaction of [IV(Co)3 
(mesitylene)] with NaBH4 in THF at 0°C. It shows a characteristic 
hydride resonance a t  T = 15.8 (toluene), and further evidence of its 
nature is found in its conversion to [V(CO)3(mesitylene)l-, isolable 
as the tetrabutylammonium salt, by either sodium amalgam or sodium 
hydroxide (128 ). 

h. [CpV(H)(CO),I- and [{CpV(C0)3}2Hl-. Treatment of a slurry of 
Na2[CpV(C0)31 in THF with 1 eq H20 yields solutions containing 
[CpV(H)(CO)&, which may be isolated as its orange-red (Ph3P)2N' 
salt. A corresponding deuteride is produced if D20 is used (129, 130). 
More recently i t  has been found that a higher yield, in a more air-stable 
form (as the Et4N+ salt), results from the reaction of Na2[CpV(C0)31 
with EhNC1 in acetonitrile (124). The ion also is produced during the 
electrolysis in THF/H20 of either CPV(CO)~, or Cp2V(CO) under a CO 
atmosphere (131 1. Irradiation of this species in the presence of CpV- 
(CO)4 produces [{CpV(C0)3}2Hl-, which is believed to be a V-H-V 
bridged dimer, although it has not been fully characterized. Due to its 
extreme sensitivity, it has not been isolated from solution (130). 

The 'H-NMR spectrum of [CpV(H)(C0)31- shows the hydride reso- 
nance a t  T = 16.10, and the nature of the ion has been further demon- 
strated by its chemical reactions. For example, 

g. HV(C0)3(mesityZene). 

fCpV(H)(CO)J + RX - RH + organometallics 

and 

fCpV(H)(CO)J + RCOX -t RCHO + organometallics 

where R is an  alkyl group. The hydrogen acquired by the R or RCO 
group is established as coming from the hydride (not the solvent) by 
reactions of the deuteride analog, e.g., [CpV(D)(C0)31- + l-bromooctane 
.+ CaHI,D. The organometallic products of these reactions are complex 
and include the bridged dimer and CPV(CO)~. A detailed kinetic and 
mechanistic study of these reactions has been carried out (130). 

i. Cp2V(H)(p-C12)(A1C12). The reaction between Cp2VC12 (in 
methylene chloride) and Et2A1Cl2 (in heptane) yields a paramagnetic 
product designated as the hydrido complex on the basis of its ESR 
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spectrum (77 K). The molecule has a distorted trigonal bipyramidal 
structure with Czv symmetry (132). The ESR spectrum had been re- 
ported previously but was not assigned a t  that  time (233).  

j .  {CpV(H)2(C0)3}. This transient species was mentioned in 1970 
by Fischer (1341, and again by Bergman and co-workers in 1978 (230).  
There is as yet no direct evidence for its existence, but it may be pro- 
duced in this reaction (230): 

[CpWW(C0)31- 5 lCpV(H)2(C0)31 3 CPV(CO)~, 

k. [HzV(C0)4(diars)l+. This and related species have been consid- 
ered as possible intermediates in the reactions in which HV(CO)4(diars) 
is converted by HX into the trihydride, by the scheme outlined 
here (135): 

+ H X  + HX 
HV(C0)Jdiars) HzV(CO).(diars+)X- s HV(CO)J(diars)[C(OH)X1 = 

H~V(C0)~(diars)[C(0H)X~l S H3V(CO)3(diars) + COX2 

1. H3V(CO)3(diars). This compound is produced in good yield from 
protonation reactions of (Et4N)[V(C0)4(diars)1 with either anhydrous 
or aqueous HX (X = C1, Br, or I) in THF solution (235). A mechanism 
for this reaction is suggested above. The trihydride gives a strongly 
temperature-dependent 'H-NMR signal at T = 8.86 attributable to the 
hydrides. 

In contrast to the other carbonyl hydrides of vanadium, H3V(CO)3- 
(diars) is remarkably thermally stable and resistant to deprotonation. 
Even n-butyllithium fails in this regard, though it  is possible to replace 
two of the hydrogens in the photochemical reaction 

uv 
H3V(CO)ddiars) + CO + HV(CO)4(diars) + HZ 

The latter reaction is reminiscent of the way in which Cp2M(H)(L) 
complexes of niobium and tantalum are formed from Cp2MH3. How- 
ever, this seems to be the only similarity between the vanadium tri- 
hydride and Cp2MH3 (M = Nb,Ta). 

rn. H3V(CO)ddmpe). This violet-red compound, produced by pro- 
tonation of HV(CO)4(dmpe) by t-butyl chloride and water,t has an  in- 
frared spectrum very similar to that of the (diars) compound, and i t  is 
on this basis that its composition was deduced (135). 

+ Interestingly, protonation by aqueous HX is not successful; instead decomposition to 
vanadium salts is observed. 
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n. Cp2V(p-H)2BH2 and [CpV(C0)2(p-H)2BH21-. These well- 
characterized compounds have recently been reported (130, 136, 13 7). 
The former is produced when LiBH4 reacts with Cp2VCl2 at -12°C in 
1,2-dimethoxyethane, and an analogous (BD4) complex is also known. 
The violet crystalline materials decompose slowly at room temperature 
even under nitrogen, but infrared, Raman, and NMR studies have been 
performed and have revealed bidentate coordination of the BH4 group. 
Although all four protons are equivalent at room temperature (T = 

19.461, the barrier to bridge-terminal hydrogen exchange is high 
enough to permit observation of the instantaneous structure in the low- 
temperature ( -  100°C) 'H-NMR spectrum. At this temperature, the 
bridge hydrogens show T = 34 and the terminal ones are calculated to 
lie at T = 5 (obscured by the solvent). The infrared and Raman spectra 
indicate that the bridge expansion (involving the VH2B segment, and 
having considerable character) occurs at 1395 cm-' (1030 cm-I 
for the deuterated material) (136, 137). The second compound results 
when mixtures of CpV(CO), and [(Ph,P),N+BH;I are irradiated. How- 
ever, a better method starts with [CpV(H)(C0)31-, which is reacted 
with THF * BF3. The (Ph3P)2N+ salt is green and shows spectra similar 
to C P ~ V ( ~ - H ) ~ B H ~ ;  its composition is based upon these similarities, its 
elemental analysis, and its method of preparation. Reactions leading to 
each compound are thought to proceed via [Cp(C0)3V-H-BH31- 
(130). 

Finally, mention should be made of the compound 
V(BHJn, which was originally (138) considered to be a V(II1) material 
but is now reported as V(THF),(BH&, containing V(I1) (139). 

o. V(BH,),. 

B. NIOBIUM HYDRIDE COMPOUNDS 

Niobium forms more than 30 compounds in which either terminal 
niobiun-hydrogen or bridging Nb-(p-H)n-M linkages (M is another 
metal or boron; n = 1,2,  or 3) are present. Although most contain only 
one Nb-hydrogen bond, up to five per molecule are known; but even in 
the latter, some other ligands are always present and the nature of the 
co-ligands is clearly important in determining the stability of all the 
hydrido niobium complexes. Cyclopentadienyl groups are present in 
nearly all cases [the exceptions involve the chelating phosphine Me2 
PCH2CH2PMe2, (dmpell, together with additional two-electron donors 
such as carbon monoxide, alkenes or alkynes, and monophosphines. 
However, the exact role of these co-ligands is not clear, and the discov- 
ery of most compounds owes more to  serendipity than to rational syn- 
thesis. 
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The terminal hydrides display a FNbH infrared absorption in the 
range 1620-1740 cm-' [falling to 1520-1550 for the (dmpe) com- 
pounds], and 'H-NMR absorption attributable to the hydride ligands in 
the T range 10.8-17.8. The latter rises to 17-22 for the bridged com- 
pounds. Specific data for the compounds are found in Table V. The 
pattern used in the discussion of the vanadium hydrides is continued, 
so that  the treatment begins with monohydrides and ends with the 
bridged species. 

1. Simple Hydrides 

are produced from Me5Nb(dmpe) according to the equations 
a. HNb(dmpe)z(CO)z and HNb(dmpe)z(CzH4)z. These compounds 

THF 
Me&Jb(dmpe) + Ht + dmpe 60"~. HoNb(dmpe)r 

H&Ib(dmpe)* + 2L - HNb(dmpe)r(L)r + 2H2 
pentane 

26 C 

where L = CO or CZH4; the (C2D4)Z complex can also be made. 
The infrared spectra of the compounds show a weak to medium band 

at  1550 cm-' attributable to the Nb-H stretch. The carbonyl band is 
strong and occurs at 1700- 1750 cm-I; the olefinic V C - ~  stretching mode 
shows up as a shoulder at 3020 cm-', absent in the (CZD4) spectrum, 
which shows peaks at 2290, 2220, 2200, and 2170 cm-' due to coordi- 
nated o l e h .  The 'H-NMR spectrum of HNb(drnpe)dCO)z in CsDs at 
25°C shows a triplet of triplets at T = 14.46 for the hydride resonance. 
This shifts to  T = 12.94 in the o l e h  complexes. These findings are 
analogous to those for the corresponding H?g(dmpe)zLz, complexes 
which are isomorphous (and, presumably, isostructural) with the 
niobium compounds. 31P-NMR and W N M R  studies have also been 
performed on these materials. It is noteworthy that the exchange of 
hydrogen between the hydride and the olefin in HNb(dmpeMCzH4)Z is 
much slower than in the isoelectronic [ H M ~ ( d p p e ) ~ ( C ~ I t ) ~ l + .  The hy- 
dride ~ 1 2 . 9 4  resonance of the niobium compound shows no broadening 
characteristic of the onset of exchange with ethylene protons, in 
marked contrast t o  that seen in the molybdenum complex, where four 
protons on one of the ethylene ligands equilibrate with the hydride 
ligand [rapidly on the 'H-NMR timescale (100 MHz) at +7"CI by the 
postulated reversible formation of an ethyl ligand (140, 141 ),. 

b. [C&Nb(H)Ll complexes. Hydrido compounds of this general 
formula are known where L = CO (142-144), an alkene (various) (145, 
146), an alkyne (various) (1471, or a phosphine (various) (142, 145, 
148). A $-COT complex has been postulated as an intermediate in tbe 



TABLE V 

NIOBIUM HYDRIDE COMPLEXES 

'H NMR Infrared 
Compound Preparation Properties (7, M-H) (em-') Comments References 

Orange needles. 

(a) CmNbHJCO (in benzene) 
(b) C~NbC1, + (1)BH; and 

(2) NEk + CO (in THF) 
(a) CmNbHs/CIH, (in benzene) 
(bl CptNbcl./dkyl MgCl 
CmNbH,/acetylenes (in 

ChNbHdEhP 
ChNbH,/Me&' 
CptNbC1, + 11) BH; and 

CptNbCL + (1) BH,- and 

Cp,NbHdPPh&fe (in benzene) 

CpsNb(C&)/NnBH, 
CptNb(BI4VEta 

benzene) 

(2) P 4 P  

(2) PbMelP 

CptNbH, heat to 80' benzene 
CpJVbCIdNa naphthalene/ 

CptNMH)(CO)/Cpf 

Protonation of 

CpJVbHs 4 CptNbHI; 

THF/-50"C. 

ZrH./toluene/ - 80°C 

CPNb(dmpe)(CO)* 

CptNbH, + L: 
e.g.. ChNbHt + C&+ 
CptNMH)(C,H,) 

Photochemical reaction of Cp 
with CpNb(CO)r(PPh.)r. 

Yellow crystals 

Violet-brown crystals (color 
depends on source of 
CptNbHd. 

Yellow crystals. 

Yellow crystals. 

Dark-red crystals. 

Dark-red crystals. 

Postulated intermediate. 
Postulated 16-eleetron 

intermediate. 
Yellow crystals. 

PFi ealt is yellow; easily 
deprotonnted. 

Transient paramagnetic 
species identified by 
ESR. 

14.46 triplet of triplets YSb-" 1550 3'P NMR, partial 
(benzene-&, 25°C); 'J (Nujol) X-ray. 
('H-''P) 14, 92 +. 

12.94 triplet of triplets iSb-" 1550 CID, complex also 
(benzene-&, 25'C); 'J ( ~ u j o l )  made. 
('H-''P) 21. 102 HZ. YC+ 3020 3'P and ''C NMR. 

Yc-,, 1700- 1750 

16.39 or 16.6 Ihb-" 1695 X-ray. 
lSC NMR. 

12.95 unremlved singlet YhbH 1735 X-ray of Et  analog. 

10.8 Y s ~ - ~  1720 Various alkynes used. 

17.69 V('H-$'P) 29 Hz. 
17.84, ?I('H-"P) 27 Hz. 
16.65; *J('H-3'P) 27 Hz. 

(benzened.) I3C NMR. 

Yr-c 1815 
YSb-" 1650 
YSb-" 1635 
YSb-" 1625 

17.53; *J(lH-"P) YNb-" 1630 
28.6 Hz. 

17.7 doublet; Vl'H-:'P) 
29 Hz (benzened,). 

12.07 (benzenedd. V-,, 1680 (145) "Niobocene"; X-ray; 
or 1650 (154) diamagnetic. 

13.14 Yvb-" 1701 
Y,,-, 1567 

ESR study 

X-Ray 

140, 141 

140,141 

142 -144 

145, 146, 1.53 

147 

145 
145 
148 

148 

142 

149 
170; Bee alm 

145,154 -156 
162 

102 

158 

160, 161 

159 



HsNb(dmpe)* 

H 
/ \  

CpdCO)Nb-Fe(CO), 

CpJWHKPR,) + aqueous HCI, 
salts pptd. with BF; or PF; 

CpJ%(H)(CO)/HCI 
(THF, <O"C) 

(a) NbCI./NaCp/NaBH4/Hz; or 
(b) C ~ N b C I ,  + reducer + H.0 

Nb(Me),(dmpe)/H2(500 atm)/ 
THF/6O"C 

CSNbHaRIfR, 
CpNbHI/EbZn 

NbCIJNaCp/Zn plus (1) 
C o n ,  (2) NaBH, 

CpzNbCl*/NaBH,/THF 

Yellow solid stable below 
- 30"C, decomposing 
instantly a t  r.t. 

Whitelpale-yellow [if 
NaAIHr(OR)r used, 
color may be brown]. 

Pale-yellow waxy solid 
stable under N, (25°C) 
for several days. Dee. on 
prolonged standing at r.t. 

Dark-brown prisms. 

Unstable; t ,  a few hours. 
Stable under NI (r.t.) for 1 

Yellow prisms. 

Dark-green air-sensitive 

week. 

crystals. 

Speculative, based on 

Red-violet crystals. 
elemental analysis only. 

Pyrophoric. 

Pymphoric. 

Pyrophoric 

Pymphoric solid 

Orange crystals stable 
under Nt (r.t.) air 
reactive. 

Orange crystals 

Stable only below -40°C. 

13.96 doublet; GI.-,, 1740 
2J('H-3'P) 31.5 Hz. 

12.73 and 13.72 G,b--H 1710 
(toluened.) or 12.62 
and 13.5 (benzened.) 

12.04 quintet V('H-*'P) 1520 
39 Hz (benzene-&, (Nujol) 
25°C); or 
toluene-d,, 80%) 

16.4 (toluene-&; not G,,- ,  1720 
seen in benzene) 

19.05 

G,,- ,  1400 
G , ,  1960 
iB-", 2450 
h - ~ ~  1745, 

1628 
G,. 2460, 

1400 
P,, 1930 

21.51 (benzene-&, 
220 MHz) 

19.63 (benzene-&. 
220 MHz) 

23.12 (benzene4, 
220 MHz) 

17.02 (benzene& 
220 MHz) 

21.4 or 22.78 
(benzene-d.) 

19.8 (benzene-&) or 
21.1 (THF) 

14.5 and 15.0 
13.6 and 15.3 

G+" 1120 

(PRFPPh,  or 148 

152 
PPhMe.) 

X-Ray and neutron 142.143,145, 
diffraction structure. 147, 162 

3'P NMR 140 

X-Ray of solid 'H- and 
''C NMR suggest 
different structure in 
solution. 

163,164 

e P h C H 2  151 
151 

X-Ray. mam spectrum. I65 

X-Ray structure; mass 146,148, 
spectrum; 'H NMR. 166,167 

168 

150 
Mol. weight (cryoscopy) 151 

Mol. weight (cryoecopy) 151 

Mol. weight (eryosopy) 151 

Mol. weight ( c r y m p y )  151 

142,151 

142.143 

143 
151 
169 
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reaction of Cp,Nb(CaH8) with NaBH, (149). There is some evidence 
that Cp,NbH is also produced in this reaction (1 70). 

Most (and, presumably, all) of these compounds can be 
made from Cp2Nb& according to the reaction 

Syntheses. 

? e h X  

benzene 
CpJW& + L - CpzNb(H)L + Hz 

However, some care must be taken where L = C2H4 as the ethyl/ 
ethylene complex is the main product if excess ethylene is available 
(142, 145, 147). The more readily available CpzNbC12 has been used 
as a starting material in a general reaction, which produces the 
alkene complexes from the corresponding alkyl Grignard. To date, 
n -propyl, i -propyl, and n -butyl Grignards have been successfully used 
(146 1. Cp,NbClz was also the starting point for the production of some 
of the phosphine complexes (148), such as 

NaBH PPh. 
Cp2NbC1,- CptNb(BH4) - CpgWH)(PPhS) 

Spectroscopic Properties. The infrared spectra of these Cp,Nb(H)L 
complexes contain a VSb+ band in the region 1630 cm-' (for the phos- 
phines) to 1730 cm-' (for the olefin) (142,145). Their 'H-NMR spectra 
show a band due to the hydride hydrogen in the vicinity of ~ 1 7  (in the 
phosphines), but considerably lower for the o l e h s  (12.95) and alkynes 
(10.8). The crystal structure of Cp2Nb(H)(CO) has been determined but 
the niobium-bonded hydrogen was not located (144). X-ray data are 
available for Cp,Nb(Et)(C,HJ, which, at least in solution, is known to 
be similar to Cp,Nb(H)(C2H4) from 'H and 13C NMR studies (153). 

The bonding in Cp,M(H)(CO) and Cp,M(H)(C,H.J com- 
plexes has been discussed from the molecular-orbital viewpoint. It is of 
interest that such compounds are predicted only for those metals with 
two or fewer d electrons in the M(II1) state (79). 

Cp,Nb(H)(CO) reacts with Lewis acids to produce com- 
pounds, of varying stability, in which the acid coordinates to the hy- 
dride ligand. For example, 

Bonding. 

Reactions. 

toluene 
CpzNb(HXC0) + BFs - CpzNb(CO)(HBF& (Ref. 150) 

CpzNb(H)(CO) + AlEts CpnNb(CO)(HAIEts) (Ref. 151) 

HCl 

THF, C O T  
CpzNb(H)(CO) + H+ {CprNb(CO)(Hz)Cl} (Ref. 152) 

The latter spontaneously decomposes to CpzNb(C0)Cl and HI at room 
temperature, and the aluminum compound is not much more stable. 
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However, the boron adduct appears to be indefinitely stable under am- 
bient conditions. 

It was reported originally that Cp,Nb(H)(CO) reacted with Hz to 
yield a brown material from which some methanol could be obtained 
(142); however, it is now known that the latter derived from an impur- 
ity present in the carbonyl hydride, which was made using NaAlH2 
(OCH2CH20CH3), and Cp2NbClz. Cp2Nb(H)(CO) made by other meth- 
ods shows no such impurity and generates no methanol-producing 
materials when reacted with H, (143).  Cp,Nb(H)(C2H4) reacts with 
excess ethylene to yield the ethyl complex referred to above; however, 
in the presence of Hz, ethylene is catalytically reduced to ethane, 
probably via an unisolated [CpzNb(H)2(Et)l intermediate (145, 153 1. 
[Cp2Nb(H)(alkyne)l complexes react nearly quantitatively with acid 
producing the corresponding cis olefms, possibly via an intermediate 
of the form [Cp2Nb(H),(alkyne)1+. When methyl salts are used, the 
product is methane rather than the methylated olefm, since the 
elimination of CH, from the intermediate [Cp, Nb(H)(Me)(alkyne)l+ 
occurs more rapidly than the insertion of alkyne into the Nb-H bond. 
The hydrido complexes are rapidly converted into their iodo analogs 
by CHJ (147). In [C~>zNb(H)(phosphine)l when the phosphine is PhSP 
or PhMe2, and presumably in other cases too, protonation by dilute 
aqueous HC1 in the presence of a suitable precipitating anion gives 
rise to  salts such as [CpzNb(H)r(PPhMez)l+(PF;), with V S ~ - - H  a t  1740 
cm-’ and a doublet at T = 13.96 in the ‘H-NMR spectrum assignable to 
the NbHz hydrogens (148). 

c. [(HNb(s’-CsHs)(s’’3-CsH4)21. Thermal decomposition of Cp2Nb& 
in benzene at 80°C, in the absence of other ligands, yields a yellow solid, 
to  which the name “niobocene” has sometimes been applied since the 
compound’s elemental analysis is consistent with the Cp2Nb formula- 
tion. However, the observed diamagnetism and the ‘H-NMR spectrum 
rule out this idea. Instead, they suggest a dimer with bridging C5H4 
groups and Nb-H linkages, and this has been confirmed by an X-ray 
diffraction study (154, 155). The presence of a n  M-H bond is also 
demonstrated by the infrared peak at 1650 cm-’ and the 7 = 12.07 ‘H- 
NMR resonance. The structure (idealized C2 symmetry) is shown be- 
low. The Nb-H and Nb-Nb bond lengths are 1.70(3) and 3.105(6) A, 
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respectively, and the structure can be viewed as derived from the typi- 
cal Cp2M moiety. It is interesting to compare with the similar titanium 
and zirconium compounds discussed above, particularly (VIII), where 
no Ti-H bonds are formed. Hydrogenation of niobocene at 80°C (800 
atm) in benzene regenerates Cp2NbH3, presumably via Cp2NbH, al- 
though the latter has not been isolated (145, 154, 155). Niobocene has 
also been made by the reaction of Cp2NbC12 with Na(Naphth1 in THF a t  
-50°C (156). The structure of the closely related compound has been 

reported (157). The Nb-Nb distance is significantly longer, 3.932 8, 
compared to 3.105 8, in niobocene (154). 

d. Cp2Nb(H)=C(H)OZr(H)(C,Me,), . This has been referred to (Sec- 
tion I,B,f), and is produced when ChNb(H)(CO) reacts a t  - 80°C with 
H2Zr(CaMe& in toluene. The Nb-H link is demonstrated by the in- 
frared (Y 1701 cm-’) and ‘H-NMR (13.14) absorptions. Reaction of the 
“carbene” with hydrogen (1 atm, 25°C) produces Cp2NbH3 in 97% yield. 
This facile reaction has been attributed to oxidative addition of H2 to a 
formal 16-electron Nb(II1) species, derived from a tautomer of the 
“carbene,” Cp2Nb-CH20Zr(H)(CsMe5)2. Cp2W=C(H)OZr(H)(CsMe,)2, 
which lacks the tautomerization possibility, reacts with H2 only under 
more severe conditions and in lower yield (170°C; 50% yield) (102). 

e. [CpNb(H)(dmpe)(CO):lPFi. The hydrido complexes of niobium 
that have been characterized generally contain either Cp or chelating 
phosphine ligands; however, this compound has both. It is made by 
protonation of CpNb(dmpe)(CO)2 in the presence of the precipitating 
anion, but the yellow salt is readily deprotonated (158). 

Apart from the salts of the 
[CP~N~(H)~(L)I+  cation (L = CO or Pr3) referred to previously with their 
nonprotonated [Cp2Nb(H)Ll parents, the only known isolable com- 
pound of this type appears to be CpNb(H)2(CO)(PPh3)2, whose crystal 
structure has been reported (159). The compound is produced during 
the photochemical reaction of CpNb(CO)2(PPh3) with (Cp). Cp2NbH2 
and a number of related transient paramagnetic Nb(1V) species have 
been identified by ESR at - 70°C. Photolysis of a benzene/cyclopropane 

f. “CpNbH2” and “Cp2NbH2” species. 
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solution containing CpzNbH3 and di-t-butyl peroxide at -80°C in the 
cavity of an ESR spectrometer gives rise to CpzNbH2, and thermal 
generation of a similar species occurs when isobutylene and Cp2NbH3 
are mixed in benzene/cyclopropane in a sealed tube a t  room tempera- 
ture, yielding Cp,Nb(H)(t-butyl). Among the other complexes iden- 
tified by ESR are Cp($-Cp)Nb(H)2(allyl) and CpzNb(H)(Cl). All these 
species decompose within a few seconds at  O T ,  but their half-lives are 
of the order of 10 min at  -70°C (160, 161 ). 

g. Cp2NbH3. The initial preparation of this compound involved the 
high-pressure reaction of Hz (800 atm) with a toluene solution of 
niobium pentachloride, cyclopentadienylsodium, and sodium tetrahy- 
droborate (145). More recently, it has been prepared by reaction of 
Cp2NbC12 with a variety of complex hydride reducing agents, such as 
LiA1H4 and NaAlH2(OCH2CH20CH& (Red-al, vitride, etc.) (147). The 
color of the product has been variously reported as white (1451, yellow 
(147), or brown (1421, depending on the nature and source of the reduc- 
ing agent. It appears that the colored materials are contaminated with 
traces of impurities derived from the reductants. 

A mechanism has been proposed for the reactions in which CpzNbH3 
is formed from Cp2NbC12 in the presence of hydridoaluminate reducing 
agents of general formula [MAlH2R21 where M is an  alkali metal and R 
is H, Et, or (OCH2CHz0CH3) (143). To account for the production of 
Nb(V) compounds in such circumstances, i t  is postulated that the ini- 
tial product is a Nb(1V) hydride, which disproportionates into Nb (V) 
and Nb(II1) hydrides as follows: 

2CpzNbClz + 4MAlHzRz + 2CpzNbHz + 4AlHRz + 4MC1 

2CpzNbHz + CpzNbHa + CpzNbH 

The unsaturated 16-electron Nb(II1) species can be trapped in the pres- 
ence of suitable ligands to give Cp2Nb(H)(L) complexes, but, in the 
absence of such additional ligands, it will react with the hydrido- 
aluminum species present in the medium to produce Cp2NbH2AlR2 
compounds, of which the R = H material has been isolated and par- 
tially characterized (the 'H-NMR peak a t  T = 20 is assigned to 
Nb-H- A1 bridging hydride). It is interesting that the Nb(V) trihydride 
is also unstable toward further reaction with the reducing medium, 
yielding similar compounds via transient Cp2NbHaAlHR2 adducts that  
subsequently lose H2. However, hydrolysis of Cp2NbH2A1R2, whichever 
way it  is formed, quantitatively produces the trihydride, so that  
the eventual yields of the latter are high. "he reaction with 
[AlHz(OCH2CH20CH3)-l is more complicated than is the case with 
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(AlH;) or (AlHZEW. Both the color of the h a 1  trihydride and the 
chemistry of compounds derived from it [e.g., CpzNb(H)(CO)I suggest 
that the product is contaminated with material derived by hydrogen 
abstraction from carbon adjacent to oxygen in the alkoxy substituents 
of the reductant, even though this impurity does not show in the 
'H-NMR spectrum (142). 

'H-NMR and infrared spectra of the trihydride show absorption at 
T = 13.72 and T = 12.73 and V = 1710 cm-', respectively, indicating 
the presence of M-H linkages. The latter have been directly observed 
in the X-ray and neutron diffraction study, which has clearly shown the 
planar character of the central H3Nb fragment with the three hydro- 
gens essentially equidistant from the metal and the central M-H bond 
in a bisecting position (162). The angle between the "outside" hydride 
ligands is 126", in excellent agreement with the 122" predicted by 
Lauher and Hoffmann in their molecular-orbital study of bent CpzML, 
complexes (rn = 1, 2, or 3) (79). 

Many of the reactions of this and similar polyhydrides involve elimi- 
nation of Hz and the formation of monohydrides. In this respect, the 
niobium compound turns out to be much more reactive than its tan- 
talum analog (162) and readily loses Hz in the presence of other ligands 
to form [CpzNb(H)Ll complexes, as previously described under the ap- 
propriate listing for these monohydrides. Reactions with Lewis acids 
suggest a significantly higher basicity for the unique central M-H 
bond relative to the other two (151). Perhaps the most interesting 
property is its ability to catalyze Hz/Dz exchange, possibly via a 
[CpzNbHl intermediate (145). 

h. HSNb(dmpe)z. Reaction of Me5Nb(dmpe) with Hz (500 atm) and 
(dmpe) in THF at 60°C yields the pentahydrido complex as a pale- 
yellow, waxy, crystalline solid, stable under Nz for at least several days 
at room temperature. 

A strong, broad peak in the infrared at  -1520 cm-' (Nujol) is as- 
signed to and the 'H-NMR shows a quintet at T = 12.04 ['J(HP) = 
39 Hzl, due to the hydrido hydrogens, both in CD, at  25°C and in 
toluene-de at -80°C. The 'H-NMR and 3'P-NMR spectra suggest that 
the barrier to  interconversion of idealized structures for [H5Nb(dmpe)zl 
in solution is low. 

Although H5Nb(dmpe)2 decomposes upon prolonged standing at 
room temperature, there is no evidence for the spontaneous and re- 
versible loss of 1 or 2 mol of Hz . However, in the presence of nacid li- 
gands such as CO, 2 mol Hz are readily displaced, yielding, e.g., 
HNb(dmpe)z(CO)z as previously mentioned. As with CpzTaHs, the 
analogous reaction with tantalum is far slower (140, 141). 
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2. Compounds Containing Nb-H-M bridges (M = Transition Element) 

H 
/ \  

U. Cpz(C0)Nb- Fe(CO), . Addition of a slight excess of Fe(CO), 
and CpzNbH3 in benzene results in an essentially quantitative conver- 
sion to Cpz(CO)Nb( p-H)Fe(CO), , which can be recovered as air-sensi- 
tive dark-brown crystals. The material has been characterized by in- 
frared l;Nb-H-Fe at 1720 cm-'; 'H-NMR, toluenede, hydride at T = 16.4; 
and by X-ray diffraction. It appears to  contain both a bridging hydrogen 
atom and a metal-metal bond. The geometry about niobium can be 
viewed as a bent sandwich system, analogous to CpzNbH3 with the 
planar H3Nb group of the latter replaced by a (H,CO,Fe)Nb moiety 
(163, 164). 

The reaction by which the complex is formed is thought to proceed 
via a formyl (HCO)Fe(CO)4 species, resulting from an attack of the 
hydride hydrogen on CO bonded to iron. 

Reaction of CpzNbH3 with (PhCH2I4Hf 
yields toluene and the binuclear hydrido complex, which decomposes 
with a half-life of a few hours at room temperature (151). No further 
information on this compound is available. 

c. [ C I > ~ N ~ ( H ) ~ ] ~ Z ~ .  This material results from the reaction of 
CpzNbH3 with EhZn, and its structure has been proposed as involving 
two mutually staggered, bent CpzNbHz fragments (analogous to 
CpzNbH3 without the central H) chelated to the zinc atom, so that the 
latter has the four hydride hydrogens tetrahedrally disposed about it. 

The 'H-NMR (CaDs) shows a hydridic resonance a t  T = 19.05, and the 
molecular weight (cryoscopic measurements in benzene) and C ,H anal- 
yses are consistent with the formula shown (151). 

d. C ~ , N ~ ( C O ) ( ~ - H ) Z I I ( B H ~ ) ~ .  Reaction of NbCls, NaCp, and zinc 
powder in THF under CO at room temperature followed by treatment 
with NaBH4 produces yellow crystals of Cp,Nb(CO)(p.-H)Zn(BH)z. 
X-Ray diffraction studies show that the zinc is coordinated to two 
bidentate BH4 groups and to niobium via a bent Zn-H-Nb bond and a 
long direct Zn-Nb linkage (165). 

b. CpzNb(H)2Hf(CHzPh)s. 

V 
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3. Compounds Involving Nb-H-B Bonds 

Reduction of Cp2NbC12 with NaBH4 in THF produces dark-green, 
air-sensitive crystals of Cp2Nb(BH4) (148, 166). The structure (X-ray) 
shows bidentate coordination of the BH4 group (167). The room tem- 
perature 'H-NMR spectrum shows an extremely broad multiplet (even 
after "B decoupling), and it is clear that, in contrast to the analogous 
vanadium compound, the bridge-terminal hydrogen exchange process 
is still rapid even a t  -90°C (136). 

a .  Cp2Nb(BH4)C1. The structure of this poorly characterized mate- 
rial is unknown, and it may well be polymeric (168). 

b. Cp2Nb(CO)(p-H)BF3. When BF3 is added to a solution of 
Cp2Nb(H)(CO) in toluene, the red-violet adduct is formed. It is sug- 
gested on the basis of infrared and visible spectral data that the BF3 is 
coordinated to the hydrido hydrogen (150). 

4 .  Compounds Involving Nb-H-A1 Bonds 

Cp2Nb(L)HA1Et3 (L = CO, C2H4 or PMe3), [(+2p)(q1T!,H4)- 
NbHA1EtJ2, Cp2NbH2A1Et2, Cp2NbH2AlH2, and Cp2NbH3A1R3 (R3 = 

Et3 or EtH).  Reaction of Lewis acids such as EtsA1 with niobium 
hydrido complexes produces air-sensitive, pyrophoric adducts in which 
the aluminum coordinates to one of the hydride hydrogens. Thus 
Cp2Nb(L)(H) compounds (L = CO,  C2H4, or PMe,) react to produce the 
corresponding Cp2Nb(L)HA1Et3 complexes, which have been identi- 
fied by their elemental analyses (C,H only), molecular weights (cryo- 
scopically, in freezing benzene; and mass spectrometrically), and 
'H-NMR (CsDs, 220 MHz). The latter shows peaks a t  T = 21.51, 19.63, 
and 23.12, respectively, attributable to the hydride ligand in each 
compound. A similar reaction takes place with "niobocene," yielding 
[(rlJ-Cp)(7)'.'-CJH4)NbHA1Et3l2 as a solvate (151 1. Cp2Nb&A1Et3 and 
Cp2NbH3A1HEt2 have also been prepared, the former by reaction of 
the trihydride with Et3A1 (151) and the latter from Cp2NbC12 and 
NaAlH2Et (142). 'H-NMR spectra show peaks at T = 13.6 and T = 15.3 
for the A1Et3 adduct, and T = 14.5,15.0 for the AlHEh compound. The 
monohydrides are stable for a t  least a week (in solution in benzene) in 
the dark at  room temperature (1511, but upon standing at room 
temperature, the trihydride adducts decompose, evolving ethane or 
hydrogen, respectively, and producing Cp2NbH2AlEt (142, 151 1. 
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5. A Niobium Cluster Hydride 

[CsNb61,,H]. A completely different niobium hydrido species has 
been reported recently. It apparently contains an  octahedral Nb6 clus- 
ter with H a t  its center; for this compound is at 1120 cm-l(I69). 

C. TANTALUM HYDRIDE COMPOUNDS 

Niobium and tantalum chemistries are frequently very similar, and 
it is not surprising to find close parallels in their hydrides with respect 
to which compounds are known and to their properties. However, the 
two sets of compounds have frequently been discovered by independent 
workers with different objectives, and this is reflected in the current 
status of our knowledge of the hydrides. 

The comments a t  the beginning of the niobium section with respect 
to co-ligands, etc., are equally relevant to tantalum, and most of the 
niobium hydrides have tantalum analogs, although, as yet, no Ta- 
(H),-BH,-, compounds have been reported. Terminal tantalum- 
hydrogen bonds are usually characterized by infrared absorption 
in the region - 1600- 1800 cm-I, though, as  with niobium, the (dmpe) 
hydride absorptions are somewhat lower (-1550- 1650 cm-I). The 
'H-NMR spectra show absorptions in the range T = 10-20, depending 
on the compound. Details are provided in Table VI. The order of discus- 
sion is the same as that for niobium. 

The emphasis in the treatment that follows is on compounds that can 
be isolated, and the transient tantalum hydride species postulated in, 
for example, the work of Schrock et al. on alkylidenes (184, 194) are 
only briefly mentioned. The subject of metal hydride formation during 
hydrogen elimination reactions is worth a review in its own right, and 
indeed several exist. One of the most recent deals primarily with os- 
mium hydrides and alkyls but is relevant to tantalum also (195). It can 
be consulted for other references, and the subject is not treated further 
here. 

1. HTa(drnpe),(L), Complexes and Related Species 

a .  HTa(dmpe)n(CO)o and related cations. The orange neutral com- 
pound is made from the pentahydride by reaction with CO a t  1500 psi 
(in benzene a t  80°C) (1 71 1, and it has also been identified as an inter- 
mediate in the reaction in which [(dmpe)2Ta(CO)zXl compounds (X = 
C1, Br, Me, CN) are produced from [(dmpe)zTa(CO)zI- by treatment 



TABLE VI 

TANTALUM HYDRDE COMPLEXES 

'H NMR Infrared 
Compound Preparation Properties (7 ,  M-H) (m-') Comments Referenes 

Cp'Ta(propyleneHCI)s/H. 
(40 p i ,  25'C, pentanel 

lCp''hPe(H)(CI.)II/CO/O'C 
Previous compoundPMeS 

Orange crystala M.P. 14.17 triplet of 
140-141°C. triplets (8°C); 

*J('H-''P) 14.25, 
89.25 Hz. 

Not found Purple crystals. 

Orange crystals. 10.23 ( to luene4  
25T) 

Purple crystals. 16.75 or 16.80, 

Yellow -, purple (depending 
5.50 (Cp) 

13 -t 13.6. 
on alkene). depndine on 

alkene and 
whetherendo or 
ex0 isomer. 

10.2 for 
(nCJIrhCr 

Ic+ 1737 
IT,-" 1589 

in-. 1648 

IT.-" 1570. 
IT*-" 1800, 
I,,-,, 1275; 
k - r  1770. 

Red crystals. 19.48 or 19.56; fir.-" 1705 
tl('H-J'P) 21 Hz, 
5.68 (Cp). 

x-Ray; "P NMR; 
mam spectrum. 

171 -1 73 

x-Ray; "P NMR; 174 

X-Ray of Cl-oompd.; 175 
mase speebwn. 

NMR; mam 
SpectNUl. 

145,176 

'sc NMR 146. I77 

178 

146, I79 

Green crystals. 20.45 

Orange crystals. 17.52 
Yellow crystals. 20 

Similar spectral I45 
properties to 
"niobemne" dims. 

Ira-" 1585 Diamagnetic 180 
&.-" 1150 

'3c NMR 180 
X-Ray; NMR. I80 



lbClJLiAlH,lether 

'MCH&Me,hCI, + 
PMe.(toluene)R4 Id25"C 

Oraogs yellow aystels, not 

Air-sensitive yellow crystale.. 
Not imlatod. 
Intermediates in numemw 

fully charactmized 

reactions especially 
demmpwition 05 lb 
alkyls. etc. 

White crystalq m.p. 
154-156'C. 

Paramagnetic in twedia tes  
idmtified by ESR. Not 
idable,  although Me, 
d c g a  am. 

White crystels; m.p. 
187-189% (dec.). 

White cry&& m.p. 

Air-emBitive white C l y d e . .  

89.5-91T. 

iT.-" 1m 

Not located. ~ T . - H  1730 

14.63 (benzeM4); ~'T.-H 1750 
5.53 (Cp). 

11.63 triplek iT.-" 1735 
13.02 doublet 
(hnZme4).  

12.20 (doublet). 
10.70 guintat; ~ T . - H  1544 

xJ('H-S'P) 35 Hr. (Nujol) 
16.70 

10.69 (triplet); it.-. 1740 

Oreen cryatnls Complex multiplet No balds 
centered at 18.5 attributable 
attributed to to Ih-H-lb 
'Ib-H-P bridg- 
h g  hydrides. 

Strong adducta 14.68 and 12.46 
undismciatedinfreezing (bsnrms-d3, 
h n e .  L = AlEt,. 

16.30 6Ta-N 1605. 
1640 

A variety of poorly 

Red nuggets 
charactmized pmduaS 

181,182 

183 
184 
1&-18? 

188 

ESR 160 

X - b y  and rmutmn 182,181, 
ditfraction P.E.S.; 182. 188-190 
mae e.pectrUm. 

191 

Mol. weight (cryoropy) 140,141,171 

CryatnlstruetUreofNb 164 
anal0g. 

weight; "P NMR. 
X-Ray structure mol 190 

Mol. weights (cryo.copy) 151 

192 'H NMR of rT." 
unchanged bet- 
+90 .ad -7m; 

(X-my,. 
mabl dN&UI'E 

193 

x-Ray structure ahow- 200 
ing lh-H-C 
intaractpn. 
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with HC1, HBr, CHd, and HCN, respectively (172). Crystal and solu- 
tion structures have been determined by X-ray diffraction and NMR 
('H and "PI studies, respectively (173). The solid contains a seven- 
coordinate hydride-capped distorted octahedron, and a similar struc- 
ture is indicated in solution below 0°C; however, above this tempera- 
ture the compound is fluxional. A detailed analysis of the 
temperature-dependent line shape for the hydride region of the 
'H-NMR spectra (90 and 220 MHz) indicates that a second isomer is 
present in low concentration. The infrared spectrum (CsDa) shows 
at 1589 cm-' and VC-,, at 1737 cm-I. 

HTa(drn~e)~(CO)~ has been the subject of two recent independent 
cyclic voltammetry studies (196, 197). Reversible oxidation to 
[HTa(dmpe)2(C0)2]+ was observed in both cases, but the cation seems 
more stable in acetonitrile (197) than in acetone (196). An irreversible 
oxidation to an unstable dication occurred in either solvent at  more 
positive oxidizing potentials. There is no evidence to suggest that the 
17-electron monocations are stable for long enough to be isolated, nor is 
there any indication that they can be produced by chemical oxidation 
(196). 

b. HTa(dmpe)z(PPh2)z. This purple compound results from the 
stoichiometric reaction of Ta(dmpe)2C12 and K(PPhz) in THF (0°C) with, 
presumably, proton abstraction from the solvent. The infrared is 
a t  1648 cm-I, and mass spectral evidence for the hydride was also 
conclusive. Although a n  X-ray study did not locate the hydride, its 
position was revealed by the dispositions of the other ligands. The 
structure is that of a pentagonal bypyramid with the PPh2 groups 
occupying apical positions. For Ta- H, a value of T was not found in the 
'H-NMR spectrum (1 74 1. 

c. HTa(dmpe)2(r)'-CloHe). This orange crystalline material has 
been isolated from the reaction of TaC14(dmpe)z with excess sodium 
naphthalene followed by protonation with cyclohexanol. I t  shows a 
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characteristic 'H-NMR hydride peak at T = 10.23, compared to 7 = 
14.17 for the carbonyl hydride HTa(dmpe)z(CO)z (1 75). Although its 
structure is not known directly, that of C1Ta(dmpe)z(q4-C10H8) involves 
an approximately pentagonal bypyramidal geometry about tantalum. 
The structural parameters of the chloro complex indicate considerable 
n-acceptor interaction by the diene portion of the arene, which may 
well explain the substitutional inertness of the Ta-naphthalene unit as 
demonstrated by the noncatalysis of Dz/C6& exchange by 
HTa(dmpe)z(q4-C1J38) in contrast to the catalytic behavior of H5- 
Ta(dmpe)* or by other q4-arene complexes. A very stable 'I'a-(q'-CloH~) 
bond is indicated (175). 

2. [CpzTa(H)L] Complexes 

Compounds of this general formula are known where L = CO (145, 
176), various alkenes (146,177) and alkynes (178), and also PEt3 (146, 
179). In addition, a tantalum analog of "niobocene" has been reported 
(145). 

a. Cp2Ta(H)(CO). This complex is made by reacting the trihydride, 
CpzTaH3, with CO at high pressure (1451, but a more convenient route 
is the conversion of the corresponding monohydride alkene complexes 
using CO a t  1 atm (7OoC, toluene) (176). The purple compound shows 
VTa-H at 1750 cm-' and a 'H-NMR resonance attributable to hydride at 
T = 16.80. 

b. CpzTa(H)(alkene). Treatment of CpzTaClz with RMgCl (R = 

n-C3H7, i-C3H7, n-C4He, n-CSH11, or C5Hs) gives the corresponding tan- 
talum hydride n-olefin complexes CpzTa(H)(alkene) (alkene = C3H6, 
C4H8, C5H10, and CsH8) (146). In the C3H6 case, two isomers occur. 
Cp,Ta(H)(propylene) can be produced in fair yield from the thermal 
decomposition of CpzTa(CHMe)(Me) (1 77). Both em and endo isomers 
are present, though it seems likely that the former is the initial prod- 
uct. The materials show infrared absorption in the range 1750- 
1800 cm-', and 'H-NMR peaks due to hydride hydrogen in the region 
T = 13.05 to 13.68 depending upon the alkene. They are thermally stable 
(to 100°C) and sublimable (e.g., C3& complex, 95"C, lo-* mmHg) and 
may be readily converted into other tantalum hydride species by dis- 
placement of the alkene in the presence of other ligands. For example, 
Hz (1 atm, 9O"C, toluene solution) yields CpzTaH3, and PEt3 (9O"C, 
toluene) gives CpzTa(H)(PEt3). Both reactions are quite slow, requiring 
about 14 h for completion. Reaction with CO is more complicated, in 
that either alkene or hydride ligands may be displaced. In the latter 
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case, the products are of the form Cp2Ta(CO)R, presumably due to the 
migration of the hydride onto the alkene. These alkyl carbonyl com- 
plexes show remarkable thermal stability, compared to other early 
transition metal alkyls, with decomposition only occurring above 
150°C (146). A reaction seemingly analogous to the hydride displace- 
ment by CO occurs with aryl or alkyl isocyanides. Endo- 
Cp2Ta(H)(C3He) and Cp2Ta(H)(C4Hs) are converted into the adducts 
Cp2Ta(C3H,)(R’NC) and Cp2Ta(C4Hv)(R’NC), respectively (198). 

c. [Cp$Ta(H)(alkyne)l (Cp* = q5-C,H4Me; alkyne, R C d R ’ ;  R = CH,; 
R’ = n-C3H9, i-C3H7, or t-C4Hv; R + R‘ = n-C3H7). RefluxingCp%%H, 
with the appropriate acetylene in toluene leads to the slow formation 
of these monohydrido complexes (I 78). However, they are more readily 
obtained, in high yield, via the monoiodo compounds ( I  78). 

reflux 

dioxane 
Cp$TaH3 + alkyne + iodobenzene - Cp%Ta(I)(alkyne) 

LiAlH, 
Cp%Ta(I)(alkyne) Cpz Ta(H)(alkyne) 

The hydrides show VTa+ (infrared) bands around 1800 cm-’ (1275 cm-’ 
for the deuteride) and ‘H-NMR hydride absorption at T = 10.2. 

Reaction of the oct-4-yne complex with HBF4 liberates cis -oct-4-ene, 
and this is postulated as occurring via initial protonation of the metal 
(to yield [CpTTa(H)2(alkyne)l+), followed by insertion of acetylene into 
the Ta-H bond and C-H reductive elimination. cis-Oct-4-ene also re- 
sults when H2 is reacted with the hydrido complex at 100°C (178). 

d. CptTa(H)(PEt3). Tebbe first made this compound by reacting 
Cp2TaH3 with PEt3 (1791, but an easier route employs [Cp2Ta(H)(al- 
kenell as described above (146). The red crystalline material shows 
‘H-NMR absorption a t  T = 19.48 (hydride) and G ~ ~ -  (infrared) a t  1705 
cm-’ but has not been otherwise characterized. 

e. [HTa($-Cp)($”-C5H4)12. Refluxing Cp2TaH3 in benzene produces 
“tantalocene,” whose properties and structure are similar to those of its 
niobium analog (145) .  

3. (C5Me4R)Ta(H)C12 and Related Compounds 

Reaction of H2 (40 psi, 25”C, pentane) with (C5Me4R)Ta(propylene)C12 
produces a green diamagnetic material of stoichiometry 
[(C5Me4R)Ta(H)C1212 (XL) showing V (infrared) at 1585 cm-’, which 
moves to 1150 cm-’ upon deuteration, and which is presumably 
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The ‘H-NMR reveals a peak a t  T = 20.45, attributable to Ta-H. The 
structures of these compounds probably contain a metal-metal single 
bond supported by two bridging M-H-M bonds. This reaction occurs 
for various R(alky1) groups, but when R is Et the green product reacts 
with CO a t  0°C yielding an orange compound of apparent composition 
[(C5Me4Et)Ta(H)C1zlZ(CO) (XLI). However, from the ‘H- and 13C-NMR 
spectra, its structure contains only one H-Ta bond, with the other hy- 
drogen attached to carbon, in the unique manner shown below (i.e., 
an -$-formy1 complex). 

This material reacts with PMe3, forming an adduct (XLII) whose struc- 
ture (from X-ray data) is shown below. 

The ‘H-NMR spectra of these latter compounds (XLI) and (XLII) show 
T T ~ - H  a t  17.52 and 20, respectively (180). 

Compound (XL) can also be produced from (CsMeJ1)Ta(CHzCMe3)z 
Clz and Hz. A co-product in this reaction is red (C5Me4R)2Ta2(H)C15, 
which is assumed to contain one Ta-H-Ta bridge bond. This material 
reacts with CO to form a complex similar to  (XLI) but with the terminal 
H replaced by C1 (180). There is good evidence that simple formyl 
complexes are unstable with respect to CO- M-H rearrangement, 50 
that compound (XLI) presumably owes its existence to the “stabiliza- 
tion” of the formyl ligand by coordination to a second metal (Lewis 
acid) (180). 

4. Other “CpTa(H)” Systems 

Green has isolated an orange-yellow material from the reaction of 
CpzTaH3 with n-butyllithium in toluene, which, although not fully 
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characterized, appears to contain the CpzTa(H) grouping (VTa-H 1590 
cm-') and also a Ta-Li bond. It is, perhaps, analogous to ICpzW(H)Li14 
(181, 182). An air-sensitive yellow compound believed to be Cp- 
Ta(H)(Mek has been reported by Holliday et al., but has not been 
characterized. It is a co-product of the reaction between Cp2Pb and 
TaMe3Clz (183). An apparently similar compound, Cp*Ta(H)(MeI2- 
(OCHMez), with VTa+ at 1730 cm-', has recently been reported. I t  is an  
unisolated product of the reaction of Cp*Ta(Me)r with, successively, CO 
and Hz (194). CpTa(H) moieties have been proposed as intermediates 
in numerous catalytic reactions. These are assumed to result from 
hydrogen abstractions (185-187). 

a. CbTa(H)dSnMe3). Dimethylamine trimethylstannane provides 
a convenient route to metal-metal bonds involving tin, and 
stoichiometric reaction of this compound with CpzTaH3 in THF (reflux, 
6 h) affords the white crystalline c ~ , T a ( H ) ~ ( s n M e ~ )  with concommit- 
tant release of amine (188). 

The dihydrido complex melts without decomposition (154- 156°C). It 
shows a hydrido absorption ('H-NMR) a t  T = 14.63 and VTa-H 1750 
cm-'. 

Like its niobium analog, this compound has been iden- 
tified by ESR studies of photolytic reactions of Cp2"aH3 with di- 
tert-butyl peroxide. It was not isolated, although the corresponding 
Cp2Ta(MeIz was (160). 

c. CpzTaH3 and (C5H4Me)2TaH3. The Cpz compound can be made by 
reaction of Cp2TaClZ with NaA1Hz(0CHzCHz0CH3)z (282 1, or from 
TaC15, NaCp, and NaBH4 (181). The substituted Cp complex is made 
from TaClr, Li(MeC5H4), and LiA1I-L (191 ). 'H-NMR studies show two 
resonances attributable to the hydrido hydrogen; in the Cpz compound 
these occur a t  11.63 (triplet) and 13.02 (doublet), while they are a t  
10.69 (triplet) and 12.20 (doublet) in the other complex (188, 191); 

The crystal structure of CkTaH3 has been determined by X-ray and 
neutron diffraction methods; it is isostructural with Cp2NbH3 (162). 
Photoelectron spectra show the relationships between CpzRe(H), 
CpzWHz, and CptTaK; the varying number of lone pairs on the respec- 
tive metals (2, 1, and 0) are particularly clearly indicated (189). The 
relationships between such hydrides have also been studied mass spec- 
trometrically (190 ). The preponderance of (Cp2TaH+) ions over 
(Cp2Ta+), in contrast to the reverse situation for CpzMoHz, is notewor- 
thy. Clearly, the unique central M-H bond of the H3M moiety is 

b. CpzTaHz. 

(infrared) is at  1735 and 1740 cm-I, respectively. 
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stronger than the other two, consistent with the reactions of CpzTaH3 
and its niobium analog. 

The catalytic behavior of CpzTaH3 and (CSH4Me)2TaH3 with respect 
to benzene-Dz exchange has been studied. Not only do these com- 
pounds show much slower rates of exchange than CpZNbH3, but they 
also do not discriminate among various substituted benzene substrates, 
while the niobium compound does. Possible reasons for these differ- 
ences have been discussed in terms of a mechanism involving a series of 
alternating reductive-elimination and oxidative-addition steps (191 1. 

d. H,Ta(dmpe),. This pentahydrido complex can be made from 
TaC1, or (Taphi), H, (1500 psi), and (dmpe). In the former case, potas- 
sium is also needed, and the reaction is done in benzene as opposed to 
THF for the hexaphenyl route. The latter is slightly more facile (45"C, 
5 h, compared to 115"C, overnight) (1 71 ). The pentahydride can also be 
produced from its pentamethyl analog by reaction with Hz (500 atm, 
60°C in THF) in the presence of excess (dmpe) (140,141 ). In each case, 
the air-sensitive product is white and crystalline, melting with decom- 
position at  133- 135°C. The infrared (Nujol) occurs at 1544 cm-', 
and the 'H-NMR (toluene-d8) hydride absorption is a quintent at T = 

10.70. The compound appears to be fluxional down to at least - 140°C 
(1 71 1. Hydride ligands are readily displaced leading to monohydrido 
complexes as already discussed, and Dz benzene exchange is catalyzed 
by a mechanism that almost certainly involves interconversions like 

- 2H2 +2H HJI- HMI- H ~ M  

5. Compounds Involving Ta-H-M Bridges 

M is a transition element, and the only compounds to mention here 
are Cp2(CO)Ta(H)Fe(C0)4, which is produced in a fashion analogous to 
the niobium compound and has a similar structure (IN), and the very 
unusual (p-H),-(p-Cl),-ditantalurn species [Ta2C1,(PMe3)4H21, whose 
X-ray structure has recently been determined (199). The bridging hy- 
drogens were not directly located, but their positions were clearly indi- 
cated by the disposition of the other atoms, and they were identified in 
a 360 MHz 'H-NMR study. 

6. Ta-H-A1 Bridges 
Reaction of CpzTaHa 

with Et3A1 produces a bridge-bonded adduct similar to the niobium 
a. Cpz"aH3A1Et3 and related compounds. 
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compound. ‘H-NMR absorptions due to the hydride hydrogens occur at 
T = 12.46 and 14.68. 

Similar adducts are formed with GaEt3, ZnEt2, and CdEh These 
compounds are more stable than their niobium counterparts (151 ). 

b. (dmpe)2Ta[H2A1(OCH2CH20CHd21. This compound, in which 
Ta-H-A1 linkages are implied (infrared V 1605 and 1640 cm-’; 
T = 16.30, ‘H-NMR) can be isolated from the reaction of TaClz(dmpe)2 
with Na[H2Al(OCH2CH20CH3)21. The crystal structure has been de- 
termined by X-ray diffraction methods, but the bridging hydrogens 
were not located (192). 

c. [HnTa(A1H4)4-n](n = 0-4). Compounds of this general formula 
apparently occur in the reaction products from reduction of TaC1, by 
LiAlH4 (in EtO) .  They do not appear to have been characterized (193).  

7. A Ta-H-C Bridge? 

A neutron diffraction study of [Ta(CHCMe3)(PMe3)Cl3I2 has revealed 
an interaction between Ta and H of the adjacent (CH) group, which 
may be considered as a Ta-H-C linkage. The importance of such an 
interaction in facilitating removal of the a hydrogen (e.g., by an alkyl 
ligand to give an alkane) was noted (200). 
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