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Abstract: The transition structures for the ene reactions of cyclopropene with ethylene, propene, and cyclopropene
have been located with ab initio molecular orbital calculations and the 6-31G* basis set and by DFT calculations
with the Becke3LYP functional and the 6-31G* basis set. Several of the transition structures have also been located
with CASSCF calculations. Energies of all stationary points were also evaluated with second-orderMlghlset

theory using the RHF/6-31G* optimized geometry. The geometries of each transition structure and the energetics
of each reaction are discussed and compared to the ene reaction of propene with ethylene. Calculations show that
the cyclopropene ene reactions have much lower activation barriers than the preflgiiene ene reaction, in
agreement with experimental results. The transition structures have varying degrees of asynchronicity. The stabilities
of the possible radical intermediates for each reaction are reflected in the geometries of the transition structures.
The relief of strain in a cyclopropene, when acting as the enophile, accounts for the energetic differences in these
reactions. Thendotransition structure for the dimerization is lower in energy thaneketransition structure by

2.7 kcal/mol at the Becke3LYP/6-31G* ZPE level of theory. Secondary orbital overlap of a CH bond of the
enophile with ther-system at the central carbon of the ene is proposed to account for the preferenceefoddhe
transition structure. Barely stable diradical intermediates have been found foebdttand exo cyclopropene
dimerization reactions, but it is likely that they are artifacts of the current level of theory.

Introduction OOO
225°C

Cyclopropene is known to dimerize and to polymerize at room
temperaturé=3 Substituted cyclopropenes are generally more /
stable and dimerize at higher temperaturés. The products
of some of these dimerizations are consistent with that of an
Alder-ene reaction. In this paper we present the results of an

ab initio molecular orbital study of the dimerization of cyclo- The dimerizations of 1,3-diarylcyclopropenes have been

prof_’e”e’ as well as o_ther ene reactions of cyclopropene._ investigated by Komatsu et alThe products are those expected
Since the ene reactions of cyclopropene have been reviewedom ene reactions. The activation energy for the dimerization

by Baird{® only a summary of the most pertinent examples of of 1 3-diphenylcyclopropene was determined to be 9.7 kcal/

these reactions is presented. In 1963, Breslow and Dowd mg|, andAS was found to be-32.8 eu. The primary kinetic

reported the thermal dimerization of 1,2,3-triphenylcyclopropene isotope effect for the dimerization of 3-deuterio-1,3-diphenyl-

to form 3-(1,2,3-triphenylcyclopropyl)-1,2,3-triphenylcyclopro-  cyclopropene isky/kp = 3.1. This is similar toku/kp for

pene‘? The addition of ditert—butyl perOXide had no effect on transferring hydrogens in other ene reacti®ns.

the rate of reaction, and both deuteriums from the dimerization  Baird et al. studied the dimerization oft@rt-butylcyclopro-

of 1-deuterio-1,2,3-triphenyl-cyclopropene were conserved in penecarboxylic acidlj at 20°C. Product® and3 were formed

the product. On the basis of these experiments, Breslow and in a 1.5:1 ratio in CDG or neat and in a 1:1 ratio in ether.

Dowd proposed a concerted mechanism for this reaction. In The two products are proposed to be formed frentoand

1969, Dowd and Gold trapped the cyclopropene dimer with

anthracené. They proposed that the mechanism of the dimer- By By

ization was that of an Alder-ene reaction. Radical mechanisms tBu COH A HO2C / HO2C, /
2 \V4 e +
tBu CO2H CO2H
H

TUniversity of California. ¥ Bu
# University of Pittsburgh.

were dismissed after observing that the addition of radical traps
failed to reduce the dimerization rate.

§ Deceased, November 21, 1996. 1 2 3

® Abstract published iAdvance ACS Abstractguly 1, 1997.

8; %ng?rk_Mé_féaﬁT;fcf“;j_Sgﬁ?gg%_187 ggé 60 82, 6375, exotransition structures. Baird noted that teet-butyl groups

(3) Dowd, P.; Gold, ATetrahedron Lett1969 85. would interact unfavorably in thexo transition structure,

(4) Breslow, R.; Dowd, PJ. Am. Chem. Sod.963 85, 2729. causing theendotransition structure to be preferr@€dBaird et

(5) Fisher, F.; Applequist, D. E]. Org. Chem1965 30, 2089. al. also studied the ene reaction bfvith 3,3-dimethylcyclo-
92’(%)6%\6?'9‘9”' F.J. Bard, R- L.; Shapley, J. R.Am. Chem. S0d972 propenecarboxylic acid. The latter reacted as the enophile. The

(7) Komatsu, K.: Niwa, T.; Akari, H.; Okamato, K. Chem. Re<.985 exo product is formed exclusively, perhaps due to the steric
(S) 252, (M) 2847. repulsion between a methyl group of the enophile and the ene

(8) Hoffmann, H. M. R.Angew. Chem., Int. Ed. Endl969 8, 556.

. . in the endotransition structure.
9) Baird, M. S.; H , H. H.; Clegg, W. Chem. Resl1988 (S . :
11((,’)(M?'r1101_ ussian e em. Resl98g (S) Recently, Apeloig and Matzner have reported theoretical

(10) Baird, M. S.Top. Curr. Chem1988 144, 154ff. studies of Diels-Alder reaction of cyclopentadiene with cy-
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clopropene and have rationalized the steroselectivity based upon
attractive orbital interactions with CH. A similar theme will

ﬁ
|
&

be developed later in this paper. — =
. 3. + V _
Computational Methods H
Ab initio molecular orbital calculations were performed with the H

GAUSSIAN 88 and GAUSSIAN 94 series of prografis.All
geometries of the reactants, transition structures, and products were
optimized with Hartree'Fock (HF) or Kohr-Sham (KS) theory with

the Becke3LYP functional and the 6-31G* basis ‘SeBecause of 4. V + W _—

possible diradical character in the reaction, both restricted (R) and

unrestricted (U) DFT calculations were performed. The UKS results

are lower in energy than the RKS results only for the cyclopropene H
dimerization. CASSCEF calculations were performed on transition states Figure 1. The ene reactions studied theoretically.

for the reactions of cyclopropene with ethylene and for the cyclopropene

dimerization. Harmonic vibrational frequency calculations were per- 1418
formed to confirm the nature of all stationary points. Zero-point energy a8 "
corrections were obtained from harmonic vibrational frequencies with 1377
the 6-31G* basis set. Energies of each RHF/6-31G* stationary point -
were calculated with inclusion of electron correlation by using second-
order Mgller-Plesset theof§ and the 6-31G* basis set. Preliminary
calculations were performed with use of the AM1 semiempirical

method!® i 1483
(1.445)

>

1.316
(1.362)

Results and Discussion o

(1.398)

Figure 2. Two views of the Becke3LYP/6-31G* transition structure
for the ene reaction of propene with ethylene. Bond lengths in
parentheses are the results from RHF/6-31G* calculations. Bond lengths
are in angstroms and angles are in degrees.

Three ene reactions of cyclopropene, shown along with the
parent reaction in Figure 1, have been studied with ab initio
molecular orbital theory. The total and zero-point energies of
the reactants, transition structures, and products are given in
Table 1, which appears in the Supporting Information. Table
2 gives the relative energies. The RHF/3-21G transition
structure for the parent ene reaction of propene with ethylene
has been reported earlig. It is similar in structure to the
Becke3LYP/6-31G* transition structure, which is shown in
Figure 2. The forming CC bond length is 2.112 A. The
breaking CH bond is 1.316 A, while the forming CH bond is
1.483 A. The activation energy is calculated to be 33.3 kcal/

mol. This is similar to the experimental activation energy of
37 kcal/mol?°

A CASSCEF structure was also located for the parent reaction,
with a six-orbital, six-electron active space. There is very little
change in the CASSCF structure as compared to the RHF
structure. The bond lengths are slightly longer, except the
forming CH bond length is slightly decreased at the CASSCF/

(1I1) Apeloiﬁ, Y. l\él)atzner, Eg.Am. Chem. 52?995151%17, 5375. Similar 6-31G* level. The calculated activation barrier is 35.0 kcal/
e, . Nehama, T olve . amenbert hoim, Chaw, " MolDY 6-31G* CASSCF calculatons. A natural orbial analysis
Soc.1997 119, 4232. Jursic, B. SJ. Org. Chem1997, 62, 3046. of the results gives occupation numbers of 1.971, 1.915, 1.890,

(12) (a)Gaussian 88Frisch, M. J.; Head-Gordon, M.; Schlegel, H. B.;  0.123, 0.085, and 0.027, so the transition structure has little

\Ffv?]gtha‘.’gchsriAK-?sBi”k'eth_-5-?I,G°”éa'Fe?'BCi(? De;f?,‘fﬂs’ t'?- Jﬁe; 'Flgxh D. If diradical character. A pure diradical would have occupations
R.; IS‘?tzlwg}t, J J lsfglzelgudér, ‘IBE.lul\S/I’.; ‘i’or'J’iol,aSej;ryP(')’ple?rJITLA.,”Gaausns’iaﬁ, of 2.0,20,1 0 _1 0 0 0 and 0.0. .

Inc.: Pittsburgh, PA, 1988. (&Jaussian 94Frisch, M. J.; Trucks, G. W.; In the remaining discussion, the Becke3LYP results will be
Schlegel, H. B.; Gill, P. M. W.; Johnson, B. G.; Robb, M. A.; Cheeseman, emphasized, but the RHF and MP2 results given in the tables
éhinaggmg Mpeé%rﬁgor(‘: (\3( AAy';’:gmgor\?er)éhJenAWNa\;]V%%kk&raWA lead to the same conclusions about mechanisms and transition
Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.; ,:C;X D. J.; State geometries as deduced from the DFT results.

Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-Gordon, M., The ene reaction of propene with cyclopropene, where

Go(r‘lg'?az)' Siﬁﬁgﬁ'ej JéA.I’Dcc)Bpéligs.s]IaR"IZcé:hriltt\?\?%gxh’lp,%h]jgséoc cyclopropene is the enophile, has bettoandendotransition
198Q 102, 939. (b) Hariharan, P. C.; Pople, J. Fheor. Chim. Acta973  structures. The Becke3LYP/6-31G* transition structures are
28, 213. shown in Figure 3. The forming CC bond lengths in the
424(1%14) Krishnan, R.; Frisch, M. J.; Pople, J. &.Chem. Phys198Q 72, and endotransition structures are 2.108 and 2.075 A, respec-
(15) Dewar, M. J. S.; Zoebisch, E. G.: Healy, E.JEAm. Chem. Soc. tively, som(_awhat shorter than in the parent ene reaction. At
1985 107, 3902. the same time, the hydrogen transfer is less advanced in the
(16) Saunders, M.; Laidig, K. E.; Wolfsberg, Nl. Am. Chem. S02989 cyclopropene reactions. The lengths of the breaking CH bonds
11%1??&%53, B. A,, Jr.; Schaad, L. J.; Carsky, P.; ZahranilCliem. Re. (exq 1'2_16 A;endq 1.204 A) are shorter, while the Iengths of
1986 86, 709. the forming CH bondsexq 1.662 A;endq 1.690 A) are longer.
(18) Baldwin, J. E.; Reddy, V. P.; Hess, B. A., Jr.; Schaad, U. Am. These transition structures are slightly more asynchronous than

Chem. Soc1988 110, 8554.
(29) Loncharich, R. J.; Houk, K. Nl. Am. Chem. Sod987, 109, 6947. (20) Richard, C.; Back, M. Hint. J. Chem. Kinet1978 10, 389.
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Table 2. Relative Energies (kcal/mol) of the Reactant, the Transition Structure(s), and the Product for the Ene Reactions of Propene with
Ethylene and Cyclopropene with Ethylene, Propene, and Cyclopropene

structure RHF/6-31G* MP2/6-31G*  MP2/6-31G*2 + ZPP B3LYP/6-31G* B3LYP/6-31G*+ ZPE

propenet ethylene 0.0 0.0 0.0 0.0 0.0
TS1 61.0 314 315 33.0 33.3
1-pentene —22.7 —28.8 —24.5 —25.1 —21.0
propenet cyclopropene 0.0 0.0 0.0 0.0 0.0
TS2exo 50.4 18.2 16.1 234 23.7
TS3endo 48.5 15.6 13.6 21.6 221
3-cyclopropylpropene —49.5 —53.3 —-50.5 —47.9 —43.3
cyclopropenet ethylene 0.0 0.0 0.0 0.0 0.0
TS4 57.9 26.1 23.9 28.5 28.9
3-ethylcyclopropene —25.6 -32.1 —-30.5 —27.4 —-23.8
cyclopropene 0.0 0.0 0.0 0.0 0.0
TS5exo 45.8 10.9 6.6 17.5 18.1
TS6endo 445 7.2 2.9 14.9 154
3-cyclopropylcyclopropene —51.6 —55.9 —55.7 —50.8 —46.7

a Single-point energy evaluation with RHF/6-31G* optimized geomeét&ero-point energy correction obtained from unscaled RHF/6-31G*
frequency calculations.Zero-point energy correction obtained from unscaled Becke3LYP/6-31G* frequency calculations.

1.440

EXO

ENDO

Figure 3. Two views of the Becke3LYP/6-31G* transition structures
for the ene reaction of propene with cyclopropene. RHF values are in
parenthese.

the parent transition structure. The Becke3LYP activation
energies for these ene reactions are 28ridQ and 23.7 kcal/
mol (ex0, respectively, 9-11 kcal/mol lower than for the parent
ene reaction. This reflects the high reactivity of cyclopropene
in reactions involving additions to the highly strained double
bond.

The transition structure of the ene reaction of cyclopropene
with ethylene is shown in Figure 4. Its geometry is also
significantly distorted from that of the parent ene reaction. The
forming CC bond length is only 1.871 A, which is much shorter
than in the parent transition structure or in the propene
cyclopropene transition structures. The breaking CH bond
length is 1.195 A, while the forming CH bond length is 1.717
A. The Becke3LYP activation energy is 28.9 kcal/mol. The
transition structure for this ene reaction is significantly distorted
from the parent transition structure toward a more diradical
transition structure, which will be discussed in more detail later.

1.411
(1.399)

Figure 4. Two views of the Becke3LYP/6-31G* transition structure
for the ene reaction of cyclopropene with ethylene. RHF values are in
parentheses.

The calculated activation energy is only 4.4 kcal/mol less than
that of the parent reaction, and 7 kcal/mol above that of the
reaction with cyclopropene as the enophile.

The transition structures for the dimerization of cyclopropene
are shown in Figure 5. Both thexo and endo transition
structures are very asynchronous. The forming CC bond lengths
are 1.926 and 1.939 A, in thexoandendotransition structures,
respectively. The breaking CH bond lengths are 1.133 and
1.118 A, while the forming CH bond lengths are 2.035 and 2.201
A, respectively. These transition structures are the most
asynchronous and the earliest transition structures of those
studied. The calculated activation energies are only Endd
and 18.1 kcal/mol€x9.

The low calculated activation energies are consistent with
the rapid dimerization observed for cyclopropene, and the
preference for thendotransition state is quite striking. The
transition structures with both RHF and DFT methods suggest
that the reaction could involve diradical intermediates. We
further explored the reaction surface with unrestricted DFT
methods, which give a reasonably balanced description of
concerted and diradical pathwad/s.

Intrinsic reaction coordinates (IRC) calculations have been
carried out for the cyclopropene dimerization reaction at the
UBecke3LYP/6-31G* level. Starting from either tleedoor
the exotransition structure, an intermediate can be found with
UB3LYP. The energies of these intermediates are listed in
Table 3 and shown in Figure 6. Figure 7 shows the UB3LYP

(21) Goldstein, E.; Beno, B.; Houk, K. N. Am. Chem. So4996 118
6036.
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directions. This is the transition structure for hydrogen transfer
from the diradical intermediate to product. A second transition
structure (TSB), also shown in Figure 8, led to the cyclopro-
pylcyclopropene product in both directions. It is the transition
structure for the dyotropic hydrogen shift of cyclopropylcyclo-
propene. Such dyotropic shifts have been studied extensively
in sesquinorbornene-derived systethlsut have not previously
been observed or suggested for cyclopropene dimers.

Figure 6 shows the reaction path and relative activation
energies for the stepwisamdocyclopropene dimerization. TS6
has a 6.5 kcal/mol higher activation energy than T3#ile
the intermediate and TSBave similar energies (Table 3). Spin
correctiof? of the energies of theendo intermediate and
transition state leads to the prediction that T®6 actually
slightly below the intermediate (Table 3). Both spin-contami-
nated and spin-corrected results indicate the second barrier is
very low or non-existent. Thus dimerization involves a rate-
determining transition state mainly involving CC bond forma-
tion. Itis highly unlikely that an intermediate, if formed, could
be trapped, since the barrier to hydrogen transfer is negligible.
Tunneling could make H transfer even fastef®
{ We also studied the dimerization reaction with the 60/6e
(1358) & ‘ CASSCF/6-31G* method. The transition structure obtained for
ENDO the first step is s_imilar to that optained with the DFT method.

) . B The CH bond being transferred is only slightly perturbed from
Figure 5. Tv_vo views of the Becke3LYP/6-31G* transition structures s yajue in cyclopropene; the CH bond formation has hardly
for the ene dimerization of cyclopropene. RHF values are in parentheses.begun and has a distance of 2.48 A. The activation energy

EXO

Table 3. Relative Energies of the Reactant, the Transition calculated at the 6-31G* CASSCEF level is 25.7 kcal/mol. The
Structure(s), Intermediate, and the Product for the Ene Reactions of natural orbital populations of 1.983, 1.938, 1.700, 0.309, 0.061,
Cyclopropene Dimerization and 0.018 electrons are indicative of greater diradical character
structure rel energies  rel energiest than in the parent ene reaction. The transition state is very early

(kcal/mol) ZPE(kcal/mol) with mainly CC bonding, as in the DFT calculation.

reactant  cyclopropene 0.0 0.0 There is a wide variation of transition states for these
exo TS5 17.5 18.1 reactions, varying from nearly synchronous for propene plus
intermediate 3.4 (1.4) 5.4 (3.4) ethylene to extremely asynchronous or even stepwise in the

endo  TS6 14.9 15.4

cyclopropene dimerization. More O’Ferrall and Jencks have

i i 2(3.2 7.9 (4. - S
intermediate 6.2(3.2) °(4.9) used bond-order diagrams to show the effect of substitution on
TS6 9.1 (4.3) 8.9 (4.1) a 4 -
TS6' 6.7 5.4 the geometry of transition structurés.This type of diagram
product 3-cyclopropyl- -50.8 —46.7 is shown in Figure 9 for the ene reactions studied. The reactants
cyclopropene are in the lower left-hand corner and the product is in the upper

a Zero-point energy correction obtained from unscaled UBecke3LYP/ right-.han.d corner. |n.the upper left-hand corner is a 1,4-diyl,
6-31G* frequency calculation8.Energies in parentheses are after spin the diradical intermediate that would be formed upon complete

correction. CC bond formation without the transfer of hydrogen. The lower
) ] ) ) ] _right hand corner locates the allyl radical and an ethyl radical,
intermediate structures. Both intermediates are 1,4-diyls, with he two radicals that would be formed upon hydrogen transfer
the new CC bond completely formed and no hydrogen transfer. yithout CC bond formation. The six calculated transition
The lengths of the newly formed CC bonds are 1.537 and 1.518 g4;ctures are located on this diagram, where the vertical axis
A, respectively. These values are in the standard single CCcqresponds to the extent of CC bond formation and the
bond length range. The lengths of the breaking CH bonds arenorizontal axis corresponds to the extent of CH bond breaking.
1.096 and 1.093 .A' a little longer than the standard CH bond The yse of CH bond formation instead of CH bond breakage
lengths; the forming CH bond lengths are 2.590 and 2.646 A, gjyes a different MOJ diagram (not shown) that reveals the same
respectively. The energies of the intermediates areé&xq ( rends as Figure 9. The equation used to calculate the Pauling
and 7.9 éndg kcal/mol. The& value for the intermediate  pond order isn, = n, exp(R, — R)/0.6), wheren, is the
is 0.92 for endo and 0.95 forexa This means that the  cajculated bond orden, is the bond order of the fully formed
intermediates are typical non-interacting diradicals, and are pond of lengthR,, andR is the bond length of a bond with a
mixtures of singlet and triplet states, since unrestricted calcula- yond order ofn,24 The use of 0.6, rather than Pauling’s 0.3,
tions do not necessarily give pure spin states. Spin correctionin his equation is recommended for partial single bonds by the
using a procedure described receritiyives a prediction of  |ngiana groups26
the energies shown in Table 3 in parentheses.
UBecke3LYP/6-31G* calculations were used to search for ~ (22) Houk, K. N.; Li, Y.; McAllister, M. A.; O'Doherty, G.; Paquette,
the second transition structure for the reaction. Foet@no L g Siebrand, W.; Smedarchina, Z. K. Am. Chem. Sod994 116
transition structure has been located as yet, because the surface (23) (a) More O'Ferrall, R. MJ. Chem. Soc. B97Q 274. (b) Jencks,
is very flat in the region. For thendq two transition structures ~ W. P.Chem. Re. 1972 72, 705. ' o
were obtained starting with different initial guesses (Figure 8). Pre(ég_) iﬁgégg’NLqu%ygét;rgg the Chemical BonGornell University
An IRC calculation verified that TSén Figure 8 led to the (25) Private communication with J. J. Gajewski, based upon work by E.
intermediate and the product in the two reaction coordinate R. Davidson and V. J. Shriner.
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E=15.4
} E=8.9
E=5.4
TS6 f : :
TS6
,,'l Intermediate T
Reactant ! ( ’ :."
E=7.9 :
E=0.0 ;

in kcal/mol).

ENDO EXO

Figure 7. The UBecke3LYP intermediates for the cyclopropene
dimerization.

TS6"

TS6
Figure 8. The transition structures (left) for hydrogen transfer from
the diradical intermediate in Figure 7 and (right) for the dyotropic
hydrogen shift of cyclopropylpropene.

Unlike the Diels-Alder reaction, it is difficult to discuss

Product

E=-46.7
Figure 6. Reaction path and activation energies for the cyclopropene dimerization reaction and the dyotropic hydrogen shift of the dimer (energies

0

1
0.9
0.8
0.7 -
CP - ethylenc

0.6 -
np(BM) 0.5 4

€X0

A cpcp

endo

endo ropene - ethylene
exJQEJ Derop Y

propene - CP

0.4
0.3
0.2

0.1+

0 — T T T T T T T 1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 1

— ro o+ J
H

1-np(BB)

(-
H
Figure 9. More O’Ferral-Jencks diagram for the ene reactions
studied. CP is cyclopropene.

pene-ethylene reactions and becomes larger-33 A, for

absolute synchronicity of ene reactions based on the bond R .
the cyclopropene dimerizations. The five cyclopropene ene

lengths or bond orders of the forming and breaking bonds

transition structures are all located toward the upper left-hand

because there is no symmetry, even in the parent transition . . -
o . corner of the MOJ diagram relative to the parent ene transition
structure. The parent transition structure may be considered to o L
structure. These transition structures all have diradical character,

be synchronous, because the forming CC bond and the breakin
CH bond orders are similar in value. There is a third important
bonding change, that of CH bond making. This is strongly
coupled to CH bond breaking in the whole series. The sum of

breaking CH and forming CH bond lengths is 289 A for
the propeneethylene, propenecyclopropene, and cyclopro-

(26) Ernst, S. M.; Black, K. M.; Houk, K. NJ. Am. Chem. Soc.
Submitted for publication.

gresulting from more CC bond formation and less hydrogen

transfer than the parent system.

Understanding the change in geometries of the transition
structures is facilitated by examining the possible radical
intermediates for each of the ene reactions studied. These
intermediates are shown in Figure 10, along with their heats of
formation. The heats of formation for the radical intermediates
were estimated by using Benson’s group equivalents and
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Figure 10. Possible radical intermediates for each ene reaction and their heat of formation as determined by using the Benson rules of group
additivity 2”28 Heats of reaction are given above the arrow (CC formation) and below the arrow (hydrogen transfer).

cycloalkene heats of formatid:3! To the sum of standard diradical energy from the Benson estimates is, essentially
group increments, strain corrections were added for cyclic identical with the Becke3LYP value.

species. For the parent reaction 1, the heats of formation for  The diradical character of the transition structure for the ene
the possible radical intermediates show that the 1,4-diyl is more dimerization of cyclopropene is reflected in the ease in which
stable than the radicals produced by hydrogen transfer by 10.55ome supstituted cyclopropenes undergo thermaH-[2]
kcal/mol. By using these heats of formation as a guide, the gimerizations, which may proceed through diradical inter-

transition structure should be fairly synchronous, but with ediate$2-3¢ An example of this is the [2 2] dimerization
somewhat more CC bond formation than hydrogen transfer. This 1-vinylcyclopropene, which proceeds readily-a60 °C 34

is what is found (Figure 9). For the propengyclopropene
reaction, two processes have similar energies. The transition
structures for the proper&yclopropene reaction have similar
geometries to that of the parent transition structure, but are
shifted toward less hydrogen transfer and earlier (Figure 9). For
the cyclopropeneethylene reaction, the 1,4-diyl is favored

While the geometries of the transition structures are dictated
by the stabilities of the possible radical intermediates and the
strain relieved in these radical intermediates, the exothermicity
of these cyclopropene ene reactions is dictated by whether or
not a cyclopropene is converted to a cyclopropane. The ene

substantially. The geometry of the cycloproperthylene reaction pf cyclopropene With gthylene is calculated to _be
transition structure is significantly distorted toward the 1,4-diyl, &X0thermic by 23.8 kcal/mol, similar to the parent ene reaction
with significantly more CC bond formation than hydrogen (21.0 kcal/maol). Acyclopropene moiety |s_st|II present in the_
transfer. A similar situation is encountered with the dimerization Product. The ene reaction of propene with cyclopropene is
of cyclopropene, where the 1,4-diyl is more stable than the exothermic by 43.3 kcal/mol, while the ene dimerization of
radical pair by over 20 kcal/mol. The cyclopropene dimerization CYClopropene is exothermic by 46.7 kcal/mol. A cyclopropene

transition structures have the least hydrogen transfer. ThelS converted to a cyclopropane in each of these reactions. The
difference between the energy of reaction for these ene reactions

» and the parent ene reaction is close to approximately 26 kcal/
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Figure 11. The HOMO-LUMO combinations for the endo transition
structures of the Diels-Alder reaction of butadiene with butadiene and
the Alder-ene reaction of propene with cyclopropene.

Deng et al.

This type of secondary orbital interaction involving a CH
bond has been proposed previously. Sustmann et al. used SCF
perturbation calculations to investigate the Dieddder reaction
of cyclopentadiene with cyclopropefie.While steric effects
were found to cause thendopreference of this reaction, an
interaction between the CH bond of the dienophile and the
central carbons of the diene was detected. Indeed, the attractive
secondary intermediate was confirmed by experimental studies.
Baldwin et al. found that the DielsAlder reaction of butadiene
with cyclopropene gives thendoproduct stereoselectively at
0 C°.*2 No steric interactions are present to disfavero
addition. The attractive interaction of a CH bond of the
dienophile with the central carbons of the diene was proposed
to explain the endo preference in the Dieder reaction of
butadiene with cycloproperié.

In our work, the interaction of the CH bond of the enophile
with the ene manifests itself in the geometry of the transition
structures. In theexo transition structure, where no overlap

nation of Table 2 shows this to be true for the ene reactions occurs, the lengths of both CH bonds at the 3-position of the

studied.

Substituted enophiles may react @a&oandendotransition
structures. Thexotransition structure should be preferred on
steric grounds, but calculations predict that émelotransition

enophile are 1.095 A. In thendotransition structure, the bond

length of the CH bond close to the ene is elongated to 1.118 A,
while the other CH bond is shortened to 1.093 A. We propose
that electron density from the CH bond is donated to the ene,

structure is preferred in the ene reactions where cyclopropeneresulting in the lengthening of the CH bond. This seems

acts as the enophile. At the Becke3LYP level, thedo
preference is 2.7 kcal/mol for the dimerization of cyclopropene
and 1.6 kcal/mol for the ene reaction of cyclopropene with

reasonable when considering that the central carbon of the ene
acquires a small positive charge in every ene transition structure
calculated®*® The lengthening of the interacting CH bond is

propene. To make sure that the difference did not arise from also observed in thendotransition structure for the ene reaction
basis set superposition errors, we performed a counterpoiseof cyclopropene with propene. In tlexotransition structure

correction on theexo and endotransition states. Thexois
lowered by 2.5 kcal/mol, and trendoby 2.6 kcal/mol by this,
so there is an insignificant difference in BSSE éxoandendo

the bond lengths of the CH bonds are 1.095 A. In ¢nelo
transition structure, the bond length of the CH bond close to
the ene is elongated to 1.100 A, while the other CH bond is

structures. We postulate that the preference is caused, in partshortened to 1.093 A. The effect is not as dramatic, but it is

by the overlap of a CH bond from the enophile with the

mr-system at the central carbon of the ene. This secondary orbital

interaction involving a CHr bond is an effect similar to that
postulated for the DielsAlder reactions of dienes with cyclo-
propenée! The frontier molecular orbitals for the DielsAlder

consistent with the smaller endo preference in this system.

Conclusion

The transition structures for the ene reactions of cyclopropene
with ethylene, propene, and cyclopropene have been located

reaction of butadiene with butadiene and the Alder-ene reaction with several quantum mechanical methods. The geometries of
of propene with cyclopropene are shown in Figure 11. Wood- the transition structures vary from somewhat synchronous
ward and Hoffmann first proposed this type of interaction to (propene-cyclopropene) to very asynchronous, perhaps stepwise
explain the preference f@ndoaddition of unsaturated dieno-  (cyclopropene dimerization). A preference for #redotransi-
philes in Diels-Alder reactions? In the example of the Diels tion structure is found for the ene reactions in which a
Alder reaction, either combination of HOMO and LUMO yields cyclopropene is the enophile. The preference is proposed to
a stabilizing secondary orbital interaction. In the propene pe the result of an attractive interaction of a CH bond of the
cyclopropene ene reaction, only one combination of HOMO engphile with the central carbon of the ene.

and LUMO provides a secondary orbital interaction. It would
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