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A Theoretical Study of Benzene Protonation 

By Tomiis Sordo * and Juan Bertr6n. Departamento de Quimica Fisica, Universidad Aut6noma de Barcelona, 
Bellaterra, Barcelona, Spain 

Enric Canadell, Facultat de Quimica, Tarragona, Spain 

The structures of (r and x complexes of C6H,+ are examined by both MIND0/3 and ab initio methods. The crucial 
role played by full optimization of the geometry is established. From the examination of the potential energy 
surface it appears that there are two different channels for benzene protonation, one through the x complex, and 
the other leading directly to the CJ complex. The x complex may be considered to be a transition state for the 
intramolecular isomerization of the 0 complex. 

T H E  precise mechanism of electrophilic aromatic sub- 
stitution remains a matter of discussi0n.l As a first 
step in a general theoretical study of this reaction we 
present here the result5 for the simplest case, the proton- 
ation of benzene. The paper is divided into two main 
parts: first, the structures of the o and x complexes are 
rcported, and secondly, the rolr, of these complexes in 
the reaction mechanism is discussed in relation to 
detailed inspection of the potential surface. 

Both the ah initio 2 3 3  and semi-empirical niolccular 
orbital methods l ~ e  been used to study the struc- 
tures of C,H,+, the two sets of results being strikingly 
different. According to the ah iizitio calculations, in the 
o complex the proton is bonded to a ring carbon wliicli 
assumes approximately tetrahedral co-ordination, wherc- 
as in the semi-empirical calculations this carbon form. 
an angle of nearly 120" with the neighbouring ring atoms. 
We would like to underline here that while in some semi- 
empirical calculations 49 complete relaxation of the 
geometry has been possible, in the ab initio calculations 
tlie geometrical variables optimized have been drastically 
reduced. Thus, the divergent results may be due to the 
different schemes of optimization and/or to intrinsic 
differences in the methods of calculation. This is the 
first point to be examined. 

On the possible role of the x complex in the reaction 
mechanism several authors 3 9 5  have considered it as the 
transition state €or intramolecular isomerization of the 
CJ complex. Heidrich and Grimmer have determined 
the energy profile for this proton shift. Later, Gleghorn 
and M~Conkey,~ using MINDOIZ', showed that the x 
complex is an intermediate, not a saddle point. In  all 
instances, the possible role of the x complex along the 
pathway of benzene protonation remains unanswered. 
This is the second point to be examined by establishing 
the different channels for benzene protonation through a 
careful examination of the potential energy surface. 

METHODS 

Owing t c  the impossibility of calculating the multi- 
dimensional potential energy surface for the majority of 
chemical reactions, two types of approximations are 
normally used. The first attempts to reduce the dimension- 
ality of the surface by eliminating certain degrees of freedom. 
In practice, however, a sufficient reduction is impossible 
without imposing unrealistic conditions. The second type 
of approximation involves choosing one or two degrees of 

freedom as independent variables of the potential energy, 
and to allow the system to relax by optimizing all remaining 
parameters. This second method is a considerable im- 
provement on the first if a careful selection of tlie appro- 
priate independent variables is made. We have used this 
second typc of approximation. Even then, the quantity 
of calculation makes the use of the ah initio method pro- 
hibitive, So, we used the M I N D 0 / 3  s~ semi-empirical 
method with the Davidson-Fletcher-Powell lo algoritlirn for 
minimization, as implemented in the program of Ilewar 
et aZ.9h For the most interesting points on the encrgy 
surface ab iizitio calculations with a STO-3G basis and 
CJ have been carried out using a modified version of the 
GAUSSIAN 70 series of programs.12 

RESULTS AND DISCUSSION 

In order to see the influence of geometrical relaxation 
on the results, we carried out two series of MIND0/3 
calculations for the G and x complexes. In 
partially optimized structures were obtained 

the fiist, 
using the 
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FIGURE 1 MINDO/3 calculated geometry with partial (op) 
and total (c) relaxation 

same restrictions as Hehre and Yople 3 (op  and rp struc- 
tures). In  the second full relaxation of the geometry 
was allowed (n and x structures). 

The x p  structure is very similar to that found by Hehre 
and P ~ p l e . ~  Full relaxation allowing a more homo- 
geneous distortion of the ring provides a stabilization of 
9.5 kJ mol-l. 

For the np complex we imposed the ring of carbon 
atoms on the same plane with the standard distances l3 
for the five carbon atoms C(2)-C(G) and for the three 
hydrogen atoms linked to C(3) -C(5). All the remaining 
parameters were minimized. The C J ~  and G structures 
obtained are shown in Figure 1. The partially relaxed 
structure oU is very similar to those obtained by ah iizitio 
m e t h ~ d s . ~ ~ ~  Particularly, the C(6)-C( 1)-C(2) angle has 
a value of 111.4' in close agreement with those of Hehre 
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and Poplc (110.9") and Mulliken (113.5").2 The fully 
relaxed geometry (I is 11.9 kJ mol-l more stable accord- 
ing to the MIND0/3 method. The C(6)-C(l)-C(2) angle 
has greatly increased (118.5") and we are far from tetra- 
hedral co-ordination. From the values in Figure 1 it 
is clear that the tension introduced in benzene by proton- 
ation is now more homogeneously distributed over the 
ring. 

STO-3G Calculations for sp, 0, xp, and x were carried 
out using the geometries obtained by MINDO/3. As a 
further step, a limited CI was carried out. The most 
important orbitals in the protonation of benzene are the 
two pairs of degenerate orbitals in benzene and the 
empty one of the proton. Thus, the CI matrix was 
constructed with all the mono- and bi-excited configur- 
ations between these five orbitals in the complexes. 
The results are shown in the Scheme. 

The MINDO/3 calculated proton affinity of benzene is 
696.9 k J mol-l, in good agreement with the experimental 
values (744.8 kJ mol-l) l4 and (766.1 kJ mol-l).15 The 
STO-SG results differ greatly from the experimental data, 
and only when more refined basis is used 2 9 3  are the 
values satisfactory (Table 1). 

The G complex is always the most stable. The 
MINDO/3 value for the energy difference between the 
0 and x structures, 32.1 kJ mol-l, seems to  be in close 
agreement with the experimental activation energy 
(41.8 kJ mol-l) l6 for intramolecular proton exchange in 
CcH,+. The STO-3G basis greatly overemphasizes this 

TABLE 1 
Protonation energy (k J mol-I) 

Experimental MINDO/3 * STO-3G * STO-3G IC * 
744.8 696.9 979.7 995.3 

Experimental STO-3G t P31G t Mulliken $ 
744.8 953.1 786.2 791.2 

* Present work. t Ref. 3. 1 Ref. 2 with a large contracted 
gaussian basis set including polarization functions. 

TABLE 2 
Energies (kJ mol-') for STO-3G calculations on the (I 

complex 
Ref. 3 -599 469.9 
This work (up) -599 467.2 
This work (0 )  -599 485.4 

barrier, and the limited CI does not improve this result 
because the (I complex is more stabilized than benzene, 
and benzene more than the x complex. Consequently, 
agreement with experiment can be reached only with a 
more refined basis. 

Let us focus on the differences between the sp and 0 

complexes. The MINDO/3 results for op are similar to 
the previous ab initio  calculation^.^^^ Thus, the differ- 
ences pointed out in the Introduction regarding the 
structure of the o complex are a consequence of the 
cliff erent optimization schemes. This conclusion is re- 
inforced by the results shown in Table 2, where the fully 
minimized MINDO/3 structure recalculated with STO-3G 
is 15.5 kJ mol-l more stable than that obtained by 
Hehre and Pople with the same basis. Consequently, 
if a full relaxation was made in the ab iizitio calculations, 
the structure obtained would be very similar to that 
obtained by the semi-empirical methods. It appears 
that  the study of these complexes requires a full relax- 
ation of the geometry. Under these conditions the 
classical view of the o complex with a contraction of the 
delocalization (Wheland's model 17) is not supported, i t  
being more appropriate to speak about an extension of 
the delocalization according to  the unified model pro- 
posed previously.18 Experimental support for this 
conclusion comes from the recent paper by Olah et aZ.19 

To study the role of the n complex in the reaction 
mechanism we have constructed the two energy profiles 
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FIGURE 2 Energetic profiles for different C-H distances: 

A, (r complex as starting point; B, x complex as starting 
point 
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shown in Figure 2. The broken line A shows the results 
when starting from the c complex; we gradually increased 
tlie C-II distance, which was taken as an independent 
variable minimizing all the remaining parameters. The 
full line B represents the transition from the x to the IS 

coniplex: starting from the x complex, the C-H distance 
as the independent variable was progressively shortened 
to 1.11 (the distance for the c complex), all other 
degrees of freedom being minimized. The two lines 
cross near 1.27 and the x complex (C-H = 1.3 A) is 
more stable than the corresponding point for tlie c 
channel. That means that in the first stage of tlie re- 
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FIGURE 3 Potential surfaces for benzene protonation: u 
= H(7)-C(l)-C(6), p = H(7)-C(l)-C(6)-C(5), -(a) C-H = 11.1 
A; (b) C-H = 1.30 A 

action the x complex must play an active role. The 
appearance of two lines is surprising, given that the 
independent variable is the same and all other variables 
have been optimized. Thus, there must be two different 
cliannels converging to the c complex. I n  order to 
clarify this point we present in Figure 3 two different 
energy surfaces constructed as follows: for a given C-H 
distance [1.11 A in Figure 3(a), and 1.3 A in Figure 3(b)] 
the two angles determining the position of the proton 
were taken as independent variables, all the remaining 
parameters being optimized. Only one minimum 
appears at 1.11 A and so, only one channel must be 
present at short distances. 
there are two minima, the deeper one corresponding to 
the x complex and the other being located in the same 
region as the Q complex. The saddle point between the 

On the other hand, at 1.3 

two minima ( a  SO", p 2 6 0 O )  is 16.8 kJ mol-1 above the x 
complex. There are, then, two different channels, one 
of them leading directly to the c complex and the other 
through the x complex that at  shorter distances must 
converge to the c complex channel. At the crossing 
point of the two energy profiles we calculated the energies 
corresponding to the two minima and the saddle point in 
Figure 3(b). 
between tlie two isoenergetic minima providing an 
explanation of the fact that even at  the shorter distanccs 
the two channels remain independent. Whcn t l k  
barrier disappears the x channel flows into the IS cliannel. 

Our results agree with those of Heidrich and Grimmer 
showing that the x complex may be considered a saddle 
point in the intramolecular proton shift, and the calcu- 
lated value for the potential barrier, 32.1 k J mol-l, agrce 
very well with the experimental activation energy 
(41.8 k J mol-l).16 

E:ven if the finer details of the surface will ultimately 
be clarified by the use of extended bases ab initio calcu- 
lations, this agreement makes us confident that the 
important trends of tlie surface would be not very 
different from our semi-empirical results. 

In  the present paper the protonation of benzene has 
been studied as a prototype of electrophilic aromatic 
substitution. Nevertheless, given that the proton is a 
very pecaliar electrophile, since it lacks an electron, our 
results cannot be generalized to  any other electrophilic 
agent without further study. This study is in progress. 

[8/2049 Received, 27th November, 19781 

There remains a barrier of 8.4 kJ mol 
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