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The regioselectivities of Diels-Alder reactions of 1-methoxy-4-trimethylsiloxy-1,3-butadiene and
the corresponding o-xylylene with acrylonitrile were explored with density functional theory. The
transition state of the reaction of the diene with acrylonitrile was studied in both the gas phase
and in a low dielectric (ε ) 2.247) solvent. The regioselectivities of these reactions are predicted to
be controlled by the direct electrostatic interactions between the diene and dienophile substituents.
The electron-donating capacities of methoxy and trimethylsiloxy substituents are shown to be very
similar and to not contribute to regioselectivity control. A prediction is made that the cycloadditions
of the o-xylylene will be unselective, while 1-methoxy-4-trimethylsiloxy-1,3-butadiene will give a
small preference (∼5:1) in favor of the proximal methoxy and cyano groups. The thermochromic
behavior of trans-disubstituted disiloxy benzocyclobutene was also explored.

Introduction

The frontier molecular orbital (FMO) model has proven
to be useful for the understanding of regioselectivity of
cycloadditions.1 Electrostatic potentials have also been
applied to understand regioselectivity,2 and frontier
molecular orbitals and electrostatic potentials usually
mutually reinforce a common prediction. We describe a
computational study of a new type of regiochemical
control. We have found that the combination of electro-
static interactions and the conformations of substituents
have a controlling influence on regioselectivity in a case
where frontier molecular interactions exert negligible
effects.

Alkoxy and trialkylsiloxy groups are widely used as
diene activators in Diels-Alder cycloadditions. These are
both good electron donors and can be transformed into a
variety of other groups. Both alkoxy and trialkylsiloxy
groups activate the remote terminus of an alkene or diene
toward attack by the electrophilic terminus of a second
cycloaddend. A classic example is Danishefsky’s diene (eq
1). Here, both groups reinforce regioselectivity with
unsymmetrical electron-deficient alkenes (eq 1, Z )
electron-withdrawing group).3 Danishefsky and co-work-
ers have exploited the use of siloxy-substituted o-xy-

lylenes in synthesis (e.g., eq 2).4,5 Disiloxy benzocyclo-
butene5 exhibits thermochromic behavior.4 The appearance
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of a yellow color occurs when the benzocyclobutene in eq
2 is warmed to room temperature in benzene solution.
This yellow color is discharged when recooled or when
exposed to a dienophile, as in eq 2. Consequently, the
yellow color has been attributed to a low equilibrium
concentration of the o-xylylene.

Professor Danishefsky cogitated about what the out-
come would be if methoxy and trialkylsiloxy groups were
placed in antagonistic positions (eq 3), so as to compete
for regioselectivity control. Will the methoxy or the
trialkylsiloxy dominate (eq 4)? In either a FMO sense or
a classical nucleophilic-electrophilic sense, the better
donor should end up proximal to the electron-withdraw-
ing group to maximize the donor-acceptor interaction
in the transition state. The silyl substituents stabilize
â-electron deficiencies (e.g., cations) but can also stabilize
R-electron-rich sites (e.g., anions).6 It is not immediately
obvious whether trimethylsiloxy (TMSO) is a better or
poorer donor than methoxy (MeO). The Hammett sub-
stituent constants are σm ) 0.13 and σp ) -0.27 for
TMSO and σm ) 0.12 and σp ) -0.27 for MeO.7

Due to the active interest in such molecules and the
corresponding o-xylylene formed readily by ring opening
of the corresponding benzocyclobutenes, we have explored
reactions of these unsymmetrical dienes in Diels-Alder
reactions with computational methods. We have identi-
fied both electrostatic and conformational effects that
compete with FMO effects in controlling regioselectivity
in these reactions. We also provide computational evi-
dence for the thermochromic behavior of the trialkyl-
substituted benzocyclobutene in eq 2 and confirm a low
equilibrium concentration of the o-xylylene.

As model systems we chose the reaction of 1-methoxy-
4-trimethylsiloxy-1,3-butadiene (1) with the typical un-
symmetrical electron-deficient dienophile, acrylonitrile
(2) (Scheme 1). The transition states to give the endo
adducts, 4 and 5, were investigated. The reaction of the
corresponding o-xylylene (3) with the same dienophile to
give the endo adducts, 6 and 7, was also investigated.
These reactions have not yet been studied experimen-
tally, and in light of our predictions of zero to modest
regioselectivity, it is not clear that there will be a need
to test our predictions experimentally. Nevertheless, an
interesting new regiochemical control element is found
from this work. Bis(trimethylsiloxy)benzocyclobutene (8)
was used to study the thermochromic behavior of ben-
zocyclobutenes.

Methodology

Calculations were performed using Gaussian 98.8 Density
functional theory with the B3LYP functional and the 6-31G*
basis set was used. Full geometry optimizations were carried
out for reactants and transition states. Single-point calcula-
tions on the transition states were carried out using the
6-311+G* basis set. Time-dependent density functional theory
(TDDFT) was used to determine UV/visible absorption ener-
gies. Each transition state gave one negative eigenvalue
corresponding to the motion involving the formation of the new
forming C-C bonds. Solvent effects on the transition states
of 1-methoxy-4-trimethylsiloxy-1,3-butadiene with acrylonitrile

and on the trans-disubstituted disiloxy compounds were
calculated using the conductor polarizable continuum model
(CPCM) for benzene.

Results and Discussion

The thermal chemistry and UV/visible absorption
energies of 8 and the o-xylylene, 9, are presented first.
Then, the reactions between acrylonitrile and monosub-
stituted dienes are discussed, followed by the reactions
of the disubstituted dienes, 1-methoxy-4-trimethylsiloxy-
1,3-butadiene and the corresponding o-xylylene, with
acrylonitrile.

Thermochromic Behavior of Bis(trimethylsiloxy)-
benzocyclobutene. To explain the thermochromic
behavior noted in eq 2, the interconversion of 8 and 9
was studied. The results for this system are presented
in Figure 1. The benzocyclobutene, 8, is more stable than
the o-xylylene, 9, by ∆H ) 6.6 and ∆G ) 5.5 kcal/mol.
The activation energies for the conrotatory electrocyclic
ring opening are calculated to be ∆Ha ) 24.4 and ∆Ga )
25.1 kcal/mol. When solvated in benzene, the benzocy-
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clobutene is predicted to be ∆Gbenzene ) 4.2 kcal/mol more
stable and ∆Ga,benzene for this reaction is 24.8 kcal/mol.
The ∆Gbenzene between 8 and 9 indicates that 0.08% of
9 will be present at 25 °C, or 0.24% in boiling benzene
(78 °C).

The excitation energies were calculated using random
phase approximation for a time-dependent density func-
tional theory.9 The calculated S0 f S1 excitation energies
of 5.16 eV for the benzocyclobutene and 2.96 eV for the
o-xylylene correspond to UV absorptions at λ ) 240 nm
(f ) 0.0179) and λ ) 419 nm (f ) 0.2258), respectively.
The wavelength at which o-xylylene absorbs coincides
with the absorption of violet light, so the molecule
appears yellow; 8 should be colorless. Thus, the observed
yellow color during the Diels-Alder reaction in eq 1 is
expected to be due to the presence of a small concentra-
tion of the o-xylylene.

Cycloaddition of Terminal Monosubstituted Buta-
dienes with Acrylonitrile. To determine which group
is the better donor in these reactions, the Diels-Alder
reactions between 1-methoxy-1,3-butadiene and 1-tri-
methylsiloxy-1,3-butadiene as dienes with acrylonitrile
(2) as a dienophile have been studied. The syn and anti
conformations of the substituent were investigated for
both dienes. Figure 2 shows the calculated endo transi-
tion states for these reactions with a syn conformation
of the substituent. For the ortho isomer and the syn
conformation, the activation energy for reaction of the
methoxydiene with acetonitrile is 14.5 kcal/mol, while for
the reaction of siloxydiene the activation energy is 13.3
kcal/mol. The activation barriers for the formation of the
meta regioisomers have been calculated also. The values
are 19.8 and 18.9 kcal/mol for the methoxy- and siloxy-
dienes, respectively. The ortho-meta activation energies
differ by 5.3 kcal/mol for the methoxy case and 5.6 kcal/
mol for the trimethylsiloxy. Both the lower Ea and higher
regioselectivity indicate that the trimethylsiloxy group
is a slightly better donor than the methoxy. For the anti
conformers of the dienes, the ortho activation energies
are 14.5 and 14.1 kcal/mol, while for the meta, the
activation energies are 18.5 and 18.7 kcal/mol for meth-
oxy and siloxy substituents, respectively.

Transition States for Cycloadditions of 1-Meth-
oxy-4-trimethylsiloxy-1,3-butadiene and Acryloni-
trile. Four conformers were optimized for the s-cis

conformation of 1-methoxy-4-trimethylsiloxy-1,3-butadi-
ene. Methyl vinyl ether and sterically unhindered deriva-
tives have a syn (∠ CdCOC ) 0°) and an anti (∠ CdCOC
) 180°) conformation. These conformers both maintain
overlap between the π-type lone pair on the π bond. The
syn conformation minimizes electrostatic repulsion be-
tween the O lone pairs and the remote terminus of the
alkene π bond and is lower in energy.10 Because of the
steric hindrance involving the trimethylsiloxy group, the
minimum energy conformers of trialkylsiloxy alkene are
anti, with a CCOSi dihedral angle of 180°.

The energies of the various conformations of diene 1
are gathered in Figure 3. The lowest energy conformer,
1b, has a syn conformation of the methoxy and an anti

(9) Casida, M. E.; Jamorski, C.; Casida, K. C.; Salahub, D. R. J.
Chem. Phys. 1998, 108, 4439.

(10) (a) McCarrick, M. A.; Wu, Y.-D.; Houk, K. N. J. Am. Chem. Soc.
1992, 114, 1499. (b) Liu, J.; Niwayama, S.; You, Y.; Houk, K. N. J.
Org. Chem. 1998, 63, 1064 and references therein.

FIGURE 1. Computed transition energies and UV absorption
wavelengths of bis(trimethylsiloxy)benzocyclobutene and the
corresponding o-xylylene. Relative energies are in kcal/mol.

FIGURE 2. Computed transition structures for the reactions
of acrylonitrile with (a) 1-methoxy-1,3-butadiene and (b)
1-trimethylsiloxy-1,3-butadiene. Relative energies are in kcal/
mol, and distances are in Å.

FIGURE 3. Conformers of s-cis-1-methoxy-4-trimethylsiloxy-
1,3-butadiene. Relative energies are in kcal/mol.
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conformation of the trimethylsiloxy. Conformer 1a is 0.6
kcal/mol higher in energy than 1b; the steric repulsion
between the -OSiMe3 group and H-2 of the diene in the
syn conformer is more destabilizing than the electrostatic
repulsion between the oxygen lone pair and the double
bond in the anti conformer. Conformer 1c is 2.0 kcal/mol
higher in energy than 1b due to the electrostatic repul-
sion between the lone pair of the oxygen of the -OMe
group and the double bond and the steric repulsion
between the -OSiMe3 group and the H-2. Conformer 1d
is 1.4 kcal/mol higher in energy than 1b, due to electro-
static repulsion between the σ lone pair of the -OMe
group and the double bond.

All the conformers are energetically accessible. For
each conformation there are two possible regioisomeric
products and two possible stereoisomers (exo and endo).
To understand the origin of the regioselectivity for this
reaction, the endo transition states were studied. The
diene 1 has four different conformations (Figure 3), and
for each conformer there are two possible regioisomers.
These are schematically represented in Figure 4. Each
was found to be a saddle point on the potential hyper-
surface, with one negative eigenvalue. Single-point cal-
culations on the transition states with a larger basis set
(6-311+G*) give similar relative energies. Solvent effects
on the transition states were predicted using CPCM
calculations for benzene with a 6-31G* basis set. Full
geometry optimizations were performed on TS4 and TS5,
and since significant changes in relative energies were
not observed, single-point calculations were used to
predict relative energies for all of the transition states.

The energetic differences among the transition states
are not very large, and solvent effects of benzene are
predicted to be insignificant. The transition state with
the lowest energy, TS4, corresponds to the regioisomer
where the CN from the dienophile is located nearest the
-OMe group. The lowest energy transition state corre-
sponding to the other regioisomer, TS5, is 1.0 kcal/mol
higher in energy than TS4. Therefore, the ortho-MeO/
CN is predicted to be the main product of the reaction,
although the regioselectivity is predicted to be modest,
on the order of 5:1.

The minimum energy transition state, TS4, corre-
sponds to the lowest energy conformer of diene, 1b. TS5,
the lowest transition state for the ortho-Me3SiO/CN
regioisomer, corresponds not to the lowest energy con-
former of the diene, 1b, but to the highest one, 1c.

The differences between conformational preferences of
the transition states compared to those of the isolated
reactants originate from electrostatic interactions taking
place in the transition states. The CN group of the
dienophile is partially negatively charged, especially in
the vicinity of the nitrogen due to both π and n electrons.
Electrostatic repulsion between an s lone pair of an
oxygen of a diene substituent and the CN group is largest
when the alkoxy or siloxy is anti; here, the oxygen lone
pair and the N are in close proximity (Figure 5a). The
opposite will occur in exo transition states.

The alkene π bond of the dienophile also has a negative
electrostatic potential; therefore, there will be electro-
static repulsion between this π system and the lone pair
of an oxygen, when they are in close proximity. The
repulsion is largest when the alkoxy or silyloxy is syn
(Figure 5b).

For the odd-numbered transition states (corresponding
to the ortho-Me3SiO/CN regioisomer), the lowest energy
transition state is TS5. It corresponds to the conformer
1c of the isolated diene, which is the most energetic
conformation. The transition state corresponding to the
most stable conformation of the isolated diene, 1b, is TS3.
It is the highest transition state for this regioisomer,
being 0.6 kcal/mol higher in energy than TS5. In TS3,
both electrostatic respulsions are taking place: one
between the CN and the lone pair of the trimethylsiloxy
and the other between the π system of the acrylonitrile
and the lone pair of the methoxy. However, these
electrostatic repulsions are avoided in TS5 (see Figure
6). Therefore, the energy differences are the result of the
diene conformations and electrostatic interactions be-
tween substituents.

An approximate separation of the conformational and
electrostatic factors influencing the regioselectivity can
be made. We assume that the conformational preference
in transition states is approximately half that of reac-

FIGURE 4. Schematic representation of the eight endo
transition states for the reaction of 1-methoxy-4-trimethylsi-
loxy-1,3-butadiene with acrylonitrile. Energies (in kcal/mol)
were calculated with the B3LYP/6-31G* level. Single-point
calculation energies at the B3LYP/6-311+G* level are given
in parentheses. CPCM single-point calculations with benzene
and the B3LYP/6-31G* level are shown in bold parentheses
(* indicates optimized energies). Values from simple additivity
rules are in brackets.
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tants (0.3 kcal/mol preference for anti -OSiMe3 and 0.7
kcal/mol preference for syn -OMe).10b The unfavorable
O-CN and O-π interactions are assumed to be 0.6 and
1.0 kcal/mol, respectively. With these quantities and an
assumption of additivity, the energy changes for the
transition states can be predicted. TS4 corresponds to
the minimum conformational energy, and both O-CN
and O-π electrostatic repulsions are avoided. In the case
of TS6, 0.3 kcal/mol has to be added due to the confor-
mational change in the -OSiMe3 group and 0.7 kcal/mol
for the conformational change of the -OMe group (Figure
7). Electrostatic interactions of 1.0 kcal/mol for the O-π
interaction and 0.6 kcal/mol for the O-CN interaction

are added. The energy of TS6 is predicted to be 2.6 kcal/
mol higher than TS4, in excellent agreement with the
computed value with 6-31G* and 0.5 kcal/mol too large
with 6-311+G*. The same rules can be applied to predict
the energies of the rest of the transition states with
reasonable agreement, as indicated by the numbers in
brackets in Figure 4.

From these results we can say that the conformation
of -OMe and -OSiMe3 groups plays an important role
in deciding the regiochemistry. The most stable confor-
mation (corresponding to 1b) gives the most favorable
transition state, TS4. The ortho-MeO/CN regioisomer is
predicted to be the main product of the reaction. The most
energetic conformation (corresponding to 1c) gives the
lowest energy transition state found for the other regio-
isomer, TS5.

In the case of the exo transition states, assuming that
the energy separation between conformational and elec-
trostatic factors is the same as that for the endo transi-
tion states, a prediction on the regioselectivity can also
be made. Now the siloxy or alkoxy groups will have less
repulsion with cyano when the alkoxy or siloxy is syn.
The lowest energy transition state is TS4-exo. It corre-
sponds to the same minimum as that for the endo
transition states but has a relative energy of 0.6 kcal/
mol due to the introduction of an unfavorable O-CN
interaction. TS7-exo and TS8-exo have the same pre-
dicted energy value of 0.7 kcal/mol, only 0.1 higher in
energy than TS4-exo. Therefore, it is predicted that for
the exo products, the ortho-MeO/CN will be only slightly
dominant.

Cycloaddition of Disubstituted ortho-Xylylene
with Acrylonitrile. The relative stabilities of o-xylylene
conformers (o-quinone dimethide, 3) are shown in Figure
8. The most stable conformer, 3d, has the two oxygen
lone pairs pointing toward the double bonds, unlike the
most stable conformer from diene 1. Here, steric effects
override the electrostatic effects. Conformers 3a and 3c
could not be located at all as energy minima.

The regioselectivity of the endo cycloaddition was
explored. A schematic representation of each endo transi-
tion state is depicted in Figure 9. The conformation of
the diene plays a key role in determining the energy of
these transition states. The energetic difference between
the conformers of the diene is so large that it cannot be
overridden by the electrostatic interactions.

FIGURE 5. Schematic representation of the electrostatic
interactions between the in-plane oxygen lone pair of the
substituent and the negatively charged moieties of the acry-
lonitrile: (a) the CN group and (b) the double bond.

FIGURE 6. Computed transition structures for the reaction
of 1-methoxy-4-trimethylsiloxy-1,3-butadiene with acrylonitrile
giving the ortho-Me3SiO/CN regioisomer. Distances are in Å.

FIGURE 7. Two computed transition structures for the
reaction of 1-methoxy-4-trimethylsiloxy-1,3-butadiene with
acrylonitrile giving the ortho-MeO/CN regioisomer. Distances
are in Å.
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TS11 and TS12 have the same relative energy with
6-31G* and are only slightly different with 6-311+G*.

TS11 is a transition state corresponding to the ortho-
Me3SiO/CN regioisomer, whereas TS12 corresponds to
the ortho-MeO/CN regioisomer. Both transition states
have the same conformation (corresponding to 3d), and
the electrostatic repulsions are similar. The reaction of
o-xylylene, 3, with acrylonitrile is predicted to give a very
small preference for regioisomer 7.

Contributions of conformational change and electro-
static interactions to the energy of the transition states
are similar to those described earlier for the acyclic diene,
except that the conformational change of the -OMe
group to the syn conformer costs 4.5 kcal/mol. In TS10,
both electrostatic repulsions are avoided, but it is 4.5
kcal/mol higher in energy than TS12 because of the
methoxy conformational energy. For TS9, the conforma-
tional change on the -OMe group raises the energy by
4.5 kcal/mol, and electrostatic repulsions involving both
the cyano and alkene π raise the energy by 1.0 kcal/mol
more, resulting in a total energy of 5.5 kcal/mol.

Conformational and electrostatic factors are expected
to be similar for the exo and endo transition states. For
the most favorable conformation of the diene, electrostatic
repulsions are very similar in both regioisomers. There-
fore, no regioselectivitiy is predicted for the exo products.

Conclusions

In summary, bis(trimethylsiloxy)benzocyclobutene is
expected to exhibit thermochromic behavior; generation
of o-xylylene upon warming gives rise to a yellow solu-
tion. For the main study on regioselectivity, the major
product of the reaction of acrylonitrile with 1-methoxy-
4-trimethylsiloxy-1,3-butadiene is predicted to be the
regioisomer where the CN from the dienophile is near
(ortho) the -OMe group. In the reaction with o-xylylene,
either no selectivity or very low regioselectivity will be
observed. FMO interactions do not have any significant
influence on regioselectivity here, but electrostatic effects
involving substituents have a significant influence on
regioselectivity.
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FIGURE 8. Schematic representation of the various conform-
ers of o-quinone dimethide. Relative energies are in kcal/mol.

FIGURE 9. Schematic representation of the four (endo)
possible transition states for the reaction of o-quinone di-
methide with acrylonitrile. Energies (in kcal/mol) were calcu-
lated at the B3LYP/6-31G* level. Single-point calculations at
the B3LYP/6-311+G* level are given in parentheses.
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