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Abstract—The regiospecific dimerization of methacrolein takes place through a very asynchronous and symmetrical transition
structure, which shows a merging of the 4+2 and 2+4 cycloaddition paths. The geometrical features of the transition structures
correspond well to a case of diradical formation. A cage of secondary orbital interactions restricts the flexibility of the diradical
transition structure and stabilizes it. © 2001 Elsevier Science Ltd. All rights reserved.

The simplest �,�-unsaturated aldehyde and ketone,
acrolein and methyl vinyl ketone 1 (R=H), undergo a
regiospecific dimerization to the dihydropyrans 2 under
relatively mild thermal conditions (80–120°C).1 Several
other �,�-unsaturated aldehydes and ketones 1 having �
substituents but no substituents at the �-carbon
undergo a similar and even easier thermal dimerization2

affording the dimers 2, which are versatile intermediates
in many valuable synthetic elaborations.3

The mechanism of these regiospecific Diels–Alder (DA)
dimerizations has attracted high interest since the exclu-
sive products are the adducts 2 and not the electroni-
cally favored regioisomeric adducts 3. In the early
studies the neat head-to-head union of the addends in
adducts 2 was taken as indicative of some sort of
diradical intermediates, crypto4 or equipped with spe-
cial attractive forces.5 Later, however, frontier orbital
(FO) theory could account for the observed
regiochemistry6 in the framework of concerted DA
cycloadditions and since then the regiospecific dimeriza-
tion of acrolein was included in the collection of vener-
able pericyclic reactions and has even become a

textbook example7 of the power of FOs in accounting
for regiochemical phenomena.

We have recently located at the B3LYP/6-31G* level
the eight possible DA transition structures (TSs) of the
acrolein dimerization leading to the dimers 2a and 3a.8

The two lowest and viable TSs are the exo and endo
TSs 2aCX and 2aCN (Fig. 1). Both the TSs involve the
less stable cisoid conformation of the acrolein
dienophile and lead to the observed dimer 2. The
heteroatoms play a determining role in the stabilization
of the two TSs and we suggested a mechanism of
neighboring group participation through the bridging
(dotted lines in formulas) of the nucleophilic diene
oxygen to the proximal carbonyl carbon of the cisoid
dienophile. The coiled TS 2aCN is further stabilized by
a classical secondary orbital interaction (SOI)6a,b as well
as by Coulombic attraction.

Although the interpretation of the stabilizing effects of
2aCX and 2aCN rested on the well-known Bürgi–
Dunitz model9 and the extensively used,10 albeit
debated,11 SOI concepts, we were nevertheless worried
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Figure 1. Transition structures and diradical intermediates for the acrolein (full lines) and methacrolein (dashed lines) dimeriza-
tion. Numbers near the levels are electronic energies in kcal/mol relative to the reactants and in parentheses are the relative
energies of the diradical species after spin projection.12c Numbers near the forming bonds are bond distances in A� for the acrolein
(methacrolein) structures.

by some intriguing aspects of TS 2aCN. While the
geometrical features of TS 2aCX still correspond to
expectations for a concerted asynchronous DA cycload-
dition, the lowest TS 2aCN displays an asynchronicity
significantly magnified, showing a rather long (2.49 A� )
forming C···O bond and a distressingly short (1.89 A� )
forming C···C bond. Such a distance is in the typical
range reported in several TSs of diradical formation.12

In brief, although TS 2aCN energetically looks like a
normal saddle point of a concerted asynchronous DA
(1 imaginary frequency), its geometrical features show
an uncanny resemblance to a TS of diradical formation.

We have then located13 a few other relevant points on
the potential energy surface of acrolein dimerization
(Fig. 1 and Table 1). At the UB3LYP/6-31G* level the
reference singlet diradical in the anti conformation 4a is
only 2.6 kcal/mol above TS 2aCN while the TS 5a
leading to the diradical is 6.6 kcal/mol higher. The
energies of the diradical species lower somewhat after
spin correction,12c but remain above TS 2aCN by 1.0
and 2.3 kcal/mol, respectively. As far as the 4+2 saddle
point 2aCN is concerned, it lies on a quite flat plateau
and only a little energy expenditure (0.2 kcal/mol) is
required to convert it into the 2+4 saddle point 2aCN�
through a symmetrical 2nd order saddle point 6a. The
Cope TS 7a,14 interconnecting the dimers 2a and 2a� is
0.5 kcal/mol below 2aCN.

Clearly Fig. 1 shows that the reference diradical 4a and
TS 5a are anyway higher in energy than the concerted
TS 2aCN. Does it mean that radicals are not involved
at all in TS 2aCN? Why then is the surface of 2aCN so
flat, allowing the ready interconversion of the 4+2 and
2+4 TS 2aCN and 2aCN� with such a minuscule bar-
rier? Further perplexities arise because of the almost
identical geometrical features of the acrolein dipolar-
ophile in TS 2aCN and in the diradical TS 5a. In the
DA cycloaddition the C1�C2 bond (1.49 A� ) of the s-cis

acrolein dipolarophile 8 lengthens to 1.52 A� in the
cycloadduct 2a while a remarkable shortening occurs in
TS 2aCN (1.45 A� ) as well as in TS 5a (1.44 A� ) and in
diradical 4a (1.43 A� ), as expected for an acetyl radical
moiety.15

Following the idea of testing the consequences of a
possible diradical stabilization through the aid of sub-
stituents we have investigated the related dimerization
of methacrolein. In this case the diradical 4b and the
Cope TS 7b drop by ca. 2 kcal/mol and TS 2bCX is
lifted by 1.5 kcal/mol, while TS 5b and 2bCN are
almost unaffected.16 The most striking effects of the
methyl substitution are however, the increase in asyn-

Table 1. B3LYP/6-31G* electronic activation energies
�E e

� relative to the reactants (kcal/mol), activation
enthalpies,a forming C···C and C···O bond lengths (A� ) of
the TSs and the singlet diradical species of acroleinb and
methacroleinc dimerization

�Ee
� �H� C···C C···O

1.8920.5 2.4918.62canb

1.9320.118.72bCN 2.77
2.321.922aCXb 20.9 22.7

1.9122.4 23.7 2.532bCX
23.1 (21.5) 1.594ad 21.2 (19.6)

18.8 (17.4)4bd 20.7 (19.3) 1.58
25.2 (20.9)5ad 26.3 (22.1) 1.86

1.9026.1 (22.8)5bd 25.2 (21.91)
20.1 1.856a 2.6918.8

18.1 20.47a 1.66 2.47
16.1 2.471.6318.17b

a Thermodynamic values at 298.15 K from unscaled vibrational fre-
quencies in the harmonic approximation.

b Ref. 8.
c s-trans Methacrolein, −231.233628 hartree, correction to enthalpy

�H=60.7; s-cis methacrolein, �Ee=2.9; dimer 2b, �Ee=−19.0.
d UB3LYP/6-31G* singlets; energies after spin correction12c are given

in parentheses.
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Figure 2. Geometric features (a) and displacement vectors (b) of the methacrolein TS 2bCN and the reaction coordinate (c) of the
dimerization path. The dotted path refers to the symmetrical crest toward Cope TS 7b.

chronicity and the neat geometrical change occurring in
the lowest cycloaddition pass 2bCN which shows up
fully symmetrical (Fig. 2a). The 4+2 and 2+4 cycloaddi-
tion paths have no longer a separate identity and have
fully merged in this TS.

The displacement vectors associated with the imaginary
frequency of TS 2bCN involve essentially the C···C
vibration while the in phase C···O vibrations play only
a secondary role (Fig. 2b). Accordingly, IRC
calculations17 shows that the Reaction Coordinate (RC)
steps symmetrically from TS 2bCN toward the reac-
tants as well as the products, with only minor changes
of the C···O distances (Fig. 2c). On the product side the
RC steps at the beginning toward the Cope TS 7b but
at about half way the antisymmetric CO/CO vibration
(which is imaginary frequency of the Cope TS 7b)
becomes negative and the RC splits into two symmetri-
cal branches, which point finally toward the cycload-
ducts 2b and 2b�, respectively. Clearly the RC of Fig. 2c
does not properly belong to a normal DA
cycloaddition.

The extreme asynchronicity and shape of TS 2bCN
corresponds almost exactly18 to the imaginative picture
of the formation of a gauche diradical kept together by
secondary attractive forces as hypothesized in 1959 by
Woodward and Katz5 for the acrolein dimerization. As
foreseen by Woodward the primary process is a C···C
bond formation assisted by the SOIs between the devel-
oping oxaallyl moieties, which interact in a fashion
similar to a Cope boat TS. The SOIs stabilize the
diradical species and restrict its mobility, providing
concertedness to the cycloaddition path. For this sort
of immobilized diradical the Alder’s term crypto-di-
radical4 seems to us quite appropriate. The dimeriza-
tion of acrolein still shows a slight preference for an
extreme 4+2 cycloaddition path but this predilection
can be easily overcome as indicated by the flatness of
the surface connecting the 4+2 and 2+4 paths.

Merging of 4+2 and 2+4 DA paths has been reported
and dismissed in the DA cycloadditions of butadiene to

Lewis acids complexes of acrolein.19 The dimerization
of methacrolein provides a neat example of merging
and a case of a concerted crypto-diradical cycloaddition
as well. Current investigations with better radical stabi-
lizing substituents (Cl, OCH3, CN) show further cases
of merging in which the asynchronicity of the symmet-
rical TSs increases only a little more.
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3. (a) Büchi, G.; Powell, J. E. J. Am. Chem. Soc. 1970, 92,
3126; (b) Jun, J. G.; Lee, D. W. Tetrahedron Lett. 1997,
38, 8207; (c) Ibrahim, N.; Eggiman, T.; Dixon, E. A.;
Wieser, H. Tetrahedron 1990, 46, 1503.

4. Alder, K.; Schumacher, M.; Wolff, O. Liebigs Ann.
Chem. 1949, 564, 6 and references cited therein.

5. Woodward, R. B.; Katz, T. J. Tetrahedron 1959, 5, 70.
6. (a) Salem, L. J. Am. Chem. Soc. 1968, 90, 553; (b)

Devaquet, A.; Salem, L. J. Am. Chem. Soc. 1969, 91,
3793; (c) Houk, K. N. J. Am. Chem. Soc. 1973, 95, 4092;
(d) Alston, P.; Shillady, D. J. Org. Chem. 1974, 39, 3402;



L. Toma et al. / Tetrahedron Letters 42 (2001) 5077–50805080

(e) Eisenstein, O.; Lefour, J. M.; Anh, N. T.; Hudson, R.
F. Tetrahedron 1977, 33, 523.

7. Fleming, I. Frontier Orbitals and Organic Chemical Reac-
tions ; Wiley: New York, 1976; p. 141.

8. Toma, L.; Quadrelli, P.; Caramella, P. Tetrahedron Lett.
2001, 42, 731.

9. Bürgi, H. B.; Dunitz, J. D. Acc. Chem. Res. 1983, 16, 153.
10. (a) Woodward, R. B.; Hoffmann, R. The Conservation of

Orbital Symmetry ; Verlag Chemie: Weinheim, 1970; (b)
Ginsburg, D. Tetrahedron 1983, 39, 2095.

11. Garcia, J. I.; Mayoral, J. A.; Salvatella, L. Acc. Chem.
Res. 2000, 33, 658.

12. (a) Bernardi, F.; Bottoni, A.; Field, M. J.; Guest, M. F.;
Hillier, I. H.; Robb, M. A.; Venturini, A. J. Am. Chem.
Soc. 1988, 110, 3050; (b) Li, Y.; Houk, K. N. J. Am
Chem. Soc. 1993, 115, 7478; (c) Goldstein, E.; Beno, B.;
Houk, K. N. J. Am. Chem. Soc. 1996, 118, 6036.

13. Gaussian 98, Revision A.7; Frisch, M. J.; Trucks, G. W.;
Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheese-
man, J. R.; Zakrzewski, V. G.; Montgomery, Jr., J. A.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J.
M.; Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas,
O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, R.;
Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.;
Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko,
A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R.
L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.;
Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill,
P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres,
J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.;
Pople, J. A. Gaussian, Inc., Pittsburgh PA, 1998.

14. (a) An estimate of the free energy difference (1.1 kcal/mol
at 171°C) between the cycloaddition and the Cope TSs
was provided by Lutz and Roberts14b by thermolizing

deuteriated dimers of methacrolein; (b) Lutz, R. P.;
Roberts, J. D. J. Am. Chem. Soc. 1961, 93, 2198.

15. Wiberg, K. B.; Cheeseman, J. R.; Ochterski, J. W.;
Frisch, M. J. J. Am. Chem. Soc. 1995, 117, 6535.

16. When comparing the energies of the acrolein and
methacrolein structures the changes shown in Fig. 1 are
somewhat misleading, since they include a conforma-
tional bias due to the sizeably different energies of the
s-cis conformers of acrolein and methacrolein (1.7 and
2.9 kcal/mol, respectively) relative to the corresponding
more stable s-trans conformers. When the energies of
s-cis conformers are taken as the reference point the
acrolein and methacrolein structures of Fig. 1 are to be
lowered by 3.4 and 5.9 kcal/mol, respectively. In this case
the methacrolein structures become actually lower than
the corresponding ones of acrolein, as expected on the
basis of simple FO considerations. The �-methyl substitu-
tion in acrolein raises the HOMO and polarizes it toward
the �-carbon, favoring the head to head dimerization.
The STO-3G eigenvalues and coefficient of the s-cis
acrolein (methacrolein) FOs are: HOMO, �=−8.68 (−
8.31) eV, O 0.402 (0.357), C1 0.194 (0.154), C2 −0.563
(−0.555), C3 −0.586 (−0.604); LUMO, �=6.08 (6.23) eV,
O 0.580 (0.578), C1 −0.505 (−0.513), C2 −0.436 (−0.436),
C3 0.642 (0.632).

17. (a) Gonzalez, C.; Schlegel, H. B. J. Chem. Phys. 1989, 90,
2154; (b) Gonzalez, C.; Schlegel, H. B. J. Phys. Chem.
1990, 94, 5523; (c) Baker, J.; Gill, P. M. W. J. Comp.
Chem. 1988, 9, 465.

18. In the original formulation Woodward and Katz5

hypothesized that, ‘‘after passage of the barrier, the reac-
tion proceeds to the Cope TS and thence to the
products.’’

19. (a) Yamabe, S.; Dai, T.; Minato, T. J. Am. Chem. Soc.
1995, 117, 10994; (b) Garcia, J. I.; Martinez-Marino, V.;
Mayoral, J. A.; Salvatella, L. J. Am. Chem. Soc. 1998,
120, 2415; (c) Yamabe, S.; Minato, T. J. Org. Chem.
2000, 65, 1830.

.


