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Carbonium ions may react with alkyl derivatives of several transition metals (Fe, Mo,
and Mn) [1l] and with organometallic compounds of many nontransition metals [2-4]. Such
reactions apparently also proceed in the recently discovered bifunctional organometallic
complex catalysts for controlled olefin polymerization which contain both active anion-co-
ordination and cationic sites [5, 6].

Cationic active sites in organometallic complex catalysts are formed as a result of the
introduction of microscopic amounts of water into the system during the generation of the
catalysts, reactions of the catalysts with monomer, and upon modification of the complex
catalysts with water, SnCl,, SOCl, or alkyl halides [6]. Modification permits the controlled
inversion of anion-coordination catalysts to cationic catalysts, obtain bifunctional cata-
lysts, and carry out combined processes. A study of the controlled polymerization of ethyl-
ene on bifunctional catalysts and the properties of the products obtained indicated high
specificity of the catalyst action and kinetic behavior [5-7]. This indicates the possibil-
ity of an interaction of the highly reactive cationic active sites with the anion-coordina-
tion active sites. The study of the mechanism of this reaction in real systems on the back-
ground of other reactions of the catalyst is extremely difficult due to the low concentration
of these species.

In order to overcome these difficulties, we studied the reaction of alkyl derivatives

of titanium and aluminum with triphenylmethyl cation in the Cp,TiEtCl (I)-—Ph3C+TiCl,' (11)
PhsCCl (III)—EtAlCl, (IV), and (III)—~Et,AlCl (V) systems. We assumed that the triphenyl-
methyl cation in the latter two systems arises a result of the formation of Ph,C (EtAlCls)~
(V1) and PhaCH(Et,A1C1;)~ ionic complexes. The pairs of compounds were selected to be mo-
dels for bifunctional catalysts and contain components of the most studied anion-coordinatiomn
systems (I)=—(IV) and (I)=— (V). The possibility of interaction of carbocations with anion-
coordination active sites in combined catalysis has not yet been examined.

RESULTS AND DISCUSSION

The basis of the active sites of organometallic complex catalysis for olefin polymeri-
zation are alkyl derivatives of transition metals. Hence, in the first series of experiments,
we studied the reaction of (I) with (II). The data in Table 1 as well as the ESR spectra
show that this reaction proceeds at 293°K as follows:

Cp:TiEtCl + PhsC*TiCls~ — CpsTiCls + TiCly 4+ PhyCH + CeHs 4 PhsCEt 4 PhsC’ 4- C.H, (1)
ey a”n
In control experiments, we established that (I) does not react with (III) under the

conditions studied. In this case, (I), in which the titanium ion, which is a very weak elec-
tron acceptor, does not form the PhsCt(Cp,TiEtCl,)~ ion pair with (III). This is confirmed
by the finding that the conductivity of the solution of (III) in toluene remains virtually
unchanged after the addition of equimolar amounts of (I). These observations show that the
heterolysis of the C—Cl bond in the complexation of (III) with TiCl, facilitates reaction

(1.
Salt (II) has limited solubility in hydrocarbon solvents and thus, the direction of

the reaction and the composition of the products formed may depend on topochemical factors,
In order to determine the nature of this dependence, in some experiments (II) was obtained

Institute of Chemical Physics, Academy of Sciences of the USSR, Chernogolovka Branch.
Translated from Izvestiya Akademii Nauk SSSR, Seriya Khimicheskaya, No. 3, pp. 643-650,
March, 1984, Original article submitted March 4, 1982.

0568-5230/84/3303-0595808,50 © 1984 Plenum Publishing Corporation 595



TABLE 1. Yields and Composition of the Products of the Re-
action of (I) with (III) in Toluene at 293°K (5 ml toluene,
[I]lo = 0.026-0.039 mole/liter, 1 h)

Gas com -
- ] : PhCX * | Cp,TiClL

h9) P?I'i?mcws— = Gas ylelds tlon, voﬁqjﬂ v
mmoles mmoles = | mmoles [”1]; getlga) CH, | C.H, mmoles
0,13 0,25 0,5 0,073 56,3 82,6 17,4 0,06 0,065
0,11 0,11 1,0 0,072 65,3 64,0 36,0 0,04 0,050
0,12 0,12 1.0 0.075 63,0 62,6 37.4 0,05 0,060
0,13 0,06 2,0 0,063 48,2 65,0 35,0 0,05 0,055
0,15t 0,44 1,0 0,127 84,7 75,0 25,0 - 0,060
0,14 + 0,14 1,0 0,124 88,6 74,6 25,4 - 0,060
045% 0,45 1,0 0,220 49,0 86,0 14,0 0,32 -

*997 Ph3CH and 17 PhsCCsz-

+(II) was obtained from TiCl, and (III) (1:1) directly dur-
ing the reaction with (I).

#15 ml toluene.

TABLE 2. Effect of the Nature of the Components of the Com-
plex Catalysts and the Reaction Conditions on the Composi-
tion of the Gaseous Products (GP) ([MXn], [0AC] = 0.05-0.1

mole/liter)

GP vield GP composition, %

MX mofies

n OAC Solvent . T, K per moldCxHont2* C"H;"

MXn i

TiCl, v Tetralin 293-353 [0,32-0,68 [ 100 -

Toluene .

TiCl, ) Tetralin 293-353 | 0,4-0,9 100 -

(I EtsAl Toluene 293 | 0,8—1,4 100 -

a V) o 293 | 08-09 | 64-76 |[24-36
(n-C4Hq0) . Ti Et;Al Xylene, heptanej 313 2,7 00 -
(n-C.H;0).Ti EtsAl Dibutyl ether | 298~333 | 1,446 | 75~93 | 7-25

BE
(n-CiH,0),Ti (+-C H,) ;Al ((BBE; 298-343 | 0,2-3,6 { 60-87 | 13-40
(n-C{H40) . Ti Me;Al » 313-353 | 0,3-4,0 100 -
Zr(OCsHy) Ety sAICL 5 Tetralin 353 0,9-3,5 100 -

*CyHapt, = CH, + CzHe (from MesAl) and C,He¢ + CuHe¢ (from
Et;Al).
+CnH3n = Cth + ZCaHs.

in the presence of (I). For these experiments, a toluene solution of TiCl, was added to a
solution of (I) and (III) in toluene. A rapid, homophasic reaction of (III) with TiCl, oc-
curs upon mixing of these solutions leading to the formation of orange salt (II) dissolved
in toluene, which immediately reacts with (I). The same products are formed in this case
as in the reaction of (I) with previously prepared salt (II). This method for carrying out
the reaction markedly increases the yield of the gaseous products (to 88.6 mole % relative
to (I)) which consist of ethylene and ethane (see Table 1), The ethylene fraction in the
gaseous products in all cases is greater than 60 mole 7%.

It is striking that the composition of the gaseous products of reaction (1) signifi-
cantly differs from that of the reactions between the components of the organometallic com-
plex catalysts (Table 2). These products consist predominantly of alkanes even when they
are completely inactive as catalysts for olefin polymerization [for example, (I) + AlEts or
(n-C,H0) ,Ti + AlEt,).

This discrepancy apparently indicates that this reaction involves specific steps. A
correct explanation of the results obtained also requires consideration of the finding that
solutions of (I) in hydrocarbons under the conditions studied are.stable while the sponta-
neous decomposition of (I) in this medium at a noticeable rate proceeds only above 363°K by a
first-order reaction. The rate constant for the decomposition of (I) in tetralin is 3.4°
10° exp (—22,700/RT) sec™® [8]. The ethylene fraction in the gaseous products for the ther-
mal decomposition of (I) does not exceed 50 mole% [9].
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Fig. 1. ESR spectrum for the products of the
reactions of (I) with (IT) (a) and of (III)
with (IV) or (V) (b).

These results may be explained assuming that the reaction of (II) with (I) proceeds as
a consequence of the attack of a PhsCt cation on a Ti—C o-bond. The Ti—C o-bond in (I) is
polarized: {:Ti+5—-"°CH2—CH3. Thus, it is natural that the polarized Ti—C o-bond speci-
fically is the reaction site in reaction (1) with cation PhsCt. One-electron transfer from
the Ti—C bond to the carbocation may occur during the attack of Ph:.,C+ on the Ti—C o-bond of
(I). This apparently results in the short-lived zwitterionic biradical pair (C,H,),Ti+Cl-
(* CH2—CHs)[*C(CsHs)3]TiCls~. Subsequent transformations of this pair lead to the formation
of all the observed products. This intermediate species is extremely reactive and undergoes
monomolecular decomposition as a result of disproportionation and recombination of the tri-
phenylmethyl and ethyl radicals in the titanium coordination sphere. Table 1 indicates that
the yields of PhsCH and ethylene are similar. Hence, the reaction of the triphenylmethyl
and ethyl radicals in the titanium coordination sphere proceed largely toward disproportiona-
tion. The recombination product of the ethyl and triphenylmethyl radicals (1,1,l-triphenyl-
propane) is detected in the liquid phase by gas-liquid chromatography in amounts = 1 mole %
(see Table 1). 1In this regard, we should note that specifically this direction for the trans-
formations is characteristic for the reactions of ethyl and triphenylmethyl free radicals
with the ethyl group attached to titanium in the case of (I) [9] and in systems containing
titanium derivatives (TiCl,, Cpa.TiCl,, Ph3C*, and organoaluminum compounds (OAC) [10].

On the basis of this mechanism, we should expect in addition to the formation of PhsCH,
ethylene and the products of the recombination of CHs® and PhsC*, the escape of some fraction
of the triphenylmethyl and ethyl radicals from the titanium coordination sphere as observed
in the reaction of PhsCt with triphenylphosphine hydride complexes of iridium [11]. However,
we did not detect the triphenylmethyl radical by ESR spectroscopy in this reaction in toluene
at room temperature. The addition of pyridine to the reaction products (CsHsN/Ti = 100) leads
to the formation of PhsC*® as indicated by the appearance of paramagnetic species (PMS) in the
solution. The ESR spectrum of these species has ahyperfine structurecharacteristic for Ph,C"*
in the presence of titanium compounds [10] (Fig. 1). The yield of Ph3C* could not be deter-
mined with high precision but a crude evaluation using a standard DPPH sample indicates that
its concentration is not greater than 1 mole 7 relative to starting (I). It is very likely
that PhsC® appears in solution as a consequence of the destruction of Cp,TiCPh,;Cl which is
formed along with the other products (see Table 1) during homolytic displacemenf by the reac-~
tion

Ph,C- + (I) — Cp,TiCPh,Cl + C,H,- (2)

by pyridine. It is not excluded that Cp;TiCPhsCl is formed as a result of the oxidative ad-
dition of PhiC* to intermediate Ti(III) derivatives as found by Dolgoplosk et al. [12].

The liberation of ethane in the reaction of (I) with (II) may be attributed to reactions
of the ethyl radical with cyclopentadienyl groups. The organotitanium radicals formed may
recombine with PhsC® or undergo decomposition.

597



7800 |
o0t || &ls
' B danl. -1
6200 x-i0y @ Cem
5400 fx
16000 1§ N,
X\X

4600 Yo J

\X\

| KX

3800 12000 ~

3000

8000 B
22001
100 |- vaoo
6001 !
O o) !
T idmlAféo LA?éol | g 2 " 0 %
Time, min Time, min
Fig. 2 Fig. 3

Fig. 2. The effect of the sequence for the introduction of
components to the cell on the nature of the change in the
electrical conductivity of solutions of the (III)—Et, sAlCl,;,s
at 313°K in toluene (1, 2) and n-heptane (3) with 10.5
mmole/liter Et, sA1Cl,,s, (ILI)/Al = 1.0, 1) Solvent + Ety 5=
AlCl, s + (III) and 2) solvent + (III) + Et,,4AlCl,,s.

Fig. 3. Change in the electrical conductivity of 1:1 TiCl, +
Et,.sAI1Cl, s (1), 1:1 (III) + Et,,sAlCl;.s (2) and 1:2:2
TiCl,—Et,,sAlCl, s— (III) (3) in toluene at 313°K. [TiCl, =
5.25 mmole/liter, [Et,, sAlCl,,s] = 10.5 mmole/liter.

Some fraction of the ethane may be formed as a result of reactions of the ethyl radical
with the solvent in the titanium coordination sphere or in solution after its escape from
the cage. This follows from the finding that the formation of monodeuterocethane is formed
(2.7-2.9 mole % relative to (I)) upon carrying out the reaction of 0.03 mole/liter (I) with
(II) (1:1) at 298°K in octadeuterotoluene. Dibenzyl and butane were not detected by gas
and gas-liquid chromatography in the products of these reactions. This finding apparently
indicates that the intermediate ethyl and benzyl radicals selectively and rapidly dispropor-
tionate with the ethyl group attached to titanium (see our previous work (9, 10]).

However, it is not excluded that other processes also occur in this system in addition
to reaction (1). Ethane, in particular, may form in a sequence of reactions beginning with
the alkylation of the TiCls anion by starting (I). The EtTiCl.,” anion formed, similar to
EtTiCl,, is unstable and decomposes. This hypothesis is based on the data of Clark and
Coles [13] who obtained unstable RJNFTiCH.Cl, salts. N

This hypothesis is also supported by the finding that slow liberation of gaseous pro-
ducts and the formation of TiCls are observed upon mixing a solution of (I) with a solution
of TiCl, at room temperature. The gaseous products liberated during this reaction consist
mainly of ethane.

This system is apparently too complicated for unequivocal interpretation of the mechan-
isms for the reactions which occur in it. Simpler models for clarification of the mechanism
for the reactions of carbocatons with M — C o-bonds are (III) + (IV), (III) + Et,, sAlCl,,s,
and (III) + (V), in which the initial components and all the possible intermediate trans-
alkylation products are completely stable at 293-373°K.

598



TABLE 3.

Yield and Composition of Products of the Reaction

of (II) with (IV) or (V) in Toluene at 293°K (5 ml toluene,

0.2 mole/liter OAC, 90 min reaction time)
Gas compo -
11D OAC Gas yield sition P ﬂ (CeHs)sCX .
", II1) JOAC] " | PhyCH | PhCEr

mmoles mm mmoles (Z:) g}{ C GHs | C:Hi { mmoles fraﬁiorz frasftion
20 lawn| 1o | 20 | ose rsg 151 | 849 | 073 | 820 | 180
1.0 avy | 10 10 | 067 67 292 | 708 | - Z 2

0,5 (1v) | 1.0 0.5 0,27 27 40,7 | 59,3 | 0,26 64,0 36,0
2.0 (V) 1.0 2,0 0,87 87 17,5 | 82,6 | 1,39 88,5 11,5

1.0 (V) 1.0 1,0 0,50 50 152 { 848 | 1,03 96,3 3,7

0.5 (V) 1,0 0,5 0.21 21 17,0 | 83,0 | 0,36 97,0 3,0
1.2% (Ivyi 1.2 1,0 0.37 31 -§9,0 41,0 - 97,7 2,3

1,0 T v) | 1,0 1,0 0,26 26 73,0 | 27,0 | 0,33 99,7 0,3

*Hexadecane used as solvent.
+(11).

The first step in the reaction of (III) with EtpAlCls_pn is complexation leading to the
appearance of orange Ph3C+AlEtnCl‘._n carbonium salts [14, 15]. In the case of systems con-
taining (III) and Et;, sAlCl;,s, we established that the initially formed ion pair undergo
significant dissociation into ions. This is seen in the sharp rise in the conductivity of
solutions of such systems after the introduction of (III) (Figs. 2 and 3).

The reaction of (III) and OAC (IV) and (V) does not stop at the step involving carbon-
ium salt formation. The liberation of gaseous products consisting of ethylene and ethane
begins immediately after mixing solutions of (III) and the OAC (Table 3). As in the case
of the (I) + (II) system, the ethylene fraction in the gaseous products of (III) with OAC
exceeds 60 mole %Z. Gas-liquid chromatographic analysis after completion of the reaction
showed Ph;CH and 1,1,1-triphenylpropane (see Table 1). The fraction of PhzCEt in the reac-
tion products increases in going from (V) to (IV) and with a decrease in the (III)/(IV)

ratio to reach 18-36 mole 7 relative to starting (III).
In addition to these products, PMS giving a broad ESR signal (see Fig. 1) were detected
by ESR spectroscopy in the liquid phase in the case of 2:1-0,5:1 (III) + (I) and 2:1-1:1
(III) + (V). These PMS are apparently products of the reaction of PhsC*® with (III) and its
derivatives coordinated with AlCl;. These complexes have poor solubility in hydrocarbons
and separate as a dark red, viscous oil. Pyridine destroys these complexes and gives their
dissolution, decoloration of the reaction system, and disappearance of the PMS.

The results obtained in this series of experiments and the literature data

reaction of (III) and MesCCl with OAC [14, 15] indicate the following mechanism
reaction of (III) with (IV)

on the
for the

Ph,,CCl —f— Et/\lclz = P113C+[EtAlCl';]—

am (V1) 3
(VI) 22 PhoC* + [EtAICL] (4)

v1) 2L PRy (Et)AICT, (VII) (5

(VII) = AlCl; 4 PhyCH - CyH4 4 PhyCEt - PhyC- - C,H, (6)

We assume, that as in the reaction of (I) and (II), the rate-limiting step for the irreversi-
ble reaction of (II) with OAC is one-electron transfer (OET) from the Al—(C bond to the tri-
phenylmethyl cation leading to the formation of unstable coordinated radical pair (VII) (Eq.

(5)). Subsequent decomposition of this pair is accompanied by the formation of all the major
gaseous and liquid-phase products.

Relative to reaction (1), the reaction of (III) with OAC have lower selectivity for
the disproportionation of C;Hs* with PhsC" in the aluminum coordination sphere and is dis-
tinguished by side reactions of Phac+ with ethylene [15] and PhaCX with PhsC*.

These pro-
cesses do not permit a complete balance relative to the C3Hs and PhyC' groups.

In the reac-
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tions of (III) with (IV) and (V), as in reaction (1), a significant amount of ethane is found
in the gaseous products in addition to ethylene. The ethane fraction in the gaseous products
of the reaction of (III) with (IV) decreases with increasing (III)/(IV) molar ratio. The
formation of ethane in this system is apparently a result of the reaction of C,Hs with un-
reacted OAC. In the case of 1:1 (II) + (IV) and (II) + (V), the ethane fraction in the
gaseous products is markedly greater than the ethylene fraction. The larger yield of ethane
relative to the yield of ethylene in this system is attributed to the loss of a significant
portion of the ethylene formed as a result of its polymerization at active sites of the highly
active two-component systems [16].

It is not excluded that some portion of the olefins and PhsCH may be formed in these
reactions as a result of heterolytic attack of the PhsCt cation on the alkyl group C—H o-
bond of the organometallic compound

Ph,C*+H—CH,CH,—Ti(Al) ~ Ph,CH-+ CH,—CH,—Ti(Al) - N
— PhCH + C,H, + Ti*(Al")

The hypothesis of a heterolytic mechanism for these reactions accounts for the formation of
Ph,CH and ethylene but does not explain the paths for the formation of the other products.

Thus, the question of .the ratio of these reaction pathways is an independent problem which

requires the development of special approaches for its resolution.

Thus, the entire body of data obtained confirms our hypothesis of the possible reaction
of cationic active sites with anion-coordination sites under conditions of their synchronous
functionalization is organometallic complex catalysts. These results have more general
significance for metal complex catalysis since they demonstrate the possibility of the acti-
vation of Ti—C and Al—C o-bonds by carbocations.

In conclusion, we note that the possibility of the reaction of anion-coordination ac-
tive sites with cationic active sites is supported by the kinetic data on the telomerization
of ethylene on bifunctional complex catalysts and the formation of a significant amount of
alkanes on telomerization conditions.

EXPERIMENTAL

The reaction of 0.026-0.030 mole/liter (I) with (II1) was carried out in toluene at
293°K for 1 h. Gaseous products are released which consist of ethane and ethylene. The ma-~
jor portion of the gaseous products (up to 70%) is given off in the first 5 min, At the
end of the reactiom, the liquid phase (toluene and TiCl,) was frozen in vacuum. The yield
of TiCl, was 23-40 mole % relative to (II). A heptane extract and then a toluene extract
were obtained from the solid residue. The heptane extract contained PhsCH; Ti and Cl were
absent from this abstract., The yield of Ph,CH was determined spectrophotometrically using
a calibration curve relative to absorption at 263 nm as well as by gas-liquid chromatogra-
phic analysis.

The visible spectrum of the toluene extract corresponded to the spectrum of a toluene
solution of CpyTiCl;. The yield of CpiTiCl, was found by titration for Ti and Cl. The
C1/Ti ratio in the toluene extract was 2.0 * 0.3. The composition of the solid residue
(8~20 mass %) relative to the sum of the masses of the components of the (I) + (II) system
was not determined. The reaction of (III) with OAC (IV) and (V) proceeds in a homogeneous
phase. The composition of the products of the transformations in these systems was deter-
mined by gas and gas-liquid chromatographic analysis after the completion of the liberatiom
of the gaseous products and the decoloration of the reaction mass. The reaction mass was
hydrolyzed prior to the analyses. PhsCOH was not detected in the hydrolysis products,
which indicated the complete consumption of (III).

The yield of gaseous products was determined volumetrically after their freeze transfer
in a calibration vessel while the composition was determined by gas-liquid chromatography
on a KhlL-4 chromatography by the standard method using a 4 X 1000 mm column packed with
Apiezon L on Al;0s at 293°K. In the homophasic reaction of (I) with (II) the total yield
of ethylene and ethane is 84.7-88.6 mole % relative to (I) (see Table 1).

The resistivity of the solutions R, was measuredwith an E6-3 teraohmmeter ina thermo-
statted cell with coaxial cylindrical platinum electrodes. The solution was stirred using
an electromagnetic stirrer and dry argon bubbling. The specific electrical conductivity

(n)was calculated using the equation %= 34.7/Ry, Q7' cm™*,
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The ESR spectra of the paramagnetic reaction products were taken on an EPR-2 spectrom-
eter designed at the Institute of Chemical Physics of the Academy of Sciences of the USSR.

CONCLUSIONS

1. Conditions were found for the reactions of Ph3C+TiC1,"with CpaTiEtCl and of PhsCCl
with ethylaluminum and diethylaluminum chlorides and the composition of the products of these
reactions was determined. A mechanism was proposed.

2. A conductometric study has shown that the reaction of Ph,CCl with OAC has a rapid
step for the formation of PhaC+[EtAlC13]_ and Ph3C+[Et2AIClz]_ ionic complexes which disso-
ciate into ions to a significant extent.

3. The rate-limiting step for the reaction of the triphenylmethyl cation with organo-
titanium and organoaluminum compounds is a one-electron transfer from the M—C o-bond to the
carbocation leading to the formation of highly reactive intermediate biradical complexes.
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