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Abstract: Electrocyclic ring opening at the C-C bond in oxirane is studied in a SCF+CI framework. A first approach of 
the potential energy surface is made by minimal (STO-3G) basis set calculations followed by limited configuration interaction 
(CI). The main reaction paths are then recomputed with an extended 4-31G basis set and extensive CI calculations using 
the CIPSI algorithm. Up to 700000 determinants are included in these CI calculations. The following was shown: (i) Orbital 
symmetry rules control the thermal ring opening of unsubstituted oxirane molecule, the easiest reaction path being the conrotatory 
ring opening. The energy difference between conrotatory and disrotatory paths is rather low (10.9 kcal/mol), due to the somewhat 
high diradical character of carbonyl ylide intermediate, (ii) The best way to perform the cis-trans isomerization in oxirane 
involves first a conrotatory ring opening followed by a rotational isomerization of the carbonyl ylide which finally recloses 
in a conrotatory manner. The highest point on this reaction path is the transition state for rotational isomerization in carbonyl 
ylide. (iii) In agreement with experimental results, no loss of stereoselectivity can be expected in the ring opening process 
when the carbonyl ylide is free of steric constraints. However, experimental results by Huisgen and colleagues have also shown 
a loss of stereoselectivity in some substituted oxirane molecules. Our study suggests that these results come most likely from 
a rapid rotational isomerization in the intermediate carbonyl ylide rather than from a direct competition between the disrotatory 
and conrotatory paths. 

According to the principle of conservation of orbital symmetry,1 

the electrocyclic ring opening of cyclopropyl anion to allyl anion 
should be conrotatory in a thermal reaction and disrotatory in 
a photochemical reaction. A large number of experimental studies 
have been undertaken to verify these predictions, in particular with 
neutral species isoelectronic with the cyclopropyl anion, i.e., 
aziridine and oxirane compounds. The C-C electrocyclic ring 
opening of these heterocycles leads to hetero analogues of the allyl 
anion, the azomethine and carbonyl ylides, respectively. 

In 1967, the first experimental verification of the Woodward 
and Hoffmann predictions for the cyclopropyl anion was made 
by Huisgen and colleagues, who studied the electrocyclic ring 
opening of substituted aziridine molecules.2 In these experiments, 
the ring-opened product is trapped with a dipolarophile by a 
concerted cycloaddition leading to a five-membered cycloadduct. 
Analysis of the cycloadduct structure has shown that the ring 
opening reaction was highly stereospecific, the steric course being 
precisely that allowed by symmetry orbital control: conrotatory 
and disrotatory for thermal and photochemical reactions, re­
spectively.2 

Later, the same kind of experiments have been made on iso­
electronic oxirane molecules (1). First, Linn and Benson3 have 
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shown that tetracyanoethylene oxide (la) can add at high tem-

tThis work has been presented in part at the 13th Congress of Theoretical 
Chemists of Latin Expression, in Alghero (Sardinia), in October 1982. 
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perature to olefins, acetylenes, and aromatics, after breaking of 
the C-C bond. An intermediate structure, known today to be the 
carbonyl ylide (2), adds to the unsaturated molecules by a con­
certed or near-concerted cycloaddition.4 However, the substitution 
pattern in la precluded a conclusion about the ring opening 
stereochemistry. In 1970, Griffin and colleagues5 showed that 
in the photochemical ring opening of trans- and cw-stilbene oxides, 
lb and Ic, respectively, a disrotatory course was involved (Ic —• 
2b and lb -«• 2c), a result in agreement with the orbital symmetry 
rules. In 1972, MacDonald and Crawford6 studied the kinetics 
of thermal racemization and cis-trans isomerization of trans- (Id) 
and ci'5-2-phenyl-3-p-tolyloxirane (Ie). The slower rate of rac­
emization of the cis isomer compared with that of the trans is 

(1) R. B. Woodward and R. Hoffmann, / . Am. Chem. Soc, 87, 395 
(1965). R. B. Woodward and R. Hoffmann, Angew. Chem., Int. Ed. Engl, 
8,781 (1969). 

(2) R. Huisgen, W. Scheer, and H. Huber, J. Am. Chem. Soc, 89, 1753 
(1967). 

(3) W. J. Linn and R. E. Benson, J. Am. Chem. Soc, 87, 3657 (1965). 
(4) W. J. Linn, / . Am. Chem. Soc, 87, 3665 (1965). 
(5) Thap Do-Minh, A. M. Trozzolo, and G. W. Griffin, J. Am. Soc, 9Z, 

1402 (1970). 
(6) R. J. Crawford and H. H. J. MacDonald, Can. J. Chem., 50, 428 

(1970). 
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consistent with a mechanism involving a thermal conrotatory ring 
opening of oxirane (Id -» 2d and Ie -*• 2e), a result again in 
agreement with the Woodward-Hoffmann rules. 

However, a series of experiments by Huisgen and colleagues 
have clearly demonstrated that the agreement between theory and 
experiment may be altered by the substitution pattern of the 
starting molecule. First of all, Hamberger and Huisgen7 studied 
the C-C ring opening of cis- and *ran.s-2,3-dicyano-2,3-di-
phenyloxirane (If and Ig, respectively) and their cycloaddition 
with dipolarophiles. Surprisingly, the same cycloadduct is ob­
tained, whatever the starting oxirane isomer. If one still makes 
the assumption of an initial conrotatory ring opening of oxirane, 
one must admit that isomerization of the f/ww-dicyano-substituted 
carbonyl ylide (2f) to the more stable cis form (2g) precedes the 
1,3-dipolar cycloaddition (Scheme I). This interpretation has 
been questioned after the study of electrocyclic ring opening of 
a-cy&Tio-trans- and cfc-stilbene oxide, Ih and Ii, respectively8"11 

(Scheme II). While the trans compound Ih still leads, after 
cycloaddition with a dipolarophile, to the cycloadduct 3h, consistent 
with an initial conrotatory ring opening (Ih -*• 2h), a mixture of 
"allowed" (42%) and "forbidden" (53%) cycloadducts is obtained 
from the cis compound Ii.8 Furthermore, if the concentration of 
the dipolarophile is extrapolated to infinity, a situation which 
should prevent a cis-trans isomerization occurring in the carbonyl 
ylide intermediate (2i —• 2h) before the cycloaddition reaction, 
one should get 36% of the unexpected forbidden cycloadduct. 
Obviously, steric factors are responsible for the loss of stereo-
specificity in the ring opening reaction, since reactions leading 
to carbonyl ylide free of steric constraints (Ig —* 2g and Ih —• 
2h) are totally stereospecific and lead to the expected allowed 
cycloadduct. The main question is then what is the reaction path 
which can become competitive with the "normar conrotatory ring 
opening mechanism! Huisgen and Markowski10 suggested four 
possibilities to rationalize their results. Among them, the two more 
likely seem to be (Scheme II) the following: (a) The barrier for 
the conrotatory ring opening Ii —* 2i would be higher than that 

(7) H. Hamberger and R. Huisgen, J. Chem. Soc., Chem. Commun., 1190 
(1971). 

(8) A. Dahmen, H. Hamberger, R. Huisgen, and V. Markowski, J. Chem. 
Soc, Chem. Commun., 1192 (1971). 

(9) V. Markowski and R. Huisgen, / . Chem. Soc, Chem. Commun. 439 
(1977). 

(10) R. Huisgen and V. Markowski, J. Chem. Soc. Chem. Commun., 440 
(1977). 

(11) R. Huisgen, Angew. Chem., Int. Ed. Engl., 16, 572 (1977). 

TT1 

X=CH XsNH X * 0 

Figure 1. Schematic evolution, according to simple Huckel calculations, 
of the ?r orbital levels in CH2-X-CH2 species, with X = CH", NH, and 
O. 

for cis-trans isomerization 2i —» 2h. Then it would be possible 
that 36% of the molecule 2i isomerize to the more favored exo.exo 
carbonyl ylide 2h, because they would have enough rotational 
energy to pass the rotational barrier, (b) A direct disrotatory 
ring opening Ii -» 2h (Scheme II) of the cis compound would be 
competitive with the conrotatory process (AE = 0,5 kcal/mol). 
Therefore, both 2h and 2i carbonyl ylides would be formed directly 
from Ii, leading to mixture of cycloadducts 3h and 3i after cy­
cloaddition. This latter hypothesis, involving the participation 
of the forbidden disrotatory pathway, is thought by Huisgen to 
be the most probable." 

Reasons why the disrotatory process could become competitive 
with the conrotatory one could be the following: (a) The 
Woodward-Hoffmann rules might not apply in a straightforward 
fashion in hetero three-membered rings. CNDO results by 
Schilling and Snyder12 have already suggested that these rules 
have to be applied with caution in perturbated systems, (b) In 
the case of oxirane type molecules, Huisgen11 pointed out that 
the rather high diradical character of carbonyl ylide should reduce 
the energy gap between conrotatory and disrotatory processes. 
Indeed, simple Huckel calculations readily show that the two ir 
frontier orbitals (TT2 and ir*3, Figure 1) are closer to each other 
in the open-chain structures CH2-X-CH2 as the electronegativity 
of the central atom increases (X = CH", NH, O). Therefore, the 
singlet ground state of carbonyl ylide species would contain a 
rather high percentage of doubly excited configuration (... T1

2 ir2° 
ir*3

2), thus making the disrotatory pathway less forbidden.11 

However, the same argument leads one to predict a rather low 
rotational barrier around the C-O bond, a factor favoring a rapid 
cis-trans isomerization in carbonyl ylide. 

Note finally that in a recent work by Griffin and colleagues,13 

it is shown that both Ij and Ik lead to the same cycloadduct, a 
result which can also be rationalized either by a rapid isomerization 
from 2k to the more stable 2j structure or by a direct disrotatory 
ring opening Ik -* 2j. 

From these experimental recalls, one can conclude that a better 
understanding of the reaction mechanisms requires a knowledge 
of the relative activation energies for the following processes: 
conrotatory and disrotatory ring openings, rotational isomerization 
of carbonyl ylide, and perhaps nonconcerted ring opening of ox­
irane. The purpose of this paper is to study in detail these 
pathways for the oxirane molecule itself. It is our hope that a 

(12) B. Schilling and J. P. Snyder, J. Am. Chem. Soc, 97, 4422 (1975). 
(13) J. P. K. Wong, A. A. Fahmi, G. W. Griffin, and N. S. Bhacca, 

Tetrahedron, 37, 3345 (1981). 
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Table I. Relative Weights (in %) of Diiadical and Zwitterionic 
Structures in the Wave Function of Planar Carbonyl Ylide (EE) 
Depending on the Type of Calculations 
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SCF + (2 X 
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0 ST0-3G closed-shell calculation, with C-O = 1.342 A, ,LCOC = 
120° and C-H = 1.08 A (ref 20). b CI between the ground and the 
first doubly excited configurations. c CI involving single and dou­
ble excitations from the two occupied (7T1 and Tr2) to the unoc­
cupied (IT*3) molecular orbitals. 
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Figure 2. Main geometrical parameters characterizing the structures EE 
and EF (see the text). 

detailed picture of the potential energy surface associated with 
the parent unsubstituted molecule can be an useful guide for 
interpreting the results in the substituted cases. 

Method of Calculations 
The formation of carbonyl ylide from oxirane14"11 as well as 

its addition to olefins18 have already been studied by ab initio 
calculations. One major conclusion of these studies is the rather 
high diradical character (CH2-O-CH2) of the carbonyl ylide 
species, calculated to be 38% by Hayes and Siu,19 50% by Yam-
aguchi,20 and 55% by Hiberty and Leforestier.21 Therefore, simple 
SCF calculations cannot give a correct description of these species, 
and a configuration interaction (CI) calculation is necessary to 
optimize the percentages of diradical and zwitterionic terms in 
the wave function22 (see Table I). Also, the transition states for 
conrotatory and disrotatory ring openings are likely to be structures 
in which the C-C bond is almost entirely broken, a case which 
is well-known to be badly described by simple SCF calculations. 
Therefore, it is clear that an investigation of the potential energy 
surface has to be done in a SCF + CI framework. 

In a previous paper,23 we have shown that a limited 3 X 3 CI 
calculation involving the three singlet configurations built from 
the two frontier orbitals was sufficient to correct the major defect 
of the simple SCF wave function (Table I) and leads to a rotational 
energy barrier in carbonyl ylide qualitatively in agreement with 
the value got from larger CI calculations.23 Therefore, we decided 
to study the potential energy surface in the following manner: (i) 
calculations, involving optimizations of the various geometrical 
parameters, are first performed at the STO-3G24 + (3X3) CI 
level to achieve a qualitatively proper description of open-chain 
structures (method I). (ii) In order to get quantitatively reliable 
values for the various energy barriers, the reaction paths optimized 
with method I are recomputed with the extended 4-3IG basis set,25 

the SCF calculation being followed by an extensive CI calculation 
(method II). These CI calculations are carried out through the 
CIPSI26 algorithm. A variational zero-order wave function is 
built by including all the determinants with coefficients larger 

(14) K. 
and G. W. 

(15) E. 
(16) K. 
(17) B. 

(1979). 
(18) G. 

(1976). 
(19) E. 
(20) K. 
(21) P. 

(1978). 
(22) L. 

(1972). 
(23) Y. 
(24) W. 

(1969). 
(25) R. 

(1971). 
(26) B. 

(1973). 

N. Houk, N. G. Rondan, C. Santiago, C. J. Gallo, R. W. Gandour, 
Griffin, J. Am. Chem. Soc, 102, 1504 (1980). 
F. Hayes, / . Chem. Phys., 51, 4787 (1969). 
Yamaguchi and T. Fueno, Chem. Phys. Lett., 22, 471 (1973). 
Bigot, A. Sevin, and A. Devaquet, / . Am. Chem. Soc, 101, 1095 

Leroy, M. T. Nguyen, and M. Sana, Tetrahedron, 32, 1529 

F. Hayes and A. K. Q. Siu, / . Am. Chem. Soc, 93, 2090 (1971). 
Yamaguchi, Chem. Phys. Lett., 33, 330 (1975). 
C. Hiberty and C. Leforestier, J. Am. Chem. Soc, 100, 2012 

Salem and C. Rowland, Angew. Chem., Int. Ed. Engl., 11, 92 

Jean and F. Volatron, Chem. Phys. Lett., 83, 91 (1981). 

J. Hehre, R. F. Stewart, and J. A. Pople, /. Chem. Phys., 51, 2567 

Ditchfield, W. J. Hehre, and J. A. Pople, J. Chem. Phys., 54, 724 

Huron, J. P. Malrieu, and P. Rancurel, / . Chem. Phys., 58, 5745 

Figure 3. Shapes of the frontier molecular orbitals in EF structure. 

than 0.03. The effects of the other determinants, generated by 
single and double excitations from the main determinants, are 
treated through a second-order perturbation. Depending on the 
points on the potential energy surface, the number of main de­
terminants varies from 12 to 17, while the number of generated 
determinants is between 5XlO5 and 7 X 105. We have verified 
that the value of 0.03 chosen for the selection of the main de­
terminants was sufficiently low to avoid the defects of a poor 
convergence. For the SCF calculations, the GAUSSIAN 70 series 
of programs27 were used. Both closed-shell and open-shell RHF28 

calculations were performed, and the calculation giving the lowest 
energy was retained. In general, open-shell calculations are slightly 
better for ring opened structures. 

Results 
Rotational Energy Barrier in Carbonyl Ylide23 (Figures 4a and 

5). We first studied the rotational isomerization in carbonyl ylide, 
i.e., the energy difference between the ground singlet states of the 
planar edge-to-edge (EE) structure and the edge-to-face (EF) 
structure in which one methylene group lies in the plane of the 
heavy atoms, the other being orthogonal to it. In these calculations, 
the C-O bond length and the COC and HCH angles are optim­
ized, the methylene groups being assumed to be planar and the 
C-H bonds kept at 1.08 A. 

(a) Edge-to-Edge Structure (EE). Calculations of type I give 
the following optimized parameters: C-O = 1.341 A, /COC = 
123.9°, ZHCH = 122.8° (Figure 2). The energy is then 
-150.8534 au. This value is lowered to -152.8791 au in calcu­
lations of type II, the geometry being that optimized with method 
I. 

(b) Edge-to-Face Structure (EF). As was pointed out in a 
previous paper,23 this structure has the electronic properties of 
a heterosymmetric diradical.22 In Figure 3 are schematically 
drawn the two frontier molecular orbitals of EF. The first one 
is a nonbonding orbital (n), lying in the plane of the heavy atoms, 
and located on the CH2 group orthogonal to this plane. The second 
one, higher in energy, is a ir*co orbital, antibonding between the 
oxygen atom and C3 (Figure 3). We have to put two electrons 
in these orbitals, with opposite spin if we restrict ourselves to the 
singlet configurations. Putting two electrons in the lowest energy 
orbital (n) leads to the (... n2) configuration, which can be rep­
resented approximately by the oxonium ylide structure EFzwit 
(Figure 2). This structure has already been optimized at the 
STO-3G level.14 On the other hand, if one electron is put in each 

(27) W. J. Hehre, W. A. Lathan, R. Ditchfield, M. D. Newton, and J. A. 
Pople, Program No. 236, Quantum Chemistry Program Exchange, Indiana 
University, Bloomington, IN. 

(28) R. K. Nesbet, Rev. Mod. Phys., 35, 552 (1963). 
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Figure 4. Computed energy barriers (in kilocalories per mole) for the 
various reaction paths by using calculations of type II: (a) rotational 
isomerization in carbonyl ylide; (b) conrotatory ring opening; (c) disro-
tatory ring opening; (d) nonsynchronous ring opening. The energy of 
oxirane has been calculated by using the geometry reported in ref 33. 
Energies of oxirane are -150.9285 (I) and -152.9335 au (II). 

of the frontier orbitals, one gets the 'nir* configuration in which 
the electron in the n orbital is localized on C1, while the electron 
in ir*co orbital is mainly on C3 because of the relative sizes of 
the coefficients in ir*co (Figure 3). The 'mr* configuration can 
be approximately described by the diradical structure EFD (Figure 
2). Our calculations show that the diradical state is the ground 
singlet state of EF, even if we take into account the larger sta­
bilization occurring in EF2^t if the CH2 group carrying the minus 
charge is allowed to pyramidalize [EF2^, - • (EF2^1)', Figure 2]. 
In fact, the fully optimized structure (EF^J' looks like a complex 
between carbene and formaldehyde and is more likely to be a 
precursor for the decomposition of oxirane than a transition state 
for rotational isomerization in carbonyl ylide. 

In calculations of type I, the energy gap between EFD and 
(EF^jt)' is 46.9 kcal/mol, a difference which reduces to 20 
kcal/mol in calculations of type II. The energy of EFD is 
-150.8325 and -152.8484 au in calculations I and II, respectively. 
In the following, the notation EF will always correspond to the 
lowest singlet state of the edge-to-face structure, i.e., EFD. 

(c) Rotational Barrier in Carbonyl Ylide (Figures 4a and S). 
The barrier for CO rotation in planar carbonyl ylide EE is com­
puted to be 13.1 and 19.3 kcal/mol by calculations of type I and 
II, respectively. The latter value, which is the more reliable since 
the correlation effect is much better taken into account, is almost 
twice the value found by Yamaguchi (10 kcal/mol) using the 
PUHF 6-31G** method.29 This difference is not surprising: 
recent calculations on methylene peroxide (CH2COO) have also 
shown an increase of rotational energy barrier when the correlation 
effect is taken into account: the barrier increases from 11.2 
(PUHF calculations)30 to 19.1 by the GVB CI method31 and 21.7 
kcal/mol by the multireference CI method.30 

Finally, in order to check our method of calculations (geometries 
optimized with method I used for calculations of type II), we have 
reoptimized the COC angle in EE and EF structures using method 
II. In both structures, the optimized angle value increases by 4° 
but the energy barrier between EE and EF remains equal to 19.3 
kcal/mol. 

Conrotatory and Disrotatory Ring Opening (Figures 4b,c and 
5). The potential energy surfaces associated with conrotatory 

(29) K. Yamaguchi, private communication. 
(30) K. Yamaguchi, S. Yabushita, T. Fueno, S. Kato, K. Morokuma, and 

S. Iwata, Chem. Phys. Lett., 71, 563 (1980). 
(3I)L. B. Harding and W. A. Goddard, III, J. Am. Chem. Soc., 100, 7180 

(1978). 
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and disrotatory ring opening of oxirane have been studied in the 
following manner: the COC angle (a) and the rotation angles 
of the methylene groups (0 = 0, = 03 and 6 = B1 = -S3 for con­
rotatory and disrotatory paths, respectively) are treated as in­
dependent variables, a is varied from 90° to 150° by steps of 10°; 
0 is varied from 90° (face-to-face) to 0° (edge-to-edge) by steps 
of 15°. At each point, the CO bond length and the HCH angles 
are optimized, the CH2 groups being kept trigonal. We did not 
study COC angles smaller than 90° because it is known that in 
three-membered rings the rotation of terminal groups cannot occur 
before a sufficient bond stretching is achieved.32 Therefore, we 
get for each ring opening process a two-dimensional potential 
energy surface (a, 6) giving the reaction path and the transi­
tion-state structure. 

(a) Conrotatory Ring Opening (Figures 4b and 5). With type 
1 calculations, the transition-state geometry for the conrotatory 
pathway is characterized by the following parameters: /COC = 
100°, 0 = 54°, C-O = 1.397 A, and ^HCH = 119.6°. Recom­
puting the reaction path with type II calculations entails only a 
slight displacement of the transition state (0 = 58° instead of 54°). 
The computed transition-state energies are -150.8396 (I) and 
-152.8576 au (II). The barrier for conrotatory oxirane ring 
opening (Figure 4) is 55.8 (I) and 47.6 kcal/mol (II) depending 
on the type of calculations, and the barrier for the conrotatory 
reclosure of carbonyl ylide is 8.7 (I) and 13.5 kcal/mol (II). 
Again, the values given by calculations of type II are expected 
to be more reliable (Figures 4b and 5). 

(b) Disrotatory Ring Opening (Figures 4c and 5). With type 
I calculations the highest energy point for this path corresponds 
to the following set of parameters: /COC = 108°, 0 = 60°, C-O 
= 1.408 A, and /HCH = 120.6°. With type II calculations, the 
position of this point remains almost unchanged (0 = 59°). The 
computed energies are -150.8186 (I) and -152.8403 au (II), 
leading to barriers of 69.0 (I) and 58.5 kcal/mol (II) for the 
disrotatory ring opening of oxirane and, for the reverse reaction, 
to barriers of 21.8 (I) and 24.3 kcal/mol (II) (Figures 4c and 5). 
According to the most sophisticated calculations (II) the computed 
energy gap between conrotatory and disrotatory paths is 10.9 
kcal/mol, a rather low value consistent with the diradical character 
of carbonyl ylide (Table I). Note, however, that the highest point 
on the disrotatory reaction path is not actually a transition state. 
Further calculations have shown that, starting from this point, 
the energy decreases not only along the reaction coordinate 
(disrotatory motion of the CH2 groups) but also along a conro­
tatory motion of these groups. Therefore, this structure does not 
have the properties of a transition state since it is located at the 
top of a hill in the full multidimensional potential energy surface, 
at a point where the destabilizing electronic factors are maximized. 
This result is in agreement with previous calculations by Dewar 
and Kirschner34 on forbidden electrocyclic reactions. These au­
thors first showed that releasing the constraint of synchronous 
rotation of the methylene groups decreases the computed activation 
energy for the forbidden reaction. In particular, successive ro­
tations of the two groups were found more favorable than syn­
chronous rotation in the forbidden direction. 

Nonsynchronous Ring Opening (Figure 4d). Finally, we have 
studied the nonsynchronous mechanism leading from oxirane to 
edge-to-face (EF) structure (Figure 4d). In this mechanism, only 
one methylene group is allowed to rotate, the other being kept 
orthogonal to the COC plane. Such a mechanism could play a 
role in the cis-trans isomerization of oxirane (direct reaction path 
avoiding the intermediate formation of planar carbonyl ylide), 
as well as in the loss of stereospecificity of the ring opening 
reaction. 

The calculations have been performed in the way defined in 
the preceding section. The most important result is that the energy 

(32) Y. Jean, L. Salem, J. S. Wright, J. A. Horsley, C. Moser, and R. M. 
Stevens, Int. Congr. Pure Appl. Chem., 23rd., 1, 197 (1971). 

(33) W. A. Lathan, L. Radom, P. C. Hariharan, W. J. Hehre, and J. A. 
Pople, Top. Curr. Chem., 40, 1 (1973). 

(34) M. J. S. Dewar and S. Kirschner, J. Am. Chem. Soc, 96, 5244 
(1974). 
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Figure 5. Energy profile for cis-trans isomerization of oxirane through 
the intermediate formation of planar carbonyl ylide (EE). The energy 
profile for disrotatory ring opening is also drawn (dotted lines). The 
energies are in kilocalories per mole. This figure can be compared with 
the experimental free energy profiles reported in ref 11 (Figures 3 and 
5) and 6 (Figure 2). 

barrier between oxirane and EF is higher than the energy dif­
ference between these structures (55.9 instead of 53.4 kcal/mol 
with method II). Consequently, the best way to form the EF 
structure from oxirane is the indirect pathway involving the in­
termediate formation of planar carbonyl ylide EE (oxirane •& EE 
-& EF). In this mechanism, EF is the highest point on the potential 
energy surface, its energy being 53.4 kcal/mol (II) above that 
of oxirane (Figure 5). The direct pathway (oxirane •& EF) 
requires 55.9 kcal/mol (Figure 4d). 

Conclusions 
The first conclusion of this study is that orbital symmetry rules 

do exert control on ring opening of unsubstituted oxirane mole­
cules. The allowed conrotatory process is favored by 10.9 kcal/mol 
compared to the disrotatory one (Figure 5). This difference in 
activation energies is lower than that generally expected for pure 
hydrocarbons (for example, an experimental estimate for ring 
opening of cyclobutene is 15 kcal/mol).35 Nevertheless, the 
electronegativity of the central oxygen atom, leading to a rather 
high diradical character in carbonyl ylide, is not sufficient to make 
the two concerted ring opening modes competitive in the unsub­
stituted molecule. This result could have been guessed from 
previous calculations on cyclopropane ring opening: despite the 
diradical nature of the ring opened form (trimethylene diradical), 
the conrotatory motion is still favored by 2 kcal/mol.32 Fur­
thermore, the highest point on the disrotatory reaction path has 
not the properties of a transition-state structure: this point at which 
the electronic destabilization is maximum is located at the top 
of a hill, and only very strong geometrical constraints, such as 
those occurring in cyclic carbonyl ylides,36-38 seem able to force 
the system to use this pathway. 

A second conclusion concerns the cis-trans isomerization re­
action occurring through CC bond breaking. As pointed out under 
Nonsynchronous Ring Opening, the best way to perform this 
reaction involves the intermediate formation of the planar carbonyl 
ylide (Figure 5). Therefore, the reaction begins by conrotatory 
ring opening of oxirane, followed by a rotational isomerization 
in the carbonyl ylide which finally recloses in a conrotatory manner 
to the isomer (Figure 5). On this reaction path, the highest point 
is the transition state for rotational isomerization in carbonyl ylide, 
i.e., the orthogonal EF structure. It is remarkable that it is 
precisely this mechanism, avoiding the direct formation of EF 

(35) J. I. Brauman and W. G. Archie, Jr., / . Am. Chem. Soc, 94, 4262 
(1972). 

(36) E. F. Ullman, J. E. Milks, J. Am. Chem. Soc, 84, 1315 (1962); 86, 
3814 (1964). 

(37) E. F. Ullman, W. A. Henderson, Jr., J. Am. Chem. Soc, 88, 4942 
(1966). 

(38) D. R. Arnold, L. A. Karnischky, J. Am. Chem. Soc, 92, 1404 (1970). 
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structure (Figure 4d), which has been most often used in the 
reaction schemes proposed for cis-trans isomerization of oxirane 
molecules.6"11 

Third, the conrotatory transition-state energy is 5.8 kcal/mol 
lower than the transition state for rotational isomerization in 
carbonyl ylide (Figure 5). Therefore, in the absence of steric 
constraints in carbonyl ylide, cycloaddition following the ring 
opening is predicted to be stereospecific, in agreement with ex­
perimental results (Ig and Ih, for example). Concerning the loss 
of stereospecificity observed in sterically hindered species, our study 
shows that, among the two mechanisms recalled in the intro­
duction, (i) rapid cis-trans isomerization following the formation 
of carbonyl ylide or (ii) direct disrotatory reaction path, the former 
is less energetic. Indeed, the transition state for rotational isom­
erization in carbonyl ylide is 5.8 kcal/mol above that for conro­
tatory ring opening instead of 10.9 kcal/mol for the highest point 
on the disrotatory path (Figure 5). This difference of 5.1 kcal/mol 
between the two processes leads us to believe that it should be 
easier, using suitable substituents, to make the rotational isom­
erization rather than the disrotatory process competitive with the 
conrotatory ring opening mechanism. If this conclusion is correct, 
the crucial factor governing the stereochemical course of the 
reaction would be the energy difference between conrotatory ring 
opening (Figure 4b) of oxirane to carbonyl ylide and rotational 
isomerization in carbonyl ylide (Figure 4a). Positive values would 
mean that the carbonyl ylide formed by conrotatory ring opening 
has not enough rotational energy to isomerize before being trapped 
by a dipolarophile (no loss of stereoselectivity). On the contrary, 
negative values would make possible a rapid rotational isomeri­
zation in carbonyl ylide, leading to a loss of stereospecificity.10 

According to our calculations, this difference is 5.8 kcal/mol in 
the unsubstituted molecule. This value is close to that found 
experimentally for f/ww-2-phenyl-3-p-tolyloxirane (4.3 kcal/mol),6 

a compound which leads to a carbonyl ylide free of steric con­
straints, two hydrogen atoms being in the endo positions (Id —• 
2d). This difference decreases to 3 kcal/mol11 for a-cyano-
trans-stilbene oxide Ih, a compound which exhibits no loss of 
stereoselectivity. When bulky groups appear in endo positions 
in the carbonyl ylide generated by a conrotatory ring opening of 
oxirane, negative values are obtained for this energy difference: 
-0.9 kcal/mol6 for m-2-phenyl-3-p-tolyloxirane Ie and -2 
kcal/mol" for a-cyano-d5-stilbene oxide Ii, a compound which 
precisely shows a lack of stereoselectivity in cycloaddition reactions. 
Therefore, in so far as our results on the unsubstituted parent 
molecule can be used as a guide for the discussion of substituted 
cases, the loss of stereoselectivity in the ring opening of oxirane 
is likely to originate from a rapid rotational isomerization in 
carbonyl ylide intermediate.39 

Finally, in the light of preceding results, the computational 
approach used in this study may be commented on briefly. The 
optimizations have been made by using a minimal basis set fol­
lowed by a limited CI calculation (method I). Then the reaction 
paths have been recomputed by using an extended basis set and 
large CI calculations (method II). First, note that the im­
provement of the calculations lowers the computed absolute en­
ergies by ~2 au (—1250 kcal/mol). Nevertheless the potential 
energy curves associated with the various mechanisms are 
qualitatively similar in both kinds of calculations, the energy 
barriers differing by only a few kilocalories per mole (see Results). 
Two factors can explain the qualitative agreement between both 

(39) Note Added in Proof: However, one must note that our calculations 
do not definitely exclude a loss of stereoselectivity arising from the non-
synchronous ring opening (4d) whose activation energy is only 2.5 kcal/mol 
above that of the rotational isomerization mechanism. As pointed out by a 
referee, this pathway can be seen as a "forbidden" pathway since it can 
eventually lead to the product formally implied to be the result of disrotation. 
The transition state for mechanism 4d would then appear as a more stable 
Jahn-Teller distorted form of the symmetrical transition state involved in the 
synchronous disrotatory motion. Therefore, if the words "forbidden reaction 
path" also apply to the nonsynchronous pathway 4d, it is much more difficult 
to decide from our calculations whether the partial loss of stereoselectivity 
arises from rotational isomerization in carbonyl ylide or from the "forbidden" 
nonsynchronous pathway. 
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type of calculations: (i) extension of the basis set does not lead 
to drastic changes in the optimized geometrical parameters 
characterizing the most important structures. For instance, if EE 
and EF structures are reoptimized by 4-3IG calculations followed 
by 3 X 3 CI, their energies are only 1.3 (EE) and 1.9 (EF) 
kcal/mol lower than those gotten by using the geometries op­
timized with method I (STO-3G + 3 X 3 CI); (ii) whatever the 
point on the potential energy surface, the most important con­
figurations in the correlated wave function are by far those involved 

in the limited 3 X 3 CI. Both these factors lead us to think that 
the use of the rather crude method I as a first approach is a 
reasonable compromise between the need for qualitatively correct 
results and the cost of calculations. From a quantitative point 
of view, calculations of type II, which include a large part of 
correlation effect, are necessary to be confident in the numerical 
values used to discuss the reaction mechanisms. 
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Abstract: MeAlCl2-initiated cyclization of dienone 12 provides the functionalized trans-fused hydrindenone 15 in 50% yield. 
Ketone 15, which is now readily available in three steps from hydrocinnamic acid via this novel cyclopentanone synthesis, 
has been converted to 27 and 30, thus completing a formal total synthesis of 11-oxo steroids. 

Introduction 
One of the challenging problems in steroid synthesis is the 

construction of the trans-fused CD ring systems present in most 
steroids.1 An examination of Lewis-acid-initiated cyclization of 
unsaturated carbonyl compounds has led us to a new solution to 
this problem. Treatment of aldehyde 1 (R = H or alkyl) with 
a Lewis acid leads to the cyclopentanone IP We have examined 
the Lewis-acid-initiated cyclization of 4.4 Depending on the 
strength and amount of Lewis acid, either ene adduct 35 or cy­
clopentanone 6 can be obtained selectively. MeAlCl2 (1-2 equiv) 
converts 4 to 6 at -78 0C and converts the ketone 5 to cyclo­
pentanone 7 in 60% yield at 0 0C. We therefore chose to in­
vestigate the cyclization of methyl ketones related to aldehyde 
1 as a route to trans-fused hydrindanones. 

4 R=H 
5 R=Me 

6R=H . 
7R=Me 

Treatment of the methyl ketone 86 with 2 equiv of MeAlCl2 

in CH2Cl2 at 25 0C for 24 h leads to the trans-fused hydrindanone 
9 in moderate yield. The stereochemistry of 9 is established by 

(1) Blickenstaff, R. T.; Ghosh, A. C; Wolf, G. C. "Total Synthesis of 
Steroids"; Academic Press: New York, 1974. 

(2) (a) Sakai, K.; Ide, J.; Oda, O.; Nakamura, N. Tetrahedron Lett. 1972, 
1287. (b) Kulkarni, B. S.; Rao, A. S. Org. Prep. Proced. Int. 1978, 10, 73. 
(c) Cookson, R. C; Smith, S. A. J. Chem. Soc, Chem. Commun. 1979, 145. 
(d) Baldwin, J. E.; Lusch, M. J. J. Org. Chem. 1979, 44, 1923. 

(3) The related cyclization of a ketone of 100-140 0C in the presence of 
AlCl3 has been reported.2d 

(4) (a) Karras, M.; Snider, B. B. J. Am. Chem. Soc. 1980,102, 7951. (b) 
Snider, B. B.; Karras, M.; Price, R. T.; Rodini, D. J. / . Org. Chem. 1982, 47, 
4538. 

(5) For reviews of intramolecular ene reactions of aldehydes see: (a) 
Oppolzer, W.; Snieckus, V. Angew. Chem., Int. Ed. Engl. 1978,17, 476. (b) 
Andersen, N. H.; Ladner, D. W. Syn. Commun. 1978, 8, 449. 

(6) Borowiecki, L.; Kazubski, A. Pol. J. Chem. 1978, 52, 1447. 

the absorption of the methyl group in the NMR spectrum (<5 0.88) 
which is 0.15 ppm upfield from that of the cis isomer.7 

The harsh conditions required for this cyclization appeared likely 
to limit its generality and preclude its application to more highly 
functionalized systems. We were therefore gratified by the 
successful cyclization of the unstable dienone 12 to the hydr­
indenone 15 which is reported here. 

Results and Discussion 
Birch reduction (Na/NH3 , CH3OH, -78 to -33 0C)8 of hy­

drocinnamic acid (10) gives a 60:40 mixture of 11 and 10. This 
mixture of acids cannot be separated chromatographically. Io-
dolactonization (I2, NaHCO3) of this mixture converts 11 to 
lactone 13 which is separated from 10 by base extraction of 10.8 

Treatment of lactone 13 with Zn in acetic acid regenerates 11 
(40% overall yield) which is converted to methyl ketone 12 (82% 
yield) by treatment with 2 equiv of methyllithium.9 Separation 
of 10 and 11 is not necessary, since, on treatment with methyl-
lithium, 10 is converted to 4-phenyl-2-butanone which can be 
separated easily from 15 after cyclization. 

The cyclization of 12 to 15 proved to be very sensitive to reaction 
conditions. Treatment of 12 (0.3 M in CH2Cl2 containing 2.7% 
BHT) with 1.1 equiv of 1.40 M MeAlCl2 in heptane in a sealed 
tube under N2 for 2 h at 90 0C gives 15 in 47-53% yield.10 Small 
amounts of 4-phenyl-2-butanone ( ~ 10%) and polymer account 
for the remainder of the material. The survival of the sensitive 
dihydrobenzene moiety indicates the versatility of the cyclo­
pentanone synthesis. Although other Lewis acids were not in-

(7) Lansbury, P. T.; Briggs, P. C; Demmin, T. R.; Du Bois, G. E. / . Am. 
Chem. Soc. 1971,93, 1311. 

(8) Cf. Johnson, D.; Smart, J. W.; Sutherland, J. K. J. Chem. Soc, Chem. 
Commun. 1977, 497. 

(9) Jorgenson, M. J. Org. React. 1971, 18, 1-99. 
(10) The amount of Lewis acid used is not critical. However use of <1 

equiv leads to complex mixtures since uncomplexed ketone can abstract a 
proton from the zwitterionic intermediate. Similarly, use of >2 equiv leads 
to complex mixtures. MeAlCl2 disproportionates in the presence of a defi­
ciency of base. The active species may be the AlCl3-ketone complex with 
Me2AlCl acting as proton scavenger. The presence of traces of water or 
oxygen has a very deleterious effect on the reaction. 
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