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Abstract: Butadiene—acrolein Diels—Alder reactions with two kinds of Lewis acids, BF3 and AICI3, were studied 
by using ab initio calculations. The transition-state structures of the cycloadditions with Lewis acids are quite 
asymmetric relative to that without Lewis acids. The transition state with BF3 leads to an unexpected reverse-
electron-demand cycloadduct, [2 + 4]. This adduct is transformed to a normal-electron-demand [4 + 2] product via 
a Cope rearrangement. For the AICI3 catalyzed reaction, the [4 + 2] or [2 + 4] selectivity is critical. Endo selectivity 
is ascribed to the coexistence of two competitive reaction paths. 

I. Introduction 

Lewis acid catalysis can have a significant effect on the rates 
and endo selectivities of Diels—Alder reactions.1 When the 
Lewis acid is coordinated to a heteroatom, such as carbonyl 
oxygen, the endo selectivity is enhanced and rate acceleration 
is observed. The frontier molecular-orbital theory (FMO) 
explains the enhancement in terms of the change in the LUMO 
shapes of dienophiles.2 

Diels—Alder reactions of substituted dienes and/or dienophiles 
have been extensively studied by means of theoretical calcula
t ions/ However, reports dealing with the reactions with Lewis 
acids are rather few, and they have been examined only 
qualitatively.4 Birney and Houk5 obtained four transition-state 
(TS) structures for a Diels—Alder reaction between butadiene 
and BH;,-coordinated acrolein. Their calculations reproduced 
well the effect of the Lewis acid catalysis, i.e., decreased 
activation energies and enhanced endo selectivity. Of the four, 
the transition state (endo, acrolein with the s-cis conformation) 
was found to be the most stable. Unfortunately, this transition 
state was not located precisely. There seems to be a driving 
force for endo selectivity in this structure. 

In this work, two commonly-used Lewis acids, boron 
trifluoride (BF?) and aluminium trichloride (AICI3), were 
employed to describe the catalyzed acrolein—butadiene D i e l s -
Alder reaction. We employed s-c/s-acrolein as a dienophile. 
The effects of Lewis acids on the cycloaddition paths were 
investigated by ab initio calculations. It will be demonstrated 
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that the BFrcontaining reaction leads to an unexpected cy
cloadduct, vinyldihydropyran rather than cyclohexene carbox-
aldehyde. 

II. Method of Calculations 

Ab initio calculations have been performed using the GAUSSIAN 
92 program package'' installed both on a CONVEX C-220 in the 
Information Processing Center of Nara University of Education and 
on a CONVEX C-3420 in the Computer Center of Nara University. 

The 3-2IG and 6-3IG* basis sets were used for geometry optimiza
tions. The transition-state geometries of the butadiene—acrolein system 
without any Lewis acids were optimized with four methods. RHF/3-
2IG, RHF/6-31G*. MP2/6-31G*, and CASSCF(8,8)/3-21G. For this 
CASSCF/3-21G calculation, the number of active space orbitals was 
selected on the basis of the occupation numbers of the natural orbitals 
obtained by a UHF calculation, CAS-UNO. At the RHF/3-21G 
transition-state geometry, occupation numbers of natural orbitals are 
1.9986 (the 25th), 1.9986 (the 26th), 1.9657 (the 27th), 1.9376 (the 
28th), 1.8577 (the 29th), 1.7143 (the 30th), 0.2858 (the 31st), 0.1423 
(the 32nd), 0.0621 (the 33rd), 0.0343 (the 34th), 0.0014 (the 35th). 
and 0.0014 (the36th), where HOMO is the 30th MO. Thus, the active 
space orbitals adopted here were the MOs from the 27th to the 34th, 
and then CASSCF(UNO,8,8) led to 1764 configurations. A splicing 
basis set has been applied to systems with Lewis acid. This basis set 
is composed of the 6-3IG* basis sets for butadiene and acrolein and 
the 3-2IG basis set for Lewis acid (RHF/6-31G* & 3-21G). 
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S.: Gonzalez. C; Martin. R. L.: Fox. D. J.: DeFrees. D. J.: Baker. J.: Stewart. 
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PA, 1992. 

0002-7863/95/1517-10994$09.00/0 © 1995 Amer ican Chemical Society 



Fine Tuning of [4 + 2] and [2 + 4] Diets—Alder Reactions J. Am. Chem. Soc, Vol. 117, No. 44, 1995 10995 

v'fcm-1) Ea [or HE] (kcal/mol) v ' ( c m ' ) Ea [ordE] (kcal/mol) 
734.1! 27.08 RHF/3-21G 724.Oi 27.03 

(811.8i) (36.04) (RHF/6-31G*) (803.Si) (35.86) 
447.2J 6.95 MP2/6-31G' 422.3J 5.69 

10.24] [CASSCF(8,8)/3-21Gl [01 
17.52 MP3/6-31C//RHF/3-21G !££0. 

EXO no Lewis Acid ENDO 
Figure 1. Transition-state structures of the Diels-Alder reaction 
without Lewis acids computed with various methods. Empty circles 
stand for hydrogen atoms. Distances are in A. Intramolecular distances 
of C-C and C-O bonds are from the CASSCF(8,8)/3-21G method. 
v*'s denote sole imaginary frequencies in cm-1 indicating that the 
obtained geometry is really of transition state. Their corresponding 
reaction-coordinate vectors are also sketched. £a's are the computed 
activation energies, and A£'s are exo—endo energy differences (endo, 
more stable) in kcal/mol calculated by the CASSCF(8,8)/3-21G method. 

Intrinsic reaction coordinates (IRCs)7 starting from all the transition 
states obtained here were calculated to find energy-minimum points 
(reactants, products, or intermediates). Potential-energy diagrams were 
drawn from the results of the single-point calculations of the third-
order M0ller-Plesset perturbation wave function with the 6-31G* basis 
set on RHF/3-21G geometries, MP3/6-31G*//RHF/3-21G. Use of the 
MP3/6-31G* method is known to reproduce activation energies well.3f 

III. Results of Calculations and Discussions 

First, the Diels—Alder reaction without any Lewis acids was 
examined. The transition-state geometry of this system already 
has been examined at the Hartree—Fock level.3c Figure 1 shows 
the transition-state geometries of the acid-free reaction optimized 
by four methods. They are nearly insensitive to computational 
methods. The reaction-coordinate vector indicates that this 
reaction is concerted and formation of two bonds is almost 
synchronous. The four methods give quite small differences 
between exo- and endo-activation energies [E1Js), ~ 1 kcal/mol 
or less. The activation energy calculated here is close to an 
experimental value, 19.7 kcal/mol,8 with •s-frans-acrolein. Based 
on the similarity of the transition-state structures between RHF/ 
3-21G and 1764-configuration MCSCF methods, we have 
determined the acid-catalyzed transition-state structures by RHF/ 
3-21G and RHF/6-31G* methods. 

Figure 2 exhibits EXO and ENDO transition-state geometries 
including BF3. Differences in £a values (A£a 's) between EXO 
and ENDO calculated here are larger than those without Lewis 
acid, which demonstrates that endo selectivity is enhanced by 
BF3. As shown by Birney and Houk,5 the formation of two 
bonds is significantly asynchronous in the transition-state 
geometries. In both EXO and ENDO, reaction-coordinate 
vectors indicate mainly the terminal (left-side) C"-C bond 
formation. This asynchronous characteristic is also explicable 
in terms of the orbital interaction in Scheme 1. One curious 
vector component is found in the ENDO transition state. The 
component indicates a C* " O bond formation (2.635 A) instead 
of C-"C (3.119 A). That is, a reverse-electron demand 

(7) (a) Fukui, K. J. Phys. Chem. 1970, 74, 4161. (b) Gonzalez, C; 
Schlegel, H. B. J. Phys. Chem. 1989, 90, 2154. 
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779. (b) Kistiakowsky, G. B.; Lacher, J. R. J. Am. Chem. Soc. 1936, 58, 
123. 

v'(cm-1) Ea (kcal/mol) v'(cm-1) Ea (kcal/mol) 

4.11.2i 9.88 RHF/3-21G 462.8i 7.95 

(509.Zi) (17.22) (RHF6-31G*&3-21G) (568.8i) (17.43) 

10.87 MP3/6-31G«//RHF/3-2IO 6.09 

EXO Lewis Acid: BF3 ENDO 
Figure 2. Transition-state structures of the Diels—Alder reaction with 
boron trifluoride. "6-31G* & 3-21G" is a splicing basis set, where 
butadiene and acrolein parts are from 6-31G* and the BF3 part is from 
3-2IG. Other notations are the same as those in Figure 1. An 
unreasonable result of activation energies, 17.22 kcal/mol in EXO and 
17.43 kcal/mol in ENDO, has been obtained with RHF/6T31G* & 
3-21G. The reason of this result (probably, imbalance of two basis sets) 
is not clear at the present time. The large capital C attached to ENDO 
will be used in Figure 6 and Scheme 2. 

v'(cm1) Ea (kcal/mol) v'(cm1) Ea (kcal/mol) 

399.3i 6.42 RHF/3-21G 403.11 2.63 

(502.4i) (14.76) (RHF/6-31G*&3-21G) (524.Ii) (11.84) 

6.15 MP3/6-3IG«//RHF/3-210 2,64 

EXO Lewis Acid: AlCb ENDO 
Figure 3. Transition-state structures of the Diels-Alder reaction with 
aluminium trichloride. 

transition state, the [2 -I- 4] transition state, is suggested, rather 
than the normal one, the [4 + 2] transition state.9 

Figure 3 shows EXO and ENDO transition-state geometries 
with AlCl3. The left-side C - C bond in EXO or ENDO is ~2.0 
A, which is almost the same as that with BF3. One cannot 
predict clearly whether the ENDO transition state is directed to 
a [4 + 2] adduct or to a [2 + 4] adduct because of the long 
C-"C and C"*0 bond distances, 3.0~3.2 A, in this transition-
state structure. 

In order to reveal cycloadducts after the transition states in 
Figures 2 and 3, we have performed IRC7 calculations. The 
calculation shows the presence of novel JT—n stacking charge-
transfer complexes between butadiene and Lewis acid-coordi
nated acrolein at initial stages of the cycloadditions. Figure 4 
shows those complexes. It is noteworthy that distances (3.8~4.0 
A) for the C"*C bonds primarily formed at the transition states 
are larger than the other C"*C bond distances (3.52~3.67 A). 
At initial stages of the additions, the black-lobe overlap is more 
important than the white-lobe one (left-side) in Scheme 1. 

The cycloadduct with BF3 obtained at the other end of the 
IRC was not a [4 + 2] but a [2 + 4] adduct. This adduct is 

(9) The former and the latter integers stand for numbers of n electrons 
of butadiene and acrolein participating in the present cycloadditions, 
respectively. 
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Figure 4. Geometries of weakly interacting systems composed of 
butadiene and Lewis acid-coordinated acrolein. The large capital "B" 
will be used in Figure 6 and Scheme 2. 

v'=228.1icnr' 

Figure 5. Geometries of two cycloadducts, [2 + 4] and [4 + 2], and 
their isomerization transition state optimized with RHF/3-21G. Three 
large capitals, D, E, and F, will be used in Figure 6 and Scheme 2. 

shown as D in Figure 5. The endo addition path with BF3 is 
for the [2 + 4] adduct, vinyldihydropyran. This adduct is not 
experimentally detected,4" but our calculations predict that, under 
the reaction condition, it should be isomerized to the final 
product. 

The transition state of the isomerization is shown as E in 
Figure 5. This is a (3,3) sigmatropic (i.e., Cope or Claisen, 
called here Cope) rearrangement. This Diels—Alder reaction 
involving a Cope rearrangement is unprecedented. IRC calcula
tion starting from the Cope transition state confirms the presence 
of the [2 + 4] adduct D at the end of IRC. The final product 
F has been obtained at the other end of IRC. Scheme 2 presents 
the computed stepwise endo path. 

We used IRC calculations to determine whether the AlCl3-
assisted endo addition in Figure 3 leads to a [4 + 2] adduct or 
to a [2 + 4] adduct. While the RHF/3-21G transition state gives 
a [4 + 2] adduct, the RHF/6-31G* & 3-2IG gives a [2 + 4] 
adduct. This method-dependent product demonstrates that the 
potential-energy surface around the region of the AICI3-
containing transition state is very flat. Birney and Houk 
suggested, first, that the flatness leads to dual channels.5 It is 
very critical for the reaction to take either the direct [4 + 2] 
adduct-formation path or the [2 + 4] —* Cope — [4 + 2] path. 
This selectivity depends on the kind of Lewis acids as well as 
on computational methods. 

-20 
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c 1 ' 
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^ "'•••• I l .••• 
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Lewis AcidiBF-' 

Lewis Ac id :AlCU ' 

MP3/6-31GV/RHF/3-21G 

,_ _ E (Cope) h 

t ' 

Figure 6. Three potential-energy profiles of acid-free, BF3- and AICI3-
containing Diels-Alder reactions calculated by the MP3/6-31G*//RHF/ 
3-2IG method. Stabilizing (<0) or destabilizing (>0) energies (in kcal/ 
mol) relative to those of reactant (A) are as follows. For the acid-free 
system, c = +16.80, and h = -47.45. For BF3, a = -6.53, d = +6.09, 
/ = -30.76, g = -2.70, and i = -49.68. For AlCl3, b = -7.06, e = 
+2.64, and; = -53.52. 

charge-transfer complex [2+4] addition 
transition state 

intermediate 
[2+4] cycloadduct 

Cope rearrangent 
transition state 

final 
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Figure 6 exhibits energy diagrams. The direct [4 + 2] adduct-
formation path is taken for the reaction with AICI3. In the 
stepwise process with BF3, the B — C — D step is confirmed 
to be the rate-determining step. AICI3 is found to be a stronger 
Lewis acid than BF3, both kinetically and thermodynamically. 
AICI3 stabilizes the n—n complex, B, and the final product, F, 
more than BF3 does. Also, the activation energy generated by 
AICI3 is smaller than that generated by BF3. 

IV. Concluding Remarks 

This paper has dealt theoretically with Diels—Alder reactions 
uncatalyzed and catalyzed by commonly-used Lewis acids, BF3 
and AICI3. The reaction rate enhanced by Lewis acid has been 
clearly demonstrated by the computed activation energies. At 
initial stages of the acid-catalyzed additions, charge-transfer 
complexes (B's) are formed. The geometries of these complexes 
reflect the FMO interaction (Scheme 3). But unfortunately the 
nodeless orbital overlap (i) does not give rise to a covalent-
bond formation.10 As the cycloaddition proceeds, the ambigious 
overlap (i) begins to be overcome by the left-ended one (H). 
The growth of H makes the geometry quite asymmetric and 
brings the electronic charges of the diene to the enolate moiety. 

The upper part of Scheme 4 shows dual back charge-transfers. 
The weight of two canonical resonance structures determines 
the [4 + 2] or [2 + 4] selectivity. In the lower part of Scheme 
4, a spectrum from the [4 + 2] to [2 + 4] paths is shown. The 
addition without Lewis acids favors [4 + 2] over [2 + 4]. The 

(10) It was pointed out that the symmetric orbital interaction cannot work 
so importantly as the antisymmetric one in Diels—Alder reactions. See: 
Fujimoto, H.; Inagaki S.; Fukui K. J. Am. Chem. Soc. 1976, 98, 2670. 
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Scheme 3 
(i) Primary Charge Accumulation for Generating B, 

But Ineffective for a Covalent Bond Formation. 

(ii) As the Reaction Proceeds, This charge transfer , 
although Secondary at the Initial Stage, Becomes 
Effective to Overcome (i) 

HOMO 
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LUMO 

FMO at B toward ADDITION 
Transition State 

RHF/3-21G E3 of [4 + 2] is by 3.18 kcal/mol smaller than that 
of [2 + 4]. ' ' With AlCl3, it cannot be judged definitely whether 
the addition transition state is for the [4 + 2] adduct or for the 
[2 + 4] one (borderline). With BF3, the addition transition state 
leads to the [2 + 4] adduct followed by a Cope rearrangement 
toward the [4 + 2] adduct. Sometimes the [2 4- 4] adduct is 
detected. When nitroalkenes catalyzed by SnCU react with 
dienes, [2 + 4] adducts (nitronates) are obtained, not the normal-
electron-demand [4 + 2] adducts.12 These reactions belong to 
the BF3 case. 
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Scheme 4 

Back Charge-transfer after Charge Transfer from the diene 
to acrolein catalyzed by BF 3. 
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