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The effect of donor substitution by the hydroxy group and of closely connected with the radical stabilizing properties of
the substituents. As indicated by singlet/triplet splittingacceptor substitution by the cyano group on the activation

energies of the vinylcyclopropane–cyclopentene rearrange- energies, the transition structures are essentially
biradicaloid. In spite of spin pairing in the transition structurement was calculated by the spin-restricted RB3LYP/6-31G*

method for reactant structures and by the spin-unrestricted the substituent effects on bond lengths and on stabilization
energies are very similar to those of the free radicalsUB3LYP/6-31G* method for transition structures. The

activation energies of the rearrangement of hydroxy- and corresponding to the two radical substructures. Thus, the
transition structures may be considered, in goodcyano-substituted vinylcyclopropanes are very similar for

substitution in the same position. In agreement with earlier approximation, as structures consisting of two weakly
interacting radicals.findings the substituent effects on the activation energies are

Introduction
The vinylcyclopropane2cyclopentene rearrangement

(Scheme 1) has attracted much synthetical and theoretical
interest. [1] In particular, the mechanism of the rearrange-
ment was a matter of controversial discussion, for the reac-
tion shows the characteristics of both the concerted and the
stepwise reaction. On one hand, the reaction furnishes all Figure 1. Pictorial presentation of the allowed [1,3]-sigmatropic re-

arrangement of vinylcyclopropane proceeding in a suprafacialpossible stereoisomers. This finding suggests a biradical or
manner with respect to the π system and inversion at the migratingzwitterionic intermediate on the reaction path. On the other carbon atom

hand, the rearrangement shows a clear preference for the
Woodward2Hoffmann allowed product. [1] The favored
mechanism is the [1,3]-sigmatropic shift proceeding in a su- As recently shown,[4,5] these results can be explained in
prafacial manner relative to the π-system with inversion at terms of a concerted reaction involving a biradicaloid tran-
C-2. This is illustrated in Figure 1. In order to evaluate the sition structure. The hypersurface around this transition
real stereoselectivity it was necessary to correct the product structure is very flat giving rise to the various observed
ratio for the stereoisomerization of the starting material, products, while specific orbital interactions lead to the ster-
because the activation energy for the stereoisomerization is eochemical preference of one of the products. [4] If the tran-
lower than for the 1,3-sigmatropic shift. [2] In the tert-butyl- sition structure is formed, there are a variety of possible
substituted case the stereospecificity amounts to 90% after reaction pathways that differ only slightly in energy. So we
this correction. [3] This is a strong indication for a con- can expect a strong influence on the product distribution
certed process. by the dynamics of the reaction.

For the unsubstituted vinylcyclopropane system and
some derivatives the kinetics of the gas-phase reactions
were determined experimentally. Whereas methyl substi-
tution in position 1 or 2 changes the activation energy only
about 1 kcal/mol, [6] electron-donor substitution substan-
tially lowers the activation energy of the rearrangement. For

Scheme 1. Prototype vinylcyclopropane2cyclopentene rearrange- example, the dimethylamino substituent at C-2 lowers the
ment and biradical-like transition structure TS with numbering of barrier by about 20 kcal/mol[7] and the methoxy substituent
the atoms in the molecules

at C-1[8] or C-2[9] by 7 and 13 kcal/mol, respectively.
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more economical methods of density functional theory DFT is used in its self-consistent form which is called

Kohn2Sham (KS) DFT. The Slater determinant is based(DFT). The enhanced electron correlation effects on the
transition structure is considered in the last-mentioned on KS orbitals. In the case of singlet molecules the calcu-

lations of closed-shell structures with twofold electron occu-method by the “different-orbitals-for-different-spin” ap-
proach within the spin-unrestricted DFT methodology. pation of the KS orbitals are normally spin-restricted (R).

RB3LYP/6-31G* calculations have been successfully em-Interestingly, the geometries and activation energies of the
parent vinylcyclopropane2cyclopentene rearrangement ployed in calculating transition structures[15] and reaction

parameters of various reactions, such as pericyclic re-were very similar in the two different studies. Figure 2 con-
tains the bond length of the transition structure reported in arrangements, [16] cycloadditions, [16] and bimolecular SN2

reactions. [17] If spin-unrestricted (U) methods are used forref. [4] (UB3LYP DFT transition structure) and that in ref. [5]

(CASSCF ab initio transition structure) and the corre- open-shell systems such as doublets or triplets the expec-
tation values <S2> of the S2 operator are larger than thosesponding activation energies. The UDFT method was

tested to what extent it is able to reproduce the activation of pure spin states (contamination with higher spin states).
It should be mentioned that the Gaussian <S2> values wereenergies of the [1,3]-rearrangement of substituted vinyl-

cyclopropanes. [10] Although the theoretical activation ener- calculated in this study from the Slater determinant con-
structed from occupied KS orbitals, which is the exactgies are systematically underestimated by about 326 kcal/

mol the trends were well reproduced. [10] wavefunction for the non-interacting reference system of the
Kohn2Sham formalism. If the α-β spin symmetry is de-
stroyed by the Gaussian guess5mix option higher spin
states are involved in the calculation of biradicaloid singlet
structures (broken symmetry solutions). A procedure like
that includes, in a less well defined way, more electron corre-
lation which is needed to treat biradical species. The limits
of the UDFT (UKS) methods are obvious if true biradicals
are considered. [18] This approach is not a substitute for
multi-configurational methods, but has the great advantage
of a far less computational expenditure. According to the
<S2> values the spin contamination of UDFT is less than
that of UHF.[19]

Houk and co-workers tested and used the UDFT pro-
cedure in calculating biradicaloid systems and reactivityFigure 2. Comparison of the lengths of the breaking and forming

bonds of the transition structures and of the activation energies studies provided very promising results. [20] The calculated
of the prototype vinylcyclopropane2cyclopentene rearrangement reaction parameters of the non-concerted Diels2Alder re-calculated by CASSCF(4,4)/6-31G* (underlined)[5] and by

action proceeding through a biradicaloid intermediate were(U)B3LYP/6-31G* (in italics) [4]; bond lengths in Å, activation ener-
gies in kcal/mol found in excellent agreement with the experiment[21] and

stimulated additional calculations. [4]

The objective of this study was to investigate the effects
of donor and acceptor substituents on the vinylcyclopropa- In this study reactants and products were calculated by
ne2cyclopentene rearrangement systematically in all pos- the closed-shell standard DFT (RB3LYP/6-31G*) pro-
sible positions of the vinylcyclopropane. cedure and singlet transition structures by the open-shell

This investigation may improve our knowledge about the UDFT (UB3LYP/6-31G*) procedure. In view of the en-
nature of the biradikal-like transition structures of the vi- couraging results in the study of the parent rearrange-
nylcyclopropane2cyclopentene rearrangement. ment[4] (cf. Figure 2) the energies for the whole series of

substituted compounds were calculated by DFT by means
of R(U)B3LYP.

Theoretical Aspects and Computational Details
In addition to the expectation values <S2> of the S2 oper-

ator singlet/triplet splitting energies ∆E(S0/T1) should beAll calculations were performed with the GAUSSIAN-94
suite of programs. [11] For density functional theory (DFT) another indicator for the biradical character. Successful

DFT calculations of the singlet-triplet gap of carbenes andcalculations Becke9s nonlocal three-parameter exchange
functional (B3)[12] as implemented in GAUSSIAN-94[13] in related species have shown that small gaps can be handled

by this method.[22] In order to confirm that the energy gapconjunction with the nonlocal Lee2Yang2Parr correlation
functional (LYP)[14] and Pople9s 6-31G* split valence basis of the transition structures is adequately described by den-

stity functional theory the vertical ∆E(S0/T1) values of theset was used. The structures were fully optimized on the
DFT level of theory and characterized as minima or tran- hydroxy-substituted structures were also calculated at a

high level of ab initio quantum chemistry, viz.sition structures by the second derivatives. For the sake of
comparison, some additional single-point calculations by R(U)CCSD(T)/6-31G*. CCSD(T) stands for coupled clus-

ter using single and double excitations including triple sub-ab initio quantum theory were performed.
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stitutions non-iteratively. [23] The calculated ∆E(S0/T1)values structure and the radical structure. The changes of the bond

length in 2 upon substitution and the correspondingare compared in Table 1.
changes for the substituted transition structures are col-

Table 1. Vertical singlet/triplet splitting energies in kcal/mol and lected in Table 3. In the case of CN substitution at C-5 thespin contamination of the transition structures
bond adjacent to the substituent lengthens while the more
remote bond shortens. The same behavior is found for theSubstituent Pos. Energy gap[a] S0/T1 Singlet Triplet

UDFT UCCSD(T) <S2>[b] <S2>[b] geometrical changes of a terminal cyano-substituted allyl
radical. Substitution at C-4 results in a small extension of

2 [c] 5.7 0.85 2.03 the adjacent bonds as observed for the substitution at theOH 5 5.3 4.2 0.84 2.03
central atom of an allyl radical. For substitution at C-1 theOH 4 4.8 3.8 0.86 2.03

OH 1 5.6 4.5 0.84 2.03 same as for substitution at C-5 applies. This close similarity
OH 3 6.1 4.9 0.82 2.04 is also found for the changes in bond length of the hydroxy-OH 2 9.8 7.2 0.67 2.04
CN 5 4.7 0.86 2.03 substituted transition structures and the corresponding allyl
CN 4 4.7 0.89 2.04 radicals. In that case the bond lengths of allyl radical substi-
CN 1 6.0 0.83 2.03

tuted at the central atom is lengthened by 0.006 Å. As ex-CN 3 5.2 0.87 2.03
CN 2 6.0 0.82 2.04 pected substitution of TS at C-4 results in a longer C-52C-4

bond than calculated in the unsubstituted case. There is no
[a] The singlet/triplet splitting energy is estimated by calculating the significant change of the bond lengths with hydroxy substi-
triplet energy by UDFT with frozen UDFT singlet transition struc-

tution in the other positions.ture geometries. ∆E(S0/S1) > 0 means that the singlet molecule is
more stable than the triplet molecule. 2 [b] The UB3LYP spin con-
tamination is evaluated by the expectation values <S2> of the S2 Table 2. Bond length of the CN- and OH-substituted transition
operator, which differs in unrestricted methods from zero (singlet structures of the rearrangement of substituted vinylcyclopropanes
state) and from two (triplet state). 2 [c] Geometry of the parent to cyclopentenes[a] in Å and activation and reaction energies (in-
transition structure from ref. [4] cluding ZPVE) in kcal/mol calculated by (U)B3LYP/6231G*

According to Table 1 the <S2> values are similar for all Substituent Pos.[a] 425 124 122 223 ∆H0
? ∆Η0

transition structures. The only exception is the value for the
2-position. A remarkable constancy is also observed for 2 [b] 1.413 1.369 1.513 1.507 46.9 220.7

OH 5 1.412 1.370 1.512 1.508 46.7 220.8∆E(S0/T1) values. The same holds for the energy gap calcu-
OH 4 1.416 1.372 1.511 1.506 44.0 216.9lated at the ab initio level. The ∆E(S0/T1) values of the OH 1 1.411 1.371 1.509 1.505 40.6 225.6

B3LYP and CCSD(T) calculations are surprisingly similar. OH 3 1.403 1.377 1.499 1.520 45.2 221.4
OH 2 1.404 1.373 1.505 1.499 37.8 222.5Thus both ∆E(S0/T1) and <S2> values are useful indicators
CN 5 1.434 1.358 1.515 1.504 46.9 223.2

for the biradical character of the transition structures. CN 4 1.419 1.380 1.508 1.507 43.8 215.3
CN 1 1.398 1.388 1.523 1.506 40.1 225.3
CN 3 1.417 1.366 1.513 1.517 50.5 218.9
CN 2 1.408 1.371 1.523 1.520 37.9 218.8Transition Structures
[a] See Scheme 1 for the specification of the structures. 2 [b] For theThe transition structures of the rearrangement with parent reaction see ref. [4]

hydroxy-substituted compounds are depicted in Figure 3.
The distances between C-2 and C-1 (breaking bond) and

Table 3. Differences between bond lengths of substituted transitionbetween C-2 and C-5 (forming bond) are also shown. The structures and allyl radicals relative to the unsubstituted structures
remaining bond lengths are collected in Table 2. The differ- in Å
ences in the atomic distances dependent on the position of

TS 2[a]substitution are small. If the hydroxy group is situated at
Substituent Pos. 425 124 Pos.[b] 122 223the allylic part of the transition structure nearly no change

in the C-12C-2 distance is observed. Substitution in 3-posi-
OH 5 20.001 0.001 1 0.000 20.001

tion slightly lengthens the distance while substitution in 2- OH 4 0.003 0.003 2[c] 0.006 0.000
OH 1 20.002 0.002 3 20.001 0.000position slightly shortens it. The influence of the substitu-
CN 5 0.021 20.011 1 0.020 20.014ent on the C-22C-5 distance is slightly larger. Nevertheless, CN 4 0.006 0.011 2 0.007 0.007

the effect is low. The transition structures of the rearrange- CN 1 20.015 0.019 3 20.014 0.020
ments of cyano-substituted compounds are displayed in

[a] The carbon2carbon bond length of the unsubstituted allyl radi-Figure 4. Geometrical changes resulting from substitution
cal is 1.386 Å. 2 [b] See Scheme 1 for atom numbering. 2 [c] Theby the cyano group are larger than for OH substitution. In OH bond is arranged over the 223 bond.

particular, the bond lengths in the allylic part are noticeable
changed with CN in the position 1 and 5. The change in As to be expected the OH group at the allyl radical part

of the transition structures clearly shows a preference ofbond lengths is negligible for cyano substitution at the cen-
tral atom (C-4). the in-plane arrangement of the three carbon atoms. In this

arrangement the overlap of the π orbitals of the substituentA closer examination of the geometric data given in Table
2 and of the data for the isolated allyl radical 2 (see Table 3) and the allyl radical structure is largest. Although the re-

sults of the UB3LYP calculations of allyl radicals refer toshows the similarity between the allyl part of the transition
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Figure 3. Transition structures of the vinylcyclopropane2cyclopentene rearrangement unsubstituted and substituted by the hydroxy group
in different positions calculated by UB3LYP/6231G*; atom-atom distances of the breaking bond C-12C-2 and the forming bond
C-22C-5 in Å

Figure 4. Transition structures of the vinylcyclopropane2cyclopentene rearrangement substituted by the cyano group in different positions
calculated by UB3LYP/6231G*; atom-atom distances of the breaking bond C-12C-2 and the forming bond C-22C-5 in Å

the doublet state and those of the biradical transition struc- point-corrected. The activation energies are also compared
in the diagram of Figure 5. Substitution of hydrogen bytures to the singlet state the similarity in the geometrical

changes upon substitution is remarkable. This outcome is hydroxy lowers the activation energy relative to the proto-
type reaction in all cases. As illustrated in Figure 5 the sub-compatible with the description of the transitions structure

of the vinylcyclopropane2cyclopentene rearrangement in stituent effects of the cyano group on the activation energies
are in the same order of magnitude as those of the hydroxyterms of weakly interacting molecules composed of two

radical substructures. group. Because of the arbitrary choice of the donor and
acceptor substituent this result is fortuitous. However, the
same sequential order of the activation energies with the

Reaction and Activation Energies position for both types of substitution is worth mentioning.

If the donor or acceptor substituent is introduced at theThe activation and reaction energies of the vinylcyclopro-
pane2cyclopentene rearrangements as function of the sub- localized radical center C-2 of the biradical transition struc-

ture the substituent effect on the activation energy is largest.stitution pattern are collected in Table 2. All data are zero-
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Table 4. Stabilization energies (in kcal/mol) of the vinylcyclopropa-
nes (1), of the transition structures of the vinylcyclopropan2cyclo-

Figure 5. Diagram of the calculated activation energies (including pentene rearrangement (TS) and of the allyl (2) and methyl (3)
ZPVE) ∆H0

° of vinylcyclopropane2cyclopentene rearrangements radicals by substitution calculated according to Equations 1 and 2,
depending on substitution calculated by (U)B3LYP/6-31G* (for respectively (including ZPVE)
atom numbering see Scheme 1)

1 TS 2 3
Substituent Pos. ∆Hstab Pos. ∆Hstab Pos. ∆Hstab ∆Hstab

The substituent effect is slightly smaller with substitution at OH 5 12.3 5 15.2 1 14.0
the terminal positions C-1 and C-5 of the allyl fragment OH 4 13.2 4 13.3 2 13.4

OH 1 10.3 1 16.5 3 14.0and is negligible at the middle position C-4. The difference
OH 3 7.8 3 9.5between the activation energies of the most strongly affec- OH 2 7.8 2 16.9 10.2

ted 1- and 2-positions is about 3 kcal/mol. This value is CN 5 7.7 5 10.8 1 9.6
CN 4 5.3 4 5.3 2 3.1similar to the experimental one found for methoxy substi-
CN 1 3.2 1 9.9 3 9.6

tution. [8,9]
CN 3 4.2 3 0.5
CN 2 4.2 2 13.2 11.8Substituents have a twofold influence on the activation

energy. The substitution changes the energy of both the re-
actant and the transition structure. Thus, the substituent
effects on the activation energies can be better understood culated for the corresponding positions of substitution in

the allyl radical 2.by considering the stabilization of the transition structures
and the reactants. This analysis requires the calculation of The stabilization energies for substitution at the localized

radical center C-2 of the transition structures TS and of thethe stabilization energies by a common reaction with the
same reference structures. For this purpose the reactions of methyl radical 3 are to some extent exceptional. While these

energies for the cyano substituent are in the same order ofEquations 1a and 1b were defined for the singlet structures
and the reactions of Equations 2a and 2b for the radical magnitude the hydroxy substituent is additionally stabi-

lized.structures. These are isodesmic reactions providing so-
called methane stabilization energies. [24] Since the number Replacing methyl in Equation 2a by ethyl leaves the stabi-

lization energies of the radical nearly unchanged (CN: 12.4of bonds of each formal type is conserved in the transfor-
mations and only the relationship among the bonds is alt- kcal/mol, OH: 12.8 kcal/mol). Therefore, a strong influence

of the additional carbon atom at C-2 in the transition struc-ered errors in correlation energy are largely canceled. The
results of the calculations are collected in Table 4. Accord- ture can be excluded. In order to estimate the interaction

between the atoms C-2 and C-5, single-point calculationsing to the calculated energies the change of the activation
energy with the position of substitution is reflected in the were performed for transition structure of the parent reac-

tion and the substituted ones with a fixed dihedral angelchange of the energies of the transition structures rather
than in the corresponding stabilization energies of the reac- C-52C-42C-12C-3 of 180° while all other geometric par-

ameters remained unchanged. If these energies are used fortants. In agreement with the calculated barrier heights, the
transition structure is predominantly stabilized if the sub- the calculation of the stabilization energies (Equation 1),

values of 12.7 kcal/mol for cyano substitution and 16.7stituents are situated at C-2, C-1, and C-5.
This feature obviously parallels the stabilization effect in kcal/mol for hydroxy substitution are obtained. This sug-

gests a small interaction between C-2 and C-5. For this rea-the free-radical structures that correspond to the radical
substructures of the biradical transition structure. The son the interaction between atoms C-1 and C-2 may be the

only cause of the additional stabilizing effect. In agreementmodel of two weakly interacting radical substructures is
substantiated by the stabilization energies of the free rad- with this interpretation the C-22C-1 distance is the shortest

one for all transition structures (Figures 3 and 4)icals allyl and methyl calculated by the isodesmic reactions
of the Equations 2a and 2b. As shown in Table 4 the stabili- Apart from the case of the 2-hydroxy substitution the

analysis of the energetics is consistent with the conclusionzation energies of the transition structures are in the same
order of magnitude as the calculated activation energies cal- drawn from the molecular geometry of the transition struc-
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