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The relative frontier orbital coefficient magnitudes of acrolein were determined from ab initio SCF molecular
orbitals. These frontier orbital coefficients favor the experimentally observed regioisomer in the dimerization of
acrolein. Various all valence electron semiempirical SCF MO methods agree with the ab initio calculations on the
origin of regioselectivity in the reaction. First-order charge interactions were not useful in predicting the regiose-
lectivity of the reaction. Generalized rules for the prediction of the regioselectivity in cycloadditions involving
three terminal carbon atoms and one terminal oxygen atom are given.

The regioselectivity in the dimerization of acrolein has
been of theoretical interest !5 over the last several years.
Salem? found that Hickel orbital interactions favored re-
gioisomer Il whereas only rcgioisomer I occurs experimen-
tally. A later calculation by Devaquet and Salem* using =

CHO CHO
~
G =,
~ CHO
i I

SCF MO’s and including first-order charge interactions as
well as overlap was found to be in agreement with the ex-
perimental results. However, the major contribution (60-
70%) to the stabilization of I relative to II arose from the
electrostatic term. This is confusing because consideration

of the = charge densities of acrolein would lead to the
wrong prediction.! There is also some question about the
reliability of the overlap energy term in this calculation be-
cause it predicts that the exo approach is more stable than
the endo for regioisomer II. This prediction is contrary to
orbital symmetry considerations®? and experimental evi-
dence,? which indicate that the endo configuration is more
stsble than the exo. Later, Eisenstein, et al.,! was success-
ful in predicting the observed regioisomer I using a frontier
orbital approach based on Hiickel orbitals. However,
Houk? has recently found that various molecular orbital
methods disagree on the relative coefficient magnitudes of
the HOMO of acrolein. Consequently, the origin of the reg-
ioselectivity in the dimerization of acrolein is presently un-
clear. In this paper, we have reexamined this reaction
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Table I
Eigenvectors of the Highest Occupied Molecular Orbital and the Lowest Unoccupied Molecular Orbital of Acrolein
0
4
7
) ) HOMO N LUMO N
Mdefnué:hro%rbnal Configgfnaetrmal 0 c-1 c-2 c-3 0 c-1 c-2 c-3
INDO Cisoid —0.578 —0.266 0.503 0.584 —0.499 0.483 0.386 —0.607
INDO Transoid 0.578 0.273 —-0.499 -0,586 —0.500 0.479 0,393 -0.605
CNDO/2 Cisoid 0.578 0.284 —0.494 -0.584 0.504 —0,468 —0.397 0.608
CNDO/2 Transoid 0.578 0.291 —-0.489 —-0.585 —0.504 0.464 0.404 —0.601
CNDO/S Cisoid 0.391 0.052 -—0,655 —0,644 0,367 —0.426 —0.479 0.6875
CNDO/S Transoid 0.391 0.063 —0.638 —0.661 -—0.367 0.420 0.502 —0,662
Tterative extended (Cisoid 0.559 0.188 -0.461 -0.557 -0.675 0.576 0.225 —-0.619
Hiickel
Iterative extended Transoid 0.557 0.180 -~0.465 -0.556 -—0.680 0.5717 0.213 —-0.621
Hiickel - .
MINDO/2 Cisoid —-0.464 —0.175 0.598 0.630 0.428 —0.423 -0.471 0.645
MINDO/2 Transoid —0.464 —0.187 0.584 0.639 0.425 -0,418 —0.490 0.635
Ab initio® Transoid 0.415 0.223 —0.546 -0.595 0.574 —-0.459 -—0.464 0.653
Ab initio® Transoid 0.391 0.227 —-0.559 -—0,583 0.565 —0.414 —0.490 0.683
a Reference 9. ? Reference 10.
through ab initio and the various semiempirical molecular :
orbital methods to determine the origin of its regioselectiv- 0
ity. //
) ) 2 I > | c—=¢C,
Results and Discussion // 2
Since the various semiempirical molecular orbital meth- 3 3 C3
ods (CNDO/2, INDO, Hickel, extended Hiickel, MINDO/
HOMO LUMO ACROLEIN

2) disagree on the relative coefficient magnitudes of the
frontier orbitals of acrolein,? we have determined the rela-
tive coefficient magnitudes from ab initio SCF calcula-
tions. We feel that the eigenvectors of the ab initio calcula-
tions should be more reliable than the semiempirical meth-
ods. One good STO minimal basis ab initio SCF calcula-
tion was available?® in the literature and we have also car-
ried out a minimal gaussian (4G) basis set calculation!®
using Clementi single {’s.!! Even though the two ab initio
calculations use slightly different orbital screening con-
stants, they agree well for the relative coefficient magni-
tudes of the frontier orbitals (T'able I). Both methods pre-
dict that the highest occupied molecular orbital (HOMO) is
a = molecular orbital and that the nonbonding molecular
orbital is of lower energy. The lowest unoccupied molecular
orbital (LUMO) is a m molecular orbital in both methods.
The relative ab initio coefficient magnitudes of the frontier
orbitals of trans-acrolein are given in Figure 1.

Since ab initio calculations require considerable
amounts of computer time, it is advantageous to carry out
such molecular orbital investigations with semiem pirical
methods. Therefore, the agreement of the various all-va-
lence electron semiempirical methods with the ab imitio
calculations was determined.l? The CNDO/S!¢ and
MINDO/2%5 methods predict similar frontier orbital coeffi-
cients for ¢trans- acrolein (Table I). The relative coefficient
magnitudes of these methods agree well with the ab initio
calculations. The only disagreement is in the magnitude of
the LUMO coefficient of the oxygen, which the semiempir-
ical methods predict to be smaller in magnitude than the
LUMO coefficient of the C-2 position. The INDO and
CNDO/2'6¢ methods have several disagreements with the ab
initio calculations on the frontier orbital coefficients. They
predict a reversal in the relative LUMO coefficient magni-

Figure 1. Relative coefficient magnitudes of the frontier orbitals
of trans-acrolein from ab initio calculations.

tudes of the C-1 and C-2 positions and an oxygen HOMO
coefficient of equal magnitude with the C-3 position. Final-
ly, the iterative extended Hickel'” method has the most
disagreement with the ab initio calculations. Its disagree-
ments are an oxygen HOMO coefficient of equal magnitude
with the C-3 position, a reversal in the relative LUMO
coefficients magnitudes of the C-1 and C-2 positions, and
an oxygen LUMO coefficient that is larger than the C-3
coefficient. ‘

When trans-acrolein is rigidly rotated to cis-acrolein,
the only change in the relative coefficient magnitudes of
the semiempirical frontier orbitals was that the HOMO C-2
coefficient became larger than the HOMO C-3 coefficient
in the CNDO/S method (Table I). Even if this change in
the relative CNDO/S coefficient magnitudes of HOMO is
real, it will not affect the conclusions drawn from the fron-
tier orbital coefficients concerning regioselectivity. There-
fore, the relative ab initio coefficient magnitudes of the
frontier orbital of ¢rans-acrolein will be used for cis- acro-
lein.

It has been shown!27 that the regioselectivity of a con-
certed cycloaddition process can be predicted from pertur-
bation molecular orbital theory. The expression for the en-
ergy change which accompanies the orbital overlap of two
molecules involved in a cycloaddition process is as follows.?

2
occ  unoge unoce 0¢¢ (ancb')’ab>
ap=2(3 ¥ - B INE 2@
R S R S R S
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Table I1
Net = Charges of Acrolein
0
w
7
Molecular orbital Conformational
method isomer o] C-1 c-2 Cc-3

INDO Cisoid -0.228 +0.180 —0.023 +0.055
INDO Transoid —-0.221 +0.175 —0.014 +0.060
CNDO/2 Cisoid —~0.200 +0.157 —0.019 +0.062
CNDO/2 Transoid -~0.193 +0.153 -0.011 +0.051
CNDO/S Cisoid —0,396 +0.341 —0.050 4+ 0.105
CNDO/S Transoid ~-0.389 +0.340 -0.006 +0.055
Iterative extended Cisoid —-0.,127 —-0.009 +0.030 +0.106

Hiickel
Iterative extended Transoid —0.123 —0.020 +0.029 +0.115

Hiickel
MINDQ/2 Cisoid —0.254 +0.217 -0.033 +0.070
MINDO/2 Transoid —-0.247 +0.215 - 0.002 +0.035
Hickel* Transoid —0.529 +0.333 ~0.034 +0.228

@ Reference 1.

In this expression v, is the atomic orbital transition
state resonance integral for atomic orbitals a and b in MO’s
R and S, and ¢, is the atomic orbital coefficient at atom a
in the molecular orbital R. The theory predicts? that the
principal stabilization of the transition state will arise from i [‘ | l
the HOMO-LUMO pair of addend frontier orbitals which 2 2
are closest in energy, and that the larger terminal coeffi- 2
cients on each addend will become bonded preferentially in 2 3
the transition state.!® In the dimerization of acrolein, the 3
four terminal atoms are not the same type. Thus, the reso- 3 3
nance integral, vap, will not be a constant in eq 1 and con- ‘
sideration must be taken of its magnitude. The yce and HOMO diene~ LUMO diene -

vco for a 2pa, 2po overlap as a function of distance are
available in the literature.!® The y¢c is significantly larger
than vco at interatomic distances of 3.0-1.75 A: thus, the
carbon—carbon orbital interactions will have the greater ef-
fect on the stability of the transition state. Consequently,
only the carbon-carbon orbital interactions will be consid-
ered in predicting the regioselectivity in the dimerization of
acrolein.

In this cycloaddition reaction both frontier orbital inter-
actions, HOMO diene-LUMO dienophile and LUMO
diene-HOMO dienophile, have the same energy separation
and will equally affect the regioselectivity of the reaction.20
Using the relative terminal coefficient magnitudes of acro-
lein in Figure 1, the theory predicts that both frontier or-
bital interactions favor the observed regioisomer I. The ap-
proach which yields regioisomer I allows bond formation
between the C-3 positions of the reactants where the termi-
nal coefficients of HOMO and LUMO are the largest (Fig-
ure 2). The other possible regioisomer II is not favored by
either frontier orbital interactions because the largest coef-
ficients of HOMO and LUMO do not become bonded (Fig-
ure 3). Thus, the frontier orbital approach accounts for the
high degree of regioselectivity observed in the dimerization
of acrolein. '

When the terminal coefficients of the semiempirical
methods are used in this approach, they also predict that
both frontier orbital interactions favor regicisomer I. Even
if we assume that ycc and yco are equal in magnitude,
thereby considering carbon-oxygen and carbon—carbon or-
bital interactions, all the SCF molecular orbital methods
except the iterative extended Hiickel favor regioisomer 1.

LUMO dienophile HOMO dienophile

Figure 2. Frontier orhital.interactions yielding regioisomer I.

et g0

HOMO diene- LUMO diene-
LUMO dienophile HOMO dienophile
Figure 3. Frontier orbital interactions yielding regioisomer II.

Consideration was also given to the effect of secondary
orbital interactions between the C-1 position of the dieno-
phile (trans-acrolein) and the C-1 and C-2 positions of the
diene (cis-acrolein) on the regioselectivity of the reaction
(Figures 2 and 3). We found that the C-2 coefficient of the
HGMO and the LUMO of the diene was larger than the
corresponding C-1 diene coefficient. Thus, the stabilization
of the endo transition state is greater when C-1 of the di-
enophile is near C-2 of the diene, thereby favoring the un-
observed regioisomer II. Consequently, the secondary or-
bital interactions make a minor contribution to the stabili-
zation of the regioisomers.

Earlier we stated that Devaquet and Salem? had indicat-
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Table I1I
Change in Energy® Due to First-Order = Charge
Interactions for the Dimerization of Acrolein
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The iterative extended Hiickel and minimal gaussian ab
initio methods were not used in the above calculations be-
cause of the unrealistic atomic charge densities predicted
by these methods. For example, the iterative extended

o Regtolsomer Hiickel predicts that all the atoms of acrolei t
otbita . . endo tickel predicts that all the atoms of acrolein except oxy-
method (ex) (o) ! (endo) 1 end) gen are positively charged (Table IV). This electron distri-
INDO 0.337 —0,.368 0.411  —0.279 bution appears to be another example of the method’s ov-
CNDO/2 0.310 —0.269 0.367 —0.202 eremphasis of ionic contributions. Also, the_. qb initio
CNDO/S 0.764 ~0.725 1.187 —0.327 charge densities appear to be more characteristic of the
MINDO/2 0.316 ~0.299 0.482 —0.141 bgsis set than a true effect.23 For example, the method pre-
Hiickel 3' 951 _ 3 412 3.826 —3.312 dicts that the C-2 and C-3 carbons have more electron den-
: ) ) ) sity than the oxygen (Table IV).
a In kilocalories per mole. The origin of the regioselectivity predicted from the
Table IV

Net Atomic Charges of Acrolein

3

H
D
sH 3<' e

H,

0

Net atomic charges

Mole;:rtllel‘?ﬁocg‘bital : Conifsorrmn:.‘;ional ﬁO c-1 co2 C-3. ;9_4 H-5 He6 He7 N
INDO Cisoid —-0.286 +0.338 —0.042 +0.056 -—0.078 +0.002 -0.002 -+0.011
INDO Transoid —0,283 +0,334 —0.041 +0.045 -0.073 +0.015 0.0 +0.003
CNDO/2 Cisoid —0.231 +0.244 -0.039 -+0.009 —-0.042 -+0.014 +0.017 +0.029
CNDO/2 Transoid —0.228 +0.239 —-0.039 -0.001 -0.037 +0.027 +0.021 +0.018
CNDO/S Cisoid —-0.468 +0.398 -0.073 -0.019 +0.017 +0.030 +0.048 +0.0686
CNDO/S Transoid —0.462 +0.397 -0.044 —-0.073 +0.020 +0.051 +0.057 -+ 0.053
Iterative extended
Hiickel Cisoid —0.386 +0.136 +0.038 +0.028 +0.063 +0.041 +0.041 +(.040
Iterative extended .
Hiickel Transoid —0.388 +0,137 +0.030 +0.019 +0.037 +0.039 +0.046 +0.073
MINDO/2 Cisoid —0.353 +0.359 -0.019 -0.062 —-0.004 +0,043 +0.056 +0.070
MINDO/2 Transoid —0.346 +0.354 —-0.090 -0.095 —-0.003 +0.062 +0.066 -+ 0.052
Ab initio® Transoid ~0.215 +0.034 -0.272 -0.344 +0.176 +0.218 +0.205 +0.199

e Reference 10.
ed that first-order charge interactions were the major con- Table V

tributor (60-70%) to the stabilization of regicisomer I rela-
tive to regioisomer II. The expression for the change in en-
ergy due to first-order charge interactions is as follows.*

1
AE= T Y Qg
a ) ab

In this expression @, is the total initial charge on atom a
and R.p, is the distance between atoms a and b. If first-
order charge interactions are the major contributor to the
stability of the transition state, one should be able to pre-
dict the preferred regioisomer of the reaction from the net
changes.?! However, we find that the net = charges favor
the unobserved regioisomer II for all the SCF molecular or-
bital methods investigated (Tables IT and IITI). When all va-
lence electrons are included, the net atomic charges of all
the MO methods still favor the unobserved regioisomer II
(Tables IV and V). Of the molecular orbital methods inves-
tigated, we feel that the CNDO/2 net charges are the more
realistic because Hehre and Pople?2 have observed that
CNDO/2 determined atomic populations of oxygen-con-
taining compounds parallel quite closely those obtained
from ab initio calculations. Thus, first-order charge inter-
actions cannot be the origin of the regioselectivity observed
in the dimerization of acrolein and are not the major con-
tributor to the stabilization of regioisomer I relative to re-
gioisomer II.

Change in E_nergya Due to First-Order Atomic Charge
Interactions for the Dimerization of Acrolein

Mblecular

e ——————————— Regioisomer —————
orbita.

method I {exo) IT (exo) I (endo) II (endo)
INDO 0.390 —0.168 0.591 —0.054
CNDO/2 0.301 -0.195 0.357 —0.166
CNDO/S 1.018 -0.944 1.388 —0.483
MINDO/2 0.447 —0.400 0.458 ~0.244

@ In kilocalories per mole.

first-order charge interactions in our calculations and those
of Devaquet and Salem* does not have a simple interpreta-
tion because charge—charge interactions between many
pairs of atoms play an important role. Consequently, the
exact cause of Devaquet’s and Salem’s incorrect conclusion
is impossible to determine without the atomic charge den-
sities used in their calculations. However, the energy differ-
ence between the exo regicisomers calculated from the
Hiickel net = charges was 7.36 kcal/mol, while the less ap-
proximate CNDO/2 method predicts a difference of 0.579
kcal/mol from net 7 charges and 0.496 kcal/mol from the
net atomic charges (Tables III and V). It appears that the
use of # charge densities from = SCF molecular orbital
methods can overemphasize the role of the first-order
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charge interactions, and this could lead to incorrect conclu-
sions concerning regioselectivity. Thus, we feel that the ori-
gin of their incorrect conclusion probably lies with the =
charge densities of the = molecular orbital method that
they used.

Eisenstein, et al.,! was correct in analysis of the first-
order charge interactions because of the Hiickel = charge
densities used, which allow a simple interpretation of these
interactions. Their conclusion originated from the large
negative charge on the oxygen and the large positive charge
on the C-3 carbon whose interaction favors the unobserved
regioisomer II, This electronic distribution causes the
Huckel method to overemphasize the effect of first-order
charge interaction in the dimerization of acrolein.

Conclusions

The dimerization of acrolein is under overlap control and
there is no evidence that first-order charge interactions
have a dominant role in determining its regioselectivity.
Also, it appears that the atomic charge densities from the =
SCF MO methods are too crude to be used in determining
the energy change due to first-order charge interactions.

The frontier orbital approach used in analyzing the reg-
ioselectivity of the dimerization of acrolein can be applied
to all ¢ycloaddition reactions which involve terminal orbital
interactions of three carbon atoms and one oxygen atom.
The generalized rules are as follows.

(1) The principal stabilization of the transition state will
arise from the HOMO-LUMO pair of addend frontier or-
bitals which are closest in energy.

(2) The larger carbon terminal coefficients on each ad-
dend will become bonded preferentially in the transition
state.

(3) If the terminal carbon coefficients of either addend
are equal in magnitude, the regioselectivity can be predict-
ed from secondary orbital interactions.”

Finally, the relative coefficient magnitudes in Figure 1
and the above generalized rules can be used to predict the
preferred regioisomer of any cycloaddition reaction involv-
ing acrolein. They correctly predict the preferred regioiso-
mer in the cycloaddition of acrolein with styrene, acryloni-
trile, and methyl acrylate.24
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