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I. TITANIUM IN TZE NITROGEN FIXATION PROBLEM 

The nitrogen-fixing properties of organometallic derivatives of titanium and the struc- 

ture of the so-called “titanocene dimer” appear to be problems so strictly related one to 
the other that they will be treated together under this section. 

It had been suggested’, mainly on the basis of infrared and mass spectroscopic evi- 
dence, that the “titanocene dirner” has the formula [Ti(C,H,) (CsH4)H]2 and a hy- 
drogen-bridged structure, either (I) or (II). The X-ray structure2 of the niobium analogue, 

[Nb(C,H,)CC,H,)H], h as now been published_ This compound has been shown to con- 
tain terminal hydrido groups rather than bridging ones and the suggestion was alsomade2*3 
that the “titanocene dime? may have a similar C5H4-bridged.structure with terminal hy- 
drido ligands, as indicated in (III). If this suggestion is correct, the “titanocene dimer” 
would represent a unique example of titanium-hydrogen (to terminal hydrido ligands) 

bond reported in the literature_ It is to be in fact recalled that the anionic titanium(III)- 
hydrido species4, [Ti(C5H,)H2]-, which h ave been characterized by EPR spectra only, 
probably contain bridging hydrido ligands (vide infm). 

The problem concerning the structure of the “titanocene dime? seems to be further 
complicated by the fact that several dimeric species approximately corresponding to the 
formula can be isolated depending on the reaction conditions. The situation cari be sum- 
marized as follows. 

(i) Reduction’ of Ti(C5H5)2C1, with sodium in toluene at about SO0 for four days 
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yields a green solid of formtda C,,H,,Ti,, whose structure may be (i) or (II), as proposed 

by Brintzinger and Bercawi or (III). 

(ii) Treatment6 of Ti(CsH5)2(CH,), with hydrogen at atmospheric pressure in hexane 
at 20” for I- hgives a green solid of formula CzO i-l 20 Ti,, believed7 to be identical with the 
product obtained according to (i). 

(iii) Treatment of Ti(C,H,),(CH,), with hydrogen8 at 0” without solvent yields a $imer- 
ic compound too, but this is violet rather than green and its formula was reported to be 
C20H22Ti2. Its structure is that of a dimeric hydrido-bridged dicyclopentadienyl deriva- 
tive of titanium(II1). 
(iv) Treatment7 of a saturated hexane solution of Ti(C5H5)2(CH3)2 with hydrogen at Cl” 
and removing continuously methane formed in the reaction in order to keep rhe partial 
pressure of hydrogen ss high as possible does not lead to the violet solid described at (iii), 
but gives a gray-green product. The latter was reported7 to contain hydrido ligands and 
was suggested to be a linear polymer of composition [--Ti(C,H,),H-1,. 

This polymeric substance was also described7 as a precursor of a metastable form of 
the titanoeene dimer, of formula [Ti(C5H5)2]2, different from [Ti(C,H,)(C,H,)H],, 
especially in its reactivity towards carbon monoxide, hydrogen and nitrogen. Ether solu- 
tions of this dimer absorb 1 mole of N2 per mole of [Ti(C5H&j2; the absorption is re- 
versible, molecular nitrogen being released upon warming to room temperature. Since 
the infrared spectrum did not show any absorption due to coordinated nitrogen, the com- 
plex was suggested7 to have the dinitrogen-bridged structure (C,H&,Ti-NN-Ti(C,H,)2. 
It has to be recalled at this point that van Tamelen and coworkers had reported some time 
ago’ that solutions of the green titanocene dimer wouId absorb approximately 1 mole of 
nitrogen per titanium_ We have therefore to consider this additional complication, namely 
that two different nitrogen complexes of titanocene derivatives appear to exist. 

Also Shilov and coworkers” have isolated a nitrogen compIex obtained by treating 
[Ti(G5H5)2Cl]2 with the isopropyl Grignard reagent in the presence of N, at tcmpera- 
tures comprised between .-SO” and -100”. A blue precipitate was formed under these 
&mciitions. The latter was found; by its reaction%, to have the formula 

[Ti(C5B5)2(C3Hj)12N2- 
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This resnlt is in agreement with that obtained earlier by Teuben and 
De Liefde Meijer’1,12..These authorshave reported the preparation of dicyclopentadienyl- 
phenyititanitim(IlI), obtained by the reaction of the phenyl Crignard reagent with 

The reaction was carried out in diethyl ether at -25O. The phenyl derivative decomposes 
at room temperature and absorbs molecular nitrogen in toluene solution at -78”: 

2 Ti(C5 H,),C,H, + N2 4 ITiC~,H,),C6H,12N, (2) 

The nitrogen complex was isolated and characterized by elemental analysis, differential 
thermal analysis and chemical reactivity. The molecular weight of the complex could not 
be determined because of its thermal instability, but it is believed to be dimeric, possibly 
N,-bridged. 

The chemistry of cyclopentadienyl and phenyl derivatives of titanium is characterized 

by.intramolecuIar hydrogen transfers. For example, whatever may be the structure of the 
“titanocene dime?, as indicated in (I), (Ii) and (III), the hydrido ligand attached to tita- 
nium originates from a hydrogen atom originally bonded to a cyclopentadienyl ring. Vol- 
pin and coworkers’ 3 have pointed out that in the course of the reduction of Ti(C,H&C$ 
with Mg and Mg12 in the absence of nitrogen, hydride species are formed, the source of 
hydrogen being the cyclopentadienyf rings, rather than the solvent. 

A further application of the intramolecular hydrogen transfer has now been found14. 
When dicyclopentadienyldiphenyltitanium(lV) was thermally decomposed inthe presence 
of nitrogen (90- 100 atm), and the resulting product hydrolyzed, aniline, ammonia and 
phenylhydrazine were obtained. Since benzene was formed during the reaction, it has 
been suggested that nitrogen was inserted into an intermediate phenylene stabilized by 
complexation to titanium: 

(3) 

/ 
N=N 

K,U&ti d Reduction 
(4) 

- - Products 

\/ 

H20 

The thermal reaction of Ti(C H ) 
s k? 

(C6H& with nitrogenzis paralleled by the similar 
result obtained with carbon dioxide . Treatment of dicyclopentadienyldiphenyltitani- 
um(IV) with CO, d xylene solution at 80-90” yielded a compound of formula 
Ti(C,H,),(C6H,C0,). The latter was shown by h X-ray tifraction study, to have the 
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Fig. 1. M&c&r structure of Ti(CsH5)2(C6H4C02) schematically drawn. (Adapted from LS. Kolom- 
nikov, T-S. Lqbeeva, V.V. Gorbachevskaya, G.G. Aleksandrov, Yu.T. Struchkov and M.E. Volpin, 
C&m Cornmum. (1971) 972). 

structure indicated schematically in Fig. 1. Again, formation of the complex was suggested 
to take place via insertion of CO, into the titanium-carbon bond of the coordination- 
stabilized Ghenylene intermediate shown on the left-hand side of eq. (3). 

It has been pointed outi6 that a group of transition metals in combination with differ- 
ent reducing agents w% perform reductions of N,, KCN, cyclohexylisocyanide and 
hexyne-1 to products in much the same way the naturally occurring nitrogenase would do. 
Ti(C,H,),CI, with sodium naphthalene was one of the active combinations, according to 
experimental results reported in an earlier paper by the same group of research pcopleL7. 

II. SURVEY OF NEW COMPOUNDS AND REACTIONS 

A_ TitahhmlIV) derivatives containing four one-electron donors* 
Much progress has been made in this field with the determination of the molecular 

structure of tetrabenzyltitanium(IV) in the solid state by X-ray diffraction methods. The 

results were obtained by two different research groups: the investigation ’ * carried out at 
-40” has to be considered of better quality than that at room temnerature19 because of 
higher thermal motion in the latter. Despite that structural data from the two research 
groups are substantially in agreement. The molecular structure of tetrabenzyltitanium is 
schematically shown in Fig. 2. The essential features of this compound in the solid state 
are as follows. 

(i) There is no question of the organic residue being bonded to titanium by an allylic 
type of arrangement involving three of the carbon atoms. 
(ii) Spme of the angles at the methylene carbons are much smaller than the tetrahedral 
value (92”, 98”, lOgo, 115” according to ref. 18; 88”, 98”, 108O, 116O according to ref. 
19). The corresponding distances between the central metal atom and the &carbon atom 
of the organic residue are significantly small. This suggests an interaction between empty 
d orbit& 6f the titanium and the r-electron density at the .&carbon atom. 

The interaction. mentioned at point (ii) may explain most of the properties of tetra- 
_.- . . . 

d 

* A cneelecucn donor is ‘a u-bonded alkyl, aryl or cyclopentadienyl group. Hydrido species are also 
included.- .- 

- 

.: ~.., :-. .:y ..-. __ 
.-_ _.:-_ : ._ . . . . :. 
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Fig. 2. Molectilar structure of Ti(CH&H& showing that the angle at one of the four methylene 
groups is 92”. (From G.R. Davies, J.A.J. Jarvis and B-T. Kilbourn, Chem Commun, (197 1) 15 11. 
See ako 1-W. Bassi, G. Allegra, R. Scordamagiia and G. Chioccola,J. Amer. Chem Sot.. 93 (1971) 3787.) 

benzyltitanium, in particular its deep-red colour and its thermal stability. The colour may 
be attributed to a charge-transfer type of absorption and the thermal stability assigned to 
a decreased tendency to the homolytic cleavage of the titanium-carbon bond as a conse- 
quence of the net increase of bond order. 

It is interesting to note that in the corresponding zirconium derivative, which will be 

discussed in a later section, the angles at the methylene carbon atoms are even smaller2n 
(SS”, 90”, 92” and 101”) than in the titanium case. 

Chemical and physical properties of tetrabenzyltitanium(IV) have been studied21*22. 

Giannini and coworkers21 have reported reactions with proton-active substances, such as 

hydrogen halides and methanol, presumably taking place by electrophilic attack at the 
methylene carbon atom. With CH30D, C6HSCH,D is the product of the reaction, as ex- 

pected- Tetrabenzyltitanium undergoes reactions also with carbon monoxide and isocya- 
nides, as shown by work carried out in our laboratories at the University of Pisa. These re- 
actions have probably to be classSed as nucleophilic in character with attack at the metal. 
The reaction with ct‘! was carried out with the aim at synthesizing a still unknown binary 
carbonyi of titanium_ The reaction, which is very prompt, does not yield the desired prod- 
uct but rather a complicated mixture of substances which are still under investigation 23 . 

Giannini and coworkers have also reported2’ the thermal decomposition of Ti(CH,C,H,),. 
Titanium(IIf) was obtained in solution, accompanied by the formation of toluene. The lat- 
ter must arise from an intramolecular hydrogen shift, since no deuterated toluene was ob- 
tained when the decomposition was carried out in deuterated solvents. Tetrabenzyltitani- 
um(IV) has ‘K NMR absorptions (room,temperature, toluene-da) at 77.21 (methylene 
protons), 73.32 (ortho ring protons) and 72.9 (meta and para ring protons). The absorp 

tion for the oriho protons is significantly shifted upfield with respect to the meta and 

para protons, a fact that may be now perhaps be explained on- the basis of the established 
X-ray structure of the compound suggesting an interaction of the electron n-density of the 
aromatic ring with emptyd orbitals of the metal: 

Thiele and coworkers22 have studied in detail the infrared spectrum (nujol and icuter- 
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-. ated p&affm Gulls) of tetiabenzyltitani~m and lbund that *e &etchings ofthemethylene : 

&&re at.2863 a& 2930 c&-l tihich wotiId correspotid _t@ an s>3 hydridized-carbon 
atom. This is&eref&e substantially i+ agreement with the reported X-ray structure; 

._ -. 

B.. Ti&ium(IVj derivatives containing two one-electron donors 
The .f&ll de&s of the X-ray work on tetracyclopentadienyltitanium(iV) have appei r- 

ed*?. The molecule contains-two symmetrically bonded (pent&&o) cyclopentadie$l 
rings, the other two being u-bonded (mc~~oh.apt~). The structure of the compciund is 
schematically dray in Fig. J_ The.coordination around titanium is approximately tetra- 
hedral,_aithoughsubstantial distortions are observed. For example, the C-Ti-C angle (at 
the two monohapto cyclopentadienyl rings) is 86.3”. The titanium-carbon distances for 

two of the cyclopentadienyl rings are all in the range 2.3.59-2.400 A, thus showing the 
symrt&i&l arrangement. it has been pointed out24 that this is one -of the few cases in 
which the symmetrical arrangement of C, H5 rings has been demonstrated crystallograph- 
icaily. 

Fig. 3. Molecular stnkure of tetracyclopentadienyItitanium(lV). (Adapied from J-L. Calderon, F.A. 
.Cotton, B.G. DeBoer and J. Takats, J. Amer. Chem Soc_,‘93 (1971) 3592.1 

fn solution Ti(C5H5)+ has fluxional behaviour25. The ‘H NMR spectra have been stu- 
died from GO” to -140 . The temperature dependence of the spectra observed and their 
line shapes were interpreted as being due, inter alia, to interchange of the cyclopentadienyl 

rings. The corresponding activation energy for- this process was calculated to be ca = 
16.1 f 0.5 kcal/moIe. 

The structural investigation of Ti(CsH5)4’ has shown that this is a molecule belonging 
to the general class Ti(CsH5)*% (X = F, Cl, Br, I, alkyl and so on). In agreement with 

this view, the structure of Ti(C5H,),(C6H,), was shown26 to contain two symmetrically 
bonded cyclopentadienyl rings and two u-bonded phenyl rings. Fig. 4 is a schematic repre- 
sentation of the molecular structure. Even some of the sti-uctural parameters are similar to _ 
those of Ti(CSHS)lr. 

Wilkinson and coworkers have.applied .their concept of elimination-stabilized alkyl 
groups td:ti&ium and have p&pared27 the comppund:Ti(C5Hg)2(CH2SiMe3)2 (Me = 
CH,); this was repqrted as‘a yellow crystalline substance slightly sensitive to air. The pre- 
paration involves. the tieatment of Ti(C,H,),Cl, with the appropriate alkyllithium: 
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Fig. 4. Mokculax structure of Ti(CsK&(C6K.& schematically drawn. (From V. Kocmafr, J-e 
Rucklidpe, R-J. O’Brien and W. Santo, Chem COMMUZ., (1971) 1340.) 

Ti(C,H,),Cl, + 2LiCH2SiMe3 - 
(C$-J,),O 
_7g0 r t l 2LiCl +Ti(C,Hs)2(CH2SiMe3)2 (5) 

_ - 

Rausch and Klemarm2s have prepared two new metallocyclic compounds, namely the 

titanaindene(IV) and the titanafluorene(V) derivatives. The authors point out that the two 
compo~unds have a much h.i&er thermal stability than the correspcnding non-cyclic deriw- 
ties, such as, for example, Ti(CsH5)2(C6H5)2. 

pJ7J; m---J 
&/\ ;\ 

5 %“a 
‘=5”5 ‘=5H5 

cm (33 

Insertion of sulfur dioxide into the titanium-carbon bonds of Ti(C,H,),(CH,),, 

Ti(C,H,),(C,H,), and Ti(C5H5)2(CH3)Cl was observed2’. The reactions were the fol- 
io-wing: 

WC,fLJ2(CH3), + 2S02 oe~7~t~~Ti(C,H,)2(02SCH3)2 _ - 

Ti(C,H,),(C6H5)2 + 2S0, 
CH,Cl, 

2T$C5H,)2(02SC,H,), 
room temperature 

(6) 

(7) 

CH2Clz 
TXC,H,),(CH,)Cl + SO, _7g0 Ti(C,H,),(O,SCH,)CI 03) 

The products, on the basis of their infrared spectra, were suggested to be oxygen-bonded 
sulphinato complexes. 

It is interesting to note that also carbon monoxide insertion reactions into’titanium- 
carbon bonds were successfully carried out. According tc work by Floriani and Fachinetti 
in these laboratories at the University of Pisa, dicyclopentadienyklibenzyltitanium(W) 
undergoes reaction with CO under mild conditions:‘, simiIar to Ti(CH2C6H5j4: in this 
c&, however, well defined products Fre obtained. The reaction occurs according to the 
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: _. following stoicliiom&y:~~~ 
: 

,: Ti(CsHs)@-l~C61-15)2 i; 2 CO -+ Ti(C5H&k!O)z + (C6HsC$)zC0 _. (9 

The carbonylatiok-to Ti(C5F15)2(CO)2 was suggested t6 occur via pre-cobrdination of CO 

to.titanium, fullowed by alkyd migrations (Scheme 1). 

: 

@G /- + co 

Ti\R p 

Q 

c” 
i”_ 

,i/R 

‘1 
R 

T/o -6 2co 
+ R2C0 - 

g---R 

./ 

‘\R 

_ 

Scheme 1. ~oposed3’ mechankm for the carbonylation of Ti(CS&12(cH2C6H5)2_ 

Scheme 1 postulates the intermediate formation of an acyl derivative of titanium(W). 
Increased credibility for this reaction scheme was obtained by the preparation of some 
acyl derivatives of titanium(N). These compounds were obtained either by the reaction 
of Ti(C,H,),(CO), with acyl chloride3’: 

Ti(C5H5)2(CO)2 t RCOCl 3 2 CO + Ti(C5H,),(COR)Cl (10) 

or by carbonylation of Ti(CsH5)JCH3)Cl and Ti(C51-Q2(CH,C6H,)Cl with carbon mon- 
oxide3’: 

WC5H&WC~ + CO + Ti(C5H&COR)CI (11) 

(R = CH&HSj 

It is imporknt noting that reactions (IO) and (11) yielded the first acyl derivatives of tita- 
nium reported in the literature. 

C Titanium(W) derivatives containing one one-electron donor 

Confirming the generally accepted view that saturati& of coordination sites increases 
the’ stability of alkyltitar&n derivatives, thermally stable adducts of TiCI13C13 have been 
reported 33*34*?5-lThe-reactions of the methyltitanium derivative with halide ions have 
been studied33y34 - . Anronic dimeric arid monomeric products were obtained; structural as- . . 

.- : 
._-. -. : -. 
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signments tiere mainly based on infrared measurements_ The.reactions were carried out in 

dichloromethanc at 0”. 

c2r) GUI) 5) 

The c&ours of the compounds are: (VI) dark violet, (VII) light brown, (VIII) deep blue. 
Results complementary to those obtained earlier by Clark and M&lee@ and by Thiele 

and coworkers37 were reported by Fowles and coworkers 35_ Methyltrichlorotitanium(IV) 
yields l/l adducts and l/2 adducts with a number of oxygen-, sulfur-, nitrogen-, and phos- 
phorous-donor ligands. In general, adducts were formed in which the central metal atom 
has six coordination. On the other hand, with tetrahydrofuran, a-picoline and triphenyl- 
phosphme, l/l adducts were also isolated of formula TiCH3C13-L and cryoscopic meas- 
urements have shown that these compounds are monomeric in benzene solution. Thus, 
pentacoordinate titanium(W) was suggested in these cases. This is consistent with the sim- 
ilar results obtained38 with TiClq. The l/l adducts of the tetrachloride with PMeaPh and 
F-n-Bu, (Me = CH3) were found to be monomeric in benzene. Of course, this does not ex- 
clude that the compounds might be dimeric in the solid state- 

The kinetics of the thermal decompositions of the dicyclopentadienyl derivatives 
Ti(C5H&(R)Cl were reported3’. The decompositions were Found to be frost-order and 
accordingly a monomolecular mechanism was suggested involving the formation of an ac- 
tive species suggested to be radical in character; however, no free radicals as such were be- 

lieved to be formed. It is interesting noting that the beniyl derivative is the least stable of 
the compounds studied. This contrasts with the behaviour of Ti(C,H,),(CH,C6H5)2 and 

Ti(CH2C6H5)4: it was suggested that in the case of the less sterically hindered derivatives 
of the type Ti(C,H,),(R)Cl a a-ally1 type of intermediate would form more readily. This 
explanation is, however, scarcely convincing because exactly the same argument may be 
proposed to explain an increased thermal stability. 

D. Ally1 derivatives of titmtim[lV) 

Dialkylamido-ally1 derivatives of titanium(W) were obtained4’ by Grignard reactions, 
such as, for example, the following: 

TiBr(NEt& + MgBrC,Hi 
(C,H,),G 

) MgBr, + TiC,H,(NEt2)a (12) 

ZMethylallyl and 3-methylallyl derivatives were similarly obtained. It is interesting noting 
that the infrared spectra suggest the presence of o-bonded ally1 groups; on the other hand, 
the ‘H NMR spectra are suggestive of Fluxional behaviour in solution. 
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Only by reaction (14), in the presence of trace amounts of AKI3, the .diazide could be ob- 

tain& in a.pure form. The diazido complex had a surprisingly high thermal stability: it 
could be sublimed in v,acuo at 200°. 

The reactions of dicyclopentadienyl derivatives of the type Ti(C5H5)zXz (especially 
with X = c1) with potentially chelating substances containing active protons have been in- 
vestigated. Ti(C,H,),Cl, reacts 42 with acetylacetone in the presence of triethylamine 

giving a bis(acetylacetonato) complex and simultaneous eliminaticll of one c:rcloperrta- 
dienyl group as cydopectadiene. The reaction is the following: 

Ti(C5H,),CI, + Et,N + 2 C,H,O, + C,H, + NEt,HCI + Ti(C5H5)Ct(CSH702)2(15j 

A similar reaction was also carried out with ben.zG~Mcetone, thus obtaining a product hav- 
ing the same composition, Ti(CSHS)CI(Cheiate)2. These titanium chelates are nonelectro- 
lytes and, by analogy with similar zirconium compounds to be discussed later, were as- 
sumed to be monomeric. From the ‘I-i NMR spectra at variable temperatures, suggestions 
about the stereochemistry of these compounds were made. Considering the cyclopenta- 
dienyi ring as a monodentate iigand, the compounds were regarded, to a first approxima- 
tion, as containing hexacoordinate titanium. Two geometricai isomers &K) and (x), respec- 

tively cis and tram, may then be considered_ The titanium-acetylacetonato complex was 

uxl 0 

found to consist of a mixture of the two isomers at low temperatures (below -20”) and 

further, isomerization and &and interchange were observed by lH NMR measurements at 

variable temperatures. 
-. Also &e reactions of Ti(CSF$-j2X2 (X = F, Cl, Br) with (EhydroxyquindIine were in- 

+%igated43: 

.Ti(e5H5)2F2 + 2 C$I,NO + 2 C,H6 + TiF.JC,$&NO), (16) 
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Ti(C,H,),Cl, + 3 $H,NO + C,H,NO-HCI + C,H, + Ti(CSH5)Cl(C~H6NC02 (17) 

Ti(C5H,&Br2 $3 C9H7N0 .-+ C,-,H7NO-HBr + CsH6 + Ti(CSHg)Br(CgHgNO)2 (18) 

-The reactions were carried out in acetonitrile as solvent at room temperature and resulted 
in very good yields of the products. The chloro derivative had been obtained earlier by 
different routes. The ‘H NMR spectra did not show any change in the temperature range 
from +40a to -60” which was taken as indication ofnon-fluxional behaviour of the cyclo- 
pentadienyl ring. 

The occurrence of reactions [15)-( 18) suggests that cleavage of the titanium-cycIo- 
pentadienyl bond can occur in the presence of proton active substances. This is confirmed 
by results obtained recently by Nogina and coworkersa. A series of monocyclopentadie- 
nyl coinpounds of the type Ti(C,H,)(OCsH4R)3 were prepared. These compounds 
would undergo cleavage of the titanium-cyclopentadienyl bond with formation of CgHg 

in the presence of water or alcohol. 
A detailed 1 H and lgF NMR study of several monocyclopentadienyl cierivatives of 

types Ti(C,H,) (OC6H4R)3 and Ti(C,Me,) (OC6H4R)3 has appeared4’. In general it 
was found that the resonance of the cyclopentadienyl ring protons (including the methyl 
groups of the pentamethylcyclopentadienyl derivatives) is little sensitive to the presence 
of nzeta- orpara-substituents in the aromatic ring. The influence of the solvent on the 
“F NMR spectra has been studied. 

FulI details concerning the X-ray structure of Ti(C H&S, have been published46. A 
preliminary note of this work had appeared last year 43 _ The moIecuiar structure is (Xi) 

and consists of two symmetrically bonded cydopentadienyl rings and a TiS, six-member- 
ed ring. In the solid state the TiS, ring has a chair conformation. 

@ /=-b-s 
Ti-S\s’ 

@f 

‘H NMR spectra at variable temperatures of dithiolato complexes (XII), (XIII) and 
(XIV) have @en measured48. These molecules, as judged from the observation of the re- 
sonances due to the cyclopentadienyl protons, were found to be non-rigid in a certain 
temperature range; Thus, for example, compound (XII) exhibits two distinct singlets at 
-5O”, which is in agreement with the presence of non-equivalent cyciopentadienyl ligands 
in view of the conformation of the TiS2C2 ring. The separation between the two singlests 
is 38 cps. At higher temperature, however, signal broadening occurred and finally a single 
resonance forthe cyclopentadienyi rings was observed at room temperature (36O). The 
coalescence temperature was +lO”. 

The molecular structure of a titanocene dichloro derivative in which the two.cyclopen- 
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tad&y1 rings are-connected by a _CH -CH;-CH2- chain has been solved by X-ray dif- 

fraction methods at room temperature 7 g. This molecule was chosen in order.to minimize 
the intramolecular motions of the cyclopentadienyl rings. The compound was 
Ti[C~H4(CH,),C,H,]Clz and its structke is schematically drawn in Fig. 5. Contrary tb 
what had been found& for Ti(C5H5)2S59 the GC distances in the two-cyclopentadienyl 
rings were found to be equaI within experimental error with an average value of 1.399 A. 
It &as therefore concluded that the differences found for Ti(C,H5),S, were due to an ar- 
tifact related to the Iib:ationaI motion of the rings. 

0 ii 

0 c- 

Fig. 5. Molecular structure of TiCI [CsH&H&CsH&]. (Adapted from B.R. Davis and I. Bernal, J. 
Ownomeial. Chem. .30 (1971) 75.) 

13C NMR measurements have been carried out on a vast class of organometallic com- 

pounds of transition elements including, for titanium, Ti(C,H5)2C1, and 

Ti(C51-15)z(C6~~)250. The shifts were observed over a wide range, thus making it possi- 
ble to foresee that this technique should be very useful for structural assignments in orga- 

nometallic chemistry. 

E Tiranium(Y..I) derkarives with oneelectron donors 
Following some earlier work” _ aImed at the preparation of Ti(CH 

z 
C6Hs)3, Sch%fer 

and Thiele have reacted TiCI with several classical alkylating agents5 _ Chemical evidence 
for the existence of Ti(CH,), and some triaryltitanium(II1) in solution was obtained. 
However, the high thermal instability of these compounds prevented their isolation in an 
analytically pure form. DiphenylcNorotitanium(III), obtained by the foIlowing reaction, 
was-isolated as its etherate: 

TiCI,-3THF + 2 LiC6H, + 2 LiCl + 3THJ? + TiCl(C6H& (19) 

Subsequent cgstallization from diethyl ether yielded the final product, 
TiC1(CsH5)2-3, O(c~H&,i.nan analytically pure form. The compound .is deep Ad and 
aec&-tposes around -ho”. 

‘- 

: 

-. 



.The preparation of methyldichlorotitanium(II1) free from additional electron donors 
has been reported, although only in a preliminary notes3. The compound was obtained 
by the following reaction: 

2 TiC3(CH3)+ Hg[Si(CH3)3]2 + Hg + 2 TiCl,(CH,) + 2 SiCI(CH,), (20) 

ESR measurements on hydrido complexes of titanium(III) have been reported4. These 
are complexes of formula Ti(C5H5)2H2M (M= Li, Na, MgBr, AlCl,, AIH,) and they are 
believed to have the general structure (XV), although in the case of-the lithium and sodi- 
um derivatives the ionic character is considered to be predominant_ The results were inter- 
preted as suggesting the localization of the unpaired electron in these d’ systems mainly 
in the d,s orbital. 

Qt lH\ 
_-_--_-_-~i----_-_-_~M--_--__c Z 

@f 

\H/ 

mm 

G. Organometallic derivatives of titanium(III) with carbon. nitrogen, phosphorous, oxy- 

gen, sulfur and halogen lone-pair donors 
ESR measurements have been publisheds4 on several dicyclopentadienyl derivatives of 

titanium(II1). The compuonds had nitrogen, phosphorous, arsenic, germanium, tin, lead, 
chlorine, carbon and hydrido donors beside the cyclopentadienyl rings. The compounds 
were not isolated, and the ESR measurements were carried out on their frozen tetrahydro- 
furan solutions. The formuIae assigned to the compIexes were the following: 

[Ti(C5H5)2(NHPh)2]- , [Ti(C,H,),(NCH=CHCH=CH)J , Ti(C,H,),PbPh, , 

Ti(C,H,),CI , ‘i’i(C,H5)2H2-MgCl , Ti(C,H,),H(PPh-J , [Ti(C,H&CH2Ph)J- , 

[Ti(C,H,),(ER,),]- , [Ti(C,H,),(ER,), ]- (For ER,: E = P, R = Me, Ph ; 

E = As, R = Ph. For ER3: E = Ge, Sn, R = Ph). 

Four-coordinate titanium was assumed for all these complexes. Thus, for the apparently 

three-coordinate compounds, the fourth coordination position was suggested to be occu- 
pied by a solvent molecule. As for the case of the analogous hydrido complexes discussed 
above, the experimental parameters were accommodated by a model in which the unpair- 
ed electron was largeiy localized in the dz2 orbital. 

Akylamidocyclopentadienyl derivatives of titanium(II1) have been reported5’. The 
compounds obtained were bis[dicyclopentadienyIdimethyIamidotitanium(III)] and 

bis[cyclopentadienylbis(dirnethylamido)titanium(III)] . They were.prepared by the fol- 
lowing reactions: 
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Pr&&nary r&sults c&erning these compounds had been r&ported earlier?. Evidence for 

the formation of a titinomerid tetrahydrofuran adduct of (XVI) was obtained. 
The dimethylamido groups bonded to titanium(II1) cti be split offby protic reagentss7 

The fog&wing r&actions were carried out: 

[Ti(C5Hi)(NMe&j2 + 4 C,H,OH + [Ti(C5H5)(OC2H&12 + 4 NHMe, (233 

ETi(C5H5)2WMe2)12 f 2 C6H50H + [Ti(C5H5)2(OC6H5)]2 + 2 NHMe, (24) 

[Ti(C5H5)2(NMe2)]2 + 2 C,H,SH + [Ti(C,H5)2(SCSH5)]2 + 2 NHMe, (25) 

The same papers7 reports the preparation of dicyclopentadienylethoxytitanium(II1) ob- 

tained by a metathetical reaction from the corresponding chloro derivative: 

[Ti(C,H,),Cl], + 2 LiOCZH5 + 2 L;Cl + [Ti(CsH5)2(OC2Hs)], (26) 

(XW 

Compound (XVII) was suggested to be an ethoxyrbridged dimer, in the solid state in agree- 
ment with the low magnetic moment (1.3 BM at 2 lo); no molecular weight measurements 
were carried out on this compound because of its low solubility. Also interesting were the 
insertion reactions into the titanium-nitrogen bonds of [Ti(CSH,)(NMe,),], and 
[Ti(C5H&NMe2)lL, such as for example: 

[Ti GJi~), WMe,)], + 2CSz - 
/“-A 

2 (C,H& Ti,sHCNMe2 (27) 

The,dimethyldithiocarbamato complex obtained by reaction (27) was isolated at its CSz- 
adduct. The unsolvated product had been prepxed earlier by a different route 57a . 

Mqnocyclopentadienyl derivatives of titanium(IIi) have been reporteds8?“. The gener- 
al pro&dure used for the preparation of these compounds was the reduction of the corre- 
sponding t+nium(IJQ derivatives with zinc at room temperature in tetrahydrofur$n. The. 
following:reactioks were carried out: 

2 Ti(C,H,)X, + 2 THF + Zn THF ZnXj + 2 Ti(C,H,)X,(THF) (2i) 

(X= Cl; &, I, OMe, 6Et) 

2 ‘+i(~&&(OR) + 2.THF + Zn m ZnX, + 2 Ti(C5H,)X(OR) (THF) 

(X=lCl, Br) 

: 

: I . 
.: -. 

(29) 
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2 Ti(CSH,)X2(SR) + 2 THF + Zn m.ZnX, + 2 Ti(C5Hi)X(SR) (THF3 (30) 

(X= Cl, Br) 

The products obtained by reactions (28)-(30) with OR or OS ligands have a molecular 
complexity higher than that shown in the equations, even in tetrahydrofuran solutior?. 
On the other hand, the compounds with halogen ligands only are monomeric by ebulho-. 
scopy in tetrahyd‘rofuran and the pseudo-tetrahedral arrangement of ligands (XVIII) has 
been proposed” for them. This is also in agreement with the magnetic susceptibility 
measurements showing that the bromo derivative has a yeI. substantially independent of 
temperature, as expected for a magnetically dilute substance_ By heating at 12% 1 50° in 

vacua, the tetrahydrofuran adducts lose CHF and the complexes Ti(C5Hg)X2 (X = Cl, Br) 
were obtained5’. The analytical results for the iodo compound were not satisfactory, thus 

showing that partial decomposition had occurred during the process of THF elimination. 

Interestingly enough, the chloro and bromo derivatives have a somewhat unusual magnet- 
ic behaviour since the magnetic moments :lightly increase at decreasing temperatures 
above 1.73 BM (X = Cl), which is the expected value for one unpaired spin. The increase 
was more pronounced for the bromo derivative_ On the basis of these findings, tetracoor- 
dinate titanium for compounds Ti(C,H,)X, should be excluded_ If these compounds were 
dimers with tetracoordinate titanium, one would have expected an antiferromagnetic be- 
haviour, similar to what had been found6’ previously for [Ti(C,H,)2C1]2. 

H. Bimetallic derivatives of titanium 
This section contains those compounds in which, beside titanium, a transition element 

is also present. It may be recalled that bimetallic derivatives of titanium 54 (containing non 
transition elements, such as lead and tin) have been discussed earlier at section G. 

Bimetallic derivatives of formula (CsH,),Ti(SR)2M(C0)4 were prepared by the follow- 
ing general reactio#: 

Ti(C5Hs)2(SR)2 + M(CO)4( nor b omadiene) -f norbomadiene + (C5H5)2Ti(SR)2M(C0)4 

(3 1) 
(R=Me,M=Cr,Mo,W;R=Ph,M=Mo,W) 

Previous work in this area has been reported61ay61b _ The tetracarbonyl compounds were 
found to have four infrared CO stretching vibrations, thus suggesting acis arrangement of 
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tiie~c&bonyl’&ou~s. jt’hi be&i four@’ that the* H NMR .+ec& at r0o.i +rtiperature 
for th&nethyl derivativei (C,H&Ti(SMe)2M(CO)4 (M = Cr, MO, W) consist &f-three 
pe& for .the c$9opentadienyl protons. This has been interpreted aS being due to the 
presence of two.diEerent geometric+ is&ners in solution, namely the cisolirI isomer (XIX) 
and the~&.&oid isotier(XX);with the former being Piedomintit. 

It will be recognized that the two cyclopentadienyl rings (which are to be considered 

freely rotating) are not equivalent in the cisuid form (XIX), thus giving rise to two differ- 
ent resonances in the NMR spectrum. 

The coklusions drawn on the basis of the NMR and IR result@l have been cpnfirrned 
by the X-ray studyg2 carried out on the methyl derivative (C,H5)2Ti(SMe)2Mo(CO)4. 

The compound was found to have the cisoid form in the solid state. The molecular struc- 
ture of the compound is schematically drawn in Fig. 6. It will be seen that the titaniuti- 
molybdenum distance is 3.32 3. This distance is somewhat larger than usually found for 
metal-metal bonds. However, the M--S-M bond angle is 83” a?zd this was taken as good 
indication of titanium-molybdenum interaction in this compound. 

0 
\ 
c 

0 \ 
.c 0 Ye 

0 
.C Hz _+zL_ 

8 ii 

i 
0 

Fig. 6. Molecular structure of (CsHg)2Ti(SMe)2Mo(C0)4 scheinatically drawn. (From G.R. Davies and 
B-T. Kilbourn,J. Chem. Sue. A, (1971) 87.) 

Vibrational and electronic spectra of compounds (C,H5)2W(SPh)2M(C0)4 (M = Cr, 
MO, W) have been analyzed63 in comparison with those of (C,H,),Ti(SR),Mo(CO), 
(R = Me, Ph). The Ti-Mo compounds have unusually high CO stretching vibrations sug- 
gesting a transfer of charge from mclybdenum to titanium. 

Titanium-copper complexes of formula [(C5H,),Ti(SR),CuX], (R = Ph, X = Cl; 
R= Me, Ph, X = Br) were prepared@ by the following general reaction: 

Ti(f&!$)2(SF)2 + cUX(CODj + COD +~[(C,H,),Ti(SR),~Xln 

(COD = 1, &cyclooctadiene) 
: : 

(32) 

: . . . -. I : 
: 

. . .- 
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The electronic spectra of the bimetallic complexes show a low-&rgy band between 15300 
and 17300 0-I , .depending on the nature of the groups R and X;.which may be inter- 
preted as a charge-transfer band Cu +- Ti. As a consequence, a certainamount of titanium- 
copper interaction has been suggested in t’r,ese compounds. 

A bimetallic derivative of titanium and molybdenum was obtained67 by the following 
reactions: 

[Ti(CSH5)2Cl]2 + 2 Na[Mo(C5H,)(CO),l + 2 N&l-k (CsH5)2TiMo(C0)3(CSHS) 

(33) 

[Ti(C5H5)2(NMe)212 + 2 MO(C5HS)H(CO)3 --f 2NHMe, + 2(C5H5),TiMo(CO)3(CgH5) 

(34) 

The compound is paramagne tic with pteff = I.74 BM corresponding to one unpaired elec- 

tron per molecule. 

I. O@pnometallic derivatives of tita-niwn(II) and titanium(O) 

The controversy still existing about the structure of the so-called “titanocene dimer” 
has been discussed earlier when dealing with the problem of nitrogen furation. It was also 

mentioned earlier that a metastabIe form of the titanocene dimer could be obtained7 
which had a reactivity towards H,, CO and N2 much more pronounced than that of the 
more frequently encountered titanocene dirner. Support to the existence of the meta- 
stable form of the dimer was foundG5 _ m t-he successful preparation of the corresponding 

pentamethyl derivative. The folkwing sequence of reactions was carried out: 

Ti(C,Me,),Cl, + 2 LiCH, + 2 LiCl + Ti(C5Me5)$CH& 

TiK,Me&CH,), t~I~~~TiCH,(C,,Me,o) + CH, 

TiCH.JCloMelo) + H, heyL;Ti(C5Me5)z + CH, 

(35) 

(36) 

(37) 

The nature of the product of formula TiCH2(C,,Me,,) obtained by reaction (36) was not 

completely clarified- On the basis of NMR results, the decamethyltitanocene complex re- 
suiting from xeaction (37) was believed to exist in solution in a dimer-monomer equilib- 
rium: 

2 Ti(C5Mes)2 A [Ti(CsMe5)J2 (38) 

Ikcamethyltitanocene reacts rapidly with CO in toluene solution yielding the correspond- 
ing dicarbonyl derivative: 

Ti(C,Me,), + 2 CO + Ti(C5Me5)2(C0)2 (39) 

The dicarbonyl compound has two bands in the infrared at 1930 and 1850 cm-’ , i.e., at 
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~. wavehu&bers lowe~tthan.those-found.for Ti(C$I&JC~)~ (1975 and 1897 cmY1):- This 
is consistent with theelectron-@&ing properties of the methy groups promoting trails- 

mission bf negatiire charge into the carbonyi grdups.’ Reversible additions of hy&ogen and 
nitrogen were observed.with dec&nethyltitanocene.~With nitrogen, the following reaction 
.was:found; -: .-. . . 

2_Ti(C$fe& + N, =: (C,Me,),TiNNTi(C,Me5)2 (40) 
.. :. 

Thermochemical measurements66 have been carried out on the “titanocene dime?, as 
prepared by sodium amalgam reduction of Ti(C,H,),Cl,. From combustion data, the 

--. average Ti-C,H5 dissociation energy was calculated to be 108 kcal/mole. This is much 
&ker than the corresponding energy far the V-CsH5 bond which is 88 kcal/mole66. Of 
course, it has to be-recahed that we are dealing with two compounds having most probably 
a compietely different structure_ In particular, the titanium derivative is dimeric, whereas 
the vanadium compound is a monomer. 

A compound with two seven-membered rings bonded to formally zerovalent titanium 
has been prepared6’ by the reaction of TicI, with the isopropy1 Grignard reagent in the 
presence of cycloheptatriene: 

TiC$ + i - C3H7MgBr f C,H, 
(C2&)20 

-78O 
>Ti(C,H,) (C7H9) + products 

.: 
(41) 

The formula of the co_rnpound was established by elemental analysis and by-the observa- 
tion of the parent peak at nz/e 232 in the mass spectrum. The compound is diamagnetic 
and, on the basis of the ‘H NMR results, structure (XXI) was assigned to it with a planar 
C,H, ring and a C7Hs ring in which ordy five of the carbon atoms would be involved in 
the bonding to titanium. 

c -_ -jcJ ’ i , 
__-* 

(XXI) 

J. Zircortizm(IV) hnd ?zaj%t.mz{W) derivatives 

An electron-diffraction study of21-(BH4)~ had appeared6’. It is to be recalled that an 
earlier X-ray diffraction study6’ for the solid compound at --160° had shown that the 

.molecule has the structure (Xxn), ie., with the three-hydrogen bridge between zirconium 
and boron. It was therefore of interest to see whether this strucrure would persist also in 
the gas phase. The electron-diffraction study has concluded that structure (XXII) is, the 

~correct one also in the gas phase. Thus, the results of another.electron-diffraction study7*. 
wkre oon~firmed, apart from some differences in band dist&ces. -, 

-. 
~... _. 

._ 
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The zirconium borohydride is a unique moIecuIe since it contains the three-hydrogen 
bridge. This explains the earlier clifticulties71 in interpreting its infrared spectrum. The 

Raman spectrum of Zr(BH,), has now been measured in benzene solution7’; it was 
found to be consistent with the tetrahedral arrangement of the ZrB, skeleton suggested 
by the X-ray diffraction and by the electron-diffraction studies mentioned above. 

The mass spect:um of Zr(BH4)4 has been measured73. The molecular ion was detected 
and the predominant peaks were found to be those corresponding to Zr(BH,)z. 

Some reactions of Zr(BH,), and Hf(BH4)4 have been reportedir4. In particular, ad- 
ducts with Lewis bases of the type M(BH,),L, (M = Zr, Hf) were mentioned. ZI(BH~)~ 
in the presence of tetrabydrofuran was reported to give rise to the formation of 
Zr(BH,),-THF. Adduct formation was also reported with triethylamine and pyridine. 

Among tetraalkyl derivatives of zirconium and hafnium, the molecular structures of 
the tetrabenzyls are of considerable interest. As mentioned above, the X-ray diffraction 
study*’ of tetrabenzyIzirconium(IV) has shown that the molecular structure (see Fig. 7) 

Fig. 7. Molecular structure of Zr(CH2C6H& schematically drawn show@ the angles at the methylene 
carbons (From C.R. Davies, J.A.J. Jarvis, B.T. Kilboum and A.J.P. Pioli, Chem. Commun. (1971) 677.) 

is similar to that of the corresponding titanium(IV) derivative. However, a remarkable dif- 
ference is that the angles18 at the methylene carbon atoms (88”, 92O, 93O and lOlo) are 

ever smaller than those of the titanium analogue. Further support to the suggestion that 
some kind of interaction exists between the aromatic ring carbon atom and empty d orbi- 

tals of the metal comes from .the determination’* of the angles at the methylene carbon 

atoms for Sn(CH2C6H5)4_ In this case the angles are much closer to the tetrahedral value: 
IlO”, ilO”, 112” and 114”. 

The chemical shift difference’l AT between ortho and meta-para ring protons is 

-larger for Zr(CH2C6H5)4 (Ar = 0.64 ppm) than for the corresponding titanium analogue 
(AT = 0.50 ppm) under comparable conditions. As in the case of titanium, tetrabenzylzir- 
conium(IV) decomposes thermally giving rise to the formation of toluene: the latter was 
also in this case formed by a process of intramolecular hydrogen abstraction since in deu- 
terated solvents no deuterated toluene was found. 
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- .T& ?&y~s&uc~&~e ofZrcC,H,~, had been ~epa&$ last yearY5 and des+&d as can- 

:cairring one-- b .\f- andI?Al (inoT&q3tff) q&pentabie& ring-a& thres sytietrie&$ ZKSnbed 
.(pztu&qto~_ riigs. .Ho%ever,_Cotton and coworkers24 have more recentlk ar@ed.that the 

d&a reported by Struchkov and coworkers for Z<C,FI,), may be ;hrterpreted -rn a some-. .. 

what different. way. Apart from the rnonohapto ring, of the other three rings only one 
&J&I be z$mmk.rkaily bonded as sug&sted .by Struchkov and Goworkers whereas the 

. . 

Q&X.~.WQ WQ&I~~QI&~IY~ resetile ~oselfi@ly dissymieticzii founil In MOTE H 1 SC3 =. . 3 3377 
The infrared. and Rainan spectra of Zr(CsH5)4 and Hf(C,H,), have been measured 

in the solid state and in solution. It was concluded that the two compounds have. a differ- 
ent structure and that far these compounds both symmetrically (pentahapto) and o- 
bonded (qwnohapto) cyclopentdienyl rings could be suggested to be present. Of course, 
110 definite conclusion could be drawn from this study about the details of bond arrange- 
,h?z&%F &ewz&w&?qTZ~~.~~ 

RekztiPely few exam~ks of zirconium-ix&on ~:-bonds hav.z bzw reporkxl in %EZ l&r- 
ature. ‘I’hiele and.Kriiger have described” some reactions of ZrX, (X = Cl, Br) with zinc 
alkyls. Zirconium(W) chloride 2nd bromide react with Zn(CH& in toluene to give mono- 
alkylated zirconium(W) derivatives: 

2 ZrX4 f Zn(CI& )i tal:?T 2%X2 -I- 2 ZrX3 (CH3 ) (42) 

(24 = Q, Br) 

The monamethyl derivatives were isolated and analyzed as their diethyl ether adducts 
(XXl) and (XXII). 

ZrQJCH3)-2 0(C2H.& ZrBr$CH3)-2 0(C2H& 

(XW (X=) 

By using pyridine as solvent, two halogen atoms of the starting tirconium(IV) halide could 
be replaced: 

ZrX4 + ZnR2T ZnX, + ZrX2R2 (43) 

The four dialkyl derivatives obtained by reaction (43) were isolated as their 2,2’-dipyridyl 
adducts. These are deep-blue substances, maderate?y stable to heat (they decompose at 
110- 12@), well soluble in pyridlne. 

-The reactions of the zirconium(IV) hydride derivatives; Zr(C5H&H(Cl) and 
Zr(C,EI,),H,, w-h& mnn6 and disubstitured acetylhes have been reported7’. These led 
to the preparation of u-bonded alkenyl- and alkyl derivatives of zirconium(W). Some of 
the comfiounds were liquid at room temperaturexnd techniaal difficulties prevented the 
determination of their C-H content. Only those compounds far which satisfactory&- 

: 
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Structures (XXV)-(XXVIII) were assigned mainly on the basis of ‘H NMR spectra. 
Some X-ray investigations of compounds containing metal-silicon bonds had revealed 

the presence of rather short metal-silicon bonds, i.e., shorter than one would have ex- 
pected on the baBs of the sum of covalent radii. For example the rhodium-silicon dis- 
?aiWE i.rT R~~r8~~~~~)~~,PP~~=~ %_I?+ %W‘?~Q.@Edso to hp, u!x 8_ aL& the kQU- 

silicon distance in Fe(C5H5)H(SiC13)2(COj wassL 2.252 A. Since we are dealing in these 

two cases with transition elements having a relatively high number ofd electrons, the sug- 
gestion was made81 that d,-dn bond between filled d orbitals of the metal and emp*y 5 
orbitals of silicon could bc invoked in order to explain the small metal-silicon distance. 
It therefore appeared of interest to exam;ae the X-ray structureg2 of a silyl derivative of a 
do element for which such effect could uat come into play. The com&md chose was 

Zr(C5H5)2C1(SiPh3). Th e molecular structure of the compound is schematically drawn in 

Fig. 8. The arrangement of the ligands aruund the metal and s&con is approximately tetra- 

hedral. The most important feature is the distance ZT-2% whkh is 2.813 A, this is a suf- 
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Fig; 8. hkolecular structu&of Zr(C&&Cl(SiPh~) schematically dew-n, showing the zirconium- ~. 
siIicon.distan& (.2.81 A). @Iom K-W. Muir, J. Ozem. Sm. A, (1971) 2663.) 

priskgly long distance and-this data might thus be taken as a support for the dn--d, bond- 
ing suggestion previously mentioned_ 

Dicyclopent&enyh3iazidozirconium(IV) was obtained41 by reacting under anhydrous 
.conditicns dicyclopentadienyldichlorozirconium(Iv) with sodium azide in the presence.of 
trace amounts of AKl3: 

Zr(C,H,),CI, + 2 NaN, z 2 NaCl + Ti(C, H&N& (48) 

The diazido complex was reported to be a pale yellow solid, of good thermal stability (it 
can be sublimed in vacua at 1400), showing the parent peak in the mass spectrum. 

Proton nuclear magnetic resonance spectra of compounds (XXIX), (XXX) and 
@XXI) have been investigated83 
kIlOWIP 

. The X-ray structure of Zr(C-H,)Cl(C,H70,)2 is 
and it has now been showns3. by X-ray powder d&&s that compounds 

WC,H,!W,~,O,), HKC,H,)CKC,H,O,), WCs H,)W~~H70& 
m=) WW mm 

(XXIX), (XXX) and (XXXI) are isomorphous. The structure of compound (XXIX) in the 
solid state can be, at ieast to a first approximation,.described in terms of hexacoordinate 
zirconium (considering the cyclopentadienyl ring as a monodentate ligand), as shown be- 
low. 

-It has been found that the ‘HNMR spectrum of (XXIX) can be accommodated by the 
approximate-hexacoordinate model. In fact, four different resonances of equal intensity 
due to the methyl protons were ob.served together with two equally intense resonances 
due to-the metbyne-protons of the acetylacetonato ligand. This is true for the room tem- 
perature. spectrum. .As the temperature is increased above 70”) changes were obs.%ed83, .- 

namely line broadenings and coalescence of the signals. T&s suggested a non-rig$ befiti- 
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ioui-of the molecule above 70” wife intercharige of the acetyiacetonato ligands. The 

pe&ss was found to be-first-order irk the complex. Intrakolecular interchange mechan- 
isms weF accordingly suggested. 

‘H NMR &d infrared data for compound (XXIX) and for the corresponding benzoyl- 
acetonato and dibenzoylmethanato comp!exes were, also reported by Frazer and Newton 42. _ 

Reactions of ZdC,H&X2 (X = Cl, Bi) and Hf(C,H5)2C12 with S-hYdroxyquinoline43 
in ocetonit&e as solvent led to the formation of the monocyclopentadienyl-bis(chelate) 

complexes: 

“r(c,H,),X, + 3 C9H,N0 
CH,CN 
-CPH7NO-HX i- C5H6 + Zr(C,H5)X(CgH6N0)2 

(49) 

Hf(C,H,),CI, + 3 C,H,NO 
CH,CN 

qH7NO-HCI+C,H, + Hf&H,)CXC,H,W, 

(58 

Infrared and mass spectra of these complexes were studied, together with the reactions 
with proton-active substances, such as alcohols and hydrogen halides. 

Dicyclopentadienyldichloroz.irconium(IV) was found*’ to undergo reactions with al- 
cohols giving rise to compounds of general formula Zr(C, H5),(OR), Cl,_, , such as for 
example: 

Zr(C,H,),Cl, •t CH,OH + Et3NsEt3N-HCI + Zr(C,H5)2(0CH3)C1 (51) 

The crystal structures of Zr(C,H,),F, uld Zr(C,H.&& have been published86. The 
structure in both cases can be roughlydescribed with a tetrahedral arrangement of the 

four ligands around the central metal atom. The C,H,-Zr-CSH, and X-Zr-X bond an- 
gles are substantially insensitive to the nature of the halogen, as it can be seen from Fig. 9. 

Fig. 9. MofecuIar structures of Zr(CSKS)zFz and Zr(C~Hs)21, showing the bond angles.< From ICf.A. 
Bush and G.A. Sim, J. Chem. Sot A, (197 1) 2225.) 

K. Compounds of zirconium in oxidation states iower then IV 

The chemistry of zirconium and hafnium in oxidation states III and II is relatively 
little known. 

Wailes and Weigold have reported87 some reductions of cyclopentadienyl derivatives 
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r of zirconiu&IV)~giving rise to zirconium(III): and zi&onium(II) compounds:.Dicyclopen- 
._ tadienyldic&%ozirconium(iV) was treated with the 2,2’-dipyridyIdisodium in tetrahydro- 

furan and the compound Zr(C5H5)2(C,,H,N2) Was so obtained: 

Zr(C5$&a2.+ Na&&$$$ + 2 NaCl + Zr(C5H5 jz(CloH8N2) (52j 

The purple compound &as rep&ted to be substantially diamagnetic, the magnetic moment 
-being peLerf = 044-0.34 In the temperature range 356-99 K. “Zirconocene”, as obtaineds8 
by sodium naphthalene reduction of Zr(C,H&C12, was treated with 2,2’-dipyridyl in a 
sealed tube a@, after extraction with benzene, the compound Zr(C,H,),(C,,H,N,)-C6H, 
wasisolated: 

:;]ZrC1;Ht& + C H N 10 8 2 t~~~~~zr(c,Hs)2(CIOHsN2) (53) 

Two different-dicyclopentadienyldichlorozirconium(III) compounds were isolated by the 
reaction of Zr(C,H,),Cl, with “‘zirconocene”: 

Zr(C,H,),Cl, +~W&& + 2 Zr(C,H&Cl (54) 

A green product was probably a polymeric substance [Zr(C5 H.&, C$, ; a benzene-soluble 
red solid was also isolated which was found to be dimeric in benzene solution_ The latter 
compound in the solid state analyzed correctly for [Zr(CsH5)3Cl]2CsHs. 

Detailed structural investigations of these compounds and of ‘%rconocene” would be 
highly desirable in view of the dispute still existing for the corresponding titanium com- 
plex_ 

L. Miscellaneous reactions in&ding poZymerization s fn the presence of t&Mum and zir- 

conium compkxes 

An improved preparation of Mg(C,H5)2 has been reported8’ which consists of treat- 
ing magnesium turnings with cyclopentadiene in the presence of catalytic amounts of 
Ti(C,H,)Cl,: 

THF , 
Mg * 3c5.H6 Ti(C5 Hs).C13 Mg(C,H,), f C,H, (A 

No hydrogen was evolved and cyclopentene was quantitatively formed, which established 
the stoichiometry of reaction (55). 

The reactions of alkyl halides with titanium films have been studiedqO. This work was 
undertaken in order to understand the fact that ball milling promotes the polymerization 
of ethylene by titanium metal. The polymerization is improved by adding a&y1 halide. 
At 0” a clean titanium film reacts with R-X (R = i-C3H7, C,H,; X = Cl, Br, i) giving rise 
to the formation of hydrocarbons (alkenes and alkanes). 

Styrene was reported’l to be polymerized photochemically in toluene in the presence 
of ZT(CH, C6.H5)4 _ 
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.Isoprene was reportedg2 to undergo oligeme&ation in tie presence of a c&ytic sys- 

tem consisting cf &(C3115)4 and several alkylaluminium compounds. 
Dicyclopentadienyl(l-methylallyl)titanium(i1I),.after hydrogenation, is a convenient- 

catalystg3 for the hydrogenation of olefins and diolefins, for.t.he polymerization of acety- 
lene to trans-polyacetylene and for the isomerization of olefms and cyclic polyolefins. 
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