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A selective, catalytic dimerization reaction of propene to 2,3-dimethylbutene-1 
was investigated. The catalyst is prepared in situ by the reaction of a nickel coordi- 
nation complex R,P [(i - C,H,),PNiCLl with ethylaluminumsesquichloride in 
toluene solution. The active species has to be sta.bilized by the reacting monomer 
and is thought to involve a coordinated nickel hydride intermediate. Very high 
rates of dimerization and a selectivitl- of c’a. 68% are achieved under certain reaction 
conditions. 

INTRODUCTION ride in chlorobenzene solvent also gave a 

Recently Wilke et al. (1) described a 
homogeneous catalytic system for the se- 
lective dimerization of propene to 2,3-di- 
methylb’utene-1 (2,3-DMB) . The system is 
based on a tertiary phosphine coordinat’ed 
x-ally1 nickel halide in conjunction with a 
Lewis acid such as aluminum trichloride or 
ethylaluminumdichloride and a chlorinated 
hydrocarbon, e.g., chlorobenzene, as a pre- 
ferred solvent. These authors have shown 
that the selectivity of the dimerization re- 
action can be directed by the nature of the 
tertiary phosphine ligand. A triphenyl- 
phosphine ligand produces predominantly 
methylpentenes while the more basic tri- 
alkyl phosphines favor the formation of 
2,3-DMB in the dimerizate. The latter 
olefinic product is maximized by the use of 
basic phosphines such as trisopropyl or tri- 
cyclohexylphosphine. The above-mentioned 
T;-ally1 nickel halide catalyst component is 
not readily available, is highly reactive and 
difficult to handle. Furthermore, the use of 
the AI,Cl,, or even the R,Al,CI, cocatalyst 
can readily lcad to a competing acid type 
oligomerization of the reactant or product 
olefin. Our search for an alternative system 
centered first on the readily available di- 
halogenobis (tertiary phosphine) nickel (II) 
(1) which with ethylaluminumsesquichlo- 

very active catalyst system for the selec- 
tive dimerization bf propylene. 

NiC12(I’R&, Et3AlZCIS, C,H,Cl 

(R = isopropyl) 

(1) 

During t,he course of the present work, 
communications related to this system were 
published in the literature (2). Further de- 
velopment led us to the discovery of R,P 
[ (isopropyl) ,PNiCl,] as a catalyst com- 
ponent which is, under the proper condi- 
tions, an extraordinarily active and selec- 
tive catalyst system for the dimerization 
of propene to 2,3-DMB. The results and 
data obtained with the above nickel com- 
plex catalyst for the dimerization of pro- 
pene near ambient conditions are presented 
below. 

THE CATALYST 

The formation of the active catalytic 
species from the system components (1) 
occurs via a chemical reaction sequence 
with its corresponding activation energy 
parameter. The optimal development of 
this active species obviously determines the 
catalytic effect,iveness and reproducibility 
of the system. We found that optimal re- 
sults are obtained and lengthy induction 
periods are avoided when the active spe- 
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ties is formed at a temperature of 30-35”C 
(activation temperature) while the actual 
propene dimerization reaction may be con- 
ducted subsequently at a lower tempera- 
ture level. The activated catalytic species 
is not stable for an extended period of time 
in the absence of the reacting olefin. There- 
fore, a lower reaction temperature of 0” or 
below is employed to assure a sizable pro- 
pene concentration in the solvent near 
atmospheric pressure. Furthermore, we ob- 
served that system (1) can be activated 
more effectively in the chlorohydrocarbon 
solvent, as compared to toluene, pointing 
to a participation of this solvent in the 
formation of the active species. The selec- 
tivity of the catalyst component discovered 
by Wilke is guided by one tertiary phos- 
phine ligand per Ni atom only, while the 
nickel complex in system (1)) e.g., dichloro- 
bis (triisopropylphosphine) nickel (II), con- 
tains 2 phosphine ligands per complex 
molecule. The removal of one phosphine 
ligand in the formation of the active and 
selective catalyst is therefore considered. 

In this context it was noted that accord- 
ing to the literature (3) the quaternization 
of a tertiary phosphine with arylhalides 
can be catalyzed by nickel salts or Lewis 
acids under certain conditions. Since the 
system discussed here contains both these 
components, a quaternization of one phos- 
phine ligand by the chlorohydrocarbon was 
suggested as a reaction step leading to the 
active species under these conditions. The 
less effective activation of system (1) in 
hydrocarbon solvents (e.g., toluene) there- 
fore must involve a different, yet undefined 
mechanism. 

The use of a previously synthesized 
quaternary phosphonium derivative of the 
appropriate Ni complex was therefore in- 
dicated, since the introduction of this class 
of compounds could offer some advantages. 
These drri\di\~es of nickel are known in 
the literature (4) and can be readily 
synthesized. 

Compound (2) (see experimental sec- 
tion) was evaluated as a catalyst for 

R,R’P[ (R3P)NiC13] 
(R = isopropyl, R’ = benzyl) (2) 

the selective dimerization of propene in 
conjunction with Et,AI,Cl,. In summary 
we found that (2) can be activated under 
identical conditions with Et,Al,CI, in 
chlorobenzene solvent to a system of still 
higher dimcrization rates and unchanged 
selectivity. It can be activated to these 
rates even at lower temperatures (0” or 
lower) after a short induction period. These 
facts indicate a more ready and complete 
conversion of the available nickel into an 
active species. As compared to the dihalo- 
geno bis (trialkylphosphine) nickel (II), the 
quaternized nickel complex can be acti- 
vated more effectively in aromatic solvents 
with Et,Al,Cl, to yield a system of high 
dimerization rates and, again, unchanged 
selectivity. The rates of dimerization, once 
the active species is formed, are apparentiy 
not much influenced by the solvent 
polarity. 

Independently we have demonstrated 
that dichloro-bis (tributylphosphine) nickel 
(II) in the presence of a tenfold excess of 
tributylphosphine gives rise to the phenyl- 
tributyl phosphonium cation under activa- 
tion conditions, that is chlorobenzene has 
quaternized the excess trialkylphosphine. 

EXPERIMENTAL METHODS 

9. Mn ter~;trls 
Fischer certified grade toluene, distilled 

from sodium and stored over molecular 
sieves, was used as solvent. Sun Oil poly- 
merization grade propylene was a reliable 
source of monomer without further purifi- 
cation. Ethyl aluminumsesquichloride was 
obtained from Ethyl Corporation. 

B. Rctrctwrl Procedure 

The following reaction procedure is rc- 
ferred to as ‘(standard reaction condition” 
so that a direct comparison of results can 
be made. All equipment is oven dried be- 
fore use. A 250 ml three-necked Morton 
flask is equipped with a thermometer, a 
15-gauge syringe needle introduced through 
a rubber syringe cap, a gas outlet leading 
to a manometer and a mercury valve set 
at 860 Torr. The propylene is fed through 
the needle below the liquid level of the 
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solution, which can be rapidly agitated 
with a magnetic stirrer at 22500 rmp. The 
flask, which is continuously swept with a 
slow stream of purified nitrogen via the 
gas inlet needle, is charged wit.h 50 ml of 
toluene solvent and the desired amount 
of the nickel complex cat’alyst is added as 
a solid from a small weighing glass (e.g., 
0.01 mM or 5.7 mgl. The solvent is meas- 
ured with a graduated dried syringe. The 
nickel compound is tlissolvcd under gentle 
warming (-60”) and stirring. A clear blue 
solution is obtained after 10-12 min. The 
nitrogen sweep is now changed to propene 
to displace all the nitrogen and to saturate 
the solution. The dimerization reaction is 
initiated by the addition of the desired 
amount of cthylaluminumsesquichloride, 
(C,H,),Al,Cl, (e.g., 0.25 mM for an Al/Ni 
ratio of 50) at room temperature (22-24”) 
and rapid stirring. A color change from 
blue to pale yellow occurs immediately. A 
temperature rise is noted l&20 set later. 
The temperature rises to 35” within 3% 
40 set at which time rapid cooling with 
dry ice-acetone is applied to obtain a re- 
action temperature of ca. 0”. This proce- 
dure requires ca. 2.5 min. The temperature 
(+l,‘) is maintained throughout the re- 
action by the cooling bath, and the propene 
feed is continuously adjusted to maintain 
a total pressure of 860 Torr. The reaction 
is terminated by addition of 0.5 ml of iso- 
propanol. The product’ can be analyzed via 
VPC technique. 

Cr. The Pwpnrtrt;or~ of the 
Nickel Catalyst Complex 

The nickel coordination compound, used 
in this study as a catalyst component, is 
synthesized according to: 

NiCI, (PR& + CsH5CH,CI + 
[RaPCH&,H$ @ [(RaP~NiC13] 8 (It = isopropyl) 

The dichloro-bis (triisopropylphosphine) 
nickel(I1) was prepared according to the 
literature (4). Benzylchloride is chosen as 
a quaternizing agent because of its avail- 
ability and reactive chIoride. Thirty g of 
(NiCl,(PR,)? were dissolved in 500 ml of 
toluene and 5.7 g of benzylchloride were 
added. The red solut’ion was refluxed for 

20 hr under N, gas protection to produce a 
deep blue solution which is slowly cooled; 
upon filtration 25 g of deep blue crystals 
are obtained. The crystals are washed with 
dry toluene and dried in uacuo. The yield 
is 72% based on benzylchloride. The com- 
pound appears as two crystalline structures 
with the following melting c.hnl,clcteri~tic~~ 
(,hot stage under N,) : small birefringent 
needles: 147.5-148.5”C; large isotropic 
plate-: 161.5162.5”C; analysis: C, H, 
Cl-talc: 52.07, 8.56, 18.44%; found: 
52.00, 8.68, 18.20:; . Solutions of the above 
compound in toluenc are not indefinitely 
stable. A diaproportionation according to: 

2RJ’[ (RJ’)NiC&] F? 
NiCl.#R& + [RJ’]2[NiCl,] 

occurs slowly within days. Catalyst solu- 
tions therefore have to be freshly prepared. 
The solid compound, however, can be 
stored under N, indefinitely and handled 
for short times in the air. The above syn- 
thesis procedure uses a 30% molar excess 
of (NiCl,(PR,), to counteract the dispro- 
portionation by mass law effect. 

D. QmtIermor~/ Phoapliott;icttt Cnt;Oti 
Identification 

Tributylphosphine is quaternized with 
bromobenzene according to the literat,ure 
(35). The phenyltributyl phosphonium 
cation is prrcipitntctl from aqueous solu- 
tion with sodium tetraphenylborate and 
recrystallized from toluene/alcohol to give 
(C,H,) ,PC,H, [B (C&H,),] of mp 223°C. 
In another experiment 0.1 mM (tributyl- 
phosphine),NiC& and 1.5 mM tributyl- 
phosphine is activated at room temperature 
in 50 ml of chlorobenzene with 6 mM 
Et,Al,Cl:+ The clear yellow color of the 
resulting solution lasted for several minutes 
before darkening occurred. 

At this point methanol is added and all 
the volat.iles are removed in z)ucuo. The 
dry residue is digested with 1 m aqueous 
sodium carbonate solution. The metal hy- 
droxides are filtered off and washed several 
times with hot distilled water. A white 
precipitate is obtained from the filtrate 
after addition of NaB (C&H,) + This precip- 
itate is identical with above compound by 
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FIG. 1. The rate of propene dimerieation with the R’RBP [(RIP) NiC1~]/R~A1&13 system at 0” and 860 mm 
Hg pressure and an initial Ni concentration of 2 X 10e4 m. (1,2,3,4) represent Al/Ni atomic ratios of 100, 50, 

25, 12 in toluene; (5) a ratio of 100 in chlorobenzene. 

mp and infrared spectra. The yield was ca. 
90% of the theoretical based on the total 
phosphine present. 

REACTION RATE AND YIELD 

The compound R’R,P [ (R,P) NiCl,] , 
(R = isopropyl, R’ = benzyl) was used as 
a catalyst component under standard re- 
action conditions in toluene solvent as de- 
scribed in the experimental part. It should 

be emphasized that in all cases the cata- 
lytic species was formed at a higher ac- 
tivation temperature (35”) while the ex- 
periment was subsequently conducted at 
lower temperature of ca. 0”. 

This procedure resulted from a detailed 
experimental study to achieve optimal 
catalytic activity. However, the percentage 
of nickel complex (2) converted into the 
active catalytic species under these condi- 

50 100 *1/t& Ill‘0 

FIG. 2. Hourly broduct. yield per gram of Ni as function of AI/Ni rat,io as calculated from Fig. 1. 
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FIG. 3. The rate of propene dimerizntion as in Fig. 1 at different temperature levels (“C): A, $10; B, 0; 

C, - 10; II, -30. Al/Ni ratio 50, at standard reaction conditions in tolllene solvent. 

tions is not known. The very high reaction small incremental effects are seen. This de- 
rates of the system necessitate the use of pendency may reflect the following factors: 
very dilute catalyst solutions to avoid dif- (i) a stoichiometric requirement, (ii) mass 
fusion cont,rol. At these dilution levels a law action, and (iii) losses related to trace 
high purity of reugents and apparatus is an solvent impurities. Thus excess of the 
absolute requirement to obtain reproduci- R,,Al,Cl,, cocatalyst leads to a more com- 
hle results. A nickel concentration of 2 X plete formation of the catalyst species by 
10ea ‘rn (0.01 mM in 50 ml of toluene) the chemical reactions involved; a plateau 
proved to be a reasonable choice under the value of t,he reaction rate is reached. 
given ~~xperimenial conditions. All the data Figure 3 shows the rate of reaction at 
points have been duplicated. various temperatures. The higher initial 

The rate of reaction was followed as a rates at lower temperature reflect the in- 
function of time at different Al/Ni ratios creased propene solubility. The initial de- 
as shown in Fig. 1. The propene uptake cline period is less pronounced in the lower 
was measured with a standardized flow temperature range bc~rsu<e of a proportion- 
meter. The solid line represent,s the part of ately decreased vapor pressure contribution 
the curve actually measured. The rapid of the formed dimer. However, the slope of 
initial rate decline reflects primarily the the subsequent more linear decline of the 
gradual build up of product. This, due to rate increases and is apparently related to 
its added vapor pressure (2150 mm), de- the absolute amount of monomer reacted. 
V;WWS the propenc partial pressure in the The source of t,his rate decline is most 
system and thus its effective concentration likely trace innpurit ir>, introduced with the 
in solution. The subsequent more steady monomer, which gradually deactivate the 
decline of the rate suggests a continuous catalyst. In this context, Fig. 4 shows the 
tleactivation of the catalyst. The AlJNi rate of rcact’ion of 0’ with polymerization 
ratio has a prono~~nrl-(1 effect on the reac- grade propene as a monomer compared 
tion rate particularly at lower values as wit’h the same propene feedstock distilled 
shown in Figure 1. The product yield/g of from diisobutylaluminum hydride before 
Yi/hr calculated from these and other tlntn use. The highly purified monomer gives 
as a function of the Al/Ni ratio is shown rise, after vapor pressure adjustments, to 
in Fig. 2. A sharp increase is noted at lower a more ,tl:acly rate of reaction ; increased 
rat,ios, while at larger ratios (> 25) only yields are obtained at equal time intervals. 



EBERHARDT AND GRIFFIN 

I 
10 20 30 40 50 60 min 

FIG. 4. A, Polymerization grade propene; B, same propene dist.illed from DIBAL Al/Ni ratio 50; con- 
ditions as in Fig. 1. 

These results suggest that once the cata- 
lytic species is optimally developed, it is 
thermally stable under the experimental 
conditions, yet very susceptible to poison- 
ing by trace impurities of undefined na- 
ture. These impurities are probably mainly 
water, which is very effectively removed by 
the distillation of the reagent from alumi- 
num alkyls. These catalyst poisons ap- 
parently react with the activated nickel 
catalyst site directly, since a large excess 
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of the R,Al,Cl, cocatalyst does not in- 
crease product yields above a plateau value 
(Fig. 2). Also incremental addition of the 
cocatalyst has no effect on yield or rate 
once this plateau value is reached. 

Figure 5 shows the dependency of the 
initial dimerization rate (av rate for 12 
min after catalyst activation according to 
the standard procedure) as a function of 
the initial nickel concentration in toluene 
solution. The rate is fairly independent of 

FIG. 5. Init.ial rate of dimerization under st.andard reaction conditions as a fur&on of the Ni molarity. 
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nickel concentrations at dilution levels 
below 4 X lOA m. The rate decline at 
higher concentration levels is attributed to 
diffusion control by the gas feed into the 
liquid phase. This diffusion control level 
is det’ermined by the mechanics of the ap- 
paratus. However, the data discussed 
previously were measured at a dilution 
(2 x 10” m Ni initially) where diffusion 
control can be neglected. 

SELECTIVITY 

The selectivity of the system with re- 
spect to the optimization of 2,3-DMB is 
dependent on guidance by the basicity of 
the tertiary phosphine ligand bonded to the 
nickel atom, as originally found by Wilke 
(1). The nickel compound under investiga- 
tion containing a triisopropylphosphine 
ligand, shows a maximum 2,3-DMB selec- 
tivity of 65-70s based on the total pro- 
pylene reacted. 

Table 1 shows the composition of the 
total product, obtained under standard re- 
action conditions at various t.emperatures 
and high yield levels. The selectivities 
represent typical values from many experi- 
ments, which show slight deviations indi- 
vidually. The product gradually formed 
stays in contact with the active catalyst 
while the relatively lower propene concen- 
tration (dctcrmincd by its partial pressure, 

i.e., 860 mm Hg minus solvent and product 
vapor pressure) is maintained throughout 
the reaction. No major composition change 
is noted at different yield levels indicating 
that the deactivating catalyst (Figs. 2 and 
3) is not affecting the selectivity. The in- 
creasing reaction temperature results in a 
slight general deterioration of the selectiv- 
ity (-20 to +20°C). It is particularly 
noted that the percentage of the C, olefins 
increases at the expense of 4-methylpen- 
tene-I. This relationship suggests a secon- 
dary codimerization of the product olefin 
with propene. Because of lower propene 
concentration at higher t,emperatures the 
olefins can compete more successfully at 
the catalyst site. Other olefins apparently 
do not compete in this reaction for struc- 
tural reasons. 

Most of the product olefins are the ther- 
modynamically less favored cu-olefins indi- 
cating the absence of a rapid double-bond 
isomerization activity under these condi- 
tions. The Al/Ni ratio, although having a 
pronounced effect on reaction rate and 
yield at low values (see Figs. 3 and 4)) has 
no influence on t,he catalyst selectivity. 
Different cocatalysts such as R,Al,CI, or 
R,AI,Cl, produce a comparable catalyst 
with a somewhat decreased activity. Other 
solvents such as benzene or chlorobenzene 
also do not’ produce any major changes in 
the product composition. 

TABLE 1 
TO~Y.IL PRODUCT COMPOSITION OBTAINED AT VARIOT-s TEMPERATTRM WITH ww 

R,R’P[(R3P)NiC13]/(C~H6)3Al~C1a CATALYST SYSTEM IN TOLI-ENI': SOI,VE:N'I 
GWER ST.INI)ARI) RIL~CTION CONDITIONS 

(“Ci : -20 -10 0 +10 +20 

2,3-Dimethyllx~tene-1 67.5 

-2 0. 1 

2-Jfethylpentene-1 11 3 

4-$\Zethylpent ene-1 X.6 

-2 2.5 

Hexene-1 
-2 1.X 

Cs Olefins 

Cl2 Olefins 

X.1 

0.1 

66.5 65.0 
0.1 0. 1 

11.5 11.7 

6 .S 5.0 

28 3 :3 

1.i 

11.0 

0.1 

1 .!I 

12.3 

0.i 

62.5 
0 2 

I 2.6 

4.4 

:1.0 

2 4 

14.6 

0 .:3 

61.0 
0 3 

1:s.x 

40 
3 6 

:: L’ 

13.1 

1.0 
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lvECHANISM (S) and simultaneously subjected to a re- 

A complete picture of the reaction mech- action with additional Et,Al,Cl,, e.g., 

Y R2p 7’ 7’ 
S-Ni-Cl + Et3Al,CI, _ 

t 
S-Ni-Cl-.-Al-Cl..-Al-Cl 

I I I 1 
Cl Et Et Et 

anism cannot be given on the basis of the resulting in both the alkylation of the Xi 
available information. The high reactivity and the complexing of the halide with 
and lability of the activated catalyst excess Lewis acid. 
species makes its isolation very difficult. A ready equilibrium between metal alkyl 

The precipitation of the species with other and metal hydride plus coordinated olefin 

chemical agents would yield secondary is well known and of key importance in 

products with a questionable relationship many catalytic olefin reactions (hydro- 

to their origin. However, on the basis of genation, dimerization, hydroformylation, 

indirect evidence some thoughts can be 
etc.). The equilibrium leads us to two hypo- 

considered. 
thetical square planar isomer catalyst 

The mechanistic connection between the 
species (A) and (B) with the olefin and 

nickel complexes NiCl,(PR,) 2 and R,P 
hydrogen ligand in cis position. 

n 
[ NiCl, (PR,) ] has been discussed above. 
The activation of the latter complex also 
necessitates the addition of Et,Al,Cl, which 
is both a Lewis acid and an alkylating 
agent. It was found experimentally that in 
this context ethylaluminumsesquichloride 

iNifL p, /L 

c ,,’ n/ ‘Y~c,~ 
C +T rNi;H 

(A) ’ (B) 
(P = Triisopropyl phosphine; L = Lewis acid 

complexed halide ligand) 

Al&l, Et,Al&l, IEt,A1,C1,1 Et4A12CI, Al,Et, 

Increasing 
Lewis acidity 

Increasing 
alkvlation uower 

is the most efficient cocatalyst, while Al,CI, The hydrogen ligand in (A) or (B) is either 
or AI,E& alone are ineffective. An excess of 
Al,Cl,, of course, catalyzes a Friedel Craft 

under the electron withdrawing trans effect 

type propylation of the aromatic solvent 
of L or under the electron donating trans 

under these conditions. The cocatalyst 
effect of P as indicated by arrows. A pro- 
tonic shift of the hydrogen ligand in A to 

of choice therefore combines an optimum the coordinated olefin will result in an 
balance both of Lewis acidity and alkyla- 
tion power. The contact of both catalyst 

isopropyl ligand as shown in (C) : 

components in solution results in an in- ?, /= P \\ /L 

stantaneous reaction as indicated by the 
‘NiP’ 

color change to yellow, typical for square &% 
/’ \ 
C 

y-CH HFL 

planar nickel complexes. This reaction most C \JC 

likely consists of an electrophilic attack of c’ ’ 
the Lewis acid on the nickelate anion, an 

A c c 
illustrated by the equation: CC) (D) 

R,P@[NiCl,(PlQ]@ + Et,AI,Cl 3 -R,P@[EtsAl,CIJO + (R,P)NiCl, 

resulting in an acid displacement of the The coordination of a second olefin mole- 
(R,P) NiCl, entity. This coordinatively un- cule is followed by an insertion reaction 
saturated, hypothetical species would be leading from (C) to (D). The well-known 
stabilized by the olefinic reactant or solvent abstraction of a P-hydrogen by the metal 
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Olefin addition 
to Ni H bond Olefin insertion 

Ni-C-y-y-CH 

,f 
c c 

CH 
Ni H- - Ni-C( 
Protonic C 
H ligand 

Ni-y-C--F-CH 

C C 

C H 
Ni-C-&C-&C 

gr 
Ni H - Ni-C-C-C 
Hydridic 
H ligand 

-C 

Product vis p-hydrogen 
elimination 

2,3-Dimethylbutene-1 

4 Methylpentene-1 or 2 

2-Methylpentene-1 

closes the catalytic cycle and releases the 
product 2,3-DMB-1. The isomer species 
(B) would lead to the formation of a 
n-propyl ligand via a hydridic shift which 
after an olefin insertion yields a-methyl- 
pentene-1. The olefin insert reaction can 
also occur in the reverse sense as illustrated 
in the scheme shown above. The subse- 
quent /?-hydrogen abstraction can occur in 
2 ways yielding either 4-methylpentene-1 
or -2. All the product components ob- 
served can be derived from such a 
scheme. The total product composition 
reflects a summation of all the relative 
eelectivities and rates involved. The pro- 
posed scheme rationalizes the picture in the 
context of known organometallic reactions 
and it accounts for the prime features of 
the catalyst system: selectivity guidance 
through the phosphine basicity, Lewis acid- 
ity and alkylation power of the cocatalyst. 
The high rates of reaction in nonpolar 
solvents make the presence of ionic inter- 

mediates unlikely. 
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