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Abstract--MIND0/3 calculations have been used lo study processes involving n-propyl cations and set-propyl 
cations. The calculations show that the former is interconverted into the more stable sec-C,H,* cations with no 
localised minima. The lowest energy process is shown to be the production of H, and C,H,’ ions from se&H,‘. 
The results of the calculaGons of the decomposition of n-C,H,’ to CH,’ + C2H, and methylene + C2Hr’ are given. 
The calculations are generally consistenf with experimental studies. 

There have been several experimental studies on the 
processes involving propyl cations (carbonium ions) and 
the conflicting evidence is discussed by McAdoo et ol.( I) 
It seemed possible that n-C,H,’ could be formed with- 
out rearrangement, but the general conclusion is that 
the latter can isomerise to a more stable structure. 01- 
tinper has considered the elimination of H2 from C,H,’ 
ions and concludes that scrambling of isotopic species is 
not complete and the minimum activation energy for this 
process is 38.4 kcal mol-‘. 

As regards the complementary theoretical cal- 
culations Dewar’ has shown MINDOf gives satisfactory 
structures for these species whereas the earlier ab-initio 
calculations of Pople et aL4 indicate that a distorted 
n-C,H.,’ structure is more stable than any of the pro- 
tonated cyclopropane structures. This contradicts the 
experimental evidence which is in favour of the sec- 
C3H7* and Pople et al.’ have found it necessary to 
include d-functions on carbon in their basis set to obtain 
results consistent with the experimental observation. 
Thus we have used MINDOI3 since it appears to give 
satisfactory structures and heats of formation without 
the need to introduce any additional modifications. 

Calculation of ground state geometries of C,H,‘. The 
initial geometry parameters for n-C,H,’ were based on 
the structure of propane6 and are shown in Table 1. It 
was not possible to do a complete geometry optimization 
because of the isomerization which occured (see later). It 
was however possible to do a restricted optimization on 
the followmg basis, the C,,,-Hc,,5,, bond lengths and 
CWGZ~-H~~.S.~~ bond angles were held to be the same 
during our calculations, the same restrictions have been 

applied on C-H bonds and HCC bond angles correspond 
to the hydrogen atoms connected to C, and CZ. The heat 
of formation obtained was 204.11 kcal mol-’ (ex- 
perimental value is 208 kcal mol-I).’ 

When the n-&H,’ structure 1 of Fig. 1 was subjected 
to full geometry optimization, it went to a form similar to 
that shown in structure 2 Fig. 1, the calculated heat of 
formation is 184OOkcal mol-‘. The geometry op- 
timization in MINDOt3 produces this substantial struc- 
ture change and the resulting structure 2 is almost iden- 
tical to 3 which is the optimized structure for see-&H,‘. 
This shows that there is no locaiised minima, that is no 
structure with any significant energy between 1 and 2. 
This would seem to eliminate the possible stability of a 
hydrogen bridged structure. 

The optimized structure of sec-C,H,+ was established 
next, this is 3 of Fig. 1. The calculated heat of formation 
of sec-C,H7* was found to be 184.03 kcal mol-’ and this 
agrees quite well with experiment (191.7 kcal mol-I)” and 
with a previous theoretical calculation (184.3 kcal 
mol-‘).’ This confirms that sec&H,’ is the most stable 
form of propyi ions, and n-&H,+ ions isomerize to 
sec-C,H,’ without activation, and with no structures 
intermediate between 1 and 3 with localised minima. 

This indicates that n-C,H,’ ions will isomerize into 
sec-C,H,’ ions. This suggestion is inconsistent with the 
conclusion of McAdoo ef al.’ However. there have been 

Table 1. 

(c-c) 1.533 A0 CUL 11 LO0 

(c-x) (CE>) 1.097 *O ECE (cii+ 1@?.9O 

k-H) @ii) 1.096 A0 kCli (CE$ 107.8' 

Fig. 1. The figure shows the ground state geometries for the n-propyl cation (1). fully optimize n-propyl cation (2); 
set-propyi cation (3): and set-propyl cation (4) with geometry restrictions. 
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suggestions that n-C3H7' ions can be formed at higher 
energies and since a simple bond breaking reaction is 
likely to occur at a substantial rate, we have investigated 320 - 

by MIND0/3 calculations the energies of the likely 310 - 

simple bond breaking process. 
Since the AH, of H’ is very much larger than that of 300 - 

CH,’ and C2H, ’ it was considered improbable that a 
process producing C2H, + H ’ would in any way compete 

290 - 

with those producing CH,’ or C,H,‘. Thus no cal- 260 - 

culations were performed on the former process. If of z 

course there were a substantial activation energy of the 
5 270- 

latter two processes then that producing H’ and C,H,’ 
s 

could compete. Thus while AH for the latter processes 
; 260- 

can be estimated. no information is available as whether i 250- 

the processes involve activation energies. the following 
Q 

give the results of the calculations. 
260 - 

Drumposition of n-C3H,'. Two possible reaction 230 - 

pathways of n-C,H,’ have been considered, and these 
arc given in eqn (I) along the activation energies (kcal 

220 - 

mol.‘) that have been calculated using MINDOI3. 

7h 6, 
- CH,’ + C,H, (a) 

Y, , , , , 
I I I 

1 2 3 I. 5 6 7 6 9 10 
REACTION COORDINATE 

n-C,H,‘ 
112h 

-: CH2 + C>H,’ (b) 

Eqn (I) Fig. 2. Plot of hear of formdtlon against reaclion co-ordinate. (a) 
for the decompostmn of n-propyl cation to CH; and C?H,: tb) 

for the decomposition of n-propyl cation IO: CH, and C:H,. 

The C,,,-C,J, and C,,,-C,,, distances were used as a 
reaction coordinates for (a) and (b) respectively. The 
energy profiles are shown in Figure 2 and plots of 
interesting geometries along the reaction coordinates are 
shown in Fig. 3. 

Table 2. 

At reaction coordinates values equal to 9A”. the 
products of reactions of la and lb no longer interact and 
the corresponding heats of formation are 279.5 kcal 
mol ’ and 314.9 kcal mol ’ respectively. The heats of 
formation of all the products have been calculated se- 
parately using MINDO/3, the results are compared with 
experiment in Table 2. 

From Table 2 the calculated heat of formation for 
CH,’ and C,H, in reaction (la) is equal to 279.5 kcal 
mol- ’ which predicted successfully in this study, and 

REACTION a 

agrees quite well with that calculated from the ex- 
perimental data 272.49 kcal mol-‘. Similarly for reaction 
(lb) heats of formation are calculated IO be 314.43 kcal 

AH, = 270.6 KCal/male 

REACTION b 

A H, = 279.3 K Cal/mole A Ii, = 260.9 K Cal/molt 

THE TRANSITION STATE 

A li, = 306.9 KCal/molc A H( = 316.5 K Cal/mole A Ii, = 317.0 KCal/molc 

Fig. 3. Intermediate structure\ for the energy profile (a) for the decomposition of n-propyl cation I(, CH,’ and 
C,H,. (b) for the decomposition of n-propy!calion IO: CH2 and C2H,‘. The figure shows the reactinn co-ordinates. 

interatomlc distances (A) and heats of formation calculated hy MINDW3. 
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lil01-’ and 320kcal mol ’ in this study and from the 
experimental data respectively. 

MJNDtY3 calculations for ions are very reasonable 
and are likely to be less discrepant than that for ethylene. 
For the formation of CH,” and C,H, the largest dis- 
crepancy is due to the high MfNDO13 value for ethylene, 
The n-C,H,’ calculated value is a little different from 
the experimental value but is ~tisfa~tory within the 
uncertainties in the structure of the ion. Due to some 
compensation of discrepancies the BH calculated value 
for process (b) is in a good agreement with the ther- 
mo~bemical values from the lieterature. It is clear that 
the enthalpy changes for (a) and fbl are equal or nearly 
equal to the activation energies for the processes and 
that in order for the processes to occur the n-C,H,’ ions 
would have to have substantial amounts of excess 
energy. to decompose to CHI’ und C,H,‘. These ions 
are thus only likely to be formed at high mass spec- 
trometric energies. 

Since n-C%H,’ ions appear to jsomerjse without ac- 
tivation energy to the more stable set-CzH,’ ions, we 
considered some of the processes which are likely to 
occur with this ion. Processes (a) and (b) above will 
involve rearrangement and possibly extra energy and 
sec-CTH,’ has a lower (by 20ktat mol ‘) AHr. These 
processes are less favourable by at least this amount. 
These are thus unlikely to be important, and the more 
likely process would be the elimination of a molecule 
such as Hz or CH,. 

~e~~~p~siti~n of sec-C3H,‘. Since most of the latest 
experimentaii.2 and tbeoreti~ai studies’ have reported 
that n-C&’ ions isomerize to sec-C\H,’ ions without 
activation and they predicted sec-C,H,’ is the most 
stable form in propyl ions. Ortinger srported by 
MeLafferty et al. have reported that the d~~orn~osition 
of labelled set-CIH,’ ions in the metastable drift region 
occurs according to reaction (2) to yield hydrogen 
molecule and C,H,’ ions. 

set-CIH,’ ------+C,H,‘ f HZ (21 

In this i~vesti~tion of this reaction” C(,)-J& and C,:,- 
H,,, bond lengths were used as relation coordinates (see 
Fig, 1 structure 3). At initial attempt set-CIH7’ structure 

was restricted so that the CCC angle was kept constant 
at 113’. nearly the same as in propane (<CCC = Ii2 2 
lo).* This restriction brought the heat of formation up to 
191.2 kcal mol-’ which is nearJy the same as that found 
by experiment (191.7 kcal mol .‘I.’ 

An endothermic pathway to H, and C,H,” is found as 
the reaction coordinates distances are systemati~aliy 
increased. When the reaction coordinates reached I.55 A 
the CCC angle was allowed to optimize along with the 
other geometry parameters. to determine the best tran- 
sition state. The transition state geometry with several 
points along the reaction coordinates are shown in Fig. 4 
and the energy pr$le is shown in Fig. 5. By reaction 
coordinates 1.55 A, the transition-states have been 
achieved, the H,,,C,,,C,,, and H&‘~l&21 bond angles 
have decreased to 73.7” and 102” respectively as shown 
in Fig. 4, In particular the hydrogen atoms H,,, 2nd H,,, 
moved close to each other and they were 0.74 A apdrt, 

where this distance corresponds to the bond distance for 
the hydrogen molecule. In other words the hydrogen 
atoms start to combine forming hydrogen molecule. 
while C-H bonds dissociate to form C,H,’ cations. Once 
the transition-state is passed the secC&’ decom- 
position to Hz and C2HI’ occurs. 

At the final point of this reaction the hydrogen and 
C,H,” cation are separated by 4.0 A, and the final heat of 
formation is 226 kcal mol-‘. Experimental work esti- 
mated that the heats for formation of C,N,’ and H2 are 
respectively 226” and zero” koal mol ‘. which sum to 
226 kcal mol.‘, agrees very well with that predicted 
sucessfuily in this work. 

~~tjvutj~~ energy for H, loss frmn sec.&H, I. Figure 
C shows the reaction profile for the complete reaction. 
On the basis of this profile the activation energy is 
61 kcai mol ‘. on the basis of the sec-CIH; ground state 
with the geometry restriction on the CCC angle of Ii3”. 
On the basis of the sec-C,H,’ ~ai~ulatjon with no res- 
triction the activation energy will be 7 kcal mol ’ higher. 
There is no experimental value for this minimum for HZ 
elimination. However, McAdoo ct al.’ have concluded 
that the minimum activation energy for the eiimination of 
H, is 38.6 kcal mol ‘. This based on the measurement of 
0.2eV”4 for the kinetic energy of the metastable ion 
produced during the eJ~rn~~~tion of Hz from sec-C,H,’ 

6 
THE TRANSITION SfATE 

A Hf = 217.3 K Cat/mote A “f = 252 3 KCal~mol AHf= 250.9 Kcaijmole 
‘\ \ 

A Hr = 218.6 KCal/mole An, = 216-8 K Cal/more h H, = 228.8 K Car/mote 

Fig. 4. Intermediate sirucfures fur the energy profile for decom~s~tio~ of the see-propyl cation to C,H,‘ and H:, 
The figure shows the reaction co-ordinates and heats of forrn~~i~fl calculated by M~N~~3. 
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Fig. 5. Plot of the heat of formation against reaction co-ordinate for decomposition of the sec-propyl cation to 
C~Hs" and H~. 

and the experimental thermocbemical data for sec- 
C3H:  and C3H~ +. It is however unlikely that MINDO/3 
calculations are in serious error, since in the previous 
calculations the errors were considerably lower than Ibe 
difference between the present calculated and ex- 
perimental values. It is possible that in the experimental 
work of McAdoo et al. the C3H~ ÷ ions were not formed 
in their ground states and that the measure kinetic 
energies of the products are lower than those which 
would be observed for the formation of H2 and C3Hs* in 
their ground states. It is to be noted that the calculated 
value for AHf for C3Hs++H~ at 4,~ separation 
(226.0kcal tool -~) is in excellent agreement with ob- 
served value (226kcal tool-t) ~3 for the formation of 
C3H~ ÷. Moreover it would be surprising if the reaction of 
C~H~* with H2 had no activation energy. McAdoo et aL 
do quote their activation energy for H2 elimination from 
sec-C3H[ of 38.6 as a minimum value and perhaps these 
differences may be resolved with further experimental 
work on sec--C3Hv +. 
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