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N E'ITANIUM ZIRCONIUM AND HAF NIUM
ANI\UAL SURVEY COVERING THE YEAR 1971

F. CALDERAZZO

Istituto di Chimica Generale ed Inorganica, University of Pisa, 56100 Pisa (Italy)

I. TITANIUM IN THE NITRGGEN 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 dimer’” has the formula [Ti(C SHS) (CSH 4JH], and a hy-
drogen-bridged structure, either (I) or (II). The X-ray structure? of the niobium analogue,
[Nb(CSHS) (C;H,)H], has now been published. This compound has been shown to con-
tain terminal hydrido groups rather than bridging ones and the suggestion was also made?3
that the “titanocene dimer” may have a similar C;H,-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(Ii1)—
hydrido species4, [Ti(CsH,)H, 17, which have been characterized by EPR spectra only,
probably contain bridging hydrido ligands (vide z‘nfra).

\%TE/H\%O v)fﬁf
kg %“

I

The pfoblem conceming the structure of the “titanocene dimer” so'erhs to be further
complicated by the fact that several dimeric species approximately corresponding to the
" formula can be isolated depending on the reacnon conditions. The situation can be sum-
marized as follows

) Reduction® of Tl(CSHS)ZCl with sodium in toluene at about 50° for four days
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yields a green solid of formpla C20H20Ti2, whose structure may be (I) or (II), as proposed
by Brintzinger and Bercaw' or (I1I).

(ii) Treatment® of Ti(Cy I~{5)2(CH3)2 with hydrogen at atmosphenc pressure in hexane

at 20° for 1 h gives a green salid of formula CyrpHyoTiss beheved to be identical with the
nroduct obtained according to (i).

(iii) Treatment of Tl(CSHS)z(CH3)2 with hydrooen at 0° without solvent yields a dimer-
ic compound too, but this is violet rather than green and its formula was reported to be
C20H2'2Tiz. Its structure is that of a dimeric hydrido-bridged dicyclopentadienyl deriva-
tive of titanium(III). -

Gv) Treatment’ of a saturated hexane solution of Ti(CSHS)Z(CHS)Z with hydrogen at Q°
and removing continuously methane formed in the reaction in order to keep the partial
pressure of hydrogen as high as possible does not lead to the violet solid described at (iii),
but gives a gray-green product. The latter was reported to contain hydrido ligands and
was suggested to be a linear polymer of composmon [~Ti(C,H,),H-1,.

This polymeric substance was also described” as a precursor of a metastable form of
the titanocene dimer, of formula [Ti(C H5)2]2’ different from {TJ(CDHS) (C;HOHL,,
especially in its reactivity towards carbon monoxide, hydrogen and nitrogen. Ether solu-

- tions of this dimer absorb 1 mole of N, per mole of [Ti(CsH,),1,; 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 (C5H), Ti—-NN-Ti(C Hy),.

1t has to be recalled at this point that van Tamelen and coworkers had reported some time

ago that solutions of the green titanocene dimer would absosb 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® 10 have isolated a nitrogen complex obtained by treating

[’1‘1(C5H5)2Cl]2 with the isopropyl Gn,,nard reagent in the presence of N, at tempera-

tures comprised between —80° and —100°. A blue prempltate was formed under these

conamons The latter was found, by its reacuons, to have the foxmula :

[Tl(c HS)Z(C HplpN,



TITAN!U;.,ZIRCONIUMANDHAFNIUM T L D 181

This r=sult isin agreement with that obtamed earlier by Teuben and :
De Liefde Megerll 12 These authors have reported the preparation of dmyclopentadlenyl-
phenyititanium(11I), obtained by the reaction. of the phenyl Grignard reagent with
{TI(C H.),A,:

;[Tx(CShS)ZCl]2+MgBrC H, = MgCIBr + Ti(CyHg),CoH - | 1y

The reaction was carried out in diethyl ether at ~25°, The phenyl derivative decomposes
at room temperature and absorbs molecular nitrogen in toluene solution at —78°:

2 Ti(CsH,),CeHyg + N, = [TI{CH,), CH N, | e

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 pheny! derivatives of titanium is characterized
by intramolecular L:ydrogen transfers. For example, whatever may be the structure of the
“titanocene dimer”’, as indicated in (I), (1) and (1), the hydrido ligand attached to tita-
nium originates from a hydrogen atom originally bonded to a cyclopentadienyl ring. Vol-
pin and coworkers!? have pointed out that in the course of the reduction of Ti(C sHg),CL
with Mg and Mgl , in the absence of nitrogen, hydrido species are formed, the source of
hydrogen being the cyclopentadienyl! rings, rather than the solvent.

A further application of the intramolecular hydrogen transfer has now been found!4.
When dicyclopentadienyldiphenyltitanium(l1V) was thermally decomposed in.the 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:

N=N
. N, 7
(CeHa),Ti 2 (CuH T (3)

S
(CH ) TE o ] (4)
Reduction
Hy O

Products

The thermal reaction of ’[‘1(CS Hs)g(C Hy), with nitrogen:is paralleled by the similar
result obtained with carbon dioxide !, Treatment of dicyclopentadienyldiphenyltitani-
um(IV) with CO 2 in xylene solution at 30-90° yielded a compound of formula

Ti(C Hs)z(c H,CO0,). The latter was shown by an X—ray diffraction study, to have the
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Fig. 1. Molecular structure of Ti(C5Hs)2(Ce HsCOZ) schematically drawn. (Adapted from LS. Kolom-
nikov, T.S. Lobeeva, V.V. Gorbachevskaya, G.G. Aleksandrov, Yu.T. Struchkov and M.E. Vo]pm
Lhem_ Commun., (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 coordmahon—
stabilized phenylene mtermedxate shown on the left-hand side of eq. (3).

It has been pomted,outls that a group of transition metals in combination with differ-
ent reducing agents wil: perform reductions of N,, KCN, cyclohexylisocyanide and
hexyne-1 to products in much the same way the naturally occurring nitrogenase would do.
Ti(C H5)2Cl with so¢ium naphthalene was one of the active combinations, accordmg to
experimental resulis reported in an earlier paper by the same group of research pcople

Ii. SURVEY OF NEW COMPOUNDS AND REACTIONS

A Titanium(IV) 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!8 carried out at
—40° has to be considered of better quality than that at room temperature 19 pecause 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) Some of the angles at the methylene carbons are much smaller than the tetrahedral

[value (92°, 98°, 109°, 115° according to ref. 18; 88°, 98°, 108°, 116° according to ref.

" 19). The comresponding distances between the central metal atom and the B-carbon atom
- of the organic residue are significantly small. This suggests an interaction between empty
d orbitals of the titanium and the m-electron density a. the -carbon atom. '

~ The interaction menticned at point (ii) may explain most of the properties of tetra-

i A one-electron do'lor isa o-bonded alkyl aryl or cyclopentadxenyl group Hydndo specxes axe also
mcluded ’ . . :
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Fig. 2. Molecular structure of Ti(CH,CsHs)4 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., (1971) 1511.
See also LW. Bassi, G. Allegra, R. Scordamaglia and G. Chioccola, J. Amer. Chem. Soc., 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 titantum—carbon bond asa 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 smaller?®
(85°, 90°, 92° and 101°) than in the titanium case.

Chemical and physical properties of tetrabenzyltitanjum(IV) have been studied?!-22,
Giannini and coworkers?! 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 CH3OD, CGHSCH2D 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 classified as nucleophilic in character with attack at the metal.
The reaction with CG was carried out with the aim at synthesizing a still unknown binary
carbonyl 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 mvestxgatlon23
Giannini and coworkers have also reported21 the thermal decomposition of Ti(CH,C Hg),-
Titanium(11l) was obtained in solution, accomparied 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 'E NMR absorptions (room temperature, toluene-dg) at 77.21 (methylene
protons), 73. 39 (ortho ring protons) and 72.9 (meta and para ring protons). The absorp-
tion for the or:ho 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 iriteraction'of the electron 7-density of the
aromatic ring with empty d orbitals of the metal.’

Thiele and coworkers22 have studled in detaﬂ the infrared spectrum (nujol and J.uter-
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: ated paraff'm mulls) of tetrabenzyltrtamum and round that the stretchmgs of the metl 1y1ene
- group aré at- 2863 and 2930 cm =1 Which would correspond toan sp hydndlzed carb: on -
: atom. Th.s is- therefore substantrally in agreement wrth the reported X-ray structure

B Tltamum{l V} denvatzves contmmng two one-electron donors o
The full details of the X-ray work on tetracyclopentadreny]trtamum(IV) have app(:f I
L ed24 The molecule contains two symmetncally bonded (pentahapto) cyclopentadienyl
. rings, the other two being o-bonded (mcnohapto). The structure of the compound is
schematlcally drawn in Fig. 3. The.coordination around titanium is approximately tetra-
- hedral, .although substantial distortions are observed. For example, the C—Ti—C angle (at
g the two monohapto cyclopentadieny] rings) is 86. 3°. The titanium—carbon distances for
- two of the cyc10pentad1enyl rings are all in the range 2.359-2.400 A, thus showing the
symmetncal arrangement. it has been pointed out?4 that this is one of the few cases in
- which the symmetncal arrangement of C 5 Tings has been demonstrated crystallograph-
. 1callv. o '

" Fig. 3. Molecular structure of tetracyclopentadienyltitanium(iV). (Adapied from J.L. Calderon, F.A.
‘Cotton, B.G. DeBoer and J. Takats, J. Amer. Chem. Soc., 93 (1971) 3592))

In solutlon Tr(C H ) has ﬂuxronal behavrour25 The 1 NMR spectra have been stu-
died from +80° to — 140 The temperature dependence of the specira 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 E, =
16.1 % 0.5 kcal/mole.

The structural mvestrgatron of Tr(C H ) has showrn: that this is a molecule belongmg
to the general class T,(C Hg), X, (X= F Cl Br, I, alkyl and so on). In agreement with
this view, the structure of T.(C sH)of C6H ), was shown 26 {0 contain two symmetrically

-bonded cyclopentadienyl rings and two o-bonded phenyl rings. Fig. 4 is a schematic repre- .
sentation of the molecular structure. Even some of the structural parameters are similar to

- those of Ti(Cy H )4. :

. Wilkinson and coworkers' have apphed their concept of ehmmatron-stabrhzed ajkyl
groups to- trtamum and have prepared27 the compound Ti(Cg 5)2(CH281Me3)2 {(Me =
CH3) this was reported as a yellow crystal]me substance slightly sensitive to air. The pre-
paratmn mvolves the treatment of Tr(C H5)2C1 w1th the apprOpnate alkylhthrum



TITANIUM, ZIRCONIUM AND HAFNIUM .~~~ - : 185

Fig. 4. Molzcular structure of Ti(CsHs)2(CeHs)2 schematically drawn. (From V. Koeman, J.C.
Rucklidge, R.J. O'Brien and W. Santo, Chem. Commun., (1971) 1340.)

(C,Hs),0 _ . _
2o o 2LiCl + Ti(C5Hg),(CH,SiMe,), (5)

Ti(CgH,),Cl, + 2LiCH,SiMe,~

Rausch and Klemann?® have prepared two new metallocyclic compounds, namely the
titanaindene(I1V) and the titanafluorene(V) derivatives. The authors point out that the two

compounds have a much higher thermal stability than the correspending non-cyclic deriva-
tives, such as, for example, Ti(CsHs)z(CGHs)z-

L L0

H C H
o> = CeHe, Cbe

[02%] [6°4]

Insertion of sulfur dioxide into the titanium—carbon bonds of Ti(CsHy),(CH,},,

Ti(C HS)Z(C6H 5)2 and TI(C“HS)Z(CH ‘Cl was observed 2. The reactions were the fol-
lowing:

-78°

Ti(C5Hy)(CHy), + osozmTi(c5H5)2(0230H3)2 (6)

CH,Cl,

Ti(CSHS)z(CsHS)z + 2580 Ti(CH,), (0 »SCeHs),y @)

2 room temperature

CH,Cl
Ti(C3Hg),(CHS)CL + 50, ~—2553 Ti(C5H;),(0,,SCH,)CL (8)

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, dicycIOpentadien_vldjbenzyltitanium(lV)
undergoes reaction with CO under mild conditions®, similar to Ti(CH,C¢H),: in this
case, however, well defined products were obtamed The reaction occurs accordmg to the
References p. 203
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Ti(CSHy) 2(CH 5)2 ¥3 co—»Tl(c )2(00)2 +(c H, cuz)zco ™

o The carbonylatxon to TI(C )Z(CO)Z was suggested to occur via pre coordmatmn of CO
: rto ntamum, followed by alkyl mlgranons (Scheme 1) ’ :

: R iR
' ‘T.'/"' ‘-—---.’+'C°: . . /
ﬂ_@'ﬂ\p»A @\R

[@ ‘co Z@ C-—R
o \ + Ryco =250 Ti\n )

* Scheme 1. Propc)sed30 mechanism for the carbonylation of Ti(CsHsV2(CH2CgHs)».

Scheme 1 postulates the intermediate formation of an acyl derivative of titanium(IV).
Increased credibility for this reaction scheme was obtained by the preparation of some
acyl derivatives of titanium(IV). These compounds were obtained either by the reaction
of Ti(CH;),(CO), with acyl chloride>!

Ti(C4H,),(C0), + RCOCI = 2 CO + Ti(C H,),(COR)CI | (10)

- (R=CH,,CgHy) |
or by carbonylatxon of Ti{{C;H;),(CH;)Cl and Ti(CSHS)z(CHZCGHS)Cl with carbon mon-

oxide32

Ti(C5Hs),(R)C1 + CO ~ Ti(C4H,),(COR)CI (11)

(R = CH,C4H,)

It is important notmg that reactions ( 10) and (11) yielded the first acyl denvauves of tita-
: mt.m reported in the literature.

C thamurz{[ V) derivatives contammg one orze-electron donor
- Confirming the generally accepted view that saturation of coordinatior sites increases
the stability of alkyltxtdmum denvatlves thermally stable adducts of TxCH Cl; have been
reported33 »34,35 . The'reactions of the methyltitanium(IV) derivative with hallde ions have
- been stud1ed33 e Amomc dlmen-. and monOmenc products ‘were obtamed structural as--
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' sxgnments were mamly based on mfrared measurements- The'reactions were carried out in
: dlchloromethane at 0 . AR

I é:' : e Tghy a 7 '2-71" 7 o d"'s s
NN N NV 1 A
Cl——7Ti — Ct——Ti—0C} / \ / II/T.I Y,

cn/ \CI CHy | l CIH d ———i——cu
3 a

The colours of the compouads are: (VI dark violet, (VII) light brown, (VIII) deep blue.

Results complementary to those obtained earlier by Clark and McAlees36 and by Thiele
and coworkers>/ were raported by Fowles and coworkers3>. Me thyltrichlorotitanium(1V)
yields '1/1 adducts and 1/2 adducts with 2 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-
phosphine, 1/1 adducts were also isolated of formula TiCH;Cl;-L and cryoscopic meas-
urements have shown that these compounds are monomeric in benzene solution. Thus,
pentacoordinate titanium(I'V) was suggested in these cases. This is consistent with the sim-
ilar results obtained38 with TiCl 4 The 1/1 adducts of the tetrachloride with PMe,Ph and
P-n-Bu (Me=CH 3) 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 dicyclosentadienyl denvatlves
Ti(C5Hg),(R)Cl were r\,porte:d39 The decompositions were found to be first-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 benzyl derivative is the least stable of
the compounds studied. This contrasts with the behaviour of Ti(CSHS)Z(CH2C6H5) ) and
Ti(CH,CgHy),: it was suggested that in the case of the less sterically hindered derivatives
of the type Ti(CSHS)z(R)Ci a m-allyl 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. Allyl derivatives of titanium(IV)
Dialkylamido-allyl derivatives of tltamum(IV) were obtained*® by Grignard reactions,
such as, for example, the following:

(C2H;5),0
TiBr(NEt,), + MgBrC,H, —i—s——z—» MgBr, + TiC,H,(NEt,), (12)

2-Methylallyl and 3-methy1ally1 derivatives were similarly obtained. It is interesting noting
that the infrared spectra suggest the presence of g-bonded allyl groups; on the other hand,

the 'H NMR spectra are suggestive of "luxlonal behaviour in solution.
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Txtanocene dxazxde was prepared'u by the lollowmg reactions:

H0 | .
T1(C5 5)202 + .NaN3-—» 2 NaCl + Ti(C Hs),(N3)2 | a3
TG 5)2c12 + 2NN, —T—H—E 2 NaCl + Tx(Cs H),MNp; s

- Only by reaction ( 14) in the presence of trace amounts of AICI;, the diazide could be ob- -
tained in a pure form. The diazido complex had a surpnsmgly high thermal stabxhty it
" could be sublimed in vacuo at 200°.-

‘The reactions of dicyclopentadienyl derivatives of the type Ti(CsH;),X, (especially
with X = Cl) with potentially chelaung substances containing active protons have been in-.
vestigated. Ti(C4H,),Cl, reacts 2 with acetylacetone in the presence of triethylamine
giving a bis(acetylacetonato) complex and simultaneous eliminatica of one cx-cloper:ta-
dienyl group as cyclopentadiene. The reaction is the fol]owmg

Ti(C4Hg),Cl, + ELN + 2 C;H 0, » CgH + NEt;HCI + TH(CHg)CU(CSH,0,), (15)

A similar reaction was also carried out with benzoytacetone, thus obtaining a product hav-
ing the same composition, Ti(CgH,)Cl(Chelate),. 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 'H NMR spectra at variable temperatures, suggestions
about the stereochemistry of these compounds were made. Considering the cyclopenta-
dienyl ring as a monodentate ligand, the compounds were regarded, to a first approxima-
tion, as containing hexacoordinate titanium. Two geometrical isamers (IX) and (X), respec-
tively cis and trans, may then be considered. The titanium-acetylacetonato complex was

found to consist of a m1xture of the two isomers at low temperatures (below ~20°) and
f'urther, isomerization and ligand mterchange were observed by 1H NMR measurements at

vanable temperatures .
- Also the reac.lons of 'l‘l(C5 5)2X (X F Cl Br) wzth 8-hydroxyqumohne were in-

vesngated43 S ]
TH(C; H5)2 2+2C9H N0—>2C H +T1F2(C H NO)2 o (16)‘
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, TI(C H5)2Cl +3C9 7NO--*C H7NO HCl+C5H +T1(C HS)CI(C9 (NO), (17)

Tl(CSH Br, +3 C9H7NO ~ CgH,NO-HBr + CH + Ti(C5Hy) Br(CoH NO), (18)

52
The reactions were carried out in acetonitrile as solvent at room temperature and resulted
in very good yields of the products. The chioro derivative had been obtained earlier by
different routes. The 'H NMR spectra did not show zny change in the temperature range
from +40° to —60° which was taken as indication f non-fluxional behaviour of the cyclo-

- pentadienyl ring,

The occurrerice of reactions (15)—(18) suggests that cIeavage of the titanium—cyclo-
pentadienyl bond can occur in the presence of proton active substances. This is confirmed
by results obtained recently by Nogina and coworkers**. A series of monocyclopentadie-
nyl compounds of the type Ti(CsH)(OC,H,R); were prepared. These compounds
would undergo cleavage of the tltamum—cyclopentadlenyl bond with formation of C5H6
in the presence of water or alcohol.

A detailed *H and 19F NMR study of several monocyclopentadienyl derivatives of
types Ti(C4H;) (OCgH,R); and Ti(C Me ) (OCcH, R); has appeared®®. In general it
was found that the resonance of the cyclopentadienyl ring protons (including the methyl
groups of the pentamethylcyclopentadienyl derivatives) is little sznsitive to the presence
of meta- or para-substituents in the aromatic ring. The influence of the solvent on the
19 NMR spectra has been studied.

Full details concerning the X-ray structure of Ti(C Hs)zss have been published46. A
preliminary note of this work had appeared last year"'% The molecular structure is (XI)
and consists of two symmetrically bonded cyclopentadieny] rings and a TiS; six-member-
ed ring. In the solid state the TiS; ring has a chair conformation.

s
@ S Ns—s
~

Ti—S
&
(X1)

1H NMR spectra at variable temperatures of dithiolato complexes (XII), (XIII) and
(XIV) have been measured?3. 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 (XI1) exhibits two distinct singlets at
—50°, which is in agreement with the presence of non-equivalent cyclopentadieny! ligands
in view of the conformation of the T182C2 ring. The separation between the two singlests
is 38 cps. At higher temperature, however, signal broadening occurred and finally a single
resonance for the cyclopentadienyl rmgs was observed at room temperature (36°). The
coalescence temperature was +10°. R

The molecular structure of a tltanocene dlchloro denvatwe in wh1ch the two cyclopen-
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tadlenyl rings are cormec*ed by a—CH —CH, CH chain has been solved by X-ray dxf-
fraction methods at room temperature39 Tlus molecule was chosen in order to minimize

the intramolecular motions of the cyclopentadzenyl rings. The compound was

Tx[C H 4(CH2)3C H4] Cl and its structare is schematically drawn in Fig. 5. Contrary to

what had been found46 for T1(C 5)28 the C—C distances in the two cyclopentadienyl
rings were found to be equal w1thm experimental error with an average value of 1.399 A.

It was therefore concluded that the differences found for Ti(C5H5)2S s were due to an ar-
tifact related to the libzational motion of the rings.

Fig. 5. Molecular siructure of TiCl, [CsH4(CH3)3CsH,). (Adapted from B.R. Davis and I. Bernal, J.
Organomeial. 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, T1(C5H5)2Cl and
Ti(CsH,),(Ce H5)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. Titanium( I} derivatives with one-electron donors
Following some earlier work>! aimed at the preparation of Ti(CH C6H5)3, Schafer
and Thiele have reacted TiCl; with several classical alkylating agents®<. Chemical evidence
- for the existence of Tl(CH ) and some triaryltitanium(II) in solution was obtained.
However, the hlgh thennal mstablhty of these compounds prevented their isolation in an
~ analytically pure form. Dlphenylchlorontamum(ﬂl) obtamed by the fol]owmg reaction,
~ was isolated as its etherate: :

' T1Cl -3THF + 2 LiC;H, ~ 2 LiC + STHE + TnCl(C6 D, Lo '(179)_
' Subsequent crystalhzatlon from dlethyl ether yielded the final product,

- TiCI(C, Hs)z 3 0(C2H5)2,m an analytlcahy pure form. The compound is deep red and
decomposes around —40°. , o
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The prepération of methyldichlorotitanium(1H) free from addlﬁonai electron donors
has been reported, although only in a prehmmary note> The compound was obtained
by the following reaction: —

2 TiC3(CH;) + Hg[Si(CH,),], — Hg + 2 TiClz(CH3) +2 SiCl(CH3)3 . (20)

ESR measurements on hydrido complexes of titanium(III) have been reported4. These
are compiexes of formula Ti(C5H5)2H2M (M = Li, Na, MgBr, AlClz,AAlHZ) 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 1 systems mainly
in the d,» orbital.

G. Organometallic derivatives of titanium(III) with carbon, nitrogen, phosphorous, oxy-
gen, sulfur and halogen lone-pair donors
ESR measurements have been published54 on several dicyclopentadienyl derivatives of
titanium(11I). 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 sclutions. The formulae assigned to the complexes were the following:

[Ti(C4H,),(NHPh), 1™, [Ti(C4H,),(NCH=CHCH=CH),1~ , Ti(CsH,),PbPh,,
Ti(C4H,),Cl, Ti(C5H,),Hy-MeCl, THCH,),H(PPhy), [Ti(CsH,),(CH,Ph), 1™,
[Ti(CsH),(ER,),17 , [Ti(CH,),(ER,),]™ (For ER,: E=P,R=Me, Ph;

E = As, R = Ph. For ER,: 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 parame ters were accommodated by a model in which the unpair-
ed electron was largely localized in the d,> orbital.

Alkylamidocyclopentadienyl denvatwes of titanium(1If) have been re portedss.» The
compounds obtained were bls[dlcyclopentadlenyldlmethylamldotltamum(ﬂl)] and
bis[cyclopentadienylbis(dimethylamido)titanium(III)] . They were prepared by the fol-
lowing reactions:
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THF

[Tr(CSHS)ZCl]z +2 LmMez——vz ch1+ [Tl(CsHS)ZNMezlz X } @y
S (XVI)- S .
[Tl(NMe2)3]2+.2 c" H MZNHMe + [Ti(CHy) (NMe,) d e

Prehmmary results concemmg these compounds had been reported earher56 Ev1dence for
the formatlon ofa monomenc tetrahydrofuran adduct of (XVI) was obtained.

" “The drmethy}amrdo groups bonded to tltaruum(III) can be spht off by protlc reagents

’ The followmg reactions were camed out

[Tl(CSHS)(NMez)zjz +4 C,H;OH~> [Ti(csﬂs)(océﬂé)z]z‘ +4 NHMe, (23)
[_rl(c )Z(NMeZ)]Z +2 CgH OH ~ [Ti(CHy)(OCgH)], + 2 NHMe, (@Z))
[Ti(CsH )Z(NMe ), +2 CHSH~ [Ti(CH,)(SCeHYL, +2NHMe,  (25)

The same paper> reports the preparation of dicyclopentadienylethoxytitanium(III) ob-
tained by a metathetical reaction from the corresponding chloro derivative:

- [Ti(Cy HS »,Cll, + 2 LIOC,H; ~ 2 LiCl + [Ti(C4H,),(0C,HY)I, (26)
(XvID)

Compound (XVII) was suggested to be an ethoxy-bndged dimer, in the solid state in agree-
ment with the low magnetic moment (1.3 BM at 21 °); 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(CsHg) (NMe,), |, and
[Ti(CsHs)z(NMez)];_, such as for example:

S

\ >CNMe2 27

[Tictiy, (NMe], + 2Cs, ———= 2(CHY, Ti

The,dirﬁethyldithiocarbamato complex obtained by reaction (27) was isolated at its CS,-

" adduct. The unsolvated product had been prepared earlier by a different route> 2. .
- Monocyclopentadienyl derivatives of titanium(III) have been reporteds'g'.5 2 The gener-
al procedure used for the preparation of these compounds was the reduction of the corre-

sponding titanium(IV) derivatives with zinc at room temperature in tetrahydrofuran The

fol]owmg react:ons were carried out:

THF

2THC; HS)X + 2 THF +Zn 155 ZnX;; +2 Ti(CsH HOX,(THF) (28)
| ,(x Cl, Br,1, OMe, OEt)
R THF . ' o
2 11(C H )x2(0R) +2THE +Zn 2 ZnX, + 2 T(C HS)X(OR) THD)  (29)

(x a, Br)
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2Ti(C Hs)Xz(SR) +2THF +Zn IEE, an +2 Tx(C HS)X(SR) (th @)

(X Cl, Br)

The products obtained by reactions (28)-—(30) with OR or OS hgands have a molecular
complexity higher than that shown in the equations, even in tetrahydrofuran solution>8.
On the other hand, the compounds with halogen ligands only are monomeric by ebullio-
scopy in tetrahydrofuran and the pseudo-tetrahedral arrangement of ligands (XVIII) has
been proposed5 for them. This is also in agreement with the magnetic susceptibility
measurements showing that the bromo derivative has a g substantially independent of
temperature, as expected for a magnetically dilute substance. By heating at 120—150° in
vacuo, the tetrahydrofuran adducts lose THF and the complexes Ti(CsHS)X2 (X=C\Br
were obtamed59 The analytical results for the iodo compound were not satisfactory, thus
showing that partial decomposition had occurred during the process of THF elimination.

@T;/"
X

(X))

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(CSHS)X should be excluded. If these compounds were
dimers with tetracoordinate titanium, one would have expected an antiferromagnetic be-
havious, similar to what had been found®® previously for [Ti(C5H5)2Cl]2.

H. Bimetallic derivatives of titanium
This section contains those compounds in whlch beside titanium, a transition element
is also present. It may be recalled that bimetallic derivatives of tltamum54 (containing non
transition elements, such as lead and tin) have been discussed earlier at section G.
Bimetallic derivatives of formula (CsH 5)-,T1(SR)2M(CO) 4 Were prepared by the follow-
ing general reaction®!:

Ti(C5H,),(SR), + M(CO) ,(norbomadiene) -> norbornadicne + (CSHS)ZTi(SR)2M(CO) "

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

Previous work in this area has been reported6la'61b The tetracarbonyl compounds were
found to have four infrared CO stretching vibrations, thus suggestmg acis arrangement of
) References p- 203 ‘ ’



T VI F CALDERAZZO
: -the carbonyl groups It has been found61 that the lH NMR spectra at room temperature
‘_ for the methyl denvatxves (C5H5)2T1(SMe)2M(CO) 4 M= Cr, Mo, w) consist of three
peaks for the cyclopentadxenyl protons. This has been mterpreted as bemg due to the
: 'presence of two different geometrical isomers in solution, namely the ctsozd isomer. (X[X) v
: and the mmsatd xsomer(XX) w1th the former bemg predommant : :

B T e @ L g
SR /\l/co /\
@ \fdée/hld\co @\I/I\
- T : co Me -

&EX)

* It will be recognized that the two cyclopentadienyl rings (which are to be considered
* freely rotating) are not equivalent in the cisoid form (XIX), thus giving rise to two differ-
ent resonances in the NMR spectrum.
The conclusions drawn on the basis of the NMR and IR results®! have been confirmed
by the X-ray study®? carried out on the methyl derivative (C;H )2Ti(SMe)2Mo(CO) 4
The compound was found to have the cisoid form in the sohd state. The molecular struc-
ture of the compound is schematically drawn in Fig. 6. It will be seen that the titanium—
molybdenum distance is 3.32 A. This distance is somewhat larger than usually found for
metal-metal bonds. However, the M—5—M bond angle is 83° ard this was taken as good
indication of titanium—molybdenum interaction in this compound.

O Mo
@7

Fig. 6. Molecular structure of (C5H5)2T1(SMe)2Mo(CO)4 schematically drawn. (From G.R. Davies and
"B.T: Kﬂbourn J. Chem Soc. A, (1971) 87.)

Vlbranonal and electromc spectra of compounds (C5 S)ZW(SPh)ZM(CO) s (M=Cr,
Mo, W) have- been analyzed in comparison with those of (C H5)2T1(SR)2M0(C0) 4
(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 pre:pared64 by the followmg general reactton

Ti(C, 5)2(SR)2 +CuX(COD) > C op +;[(C5HS)2Ti(SR)ZCuX]n (32

(COD = l 5-cyclooctad1ene)
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rThe;éleotrooic spectra of the bimetallic complexes show a low-eneigy band between 15300

and 17300 ot 1 denendine on the nahire of the oroune R and Y -which mav ha intar.
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preted as a charge-transfer band Cu —> Ti. As a conssquence, a certain amount of titanium—
copper interaction has been suggested in t-.ese compounds .

A bimetallic derivative of titanium and molybdenum was obtamed67 by the followmg
reactions:

[Ti(CHy),Cl, +2 Na[Mo(C Hs)(CO)3] > 2NaCl +(C H5)2T1M0(C0)3(C5H5)
B3
[Ti(CSHS)z(NMe)2]2 + 2 Mo(C5H,)H(CO), ~ 2NHMe, + 2(C4H,),TiMo(C0),(CH,)
) - | (39)

The compound is paramagnetic with gt .= 1.74 BM corresponding to one unpaired elec-
tron per molecule.

I. Opganometallic derivatives of titanium{II) and titanium{0)

The controversy still existing about the structure of the so-called “titanocene dimer”
has been discussed earlier when dealing with the problem of nitrogen fixation. It was also
mentioned earlier that a metastable form of the titanocene dimer could be obtained” -
which had a reactivity towards H,, CO and N, much more pronounced than that of the
more frequently encountered titanocene dimer. Support to the existence of the meta-
stable form of the dimer was found® in the successful preparation of the corresponding
pentamethyl derivative. The follewing sequence of reactions was carried out:

Ti(CgMe,),Cl, + 2 LiCH > 2 LiCl + Ti(CgMe),(CH,), 35)
5 1

Ti(CMe ), (CH,), i 2 TiCH, (€, Me, ) + CH, (36)

TiCH,(C; oMe, ) + H, T———Ti(C5Mey), + CH, (7

The nature of the product of formula TiCHZ(C 10Me 1 0) obtained by reaction (36) was not
completely clarified. On the basis of NMR results, the decamethyltitanocene complex re-
sulting from reaction (37) was believed to exist in solution in a dimer—monomer equilib-
rium: '

2 Ti(C Me -)2 = [Ti(C Me 5)2]'2 | - (3%
Decamethyltitanocene reacts rapidly w1th CO in toluene solution yielding the correspond-
ing dlcarbonyl derivative: - '

T1(C5Me5)2 F200>Ti(CsMeg)(CO), (39

The dicarbonyl compound has two bands in the mfrared at 1930 and 1850 cm™ l.e., at
Rgferences p. 203



wavenumbers lowerthan those tound tOr JJ(LSHS)z(LU)2 (19 75 and 189 / cm” ‘) lhls .

" s consxstent w1th the electron-pushmg properties of the methyl groups promctmg trass--

* mission of negative charge into the carbonyl groups. Reversible additions of hydrooen and

o ‘nitrogen were observed with decamethylntanocene With mtrogen the followmg reaction .-
was: found:: - S - : :

oTr(CsMe5)2+N =(c Mec)leNNTr(C M, - 0

, Thermochemrcal measurements66 have been carned out on the * niarlocene" dimer™, as
: prepared by sodium amalgam reduction of Ti(C H5) Cl . From combustion data, the

- average Ti~CgHg dissociation energy was caIculated to be 108 kcal/mole. This is much

: hlgher than the correspondmo energy for the V-C4H, bond which is 88 kcal/mole66 of
course, it has to be recalled that we are dealing wrth two compounds having most probably

a _completEIy 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 prepared67 by the reaction: of TiCl; with the isopropyl Grignard reagent in the
presence of cycloheptatriene: ]

TiCl, +i - C,H,MgBr + C.H —(-—2——-5—)-2-—>Ti(C H.)(C,H,) + products (41)
3 3ti7eb 7 _78° 775y

The formula of the compound was established by elemental analysis and by the observa-
tion of the parent peak at /e 232 in the mass spectrum. The compound is diamagnetic
and, on the basis of the YH NMR results, structure (XX1) was assigned to it with a planar
C,H, ring and a C7H9 ring in which only five of the carbon atoms would be involved in
the bonding to titanium.

‘ Ti

En

L Zirconium{IV) and hafnium{IV) derivatives
 An electron-diffraction study of Zr(BH 4) 4 had appeared68 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 (XXII), i.e., 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-dlffractron study has concluded that structure (XXII) is the '
_-correct one aiso in the gas phase. Thus the results of another. electron-dlffractlon study O
- were conﬁrmed apart from some drfferences in bond dlstances e
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(XXT1)

The zirconium borohydride is a unique molecule since it contains the three-hydrogen
bridge. This explains the earlier difficulties’! in interpreting its infrared spectrum. The
Raman spectrum of Zr(BH,),, has now been measured in benzene solution”2; it was
found to be consistent with the tetrahedral arrangement of the ZiB, skeleton suggested
by the X-ray diffraction and by the electron-diffraction studies mermoned above.

The mass spect:um of Zr(BH 4),4 has been measured’ 2. The molecular i ion was detected
and the predominunt peaks were found to be those corresponding to Z(BH 4)+

Some reactions of Zri(BH 4) 4 and Hf(BH ) have been reported . In particular, ad-
ducts with Lewis bases of the type M(BH 4) 4L (M = Zr, Hf) were mentioned. Zx(BH,),
in the presence of tetrahydrofuran was reported to give rise to the formation of
Z(BH 4)4-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 tetrabenzylzirconium(IV) has shown that the molecular structure (see Fig. 7)

Fig. 7. Molecular structure of Zr(CH,CgHg)4 schematically drawn showing the angles at the methylene
carbons. (From G.R. Davies, J.A.J. Jarvis, B.T. Kilboumn 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 angles!® at the methylene carbon atoms (88°, 92°,93° and 101°) 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!8 of the angles at the methylene carbon
atoms for Sn(CH2C H;),- In this case the angles are much closer to the tetrahedral value:
110°,110%, 112° andll4 ,
~ The chemical shift difference?! Ar between ortho and meta—para ring protons is

-larger for Zr(CH2C6H5) 4 (A7 =0.64 ppm) than for the corresponding titanium analogue
(A7 = 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 abstractlon since in deu-
terated solvents no deuterated toluene was found.
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The X ray structure oi’ Zr(C } 5J, ad Been reported fast yea an& descnbed as con-.
ta:mng otie o-bonded {monaim'pto) cyclcpentadienyi fing and thre~ symetncally bcﬁded
- -,(gentahapto) rings. However, Coiton-and coworkers?4 have more recently arsued that the
2 data reported by Struchkov and coworkers for ZI(CSHS) 4 ‘may be mterpreted in'asome-"
* what different way. Apart from the monohapto ring, of the other three rings only one
wouid be symmemcaﬂy bonded as suggesied by Struchkov and coworkers whereas the-
' qtberiwa would graaahity, teserhie those Tighiy d‘issy,mmemcai Tound in MolT. i—i{ NO ¥,
" The infrared and Raman spectra of Zr(CsHS) 4 and Hf(C 5) € have been measured77
+ in the solid state and in solution. It was concluded-that the two compounds have a differ-
ent structure and that for these compounds both symmetrically (pentahapto) and o-
_bonded (monohapto) cyc10pentadxenyl rings could be suggested to be present. Of course,
- no definite conclusion could be drawn from this study about the details of bond arrange- .
© imenb fer e -aen-AeHchsple-Sags
- Re}a‘m’e}y few examples of zirconium—carbon o-bonds have been reported in the liter-
ature. Thiele and Kriiger have described '8 some reactions of ZrX, (X = Cl, Br) with zinc
alkyls. Zirconium(1V) chloride and bromide react with ZnLCH3)2 in toluene to give mono-
_ a]kylated zn'comum(IV) derivatives:

“toluene
0°

2Z1X, +Zn(CH,), ZnX, +2 ZrX3(CHz) (42)

.(X= Cl, Br}

. The mdnomet.hyl derivatives were isolated and analyzed as their diethy! ether adducts
(XXI) and (XXII).
_ZrC13(CH3)-2 O(CZHS)Z ZrBr3(CH3)~2 O(C,H,),
1) | T coan

By using pyridine as solvent, two halogen atoms of the starting zirconium(I'V) halide could
be replaced:

2eX, + 2Ry P Zax, +ZiXR, (43)
(X=Ct B k= Ci‘-13,Cri‘5)

The four dmlkyl denvatlves obiained by reaction (43) were isolated as their 2,2 dlpyndyl
adducts. These are deep-blue substances moderately stable to heat (they decompose at
1 10—120°), well soluble in pyridine. -

© -The reactlons of the zirconium(IV) hydrido denvatwes Zi{C H5)2H(C1) and -~
Zr( 5)2 9 with mono- and disubstituted acetylenes have been teported . These ted

. to the preparation of o-bonded alkenyl- and alky! derivatives of zirconium(IV). Some of
the compounds were hqmd at room temperature and technical difficulties prevented the

- - determination of their C—H content. Only those compounds for which satisfactory ele-
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: mezzt&i‘ arfa}‘ms were fepofaeé sre Jiscossed hure. Zr{S- 5>Zﬁ§ca> Jeacted with i‘.-.;:-hes:-}&- B
' acetylene to gnle a monomeric orange solid, for which structure (XXV) was suggestcd

ZT‘(CSHS)zﬂ('C{)‘*"CGHS—C—-C—- Ot BEBIIY  oggy @zf;

Reac&ons with Zr(C 5)2‘ were sumlarly carried ouf:

ZHC H,),H, +2 HC‘&CCGHS - (XXVI) . - @&y
ZI(CS.HS.)zHi + C(LI-I_‘.L(T—#‘CCGI-I5 = (XX Vi) ‘ {46)
Z’(CSHS)zﬂ?. + CHSCGH 4CEC>C6 H 4CH3 - {(XXVHD 47
@ on " H‘\ /Ph
~._ - C=—=¢
Zr/C—C\Ph Zr/ \H
@ S Neeee ™
d N
H Ph
(Xx9) (XX¥1)
Cn\z F%" R r
c R R
/Zr\ \C-— on 7 N\
H H
\Z r/ /(_I‘,——Ph a ZR
Y [
Cpy I @
Ph
xxw) (XX9IMT)

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 bas’s of the sum of covalent radii. For example the rhodium—silicon dis-
e i RIFEHSICH HPPh ), SIHCL was reposted80 ta ba 2 203 R and the iroo—
silicon distance in Fe(C, 5)H(SlCl3)2(CO } was8! 2.252 A. Since we are dealing in these
two cases with transition elements having a relatively high number of d electrons, the sug-
gestion was made8! that d_—d_bond between filled d orbitals of the metal and emnty 2
orbitals of silicon could be mvoked in order to explain the small metal——s:hcon distance.

It therefore appeared of interest to examine the X-ray structured of a silyl derivative of a
d? element for which such effect could nat come into play. The compound chosen was
Zi(C4H,),CI(SiPh ). The molecular structure of the compound is schematically drawn in
Fig. 8. The amrangement of the ligands arcund the metal and silicon is approximately ietra-
hedral. The most Important feature is the distance Zr—Sz whzch 52 81‘% A this'is-a sur-
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R ‘, F:g 8. Molecula: structure of Zr(C5H5)2Cl(SxPh3) schematxcally drawn, showmg the zirconium—
sﬂxeon dlstanoe (2. 81 A) (From K.W. Muir, J. Chiem. Soc. A, (1971) 2663 )

' pnsmgly Iong dlstance and this data might thus be taken as a support for thed —d bond-
ing suggestion’ prewously mentioned.
chyclopentadlenyldlamdozucomum(IV) was obtamed41 by reactmg under anhydrous
‘conditicus dicyclopentadienyldichlorozirconium(IV) with sodium azide in the presence.of
trace amountc of AlCl

© Z(CsH,),Cl, + 2NN, TS 2 Nag + Tx(CsHs) ™), (48)

The diazido complex was reported to be a pale yellow solid, of good thermal stability (it

can be sublimed in vacuo at 140°), showing the parent peak in che mass spectrum.

, Proton nuclear magnetic resonance spectra of compounds (XXIX), (XXX) and
(XXXI) have been investigated®3. The X-ray structure of Zy(C-H s)CCH,0,), is

known84 and it has now been shown83 by X-ray powder dlagxams that compounds

Z{(C4H,)C(C.H,0,), Hf(C4H )CI(CgH,0,),  Zi(CsHg)Br(CsH,70,);
(XXIX) (XXX) (XXXD

(XXI1X), (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 'H NMR spectrum of (XXIX) can be accommodated by the
approxnnate hexacoordmate model In fact, four different resonances of equal intensity
" due to the methyl protons were observed together with two equally intense resonances
_due to the methyne protons of the acetylacetonato ligand. This is true for the room tem-
; peratu;e spectrum. -As the temperature is increased above 70°, changes were. observed
namely line broadenings and coalescence of the signals. This suggested a non-rigic _behav.- N
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iour of the molecule above 70 w1t.1 interchange of the- acetylacetonato llgands The
process was found to be.first-order in the complex Intramolecular mterchange mechan-
isms were aceordmgly suggested.

IH NMR and infrared data for compound (XXIX) and for the correspondmg benzoyl- _
acetonato and dibenzoylmethanato complexes were also reported by Frazer and Newton4“.
Reactions of Zr(CsHg), X, (X = Cl, Br) and Hf(C,H )2Cl with 8-hydroxy qumolme
in acetonitrile as solvent led to the formatlon of the monocyCIOpentadlenyl-bls(chelate)

complexes: : : s »

_ ' "CH3CN = ' . .
Zi(CH,),X, + 3 CgH,NO ——— C,H,NO-HX + C5H, + Zx(CSHS)X(Cgl-lGNOZQ)

, CH;CN | |
HE(CH,),Cl, +3 CgH,NO ——>"> C H,NO-HCI + C,H, + H«CSHS)Cl(cgnsNg)c)z)

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

Dicyclopentadienyldichlorozirconium(IV) was found® to undergo reactions with al-
cohols giving rise to compounds of general formula Zr(C )_(OR)" Cl,_,,, such as for
example: '

THF

Zr(C4H,),Cl, + CH,OH + Et N——ﬁ-—>Et N-HCI + Zr(CH,),(OCH,)Cl Gy

The crystal structures of Zr(Cg H5)2F2 and Zr(C5 Hs)zlz have been published86. The
structure in both cases can be roughly described with a tetrahedral arrangement of the
four ligands around the central metal atom. The C4H, —Z1—Cg Hs and X—Zr—X bond an-
gles are substantially insensitive to the nature of the halogen, as it can be seen from Fig. 9.

f I
2 ]
1278 Ir ﬁ 1263% /\){z“
H

Fig. 9. Molecular structures of Zr(CsHs)2F 2 and Zr(CsHs), L, showmg the bond angles.( From M.A.
Bush and G.A. Sim, J. Chem. Soc. A4, (1971) 2225))

K. Compounds of zirconium in oxidation states iower than IV .
The chemistry of zirconium and hafnium in oxidation states IIl and II is relatively
little known. :

Wailes and Weigold have reported87

some reductions of cyc10pentadienyl derivatives

‘ References p.- 2063
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. tadlenyldlchlorozu'comum(IV) was treated with the 2 1pyr1dy]dlsod1um in tetral ydro-
furan and the compound Zr(Cs 5)2(C10H N,) was 50 obtamed o S
' Zr(C5H5)2C1 + NayCgHgN, ~ 2NaCl+Zr(C5H5)2(Cm N —‘(52) i

" The purple compound was reported to be substantially dlamagnetxc the magnetic moment
being #.¢e = 0.44—0.34 in the temperature range 356--99 K. “Zirconocene™, as obtamed88

~ by sodium naphthalene reduction of Zr(C HS)ZCIZ’ was treated with 2,2"-dipyridyl in a
‘'sealed tube and, after extraction with benzene, the compound Zr(C HS)2(C10 N,)-C.H
. was ‘isolated: - :

oY 150° _

'Z[ZrCmHm]n * CstNz mzr(csﬂs)z(cm Ny G3)
Two different- dtcyclopentadxenyldlcthrozxrcOnlum(III) compounds were isolated by the
reactlon of Zr(C S)2 with ““zirconocene™

Zr(CSHS)Z cl, + [ZrClOHm] > 2 Zi(C5Hy), I (59)

A green product was probably a polymeric substance [Zr(C5 H5)2 Ci],,; a benzene-soluble
_ red solid was also isolated which was found to be dimeric in tenzene solution. The latter
compound in the solid state analyzed correctly for [ZT(C5H5)2C1]2'C5H

Detailed structural investigations of these compounds and of “zirconncene” would be
highly desirable in view of the dispute still existing for the corresponding titanium com-
plex.

L. Miscellaneous reactions including polymerizations in the presence of titanium and zir-
conium complexes

~ An improved preparation of Mg(CsH;), has been reported 89 which consists of treat-

ing magnesium turnings with cyclopentadiene in the presence of catalytic amounts of

’ Ti(CSHS)CI.?: V '

THF

6 Ti(C5 Hy)Cl, VB(Cstls)y + CsHg : (55)

Mg + 3C5H
“No hydrogen was evolved and cyclopentene was quantitatively formed, whlch established
the stoichiometry cf reaction (55).

The reactions of alkyl halides with titanium films have been studied®?. This work was
undertaken in order to understand the fact that ball milling promotes the polymerization
of ethylene by titanium metal. The polymerization is unproved by adding alkyl halide.

‘At 0% a clean titanium film reacts with R—X (R=i- C3H,, C »Hg: X Ql, Br, I) giving rise .
_ to the formation of hydrocarbons (alkenes and alkanes).

| - Styrene was reported®! to be polymenzed photochemically in toluene in the’ pnesence

: ?onI(CH C )4__ ' : : : .
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I<0prene was reported92 to undergo ollgr‘menzatlon in the presence of a catalytxc sys- .
tem consisting of Zr(C, 5) 4 and several alkylaluminium compounds. , , :
chyclopentad.lenyl(l methylallyl)tltamum(dl) after hydrogenation, is a convenient
catalyst 93 for the hydrogenation of olefins and diolefins, for the polymenzatlon of acety-

lene to trans-polyacetylene and for the isomerization of olefins and cyclic polyolefins.
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