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A survey is given of investigations carried out on
compounds (n—CsHs).MR,, where M=Ti, V, Zr, Nb
and R is an alkyl, aryl, or allyl group. Many results
not previously published are included.

Introduction

In this communication a survey is given of the in-
vestigations. carried out at our laboratory on com-
pounds Cp:MR,, where Cp = n—CsHs; M = Ti, V, Zr,
Nb and R is an alkyl, aryl, or allyl group. Prior to
our study some complexes Cp;Ti'YR; with R = me-
thyl'? or aryl® had been reported, while the corre-
sponding complexes Cp,V'R were prepared by one
of the present authors.**¢ In general, these compounds
were prepared according to:

2 LiR (or 2 NaR

szTlClz or 2 RMgX) szTlR3+2LlC1
LiR .
VO ———— A" L
CPz C (or RMgX) sz R+LiCl

The melting points or decomposition temperatures of
these compounds (including some recent results’™)
are given in Table I. Differential thermal analysis
showed in several cases that an exothermic process
takes place at the temperature previously regarded as
the « melting point »; this indicates irreversible de-
composition of the complex.! While the methyl com-
plexes are stable at room temperature, the ethyl com-
plexes could not be isolated,” nor were complexes

(*) Contribution to the Third International Inorganica Chimica Acta
Symposium, Venice, September 1970.
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of higher alkyls. The benzyl, phenyl, and p-tolyl
complexes are stable again, but Cp;Ti"V (0~CH;C¢Ha),
could not be prepared (nor could the a-naphthyl com-
plex),’ obviously due to steric hindrance. The sta-
bility of the complexes is considerably enhanced by
the introduction of clectronegative ligands, for instan-
ce in the complexes Cp;Ti'"Y(R)CI'™ or by replacing
phenyl ligands by perfluorophenyl groups.’®!'t"

Table I. Melting points (or decomposition temperatures)
of complexes Cp:Ti'"R, and Cp;V'"R
CPzTinz szVmR

R= °C Ref. °C Ref.
CH;— dec. 97 (1, 2) 100 (dec.) (3)
' CHsCH— dec. 100 (7) 109 (5)
CsHs— dec. 120 (8) 92 4)
p—CH;C:H,— dec. 130 (8) 90 6)
m—CH,;CH,— 137-139 (€))

p—(CH3).NCH— 137-139 (dec.) (9) 108-111 (6)
CeFs— 228-230 (10) 208 (11)
CsHs— 128 (12) 98 (11)
CH;C=C— 141 (13) 135 (dec.) (14)

Several attempts were undertaken to prepare com-
plexes of composition Cp:V'VR; (with R = Ce¢Hs,**®
CeFs,”® CsHs™) by reaction of vanadocene dichloride
with organometallic reagents under conditions where
the corresponding reaction with titanocene dichloride
yields Cp,Ti'YR,. However, in all cases reduction of
vanadium took place and the complexes Cp;V™R were
formed instead of the compounds desired:

2 LiR .
.
CrVCl 55 Ry CPVR+ R +2LiCl

Similarly, reaction of vanadocene with methyl, ethyl
or benzyl halides did not yield complexes Cp,V''-
(R)CI, but again complexes of trivalent vanadium;3

Cp.V+RCl— Cp;VCI+R-

2Cp,V+RCl — Cp,VCl14+Cp,VR

It was provisionally assumed that this difference in
behaviour of titanium and vanadium is due to steric
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reasons, the atomic radius of vanadium (1.22 A)
being smaller than that of titanium (1.32 A). Since
the cyclopentadienyl rings in Cp,MR, will not be
parallel, this implies that considerably less space near
the metal is available for ligands R if M=V than
if M=Ti (Fig. 1). In order to check this hypothesis
some series of experiments were undertaken:

(i) It was attempted to prepare a complex Cp,V'VR,
with a ligand R baving minimum steric requirements
near its coordinating atom; the ligand —C=CCsHs
was chosen for this purpose. Indeed, reaction of
(phenylethynyl)sodium with vanadocene dichloride yiel-
ded Cp,V¥¥(C,CsHs), of m.p. 74-75° (dec.),”* analogous
to the bis(phenylethylnyl) complexes of titanocene'
and zirconocene;"” magnetic measurements confirmed
the presence of tetravalent vanadium.™

Cp,TiR,

Figure 1. Schematic representation of complexes Cp.TiR;
and Cp,VR..

sz\lR2

(ii) Tt was attempted to prepare complexes Cp.V'VR;
with bidentate ligands R.. While experiments with
R;=1,2,3 4-tetraphenylbutadienylene failed,® reaction
of 2,2'dilithiooctafluorobiphenyl with vanadocene di-
chloride yielded the thermally stable, sublimable com-
plex (A)® which is analogous to the corresponding
titanium compound.”

F
F F
co. JO!
Py F (A)
® o0
F F
F

In this connection our experiments on the reversible
addition of acetylene derivatives at vanadocene may
also be mentioned? In view of the low CC stret-
ching frequencies (1750-1825 cm™') which are com-
parable with the C=C stretching frequencies in sub-
stituted cyclopropenes, the adducts may be formulated
as shown under (B). This description is consistent
with the observed reduction of the number of unpai-
red electrons from three in vanadocene to one in the
adducts.
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Ref. Ref.
R,=R,=COOQCH, (22, 23) R, =R;=p(t . buty)CH, (22)

R;=Ry=C¢H; (22) R, =p—CH,CH.; R;=CH: (22)
R,=R,=CFs (22) R,=CH;; R;=CH; (22)
R1=R2=CFJ (23) Rl:CHS; Rz‘—‘N(C:Hs)z (22)

(iii) Since the atomic radius of niobium (1.34 A)
is about the same as that of titanium, while its elec-
tron configuration is the same as that of vanadium, the
reactions of Cp:Nb'WCl, with organometallic reagents
seemed of interest. It was found that the behaviour
of niobium closely resembles that of titanium; the reac-
tion of Cp.NbWCl, with phenyllithium, for instance,
yields Cp,Nb™(CsHs), stable up to 150°C.*

The allyl complexes Cp.M™(C;Hs) are of particular
interest, as the allyl group can be either g-bonded or
n-bonded at the metal. The type of bonding can be
recognized from the infrared spectra, since the C=C
stretching band of o-allyl ligands is observed around
1600 cm™!, that of m-allyl ligands around 1500 cm™!,

"Fig. 2 shows the infrared spectra of Cp,Ti"(C;Hs),

Cp:V'™(C5Hs), and Cp,Zt"Y(CsHs),. It is seen that the
allyl ligand is m-bonded in the titanium complex,”
o-bonded in the vanadium complex,"! while the zir-
conium complex contains one o-bonded and one =-
bonded allyl group.” Again, niobium behaves in the
same way as titanium (and different from vanadium),
since the allyl ligand in Cp:Nb™{(C;Hs) is m-bonded,*
as is evident from the infrared spectrum and the NMR
spectrum shown in Fig. 3.
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Figure 2. Infrared spectra of Cp,Zt(C;H;).,, Cp.Ti(CsHs), and
Cp:V(C;H;) in KBr discs. The normal vibrations of the
n—CsH;s ligands are indicated. The spectra show that the
allyl ligand is o-bonded in Cp,V(C;Hs) (C=C stretch at 1588
cm™!), m-bonded in Cp,Ti(C:;Hs) (1509 cm™'), while one of the
aliyl groups in Cp,Zr(C;Hs), is o-bonded (1589 cm '}, the
other m-bonded (1533 c¢cm™) to the metal.”®
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number of
m.p. (°C) unpaired Ve-c (cm™) Ref.
electrons T o
Allyl complexes
Cp:Ti(C;Hy) 111-112 (dec.) 1 1509 (25)
Cp:Ti(CH;)(C;Hy) 0 1597 (26)
Cp:Zr(CiHs), dec. 87 0 1533 1589 (26)
CPzZl‘(C:Hs)Cl 0 1598 (26)
Cp:V(C;H5) 49 2 1588 (11)
Cp:.Nb(C:Hj) >200 0 1480 (24)
(2-methylallyl) complexes
Cp,Ti(C.Hy) dec. 114 1 1480 (25)
Cp:Zr(C.Hy), —15 0 1520 1603 (26)
Cp,Zr{C.H,)C1 0 1606 (26)
Cp:V(CH>) 65 2 1598 (1)
2-butenyl complexes . )
Cp:Ti(CH,) syn 97 (dec.) 1 1533 (25)
Cp:V(CHy) cis and trans dec. 1610, 1625 (11)
other allylic complexes Cp:TiR
R=1,1-dimethylallyl dec. 51 1 1558 (25, 27)
1,2-dimethylallyl 71 (dec.) 1499 (28)
1,3-dimethylallyl 91 (dec.) 1 1546 (25)
1,2,3-trimethylallyl 73-75 1499 (28)
c pentadienyl ligands. Two of the remaining three
° hybrid orbitals combine with the (filled) bonding and
non-bonding w-orbitals of the ®--C:Hs™ ligand (regard-
ed as anion). The empty antibonding w-orbital of the li-
gand combines with the third metal orbital (« back-
bonding ») which is occupied by two electrons in
the case of Cp:.Nb™(n—C;H;) (Fig. 4). Thus, a very
stable complex is achieved; the C—C—C =-bond of
the ligand is considerably weakened by the back-
e bonding, and its (asymmetric) C=C stretching fre-
(- CHINb —E-Hp quency is low. In the case of Cp,Ti"™(n—C;Hs) only
ued one electron is available for back-bonding, while in
“H, Cp2Z1"(6—~CiHs)(n—C;Hs) no back-bonding of the
w-allyl ligand is possible, since the metal orbital in
question binds the c-allyl group. In Cp.V™(C;Hs)
steric hindrance prevents m-bonding of the allyl group

I

1 L L 1 1
5.51 599 709 7.87  1(ppm) 3.29

Figure 3. NMR spectrum of Cp.Nb(C;H;) in CiDs at room
temperature; internal standard TMS (vt 10 ppm)* The
spectrum shows that the allyl ligand is m-bonded, and that
the two cyclopentadienyl ligands in the molecule are not
equivalent (cf. Fig. 5).

Some observatioris on allyl complexes of metallo-
cenes are collected in Table II. The trend of the
C=C stretching frequencies of the w-allyl ligands in
the niobium, titanium, and zirconium complexes can
be readily understood in terms of Ballhausen and
Dahl’s® treatment of the bonding in compounds
Cp:MR,. The nd, (n+1)s, and (n+1)p orbitals of
the transitior metal M are combined to nine hybrid
orbitals, six of which are used in binding the cyclo-

(27) R. B. Helmholdt, F. Jellinek, H. A. Martin, and A. Vos,
Rec. Trav. Chim. Pays Bas, 86, 1263 (1967).

(28) H. A. Martin and F. Jellinek, J. Organometal. Chem., 12, 149
(1968).

(29) G. J. Ballhausen and }. P. Dahl, Acta Chem. Scand., 13, 1333
(1961).

at the metal; the group is ¢-bonded causing the com-
pound to be much less stable than the niobium com-
plex.

Cp nCyH, Cp,Ti n.CH,

Figure 4. Schematic correlation diagrams representing the
bonding of allylic ligands regarded as radicals at various
metallocene groups.
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Table II includes data on complexes with methylal-
lyl ligands. - While in c-allylic ligands introduction
of a methyl group at either carbon 2 or 3 increases
the C=C stretching frequency, the (asymmetric)
C=C stretch of w-allylic ligands strongly depends on
the position of the substituent:¥ the frequency de-
creases if the methyl group is introduced at the cen-
tral carbon atom 2, but increases if it is at the outer
catbons 1 or 3 of the m-allyl group. Similar obser-
vations have been made for allylic anions,® where
the m-electrons are also delocalized. The electronic
absorption spectra of the m-allylic complexes of tita-
nocene are also strongly affected by the position of
substituents in the allyl group.®

The stability of o-allyl complexes of vanadocene
decreases if substituents are introduced in the allylic
ligands; attempted syntheses of Cp,V™R with R=2-
tert.butylallyl and R=3-methyl-2-butenyl did not
yield these complexes, but vanadocene was obtained
instead.!! The stability of the m-allyl complexes of
titanocene, on the other hand, is not greatly affected
by substitution as long as the substituents at carbons
1 and 3 can occupy the syn-position” with respect to
the hydrogen atom (or substituent) at the central
carbon atom 2, while substituents at the latter atom
must not be too bulky:” solutions of (2-phenylallyl)-
titanocene are unstable” The preference of substi-
tuents at carbons 1 and 3 for the syn-positions was
confirmed by a determination of the crystal structure
of (1,2-dimethylallyl)titanocene by X-ray diffraction

Figure 5. Molecular skeleton of (1,2-dimethylallyl)titanocene
as determined by X-ray diffraction;” hydrogen atoms are not
indicated.

(Fig. 5).7 It is seen that substituents in the anti-
position would come very close to one of the cyclo-
pentadienyl rings. Indeed, (1,1-dimethylallyl)titano-
cene where one of the methyl groups must be in the
anti-position, is an unstable complex.” This explains
why w-allylic complexes of titanocene could not be
obtained if the w-allylic system is part of a small or
medium-sized ring;® in (m-cyclododecadienyl)titano-
cene, which could be prepared in low yields, the ring
is large enough to allow ring closure to occur between
the syn-positions of carbons 1 and 3 of the allyl
group.®

These arguments also explain that one of the ligands

(30) E. J. Lanpher, J. Amer. Chem. Soc., 79, 5578 (1957).
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in tricyclopentadienyltitanium is ¢-bonded to the me-
tal, so that the complex is to be described as (m—
C:H;), Ti"(¢~CsHs),"” contraty to its original formu-
lation. The infrared spectrum of the complex!? is
almost identical with that of (m—CsHs),V"(c—CsHs),
the structure of which was established by wide-line
NMR*. Similar infrared spectra (Fig. 6) were also
observed for the mixed m,0-cyclopentadienyl com-
plexes  (m—CsH;s):Zt"V(e—CsHs),*¥  (m—CsHs):Nb'v-
(e~CsHs)* and (m—CsH;):Ti"V(e—CsHs).!2  The struc-
ture of the latter complex is supported by its NMR
spectrum at —40°C, which shows two signals of equal
integrated intensity (Fig. 7), at lower temperatures
the low-field signal (probably due to the ¢—CsHs pro-
tons) broadens, at +50°C the two signals collaps to
one line indicating rapid interchange of the o-bonded
and m-bonded ligands.*®* Quite recently, the structure
of (7m—CsHs).Ti(c—CsH;s), was also confirmed by X-ray
analysis.® Thermal decomposition of tetracyclopen-
tadienyltitanium(IV) gives tricyclopentadienyltita-
nium(III); similarly, vanadocene is obtained by ther-
mal 1glecomposition of tricyclopentadienylvanadium-
(111).
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Figure 6. Infrared spectra of some mixed w,o-cyclopenta-
dienyl metal complexes;” for comparison, the spectrum of
Cp.TiCl; which shows the absorptions of ®—C;H; groups
only, is also included.

In addition to tricyclopentadienyltitanium(I1l) a
few more complexes of composition Cp,Ti'"MR where
R is o-bonded to the metal, have recently been prepa-
red by carrying out reactions

v [Cp:TiCl T2 %

iR+ MgX
or LiRy CPTiR+MgXCl

(*) Some mistakes were made in the original report! on the NMR
spectra: (MT—C,H,),V"(—~C,H,) gives two broad signals at 94 and
123 ppm (intensity ratio 1:2), Cp,V!{g--C,H,) two broad signals at
120 and 314 ppm (intensity ratio 2:1), all signals lying at lower fields
than that of the solvent cyclohexane which served as an internal refe-
rence (0 ppm).
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Struchkov, Chem. Commun., 475 (1970).

(33) H. Feijth, F. W. Siegert, and H. ]. de Liefde Meijer, unpubli-
shed results.
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m.p. (°C) unpaired electrons Ref.
Cp, Ti(rn—allyl) 1 Table 11
Cp:Ti(e—C:Hy) 138-140 (dec.) 1 (12)
Cp:Ti(e—CsHs) dec. 20-25 1 (37)
szTi(O’-C(,Fs) dec. 130 1 (8)
Cp:Ti(e—CH,C,Hs) dec. 40 1 8)
Cp.Ti CH: 169 (R=CH,) 1 (38)
N
NR;
Cp.Ti(CH,) not isolated 1 (39)
szTiH]z dec. 70 0 (40)
(Cp:Ti);C(CeHs): ] >200 0 (14)

at low temperatures. These complexes (Table III)
are less stable than the corresponding complexes
Cp:Ti"™R: or Cp:VMR (c¢f. Table 1). Cp,Ti"(CH:-
CsHs)* and Cp.Ti"™(CsHs)" decompose when stored at
room temperature; more stable complexes are obtained
if the phenyl ligand of the latter complex is replaced
by perfluorophenyl,? or if it carries (at an ortho-posi-
tion) a group —CH>—NR; that can coordinate at the
metal® (Table 111). The complexes Cp,Ti''R men-
tioned are paramagnetic, in contrast to diamagnetic
[Cp:Ti"™H];* and the very stable complex of com-
position [Cp,Ti(C;CeHs)]:* whose structure is yet
unknown.

Figure 7. NMR spectra of (CsH;)Ti (in deuterotoluene) at
various temperatures; standard TMS (v 10 ppm).®

(36) J. L Calderon, F. A. Cotton, B. G. DeBoer, and J. Takats,
J. Amer. Chem. Soc., 92, 3801 (1970).

(37) J. H. Teuben and H. J. de Liefde Meijer, Rec. Trav. Chim.
Pays-Bas, in press.

(38) D. Ijtsma, J. H. Teuben, and H. J. de Liefde Meijer, unpu-
blished results.

(39) H. H. Brintzinger, J. Amer. Chem. Soc., 89, 6871 (1967).

Solutions of the paramagnetic complexes [Cp-
’.l-‘inl}‘lz]",m’39 [szTi”l(CH_z)z]-, and szTiIlI(CH3')39
in ether or THF are stable at room temperature, but
the corresponding ethyl and isopropyl complexes are
either unstable or even non-existent.® (An early re-
port on Cp,Ti'"(C;Hs)" is most probably incorrect®).

Recaction mixtures of titanocene monochloride (or
dichloride) with an excess of ethyl or isopropyl Gri-
gnard reagent in THF or ether react with diolefins
yielding m-allylic complexes of titanocene.® The
same reaction mixtures are able to react with mole-
cular nitrogen to produce ammonia after alcoholysis.
Although this nitrogen-fixation reaction has received
considerable attention,” no nitrogen-bearing complex
of titanocene has been isolated until recently. We
succeeded in isolating a blue crystalline complex of
composition [Cp:Ti(CsHs)N]. by reaction of solutions
of Cp.Ti(CsHs) with nitrogen (1 atm.) at low tempera-
tures; the reaction is reversible.’’ Similar reversible
addition of nitrogen was also observed for several
other complexes Cp;Ti"'R2® On solvolysis [Cp.:Ti-
(CeHs)N ], does not yield ammonia, but N; is libe-
rated again,” in contrast with the reaction mixtures
mentioned above.

In view of the stereochemical differences between
titanocene and vanadocene complexes it is comprehen-
sible that complexes Cp,V!"R do not react with ni-
trogen. In the same way it can be understood that
vanadocene complexes are far less active as co-catal-
ysts in Ziegler-Natta polymerizations than are titano-
cene complexes.®
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