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The calculation of carbenium and carbonium type cations resulting from the 
protonation of olefins with growing length and increasing chain branching was 
carried out by quantum chemical methods which were tested elsewhere. 

One result is the distinction of olefins with an equal number of alkyl substi- 
tuents on both sides of the double bond and other ones with different number. 
In the latter case generally no bridged structures could be defned.  

The influence of nucleophilic solvents on the stability of the cationic structures 
is simulated on the basis of Klopman's solvaton model. These calculations 
show that solvents may change the gas phase data in a remarkable way. 
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1. Introduction 

The mechanism of proton transfer to unsaturated systems (and of the electrophilic 
attack in general) has been described in different ways [1, 2]. The essential reason 
for this is the inadequate knowledge of the character and the relative stabilities for 
open and bridged structures (carbenium and carbonium ions [2]) of isolated ions, 
ions in solution or in the adsorbed state. 

In this context an important question is the nature of scrambling processes for 
protons. Experimental  investigations in this field have been undertaken usually in 
superacid media. Here  especially nmr [2, 3, 4] and thermochemical investigations 
[5, 6] play an important role. So far, studies in the gas phase by means of ion 
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cyclotron resonance (icr) method [7] which seems to be well suited for an 
investigation of carbocations, have not given unambiguous results concerning the 
relative stabilities of the various structural types. Experimental  evidence on the 
mechanism of the protonation of olefins at Broensted type sites on solid surfaces is 
also not conclusive [8]. 

The most accurate theoretical studies are available for protonated ethylene. 
Non-empirical calculations with the CEPA-PNO method including the electron 
correlation show the bridged structure to be more stable than the open one by 
about 31 kJ /mole  [9]. Almost the same energy difference has been obtained by 
means of the C N D O / 2 - F K  [10, 1 ! ]  and M I N D O / 3  methods [11, 12]. Moreover,  
the intrinsic structure stabilities calculated by M I N D O / 3  are in agreement with 
C EP A-P NO results for a large number of other carbocations [13-15]. 

Consequently, the above mentioned semiempirical methods were successfully 
used for the calculation of similar structures in the case of more complicated 
systems (e.g. aromatics [16, 17]). This led the authors of the present paper to 
perform extensive quantum mechanical studies on the protonation of noncon- 
jugated double bonds in systems of growing length and increasing branching of the 
chain. 

In order  to check the computations with experimental data from solutions 
medium effects have to be taken into account by the "solvaton model"  proposed 
by Klopman [18]. 

2. Calculated Structures 

In this study cations are considered with two to six carbon atoms which result from 
ethylene by alkyl-for-H-substitution. The classification of the various protonated 
forms is given in terms of carbonium ions 1 and isomeric carbonium ions 2a and 2b 
(cf. Fig. 1) which may be regarded as limiting cases. In this context a structure is 
defined theoretically as an atomic arrangement which gives rise to a stationary 
point on the potential energy surface. 

R I R 2 R 2 

R 4 R 3 R3 

1 2a 2b 

H-bridged: corbonium ion open: cQrbenium ions 

Fig. 1. Structural types of alkyl-substituted forms of the ethyl cation (Rg = CH2, CH3, C2H5, C3H7). 
Differentiation between structures 2a and 2b is only meaningful if the substituents R1, R2 are not 
equivalent to R3, R4 
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In connection with our classification it should be emphasized that an additional 
weaker complex of a double bond with a proton cannot be derived from an 
inspection of the potential energy surface for isolated cations. Therefore, the bond 
characteristics of the cations should not be confused with the properties of the 
well-known complexes of olefins with electron acceptors such as HF and HC1. 

3. Calculating Methods 

The search of stationary points on the potential energy surface is carried out by the 
optimization procedures of Murtagh and Sargent [19] and Fletcher [20]. In these 
methods the gradient of the total energy is the guide for finding the next minimum 
on the potential energy surface. The energies are computed on the basis of the 
CNDO/2-FK and MINDO/3 methods. Besides minima also other stationary 
points of the potential energy surface are determined as far as they are of 
importance for the present investigation. The geometry optimizations are inter- 
rupted when the largest component of the gradient is less than 10 -3 a.u. In the case 
of the MINDO/3 method we identify the stationary points directly by using the 
eigenvalues of the force constant matrix: Minima give only positive, saddle points 
of the first order (transition states) give one negative, and saddle points of higher 
order a corresponding higher number of negative eigenvalues. 

The computation of the influence of the solvent on the relative stability of open 
and H-bridged structures is performed on the basis of Germer's method [21] 
which is an extension of Klopman's solvaton model. In this model the existence of 
a fictive charged particle (solvaton) in the vicinity of each atom is assumed. The 
charge of the solvatons is chosen to be the net negative charge of the atom in order 
to simulate the polarization effect. In the case of cations the sum of the solvaton 
charges is equal to the (smeared out) counter ion charge. Germer [21] extended 
this concept by embedding the solvaton-solute interaction in the iteration pro- 
cedure of SCF-MO methods. 

The inclusion of the interaction with the solvatons in the Hamiltonian results in 
modified calculations of some matrix elements. In the MINDO/3 method which is 
used in our computations only the diagonal elements of the H .... matrix are 
modified by the electron-solvaton (S) interaction (3rd term) 

H L .  = U[.,. - Z Z~-,,,,~ + f  Y Os'VA~ (t~ e A), (1) 
B ~ A  S 

with f = (e - 1)/2e, 

Qs = QB = Z B -  Y.P.. 0'  ~ B), 
v 

YAS = 14.399/[RZs + (7.1995/YAA + 7.1995/yBB)2] 1/2. 

A and B denote the atoms,/z and z, the respective atomic orbitals. U~,~ are the 
one-centre and YAB are the electron interaction integrals. ZB stands for the 
effective core charge, QA, QB, and Qs are net charges, P~ the diagonal elements 
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of the density matrix, and e is the permittivity. The nucleus-solvaton interaction is 
given by 

CNS = --f ~ ~ ZAQs[YAs + (14.399/Rhs-- Yas) exp (--ahsRas)]. (2) 
AS 

A check on this procedure reveals, however, that the use of the van der Waals radii 
in the one-centre integrals as suggested by Germer leads to an incorrectly strong 
weight of the two-centre terms. The problem can be solved in different ways (cf. 
Ref. [22]). We use an empirical relation to the atomic charges 

RAS = Rvow(1 - a Qs) 

in order to reduce the atom-solvaton distance in the one-centre integrals. 

Simulating a more strongly nucleophilic solvent we assume a value of a = 0.65 
which gives rise to a greater stability (~40 k J/mole) of the open structure [22]. 
The chosen permittivity e = 31.5 is formally equal to the value of methanol. 

5. Results and Discussion 

The energy differences between the various protonated structures of the olefins in 
Fig. 2 are summarized in Table 1. 

Structure 2a describes Markovnikov addition (proton addition to the C atom with 
the largest number of hydrogens) and 2b anti-Markovnikov addition. 

5.1. Isolated Cations in the Gas Phase 

The protonation of the olefins VI to X leads to differently stabilized carbenium 
ions 2a and 2b, the double bonds of which are asymmetrically substituted with 
respect to the number of alkyl groups. Bridged structures, however, could not be 
defined in this case, i.e. no stationary points on the potential energy surface of the 
cations were found which would correspond to these species. For some typical 
representatives of the two kinds of carbenium ions, experimental energy 
differences were reported which are given in Table 1. These values are 67 and 
75 k J/mole for the primary and secondary cations of protonated propene (VI) and 
1-butene (VII), respectively. The corresponding energy difference between the 
primary and the tertiary isobutene (VIII) cations is about 134 kJ/mole. These 
differences are in good agreement with the results of the MINDO/3 compu- 
tations. The values according to the CNDO/2-FK method are slightly higher. 
Also on other alkyl-substituted ethylene molecules, both calculations gave 
differences of similar magnitude between cation forms of types 2a and 2b. The 
smallest differences with values between 36 and 71 kJ/mole result for the 
secondary and the tertiary cation of the protonated trimethylethylene (X). The 
markedly different stabilities of the open cationic structures are one of the reasons 
for the lack of activation barriers concerning the proton migrations to the less 
alkylated carbon atom. This effect has already been described for protonated 
propene [24]. It should be mentioned here that theoretical studies [25, 13] showed 
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H." C"'~H H3C~" C "~H H ~'" C ~'~CH 3 
I 77 trans c,s 

ethylene 2 - butene 
(1, 2 - d ime  fhylethylene) 

H 3 C ~ C H 3  H ~ ' ~  CH3 

Z3 -dimethylbutene-(2) pentene-2 
( teframethylethytene) ( l-methyl- 2-eth y! e t hylene) 

H3C~H H5C2" ~ H H~C ~ CH~ 
propylene t-bulene ~sobutene 

(methylethylene) (ethylethylene) (I, 1 -dirnethytethylene) 

l-pentene 2-methylbutene- (2) 

(#ropylethylene) (~rimethylethylene) 

Fig. 2. Summary of the studied olefins 

the protonated cyclopropane to come next in stability to the secondary carbenium 
ion of protonated propene. 

In the case of the olefins I to V the two types of carbenium ions (2a and 2b) have an 
equal or nearly equal stability because of the equal number of alkyl groups on both 
sides of the double bond. The influence due to the different size of alkyl groups is 
small as in the case of 2-pentene. Furthermore,  for the protonated forms of I to V 
we find well-defined H-bridged structures. Calculations by the aid of the two 
semiempirical methods show (cf. Table 1) that the energy of these bridged 
structures (i.e. carbonium ions) is in general somewhat less than that of the open 
ones. 

The energy minimum for structure 1 of the carbonium ions, however, becomes 
more and more shallow (according to CNDO/2-FK)  as the number of substituents 
increases and disappears for protonated tetramethylethylene (MINDO/3 ,  
CNDO/2-FK) .  The result for the latter compound resembles most that obtained 
for protonated benzene [26]. 
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In  the  c o m p l e t e l y  o p t i m i z e d  ions the  a lkyl  g roups  at  the  or ig ina l  d o u b l e  b o n d  are  
twis ted  by  an angle  up  to 25 ~ with  r e spec t  to the  poss ib le  symmet r i ca l  forms.  The  
ene rgy  gain  is a b o u t  13 k J / m o l e  for  h ighly  a lky l a t ed  open  s t ruc tures .  Conc e rn ing  
a poss ib le  b a r r i e r  b e t w e e n  such open  and  b r i dge d  cat ions ,  expl ic i t  ca lcu la t ions  
have  not  ye t  b e e n  u n d e r t a k e n  for  the  l a rge r  systems.  But  e xpe r i e nc e  shows tha t  
t he re  shou ld  be  no a p p r e c i a b l e  ba r r i e r s  b e t w e e n  the  s t ruc tures  of types  1 and 2. 
T h e  t r e n d  d e r i v e d  is no t  in con t r ad i c t i on  with  the  few resul ts  of  n o n - e m p i r i c a l  
ca lcu la t ions  on  e thyl  and  2 -bu ty l  ca t ions  (Table  1). The  S C F  ene rgy  va lues  
ind ica te  the  b r i d g e d  s t ruc tu re  of p r o t o n a t e d  b u t e n e - 2  to be  sl ightly d i s f avoured  in 
c o m p a r i s o n  with  p r o t o n a t e d  e thy lene .  But  the  e s t i m a t e d  g r e a t e r  co r r e l a t i on  
ene rgy  of  the  H - b r i d g e d  s t ruc ture  of  p r o t o n a t e d  b u t e n e - 2  o v e r c o m p e n s a t e s  this 
effect.  This  case shows the  i m p o r t a n c e  of  an accura te  ca lcu la t ion  of  the  co r re l a t ion  
ene rgy  with  n o n - e m p i r i c a l  m e t h o d s  even  in the  s tudy  of  ana logous  s t ruc ture  
e l e m e n t s  in mo lecu l e s  of  d i f ferent  size. U n f o r t u n a t e l y ,  the  p r e s e n t  d e t e r m i n a t i o n  
of  the  co r r e l a t i on  ene rgy  for  p r o t o n a t e d  2 - b u t e n e  [14] is not  ye t  sufficient to be  a 
t heo re t i c a l  s t anda rd .  

5.2. Solution 

Resu l t s  conce rn ing  the  so lven t  inf luence  on  the  re la t ive  s tabi l i ty  of  the  i so la ted  
ca t ion ic  s t ruc tu res  a re  also given in T a b l e  1. The  ene rgy  d i f ferences  in so lu t ions  
ca lcu la t ed  for  the  p r i m a r y  and  s e c o n d a r y  c a r b e n i u m  ions and  for  the  s e c o n d a r y  
and  t e r t i a ry  ones  are  less than  tha t  w i thou t  so lven t  inf luence.  

So it is no t  surpr i s ing  tha t  e t h y l e n e  mo lecu l e s  which  are  a symmet r i ca l l y  subst i -  
t u t e d  with  r e spec t  to  the  n u m b e r  of a lkyl  g roups  show a t e n d e n c y  to fo rm a ba r r i e r  

Table 1. Relative energies (k J/mole) of the structures 1, 2a, and 2b after protonation of studied olefins 
(cf. Fig. 2) The lower index for the energy values E refers to the structure and the upper one indicates 
the case of isolated cation (isol) or that in solution (solv) 

~ l v  __ E~r E,,lolv __ E~Olv 

isol isol E~ s~ - E~ s~ Germer-solvaton-model, MINDO/3 Structure Method E 2b  -- E2a  

I CNDO/2-FK 0 -39 - -  - -  
MINDO/3 0 -33 0 41 
SCF + corr. a 0 -31 b - -  - -  

CNDO/2-FK 0 -26 - -  - -  
MINDO/3 0 -21 0 23 
SCF + corr. a 0 -26 c - -  - -  

CNDO/2-FK 0 -25 - -  - -  
MINDO/3 0 - 17 0 26 

CNDO/2-FK 0 -0.5 e - -  - -  
MINDO/3 0 -0.9 e 0 38 

CNDO/2-FK 8.7 f 1-2a: -10 - -  - -  
1-2b: -18 

MINDO/3 0.3 f 1-2a:-24 - 9  1-2a: 17 
1-2b: -24 1-2b: 26 

II 

III 

IV 

V 
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solv solv solv solv 
E2b - E 2 a  E1 - E 2  

Structure Method E~,  I - E~ s~ Eia s~ - E~ ~ Germer-solvaton-model, MINDO/3 

VI CNDO/2-FK 107 - -  - -  - -  
1-2a: 15) a 1-2a: 56 

MINDO/3 78 1-2b: -63J  t 61 1-2b: -5  

SCF + corr. ~ 69 - -  - -  - -  
Exp. 67 g 

VII CNDO/2-FK . . . .  
1-2a: 18 I d 1-2a: 51 

MINDO/3 80 1-2b: -61J  $ 52 1-2b: - 1  

Exp. 75 g 

VIII CNDO/2-FK 181 - -  - -  - -  
1-2a: 45) d 1-2a: 72 

MINDO/3 132 1-2b: -87J  $ 82 1-2b:-10 

Exp. 134 g 

IX CNDO/2-FK 130 - -  - -  - -  
1-2a: 151 d 1-2a:82 

MINDO/3 82 1-2b: -67J  $ 55 1-2b: 27 

X CNDO/2-FK 59 (71) h - -  - -  - -  
MINDO/3 36 (48) h 1-2a: 0.3 ]d - -  1--2a: 32 

(12)h~ 18(--46) h (--32) h 

1 -2b : -36  ) - -  1-2b: 14 

a SCF (extended basis) + correlation energy (CEPA) 
b cf. Ref. [9] 
c cf. Ref. [14] 
a Structure 1 is no stationary point on the calculated potential surface. The energy values are found by 
fixing H over the centre of the bond. 
e H-eclipsed conformation of structure 2. The bisected form of this cation has almost the same energy 
(i.e. no rotational barrier). 
f 2a corresponds to the central position of the trigonal carbon. 
g cf. Ref. [23] 
h The eclipsed structure 2a of X (all methyl groups in a plane) is energetically unfavoured in 
comparison to a distorted one. It has to be checked yet whether this bridged form (the shifted H is in a 
position perpendicular to its carbon atom) is an artifact of the Used theoretical methods or not. 

f o r  t h e  H sh i f t s  b e t w e e n  t h e  s t r u c t u r e s  2a  a n d  2b  in p r o t o n a t e d  o le f ins  w h i c h  

m o d i f i e s  t h e  gas  p h a s e  r e su l t s  fo r  s o m e  s y s t e m s  (cf. V I I ,  IX ,  X) .  T o  e n a b l e  t h e  

c a l c u l a t i o n  of  t h e  b r i d g e d  s t r u c t u r e ,  in e a c h  case  t h e  p r o t o n  w a s  f ixed in t h e  c e n t r e  

o f  t h e  d o u b l e  b o n d .  

F o r  s y m m e t r i c a l l y  s u b s t i t u t e d  e t h y l e n e s  t h e  i n f l u e n c e  of  n u c l e o p h i l i c  s o l v e n t s  

l e a d s  in all c a ses  c o n s i d e r e d  to  an  a p p r e c i a b l y  h i g h e r  s t ab i l i t y  of  t h e  o p e n  

s t r u c t u r e s .  W i t h  t h e  e x c e p t i o n  of  t h e  e t h y l  c a t i o n ,  t h e  s o l v a t i o n  e n e r g i e s  a r e  

r e l a t i v e l y  c o n s t a n t  w h i c h  m i g h t  b e  g e n e r a l i z e d  to  g ive  a r o u g h  e s t i m a t e  of  t h e  
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solvent influence. From this it follows, in agreement with the former explanations, 
that the bridged structures (type 1) act as a barrier for the H shift between the 
cationic structures of type 2 in solution. 

If one extrapolates these results to more weakly nucleophilic solvents about the 
same stability for open and bridged structures is expected for the ethyl and the 
butyl cations, while the protonated tetraalkylated ethylenes form equilibrating 
tertiary carbenium ions in the course of solvation. These conclusions are in 
accordance with the 13C-nmr investigations of Olah et al. [27] in which the 
spectrum measured for n-butylcations in superacid media was interpreted as 
being due to a fast 1,2-H shift between the carbons 1 and 2. Furthermore, the free 
energies of activation AG ~ for the 1, 2-H shift of tertiary alkylcations in solution 
which were derived by Saunders and Kates [3] from carbon-13 resonance spectra 
do not contradict the present data although the former results (viz. values of AG ~ 
from 13 to 19 kJ/mole for the transition states) cannot directly be compared with 
our data. 

6. Conclusion 

1. The calculations performed for isolated cations suggest the distinction between 
two types of protonated olefins: For the olefins I to V, which have the same 
number of alkyl substituents on both sides of the double bond of the parent 
olefins, open and H-bridged structures can be defined on the potential energy 
surface. On the other side, the olefins VI to X with asymmetrically substituted 
double bond of the parent olefins show no energy minima or saddle points 
(transition states) for the H-bridged structures. Energy differences of 36 to 
181 kJ/mole between the primary and the secondary carbenium ions and between 
the secondary and the tertiary ones prevent the appearance of additional sta- 
tionary points of the potential energy in the bond region. 

2. Solvation is important for the stabilization of the carbenium ions with respect 
to the carbonium ions. The energy minimum which exists between the open 
structures for the protonated systems I to V (and which was attributed to the 
bridged structure) can become more shallow or changes to a saddle point under 
the influence of the solvent. This result is in agreement with experimental data for 
tetraalkylethylenes in solution for which a fast H shift between the two types of 
carbenium ions was found. 

3. The calculations indicate the possibility of a high mobility of the H-atoms in the 
carbon chain of open and bridged protonated structures in certain media if the H 
shifts lead to cations which are stabilized due to the same number of alkyl groups 
(degenerated proton shifts). Here the formation of isoenergetical regions with 
respect to H migrations along the skeleton of carbons is possible. 

4. The calculations show a preferential solvation of primary relative to secondary 
carbenium ions and of secondary relative to tertiary ones due to stronger 
electrostatic interactions with the sterically favoured carbenium ions. Similarly 
the decreasing solvent stabilization of benzenium ions with an increasing size of 
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para - subs t i tu ted  alkyl groups could  be  exp la ined  on the  basis of this m o d e l  [22]. 

T h e  r educed  energy  di f ference  b e t w e e n  the o p e n  forms of VI  to X in solut ion 

could  give rise to barr iers  for  the H-shif ts  in some  of these  compounds .  

Acknowledgements. The authors gratefully acknowledge helpful discussions with Prof. Dr. H. Pfeifer 
and Dr. C. Weiss. 
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