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Ab initio SCF calculations (STO-3G) followed by a limited Cl (involving a selection of the first hundred low-lying 
excited states of the molecule) have been carried out in order to assist the construction of MO and state correlation 
diagrams relative to the various reactions of cyclopropene. The idealized reaction paths exhibit the following 
trends. The thermal cleavage easily yields a quite stable carbenic species. In the excited state, a dichotomy 
is observed (a) the singlet is likely to yield a carbene via ring cleavage; (b) the triplet, which remains unreactive 
would preferentially react through bimolecular processes or via hydrogen capture on the side chain. Qualitative 
considerations show that when both the double bond and side chain are substituted by stabilizing groups, for 
example, allylic groups, side-chain cleavage is observed as a competitive process. 

Owing to its 54.5-kcal/mol intrinsic strain? cyclopropene 
is predicted to be relatively unstable thermally. Upon 
excitation, the presence of a double bond provides a low- 
energy source of excited states able a priori to initiate the 
evolution toward ring opening and/or fragmentation via 
Norrish type I reactions. The frozen rotation of the double 
bond is also of interest, since it is well-known that in parent 
noncyclic alkenes, cis-trans isomerization constitutes the 
major deactivation process, preventing the system from 
other types of reactions. 

Experimentally, the thermal reaction of cyclopropenes 
consists of dominant ring cleavage3 leading to a carbenic 
species. Thermolysis of an optically active compound4 
shows that the racemization, whose E, is 32.6 kcal/mol, 
occurs a t  a rate faster than the rate of conversion into a 
mixture of dienes and acetylenes. In other words, only a 
weak energy maximum, or none at all, should exist a t  the 
ground-state (GS) potential energy surface (PES) for ring 
opening and reclosure since carbenic rearrangements are 
known to proceed very easily. This very easy thermal 
closure of the carbenic moiety is exploited in the synthesis 
of cyclopropenes via the formation of carbenic  specie^.^ 

The photochemical reactions of cyclopropenes have been 
recently reviewed by Padwa.6 Let us briefly summarize 
the main results. In the singlet state, ring cleavage is 
dominant, leading to a carbene, which, in turn, leads to 
a facile recyclization (racemization) or to further reactions 
such as insertion into a CH bond or alkyl group migration. 
Usually low quantum yields of transformed products are 
observed due to the easy reclosure of the system regen- 
erating the starting molecule. In reality, the quantum yield 
of ring cleavage might be important. In the presence of 
phenyl substituents on the double bond and of an allylic 
chain borne by the saturated carbon, side-chain cleavage 
is also observed. This reaction is no longer found when 
an alkyl substituent replaces the allylic chain. Triplet 
cyclopropenes do not undergo ring cleavage, and sensitized 
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lished during the course of this study: J. D. Dill, A. Greenberg, and J. 
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(5 )  G. L. Closs, L. E. Closs, and W. A. Boll, J .  Am. Chem. SOC., 85, 
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(6) A. Padwa, Acc. Chem. Res., 12,310 (1979). During the typing of 
this manuscript an important publication by A. Padwa, T. J. Blacklock, 
D. M. Cordova, and R. Loza, J. Am. Chem. SOC., 102, 5648 (1980), had 
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Table I. Vertical Transitions of Cyclopropene (C2v)  

state Mossb E, eV state MO'sb E,eV 
3B2a %n* 5.42' 'A, 3Wsn* 10.30 
3B, 3WAn* 9.45 'A, 'WSn* 10.91 
'B, 'Wsn* 9.75 'B, Inn* 11.22 
' z axis is the C, axis, x is perpendicular to the plane, 

The MO's and y lies in the plane of the heavy atoms. 
correspond to the nomenclature of the left side of 
Figure 4. ' An E value of 5.19 eV was also obtained 
from Goddard et al,12 

irradiations lead to the formation of dimers via a classical 
(2 + 2) addition. In some cases, intramolecular capture 
of hydrogen on the y-position occw, as reported by Padwa 
et a1.6 

Several calculations have been reported for cyclopropene 
at the semiempiricaP1° or at the ab initio level.l1J2 An 
overall energy barrier of 42.6 kcal/mol has been calculated 
for the thermal ring opening. The final singlet species lies 
36.6 kcal/mol above the initial ground state (GS). A stable 
triplet carbene is found 1 2  kcal/mol below this state and 
is predicted to be a somewhat long-living intermediate.12 
No rationalization of the photochemical reactivity is 
available, and we present here a complete theoretical 
analysis of the behavior of the low-lying singlet and triplet 
states when various reactions are simulated. The reaction 
paths are described in Figure 1. 

Path a describes the rupture of a CH bond of the 
methylene unit. Path b is similar to a Norrish type I 
cleavage of the cycle preserving the initial bonding 
framework, leading to 3. Path c consists of a synchronous 
bond rupture and methylene rotation, leading to the cab- 
ene 4. (Compound 3 may interconvert into 4 by methylene 
rotation.) Finally, we have paths d and e which are limiting 
processes for methylene extrusion via, respectively, a 
synchronous two-bound process and a stepwise mechanism 
involving the intermediate formation of 3. 

Methodology 
The ab initio SCF-CI method used here has been pre- 

viously described.l3-I5 I t  consists of a STO-3G calcula- 

(7) J. A. Pincock and R. J. Boyd, Can. J .  Chem., 55, 2482 (1977). 
(8) J. A. Pincock, R. Morchat, and D. R. Arnold, J. Am. Chem. SOC., 

95, 7536 (1973). 
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(10) R. C. Binpham, M. J. S. Dewar, and D. H. Lo, J.  Am. Chem. SOC.. 

97, 1298 (1975). 
(11) S. D. Peverimhoff and R. J. Buenker, Theor. Chim. Acta. 14,305 
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(12) J. H. Davis, W. A. Goddard 111, and R. G. Bergman, J. Am. Chem. 

SOC., 94, 2427 (1972); 98, 4015 (1976); T. K. Ha, F. Graf, and H. H. 
Guenthard, J. Mol. Strut . ,  15, 335 (1973). 
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Figure 1. Description of the various calculated paths. 

tion’& followed by a CI involving a careful selection of the 
first hundred mono- and diexcited configurations built on 
the six highest occupied and the four lowest unoccupied 
MO’s.lGb 

We have taken for cyclopropene the geometry that has 
been previously optimized by using the ab initio STO- 
3G-SCF method.” The resulting structure is in good 
agreement with experimental determinations.18 In all 
calculations, the CH bond lengths have been kept constant 
and equal to their initial value. The CC bond lengths have 
been optimized for structures 2-4 for the lowest singlet root 
of the CI. Then, a linear variation of all the geometrical 
parameters that are involved in a given process is assumed 
between the initial molecule and the final target. We thus 
obtain model processes allowing a simple description of 
reactivity based on the familiar concepts of MO’s and 
corresponding valence states. Owing to the use of a min- 
imal basis and to a limited CI step, we can only predict 
semiquantitative PES’S. However, relative comparisons 
of the various processes remain of chemical significance 
and afford a simple basis for a complete discussion or, 
eventually, for more sophisticated calculations, if very 
precise data are required. 

No experimental result is available dealing with the 
vertical transitions of cyclopropene itself. Our calculated 
values are reported in Table I. 

I t  is important to note that, with the exception of the 
xx* singlet-triplet couple,lg the other valence states appear 
in pairs close in energy: lv3Wax* and 1,3W87r*4 They cor- 
respond to the excitation of one electron from the anti- 
symmetric and symmetric Walsh MO’s of cyclopropene to 
x* (see Figure 4, left). The values that are found are 
expected to be overestimated since important bond re- 
laxation might be predicted to stabilize these states. 

(14) A. Sevin, B. Bigot, and A. Devaquet, Tetrahedron, 34, 3275 
(1978). 

(15) B. Bigot, A. Devaquet, and A. Sevin, J.  Org. Chem., 45,97 (1980), 
and references therein. 

(16) (a) Using the Gauss 70 series of programs: W. J. Hehre, W. A. 
Lathan, R. Ditchfield, M. D. Newton and J. A. Pople, Quantum Chem- 
istry Program Exchange, Indiana University, Bloomingbn, Indiana. The 
closed-shell hamiltonian [C. C. J. Roothaan, Reu. Mod. Phys., 23, 69 
( 1 9 1  and t he  “restricted Nesbet” open-shell hamiltonian [R. K. Nesbet, 
ibzd, 35, 555 (1963)] were used independently, the best energy being 
selected at each point, for each state. (b) We thus obtain data allowing 
an easy elaboration of MO and state correlation diagrams on which the 
description of reactivity is based. 

(17) L. Radom, W. A. Lathan, W. J. Hehre, and J. A. Pople, J .  Am. 
Chem. Soc., 93, 5340 (1971). 

(18) P. H. Kasai, R. J. Myers, D. F. Eggers, and K. B. Wiberg, J .  
Chem. Phvs., 30, 512 (1959). D. R. Lide, Jr., ibid., 33, 1514 (1960). 
Calculated-and experimental (in parentheses) values are as follows: C = C  

calculated and experimental C=C bond lengths are shorter than usual. 
(19) It is now well established that ~ A A *  is not correctly described by 

minimal basis calculations. Only bases including diffuse function cue able 
to accommodate correctly its diffuse character. C. F. Bender, T. H. 
Dunning, Jr., H. F. Schaefer 111, W. A. Goddard 111, and W. J. Hunt, 
Chem. Phys. Lett . ,  15, 171 (1972). 

1.277 8, (1.300); C - C  1.493 A (1.515); C 4 - H  150.3’ (149.9); H-C-H 
112.5’ (114.7); =C-H 1.075 8, (1.070); C-H 1.087 A (1.087). Both 

Figure 2. Model ruptures of the methylene CH bond. In path 
al, the H-C=C bond angles are frozen to their initial values. 
In path a2, a linear variation of the geometrical parameters is 
assumed from cyclopropene to the optimal intermediate. 

D3 C2 

Figure 3. Perturbation scheme showing the interaction of H (1s 
atomic orbital) with the rs,ra couple of MO’s, in the case of D* 
and Czo geometries. 

Particularly, relaxation of the double bond would com- 
pensate to some extent the destabilization due to the 
population of T * . ~  When aromatic substituents are linked 
to the double bond, an important energy lowering is pre- 
dictable for both singlet and triplet rx* states. This effect 
would not be important for alkyl substituents.21 

After these considerations, one must keep in mind that 
all the processes that will be described in the following 
sections are mainly related to cyclopropenes where strong 
conjugative interactions are not present. Qualitative ar- 
guments will be used to extend the conclusions to the case 
of aryl-substituted compounds. We will now examine the 
various reactions paths of Figure 1. 

Hydrogen Departure, Path a 
Two model processes have been tested. The first one 

consists of a CH rupture which preserves the starting ge- 
ometry of the ring and roughly corresponds to a Jahn- 
Teller distorted cyclopropyl radical at the end of the 
process.22 The second one consists of a CH rupture with 
concomitant rearrangement of the ring structure leading 
to the geometry that has been independently optimized 
for the C3H3+ cation. Both processes are described in 
Figure 2. The related MO diagrams only differ in that 
the relative order of the frontier MO’s depends on the 
shape of the final system. Let us first examine the per- 
turbational scheme of Figure 3. Starting from the DSh 
cyclopropyl unit, where x,  and rS are degenerate, one ob- 
serves that distortion toward C2” lowers H, since the 
bonding interaction is increased and the antibonding in- 
teraction is decreased. At the same time, H, is destabilized 

(20) In alkenes, the destabilization caused by the partial filling of r* 
acts as a driving force for spontaneous cis/trans isomerization. In this 
case, concomitant rotation and bond stretching are observed. 

(21) The singlet absorption of stilbene has a maximum at 2800 8, (4.43 
eV). The lowest triplet state of cis-stilbene is found a t  an energy lower 
than 3 eV. J. G. Calvert and J. N. Pitts, Jr., “Photochemistry”, Wiley, 
New York, 1967. See also G. S. Hammond, J. Saltiel, A. A. Lamola, N. 
J. Turro, J. S. Bradshaw, D. 0. Cowan, R. C. Counsell, V. Vogt, and C. 
Dalton, J. Am. Chem. SOC., 86,3197 (1964). The corresponding values 
are 8.1 and 4.0 eV for singlet and triplet ethylene, as calculated in ref 19. 

(22) D. Poppinger, L. Radom, and A. Mark, Chem. Phys., 23, 437 
(1977); N. C. Baird, J .  Org. Chem., 40, 624 (1975); G. E. Palmer, J. R. 
Bolton, and D. R. Arnold, J .  Am. Chem. SOC., 96, 3708 (1974); D. R. 
Arnold, R. W. Humphreys, W. Leigh, and G. E. Palmer, ibid., 98, 6225 
(1976); P. Bischof, ibid., 99, 8145 (1977); R. C. Binham and M. J. S. 
Dewar, ibid., 95, 7180, 7182 (1973). 
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Figure 4. MO correlation diagram for C-H bond rupture derived 
from the SCF calculation. The dominant contributions are em- 
phasized and the schematic drawing outlines the main phase 
relationship. 

since the antibonding interaction is increased. Interaction 
of the resulting set with H (right side) leads to the for- 
mation of u+ and u-, where strong mixing of *, and 1, of 
H is expected (nearly degenerate interaction). On the 
other hand, similar interactions with the DS MO’s lead 
to nondegenerate mixings: x,  remains unchanged while 
the lowest combination is rather concentrated on H and 
the highest is concentrated on the 7r system. Hence, we 
have two different frontier MO orderings for paths a1 and 
a* Within the set of the Walsh MOs, only small energetic 
changes are observed. 

The calculated MO diagram of Figure 4 is schematically 
drawn for path a’. For path a2, the corresponding one 
would be obtained by taking the final MO order of the left 
of Figure 3. The various MO’s are labeled with respect 
to the symmetry plane, (C, symmetry) which is preserved 
during the reaction. The various contributions have been 
slightly emphasized in order to follow more easily the 
“natural” MO correlations.13J4 This diagram can be ob- 
tained by two successive steps: (1) the correlations of the 
Walsh MOs are straightforward since they are not affected 
to a great extent in the process; (2) the dominant contri- 
butions of R and a* are preserved (broken line for T ,  solid 
line for r*). The 7r-type bonding MO of CH2 tends to yield 
u+, and the corresponding antibonding MO, TCH?, tends 
to reach u- for the same reasons (broken lines). Several 
crossings should occur, and once these are taken into ac- 
count in the SCF step of the calculation, the resulting 
full-line pattern is obtained. 

In order to construct the related state correlation dia- 
gram, let us focus our attention on the various states of 
the final system. We will first examine the distorted ge- 
ometry of path al. Due to the quasi-degenerate situation 
of u+ and u-, we must consider the various electronic 
configurations built on these M O S , ~ ~  namely, u?, and 
lp3(u+lu2), all being of A’ symmetry. After CI, we find at  
low energy a singlet-triplet pair of diradicals, ‘p3D, nearly 
degenerate in energy and of dominant covalent character, 
whose eigen functions are, respectively, u + ~  - u - ~  and 
3(~+1u_1). We then find a second singlet-triplet pair of 
diradicals, quite degenerate in energy, lv3D’, and of A” 
symmetry. It results from another covalent electronic 
distribution involving the partial filling of the s* MO. A 
high-energy gap, greater than 4 eV, results between this 
couple and 1,3D. The first ionic state lies far above these 

(23) See, for calculated examples, L. Salem and W. L. Jorgensen, “The 
Organic Chemist’s Book of Orbitals”, Academic Press, New York, 1973. 

(24) A. D. Walsh, J.  Chem. SOC., 2260 (1953); see also the following 
papers. 

Figure 5. (A) State correlation diagram for C-H bond rupture. 
The same correlations are valid for both paths a1 and aD Part 
B corresponds to the presence of an aryl substituent, able to 
stabilize the ‘ns* state of the system. 

species and needs not to be discussed here. 
With the final geometry corresponding to path a2, en- 

ergetic changes occur. On the one hand, ‘D now bears a 
slight polarity, C3H3+-.H-, and is destabilized by 0.5 eV. 
A weaker destabilization is found for the triplet species. 
Drastic changes are found for the ‘v3D’ couple: since the 
relaxation of the bond length lowers the energy of 7r*, the 
electronic distribution involving the population of this MO 
is greatly stabilized, and, as an end result, the ‘p3D’ couple 
now lies in the vicinity of lp3D, the energetic separation 
being only 1 eV. 

The state correlation diagram of Figure 5A results. Due 
to avoided crossings at the MO level, between occupied 
MO’s, nonmonotonous correlations are expected for the 
PES’s whose leading configurations involve a variation of 
the electronic population of these MO’s.13 This is sche- 
matically indicated by weak curvatures along the corre- 
lations. The GS is linked to ‘D while, a t  least formally, 
the triplet state 3?rCH r*cH2 tends to correlate with 3D. The 
1337ra* couple, of Al’hymmetry, is linked to lv3D’, but the 
situation is complicated by the presence of valence states 
like ‘.3Wa?r* (A’) and 1*3W,7r* (A”), all being correlated with 
high-lying states of the final species. Several avoided 
crossings result: a t  point P, 3W,a* and the dissociative 
PES avoid themselves, and at point Q the same occurs for 
l m *  and ‘W,?r*. 

The calculated PES’s of Figure 6 are in complete 
agreement with this analysis. In this figure, two different 
sets of PES’s have been reported: path a1 is drawn with 
solid lines and path a2 with broken lines. 

The qualitative description of the reactivity is simple: 
37r7r* is not reactive in this process since in both paths high 
energy barriers prevent this state from reaching 3D via 
internal conversion at point S, or, even worse, a t  point R. 
The same is true for the lowest excited singlet that has to 
overcome an appreciable barrier in both cases. Thus, as 
experimentally found, no reactive channel is available at 
low energy. 

(25) L. Salem and C. Rowland, Angew. Chem., Int. Ed. Engl., 11,92 
(1972). The first singlet eigenfunction is -0.890,~ + 0.3603 - 0.160+~0..’ 
and the second is 0.58u+’u?.lr,’ + 0.630+~0_’.lr,’. The first triplet eigen- 
function is pure %+b?, the second is -0.700+%r: + 0.520+~0-%~,’. In spite 
of their complexity all distributions are mainly covalent (weak polarity 
for the system); this is indicated by the equivalence of singlet and triplet 
distributions as in usual covalent diradicals and by the analysis of local 
charges. 
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1.5 2.  2.5 C H 

Figure 6. Calculated potential energy curves for paths a1 and 
a2. The reaction coordinate only refers to the CH distance in path 
al, but in path a2 concomitant ring relaxation takes place. Both 
sets of curves are drawn together in order to allow qualitative 
comparisons. 

4 c ’ b  9 

Figure 7. Simulated geometry changes in paths b and c. Linear 
variations of the parameters are assumed along the whole path. 
Unless noted, all angles in 3 and 4 are 1 2 0 O .  Only C-C bond 
lengths have been optimized. 

In the presence of an aromatic substituent on the double 
bond, lmr* might be lowered to such an extent that it 
becomes the first excited singlet state. In this case, i f  ID’ 
is stabilized enough a reaction of the first singlet state 
becomes likely. This is schematically indicated in Figure 
5B. The corresponding reaction of the first triplet is less 
likely since, in this case, the lowering of 3mr* should be 
such that before reaching 3Dr a noticeable energy gap 
should be overcome. In other words, the triplet would be 
handicapped by its great stability. This qualitative result 
accounts for the experimental fact that when both an 
aromatic substituent on the double bond and an allylic 
chain on the methylene are present, side-chain cleavage 
is observed in the singlet state while the triplet remains 
unreactive for this process. 

Ring Cleavages, Paths b and c 
We will first examine path b, which preserves a sym- 

metry plane, and then discuss the variation brought about 
by a concomitant methylene rotation. In order to simulate 
these processes, we have used the geometry constraints 
described in Figure 7. 

A very simple MO diagram is associated with path b as 
shown in Figure 8a: T and P* are unaffected while W, and 
Wa*, respectively, yield p+ and p-, the in-phase and out- 
of-phase mixing of p lobes on the terminal carbons. The 
associated correlation diagram (Figure 8b) is straightfor- 
ward: 3W,Wa* and the GS are linked to 173D triplet and 
singlet covalent diradicals, respectively, as is observed in 
the related Norrish type I r e a c t i o n ~ ’ ~ J ~ ~ ~ ~  or in the parent 
ring cleavage of azirineZ7 or diazirine.% The singlet-triplet 

(26) B. Bigot, A. Sevin, and A. Devaquet, J. Am. Chem. SOC., 100,2639 

(27) B. Bigot, A. Sevin, and A. Devaquet, J.  Am. Chem. SOC., 100,6924 
(1978). 

(1978). 

I ,  

%-7” GS- 

Figure 8. (a) MO correlation diagram corresponding to path b. 
(b) State correlation digram corresponding to path b. 

Figure 9. Calculated potential energy curves for paths b and 
c. The reaction coordinate varying from the initial M-C angle 
to 12O0 is adequate for the description of path b. This is no longer 
correct for path c where bond rearrangement and methylene 
rotation are linked. Nevertheless, it remains useful to draw both 
sets of potential energy curves on the same figure in order to show 
that isoenergetic regions of the hyperspace exist around points 
A and B. It is reasonable to assume that travelling from the 
surface corresponding to path b to the surface corresponding to 
path c around these points should not require the overcoming 
of noticeable energy barriers. 

couple ls3Wa7r* correlates monotonously with excited forms 
of the final species, lp3D*. The calculated PES’S of Figure 
9 (broken lines) illustrate this analysis. 

No extremum is found along the GS PES, and the low 
activation energy (3.4 eV) which is obtained reflects the 
intrinsic ring strain. A noticeable energy barrier also exists 
along the 3a7r* PES, resulting from the avoided crossing 
with the dissociative PES. The high-energy excited states 
193W,a* lead to the dissociation via an exothermal process. 

Let us now examine the changes that occur when the 
methylene is rotated and the CC bonds are allowed to 
relax. This time a complex series of events is involved: 
ring opening, rotation of the CH2, and bond reorganization, 
since at the end of the reaction, the stable carbenic species 
4 is obtained. 

Since no symmetry element is preserved along this 
process, all the crossings are avoided at the state level. The 
actual shapes of the PES’S are then essentially ruled by 
the relative position of the various states at the end of the 
overall geometrical changes (solid lines of Figure 9). We 
have already seen that the optimization of the final 

(28) B. Bigot, R. Ponec, A. Sevin, and A. Devaquet, J. Am. Chem. SOC., 
100, 6575 (1978). 

(29) D. R. McLaughin, C. F. Bender, and H. F. Schaefer, Theor. Chim. 
Acta, 25, 352 (1972); J. F. Harrison, Acc. Chem. Res., 7 ,  378 (1974); P. 
M. Siegbahn, J. Am. Chem. SOC., 99,7716 (1977); R. R. Lucchese and H. 
F. Schaefer, ibid., 99, 6765 (1977). 
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structure does not yield a true allylic moiety but a rather 
localized double bond. Thus, the carbenic end is roughly 
independent, and a weak conjugation is found. The first 
low-energy state of the carbenic species is a triplet, whose 
electronic configuration recalls the classical 3B, configu- 
ration of CH2. We call it “p~eudo-~B,”. Only 0.5 eV above 
this state we find the singlet GS carbene, “pseudo-lA,”, 
where the two paired electrons lie in the plane of the 
molecule, localized in a hybrid on C1. Then, we find a 
singlet counterpart of the low-lying triplet, “pseudo-’B1”. 
The energetic separation between these low-energy con- 
figurations is very similar to the ones previously obtained 
for CH, by using the same method (see the following 
paragraph relative to the formation of CH2). At  high en- 
ergy, we find a triplet state corresponding to an excitation 
of the allylic system. 

Let us first deal with the singlet GS PES’s. It must be 
remarked that on the drawing of Figure 9, the reaction 
coordinates are independent for each process and cannot 
be easily related. Nevertheless, it can be seen that if we 
only refer to the CCC opening angle, the face-to-face PES 
lies below the corresponding one obtained for concomitant 
opening and rotation. A rough picture of the process can 
be proposed as follows. At  the beginning of the reaction, 
the process follows preferentially the face-to-face motion 
(retention of bond lengths, no rotation of CHJ. Then, 
when the CCC angle is around 9 0 - 9 5 O ,  methylene rotation 
takes place, inducing a very important bond relaxation and 
leading in the end to the stable carbenic species. The 
overall energy barrier can be estimated by the energy that 
is necessary to reach point A (-3.0 eV). The reverse 
reaction, i.e., formation of cyclopropene from the carbene 
species, is not spontaneous since an energy activation of 
0.8 eV is necessary. This reaction is even less likely to 
occur if the system has reached, via intersystem crossing, 
the more stable “ p s e ~ d o - ~ B ~ ”  triplet carbene (via the point 
B). I t  follows that cyclopropene re-formation competes 
with other possible evolution processes of the carbene. 

The situation is fairly different when the excited states 
are dealt with. This time the lowest potential energy 
gradient corresponds at the beginning to path c, for all the 
low-lying PES’s. In particular, the first excited singlet 
spontaneously yields the pseudo-lB, species, which may 
interconvert around point A to the more stable p~eudo-~B, 
triplet. The final moiety possesses through this process 
an excess of internal energy which is able to induce the 
overcoming of the reclosure barrier: we thus obtain a 
simple racemization process which is very easy in the 
singlet excited state. An energy barrier exists along the 
low-lying 3aa* PES, and we thus conceive that ring 
opening through this state remains unfavorable, competing 
with other eventual processes such as dimerization. This 
absence of triplet reactivity is found in experimental 
studies.6 

The p~eudo-~B,  form of the carbene is a true stable 
intermediate. A noticeable energy barrier prevents it from 
reclosing (1.0 e V P  via intersystem crossing at or near point 
B, and a rather long lifetime is predicted for this species. 
However, one must keep in mind that if the p~eudo-~B,  
form is reached through a photochemical process (for ex- 
ample via a cascade from an upper singlet PES), an excess 
of internal energy is stored by the system, making it able 
to eventually reclose or undergo further rearrangements 

Sevin and Arnaud-Danon 

p a t h  d I 

Figure 10. MO correlation diagram for path d. 

or fragmentations. Since these processes usually involve 
energy barriers higher than or in the range of 1 eV, the 
quantum yield of formation of the resulting products will 
be small compared to the quantum yield of racemization. 

If the double bond is substituted by aromatic groups (see 
the preceding paragraph relative to CH cleavage), the first 
low-lying singlet will be %a*. By analogy with the be- 
havior of 3aa*, an energy barrier will exist along its PES 
before the final system is reached. The eventual presence 
of singlet states near in energy should greatly reduce the 
barrier height, as is the case when one compares processes 
b and c for the 3 a ~ *  PES (see also ref 30). Then behavior 
roughly comparable to the case of nonsubstituted (or al- 
kyl-substituted) structures is predicted, and carbene for- 
mation should remain easy in the singlet state. 

Methylene Formation, Paths d and e 

The fragmentation of cyclopropene into acetylene and 
carbene (methylene), has been simulated in two limiting 
cases. The first one, path d, consists in a stretching of the 
CH2 unit along a direction which preserves the initial CZu 
symmetry of the system. Path e results from the stretching 
of CH2, taking the open form 3 as a starting point. (Of 
course, paths b and e are linked in the overall process.) 
The stable form 4 is not likely to fragment this way since 
the CH, unit is part of a double bond. 

Path d will be treated first and we will then examine the 
variations brought about by the two-step mechanism. The 
final geometries correspond to standard bond lengths for 
acetylene; the HCH angle has been kept equal to its initial 
value, intermediate between the equilibrium geometries 
of the CH, singlet and triplet.31 The final distance be- 
tween CH, and acetylene was fixed to 3 A, where only a 
weak coupling between both entities remains. 

The MO diagram corresponding to this path is quite 
similar to the one obtained in the CH, extrusion of dia- 
zirinem (see Figure 10). The antibonding Wahh MO, Ws*, 
is correlated with the sp hybrid of CH, and W,* tends to 
yield the empty p A 0  of CH2. a and a* of cyclopropene 
yield the corresponding MO’s on acetylene. W, and W,, 
respectively, tend to yield the other couple of a /a* MO’s 
of acetylene. At point Q,  an allowed crossing between the 

(31) The final situation is as shown below. The HCH angle has not 
been modified. Its value is intermediate between the ‘Al and SB1 equi- 
librium values (see ref 29). 

(30) Owing to the fact that all the crossings are avoided, this time 37r7r* 
is repelled by the descending war* PES. A neat reduction of the barrier 
height results, and a nonmonotonous PES is found for he highest triplet 
PES. 
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Figure 11. State correlation diagram for path d. The methylene 
configurations are described in the case of an isolated CH2 unit, 
in the C, point group. It is understated that these configurations 
are associated with ground-state acetylene. The states referred 
to as 1*3~7r* correspond to excited acetylene configurations 
associated with low-lying CH2 configurations. 

GS 3 R  

Figure 12. Calculated potential energy curves for path d. The 
indicated configurations at the end of the path refer to the CH2 
configurations of Figure 11 (triplet states represented by broken 
lines and singlet states by solid lines). 

HOMO and the LUMO takes place: Woodward and 
Hoffmann's forbidden process.32 An avoided crossing also 
occurs at point R, finally leading to the solid-line corre- 
lations. 

The corresponding state correlation diagram is easy to 
obtain. The cyclopropene GS is linked to the doubly ex- 
cited configuration of CH2,12A1, while the lowest singlet 
configuration of CH2,11A1, comes from a doubly excited 
configuration of the cyclopropene molecule. An avoided 
crossing results, reflecting the forbiddenness of the GS 
process. lv37r7r* configurations are linked to the corre- 
sponding excitations of acetylene, and lv3Wa7r* is linked to 
high-energy charge-transfer configurations of the final 
system. At the same time, lp3B1 configurations of CH2 are 
linked to high-energy polyexcitations of cyclopropene. 
Several avoided crossings result, as shown in Figure 11. As 
an overall result, all the correlations involve the presence 
of energy barriers along the corresponding PES's. These 
predictions are in good qualitative agreement with the 
calculated PES's of Figure 12. But typical behavior of 
the valence states is found during the CI calculation and 
deserves comment. The actual shapes of the GS and the 
37r7r* state are as expected. But, at the beginning of the 
reaction, ll3Wa7r* and 1v3Wg7r* are stabilized. This is not 
the result of some intended correlation (or crossing) but 
essentially the result of bond relaxation. We have pre- 
viously seen that the cyclopropene geometry is not optimal 
for most of the excited states, and, through bond relaxa- 
tion, we accidentally obtain natural optimal geometry for 
some of these states. Once they have passed this optimal 

(32) R. B. Woodward and R. Hoffman, Angew. Chem., Int. Ed. Engl., 
8, 781 (1969). 

Figure 13. Calculated potential energy curves for path b (already 
treated in Figure 9) and path e. The configurations at the end 
of the reaction path refer to the CH2 configurations described in 
Figure 11, the acetylene molecule being in ita gound state (triplet 
states represented by broken lines and singlet states by solid lines. 

geometry, they behave as predicted by the correlation 
analysis. Important consequences result: lWa?r* may lead 
to CH2 extrusion through the situation of near touching 
that exists around point B. This result cannot be pre- 
dicted from the correlation diagram which implicitly 
states that the vertical states are very close to their 
equilibrium geometry. 

From all these findings, we can predict that some direct 
methylene formation may compete to some extent with the 
other types of ring cleavage when the lowest singlet state 
is high in energy. For compounds having aromatic sub- 
stituents on the double bond, the barrier existing along the 
1,37r7r* PES's should prevent this process from occurring 
efficiently. 

Let us now consider a model reaction path for the 
two-step CH2 formation, paths b plus e. The complete set 
of PES's is drawn in Figure 13. 

For the GS it is clearly seen that the cleavage of the 
second CC bond is more difficult in the second step (path 
e) than in the first one where release of the ring strain plays 
a role. The overall activation energy (greater than 6.5 eV) 
prevents the thermal fragmentation from occurring sig- 
nificantly. Also, no reaction can be predicted for the triplet 
37r7r* which cannot efficiently pass its high-energy barrier 
at the beginning of the process even though its further 
evolution should yield the stable triplet CH2. One must 
also recall that we have previously seen that path c is 
preferred over path b for the excited states. 

The examination of the reverse processes remains in- 
teresting. For methylene singlet 'A, addition, processes 
e and d lead to comparable activation energies (>1.7 eV), 
and the reactions are predicted to be difficult. Competitive 
processes should occur: for example, insertion on the CH 
bond of acetylene. For 3B, addition, path e is preferred 
over path d, the activation barriers being 1.0 and 1.3 eV, 
respectively. Moreover, in path d an intersystem crossing 
is necessary while in path e the stable intermediate is 
reached directly. The intermediate 3 is itself likely to yield 
cyclopropene via intersystem crossing with the GS PES 
or to evolve toward a more stable carbenic triplet inter- 
mediate (p~eudo-~B,).  

Concluding Remarks 

From the model studies some dominant trends emerge, 
affording a simple rationalization of cyclopropene re- 
activity. 

(a) The thermal reactivity leads to the rupture of a CC 
single bond through a process which f i s t  retains the initial 
structure, up to an opening angle of loOD, and finally in- 
volves synchronous methylene rotation and bond reorg- 
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anization at the end of the reaction path. A stable carbenic 
species is obtained. From this intermediate, reclosure is 
quite easy though not spontaneous. Thus, the eventuality 
of competing rearrangement processes must be taken into 
account, toward propyne or allene, for example. 

(b) Photochemically, a striking difference is observed 
between singlet and triplet reactivities. In all cases, the 
low-energy %7r* state is found to be unreactive and is 
therefore likely to lead to phosphorescence or bimolecular 
reactions such as (2 + 2) additions. If the first singlet state 
is populated, ring cleavage is observed through an overall 
synchronous opening and methylene rotation. We thus 
obtain a carbenic species possessing an excess of energy 
and which is able either to reclose (photochemical race- 
mization) or to lead to further reactions. Side-chain 
cleavage may be observed if, at the same time, substituents 
are present on the double bond in order to lower the ha* 
energy and if a stabilizing group is attached to the C3 
position in order to stabilize the final diradical species. 

(c) A word of caution must be added regarding the role 
of Rydberg states in vapor-phase reactions. These states 
are not likely to interfere with the low-lying triplet states, 

but they may appear in the close vicinity of the first va- 
lence singlet state of alkyl-substituted cyclopropenes. 
Recent theoretical studies have shown that, for model 
reactions, the mixing of the Rydberg and the valence states 
(“derydbergization”) is very easy and takes place at  the 
beginning of the reaction.32 To a rough approximation 
these states might be considered as relatively low-energy 
reservoirs. Theoretical studies are in progress in this 
field.33 

(d) A very recent work by Padwa et al.34 proposes a 
dissociation-reassociation mechanism to account for the 
formation of rearranged cyclopropenes upon photoexci- 
tation. This mechanism is in very good agreement with 
our findings. 

Registry No. Cyclopropene, 2781-85-3. 

(33) M. S. Gordon, Chem. Phys. Lett., 52, 161 (1977). 
(34) A theoretical study of the reactivity of Rydberg states of ethylene 

by E. Evleth and A. Sevin, submitted for publication in J .  Am. Chem. 
SOC. 

(35) A. Padwa, T. J. Blacklock, D. M. Cordova, and R. Loza, J. Am. 
Chem. SOC., 102, 5648 (1980). 
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Electroreduction of bridgehead iodides, 1-iodoadamantane, l-iodobicyclo[2.2,2]octane, l-iodobicyclo[2.2.1]heptane, 
l-iodobicyclo[2.l.l]hexane, 6-iodotricycl0[3.1.1.0~~~]heptane, iodocubane, and l-iodotricyclo[4.1.0.02~7]heptane, 
a t  a mercury cathode is described. Polarographic studies of the iodides dissolved in dimethylformamide containing 
tetrabutylammonium perchlorate supporting electrolyte revealed that  reduction is associated with a single 
two-electron wave in each case. Initially, the half-wave reduction potentials become progressively more negative 
as the s character of the bridgehead carbon exocyclic bonding orbital increases, but then there is a dramatic reversal 
of this trend. Several possible explanations are advanced to  account for this behavior. Analysis of the product 
obtained from controlled-potential electrolysis of each iodide showed the corresponding hydrocarbon to be formed 
in moderate to  high yield via a two-electron pathway. 

The area of electroorganic chemistry has assumed in- 
creasing importance over recent years. One aspect which 

Scheme I 

H’ 
R- - RH has generated considerable interest is that dealing with 0 . 5  R p  

electroreduction of the carbon-halogen bond’-5 for which 
R’ & the generally-accepted mechanism is that proposed some 

time ago by Elving and Pullman6 (eq 1-4). 

(1) RX + e - [RX]-. 

R- + e - R- 

R- + HS - RH, etc. 

(3) 

(4) 

(1) RiA, M. R. In “Organic Electrochemistry”; Baizer, M. M., Ed.; 

(2) Fry, A. J. “Synthetic Organic Electrochemistry”; Harper and Row: 
Marcel Dekker: New York, 1973; Chapter 6. 

New Y o 4  1972. 

Aqueous Systems”; Marcel Dekker: New York, 1970; p 201. 

Weinberg, N. L., Ed.; Wiley: New York, 1975; p 170. 

(3) Mann, C. K.; Barnes, K. K. “Electrochemical Reactions 

(4) Fry, A. J. Top. Curr. Chem. 1973, 34, 1. 
(5) Rifi, M. R. In “Technique of Electroorganic Synthesis”; 

(6) Elving, P. J.; Pullman, B. Adv. Chem. Phys. 1961, 3, 1. 

in Non- 

Part 11; 

RH 

For most haloalkanes, Le., those in which the system 
does not lead to stabilization of the radical ion, [RXI-., 
steps 1 and 2 are frequently assumed to be ~oncerted;~J 
in other words, the radical anion can be regarded as a 
transition state rather than as an intermediate and in such 
cases the primary electron-transfer reaction is potential 
determining. At the same time, haloalkanes other than 
allyl, benzyl, and some tertiary halides generally display 
a single two-electron wave because reduction of the radical 
(eq 3) occurs at a less negative potential than that required 

(7) Bard, A. J.; Merz, A. J. Am. Chem. SOC. 1979, 101, 2959. 
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