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Summary 

CNDO/B and ab initio calculations have been carried out on the (1,3) 
hydrogen sigmatropic transposition in propylene. It reveals that the non-cata- 
lyzed reaction has a concerted, symmetry forbidden mechanism, and that the 
reaction catalyzed by HCO(CO)~ is facilitated by the occupation of a previous- 
ly unoccupied bonding orbital. 

Introduction 

Three possible mechanisms can be considered for the (1,3) sigmatropic trans- 
position (ST) of hydrogen in propylene [1]: (i) a concerted symmetry-allowed 
process, (ii) a concerted symmetry-forbidden process, and (iii) a route involv- 
ing a diradical intermediate. 

This reaction should involve an antarafaciaI transition state (symmetry- 
allowed process), but according to several authors [2,3] the energy of the supra- 
facial transition state is lower, and no antarafacial transposition has been report- 
ed. This reaction was studied by Mango and Schachtschneider 121, who used a 
very crude model along with the EHMO method to examine the influence of a 
catalyst on the reaction. In this paper, we examine mechanisms (i) + (ii) above 
with two aims in mind: (a) verification that the more favourabfe process is 
symmetry-forbidden for the uncatalyzed reaction, (b) consideration of the ex- 
tent to which a transition metal can remove the orbital symmetry restrictions. 

Computational details 

The LCAO MO SCF CNDO/B method used, extended to transition elements 
[+I with a single zeta basis set of Slater orbit&, has already been tested for 
metaRk compkes [5,6 J_ ResuIts are given without deorthogonalization of the 
basis&_ 
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Fig 1_~ehematierepresentationotthe eclipsed form ofPrOpYlenea=1.330d: b= 1-465A:c=l-l05A: 

d= 1.125 A;angks: C(l)-C(2)-C(3)= 124.5°:H(4)-C(1)--C(2)= H(5FC(2)-C(l)= H(4FC(lhH(5)= 

12O";C(l)-C(O)-H(B)=C(3)-C(2)--H(6)= 117.75°;otheranglesequal 109.5". 

Some additional calculations, in particular for the uncatalyzed reaction, were 
performed by an ab initio method, using a modified version of the Polyatom 
program [?I. The basis set of Gaussian orbit.& [S] of the form (7s, 3p) [9], for 
the first row elements, was contracted in (2s, lp), and for the hydrogen the 
(3s) basis set was reduced to (1s) [lo]. 

Uncatalyzed transposition 

Two processes were considered for this reaction: an antarafacial shift in 
which the hydrogen atom passes through the plane of the molecule (symmetry- 
allowed), and a suprafacial one in which the hydrogen atom moves in the upper 
semi-space (symmetry-forbidden).Theeclipsedform ofpropylene [ll]is 

used in the initial state, and results of the geometry optimization are given in 
Fig. 1. 

The most favourable transition state (2A), Fig. 2) corresponds to the supra- 
facial process, the activation energy being equal to 126 kcal mol-‘. That obtain- 
ed by ab initio methods is 130 kcal mol-’ (without geometry optimization). 
Previous calculations (MINDO) gave an activation energy of 49.2 kcal mol-’ 
]31. 
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The intermediate obtained in the antarafacial process (2B, Fig. 2) is planar 
(C,, symmetry, C(2)-H(9) bond length = 1.28 A), and is about 40 kcal mol-’ 
higher in energy than 2A. The difference found by the ab initio method is 
lower (5 kcal mol-*), but the geometries were not optimized in this case. 

The passage from the initial to the transition state 2A corresponds to increas- 
ing charges (Tables 1 and 2). For the transition state 2B, the resulting atomic 
charges are -0.37e for C(1) and C(3), +O.lOe for C(2) and +0.55e for H(9). 
The atomic charges given by ab initio (for 2A) are higher; The carbon atoms 
are electronegative (-0.47e, -0.38e and -0.47e for C(l), C(2) and C(3)) and 
the hydrogen atoms electropositive, especially H(9) (+0_42e) and H(6) (+0_25e). 

The electronic control of the reaction was studied by considering four 
specific MO’s, designated as qI, $J~, +a and $I~ (see Fig. 3). In previous work 
[2], Mango and Schachtschneider obtained the relative order QI < J/* < $2 < 
I$~* and concluded that the reaction is mainly described by the subjacent orbitals 
$J~ and the HOMO Gz_ These results correspond to the model previously given 
for concerted symmetry forbidden reactions [ 121. 

The complete MO description shows that the three lowest MO’s are respon- 
sible for the (3 skeleton of the molecule. During the reaction, an increasing inter- 
action appears between s orbitals of C(2) and H(9) (in MO 1) (see Fig. 4), 

Hg + 
z 

Y IL + c3 

x C’ g$-8 c2 

+ 

+ 

z 

Y 

IL 

+ 
“_“o c3+ 

7. C’ 

wf 

c2 
- 

+ 

2 

Y k X 

z 
Y IL x 

c3 

+ 

g----8 

CC c2 
+ 

Hg + 0 
+ 

+ + c3 

8-H 

Cl c2 



320 

E 

c 

- 0.5 

- 1-c 

- 1.: 

a.“. 

nitial 
state 

s- 
8- 
7- 

6- 

5- 
4- 

3- 

2- 

l- 

H9 migration 
transition states 

and H(9) does not participate in MO 2 in the transition state. The MO 3, 
which contains mainly pI and pr orbitals, is obviously favoured in the planar 
transition state. The next two MO’s, of the JII type, mainly define the ST elec- 
tronic cloud in which the hydrogen moves, and their energy is therefore lower 
in the suprafacial transition state. The electron densities in MO 4, in the initial 
and transition states, are shown in Fig. 5. It is seen that in the transition state 
a high density peak appears near C(2), corresponding to the bonding interaction 
C(2)-H(9). The MO’s 6,7,8 do not involve any bond with H(9) and are not 
relevant to the present discusion. The next orbital (MO 9) is the HOMO ( #1 
type) and, according to the Woodward-Hoffman rules, sho~kl control the 



321 

Fig. 5. Sections (at the elevation z = 1.0 au.) and in a plane parallel to that defined by the carbon atoms. 

of the electronic density provided by h¶O 4. of $1 type. in the initial (I) and transition (T) states of 

propylene. The heights of the dots are proportional to the electronic density. 

reaction_ The electron density given by this orbital is represented in Fig. 6. It is 
seen that it is bonding in the initial state between C(l)-C(2), C(3)-H(8) and 
C(3)-H(9), and becomes non bonding in the transition state. The orbital energy 
increases greatly (0.195 au.) and is mainly responsible for the high activation 
energy required (0.200 au.). Moreover, the energy of this orbital is almost the 
same in the ahowed and forbidden processes, and differentiation is not possible 
from this standpoint. 

Since the LUMO (tiL4 type) contains important contributions from the pr 
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orbit& of C(l), C(2), C(3) and from the 1s orbital of H(9), it could provide an 
important additional contribution to the C(2)-H(9) bond if it were occupied_ 
This is also true for the MO 11 (ti3 type). The ab initio results are quite similar, 
except that the MO 5 and 6 are inverted: however, the same general conclusions 
are valid. Thus it appears that the HOMO does not adequately describe this 
reaction, and that subjacent orbit& control can be invoked, involving JI 1 type 
orbit& [ 121. 

Catalyzed reaction 

The non-catalyzed ST goes through a suprafacial transition state. However, 
the activation energy is high and the HOMO becomes non bonding in the transi- 
tion state. In an examination of the mechanism of the catalyzed reaction, we 
performed CNDO/B calculations on the HCo(CO)&H6 complex (Fig. 7). This 
model was used previously [ 5] within the framework of the olefin hydroformyla- 
tion, a synthesis which can involve a ST among other possible rearrangements. 

In the initial state of the complex (before hydrogen migration), the geometry 
of the oiefin has been kept identical to that of the olefin alone (see Fig. 1). The 
geometry of the olefin was optimized in the transition state (see Table 3 and 
Fig. 8). This leads to a suprafacial configuration in which the HCO(CO)~ moiety 
remains unaltered. 

A charge transfer of 0.23e occurs from the 3d,* A0 of Co towards the olefin 
and this mainly results in a strong negative charge for H(9), which passes from 
+0_36e in the non catalyzed transition state to -0.26e in the catalyzed one. 
C(1) and C(3) remain negatively charged, and the positive C(2) charge increases 
(see Table 2). This considerable modification of the H(9) charge can account 
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Fig. 8. Optimized geometry of HCO(CO)~C~H~ coruplex in the transition state. 

for the fact that this atom takes up a different position in the catalyzed ST 
(see Fig. 9) in order to reduce the charge interactions. 

We now examine the MO scheme, and the corresponding description of the 
reaction-Controlling factors. The Q 1 type orbit.& provide a significant contri- 
bution to the bonding between C(l), C(2), C(3) and H(9). The GZ type orbital 
no longer corresponds to the HOMO and does not change in the catalyzed transi- 
tion state, The HOMO itself does not in this case include any bonding interaction 
between H(9) and C(2), and is antibonding between C(l), C(2) and H(9). The 
I$~ type orbital is still unoccupied. The main feature of the electronic structure 
lies in the $4 type MO, (Fig. 3), which is strongly bonding between C(2) and 
H(9). This orbital, which was unoccupied in the non catalyzed ST, is now filled 
by contributions from the 3d,, and 3d,, AO’s of the cobalt atom. In order to 
have a symmetry allowed reaction, the HOMO should have been of $s type, as 
obtained by EHMO. In our case, we found that the HOMO cannot describe the 

TABLES 

fntm-atomic distances (A) 

C<lJ-C(2)C<2W<3) 1.41 
C-HO 1.11 
C(2)_H(S) 1.24 
Co-C<2) 1.74 
Co-c~11)Co+Z<12)co-c~13) 1.78 
(;-o 1.23 
Co-H<17) l.62 

120 
62 

-13 
120 
120 
120 
11 
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(A) (El 

catalyzed ST and that the second HOMO, of I$., type, is antibonding between 
C(l), H(9) and C(3), and strongiy bonding between C(2) and H(9). We thus 
consider that the presence of a catalyst, in this case, does not make the reaction 
symmetry allowed. Moreover, simple application of the Woodward-Hoffman 
rules appears to be difficult in view of the fact that the HOMO symmetry is 
not conserved between the initial and transition states. We found that the catalyz- 
ed reaction is facilitated only because a nonoccupied orbital in the non catalyz- 
ed transition state (which described the bond between C(2) and H(9) is now 
occupied and the C(2)-H(9) bond reinforced. 

The CNDO activation energy obtained for the catalyzed is slightly greater 
than that for the non catalyzed reaction. However, comparison between ab 
initio and CNDO results for hydroformylation [5] has shown that the CNDO 
energies are greatly overestimated. For example, in the n-+a rearran gement of 
a complex between propylene and HCO(CO)~, CNDO results give an energy of 
ca. 100 kcal; ab initio computations on a similar complex between ethylene 
and HCo(CO), give 20 kcal. We can thus reasonably expect a lower activation 
energy for the catalyzed isomerization of propylene, than is indicated by the 
CNDO calculations. 
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