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The alkylation of aromatic compounds with ethylene and propylene proceeds at great  speed in the 
presence of certain complex organometallic catalysts [1]. The system TiC14 + AI(i-C4H9)2C1 (mole ratio 
of starting reactants  AI /T i  = 0.7) studied in the present  paper also initiates the alkylation of toluene and 
benzene. In inert  solvents, ethylene forms a high-molecular plastic on this catalyst, while propylene forms 
liquid oligomers.  The common polymerization of these monomers gives true liquid oligomeric copolymers 
of propylene and ethylene [2]. Consequently, the polymerization of ethylene and the oligomerization of 
propylene proceed on the same active centers,  which differ importantly from the usual cationic centers [2, 
3]. This conclusion was based on the results of analyzing the chain structure of the propylene oligomers. 
The propylene oligomers have a fair ly regular  chain s tructure on the type of nhead to tail n and contain 
terminal double bonds. The internal vinylene double bonds are formed by secondary isomerization reac-  
tions [3]. The analogous products, synthesized on F r i ede l -Cra f t s  catalysts, contain almost exclusively 
internal di- and tr i-substi tuted double bonds [4]. 

The problem of the present  investigation was to study the alkylation of toluene in the presence of 
TiC14 + CH3OH + AI(i-C4Hg)2C1 , and to compare it with the same reaction when run in the presence of Fr ie -  
d e l -  C rafts catalysts.  

E X P E R I M E N T A L  M E T H O D  

The alkylation of toluene was run in ei ther liquid propylene or a propylene-propane mixture in high 
pressure  equipment equipped with a s t i r r e r  of the propel ler  type. The reaction rate was checked by the 
propylene pressure  drop employing the Raoult law. See [3] for the method of operating with liquid gases 
and calculation of the degree of conversion. The toluene was distilled over Na wire, and the CH3OH was 
made absolute and then distilled over CuSO 4. The unreacted toluene was determined chromatographically. 
The mean molecular  weight of the reaction products (-Mn) was found from the condensation heat effects, 
taking into account the mole fraction of free toluene [5]. The degree of unsaturation was found by the stan- 
dard method, employing the "bromine numbers ."  The s tructure of the reaction products was determined 
by IR and NMR spectroscopy. 

DISCUSSION OF RESULTS 

The propylene oligomers, obtained in the experiments without toluene, cnntain one double bond [3] 
(Table I, Expt. 1). In the presence of toluene the degree of unsaturation of the polymerizate drops to 40%. 
In harmony with the fractional distillation and IR spectral  results,  the reaction products are a mixture of 
unsaturated propylene oligomers and various alkylbenzenes. Modification of the catalyst system by the 
methanol leads to a sharp increase in the alkylation rate.  Here the observed rate constant of propylene 
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TABLE 1. TiC14 0.76 g; AI(i-C4H9)2CI 0.49 g (A1/Ti = 0.7). In Expts.  
3-7 the ca ta lys t  is TiCI4 + CH3OH + Al(i-C4Hg)2CI(CH3OH/TiCI4= 0.3) 

CTHs, Sail6, iDegree o~ 
mole hole ~t Mn X t E 

Expt. c~,, c~It~, Kp(Kt 

/liter l/mifi .g tion mole 
No. /liter ~p 1.10 l i te r  lunsatura- I 

~f ricr4 % 

t 0 t30 0 9,6 0,93 ]0 2,5 120 100 -- 3 
2 73 100 2 , 0 4 7 , 2  0,76 0,2t 1,5/0,N 216 40,2 -- 
3 73 t00 2,04 7,2 0,94 t,00 t8,4 240 5,0 1,92 1,8 
4 73 100 2,04 7,2 0.88 0,82 16,5 240 0,3 ~,96 1,8 
5 16,5 tt5§ ] 0,54 8,3 0,75 0,67 36/4,5 350 50,5 -- -- 

6 t6,5 tl5+t0gcaHs 0,54 8,3 0,66 0,50 30/5 388 54,5 -- -- 

7 73 14+86g 2,04 I 1 0,92 0,66 t5/5 148 2,0 t ,4, 1,0 
C~Hs I I 

l~ote, ap and a t are the degrees of pwpylene and toluene conversion; Kp and K t are the 
reaction rate constants of propylene and toluene; At is the mean degree of toluene alkyla- 
tion; l~ is the mean degree of polymerization of the atkyl groups. 

consumption inc reases  by prac t ica l ly  one o rde r  of magnitude (16.10 -3 l i t e r / r a i n - g  of Ti).  The f rac t ion of 
unsaturated products  in the formed polymer iza te  dec reases  due to the increase  in the rate of the alkylation 
react ion (Fig. 1). For  example, the po lymer iza te  f rom Expt. 4 (see Table 1)cons is t s  a lmost  complete ly  of 
alkylbenzenes (the amount of unsaturated o l igomers  does not exceed 0.3 mmole).  

Two mechan i sms  can be proposed for  the format ion of the alkylbenzenes:  by reac t ion  with the a l ready 
formed molecules  of the propylene ol igomers ,  which contain vinylidene double bonds that are  react ive  in 
cationic p r o c e s s e s ,  or  as the resul t  of t r ans fe r  of the growing chain to toluene, as occurs  in te lomer iza t ion  
reac t ions .  To ascer ta in  the mechanism of the alkylation react ion we created  ar t i f ic ial  conditions when the 
propylene o l igomers  and toluene were found in the react ion zone in the presence  of the cata lyt ical ly  active 
sys tem.  For  this in 30 rain af ter  the s ta r t  of react ion (see Table 1, Expt. 6) the unreacted  propylene was 
d ischarged through a gas meter ,  a sample was taken f rom the liquid phase for  analysis ,  and another 0.159 
mole of toluene was added to the r eac to r .  In the r eac to r  were found 0.256 mole of toluene (0.097 mole of 
unreacted toluene and 0.159 mole added af ter  the f i rs t  stage) and 0.122 mole of unsaturated propylene oligo- 
m e r s  with YCl n = 388. The reac t ion  of the propylene oHgomers  with the toluene was run for  2.5 h at 60~ ; 
the amount of free toluene, the mean molecular  weight of the react ion products,  and the degree  of their  un- 
sa tura t ion remained unchanged (0.255 mole of toluene, degree of unsaturat ion 54%, and ~r n = 388). Con- 
sequently, the alkylbenzenes are  formed only by the react ion of toluene with the growing ol igomer  chain. 
The studied ca ta lys t  sys t em re ta ins  some of the proper t ies  of the Z i e g l e r - N a t t a  anionic ca ta lys ts .  For  
example, in its p resence  the propylene ol igomers  with vinylidene double bonds have a v e r y  low reactivi ty,  
and consequently do not fo rm a secondary  po lymer iza te  [3, 6]. F rom the cited example it can be seen that 
double bonds of this type a re  also unreact ive  in the alkylation react ion.  This conclusion is conf i rmed by 
the resul ts  of alkylating toluene in the presence  of the investigated sys t em using the propylene d imer  (2- 
me thy l - l -pen tene ) ;  2 -me thy l - l -pen tene  does not alkylate toluene. Consequently, the mechanism of the in- 
vest igated reac t ion  is quite different f rom the mechan i sm of the same reaction,  when run in the p resence  
of the typically cationic F r e i d e l - C r a f t s  ca ta lys ts .  

F r o m  Table 1 it can be seen that the alkylation of toluene proceeds  with chain t r ans fe r .  Thus. for  
example, in Expt. 4 we obtained 0.615 mole of alkylated toluene der ivat ives  with Mn = 240, while the 
amount of taken ca ta lys t  was 4 �9 10 -3 mole.  As a result ,  at least  150 acts  of alkylation took place on each 
active cen te r  (actually it was more,  since the ca ta lys t  is heterogeneous) .  The chain t r ans fe r  in the in- 
vest igated reac t ion  can be depicted in the following manner :  

1) Chain growth: Cat . - -R + C3H ~ ~ Cat. -C3H~R 

2) Chain t r ans f e r  to propylene and format ion of unsaturated ol igomer:  

Cat. --CH2--CH--R @ Call6 ~Cat. --CH~CH~CH3 -~ CH~=CR 
[ I 

CH3 CH~ 
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Fig.  1. React ion  ra te  for  alkylat ion of toluene by propylene:  1) contro l  ex-  
p e r i m e n t  without toluene (TiCI4-AI(i-CaHg)2CI); 2) TiCI4-AI(i-C4tIg)2C1 , 
[C7H8] = 2.04 m o l e / l i t e r ;  3) TiCI4-CH3OH-AI(i-C4Hg)2CI , [C7H8] = 2.04 
m o l e / l i t e r ;  4) TiCI4-CH3OH-AI(i-C4Hg)2C1 , [C7H8] = 0.54 m o l e / l i t e r .  
The cu rves  co r r e spond  to Expts .  1, 2, 4, and 5 in Table  1. 

Fig .  2. NMR s p e c t r u m  of f r ac t ion  with ~ = 330 ( J N M - C - 6 0 H L  s p e c t r o -  
m e t e r ,  HMDS). 

3) Two va r i a t ions  of chain t r a n s f e r  to toluene a r e  poss ib le :  

a), Cat. --CH~CHR ~- CeH~CHa - ,  Cat. H ~- CH3CoH4CH~CHR 
1 I 

C i I s  C I - I 3  

CH~ 
\ 

b) Cat..-CH2CHCeH4CH3 -~ C~HsCH3 --~ Cat.--c6H4CH3 ~- CHC~H4CHa 
I / 

CH~ CH~ 

The NMR s p e c t r a  of the obtained a lkylbenzenes  (Fig. 2) show that the protons  of the CH 3 group of 
toluene do not take p a r t  in the chain t r a n s f e r .  Consequently,  this  va r i a t ion  is not d i scussed  he re .  To 
prove  the postula ted  kinetic s chem e  it is n e c e s s a r y  to show that the alkyl subst i tuents  contain, bes ides  
p ropyl  groups,  a l so  subs t i tuents  that a re  composed  of s e v e r a l  m o n o m e r i c  uni ts .  

F r o m  the NMR data  it it poss ib le  to ca lcula te  the number  of protons  in the a roma t i c  ring, and c o r -  
respondingly  the n u m b e r  of alkyl groups  that had added to toluene as the resu l t  of the alkylat ion reac t ion .  
However ,  in view of the fac t  that  the reac t ion  p roduc t s  a re  a mix tu re  of a lkylbenzenes  with a va r i ab le  
n u m b e r  of subs t i tuents  it is n e c e s s a r y  to use  the ave raged  value, the . m e a n  degree  of a lkyla t ion ,"  which 
is equal to the ra t io  of the total  n u m b e r  of alkyl  groups  to the number  of a lkylbenzene molecu les :  

P P 

, N 

i = l  

where n i is the n u m b e r  of a lkylbenzene molecu les  with the number  of subst i tuents  equal to i, i is the num-  
ber  of subst i tuents ,  p is the m a x i m u m  poss ib le  n u m b e r  of subst i tuents ,  and N is the n u m b e r  of moles  of 
a lkylbenzenes .  The  values  of A lie in the range:  1 < A < p. The  following ra t io  is val id for  toluene: 5--A t 
/ 3  = S1/Sz, where  At is the mean  degree  of toluene alkylat ion (for convenience the CH 3 group of the s t a r t -  
ing toluene is neglected,  and consequent ly  A --A t + 1); S 2 and S 1 a re  the a r e a s  of the s ignals  of the protons  
of the methyl  group, at tached d i rec t ly  to the a r o m a t i c  ring, and the pro tons  of the a roma t i c  r ing.  The p r o -  
posed equation can be used if the pro tons  of the methyl  group of toluene do not take pa r t  in the alkylat ion 
reac t ion .  Fo r  exan/ple,  in the anionic t e lomer i za t i on  of ethylene in the p r e s e n c e  of organol i th ium c o m -  
pounds the chain  is t r a n s f e r r e d  by the c o m p a r a t i v e l y  labile hydrogen a toms  of the CH 3 group of toluene [7]. 
The fo rmed  methylene  groups  a re  shielded by the a roma t i c  r ing.  The protons  of these  groups  have a c h a r -  
ac t e r i s t i c  b/MR signal ,  which is absent  in the s p e c t r a  of the products  of the inves t igated reac t ion .  Conse -  
quently, chain t r a n s f e r  is accompl i shed  only by the  protons  of the a roma t i c  r ing and the p roposed  equation 
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TABLE 2 

Expt. Fraction 

No.* ]No. 

Mole fraction, % of toluene in 

[fraction .__ ! fraction 
of unsaturated 
compounds 

2 i 83 t3,7 
2 92 46,6 
3 121 t6,3 
4 i76 8,1 
5 204 0,8 
6 220 3.3 
7 388 1 l,i 

4 1 92 14 
2 93 2,5 
3 t32 3,2 
4 180 29,5 
5 208 26,1 
6 330 26,4 

*The experiment number corresponds to Table 

9 
53 
5 

t0 
50 
63 
70 
0,2 

10,8 
0 
0 
O 
0 

9 
47 
92 
0 
0 
0 
0 

99,8 
82 
32 
0 
0 
0 

1. 

Kt 

1,97 

1 V 

2,92 i,95 

can be used to determine A. In combination with ~I n this pa r ame te r  makes it possible to de termine  the 
average  length of the alkyl substi tuents.  F o r  the light fract ions,  A t ~ 1 (see Table 1, Expt.  7). Fo r  the 
compara t ive ly  h igh-molecu la r  f ract ions ,  A t increases  up to 2.9-3 (i.e., three other alkyl substi tuents are  
p resen t  besides the methyl  group). The al_kyl chainlets of these products  consis t  of severa l  monomer ic  
units.  For  example, in the f rac t ion with M n = 330 (Table 2, Expt. 4), At = 2.9 and "L = 1.95, i.e., the c o m -  
ponents are mainly directs ,  while in the f rac t ion with Tvl n = 580, which could be isolated f rom the alkylben- 
zenes (Expt. 3), the alkyl groups consis t  of four monomer ic  units (At = 3). The information on the length 
of the atkyl substi tuents can be regarded  as being proof  that the chain growth reac t ion  exists in the studied 
p roces s  and as evidence that the proposed kinetic scheme is valid. 

The exper imenta l  resu l t s  make it possible to determine the value of the rat io of the rate  constants of 
chain t r ans fe r  to toluene and propylene.  The mole f ract ion of the unsaturated propylene o l igomers  in the 
react ion products  is determined by the following equation: 

: KPPCp 
KpPCp + KptCt 

where K~ and ,,-.K~ are the rate  constants  of chain t r ans fe r  to toluene and propylene,  and C t and Cp are r e -  
spect ively  the toluene and propylene concentrat ions (C t = 2 m o l e s / l i t e r ,  Cp = 5 m o l e s / l i t e r ,  and fl = 0.003, 
see Table 1, Expt.  4). 

As a f i rs t  approximation the change in the toluene concentrat ion can be neglected, since the disub-  
stituted benzenes are  also chain t r ans fe r  agents.  The rat io K~/K~ = 103. The react ivi ty  of toluene as a 
chain t r ans fe r  agent is s t rongly dependent on its active concentratlon.~" " When C t = 0.54 m o l e / l i t e r  the rat io 
K t / K  p drops to 4, and a s imi l a r  relation is observed in a number  of ionic te lomeriza t ion p roces se s  [7]. 
It is ent i re ly  possible that one of the reasons,  responsible for  the dec rease  in the react iv i ty  of toluene, in 
the exper iments  with Ct = 0.54 m o l e / l i t e r  is the format ion of inhomogeneous active cen ters .  

The i somer ic  composi t ion of the alkylbenzene f ract ion with A n = 140 (see Table 1, Expt.  7) was 
establ ished f rom the IR spec t ra .  The absorpt ion coefficients in the 670-900 cm -t  region (vibrations of 
C - H  bonds of benzene ring) were determined f rom the spec t ra  of the pure cymenes .  On the basis  of the 
NMR and IR spec t ra l  data it was establ ished that the f ract ion with M n = 140 is a mixture of the o-, m- ,  
and p -eymenes  (respect ively 34, 28, and 38%). A product  of approximately  the same composi t ion is also 
formed in the p resence  of the typically cationic F r i e d e l - C r a f t s  cata lys ts  [8]. Never theless ,  important  
d i f ferences  exist  between these reac t ions .  

1) Olefins with vinylidene double bonds do not alkylate toluene In the presence  of the investigated s y s -  
tem.  The low react ivi ty  of this type of olefins is cha rac te r i s t i c  for coordinat ion-anionic Ziegler  
- N a t t a  ca ta lys ts .  

2) In the studied react ion the alkylation of toluene is the resul t  of chain t r ans fe r  to the toluene. Cy-  
mene is the f i rs t  monomer ic  link that is formed in the t r ans fe r  of the growing chain. T r a n s f e r  to 
subsequent li~ks leads to the format ion  of alkyl chairdets, which consis t  of severa l  monomer ic  
units. 
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The data on the s t ruc tu re  of the alkyl  subst i tuents ,  obtained f r o m  an analys is  of the NMR spec t ra ,  
enable making some  conclusions regard ing  the m e c h a n i s m  of the fo rmat ion  of the alkyl chainlets .  Chain 
t r a n s f e r  to toluene p roceeds  in h a r m o n y  with reac t ion  (3b) of the kinetic scheme,  s ince reac t ion  (3a) leads 
to the fo rma t ion  of the methylene group, which is shielded by the a roma t i c  r ing.  Such groupings have a 
c h a r a c t e r i s t i c  s ignal  in the 6 2.4 region,  which is absent  in the s p e c t r a  of the obtained a lkylbenzenes .  The 
cymenes ,  which a r e  f o rm ed  in subs tan t ia l  amounts  in the expe r imen t s  with a propylene concent ra t ion  of 
1 m o l e / l i t e r  and a re  p r e s en t  in the light f rac t ions  of the products ,  obtained in all  of e x p e r i m e n t s  tes t i fy  to 
the fact  that the addition of the f i r s t  m o n o m e r i c  unit is accompanied  by the fo rmat ion  of the i sopropyl  
group.  

CH.~ 

Cat.--C6H~CH3 + C3H6 --~ Cat. --CH2--CH-C6H-CH3 + CTHs --, Cat. --CGH4CH3 + ~CH--C6H4CH3 
/ 

CH3 CH~ 

In our opinion, the obse rved  re la t ion  between the length of the alkyl subst i tuents  and the propylene  
concent ra t ion  (see Table  1, Exp t s .  4 and 7) is addit ional p roof  of the chain growth reac t ion .  

If  each ehalnlet  contains a methine group, shielded by the a roma t i c  group, then the following equation 
should be fulfilled with an a c c u r a c y  up to the e r r o r s  of m e a s u r e m e n t :  

S3/So = fit/3 

where  S 3 is the absorp t ion  a r e a  of the s ignal  of the protons  of the methine groups,  at tached d i r ec t ly  to the 
a r o m a t i c  r ing.  Actually,  for  va r ious  f rac t ions  the ra t io  $3/S 2 is some  20-37% s m a l l e r  than the calculated 
value ( e r r o r  ~5%). Consequently,  ~30% of the chainlets  contain a qua te rnary  ca rbon  atom, which is d i -  
r ec t ly  at tached to the a r o m a t i c  r ing.  Chain t r a n s f e r  to toluene leads to the fo rmat ion  

CH3 
J 

CH3C6H4CCH2CHsCH~CH3 
f 

CH3 

of products ,  the s t r u c t u r e  of which was proved  by an analys is  of the NMR spec t r a .  Each subst i tuent  con-  
tains only one t e rm i na l  methy l  

CI-I~C6H4CHCH~CH~CH3 
I 

CH3 

group, each which follows f r o m  an ana lys i s  of the f rac t ion  with ~I n = 330, At = 2.9 (see Table  2, Expt .  4). 
Fo r  these  a lkylbenzenes  the mean  length of the subst i tuents  is equal to 1.95 m o n o m e r i c  uni ts .  The s t r u c -  
ture  of the t e rmina l  groups  of the alkyl subst i tuents  was es tab l i shed  f r o m  the intensi ty of the peaks  in the 
region 5 = 0.8-0.9,  where  the protons  of the CH 3 groups ,  not shielded by the a roma t i c  ring, absorb .  The 
ra t io  between such t e r m i n a l  CH 3 groups  and the CH 3 groups  of toluene is de te rmined  by the equat ion 

SJS  4 = 3/B 

where S 4 and B a re  r e s p e c t i v e l y  the absorp t ion  a r e a  of the signal  of the protons  __~ the , t e r m i n a l .  CH3_ 
groups  and the ave rage  num ber  of pro tons  in them;  B = 7.3 for  the f rac t ion  with M n = 330. Assuming  A t 
= 2.9, the numbe r  of protons  of the . t e r m i n a l .  CH 3 groups ,  that  belong to each  alkyl chainlet ,  is 2.5. Con- 
sequently,  each alkyl  chainiet  contains only one CH 3 group that is not shielded by the benzene r ing.  
React ion  (3b) m a k e s  it poss ib le  to explain the fo rma t ion  of the s t ruc tu r a l  groupings that a re  detected spec -  
t r a l ly .  The o ther  poss ib le  m e c h a n i s m  of chain t r a n s f e r  to toluene, with the fo rmat ion  of the in te rmedia te  
r eac t ive  hydride ,  is not v e r y  probable ,  s ince it does not exclude the poss ib i l i ty  of fo rming  methylene groups 
that a r e  a t tached d i r ec t l y  to the a rom a t i c  r ing [react ion (3a)]. The s t ruc tu re  c h a r a c t e r i s t i c s  of the c o m -  
p a r a t i v e l y  long alkyl  subst i tuents  can be explained if it is a s sumed  that  invers ion  occurs  when the propylene  
adds in the chain growth react ion,  and i somer i za t i on  p r o c e s s e s  that a re  c h a r a c t e r i s t i c  fo r  cat ionic r e a c -  
tions take p lace .  

CII3 
l 

i---+ Cat.--CHCH~CC~H4CH3 (30%) 
c~H0 [ I 

_CH,zCH--C6H~CH~ ~ - -  - - I  CH~ CH3 Cat. Growth /---+ 
I Cat. --CHCH~CH~CHC6H4CH3 (70~ CHa 

C;-la CH3 
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in the investigated reaction (the same as in the reactions run in the presence of Fr iede l -Craf t s  cata- 
lysts) the protons of the aromatic ring are reactive. The difference consists in the fact that the chain 
growth reaction is expressed quite clearly when the alkylation of toluene is run on the complex catalyst. 
These facts make it possible to classify the studied reaction as being the cationic telomerization of propyl- 
ene~ In harmony with the table given in review [9] for the properties of Ziegler catalysts, the proposed 
mechanism for the growth of alkyl chainlets is coordination-cationic. 

The coordinating effect of the ion of the transition metal, entering into the composition of the active 
center, is manifested in a retention of the reactivity of olefins that is characteristic for catalysts of the 
Ziegler ser ies .  Propylene, a monomer with a vinyl double bond, has the maximum reactivity. The olefins 
with vinylidene double bonds do not alkyiate toluene. 

CONCLUSIONS 

1. The alkylation of toluene in the presence of the complex organometallic catalyst: TiCI 4 + AI(i- 
C4H9)2CI + CHaOH is the consequence of the cationic telomerization of propylene. 

2. A method was proposed for determining the mean degree of alkylation and the structure of the 
reaction products was studied. 
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