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KINETIC AND THERMODYNAMIC STUDIES OF CARBENIUM ION ADDITIONS TOWARDS 
ALKENES 

Herbert Mayr*, Reinhard Schneider, and Christian Schade 
I n s t i t u t für Chemie der Medizinischen Universität zu Lübeck 

Ratzeburger Allee 160, D-24oo Lübeck 1, Federal Republic of Germany 

ABSTRACT 
The ionisation (Ar2CHCl + BC13 v=± Ar2CH+BCi;) and dissociation (Ar2CH+BCi; 
^=*Ar2CH+ + BCl^) e q u i l i b r i a of diarylmethyl chlorides i n boron t r i c h l o r i d e / 
dichloromethane solution have been studied by conductimetry, photometry 
and *H NMR spectroscopy. Small differences i n the UV-vis spectra of d i a r y l -
carbenium tetrachloroborates, which have been observed i n solutions of low 
and high tetrachloroborate concentration, can be attributed to the formation 
of 1 :1 ion-pairs i n the more concentrated solutions. Low temperature c a l o r i -
metry was used to determine the heats of addition of diarylcarbenium tetra
chloroborates to 2~methyl-1 -pentene (Ar2CH+BCi; + H2C=CRRT ArjCH-CHj-CRR'Cl 
+ BC13), and i t i s estimated that the standard free enthalpy of th i s reaction 
is greater than 0 for systems with pKR+ > -2.6. Kinetic studies have shown 
that paired and unpaired diarylcarbenium tetrachloroborates exhibit identical 
r e a c t i v i t y towards alkenes. A rationalisation for the different situation 
i n carbocationic and carbanionic polymerisation i s presented. The rate 
constants for the i n i t i a t i o n of isobutene, styrene and isoprene polymerisation 
by diarylcarbenium ions have been determined, and i t i s shown, how propagation 
rate constants can be estimated from linear free energy relationships. 

A. Introduction 
For several years we have been investigating synthetic methods for the 
formation of carbon - carbon bonds, employing the addition of carbenium 
ions towards alkenes as the key step [ 1 ] . We have demonstrated that under 
appropriate conditions, mixtures of Lewis acids and alk y l halides do not 
i n i t i a t e the polymerisation of alkenes, but give rise to the formation of 
1 :1 addition products [2,3]. The relationship of these reactions to the 
topic of this symposium i s obvious from Fig. 1, which shows the mechanism 
of alkene polymerisations i n i t i a t e d by alkyl halide / Lewis acid mixtures [ 4 ] . 
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Ion generation R-X • MtXn R4* MtXn*, 

Cationation R4 • ̂ C-c' R-C-C^ 
/ χ I ν 

I • / \ / I I I * / 
Propagation R-C-C • C=C R-C-C-C-C 

Chain transfer R-IC-CL-C-c' 4 R ~ ? » R-(C-<bnH;-C-X 
t I I — - R I I I ! 

I I I * / •MtXn+i I I I I 
Termination R-(C-C)n-C-C . " » R-(C-C)n-C-C-X 

I I n l ^ -MtX n l l ^ I l 

Model reaction Ar2CHCI • VC=C^ M t C i " * Ar2CH-C-C-CI 
/ ^ I I 

Figure 1. Mechanism of alkyl halide/Lewis acid i n i t i a t e d polymerisations 
of alkenes 

One can imagine that the formation of 1 :1 addition products proceeds 
analogously, with the only difference that the propagation step i s omitted. 

Two years ago, i n the Jena meeting, I have reported how the model reaction 
shown on the bottom of Fig. 1 can be used for the determination of r e l a t i v e 
alkene r e a c t i v i t i e s and relative i n i t i a t i o n efficiencies [ 3 ] . At that time, 
most of our information had been derived from competition experiments [ 5 ] , 
but at the end of my tal k , I reported that we had just succeeded to determine 
absolute rate constants for addition of diarylcarbenium ions to alkenes. 
Today, I w i l l discuss the kinetics and thermodynamics of these reactions, 
but before that, I shall give some information about diarylcarbenium salts 
i n dichloromethane solution. 

B. Diarylcarbenium Ions and Ion-Pairs in Dichloromethane Solution [6] 
Diarylmethyl chlorides can be ionised by BC13 i n dichloromethane solution 
to give ion-pairs, which may dissociate to yield free ions. When differences 
between different types of ion-pairs and the existence of aggregates containing 
more than two ions are neglected, the ionisation constant Kj and the dis
sociation constant Kn are given by the formula i n Fig. 2. 
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\ n / NN/* 

X - ^ ^ H C - C l • BCl3 BCl? ssBte X H ^ ^ - C H * • BCl? 

1 - X . Y 1*-X,V B O I £ 1*-X.V 

Covolent Ion-Poir Free Ions 

Ionisotion Dissociation 

- l A r 2 C H " > B C I Z l _ tArjCH^KBCi;) 
K l = [Ar2CHClKBCl3l K ° ~ lAr2CH*BCl4) 

Figure 2. Ionisation and dissociation e q u i l i b r i a of diarylmethyl chloride/boron 
t r i c h l o r i d e mixtures 
When the di-p-methoxy-substituted diphenylmethyl chloride 1HXH3,0CH3 i s 
ti t r a t e d with BC13, the conductance increases rapidly and reaches a l i m i t i n g 
value after 1 equivalent of BC13 has been added. For systems carrying 
weaker electron donors i n para position, more BC13 i s needed to reach the 
plateaux, but for the monomethyl-substituted compound V-CH^H, not even 200 
equivalents of BC13 were suff i c i e n t to attain the l i m i t i n g value of conduc
tance. 

10* V 
StTT1 

OCH3,OCH3 C H Q H Δ6^ = -7.0 kJ/mol 

AG| = *3.0 k J/mol 

CH3,H _ o - ° ' 
Ο — ο 

1-
0.1 mmol 

1 τ 
1 5 10 15 BCl3/mmol 

Figure 3. Titrations of 1(Γ3Μ Ar2CHCl solutions (CH2C12/-70°C) with BC13 
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In accord with the theory of "Binary Ionogenic E q u i l i b r i a " developed by 
Grattan and Plesch [ 7 ] these t i t r a t i o n curves can be interpreted i n terms 
of the ionisation (Kj) and dissociation e q u i l i b r i a (Kp) shown i n Fig. 2. 
Since the l i m i t i n g values of conductance do not correspond to complete 
dissociation, the appearance of the plateaux implies dissociation e q u i l i b r i a 
which are independent of the BC13 concentration as required by the formula 
i n Fig. 2. The similar height of the plateaux indicates molar conductivities 
and Kj) values which are almost independent of the nature of the substituents 
X and Y (K D = (1.9-2.9) x 10"* mol/L at -70°C). On the other hand, the 
ionisation constants Kj strongly decrease with decreasing electron releasing 
a b i l i t y of X and Y. They adopt immeasurably high values for systems with 
strong electron donors and can only be determined quantitatively f o r systems 
with AGJ * 0 (Fig. 3). 

While Kj-values, determined i n thi s way, can be corroborated by UV-vis 
measurements [ 8 ] , the magnitude of the dissociation constants has ex
clusively been based on conductance measurements, since carbenium ions and 
ion-pairs are usually assumed to exhibit identical UV-vis spectra. We have 
now found that the electronic spectra of diarylcarbenium ions and the 
corresponding ion-pairs d i f f e r s l i g h t l y and that these differences can be 
used to ascertain the conductimetrially determined Kp value. 

A area II area I 

1.312 

0.662 

0.013 - <~ 1 1 1 , 
450 475 500 525 550 

λ/nm 

Figure ' I . Absorption spectrum of di(p-methoxyphenyl)carbenium tetrachloro-
borate (1.0x10~5M) i n CH2C12 at 20°C (curve A) and i n presence of benzyl-
t r i ethyl ammonium tetrachloroborate (1.0x10""2M; curve B) 
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Fig. 4 sfrows that the absorption spectrum of a 10""5 Μ solution of l̂ -OCHa.OCHj 
BCi; (cuirve A) i s s l i g h t l y changed when 10~2 Μ PhCH2NEtt BC1Z are present 
(curve BO. The observed 2 nm blue s h i f t of the absorption maximum and the 
decrease* of e m a x may a p r i o r i be attributed to the formation of ion-pairs 
from free ions or to a more general solvatochromic effect caused by the 
change o>f the medium. 

These p o s s i b i l i t i e s can be differentiated by the t i t r a t i o n experiment 
described i n Fig. 5. When a solution of ν*ΉΧΗ3,00Η3 BCl^ and excess BC13 

i s t i t r a t e d with a quaternary ammonium chloride, the added chloride ions 
are i n i t i a l l y accepted by BC13, and [BCl^] increases at the expense of 
[BC1 3]. After BC13 i s used up, the chloride ions combine with the carbenium 
ions to give neutral molecules. 

1.00 

050-

0.10 

curve I I ( £ 8 5 - £ 9 5 n m ) 

curve I (515-525nm) 

BCl 3*Cr 

I 
BCi; 

Ar2CH** CI' 

Ar2CHCl 

100 5.00 10.00 
Quantity of BClf/mmol 

Figure 5. T i t r a t i o n of a solution of di(p-methoxyphenyl)carbenium tetra-
chloroborate (2.0x10"5mmol) and BC13 (10 mmol) i n 92 mL of CH2C12 with 
benz^ltriethylammonium chloride (-70°C) 

When t h i s t i t r a t i o n i s monitored photometrically i n the 515-525 nm range, 
one (Observes an i n i t i a l 8% decrease of absorbance, then a wide range i n 
whicln the absorbance remains constant, and f i n a l l y an abrupt decrease of the 
extinction due to the disappearance of the carbenium ions (Fig.5). A 
similar behaviour was observed when the t i t r a t i o n was monitored i n the 
H85-'495 nm range, but now the absorbance increases i n the i n i t i a l phase. 
The opposing s a l t effects on the absorbances i n the two different spectral 
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regions i s i n accordance with Fig. 4: In the 515 to 525 run range, the solution 
without ammonium s a l t , and i n the 485 to 495 nm range, the solution containing 
ammonium salt shows higher absorbance. 

I f the spectral changes shown i n Fig. 4 were due to a general solvatochromic 
effect, one would not expect the absorbance to remain constant while 90-95% 
of the ammonium chloride i s added. When the l e f t parts of the t i t r a t i o n 
curves of Fig. 5 are enlarged and compared with the percentage of free ions 
calculated from Kn, one can recognize, however, that the changes of absorbance 
take place i n the same range i n which the percentage of free ions decreases 
from *90% to less than 13%» suggesting that the spectral changes are due 
to the conversion of free ions to ion-pairs. We can now use the absorbance 
before CI*" was added (92% free ions and 8% ion-pairs) and the absorbance 
at the plateau (5% free ions and 95$ ion-pairs) to calculate the absorbances 
for different free ion/ion-pair ratios. Fig. 6 shows that the experimental 
and calculated curves are superimposable. The pa r t i c i p a t i o n of 1 :1 ion-pairs 
i n binary ionogenic e q u i l i b r i a has thus been supported by an independent 
method. 

A 
A o curve I I U85-495nm) 

1.05-

1.00 
ο experimental 

<j calculated 

curve I (515-525 nm) 

0.10 0.50 1.00 
Quantity of BCt4 /mmol 

Figure 6. Comparison of the i n i t i a l phases of the t i t r a t i o n curves i n Fig. 
5 with the percentage of free ions 



49 

The abrupt decrease of absorbance at the right corner of Fig. 5 means 
that the dianisylcarbenium ions Γ ^ - Ο Ο ^ , Ο Ο γ ^ do not accept chloride ions 
as long as B C 1 3 i s s t i l l available. This observation implies a large value 
of Kj, as deduced above, but i t s magnitude remains unknown. Therefore, a 
different method has to be used for the determination of the ionisation 
constants for systems substituted by strong electron donors. 

X 

Y 

OCH3 

OCH3 

OCH3 

OPh 

OCH3 

CH3 

OCH3 

Η 

OPh 

CH3 

OCHj 

CI 

OPh 

Η 

CH3 

CH3 

Δ Δ 6 0 

IkJ/mol) 0.0 7.2 12.3 18.5 19.7 20.9 25.9 28.1 

Figure 7. NMR spectroscopic determination of equilibrium constants i n CD 2C1 2 

(-70°C) 

When BCI3 i s added to a mixture of two diarylmethyl chlorides of similar 
ionisation constants, conditions can be found under which both diarylmethyl 
chlorides and the corresponding carbenium ions are simultaneously detectable 
i n the *H NMR spectrum. The equilibrium constants can now be calculated 
from the ratios of these four species, and a scale of carbenium ion s t a b i l i t i e s 
i s obtained by running t h i s experiment successively for different pairs of 
diarylmethyl chlorides (Fig. 7 ) . 

With the ionisation free enthalpy of the di(p-tolyl)methyl chloride, which 
was determined to be AGJ= -7 kJ/mol from conductance experiments (Fig. 3 ) , 

the ΔΔΰ° values of Fig. 7 can be converted into AGf values. Now, the reactants 
of our model reaction are s u f f i c i e n t l y characterized, and we can turn to 
the addition reactions. 

C, Thermodynamics of the Addition Reactions [9] 
When the diarylmethyl chlorides shown i n Fig. 8 are added to mixtures of 
BCI3 and alkenes i n dichloromethane, considerably more heat i s evolved with 
compounds carrying an alkoxy substituent, due to complexation of the corres
ponding adducts with B C 1 3 . After correction for these independently determined 
heats of complexation (AH C), heats of addition (AHa) are derived, which 
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( Β α 3 Γ » X - C e H i - C H - C H j - C - C I 

C * H * Y C ' H y C H a C I , 

BCI,|AHC 

X-C,H4-CHCI * l ~ \ ) ~β07*" I x - C j H t - C H - C H j - C - C I nBCI,J 

X.Y OCH3, CH3 OCH3.H CH3.CH3 CHj.H Η , Η 

ÄHa(kJ/mol) 

AHc(kJ/mol) 

-84.912.5 

-U.810.9 

-90.21 2.7 
-43.711.0 

-88.9*2.2 

0 

-90.910.9 

0 

-86.611.9 

0 

Figure 8. Heats of reaction of the BC1 3-initiated additions of p-substituted 
diarylmethyl chlorides towards 2-methy1-1-pentene 

turn out to be almost independent of the para-substituents (Fig. 8). This 
i s not surprising since the structural change, least remote from X and Y, 
is the replacement of a C-Cl by a C-C bond; AHa does not imply the generation 
or neutralisation of an ion. 

On the other hand, the heats of addition strongly depend on the nature of X 
and Y, when diarylcarbenium tetrachloroborates are used as reactants. 
Fig. 9 shows that ΔΗ]-, becomes the less negative, the better the diarylcar
benium ions are stabilised. 

'CH 2CI, 

X , Y C H 3 . C H 3 0 C H 3 , H OCHJ.CHJ 

AHbtkJ/mol) - 5 3 . 1 * 5.1 - 3 9 . 1 *4.6 - 3 3 . 1 t 5.1 

Figure 9. Heats of reaction of diarylcarbenium tetrachloroborates with 
2-methyl-1-pentene i n CH2C12 at -70°C 

Since ΔΗ^ i s related to the heats of ionisation of the complementary d i a r y l -
methyl chlorides, which, i n turn, are correlated with the corresponding 
pKR+ values [ 9 ] , ΔΗ5 can be expressed by pKp+: 

AHfc / kJ-mol~1 . 9 . 5 + 6 . 3 pKR+ 
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When AS0 i s estimated from group increments [10], an analogous equation for 
AGg is obtained, which shows that AGg » 0 (-70°C) for pKR+ = - 2.6. 

AGg /(kJ-mol- 1)- 16 + 6.3 pKR+ 
Carbenium tetrachloroborates with pKp+ £ -2.6 are therefore not be expected 
to y i e l d adducts with alkenes under equilibrium conditions unless the 
products are stabilised by complexation with the Lewis acid. 

D, Kinetics of the Addition Reactions 
Two years ago, I have already reported that the kinetics of the reactions 
of diarylcarbenium tetrachlororborates with alkenes can be followed photo
metrically and conductimetrically since coloured ionic reactants are converted 
into colourless covalent products C3»113. 

Ar2CH+BCi; + = ^ , — > Ar2CH-CH2-CRR'-CI + BC13 

We had found that the reactions follow simple second order kinetics, f i r s t 
order with respect to alkene and f i r s t order with respect to diarylcarbenium 
ions. Since the concentration of BC13, which was used i n excess, did not 
appear i n the rate equations, the formation of complexes between alkenes 
and BC13 was excluded, which i s i n accord with our thermochemical experiments. 

This simple rate equation was not a p r i o r i expected, since the r a t i o free 
ions/ion-pairs increases during the course of a kinetic experiment. Yet, 
as shown i n Fig. 10, almost identical rate constants were found i n solutions 
containing either free ions or ion-pairs predominantly. We, therefore, 
conclude that in t h i s system free ions and ion-pairs are equally reactive. 

CH3 ^ H 3 
C H j O - ^ ^ - C H BC£ • = ^ *~ C H 3 0 - ^ ^ - C H - C H 2 - C - C i • BCI3 

C 3 H, ^ £ , H , 

1*-0CH3,H 

tl*-OCH3>H]0 

(mol/L) 
% Free Ions o ) 

*2 
(L/mol s) 

4.5 - 10-* 85 - 96 27.8 
8.8 χ 10' 5 77 - 96 26.0 

2.1 χ Χ)"* 63 - 90 262 
4.1 * 10~3 21 - 40 26.8 
1.0 « 10"* b l 14 25.8 

α ί Percentage of free ions at t « 0 and at the end of the kinetic experiment. 
b , I n presence of 10_1M PhCH2NEt3BClZ. 

Figure 10. Second order rate constants k 2 for the reaction of (p-0CH 3C 6Hj-
(C eH 5)CH + BCl^ with 2-methyl-1-pentene at various ion concentrations 
(-70°C, CH2C12) 
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A rationalisation for t h i s phenomenon comes from the fact that the disso
ciation constants Kn are of closely similar magnitude for a large variety of 
organic salts, e.g., t r i t y l , benzhydryl, oxonium, sulfonium, and quaternary 
ammonium salts with complex counter ions l i k e SbCi;, BCl^, PF; etc.[12]. 
This behaviour i s expected from the "sphere in continuum" model for ions 
of comparable effective size i n a certain solvent [13]. 

In a l l these cases, the standard free enthalpy of the ion-pairs i s approxi
mately 14 kJ/mol below that of the free ions (CH2C12, -70°C): ΔΔΰ° = -RT 
In Kn. As Kn was found to be similar for cations of quite dissimilar structural 
type, the same magnitude of Kn can also be expected for the cations R-CC+ 

and the corresponding activated complexes, as indicated i n Fig. 11. Conse
quently, when charges are neither generated nor destroyed i n the rate 
determining step, ion-pairing should influence reactants and ac t i v a t e d 
complexes to the same extent, and re a c t i v i t y can be expected to be independent 
of the degree of ion-pairing. 

Λ * fast j , R+ • C=C 
y \ 

—*· R-CC products 

free TS 

f " 
/ \ paired TS 

\ / \ ̂ Gp Qj r e (j 
~\ Y \ \ 

R* Λ Λ \ (free) 
R* \_/~\\ 

(paired) R_QC* ΝΛ 

(free) \ 
R-CC* 

(paired) 

Figure 11. Free enthalpy profiles rationalising the identical r e a t i v i t i e s 
of free and paired carbenium ions towards alkenes 

This situation i s contrasted by carbanionic systems, for which large r e a c t i v i t y 
differences between ions and ion-pairs are well established [ 1 4 ] , What 
makes the difference? We feel that the term "ion-pairing" i s used with a 
different meaning i n carbocationic and carbanionic chemistry. Let us r e s t r i c t 
ourselves to systems which are typical for ionic polymerisations. 

I f carbon i s connected with an electronegative element, the r e s u l t i n g 
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Carbon connected with 

electronegative element 

Covalent 

•MXn I (Ionisation,Kj) 

— C ' 

Ion-Pair 

υ (Dissociation,KD) 

Carbon connected with 
electropositive element (metal) 

I 
Covalent with n% ionic character 

Contact Ion-Pair 

• Solvent 

θ 
— c ; 

I »<0tt) 

Solvent Separated Ion-Pair 

I κ0αΐ) 

- c : ̂  • MX® 1 

Free Ions 

θ • Μ 
r 
Free Ions 

Figure 12. Carbocationic and carbanionic species which are relevant i n 
polymerisations of alkenes 

species (e.g. diphenylmethyl chloride) i s considered to be a covalent 
compound with an approximately tetrahedral carbon centre. A well-defined 
ionisation step, which was discussed at the beginning, generates a carbenium 
ion with a planar carbon centre. I t s interactions with the complex counter 
anion are purely electrostatic - covalent diarylcarbenium tetrachlorobora-
tes do not exist! The state of t h i s carbenium ion - wether i t i s paired or 
or unpaired - has l i t t l e influence on i t s properties. The discussion above 
showed that the differences between the electronic spectra of unpaired and 
paired carbenium ions are very minute i n accordance with the finding of 
equal reactivivty towards alkenes. Because of the close s i m i l a r i t y between 
carbenium ions and the corresponding ion-pairs with complex counter-ions, a 
further d i f f e r e n t i a t i o n between various types of ion-pairs i s not practical. 

Whereas ionisation and dissociation are clearly defined events on the l e f t 
side of Fig. 12, the situation i s more complex for carbanionic systems (Fig. 
12, r i g h t ) . Organic a l k a l i metal compounds, which often exist as aggregates, 
may be described as covalent species with a certain percentage of ionic 
character [15]. I f the formal carbanion i s a resonance stabilised species 
(e.g. in diphenylmethyl lithium or sodium), the species with the closest 
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interaction between the organic fragment and the metal i s usually called a 
contact ion-pair. In contrast to ion-pairs on the l e f t of Fig. 1 2 , the 
interactions between carbanion and metal cation are not purely electrostatic 
- a covalent or polarisation term i s involved i n addition. Consequently, 
considerable spectral changes - in NMR and UV-vis spectra - have been 
observed when th i s specific interaction i s abandoned [ 1 6 ] , and i t i s hardly 
surprising that species with clearly different spectral properties also 
show different r e a c t i v i t y . The dissociation constant Kn, which i s often 
derived from spectral properties i n carbanion chemistry, therefore includes 
a covalent term which i s incorporated i n Kj in carbocationic chemistry. 
Since in the solvent separated ion-pairs the specific cation-anion interaction 
has already been abandoned, the relationship between free carbanion 
and solvent separated ion-pairs should be of comparable quality as the 
relationship between free carbocations and ion-pairs with complex counter ions. 

I n conclusion, the covalent interaction term, which i s usually present between 
carbanions and metal cations and absent between carbenium ions and complex 
anions, i s responsible for the different effects of ion-pairing on the 
r e a c t i v i t y of the propagating species i n carbanionic and carbocationic 
polymerisation. Therefore,we cannot easily translate the effects observed 
i n carbanionic chemistry into carbocationic chemistry and vice versa. 

After knowing that we don't have to care for the degree of ion-pairing i n 
the model reaction, we can turn to the next problem: Is the carbenium ion 
addition step irreversible? 

When diarylcarbenium tetrachloroborates of different e l e c t r o p h i l i c i t y were 
reacted with trimethylethylene, only the rates of the more reactive repre
sentatives (e.g. X,Y - 0CH3,H) were independent of [ B C 1 * ] . In the case of 
the better stabilised cation with X,Y = 0CH3,CH3 the rate increased by 
approximately 2 C # , and in the case of the dianisylcarbenium ion (X « Y -
0 C H 3 ) a 1005& acceleration was observed, when the BCl^ concentration was 
increased from 10~5M to 10~2M (Fig. 1 3 ) . 

These findings can be rationalised with the assumption that the carbenium 
ion addition step becomes reversible for better stabilised diarylcarbenium 
ions, as k-2 w i l l grow with increasing s t a b i l i t y of the diarylcarbenium 
ion while the rate of the cation-anion combination ( k c ) w i l l be independent 
of the nature of the para-substiuents. 
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1 1 , — // pJ 
1 ( Γ 3 5-10"3 10"2 2 · 1 0 - 2 

[BCl^/mol L"1 • 
Figure 13. The influence of [BCl^] (paired + unpaired) on k ^ : Reversibility 
of the addition step [17] 

This experiment i s not suf f i c i e n t to prove that the rate constant kobs» 
observed for the dianisylcarbenium ion (X - Y - 0CH3) at high BCi; concen
trations, i s identical to k 2. As the cation-anion-combination has to proceed 
via ion-pairs, an increase of [BCl^] w i l l only have an effect on the k c/k- 2 

r a t i o i f the free ion/ion-pair r a t i o i s influenced by an increase of [BCl^]. 
Since more than 85% of the carbenium ions are paired at salt concentrations 
> 5x10""3, the constancy of kQbS at the plateau may only indicate that 
ion-pairing i s almost complete. With the additional information that the 
same value of kobs i s obtained for the corresponding ZnC17 salt we can 
conclude, however, that kob S at the plateaux of Fig. 13 i s equal to k 2. 

These considerations imply that the rate of the termination depends on the 
degree of ion-pairing. While we have demonstrated that the degree of ion-
pairing i s insignificant for the i n i t i a t i o n reaction, i t i s of great importance 
for the termination reaction, and we have to consider Kn when we look for the 
r a t i o propagation/termination. 
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Let us now look at the additions of diarylcarbenium ions to some monomers 
which are of interest i n carbocationic polymerisation. As previously derived 
from competition experiments [3, 5] , isobutene, styrene, and isoprene display 
similar r e a c t i v i t i e s towards diarylcarbenium ions. The rea c t i v i t y r a t i o 
k(isobutene)/k(styrene) i s approximately 3, and isoprene i s i n between. In 
a l l three columns of Fig.14, the re a c t i v i t y of the diarylcarbenium ions 
decreases by fiv e orders of magnitude when the two p-methyl groups are 
replaced by two p-methoxy groups. 

-J 

R' 

X H ^ ) - C - C H 2 - C - C ( • BCl; 

_ y 
" Λ 

Ph 

γ k2(-70eCI Δ Η * AS* k2(-70°C) Δ Η * AS* k2(-70°C) Δ Η * AS* 
IL/mol-s) (kJ/mol) (J/K-mol) IL/mol-s] (kJ/mol) (J/K-mol) (L/mol-s) (kJ/mol) (J/K-mol) 

CH3 CH3 3.67 · 103 — — 1.10 103 - - 2.04 103 

- -OPh Η — — — 1.11 102 — - 1.57 10 2 - -OCH3 Η 2.38 · 101 21.2 -111 1.08 10' 19.2 -128 1.52 101 23.0 - 1 0 6 

OCH3 CH3 3.84 23.0 -117 1.03 24.9 -119 2.15 — -OCH3 OCH3 3.0 · 10"2 30.7 -119 1.22 10"2 _ - 2.21 10- 2 33.3 -110 

Figure Addition rate constants and activation parameters for the reactions 
of diarylcarbenium tetrachloroborates with isobutene, styrene and isoprene 

Since we have shown that ion-pairing does not affect the addition rates, 
the data of Fig. 14 represent i n i t i a t i o n rate constants, which are charac
t e r i s t i c for these carbenium ions irrespective of the nature of the counter 
ions. The re a c t i v i t i e s of Fig. 14 are l i n e a r i l y correlated with the ionisation 
free enthalpies of the diarylmethyl chlorides shown i n Fig. 7. Since a more 
comprehensive set of kinetic data has been obtained for the reactions of 
diarylcarbenium ions with 2-methyl-1 -pentene - a monomer which closely 
resembles the r e a c t i v i t y of isobutene - we w i l l concentrate on this rate-
equilibrium relationship. 

Fig. 15 shows that both ΔΗ# and of the addition reactions decrease with 
decreasing s t a b i l i s a t i o n of the diarylcarbenium ions, i.e. with increasing 
values of AGf .Both graphs are almost p a r a l l e l , i n accord with the constancy of 
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Figure 15. Correlation of the re a c t i v i t i e s of diarylcarbenium ions towards 
2-methy1-1-pentene with the ionisation free enthalpies of the corresponding 
diarylmethyl chlorides 

AS* throughout t h i s reaction series, which has also been found for other 
alkenes [18]. The slopes of these graphs reveal that 60-70 % of the carbenium 
ion character of the diarylmethyl fragment i s abandoned i n the transition 
state. 

Other types of carbenium ions have not yet been included in t h i s correlation. 
Certainly, t r i t y l i u m ions do not match, since the unsubstituted t r i t y l 
cation, for which AGJ = -29 kJ/mol (BC13/CH2C12) can be estimated from i t s 
pKR+ value [19], does not react with 2~methyl-1-pentene at -70°C. For 
electronic reasons i t should have a similar r e a c t i v i t y as the p-methoxy-
p-phenoxy substituted diphenylcarbenium ion, which reacts readily at -70°C. 
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Steric effects are, therefore, responsible for the low e l e c t r o p h i l i c i t y 
of t r i t y l cations. In the absence of such strong steric repulsions, the 
correlation i n Fig. 15 may be expected to hold also for other types of 
carbenium ions. 

On the basis of Arnett's thermochemical studies [20], AG} (BC1 3/CH 2 C1 2 ) 

for t e r t i a r y a l k y l chlorides can be estimated to be around +13 kJ/mol. With 
th i s value, the correlation of Fig. 15 predicts AG* * 2M kJ/mol and AH* * 0 
for the additions of t e r t i a r y carbenium ions to 2-methyl-1-pentene, a reaction 
which resembles the propagation step of isobutene polymerisation. Further 
investigations must show whether this extrapolation i s val i d . 

E. Outlook 
Reactivities of diarylcarbenium ions towards alkenes are linearly correlated 
with carbenium ion s t a b i l i t i e s derived from the standard free enthalpies 
of ionisation of diarylmethyl chlorides. I t i s possible, therefore, to 
derive rates of i n i t i a t i o n of alkene polymerisations from these relationships. 
I f similar correlations can be shown to hold for other types of carbenium 
ions, a powerful tool would become available to predict any i n i t i a t i o n and 
propagation rate constant relevant for carbocationic polymerisations of 
alkenes. 
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