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Summary

The synthesis and the properties of the complexes Cp,TaCl,, Cp,M(allyl),
Cp.M(1-methylallyl) and Cp,M(2-methylallyl) with M = Nb, 'Ta are described.
The complex Cp,TaCl, has one unpaired electron per tantalum atom, while the
allyl complexes are diamagnetic. The IR and PMR spectra indicate that the allyl
group is r-bonded to the metal. The mass spectra of the complexes are discussed;
the thermal stability of the Cp,Nb- and Cp,Ta-(allyl) complexes was investigated
by differential thermal analysis. The properties of the niobium and tantalum
complexes are compared with those of the corresponding titanium complexes.

Inttroduction

Allylic complexes of dicyclopentadienyl-niobium(Iil) and -tantalum(III)
have received little attention so far. In 1970 the synthesis and characterization
of Cp,Nb(7-C3;H;) was reported [1], and it was found to resemble closely the
corresponding titanium complex [2]. The most striking difference between the
titanium and niobium complex is the decrease (by 29 cm™!) of the C=C stretch-
ing frequency of the m-allyl ligand in the niobium complex, indicating a stronger
bonding between the allyl ligand and the metal in the latter compound. This
was explained by assuming that in the case of Cp,Ti(7-C;H;) only one electron
is available for back-bonding, while in Cp,Nb(7-C;H;) there are two [3].

Tebbe et al. [4, 5] described the use of Cp,NbH; and Cp,TaH; in hydro-
genations. Their investigations show that the first compound is much more
reactive than the latter. Cp,Nb(w-C;H;) and the 1-methylallyl complex,
Cp.Nb(7-C,H,), were isolated from reaction mixtures of Cp,NbH; with allene
and butadiene, respectively. The complexes were characterized by their PMR,
spectra, but no further details were given [5]. -



To obtain a better understanding of the properties of these interesting
compounds we prepared the complexes Cp,M(m-allyl), Cp,M(w-1-methylallyl)
and Cp-M(7-2-methylallyl) of niobium and tantalum and studied their proper-
ties by DTA, IR, PMR, and mass spectrometry. The properties of the com-
pounds are compared with those of the analogous titanium complexes [2].
The complexes were prepared starting from dicyclopentadienylmetal dichlo-
rides. Since dicyclopentadienyitantalum dichloride has not been reported pre-
viously, the preparation of this compound is also described.

Results and discussion

1. Synthesis
Cp,TaCl, was prepared from TaCl; by two methods.
(1). By successive reaction of CpNa and HCl, by analogy with the prepar-

ation of Cp,NbCl, [11]:
TaCl; + 5CpNa —» Cp,Ta + 5NaCl + [Cp’]
CpaTa + 2HCl - Cp,TaCl, + 2CeH

(ii). By successive reactions with isopropylmagnesium bromide and CpNa
according to:

TaCls + i-PrMgBr - TaCly + MgBrCl + [i-Pr’}
TaCl, + 2CpNa -+ Cp,TaCl, + 2NaCl

The latter method was found more convenient and gave better yields: 52 %
versus 28 % for the first method. The compound was purified by vacuum subli-
mation.

CpeTaCl, is paramagnetic; the magnetic moment of 1.59 B.M. (temperature
range 97-300 K) corresponds to one unpaired electron per unit of Cp,TaCl,

(ttegs = 1.78 B.M. calculated for.spin only). The IR, mass spectra and chemical
reactions of this compound are analogous to those of Cp,NbCl; {1].

The (methyl)allyldicyclopentadienyl complexes Cp,MR (M = Nb or Ta;

R = allyl, 1-methylallyl or 2-methylallyl) were prepared by the route analogous
to that used for the corresponding titanium compounds [2], i.e. by reaction of
1 mole of dicyclopentadienylmetal dichloride with 2 moles of the methylallyl

QGrignard reagent in THF or ether:
Cp;MCl, + 2RMgBr - Cp,MR + MgBrCl + [R’]

After extraction with n-pentane the diamagnetic compounds were purified by
sublimation in vacuum. The corresponding paramagnetic titanium complexes
were purified by recrystallization. All the compounds are very sensitive towards

oxygen and water.

2. Thermal stability and reactivity

The decomposition temperatures of the allyl complexes of Ti, Nb and Ta
were determined by differential thermal analyses (DTA); heating rate 1,5°/min.
The data are listed in Table 1. The results reveal little difference in thermal
stability between the Cp,Nb- and Cp,Ta-(allyl) complexes. The complexes de-
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TABLE 1

DTA DATA OF THE Cp,MR COMPLEXES C)

M R =allyl R = 1-methylallyl R = 2-methylailyl
Ti 84 80 90
Nb 118 110 126
Ta 109 101 116

compose at a somewhat higher temperature (by ca. 25°) than the corresponding
Ti-compounds. In all cases, the decomposition temperature depends on the pos-
ition of the substituent. The stability decreases if the methyl group is attached
to the terminal carbon atom 1 of the allyl group and increases if a methyl group
is attached to the central carbon atom 2. Although the compounds are all rather
stable in the solid state, they differ markedly in their behaviour in solution. In the
absence of air the titanium complexes are rather stable in common organic sol-
vents, but the niobium and in particular the tantalum complexes tend to decom-
pose. Probably, this indicates a greater polarity in the 4d and 5d than in the 3d
allyl complexes.

3. IR and PMR spectra

The IR spectra of the complexes show a close resemblance. The frequencies
for m-bonded cyclopentadienyl! groups are found in the usual ranges. The C=C
stretching frequencies of the allyl ligands (Table 2) are found around 1500 cm™,
indicating that the allyl groups are w-bonded to the metal in all complexes. Mar-
tin [2] found this frequency at 1509 cm™! for Cp,Ti(m-allyl). For Cp,Nb(w-allyl)
Siegert [1] found the C=C stretching frequency at 1480 cm™'. This low frequen-
cy indicates a considerable weakening of the C—C—C 7 bond of the ligand. This
is ascribed to an effective back donation of electrons from the metal into the
empty antibonding ligand orbital [3], indicating a stronger bonding between the
allyl group and the metal atom. Generally, there is a stronger overlap of metal
and ally! orbitals in compounds of 5d transition metals than in the correspond-
ing allyl complexes of the 4d metals [6]. Therefore, the further decrease of the
C=C stretching frequency in the Ta complex Cp,Ta(m-allyl) to 1450 em™" is not
unexpected.

The C=C stretching frequencies of the methylallyl ligands show a strong

TABLE 2

IR DATA OF THE Cp; MR COMPLEXES [1(C=C) in cm™1]

M R = allyl R = 1-methylallyl R = 2-methylallyl
Ti® 1509 1533 1480
Nb 1480 1496 1460
Ta 1450 1461 1440

@ Data from ref. 2.
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dependence on the position of the methyl group. Substitution at carbon atom
1 causes a shift to higher frequencies whereas substitution at the central carbon
atom causes a shift in the opposite direction. Evidently the most stable bond
between the allyl ligand and the metal atom is found for the 2-methylallyl com-
pounds, in agreement with the DTA data (Table 1). Similar observations have
been made for Cp,Ti(m-allyl) complexes {2].

The PMR spectra of the niobium and tantalum complexes show two ab-
sorptions (with equal intensities) due to the two non-equivalent m-bonded cyclo-
pentadienyl rings, together with the pattern characteristic for the 7-bonded allyl
groups. The data are collected in Table 3.

4. Mass spectra

The fragmentation patterns of the complexes Cp,M{(w-allyl) (M = Ti, Nb,
Ta) do not depend strongly on the nature of the metal and on the position of
the methyl group. Therefore, only the spectra of the allyl complexes of Ti, Nb
and Ta together with the methylallyl complexes of Ta are given in detail (see
Tables 4-8). In all cases fragmentation starts with elimination af.the allyl group.

TABLE 4

MASS SPECTRUM OF Cp,Ti(C3Hs)%

m/je Rel. int. (%) Ion
219 i2 CjoH;oTiC3Hs
178 100 cml—lmgi*'
152 S5 CgHgTi
138 1 CHgTi
113 25 CSH5Ti:
08 1 CaH,Ti
87 7 CaHaTi"
73 5 CoHTi™
66 10 CsHeg"

@ Metastable peaks: 71.8, 145.0.

TABLE 5

MASS SPECTRUM OF CpyNb(C3Hz)?

mje Rel. int. (%) Ion mje Rel. int. (%) Ion

264 87 C10H1oNbC3Hs" 183 3 CHgNb"
262 30 C10H1oNbC3H3" 171 27 CgHgNb™
260 8 C10H10NbC3H 170 8 CeHsNb®
224 70 C1oH1oNbH 169 18 CeHaNb”
223 100 Ci1oH1oNY 158 8 CsHsNb”™
221 7 CIOHBNE 111.5 2 CIQHIQNZE
197 22 CgHgNb’, . 9715 2 CgHgNb_ "
195 12 CgHgNb' - 85.5 1 CeHgND

@ Metastable peaks: 146.5, 148.4, 174, 190, 217, 218.
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TABLE 6

MASS SPECTRUM OF Cp,Ta(C3Hs)?

mfe Rel. int. (%) Ion mfe - Rel. int. (%) Ion

352 61 Ci0H10TaC3Hs" 284 11 CgH7Ta,

350 55 Ci0H30TaC3H 283 16 CgHgTa

348 11 Ci0H10TaC3H 257 11 CeHaTa"
~324 3 CloHloTaCH 176 3 Cy13H;sTa

322 3 C11H9Ta . 175 15 Ci3Hj3Ta

313 13 cmeTaI-% - 174 24 C13H11Ta e

312 ioco ClonoTaH i62 7 C1 1H11Ta+

311 33 CIOHIOTg 161 10 C131HgTa 2+

310 15 CioHyTa, 160 6 Cy1H,Ta2 >

309 12 CioHgTa 148 9 C9H7Ta

296 6 C9H7Ta 147 5 CoHsTa

285 i3 CgHgTa

@ Metastable peaks: 136, 276.6. 300, 346, 348.

TABLE 7

MASS SPECTRUM OF szTa(l-methylallyl)a

mle Rel. int. (%) Ion mfe Rel. int. (%) Ion

366 22 (&4 10H10T304H7 257 4 05H4Ta

362 2 Ci10H;gTaCsH 183 1 CjioH 10TaC4H72+
336 2 C“)HloTaCzH 182 3 Ci0H;0TaC4Hs
313 10 CloH“)TaHz 181 ki Cj0H10TaC4H3
312 100 C10H10T3H 180.5 4 Cji0H10TaC4sH
311 13 CIOHIOTE 174 1 Ci10H10TaC3H .
310 9 CroHoTa, 168 3 C10H10TaC,H
309 5] C]oH8T8.+ 155.5 2 010H10T§+
308 3 Cl()H7Ta 154 3 ClgH7Tg

285 6 CgHgTa+ 141.5 2 CgHgTa

284 6 C8H7Ta

283 6 CgHGTa

2 Metastable peaks: 89.1, 134, 149, 266.

TABLE 8

MASS SPECTRUM OF szTa(z-methylallyl)a

mfe Rel. int. (%) Ion mfe Rel. int. (%) Ion

.

366 100 C10H|0T304H7 285 24 CsHBTa:

362 12 CloﬂloTangﬂg 283 23 ng(,Ta

336 10 CIOHIOTaCZH 257 14 y6H4Ta

32 69 C10H9TaCH 181 28 (‘loﬁloTaC4H3 .
324 13 CloﬁloTaCH 180.5 18 C10H10T304H3
312 100 CIQHIQTaH 168 15 CIOHIOTaC_EH
311 61 CjoHjoTa" 155.5 10 CroHoTa’
309 23 C1oHgTa' 154 11 C1oH,Ta2*
297 - 8 CgHgTa 148 8 CoHyTal”

296 11 CoH7Ta 141.5 11 CgHgTa

2 Metastable peaks: 134, 149, 266, 290.6, 297, 322.



251

In the Ti-complexes, this elimination occurs in one step; in the Nb and particu-
larly in the Ta complexes, however this reaction takes place stepwise. This is
again in agreement with a stronger metal—allyl bond in the 4d and 5d complexes.
As an example, the fragmentation pattern of Cp,TaC;H; is given in Scheme 1.
This stepwise elimination results in the formation of hydrides. In particular
for the T'a complexes hydride ions are of a great abundance. In the compounds
Cp,Ta(allyl) and Cp,Ta(1-methylallyl), the Cp,TalH'" ion is more abundant than
the parent ion. Obviously, The Cp,TaH" ion is a relatively stable one.
During the degradation of both the Cp,Ta(allyl) and the Cp,Nb(allyl)
compounds doubly charged ions appear. These ions are of greatest abundance
in the Ta complexes, which indicates that the higher oxidation state of Ta is
more stable than that of Nb.

SCHEME 1
(CsH;s),TaC3Hs + e
—3Le/ l —2e .
- —C;H; +
(C5H5)2TaC3H52+ e (C:H;),TaC;H, « > (CsHs),TaH
y - m=276.6

| —H, m'=348 | —H, | =
(CsHs),TaC3H;** (CsH;),TaCsHi™ (CsHs),Ta*

l —H, m'=346 | —H, —H \—0sz
(C,5H,,)Ta?* C,sH,,Ta" C,0HyTa" CgH;Ta*

| —c.H, m'=300 | —C.H, |—& | —m
C,,H,Ta%*" C,:Hs;Ta" C,0H:sTa"* CgH, Ta"

4 —C2H2
ni'= 136 | —C,H, J —C,H, ~J 1 —~H
C9H7Taztﬂ - CgH7Ta+ CBH6T3+
T —— — 1 _Csz

(n"= metastable peak) C¢H,Ta*
Conclusions

The results described show the close relationship between the allyldicyclo-
pentadienyl compounds of Ti, Nb and Ta. Especially noteworthy is, the similar
influence of the methyl group on the properties of the compounds. In 1957
Lanpher {7] found that introduction of a methyl group on the central carbon
atom (2) of allylsodium decreases the C=C stretching frequency by 15 cm™.
Introduction of a methy! group on the terminal carbon atoms (1) in the syn
position caused a shift of 25 cm™ to higher frequency, whereas a methyl group
in an anti position gave a smaller shift (10 cm™) to lower frequencies. In
Cp,Ti(1-methylallyl) the methyl substituent increases the C=C stretching fre-
quency by 24 cm™! (see Table 2). From this and steric arguments Martin {2]
concluded that the methyl group in Cp,Ti(1-methylallyl) occupies the syn
position. This was confirmed by a crystal-structure determination of the
Cp,Ti(1, 2-dimethylallyl) complex [8]. The Nb and Ta complexes show similar
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shifts of the C=C streiching frequencies as the Ti compounds (Table 2); so we
conclude that in the Nb and Ta compounds the methyl group on the terminal
carbon atom is again in the syn position.

Within these series of complexes gradual changes in properties occur depend-
ing primarily on the nature of the central atom in the order Ti, Nb, Ta. While
the metal—allyl bond is strengthened in the order Ti, Nb, Ta, and the Nb and Ta
compounds are more robust in the solid state, the stability of the Nb and partic-
ularly of the Ta compounds in solutions is lower than that of the Ti compounds.
This is probably caused by an increase of polarity of the metal ligand bonds.

The considerable increase in abundance of hydride ions in the mass spectra
in the order Ti < Nb < Ta parallels the fact that dicyclopentadienyl hydrides of
Nb and Ta have been isolated as stable compounds whereas hydrides of Cp,Ti
have not. Tebbe et al. [4, 5] have found the activity of Nb cyclopentadienyl
complexes in hydrogenation reactions to be larger than that of the correspond-
ing Ta complexes. We may speculate that the highest activity will be found for
dicyciopentadienyl compounds of titanium. The considerable activity of such
compounds in hydrogenation reactions has been reported [9] but to our know-
ledge no investigations are reported in which Ti, Nb and Ta compounds have
been tested under comparable conditions.

Experimental

All experiments were carried out under purified nitrogen. Solvents were
purified by conventional methods and freed from oxygen before use by repeated
degassing and saturating with nitrogen. Cp,NbCl, {1], Cp.Nb(C:Hs) [1] and the
Cp,Ti(allyl) complexes [2] were prepared by published procedures. Allyl-, crotyl-
and isopropyi-magnesium bromide were prepared in ether; 2-methylmagnesium
chloride was prepared in THF. Elementary analyses were carried out in the
microanalytical department of this University under. the supervision of Mr. W.M.
Hazenberg. IR spectra were measured by means of a Hitachi-EPI-G spectro-
photometer; the samples were embedded in KBr discs excluding oxygen as des-
cribed previously [2] or suspended in Nujol between KBr discs. Mass spectra
were run on an AEI MS 9 mass spectrometer; the samples were introduced di-
rectly into the ion source using a metal probe. PMR spectra were recorded on a
Varian A 60 high-resolution instrument. Thermograms were recorded using a
low-temperature DTA apparatus [10].

Dicyclopentadienyltantalum dichloride

To a stirred suspension of 33 mmol of TaCl; in 200 ml of ether, 55 ml of
a 0.60 M solution of i-PrMgBr in ether were added dropwise, After the colour
of the suspension had changed from white to green, 66 mmol CpNa were added.
The reaction mixture was refluxed for one hour. The solvent was removed at
reduced pressure and the residue was evaporated to dryness. The pure compound
was obtained by sublimation at 300°/0.1 mmHg; yield 17.3 mmol (52%) of
brown crystals of Cp,TaCl,. (Found: C, 31.31; H, 2.78; Ta, 47.70. C,;H,,Cl,Ta
caled.: C, 31.44; H, 2.64; Ta, 47.37 %.)
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(2-Methylallyl)dicyclopentadienyltantalum and other complexes

To a stirred and cooled (0°) suspension of Cp,TaCl, (3.18 g, 8.4 mmol)
in 200 m! of ether, 50 ml of a 0.37 M solution of 2-methylallylmagnesium
chloride in THF was slowly added. The green reaction mixture was stirred for
one hour. After this, the solvent was removed under reduced pressure. The residue
was extracted with 150 ml of pentane. After removing the pentane at reduced
pressure, the green residue was sublimed at 130°/0.1 mmHg; yield 0.6 g
(1.6 mmol, 19 %) of green crystals of Cp,Ta(C,H;). The other complexes
Cp:M(allyl) (M = Ta, Nb) were prepared in essentially the same way. Analytical
data and yields are given in Table 9.

TABLE 9

ANALYTICAL DATA OF THE Cp;M(allyl) COMPLEXES

Compound Yield Analysis found (calcd.) (%)
(%) C H M

(CsHs),Ta(allyl) 8 44.33 (44.33) 4.55 (4.29) 51.35 (51.38)
(CsHs)2Ta(2-methylallyl) 19 45.79 (45.91) 4.73 (4.68) 49.64 (49.41)
(CsHs),Ta(l-methylallyl) 13 45.40 (45.91) 4,81 (4.68) 50.07 (49.41)
(C5Hs5)2Nb(2-methylallyl) 35 60.40 (66.44) 6.30 (6.16) 33.51 (33.40)
(C5H35)2Nb(1-methylallyl) 22 60.16 (60.44) 6.43 (6.16) 33.15 (33.40)
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