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Oligodienyl compounds of d- and f-transition metals: 
synthesis and stability 
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The results of investigations performed in the Laboratory of Organometallic Catalysis of 
the A. V. Topchiev Institute of Petrochemical Synthesis of the RAS are reviewed. The 
oligodienyl compounds of a series of transition metals, Rn~ and Rn~ (R ~ = 
R'(diene)3_10 , where R" is an alkyl, allyl, alkenyl, or H; (diene)3_10 is an oligodienyl group 
with 3--10 monomeric diene units; M = Ti 3+, Cr 2+, Mn 2+, Co 2+, Ni 2+, Nd 3+, Pr 3+, Sm 3+, 
and Gd3+; X is a halogen or an electronegative group), have been synthesized for the first 
time and some of their properties have been studied. The stability of oligodienyl compounds 
is much higher than that of the corresponding n-alkenyl derivatives. The IR spectra of the 
compounds synthesized allowed us to conclude that their stability and some peculiarities of 
the reactions of these compounds can be explained by n-coordination of the isolated double 
bond of the oligodienyl chain to the transition metal. 

Key words: oligodienyl chain; transition metals; synthesis; stability; n-coordination; IR 
spectra. 

The major i ty  o f  alkyl- and ary lorganometa l l ic  
compounds  of  the first transition row and rare-earth 
metals of  the types RnM and RnMX m containing 
carbon--meta l  o-bonds  are metastable and decompose 
when s tored)  The rc-allyl compounds  are somewhat 
more stable, but many of  them exist only at low tem- 
peratures. 2 

However, polymerization of  conjugated dienes in the 
presence of  the thermally unstable ~-allyl and ~-alkyl 
(aryl) derivatives of  transition metals occurs with high 
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efficiency at 50--70 ~ which indicates the consider- 
able stability of  the corresponding active centers. 3 A 
study of  the polymerization of  dienes in the presence of  
a series o f  o rganometa l l i c  c o m p o u n d s  (7~-R3Ti , 
(PhCH2)3Ti, ~-R3Cr, (PhCH2)3Nd, etc.) has shown 
that the process involves all of  the C - - M  bonds. It has 
been concluded on this basis that polymeric analogs of  
the corresponding ~-alkenyl complexes, namely, those 
of  butadiene (1), isoprene (2, 3), and piperylene (4, 5), 
act as active centers for polymerization. 

The active centers of  diene polymerization in the 
presence of  RMXn-type compounds  are also polymeric 
analogs of  ~-alkenyl compounds  of  transition metals. 

One of  the factors determining the stability of  active 
centers during polymerization is the coordination of  a 
monomer  to the transition metal of  an active center. 4 In 
recent years, our laboratory has been studying the syn- 
thesis and properties of  oligodienyl compounds of  transi- 
tion metals of  the types Rn~ and Rn~ (where R ~ 
is an oligodienyl group containing 3--10 monomeric  
diene units). It has been shown that these compounds are 
also stable in the absence of  dienes and that re-coordina- 
tion of  the isolated double bond of  the oligodienyl chain 
to a transition metal atom additionally contributes to the 
stability of  these compounds,  s-13 

The Rn~ compounds 

Otigodienyl compounds  (butadienyl-, isoprenyl-, and 
pentad ienyl -based)  o f  the general  fo rmula  Rn~ 
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(M = Ti 3+, Cr 2+, Co 2+, Mn 2+, Ln 3+) were obtained by 
two methods. 

1. By reactions of  rt-RnM (where R is allyl, crotyl, 
or pentenyl) with dienes, e.g. 

(~-CaH5)3Ti  + n 04H6 ~' [C3H5(C4H6)a- lo ]aT i  �9 

The reactions were carried out in hydrocarbon sol- 
vents at temperatures from - 7 0  to 20--50 ~ at molar 
ratios d i e n e / M - - R  = 3 to 10 or higher.* This method is 
unsuitable for the synthesis of  oligodienyl compounds 
from n-RnM compounds,  which are catalysts of  linear or 
cyclic dimerization (trimerization) of  dienes; in particu- 
lar, this relates to n-R2Ni and ~-R3Co and to the 
reaction of  R3Ti with isoprene. 

2. The more general method involves reactions of  
metal halides with oligodienyllithium (R~ ** 

MHaln  + n RolLi !, RolnM + n LiHal  . 

To obtain R3~ tricyclopentadienyl derivatives of  
lanthanides were used instead of  MHal  3. 

Oligodienyl compounds of  titanium, R3~ (see 
Refs. 5 and 6). Tris-oligobutadienyltitanium was synthe- 
sized both by methods  1 and 2. The reaction of  
(rt-C3Hs)3Ti*** with butadiene was studied by ESR. The 
ESR spectrum of  the starting tris-~-allyltitanium at 
- 1 9 6  ~ consists  o f  four  lines (Fig. 1): gl = 
2.034_+0.001, g2 = 1.983_+0.001, g3 = 1.972+0.001, g4 = 
1.955_+0.001. In the temperature range from - 1 9 6  to 
- 5 0  ~ the concent ra t ion  of  paramagnet ic  species 
(PMS) in the solution**** corresponds to the overall 
concentrat ion of  titanium, which indicates that tris- 
n-allyltitanium is in the monomer ic  state. The intensity 
of  the ESR signal after the solution of  (n-C3Hs)3Ti is 
kept for a short time at 20 ~ is about 0 . 1 %  of the 
starting value, which indicates that quantitative decom- 
position of  the starting tris-rt-allyltitanium occurs. The 
ESR spectra of  the (~-C3H5)3Ti + C4H 6 (C4H6/Ti = 
2000 : 1, tool/ tool)  reaction mixture at 20 ~ change 
sharply: first, the components  with g-factors of  2.034 
and 1.955 disappear, then the signal transforms into a 
single line with g = 1.991-+0.001 and AH = 8.5+0.05 Oe 
(see Fig. 1, curves 2 and 3). The intensity of  this signal 
indicates that the concentrat ion of  PMS remains con-  
stant during the reaction of  (rt-C3Hs)3Ti with butadiene 
under the conditions of  this experiment. The changes in 

* Under the reaction conditions, the resulting Rn~ com- 
pounds contained no free diene. 
** R~ were obtained from BuSLi and the corresponding 
diene (molar ratio diene/BuSLi = 4 to 10) according to the 
reported procedure. 14 
*** (n-C3Hs)3Ti was obtained from C3HsMgBr and TiCI 4 (or 
13-TIC13) in diethyl ether at temperatures from -75 to -60 ~ 
The yield was 35 %. 
**** The intensity of the signal was determined by double 
graphical integration compared to the standard DPPH sample 
(see Fig. 1). 
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Fig. 1. ESR spectra of (n-C3H5)3Ti (1) and of the products of 
its reaction with butadiene (2--4): 2, after storage for 2 min at 
20 ~ 3, after storage for 24 h at 20 ~ 4, R3~ stored for 1 
to 500 h at 20 ~ 

the ESR spectrum imply that the first step of  the reac- 
tion between the components  involves coordination of  
butadiene with a (n-C3Hs)3Ti molecule. Subsequent 
insertion of  the monomer  into the T i - -C  bond results in 
the thermally stable tris-oligobutadienyltitanium (see 
Fig. 1, curve 4). Similar changes in the ESR spectrum 
are observed at the molar ratio C4H6/Ti = (10--100) : 1 
normally used for obtaining R3~ 

Tris-oligobutadienyltitanium is stable at room tem- 
perature; the concentrat ion of  PMS determined by ESR 
agrees with the overall concentration of  Ti in the solu- 
tion. The ESR spectrum of R3~ obtained from TiCI 4 
(TIC13) and R~ has the same parameters as the spec- 
trum of  the products of  the reaction of  rt-R3Ti with 
butadiene (see Fig. 1, curve 4). 

Tris-oligobutadienylt i tanium synthesized both by 
methods 1 and 2 quantitatively reacts with molecular 
iodine in hexane at - 7 8  ~ The consumption of  12 is 
3.0_+0.05 mol per one g-at. Ti. However, when R3~ 
reacts with iodine at higher temperatures ( > - 3 0  ~ 
5 tool 12 per one tool R3~ is consumed. Special ex- 
periments showed that Ti m is not oxidized by iodine 
into Ti Iv under these reaction conditions. Furthermore,  
the low-molecular polybutadiene obtained by metha-  
nolysis of  R3~ does not add 12. These data allow us to 
conclude that the increased consumption of  iodine in 
the reaction of  R3~ with 12 at temperatures above 
- 3 0  ~ results from addition of  the latter to the double 
bonds activated due to coordination with the Ti atom. 

Tris-ol igoisoprenyl t i tanium obtained by reacting 
13-TIC13 with oligoisoprenyllithium was also found to be 
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sufficiently stable at room temperature. This compound ~" 
could not be synthesized by a reaction of (n-C3Hs)3Ti ,;.-. 
with isoprene under conditions analogous to those used 
for tris-oligobutadienyltitanium because, as shown previ- ~4--" + ~9 
ously, 15 Ti IH derivatives catalyze the linear dimerization ~ E 
of isoprene. The insertion of isoprene into a C--M 
bond can occur both at the 1,4- and 4,1-positions 
(Scheme 1). 

Scheme 1 

M--R + CH2=C(Me)--CH=CH2 

M--CH,2--CH=C(Me)--CH2--R ] ~ 1 7 6  

~, M--CH 2--C(Me)=CH--CH2--R 

6b 

Oligoisoprenyllithium contains a more stable 6a-type 
compound as the major component (cf Ref. 16). This 
probably makes it possible to obtain tris-oligodienyltita- 
nium from R~ and [3-TIC13 (TIC14). The reaction 
directed to compound 6b (see Scheme 1) gives less 
stable compotmds that decompose to yield dimethyl- 
octatrienes. The products of the reaction between 
(n-C3Hs)3Ti and isoprene at -20  ~ contain 15 isoprene 
dimers, mostly 2,6-dimethyl- 1,3,6-octatriene. 

Oligodienyl compounds of chromuim, Rz~ (cf 
Ref. 7). Tris-=-allylchromium is an unstable compound 
decomposing at temperatures above 0 ~ The initial 
product of its decomposition is tetraallyldichromium, 17 
a derivative of bivalent chromium containing a Cr--Cr 
bond. Oligodienyl compounds of chromium that we 
obtained from (Tr-C3Hs)3Cr and dienes (butadiene, iso- 
prene, piperylene) were found to be stable at room 
temperature in the absence of moisture and oxygen. Pua 
analysis of Cr 2+ and total Cr content showed that all of 
the oligodienyl compounds obtained are derivatives of 
Cr 2+. The Cr 3+ ~ Cr 2+ transformation found to occur 
during the synthesis of oligodienyl compounds of chro- 
mium also proceeds during the polymerization of dienes 
under the action of tris-rt-allylchromium and is ac- 
companied by a decrease in the reaction rate. Figure 2 
demonstrates the accumulation of Cr 2+ during the po- 
lymerization of butadiene, isoprene, and piperylene. 
One can see that the maximum rate of the process is 
observed in the case of piperylene, while the minimum 
rate is found in the case of butadiene. It should be noted 
that the rate of polymerization in the presence of bis- 
oligodienylchromuim is much higher than that in the 
presence of tetraallyldichromium. Obviously, this results 
from the fact that bis-ol igodienylchromuim is a 
monomeric compound,  which does not contain a 
Cr--Cr bond, unlike tetraallyldichromium, which exists 
as the 0r-C3H5)2Cr--Cr(=-C3Hs)2 dimer. 
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Fig. 2. Kinetics of the formation of Cr 2+ compounds during 
the polymerization of piperylene (1), isoprene (2), and butadi- 
ene (3) in the presence of CrAII 3. 

Bis-oligodienylmanganese, R2~ (see Ref. 6). To 
date, rc-allyl (crotyl) derivatives of manganese have not 
been reported, probably due to their exceedingly low 
thermal stability. Tris-rc-pentenylmanganese is more sta- 
ble. 18 The reaction of MnC12 with oligobutadienyllithium 
results in an organic compound of two-valent manga- 
nese in a virtually quantitative yield; according to 
iodometry and complexometry data, the solution con- 
tains only Mn 2+, while Mn 3+ compounds are not present. 

MnCl 2 + 2  Ro[Li ~ R2olMn + 2RLi 

Bis-oligodienylmanganese is highly stable: the con- 
tent of Mn in solution at room temperature does not 
change for at least 20 days. 

Bis-oligodienylcobalt, R2~ (see Ref. 6). It is known 
that the reactions of CoC12 with alkenylmagnesium chlo-" 
rides in ether result in compounds of trivalent cobalt of 
the general formula rc-R3Co (R is allyl, crotyl, or pen- 
tenyl). 2A8 The reaction of CoC12 with oligodienyllithium 
in a hydrocarbon solvent at - 30  ~ results in bis- 
oligodienylcobalt; this is indicated by the data of 
complexometric and iodometric titration. 6 Unlike the 
~t-R3Co compounds, which are stable only at low tem- 
peratures, bis-oligodienylcobalt is stable in hydrocarbon 
media for a long time at room temperature. 

Previously, 19 the synthesis and structure of a monova- 
lent cobalt complex, CaH13CoC4H 6 (where C8H13 is 
3-methylheptatrienyl), have been reported. This com- 
plex was obtained by the reaction of CoC12 with NaBH 4 
in ethanol at -35  ~ in the presence of butadiene. The 
3-methylheptatrienyl ligand of the complex is ~t-coordi- 
hated to the Co atom through the terminal allyl and 
vinyl groups, while the butadiene molecule in the cis 
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conformation is also coordinated to the metal. The same 
compound has been obtained by the reaction of Co(acac)3 
with A1Et 3 in the presence of butadiene, z~ 

7t-Allyloligndienyluickel, C3HsNiR ~ (see Ref. 6). Bis- 
rt-allyl(crotyl)nickel is a catalyst of cyclic trimerization 
of butadiene and isoprene. Hence, bis-oligodienylnickel 
cannot be synthesized by method 1. Attempts to obtain 
R2~ from NiCI 2 and oligobutadienyllithium also failed. 
Oligobutadienyllithium is consumed almost completely 
during the reaction, but the resulting organonickel com- 
pound decomposes to give metallic Ni. In all of the 
cases, the organonickel compound, formed under these 
conditions in a minor yield, is contaminated with oli- 
gobutadienyllithium. Allyloligobutadienylnickel, synthe- 
sized by the reaction of C3HsNiI with R~ in toluene 
or hexane at - 7 8  ~ in a nearly quantitative yield, was 
found to be stable. Its acidolysis affords one mol pro- 
pylene per one mol C3HsNiR ~ The compound syn- 
thesized is stable for a long time at room temperature 
and can be recondensed in vacuo without decomposi- 
tion. 

Tris-oligobutadienyllanthanides, Ra~ (see Ref. 8). 
Compounds of the general formula R3~ were ob- 
tained from Cp3Ln (Ln = Nd, Pr, Sm, or Gd) and 
oligobutadienyllithium. 

Cp3Ln + 3 RolLi D, RaolLn + 3 CpLi 

This exchange reaction is effective due to the forma- 
tion of lithium cyclopentadienide, which is insoluble in 
hydrocarbons, and in which the C--Li  bond is more 
polar than that in CP3Ln. The yield of tris-oligodienyllan- 
thanides under the conditions of this synthesis is 
90--100 % of the theoretical value, but the C - - M / L n  
ratios in the compounds obtained (R3~ are some- 
what higher than the calculated ones and are up to 3.3. 
The increased C - - M / L n  ratio with a nearly quantitative 
yield of R3~ suggests that CpLi is partially transferred 
into solution, probably due to the formation of the 
Li[LnR3~ complex. The tris-oligodienyllanthanides 
synthesized are stable at room temperature in hydrocar- 
bon solvents in the absence of oxygen and moisture. It 
has been shown for R3~ and R3~ for example, 
that, like tribenzylneodymium, 21 they catalyze the trans- 
polymerization of dienes" the resulting polymers con- 
tain 94--96 % trans-units. These data suggest that lithium 
cyclopentadienide, which accompanies the oligobuta- 
dienyl derivatives of lanthanides, does not participate in 
the initiation of polymerization. 

Study of the vibrational spectra of Rn~ (see 
Refs. 5--7). We have studied the IR spectra* of oli- 
godienyl derivatives of Ti, Cr, Co, Mn, and Ni in the 

* IR spectra were recorded on UR-20 and Perkin Elmer-457 
spectrophotometers. The samples were prepared in a dry inert 
atmosphere and had the form of thin films fastened between 
KBr or CsI plates in sealed cuvettes. 

200--4000 cm -l  region. I11 the spectra of oligobutadienyl 
compounds of Ti, Co, Mn, and Cr (Fig. 3), the most 
intense bands at 740, 910, 970, 1000, 1460, and 
1640 cm - l  correspond to bending and stretching vibra- 
tions of the polybutadiene chain. The isoprene chain in 
the corresponding oligoisoprenyl compounds is character- 
ized by bands at 840--850, 888, 910, 1000, 1380, 1460, 
and 1645 cm -1. The high intensities of  the 
~•  band at 888 cm -1 and the 
6• band at 910 cm - I  suggest that the con- 
tent of 3,4- and 1,2-units is high, in accordance with the 
microstructures of polyisoprene and polybutadiene ob- 
tained ill the presence of these systems. The difference 
between the spectra of oligopentadienyl and oligobutadi- 
enyl derivatives is the presence of an intense band at 
1380 cm -1 in the former, which is typical of the methyl 
group. None of the above bands found in the spectra of 
the oligodienyl derivatives of transition metals change 
when the samples are oxidized by air oxygen. 

In addition to bands characterizing polymer frag- 
ments, the spectra of oligodienyl derivatives contain a 
complete set of bands corresponding to a 7t-alkenyl 
group at a metal 2z (530, 1030, 1250, 1500--1510, and 
3000--3100 cm -1) and weak bands in the region of 
350--460 cm -I  attributable to vibrations of the M--C 
bonds in ~t-alkenyl complexes of transition metals. These 
bands disappear after the samples are exposed to air for 
15--30 s. The above set of frequencies and the rapid 
disappearance of the bands after oxidation of the sam- 
ples suggest unambiguously that the oligodienyl com- 
plexes studied contain ~-alkenyl groups. 

In addition to the bands of n-alkenyl ligands linked 
to a metal ,  the medium- in tens i ty  bands at 
1590--1620 cm -I  and the strong bands at 670 cm -1 in 
the spectra of oligobutadienyl and oligopentadienyl de- 
rivatives aud the bands at 780 cm -I  in the spectra of 
oligoisoprenyl derivatives were also found to be sensitive 
to oxidation. The presence of these bands, which do not 
correspond to the set of freguencies of 7t-alkenyl ligands, 
may be due to two independent factors. They may be 
absorption bands of the valence and deformation vibra- 
tions, respectively, of the double bond of the oligodienyl 
chain coordinated to the metal. On the other hand, the 
presence of these bands may be explained by the pres- 
ence of ~-alkenyl groups asymmetrically linked to the 
metal. Previously, 17 it was concluded from X-ray dif- 
fraction data for [(n-C3Hs)2Cr]2 and [(Tr-C3H5)2Mo]2 
crystals that  one of the allyl groups contains 
~--~-bonded moieties. However, a theoretical analysis 
performed by us 7 for the normal vibrations of these 
molecules showed that the presence of one 7~-allyl group 
asymmetrically linked to a metal atom does not lead to 
the appearance of the above braids, but only causes 
splitting of the bands of the stretching and bending 
vibrations of the 7t-allyl groups. Furthermore, the spec- 
tra of oligodienyl derivatives of chromium do not con- 
tain bands in the 200--230 cm -1 region corresponding 
to the valence vibrations of the Cr - -Cr  bond. 
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Fig. 3. IR spectra of tris-oligobutadienyltitanium (a), bis-oligobutadienylchromium (b), bis-oligoisoprenylchromium (c), and bis- 
oligopentadienylchromium (d). 

Thus, it is reasonable to conclude that the bands at 
1590--1620 cm -1 and 670 cm -I refer to the stretching 
and bending vibrations of the CH=CH bonds of an 
oligodienyl chain coordinated to a metal. A theoretical 
calculation of the vibrational spectrum of a model frag- 
ment (Fig. 4, b; M = Ti), in which the double bond 
coordinated to the metal is at the second position from 
the M atom of the oligobutadienyl chain, showed that 
the antisymmetric vibrations of this double bond have a 
frequency of 1624 cm -l ,  which is in good agreement 
with the experimentally observed band at 1620 cm -1. 
The calculated frequency of the bending out plane vibra- 
tions of - - C H = C H  in this fragment (658 cm - l)  is 
comparable to the experimental band at 670 cm -~ that 
disappears during the oxidation of the sample. 

The IR spectra of oligodienyl derivatives of Mn and 
Co contain the whole set of frequencies typical of 

metal-linked n-alkenyl groupsand of the n-coordinated 
double bond of the oligodienyl chain. It should be noted 
that the intensity ratio of the bands of the n-alkenyl 
groups and the n-coordinated C H = C H  bonds in the 
spectra of oligobutadienyl derivatives of Cr is the same 
as that in the spectra of similar compounds of Mn and 
Co, and this allows us to consider them as isostructural. 
The assumed structure of these compounds is shown in 
Fig. 4, a. 

The intensities of bands caused by the absorption of 
the ~-alkenyl ligands in the spectra of oligobutadienyl- 
titanium are considerably lower than those in the spectra 
of oligobutadienyl derivatives of Cr, Co, and Mn; how- 
ever, the relative intensities of the bands typical of 
~-alkenyl ligands and double bonds of oligodienyl chains 
n-coordinated to the metal changes. This suggests the 
structure of the complex shown in Fig. 4, b. 
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Fig. 4. Assumed structures of R2~ R2~ P-.2~ (a) and 
R3~ (b) (R', R", and R'" are oligodienyl chains). 

The good agreement between the theoretical spectra 
that we obtained from an analysis of the normal vibra- 
tions of geometrical models (see Fig. 4) and the experi- 
mentally obtained IR spectra of oligodienyl derivatives 
of chromium and titanium suggests that the models 
chosen well describe the structures of these compounds. 

Thus, the presence of an olefinic 7t-bond coordinated 
to a metal makes the stability of oligodienyl compounds 
of transition metals higher than that of their 7t-altyl 
derivatives. This is supported by the stability of tris- 
7t-allyltitanium in the presence of a mixture of [3-butenes 
at room temperature. The latter follows from the fact 
that the concentration of PMS in the reaction mixture 
of (Tt-C3Hs)3Ti with 13-C4H 8 remains constant for at 
least 0.5 h at 20 ~ whereas in the absence of butene, 
tris-allyltitanium quantitatively decomposes at this tem- 
perature in 3--5 rain (Fig. 5). 

Oligodienyl compounds Rn~ 

The second group of oligodienyl derivatives includes 
compounds of the general formula Rn~ (M = Ni, 
Co, and Ln; X is a halogen or other electronegative 
group). These compounds were also obtained in two 
ways. 

1. By the reaction of metal halides with trialkylalumi- 
hum in the presence of small amounts of a diene, e.g. 

NiC12 + Bui3A1 + n C4H 6 --> Bui(C4H6)nNiCl + R2AIC1. 

2. By oxidative addition of RHal to zero-valent 
metals. 

Oligodienylniekel chlorides R~ (see Ref. 9) In 
essence, these compounds provide the first example of 
stable oligodienyl derivatives of transition metals. 9 They 
were obtained by the reaction of NiC12 with Bui3Al in 
the presence of a diene. As a rule, the reaction was 
conducted at 0 to 20 ~ and at a molar ratio of the 
components Ni/A1/diene = 1 : 2 : (10 to 30) in an 
aromatic hydrocarbon. Oligodienylnickel chloride was 

1 

2 

25 Oe 

/ /  

Fig. 5. ESR spectra of a mixture of (n-C3H5)3Ti + 13-C4H 8 
(1 : 500, tool/tool) in a solution in toluene at -196 ~ 
1, (n-C3Hs)3Ti; 2, (Tt-C3H5)3Ti + 13-C4H8, after storage for 
2 rain at 20 ~ 3, (n-C3Hs)3Ti + 13-C4H8, after storage for 
30 min at 20 ~ 

found to be sufficiently stable toward deoxygenated aque- 
ous solutions of HC1 and H2SO 4 but was decomposed by 
dilute HNO 3. Therefore, R~ free from organo- 
aluminum compounds and unreacted NiC12 were ob- 
tained by treating the reaction mixtures with deoxygena- 
ted aqueous HC1 or H2SO 4. The hydrocarbon solution 
was separated from the aqueous solution, dried by 
azeotropic distillation, and the content of C1, Ni, and 
A1 was analyzed. The analytical data suggested that the 
resulting solution did not contain aluminum ions, and 
the C1/Ni ratio equaled 1. The yield of R~ was 
90--95 % of the theoretical value. Increasing the start- 
ing AI/Ni ratio to 5 : 1 did not affect the yield of 
R~ This indicates that R~ does not undergo 
alkylation with excess triisobutylaluminum at 0 to 20 ~ 
under the reaction conditions. Conversely, triethyl- 
aluminum can alkylate R~ under these conditions, 
since some amount of cyclic dimers and trimers of 
butadiene, whose formation is catalyzed by Ni ~ appear 
in the NiC12 + A1Et 3 + C4H 6 system. According to a 
mass spectrometric analysis, the products of the 
hydrogenolysis of oligobutadienylnickel chloride contain 
hydrocarbons of two basic types, [(C4H6)n+2H] 
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(n = 3 to 8) and [(C4H6)n+4H] (n = 4 to 5), while 
those of oligopentadienylnickel chloride contain only 
one type of hydrocarbons, namely, [(C5H8)n+2H] (n = 
3 to 9). It can be assumed that hydrocarbons of the 
[(C4H6)n+2H] and [(CsHs)n+2H] types are formed due 
to hydrogenolysis of the complexes formed when the 
first diene molecule is inserted into the N i - -H  bond 
(Scheme 2, pathway b), while the [(C4H6)n+4H] hydro- 
carbons are formed by hydrogenolysis of the complex 
formed when butadiene is inserted into the Ni- -Bu bond 
(Scheme 2, pathway a). 

Scheme 2 

NiC12 + BuiaAl ~ BuiNiC1 + Bui2AICI 

n C4H61, n_Bui(C4H6)nNJCl 

BuiNiCl 4 a 
diene 

~' 04H8 + HNiC1 ~ H(diene)nNiCl b c 

Thus, oligodienylnickel chlorides formed during the 
interaction of NiC12 with Bui3A1 in the presence of 
dienes are mixtures of oligomers that differ in the number 
of monomeric units. In these processes the first mol- 
ecule of butadiene is inserted either into the Ni--Bu i 
bond or into the N i - - H  bond, whereas the first molecule 
of pentadiene is inserted only into the N i - -H  bond. 

Oligodienylnickel chlorides are sufficiently stable. 
When a solution of oligopentadienylnickel chloride in 
toluene is stored at 25 ~ the concentration of R~ 
remains constant for one month.  The stability of 
oligobutadienylnickel chloride is somewhat lower than 
that of pentadienyl derivatives as the concentration of the 
compounds decreases by 10 % aftert 10 days of storage at 
25 ~ The higher stability of oligopentadienylnickel 
chloride in comparison with oligobutadienylnickel chlo- 
ride is consistent with the higher stability of n-pentenyl- 
nickel chloride relative to n-crotylnickel chloride. The IR 
spectrum of R~ contains all of the bands character- 
izing a n-alkenyl ligand linked to the metal. 9 

Compounds of the general formula C12HIgNiX (X = 
CI, PF6, SbF6, BF4, etc.) obtained by reactions of 
C12H18Ni* with one equivalent of the corresponding 
acids in ether at - 5 0  to -78  ~ have been reported in 
the literature, z3,z4 The CI2H19NiX compounds (with 
X = PF 6 or SbF6) are stable at - 2 0  ~ but decompose 
when stored at room temperature for a long time. Their 
solutions in dichlorornethane are stable at +5 ~ for 
several hours. An analysis of the t3C N M R  spectra of 

<ze 
* The starting compound %~/ Ni 'L~_. 

bis-cyclooctadiennickel and butadiene. 23 

was obtained from 

the Ct2Ht9NiX complexes made it possible to conclude 
that the dodecatrienyl chain, C12H19 , is coordinated to 
nickel through the n-allyl group, C(1, 2, 3), and two 
double bonds, C(6, 7) and C(10, 11). It has been 
noted z4 that the chemical shifts of the C(1, 2, 3), 
C(6, 7), and C(10, 11) atoms depend on the coordinat- 
ing ability of the anion linked to Ni. 

Oligodienylcobalt chlorides, R~ (see Ref. 9). 
When CoC12 reacts with Bui3A1 in the presence of 
dienes under the conditions of the synthesis of R~ 
60--70 % of the starting amount of cobalt passes into 
solution and cobalt remains in the divalent state. How- 
ever, when the reaction mixture is treated with a 
deoxygenated aqueous solution of HCI, 20--40 % of the 
cobalt remains in the hydrocarbon solution, and 
the molar ratio Co/C1 becomes 1 : (0.1 to 0.3). The 
addition of dry gaseous HCI to this solution yields 
RotCoCI. 

Oligodienillanthanide halides, Rn~ (see 
Refs. 11--13). Compounds of the general formula 
Rn~ were synthesized by the oxidative addition 
of RX (PhCH2C1 , PhBr) to Ln ~ (Nd, Pr, Gd, etc.) in 
the presence of small amounts of a diene (isoprene or 
piperylene) in THF*, as a rule, at molar ratios RX/Ln = 
(1 to 1.5) : 1 and diene/Ln = 10 : 1 at 20--70 ~ 
Under these conditions, benzyl chloride and phenyl 
bromide are consumed completely to give oligodienyl- 
lanthanide halides, Rn~ Typical experimental 
results are presented in Table 1. 

In general, the synthesis of oligodienyllanthanide 
halides can be represented by Scheme 3. 

Scheme 3 

RX 
RX+ Ln ~ [RLnX] a ~ , RLnX2+ R" 

[RknX] + R" - - ~  R2knX 

RnLnXa-n + C5H8 ~ [R(CsHs)m]nLnX3- n 

In stage a, benzyl or phenyl free radicals with differ- 
ent activities appear. The main direction of the reaction 
involving the phenyl radical is probably interaction with 
an intermediate compound, [RLnBr], to give R2LnBr, 
which subsequently reacts with RLnBr 2 to yield the 
corresponding oligodienyllanthanide sesquibromide. As 
shown previously, 13 the main reaction of the weakly 
reactive benzyl radical in the absence of isoprene is 
recombination into dibenzyl, whose yield is 40--50 % 
with respect to the reacted benzyl chloride. In the 
presence of isoprene, the yield of dibenzyl decreases 
abruptly and is as low as 2--5 % of the theoretical value, 

* In the absence of THF, oxidative addition of RX to Ln does 
not occur. 11-13 
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Table 1. Composition of the products of the interaction of RHal with Ln ~ in THF in the presence of isoprene. Conditions: 
RHal/Ln = 1.5 (runs 1--5) and 1.0 (runs 6, 7), CsH8/Ln = 8 to 10 (tool/tool), 20 ~ (BzC1) and 70 ~ (PhBr) 

Run Ln ~ RHal a Found (mmol) in Molar ratio Yield of Rn~ 
a solution in THF C--Ln CI (% of the 
Ln Hal Ln Ln theoretical value) b 

1 Nd BzC1 (4.0) 
2 Nd BzC1 (2.0) 
3 Nd BzC1 (7.4) 
4 Pr BzC1 (8.4) 
5 Gd BzC1 (5.6) 
6 Nd PhBr (12.0) 
7 Nd PhBr (13.0) 

1.80 3.5 1.00 1.95 90 
10.20 19.5 0.90 1.90 100 
3.70 7.5 0.95 2.00 100 
4.60 7.7 1.05 1.70 100 
2.50 4.5 1.05 1.80 89 
7.40 11.7 1.21 1.58 98 
7.75 12.7 1.50 1.65 98 

a The amount of RHal (in mmoles) is indicated 
(calculated from the Ln content in a solution 
[R(diene) m] nLnHal3-n- 

in parentheses, b The amount of organolanthanide compounds 
in THF) according to the equation RHal + Ln + diene = 

which probably suggests that benzyl radicals predomi- 
nantly react with isoprene. 

The IR spectra of oligoisoprenyl complexes obtained 
from benzyl chloride and phenyl bromide contain bands 
at 500--650, 970, 1010--1040, 1245--1340, and 
1510 cm -1 that characterize a 7t-alkenyl ligand linked to 
the metal. These bands disappear when the samples are 
oxidized in air. A calculation of the vibrational spectra 
of 7t-CgH7MC1 (M = Ni, Pd) 25 showed that the bands 
at 530 and 1270 cm -1 are characteristic of syn-crotyl 
complexes, whereas the corresponding bands in 
anti-crotyl complexes appear at 613 and 1340 cm -1. 
The IR spectra of the oligodienyl complexes synthesized 
by us from benzyl chloride contain bands at 525 and 
1245 cm -1, while similar complexes based on phenyl 
bromide have bands at 620 and 1300 cm -1. These dif- 
ferences may arise from the fact that the former com- 
plexes have a syn-configuration of the n-alkenyl ligand 
at the metal, while the ligand in the latter complex has 
an anti-configuration. 

The IR spectra of the complexes obtained from 
phenyl bromide, whose oligodienyl chains contain 10 
isoprene units, display weak bands at 750--770 and 
1615 cm -1, which characterize the rt-coordination of 
the isolated double bond of the oligodienyl chain to the 
metal. The spectra of the product of the reaction be- 
tween benzyl chloride and Nd in the presence of isoprene, 
which incorporates 1 to 3 isoprene units, do not contain 
bands characterizing n-coordination of the double bond. 
Instead, splitting of all bands of the monosubstituted 
phenyl ring is pronounced  (690--710, 730--750, 
1495--1500, and 1595--1600 cm-1). This splitting disap- 
pears when the sample is oxidized by air oxygen. It may 
be concluded that stabilization of oligodienyllanthanide 
halides can occur not only through coordination of a 
double bond of the oligodienyl chain to a metal, but also 
through coordination of the metal with the phenyl ring 
linked to a short oligodienyl ligand. The combined IR 
spectroscopic data allow us to represent the structures of 
the oligodienyl complexes obtained as A and B. 

Me 
\ 

CH2--CH2 C--OH2 
Me~ / ~.H HC// ~CH2 

I I 
HC\ / \  " ' "C~ " " H2C~ Nd, j C--Me 

A B 

The oligodienyllanthanide halides synthesized always 
contain THF molecules coordinated to a metal atom, 
which follows from the results obtained by chroma- 
tographic analysis of the products of the acidolysis of 
these complexes and by IR spectroscopy. The spectra of 
the complexes contain rather intense bands at 890 and 
1040 cm -1 that correspond to the stretching vibrations 
of the C--O bonds in THF. The long-wave shift of these 
bands in comparison with those of free THF (920 and 
1085 cm -1) in the spectra of the R,~ complexes 
suggests that the THF molecules are coordinated to the 
metal atoms. These bands disappear after storage of the 
samples in air. 

The Rn~ �9 mTHF complexes are virtually in- 
soluble in hydrocarbons. In order to obtain efficient 
catalysts of cis-polymerization from these complexes, a 
small amount of AIR 3 and a diene was added to a 
suspension of Rn~ ' mTHF (molar ratio A1/Ln = 
3 : 1, diene/Ln = (5 to 10) : 1) in toluene maximally 
purified from THF in vacuo. After prolonged stirring, 
the resulting complex completely dissolves in toluene, 
has high stability in storage, and displays activity in the 
polymerization of dienes. 

Thus, investigations showed that the oligodienyl com- 
pounds Rn~ and Rn~ of a series of transition 
metals (Ti, Cr, Ni, Co, Mn, and Ln) are very stable, and 
are significantly more stable than the corresponding 
n-alkenyl derivatives. This stability results from addi- 
tional n-coordination of isolated double bonds of the 
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ol igodienyl  chain to the  metal .  It can be assumed that  
s tabi l izat ion of  this k ind should also take place in 
ol igodienyl  compounds  of  o ther  t ransi t ion metals.  
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