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Abstract: The regioselectivity in the Diels-Alder reaction of l-substi-
tuted-1,3-butadienes can be completely explained by FPMO theory when the
frontier molecular orbitals of the reactants in the concerted transition
gstate are considered. This excellent agreement between theory and ex-
perimental results from the more realistic representation of the lonic
polarization at the primary carbon sites,

Frontier Molecular Orbital(FMO) Theory has been used very successfully to ex-
plain the regioselectivity of the Diels-Alder reaction, However, conflicting re-
sults have been obtained with its application to the Diels-Alder reactions of 1-
substituted-1, 3-butadienes that contain electron withdrawing substituents. Several
1nveatigatorsz'4 have reported that the PMO approach does not predict the preferred
ortho regioisomer. In fact, Zhixing3‘ reported that the FMO approach does not pre-
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dict the correct regioisomer for trans-2,4-pentadienoic acid(l) with HMO, CNDO/2,
or MNDO molecular orbitals and that this failure was due to the inherent weakness
in the PMO method. Other investigators have reported that the FMO method favored
the preferred ortho regioisomer when generalized orbital coefficients were used.5
secondary orbital interactions were considcrod.6 or nonsynchronous bond formation
was assumod.7 None of these studies completely account for the regloselectivity
of these dienes. In the addition of 1 to unsymmetrically substituted diencphile,
the ortho regioisomer is preferred in both the endo and exo stersochemical modes
of addition and the ortho/meta ratio is substantially greater in the endo addition
(5.711) than in the exo addition (3.0:1)8.

Regioselectivity is determined in the transition state where the reactants
have undergone significant changes in their molecular gcomotrios.9 These earlier
studies used frontier molecular orbitals that were calculated with the unperturbed
molecular geometries of the reactants, In thls paper we show that improved agree-
ment between FMO theory and experimental regioselectivities is obtained for 1{elec-
tron-withdrawing substituted)-1,3-butadienes and other l-substituted diene systems
when the FPNO's of the reactants in the concerted transition state are employed.
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Theory
The details of PMO theory have been publi-hod.io The generalizations that are

used to predict regioselectivity are as follows: (1) the pair of interacting FMO's
which has the smaller snergy difference makes the greater contribution to the sta-
bilization of the transition state: (2) the atoms with the larger coefficients are
bonded preferentially in the transition state. In the endo stereochemical mode of
addition, the secondary interactions between the C-2 and C-3 atoms of the diene and
the C-3 atom of the dienophile will also be considered along with the primary in-
tertctionl.6'11 In the exc stereochemical mode of addition, only the primary in-
teractions are considered because secondary interactions are not possibdle.

As an approximation, the unperturbed geometries of the reactants are currently
used to calculate FMO energies and coefficients.3’5'7'1° However, an accurate geo-
metry of the Diels-Alder transition state is now known through extensive ab injtio
calculations.9’12 Since the regioselectivity of the Diels-Alder reaction is deter-
mined in the transition state, better agreement between PMO theory and experimental
results is expected when the transition state PMO's of the reactants are used to
predict regioselectivity. In this study the transition state PMO's of the dienes
and the dienophiles are calculated for Salem's concerted transition ltateiz' by the
CNDO/2 method, The FMO's of the unperturdbed reactants are determined with standard
bond angles and bond lengths by the CNDO/2 method.13 The ab initio FPMO's of the
unperturbed reactants are taken from the litoraturo.lu

Herdon has used a Diels-Alder transition state model to predict regiosslectiv-
ity by simple valence bond thoory.15 Our FMO approach is more useful because of
its detail, correlative ability.

Results and Discussion

Por the reaction of 1 with acrylic acid, the primary HOMO coefficients of the
transition state M0's favor the meta regioisomer and the primary LUMO coefficients
favor the ortho regioisomer (Table I). Since the difference between the primary
LUMO coefficients is much larger than the difference between the primary HOMO co-
efficients, the primary interactions favor the ortho regioisomer (Pigure 1). This
prediction agrees with the experimental results of 3.0:1 preference for the ortho
regioisomer in the exo mode of addition.

o,

COOM 420
0.470 0.464 -0.465 -0.802
0.82 ov 2.18 ov

«0, 294
0.653
0.552
COOH
-0.362 0,535

-11.81 ov 1 ~0,661
0.316
0.515 0,406 ~o.261
=13.80 ov
0.490

Pigure 1. CNDO/2 Prontier Molecular Orbital Intersetions for the Diels-Alder R
Between Trane-2,4-pentadiencic acid and Aorylic Acld in the Concerted - "
Transition State,
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When the secondary interactions of the transition state FMO's are considered,
greater preference for the ortho regicisomer is predicted by the theory. The lar-
gest secondary coefficient is located at the C-3 carbon of the diene in both HOMO
and LUMO; thus interaction between this secondary carbon and the carbonyl carbon of
the dienophile will provide the greater stabilization of the transition. In agree-
ment with the theory the preference for the ortho regioisomer increased to 5.7:1
in the endo addition,

The agreement between FMO theory and the experimental results is not as good
when the FMO's of the unperturbed reactants are used. The primary HOMO coefficients
still favor the meta regioisomer and the primary LUMO coefficients favor the ortho
regioisomer; however, the differences between the coefficients are similar. 1In
this situation, the primary HOMO coefficients are predicted to the control the re-
gioselectivity because (1) the difference between the primary LUMO coefficients of
the dienophile is two times greater than the difference between the primary HOMO
coefficients and (2) the energy difference for HOMO{diene)-LUMO(dienophile) is
slightly smaller than the energy difference for HOMO(dienophile)-LUMO(diene). Thus,
MO theory favors the incorrect regioisomer when the primary interactions of the
unperturbed reactants are considered. The previous studies which reported the
fajlure of FMO theory in this case only considered these FMO 1nteractiona.2'3 The
secondary interactions of the unperturbed reactants favor the ortho regioisomer and
agree with the higher ortho/meta ratio in the endo addition,®

Anh's nonsynchronous bond approach7 doesn't predict the correct regioisomer
for this case when the primary interactions of the unperturbed reactants are consi-
dered, The initial bond formation is predicted to be between the diene C-4 and the
dienophile C-1 positions. The correct ortho regioisomer is favored by Anh‘'s ap-
proach when the transition state FMO's are used. However, Anh's FMO approach can
not account for the different regioselectivities in the endo and exo additions.

The FMO predictions for the 1l-cyano-1,3-butadiene(2) are essentially the same
as those for 1. The primary and secondary interactions of the transition state
FMO's favor the ortho regiolsomer(Table I). When the FMO's of the unperturbed re-
actants are used, the primary HOMO/LUMO coefficienta favor the meta regioisomer and
the secondary HOMO/LUMO coefficients favor the ortho regioisomer. Experimentally,
the ortho regioisomer is preferred;1 however, the regioisomer ratios in the endo
and exo additions are not known.

The use of the transition state FMO's can also improve the agreement between
experimental and PMO theory for dienes with l-electron-donating substituents. The
high ortho seloctivity(9:1)17 of l-methyl-1,3-butadiene is congistent with the tran-
sition state FMO's but not with the FMO‘'s of the unperturbed reactants. The pri-
mary and secondary HOMO coefficients of the diene in the concerted transition state
are significantly different and favor the ortho regioisomer(Table I). However, the
primary HOMO coefficients of the unperturbed diene are nearly equal and only
slightly favor the ortho regioisomer.

The PMO predictions for 2-substituted-l,3-butadienes are not changed when the
tranasition state FMO's are used instead of the FMO's of the unperturbed reactants,
The only significant change in their FMO coefficients was a amall reduction in the
differences between the coefficients(Table I)., Thus, a2 slightly smaller regio-
chemical effect by the 2-substituent is predicted. This prediction is consistent
with the strong regiochemical control exerted by l-substituents in 1,2-disubstitu-
ted dienes., For example, the strong regiochemical control (6:1)18 exerted by the
i-methyl substituent in the cycloadditions of 1,2-dimethyl-1,3-butadiene is better
explained with the transition state FMO‘'s. In this case, the secondary HOMO inter-
actions of the diene control the regioselectivity and the primary HOMO coefficlents
favor the incorrect regioisomer (Table I). The difference between the primary HOMO
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coefficients of the diene is much smaller (0.046) than the difference (0.138) ove-
tween the secondary HOMO coefficients; thus, strong regiochemical control by the
secondary orbital interactions is expected.

The changes in the primary FMO coefficients of the l-substituted-1,3-buta-
dienes in the transition state are consistent with an increase in the ionic polari-
zation at the primary carbon sites, The ionic polarization in the transition state
is apparently promoted by the greater structurally similarity of the ionic reson-
ance structures (3 and 4) with the transition state (5) than with the unperturbed
diene (6).

0~ OH .
N CH,
=
A 1.3 | ~ 134 1.47
A8 + Al b3 1%
3 4 3 6
Salem's '1.‘.5.12a Salem‘s G.S.128

The pentadienyl cation has primary HOMO coefficients (7) that are equal and
hag primary LUMO coefficients (8) that are very dirfetent.1° Thus, greater penta-
dienyl cation character in the 1-(electron-withdrawing substituted)-1,3-butadiene
cages 1s expected to increase the difference between the primary LUMO coefficients
and slightly decrease the difference between the primary HOMO coefficients. The
pentadienyl anion has primary HOMO coefficients (9) that are very different and
primary LUMO coefficients (10) that are equal.lo Thus, greater pentadienyl anion

+ + - -
0,500 0 0 0,500
0.500 0.576 0.576 0.500

7 8 9 10

HOMO LUMO HOMO LUMO
Pentadienyl Cation Pentadienyl Anion

character in the 1-(electron-donating substituted)-1,3-vutadiene cases is expected
to increage the difference between the primary HOMO coefficients and slightly de-
crease the difference between the LUMO coefficienta, These predictions agree with
the changes that were observed in the primary FMO coefficients in the transition
gtate (Table I). Furthermore, CNDO/2 calculations of the ionic resonance struc-
tures 3 and 4 support this explanation.

An increase in the ionic polarization of the 2-substituted-1,3-butadienes in
the transition state i3 not expected because the structural similarity between the
ionic resonance structures (11 and 12) and the transition state is not greater than
the similarity between these structures and the unperturbed diene. In fact, a de-
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crease in the importance of these resonances structures in the transition state is
more likely because of the greater double bond character between the inner carbon
atoms which enhances other ionic resonance. Thus, no change or a sglight decrease

- +
N‘Q: + CHy ~
\~1.b6 SWT]
"N AN
~1.34 ~1.3“
11 12

in the differences between the primary HOMO/LUMO coefficients are predicted in
these cases, Again the predictions agree with the changes that were observed in
the primary FMO coefficients (Table I).

In conclusion, the agreement between the FMO predictions and experimental re-
gloselectivities can be improved for 1-substituted-1,3-butadienes when the transi-
tion state PMO's of the reactants are considered. The better agreement results
from the more realistic representation of the ionic polarization at the primary
carbon sites.
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