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Abstract: The four transition structures (TS'’s) of the reaction between butadiene and acrolein, both uncatalyzed
and catalyzed by Bf-have been theoretically studied taking into account electron correlation effects by means
of DFT (B3LYP) calculations. In both the uncatalyzed and catalyzed reactiongntie s-ciss the most

stable of the four possible transition structures. In the case of the catalyzed reaction, the inclusion of electron
correlation in the search for this transition structure indicates the classied] féaction path, instead of that
corresponding to a [24] inverse electron, demands hetero-Diefdder reaction, as happens when the Hartree

Fock level of theory is used. The B3LYP/6-31G(d) calculations lead to activation energy values close to
those experimentally found. The origin of taedo/exaselectivity, both in the presence and in the absence of

the catalyst, is discussed.

Introduction dimethyl-1,3-butadiene with acrolein atrdns-crotonaldehyde
by means of RHF/3-21G calculatiohsGonZdez et al. have
considered the role of Has a hard Lewis acid in the reaction

facial selectivities of Diels Alder reactions in comparison with of cyclopentadiene with fumaric acid derivatives by means of

the uncatalyzed processes. This fact has led to a huge amoun HF/3-21G calculanor_]%. Fg'a”y’hdlé”ﬂg thg preparitlon ?]f
of experimental work, in which a wide variety of homogeneous the present manuscript, Branchadell and co-workers have
and heterogeneous Lewis acids have been used to improve thé’Ubl'shed a stu'dy on the rple Qf AlCIn the D!els—AIder
results of different DielsAlder reactions. In spite of the  ‘eaction of a chiral dienophile with cyclopentadiene.
important role of the catalyst, theoretical studies dealing with ~ Recently, we have demonstrateiat the inclusion of electron
Lewis acid-catalyzed carbo-Dield\lder reactions are rather ~ correlation effects in the geometry optimization step, using
scarce. second-order MgllerPlesset theory through MP2/6-31G(d)//
The role of BH as the Lewis acid was first considered by MP2/6-31G(d) calculations, changes the nature oktio s-cis
Birney and Houk for the reaction between 1,3-butadiene and TS of the reaction between 1,3-butadiene and acrolein, catalyzed
acrolein, and more recently, the roles of £and AICk have by BFs. In this case the TS becomes a true-@} TS, which
been theoretically studied for the same reaction by Yaneabe has been further confirmed by IRC calculations at the same
al.3 In the latter work, however, only the-cis conformation theory level. This result highlights the important role that
of the dienophile was considered. Birney and Houk based their €lectron correlation effects play in the correct description of
discussion on RHF/6-31G(d)//3-21G results, whereas Yamabethe TS geometries and energies of this reaction. Density
et al. performed transition structure (TS) searches at the RHF Functional Theory methods have been shown to be a compu-
level using a splicing 6-31G(d) & 3-21G (the latter for the Lewis tationally economical yet efficient methodology to incorporate
acid) basis set, and then they carried out single point calculationselectron correlation effects to complex systems, as are chemical
up to the MP3/6-31G(d) level. In addition, these authors reactions. Therefore, we consider it timely to complete the
investigated the reaction pathways by carrying out Intrinsic former study by calculating all four possible TS’s of thesBF
Reaction Coordinate (IRC) calculations at the RHF level. One catalyzed reaction between 1,3-butadiene and acrolein, using a

It is well-known that the use of Lewis acids leads to
significant changes in rate and regendo/expand diastereo-

of the most striking conclusions of the study by Yamabal. Density Functional Theory (DFT) method, based on the increas-
was that theendo s-cisTS of the reaction catalyzed by BF  ingly popular hybrid Becke three-parameter correlation func-
corresponds to a [R4] hetero-Diels-Alder cycloaddition,  tional plus the Lee Yang—Parr exchange functional, B3LYP.

instead of the expected{£] Diels—Alder cycloaddition. Dai DFT methods have already been shown to be useful to describe
et al. have considered the effect of Bbn the reaction of 1,1-
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TS’s of Diels-Alder reaction$;'° but to the best of our
knowledge, their performance to describe Lewis acid catalyzed
processes has only very recently been considered in the work
of Branchadell and co-workefs.

For the sake of completeness, we have also calculated the
corresponding transition structures of the uncatalyzed reaction
at the same theoretical level to gain a deeper insight into the
role of the catalyst by comparison between the uncatalyzed and
catalyzed processes.

Computational Methods

All the ab initio theoretical calculations described in this work were
carried out with the Gaussian 94 program.

Geometrical optimizations, including transition structure searches,
were carried out with the standard 6-31G(d) basis set by using the three-
parameter hybrid functional developed by Be€ka the formulation
implemented in the Gaussian 94 program (B3LYP), which is slightly
different from the original proposed by Becke. The presence of a
stationary point was confirmed in all cases by the correct number of
negative eigenvalues of the Hessian matrix. In the case of the TS, the
vibration associated with the imaginary frequency was checked to XC xT
correspond with a movement in the direction of the reaction coordinate.

In the case of thendo s-cisTS of the BE-catalyzed reaction, a mass- Figure 1. Some selected distances of the transition structures of the
weighted Cartesian coordinate IRC calculation was carried out at the reaction between acrolein and 1,3-butadiene, calculated at the B3LYP/
B3LYP/6-31G(d) level, using the method of Géteaand Schlegef 6-31G(d) theory level.

to confirm that this TS leads to the{£2] cycloadduct.

Single point energy calculations were carried out on all the stationary — zsx LA ) &
points found at the B3LYP/6-3HG(2d,p) level, based on the ',‘:;.Lp;' " g i DP.
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Geometries of the Transition Structures. There are four I ) g - ¥
possible transition structures (TS) for the uncatalyzed reaction, L
depending on the approach of the diene with respect to the BNC oM
carbonyl group of the dienophile, and on the conformation of L=
the latter: endo s-cis, endo s-trans, exo s;@sdexo s-trans i
Following the convention previously establisifade will denote %?'L-ﬂ T"L i;ﬁ"" =Ll
these TS’s as NC, NT, XC, and XT, respectively. For the B e 'I_' P .
. . y . K - L K]
catalyzed reaction, there are also four possible TS’s on keeping P | - R e &
the BRs in its most stable dispositiong. in asynposition with ) ;,,H i ? : I
respect to the carbonyl hydrogen atom, as in the reactant. By g v ﬁ",;:‘&_* o .- .?L_JL
analogy, we will denote these structures as BNC, BNT, BXC, d o
and BXT. BN BT

Some selected geometrical parameters of the calculated TS’Srigure 2. Some selected distances of the transition structures of the
are shown in Figures 1 and 2. In the case of the uncatalyzedreaction between acrolein and 1,3-butadiene, catalyzed by BF
process (Figure 1), all the TS’s correspond to a concerted, butcalculated at the B3LYP/6-31G(d) theory level. For BNC, some HF/
asynchronous, reaction pathway. The extent of the synchronicity 6-31G(d) (plain text) and MP2/6-31G(d) (italic) values, taken from ref
can be measured by means of the difference between the’, are also given.
distances of the bonds that are being formed in the reactions,

i.e. Ad = (C;—Cy) — (Cs—Cg), with the first always being As it can be seen, .thes-trans TS’s are aIvyays more
longer. synchronous than ths-cis TS’s, which has previously been
explained in terms of the differences in the LUMO coefficients
(9) (a) Goldstein, E.; Beno, B.; Houk, K. N. Am. Chem. Sod.996 of the acrolein in itss-cisands-transconformationt3

118 6036. (b) Wiest, O.; Houk, K. NTop. Cur. Chem.1996 183 1 and ; ;
references cited therein. As far as the catalyzed process is concerned (Figure 2), the

(10) (a) Froese, R. D. J.; Humbel, S.; Morokuma, X.Phys. Chem. first question to be addressed is the special nature of BNC. As
1997, 101, 227. (b) Jursic, B. S.; Zdravkovski, 2. Chem. Soc., Perkin  already reportedthis TS corresponds to af2] hetero-Diels-

Trans. 21995 1223. (c) Jursic, B. S]. Org. Chem1995 60, 4721. Alder r ion when th lculation r rform h
(11) GAUSSIAN 94 (Revision C.2 and D.3), Frisch, M. J.; Trucks, G. der reactio en the calculations are performed at the
W.; Schlegel, H. B.; Gill, P. M. W.; Johnson, B. G.; Robb, M. A Hartree-Fock level of theory. However, when electron cor-

Cheeseman, J. R.; Keith, T. A.; Petersson, G. A.; Montgomery, J. A.; relation is considered through the MP2 scheme, the correspond-
Raghavachari, K.; Al-Latham, M. A.; Zakrzewski, V. G.; Ortiz, J. V., jng BNC TS leads to the expected 2] cycloadduct.

Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; Nanayakara, A.; Challa- o : -
combe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.; Wong, M. W.; Argjre Therefore, it is necessary to assess the behavior of B3LYP with

J. L; Replogle, E. S.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Binkley, J. regard to this very special system. From a purely geometrical
S.; Defrees, D. J.; Baker, J.; Stewart, J. J. P.; Head-Gordon, M.;’@anza  viewpoint, the B3LYP TS lies approximately halfway between
C.; Pople, J. A.; Gaussian, Inc.: Pittsburgh, PA, 1995.

(12) (a) Gonzkez, C.; Schlegel, H. BJ. Chem. Phys1989 90, 2154. (13) Loncharich, R. J.; Brown, F. W.; Houk, K. N. Org. Chem1989
(b) GonZdez, C.; Schlegel, H. BJ. Phys. Chem199Q 94, 5523. 54, 1129.
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Table 1. Relative Energies and Thermodynamic (at 298.15 K) Table 2. Activation Energies, Enthalpies, and Free Energies (in
Properties (in kcal mot) of the Transition Structures of the kcal mol?) of the Reaction between 1,3-Butadiene and Acrolein,
Reaction between 1,3-Butadiene and Acrolein, Uncatalyzed and Uncatalyzed and Catalyzed by BFcalculated at the B3LYP/
Catalyzed by BE; Calculated at the B3LYP/6-31G(d) Theory Level  6-31G(d) Theory Level
TS AAan AAEggg AAHzgg AAngg TS Agoa AEtzgg AH*zgg AG*zgg
NC 0.00 (0.00) 0.00 0.00 0.00 NC 17.9 (21.5) 19.7 19.1 32.7
NT 1.45(1.37) 1.24 1.24 1.27 NT 19.4 (22.9) 20.9 20.4 33.9
XC 0.01 (0.22) 0.06 0.06 —0.01 XC 17.9 (21.7) 19.8 19.2 32.7
XT 2.12 (1.74) 1.93 1.93 1.82 XT 20.1 (23.3) 21.6 21.0 34.5
BNC 0.00 (0.00) 0.00 0.00 0.00 BNC 7.3(11.2) 9.3 8.7 23.2
BNT 2.29 (2.32) 2.25 2.25 2.50 BNT 9.6 (13.5) 11.6 11.0 25.7
BXC 1.66 (1.93) 1.72 1.72 1.48 BXC 9.0 (13.2) 11.0 10.4 24.3
BXT 5.72 (5.49) 5.61 5.61 5.14 BXT 13.0(16.7) 14.9 14.3 28.3

aValues in parentheses correspond to single point energy calculations 2 Values in parentheses correspond to single point energy calculations
at the B3LYP/6-311G(2d,p)//B3LYP/6-31G(d) level. at the B3LYP/6-313G(2d,p)//B3LYP/6-31G(d) level.

the corresponding RHF and MP2 TS’s (Figure 2). However, From a quantitative viewpoint, the energy differences between
if one compares the £C, and the G—O distances, it can be  the TS’s are magnified by the presence of;Bfn particular,
seen that the B3LYP TS is indeed more similar to the MP2 TS, BXT appears to be relatively less stable in comparison to the
in both cases £-0O being longer than £-C,. The frequency other TS’s.
analysis corroborates this first impression. When the imaginary
frequency (338.4i cmt) of the B3LYP TS is graphically  Discussion
represented, it can be seen that the two couplesGz and Activation Barriers. The calculated activation barriers for
C4—O have a bonding movement in the TS. However, the he foyr TS's of the uncatalyzed and catalyzed processes are
vector modulus for the C-C, movement is greater (0.316) than  g4thered in Table 2, together with the activation enthalpies and
that corresponding to the,€0 movement (0.154). Finally, a  free energies calculated from the thermodynamic properties at
mass-weighted Cartesian coordinate IRC calculéiconfirms 298.15 K.
that the B3LYP TS leads to a{#] cycloadduct, as happens The experimental value of the activation enthalpy in the gas
with the MP2 calculation. It can then be concluded that the yhaqe of the reaction between 1,3-butadiene and acrolein is 19.4
inclusion of electron correlation effects in the TS optimization | 5| mor1.14 Also, the activation free energy of the reaction
step is essential to correctly describe the reaction course. between cyclopentadiene and acrolein in the gas phase is 25.5
It is worth noting that, apart from the particular values for egl mot1.14
the G—C, distance and the result of the IRC calculation, there  The B3LYP/6-31G(d) calculations lead to a value for the
are no other special geometrical differences between the RHF 5ctivation enthalpy (19.1 kcal mdl) that is in excellent
BNC TS and the BSLYP BNC TS's. agreement with the experimental value for the same reaction in
With regard to the uncatalyzed reaction, the B3LYP TS’s of the gas phase. Also, the calculated activation free energy (32.7
the catalyzed process are always more asynchronous, which iscal mol?) seems to be in reasonable agreement with the
mainly due to longer &-C; distances. experimental value for the reaction between cyclopentadiene
Birney and Houk have pointed out the flexibility of the TS’s  and acrolein when the greater reactivity of cyclopentadiene with
of the BHy-catalyzed reaction between acrolein and butadiene. respect to the 1,3-butadiene is taken into account. Finally, the
This flexibility is also observed in the TS’s of the BEatalyzed B3LYP value of the activation energy (17.9 kcal mblis also

process. In particular, the value of the dihedral angle G;— close to the 16.8 kcal mot calculated for the same reaction at
Cs—Cy corresponding to BNT is 26?Qwhereas those values  the MP3/6-31G(d)//RHF/3-21G leval.
corresponding to BNC, BXC, and BXT {0 1(°, and 3, The use of a more extended basis set does not improve the

respectively) are closer to planarityg., there is a considerably  results, so the essential features of these TS’s seem to be well
greater degree of twisting about the stronger forming bond, represented by the medium-sized 6-31G(d) basis set. Therefore,
which indicates a behavior particular to this TS. as other authors have concluded previo§sfthe B3LYP/6-

Energies of the Transition Structures. The calculated total ~ 31G(d) level seems to constitute an excellent compromise
energies of the reactants (in their most stable conformations) between computational cost and accuracy of the energetic results
and the TS’s of the uncatalyzed and catalyzed processes [at thdor the study of Diels-Alder reactions.

B3LYP/6-31G(d) and B3LYP/6-31tG(2d,p)//B3LYP/6-31G- Although there are no experimental values for the catalyzed
(d) levels] are given in the Supporting Information. The relative reaction, we can compare the calculated values with the
energies of the TS’s (relative to NC and BNC) are gathered in activation enthalpy experimentally determined for the reaction
Table 1. The computed thermodynamic properties of reactantsbetween 1,3-butadiene and methyl acrylate, catalyzed bysAlCI
and TS's for the same reactions, from B3LYP/6-31G(d) (10.4 &+ 1.9 kcal mol?).2> From this comparison, it seems
frequency calculations, are given in the Supporting Information, reasonable to conclude that B3LYP barriers are in good
whereas the relative values for the TS’s (relative to NC and agreement with the experimental values also in the case of the
BNC) are gathered in Table 1. catalyzed reaction.

With regard to the uncatalyzed reaction, the calculated energy ~ With regard to the uncatalyzed reaction, the activation barriers
order of the TS’s is NC< XC < NT < XT. With regard to are always lower, which reflects the accelerating effect of the
the catalyzed process, the energy order is BNBXC < BNT Lewis acid. The decrease in the activation barrier isafl0
< BXT, i.e,, the presence of the Lewis acid does not change kcal mol** for BNC in comparison to NC.
the relative energies of the TS’s. As a general conclusianis
andendoTS’s are always more stable than thsitransand i
exocounterparts, respectively. (15) Inukai, T.; Kojima, T.J. Org. Chem1967, 32, 872.

(14) Kistiakowski, G. B.; Lacher, J. Rl. Am. Chem. Sod936 58,
123
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Table 3. Decomposition of the Potential Energy Barriers (in kcal mpfor the Reaction between 1,3-Butadiene and Acrolein, Catalyzed by
BF;, Calculated at the B3LYP/6-31G(d) Theory Level

deformation interaction
TS acrolein Bk butadiene total acrolein/BF diene/dienophile total s-cig/s-trans AE*
BNC 11.4 9.8 12.1 333 —16.8 —11.0 —27.8 1.8 7.3
BNT 10.1 10.1 15.4 35.6 —14.5 —-11.5 —26.0 9.6
BXC 12.5 9.7 12.5 34.7 —15.3 —-12.2 —27.5 1.8 9.0
BXT 8.9 111 16.4 36.4 —12.7 —10.7 —23.4 13.0

Zero-point and thermal corrections tend to slightly increase methyl vinyl ketone, calculated at the same theoretical Ie¥el).
the activation energies, but the relative differences between TS’sThis particular behavior of XT has also been reported for the
remain unchanged. The use of extended basis sets also tendseaction of 1,3-butadiene with methyl acrylafe.
to increase the activation energies, but once again, the energy This situation also holds in the case of the B3LYP/6-31G(d)
differences between the different TS’s do not change very much. calculations for the uncatalyzed and catalyzed reactions. Thus,

The partition of the activation potential energy can be useful thes-transTS'’s are always morendoselective than theis-cis
to rationalize the origin of the decrease in the activation barriers counterparts. In the case of the uncatalyzed process, if one
induced by the Lewis acid. However, the decomposition of accepts that most of the reaction goes throughstiees TS's,
the activation potential energy is not straightforward in the case there is neendoselectivity at all. This result indicates that the
of the catalyzed process. This is due to the fact that the secondary orbital interactions, if they exist, must be of relatively
dienophile is not a single molecule, but a complex. Thus, the little importance from an energy viewpoint. On the other hand,
difference between the energy of the complex in its ground statein the case of the catalyzed process, t®tlisands-transTS’s
and in the TS geometry consists not only of the deformation displayendoselectivity, although this is more important for the
energy, but also any differential interaction between the acrolein |atter. Therefore, the role of secondary orbital interactions
and the Bk. To circumvent this situation, we have considered cannot be ruled out in these cases. We will return on this point
a somewhat more complicated scheme, in which the acrolein pelow.
and the Bl moieties of the complex are considered indepen-  There have been several attempts to explain the origin of the
dently. In this form, we can calculate the pure deformation relative energies of the TS’s of Diet#lder reactions. Some
energy for each part of the TS (acrolein, 8&nd butadiene),  authors have described that, for unsymetrically substituted
the enhanced interaction energy between acrolein apavBen dienophiles, the more asynchronous the TS, the lower the
passing from the ground state to the TS geometry, and theparrier202 Although it is difficult to find a rigorous theoretical
interaction energy between the diene and dienophile moieties.jystification for this result, it has become an empirical rule that
The results of this analysis are gathered in Table 3. holds for a variety of DielsAlder reactions. It has been

The significant values of the enhanced interaction energy recently described that kinetic isotope effects calculated at the
between the acrolein and the 8&n passing from the reactant B3| YP/6-31G* level for Diels-Alder reactions of maleic
to the TS should be noted. If the deformation energy is anhydride are essentially coincident with the corresponding
discounted, the enhanced acroteBF; interaction in the TS experimental value® so that the degree of synchronicity
results in a stabilization of 7 kcal md i.e. most of the decrease  ¢g|culated by this method is highly reliable. Therefore, we can
in the activation barrier observed on passing from the uncata- yse our results to test if the above mentioned empirical rule is
lyzed to the catalyzed reactioeg 10.5 kcal motl) can be also of general validity in the present system.

explained on the basis of this effect. A similar effect has g can be seen from Figure 1, in the case of the uncatalyzed
previously been described in the case of the interaction betweenprocessy thes-trans TS's are always more synchronous than

methyl vinyl ketone and water molecules, using a very different their s-ciscounterpartsd = 0.4280s 0.612 for theendoTS’s,
methodology:® On passing from the reactant to the TS, the 554 o 3855 0.621 for theexoTS's), so it would be expected
hydrogen bond interaction increases, resulting in a differential 5 they were also higher in energy, as is indeed the case (Table
solvation of the TS, and hence in a decrease of the activationz). On the other hand, following this criteria, XC should be

barrier. , o slightly more stable than NC, which is not the case, given that
Energy Differences between the TS’s (Selectivities)it has at this level both TS’s have practically the same energy.
aI:eadyTgeen reported dfor olth?.r retlstedthsysﬂ.ér_?g:[hat_rthhe This discrepancy is even enhanced in the case of the catalyzed
s-rans’>'s are moreendoselective than the-cis 15's. This process. As in the precedent case,dHeansTS'’s are always
has generally been explained due to the particular instability of more synchronous than theisciscounterpartsAd = 0.761us
:hglexo s-ttrqgns.'l'st. tl)q.tthehcase fct>f thi reactlons_t?fdcyflop?n-. 0.894 for theendoTS’s, and 0.3855 0.621 for theexoTS's;
tadiene, his Instability has often been ascribed 10 Steric 4. Figure 2), which is in agreement with their higher energy.
interactions between the methylene group of the diene and theHowever following the same assumption, BXC should be

) o 1718 o . -
Q|etr_10p_hllﬁ-1% Th‘?se f]t_eﬂclgt(ta)ra}[ctcquns are moc;e d'mcug. to clearly more stable than BNC, and BXT slightly more stable
justify in the case in which 1,3-butadiene is used as the 1€Ne, 1 an BNT, which is not the case.

but the energy difference between NT and XT is also smaller . iy
%y As a conclusion, the empirical rule that relates the degree of

ggtrwz);ml\lp!l? ’aidl ;.?6}:1 Thill riig%?i?i;; ozp;:nlt(;(‘;lilerr?f lwith synchronicity with the relative energies of the TS’s lacks general
validity, above all in the case of catalyzed systems.

(16) Blake, J. F.; Jorgensen, W. L. Am. Chem. S0d991 113 7430.

(17) Ruiz-Lgpez, M. F.; Assfeld, X.; Gafe, J. I.; Mayoral, J. A.; (20) Jorgensen, W. L.; Lim, D.; Blake, J. B. Am. Chem. Sod.993
Salvatella, L.J. Am. Chem. S0d.993 115, 8780. 115 2936.

(18) Jorgensen, W. L.; Lim, D.; Blake, J. B. Org. Chem1994 59, (21) Froese, R. D. J.; Organ, M. G.; Goddard, J. D.; Stack, T. D. P;
803. Trost, B. M.J. Am. Chem. So0d.995 117, 10931.

(19) Garca, J. |.; Mayoral, J. A.; Salvatella, [Tetrahedron1997, 53, (22) Beno, B. R.; Houk, K. N.; Singleton, D. A. Am. Chem. So2996

6057. 118 9984.
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The relative stability of theendoover theexo TS'’s in the E

case of the catalyzed process deserves particular comment. The - n— L I!"’ﬂ" B

Lewis acid induces a strong polarization of the dienophile :f.\‘_ﬂ_ﬁ ‘-'1'_\“ ‘-a' 31 n-'."r iy
molecular orbitals, and changes their energies, giving rise to I‘C -:"'« - i F
higher interactions with the diene, and for this reason, the role - ‘ﬂ'-ﬂl. k J _dr-!"'f S,
of the possible secondary orbital interaction must be considered. e :\I) “aig y J
“Classical” secondary orbital interactions are only possible — \J
between G and G for endoTS’s BNC and BNT. In the case

of BNC, a G—O interaction can be expected on the basis of e BNT

the nature of the RHF TS and the MP2 and B3LYP IRC

calculations, which show that these atoms are close to each other g 3 e
during a large part of the reaction path. A third possibility lies i 1’ ’ FWE ! i
in a new type of orbital interaction, postulated by Singléton | B i . i L
for the endo s-transTS of the reaction studied by Birney and ?j? e t a Jor .y 1
Houk2 The so-called “[4-3] interaction” is a bonding interac- m L

tion between gand G, and has been explained on the basis of ,__h__jr \:M_J

frontier molecular orbital consideratio”%. Although this

interaction was not discerned for the correspond#rg TS's BHC BXT

in the above-mentioned work, there is no geometrical reason,

at least in principle, by which this interaction should discriminate Figure 3. Electron density isovalue surfaces (at the 0.013 au level) of

betweenendoandexoTS’s. In fact, examination of the & the transition structures of the reaction between acrolein and 1,3-

Cy distances in the four TS’s (Figure 2) reveals that this distance butadiene, catalyzed by BFtalculated at the B3LYP/6-31G(d) theory

is similar to G—C, in the case of BNC and BXC, and is even level.

shorter in the case of BNT. Only in the case of BXT is-C Finally, at the 0.020 au level, only the interactions between

longer than G—Cx. C,—C7 and G—C; are visible in the case of BNT and these are
One possibility to test the existence and relative importance only weak.

of all the aforementioned interactions lies in the values of the  From this analysis, it seems that the strongestG

Mulliken overlap polulation. The analysis of the SCF density secondary interaction occurs in BNT, which is in agreement

in the case of the B3LYP calculations reveals that the “classical” with the Mulliken overlap population results and, above all, with

Cs—Cy interaction in the endo TS’s (0.000 for BNT and 0.009 the geometrical differences found for this TS{€; distance

for BNC) cannot account for any change in the selectivity of shorter than €-C,, higher G—Cs—Cs—C; torsion angle). In

the reaction. In the case of BNC, there is a significapt O the case of BXT, the only detectable interaction is that of the

overlap (0.031), although it is weaker than the-C, overlap second C-C bond formed in the reaction, again in agreement

(0.056). The G—Cy overlap is more important in the case of with the geometric and Mulliken overlap population results.

BXC and BNT (0.041) than for BNC and BXT (0.028), which BXC and BNC also display a secondary-€C; interaction but,

clearly shows that this secondary interaction is possible in both in each case, this is weaker than that observed for BNT. Finally,

endoandexoTS’s. Finally, the new €&-C, bond presents a  a G,—O interaction is clearly present in BNC, although it seems

more important overlap in the case of the most synchronousto be weaker than the,€C; interaction.

TS, i.e. in BXT the value is larger (0.102) than in the TS's It then can be concluded that the energy differences between

BXC (0.060) and BNT (0.067). the four TS’s will depend in part on the number and strength

Another possibility lies in the examination of the integrated ©Of the secondary interactions. Thus, in BXT only the “primary”
electron density of the TS's. Figure 3 shows the results obtained C1—Cz interaction is present, with the,€C; interaction being
from the B3LYP/6-31G(d) calculations as an isovalue surface €ither non-existent or very weak. BNT benefits from the
atthe 0.013 au level. As can be seen, the G; interactionis ~ Strongest &-Cy interaction, although the€ C; interaction is
present in all cases, whereas the—C; interaction is not  Probably less important than in BXT. BXC also exhibits both
detectable at this level. In the case of BNC, thg—O the G—C; qnd the G—C; interactions, but |Fs rglatlve yveakness
interaction is also visible as an overlap density zone (marked (in comparison to BNT) does not agree with its relative energy.
with an arrow in Figure 3). One method to qualitatively estimate Finally, BNC does not have any clearly dominant interaction,
the importance of these interactions is to examine the isovaluePUt this TS does have the largest number of interactions: C

surfaces at higher levelise. enclosing lower proportions of the ~ ©2 C2=C7, and G—0O. This observation adds new value to
t the “maximum accumulation of unsaturations” idea, present in

total electron density. On doing this, it can be observed tha o , : : -
at the 0.016 level, the /2O interaction is no longer visible in the original Alder rule, and will be subject of further investiga-
tions.

BNC, whereas both the £C7; and G—C; interactions appear

as a single connection between the diene and dienophile
moieties, just in the middle between the two “bonds”. The same
situation occurs at this level in the case of BXC. Increasing Several conclusions can be drawn from the results described
the representation level to 0.018 au results in the total disap-for the uncatalyzed process. First of all, the activation barrier
pearance of all the interactions between the diene and theof the reaction, calculated at the B3LYP/6-31G* theoretical
dienophile (except, of course, that of the most formed bond, level, is in excellent agreement with the experimental value in
Cs—Cq) in the case of BNC and BXC, whereas both the-C ~ the gas phase.

C; and the G—C, interactions are still clearly visible in BNT, The energy ordering of the four TS’s is NE XC < NT<
with only C;—C; visible in BXT. XT. The relative energies of NC and XC point to a negligible

role of “classical” secondary orbital interactions for the uncata-
(23) Singleton, D. AJ. Am. Chem. S0d.992 114, 6563. lyzed reaction.

Conclusions
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In the case of the catalyzed reaction, we have demonstratedmore important in theendo TS, due to their number and/or
that the inclusion of electron correlation effects in the search strength.
for the TS is absolutely necessary to describe BNC as a TS Finally, as a consequence of the results described above,
leading to a [4-2] cycloaddition. In this respect, the BSLYP  B3LYP/6-31G(d) constitutes a more than acceptable compro-
method is suitable for describing this kind of system, and mjse between computational cost and quality in the description
computationally much more economical than the MP2 scheme, of the system, and should be routinely used for the study of

previously reported. ) o transition structures of both uncatalyzed and catalyzed Biels
The B3LYP calculations predict greater asynchronicity of the a|der reactions.

catalyzed reaction in comparison to the uncatalyzed process,
aswellas a S|gq|f|cant decrease of the activation bgrner. Both Acknowledgment. This work was made possible by the
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tions. In this respect, “classical” secondary interactions do not
play any significant role in this reaction. However, an interac-
tion between the carbonyl atom of the dienophile and the carbon
atom of the diene, involved in the later-C forming bond (the
“[4+3] interaction” postulated by Singleton), appears to be a
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