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The AM1 semiempirical method was used for theoretical searching of activation of thiophene as a diene
for the Diels-Alder reaction. The reactivity of thiophene, electron-withdrawing and electron-donating substi-
tuted thiophenes, as well as the S-methylthiophenium ion were studied as the diene for Diels-Alder reactions
by evaluating their frontier orbital energies and by calculating recaction barriers with activated and deacti-
vated dienophiles. It was demonstrated that slight activation of the thiophene ring can be obtained with both
electron-donating and electron-withdrawing groups attached to the thiophene ring. It was predicted that the
actual transformation of thiophenes into the corresponding S-methylthiophenium anions is the best means of
activating the thiophenes. The calculated activation energies for normal (non-activated) dienophiles are
moderate so mild reaction conditions are predicted. If dienophiles are activated with electron-donating sub-
stituents, AM1 calculations predict a two step cycloaddition reaction with a very small activation barrier.
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Introduction.

The search for versatile starting materials for the prepa-
ration of a wide variety of precious compounds is one of
the major goals of organic synthesis [1]. Aromatic hetero-
cyclic compounds can be synthons and can accomplish
some synthetic transformations [2], but these reactions are
under investigated because of their low reactivity due to
the aromatic character of heterocycles [3]. Cycloaddition
reactions between dienophiles and aromatic heterocyclic
compounds is one of a few very promising methods to
transform readily available materials into organic syn-
thons [4]. Thiophene derivatives as the diene in hetero
Diels-Alder reactions are desirable starting materials
because sulfur extrusion from the cycloadduct is straight-
forward [5].

The thermal [4+2] cycloaddition reaction with thio-
phene as a diene is an allowed process. Nevertheless, the
Diels-Alder reaction with thiophene as the diene is not
very common. In fact, only a few examples of the reac-
tions are known for the last two decades. In comparison
with furan, lowered thiophene reactivity is unexpected.
This discrepancy was in many cases explained by the role
of 3d orbitals in the cycloaddition reaction [6]. On the
basis of perturbation theory it has been shown that 3d
orbilals stabilize the reactants but not the product of the
reaction.

The first successful Diels-Alder addition of thiophene
was a reaction with tetrafluorobenzyne to produce tetra-
fluoronaphthalene [7]. This discovery was followed with
a couple of other benzyne derivatives as the dienophile in
the Diels-Alder reaction with thiophene [8]. It has been
shown that thiophene might react with less reactive
dienophiles if the heterocycle is properly activated. Thus
it has been shown that 2,5-dimethoxythiophene reacts
with maleic anhydride followed by the usual sulfur extru-
sion leading to a diene that undergoes further cycloaddi-

tion reaction with maleic anhydride [9]. The Diels-Alder
cycloadduct between unactivated thiophene and maleic
anhydride can be obtained by applying very high pressure
[10]. That is possible because the activation volume AV}
is negative, i.e. the volume of the transition state is
smaller than the volume of the reactants, so the rate of the
reaction will increase with increasing pressure. One of the
characteristics of all cycloaddition reactions with thio-
phene mentioned above is the ratio of exo and endo
adducts. The percentage of the exo isomer exceeds the
amount usually found in classical Diels-Alder additions.

From the results of known Diels-Alder reactions with
thiophene as the diene three strategies to promote a reac-
tion can be suggested: use highly reactive dienophiles;
increase the reactivity of the thiophene by choosing
proper substituents, or carry out the reaction at very high
pressure. To closely examine the reactivity of thiophene
as a diene in the Diels-Alder reactions, and determine a
new more efficacious path by forcing the thiophenes in
the cycloaddition reaction, we have performed an AM1
semiempirical study. The results and a suggestion for per-
forming the synthetic transformation of thiophene into
Diels-Alder adducts are presented here.

Methodology.

All calculations were performed on a DEC 7620 com-
puter. Chem-3D Plus on a Macintosh IIfx was used as a
graphical interface for drawing and visualizing all struc-
tures and for preparing input files for MOPAC [11]. The
search for the transition states and their verification [12]
was performed as described previously [13]. Vibrational
and thermal analyses were performed on all optimized
structures.

Results and Discussion.

For performing the study of the reactivity of thiophene
in Diels-Alder reactions we have chosen the AM1 semi-
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empirical method [14]. Although activation energies for
Diels-Alder reactions with cyclobutadiene were not pre-
dicted correctly [15], this method was proven to be useful
in the case of polar cycloaddition reactions [16].
Theoretical examination of thiophene derivatives as
source of a diene in the Diels-Alder reaction will be
examined first. As thiophene is an aromatic compound, it
is reasonable to expect that it will be less reactive than its
all-carbon analog, cyclopentadiene. In fact, the calculated
heat of formation difference in hydrogenation of cyclobu-
tadiene and thiophene is 21.9 kcal/mol due to resonance
stabilization. That can be one of the contributing factors
for low reactivity of thiophene as a diene in cycloaddition
reactions. To determine the qualitative reactivity of the
reactants in cycloaddition reactions, chemists have been
using the Frontier orbital theory [17]. According to the
frontier orbital theory the most reactive couple in the
Diels-Alder reaction is one that has the smallest gap in
HOMO energies of one reactant with LUMO energy of
the other reactant. The addition of ethylene to cyclopenta-
diene has a frontier orbitals energy gap of 10.52 and 11.03
eV if LUMO and HOMO ethylene orbitals are involved in
the cycloaddition reaction respectively. The same energy
gap for ethylene addition to thiophene is 10.65 and 10.79
eV (Table 1). It is very interesting to point out that the
energy frontier orbital gap that includes either HOMO or
LUMO of thiophene is very narrow (energy difference
only 0.14 eV), though slightly greater than one for cthyl-
ene addition to cyclopentadiene (10.54 V). This observa-
tion inevitably predicts even lower reactivity of thiophene
in cycloaddition reactions, but suggests that by properly
choosing both electron-withdrawing and electron donat-
ing substituents, the frontier orbital energy gap the thio-
phenes and a dienophile will decrease considerably and
the reactivity of the thiophenes will be increased. Thus by

Table 1

LUMO and HOMO Energies (eV) of the Reactants Calculated by AM1
Semiempirical Methods

Compound HOMO LUMO
cyclopentadiene -9.07914 0.48161
thiophene -9.21756 0.23845
3,4-dimethoxythiophene -8.3103%8 0.18188
2,5-dimethoxythiophene -8.51587 0.20750
3,4-dicyanothiophene -10.04298 -0.96027
2,5-dicyanothiophene -10.22378 -1.44824
tetracyanothiophene -10.78000 -2.31164
S-methylthiophene -15.28210 -6.14392
ethylene -10.55142 1.43778
diether 1 -9.11463 1.48256
tetracther 2 -8.35509 1.00126
disulphide 3 -8.32267 0.28278
tetrasulfide 4 -7.45510 -0.16779
1,I-dicyanoethane -11.16684 -0.87843
maleic arhydride -12.02287 -1.61890
tetracyanoethane -11.52085 -2.52333
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putting two methoxy groups on the thiophene ring the
HOMO energy increased for 0.7 eV making the frontier
orbital energy gap smaller. That relative narrowing of the
frontier orbital gap will not significantly increase the
probability of the reaction. One possibility is using elec-
tron deficient dienophiles. Three of them, 1,1-dicyano-
ethane, maleic anhydride, and tetracyanoethane are pre-
sented in Table 1. Their LUMO energy decreases in the
same order making the frontier orbital gap of HOMO
thiophene and LUMO of the dienophile to be 7.64, 6.70,
and 6.00 eV, respectively. That suggests that the addition
of these dienophiles to 3,4-dimethoxy- and 2,5-dimeth-
oxythiophene should be experimentally achievable. This
finding is in full agreement with the experimental evi-
dence that cycloaddition of maleic anhydride to 2,5-di-
methoxythiophene is feasible [9].

Another approach to activate the thiophene for cycload-
dition reactions is by adding electron-withdrawing sub-
stituents to the thiophene ring. Thus, our calculations
show that LUMO energy of cyano-substituted thiophenes
is substantially decreased making the energy gap between
LUMO energies and HOMO energy of ethylene 10.76,
9.59, and 8.24 ¢V for 2,5-dicyano-, 3,4-dicyano-, and
tetracyanothiophene, respectively (Table 1). That certainly
makes them more reactive than the original thiophene but
impractical because the cyano groups have to be removed
after completion of the reaction. Thus, a more general
approach to activate thiophene derivatives is desirable.
The transformation of thiophene into the corresponding
thiopheniom salts should be a straightforward process.
The obtained S-methylthiophenium ion will be more reac-
tive because of the expected lowering of the LUMO
energy. In fact, the energy gap between HOMO of ethyl-
ene and LUMO of the S-methylthiophenium ion is now
only 4.41 eV and should make this reaction experimen-
tally feasible.

Enhanced reactivity of the cycloaddition reaction with
thiophene can be obtained if the reaction of the
S-methylthiophenium ion is performed with an "acti-
vated" dienophile, a dienophile with considerable elec-
tron-donating ability. Thus by using ethers or sulfides the
energy frontier orbital gap is considerably decreased
(Table 2). The most reactive partners with the S-methyl-
thiophenium ion are predicted to be dienophiles 3 and 4.

Table 2

The Frontier Qrbital Energy Gap (¢ V) Between LUMO of the
§-Methylthiophenium Ion and HOMO of Dienophiles 1-4

Dienophile HOMO AE
cthylene -10.55142 4.41
diether 1 -9.11463 3.00
tetraether 2 -8.35509 2.21
disulphide 3 -8.32267 2.18
tetrasulfide 4 -7.45510 1.31
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One of the major disadvantages of frontier molecular
orbital theory is that the frontier orbital energies are calcu-
lated for separated reactants. In this way sterical and elec-
tronic interactions between the reactants that might occur
in the course of the reaction are not incorporated. Thus
correlation of frontier orbital energies for systems where
these interactions are present will yield misleading results.
For a more advanced approach to this problem we have
optimized corresponding transition states and calculated
their activation barriers.

=1 [=7-
D=3 0=

Figure 1. HOMO activated dienophiles for Diels-Alder reaction with §-
methylthiophene.

FEthylene Addition to Thiophene.

The simplest of all Diels-Alder reactions with thio-
phene as the diene is the reaction with ethylene. The reac-
tion cannot be performed experimentally and the results
obtained will be used as a standard for determining reac-
tivity in our theoretical search for thiophene activation.
The AM1 generated transition structure is presented in
Figure 2. The transition structure resembles in many ways
the transition structure for the ethylene addition to
cyclopentadiene [18]. The structure is for a concerted syn-
chronous cycloaddition reaction. The calculated activation
energy is 43.91 kcal/mol and 44.37 kcal/mol with a zero
point vibrational energy (ZPVE) correction. The predicted
energy is quite different from the one calculated for the
ethylene addition to cyclopentadiene (28.0 kcal/mol) [15].
Of course, this inreactivity of thiophene can be explained
by its high aromatic character, the highest of all five
membered heterocycles that contain a single heteroatom.
As mentioned above, we have predicted that the energy
differences between cyclopentadiene and thiophene due to
thiophene aromaticity is 21.9 kcal and, in large part, can

Figure 2. AM1 generated transition structure of the ethylene addition to
thiophene.
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be responsible for the high activation barrier. There is at
least one more factor that can have considerable effect on
the activation barrier of the reaction, that is, repulsion
interactions between the lone pair orbitals located on sul-
fur and p-orbitals of the ethylene double bond. Similar
interactions have been used by Houk and coworkers [19]
and by us [20] for explaining the low reactivity in hetero-
dienophile addition to dienes.

Diels-Alder Reactions with Thiophenes Activated with
Electron-donating Groups.

Here we would like to demonstrate the effect of an
electron-donating group on the thiophene reactivity for
the example of the Diels-Alder reaction with 2,5-
dimethyl- and 3,4-dimethylthiophene. Transition struc-
tures of ethylene addition to 3,4- and 2,5-dimethoxythio-
phene, and maleic anhydride addition to 2,5-dimethoxy-
thiophene are presented in Figure 3. All generated transi-
tion structures are for the concerted reaction with the
simultaneous formation of two C-C bonds. Although all
reactants that are incorporated into transition structures 6-

Figure 3. The transition state structures with donor activated thiophenes
generated with AM1.
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9 have a plane of symmeltry, the transition structure 9 rep-
resents an asynchronous cycloaddition. The degree of
asynchronicity is 0.381 A. As predicted on the basis of the
frontier orbital energy gap, the activation barrier for ethyl-
ene addition to both 3,4- and 2,5-dimethoxythiophene is
quite similar to one obtained for the ethylene addition to
thiophene (44.37 kcal/mol). Although frontier orbital
favors transition structure 7 over 8 by 0.2 eV, the pre-
dicted activation energy for transition structure 8 is lower
due to methoxy stabilization of a positive charge formed
on C-2 and C-5 in the course of the reaction. The calcula-
tions prefer the endo isomer 8 over the exo isomer 9
which is in accordance with both experimental [9] evi-
dence and the Alder rule. The cycloaddition reaction
between maleic anhydride and 2,5-dimethoxythiophene is
experimentally feasible, thus, the activation barrier pre-
dicted by AM1 must be overestimated.

Table 3

Activation Energies (kcal/mol) of Ethylene and Maleic Anhydride to
Donor Activated Thiophene

Transition Structure AE AE+ZPVE [a]
6 44.14 44.15
7 42.28 42.37
8 36.80 35.63
9 42.61 41.46

[a] ZPVE-zero point vibrational energy.

Diels-Alder Reactions with Thiophenes Activated with
Electron-withdrawing Groups.

The second approach to activate the thiophene ring as a
diene in the Diels-Alder reaction is by attaching electron-
withdrawing groups to the thiophene ring. We have stud-
ied cyano-substituted thiophene in the reaction with ethyl-
ene to determine the influence of electron-withdrawing
substituents on the reactivity. All transition structures
studied of the ethylene addition to cyanothiophenes are
symmetrical, and the structures are for synchronous, con-
certed mechanisms. The bond distance for two bonds in
the formations increases slightly from transition structure
10 1o transition structure 12 indicating that structure 12 is
more reactant-like and might have the lowest reaction bar-
rier of all three transition states. That is also in agreement
with the frontier orbital theory prediction discussed ear-
lier. The order of calculated activation barriers for ethyl-
cne addition does not follow the predicted reactivity
(Table 4). The most reactive cyanothiophene is 2,4-di-
cyanothiophene, and the activation barrier is just slightly
lower than for ethylene addition to thiophene. Thus AMI
predicts that thiophenes with electron-withdrawing sub-
stituents might not be a suitable diene for Diels-Alder
reactions. Our calculation for the frontier orbital energy
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gap suggests that S-methylthiophenium ions can serve this
purpose much better.

Table 4
Activation Energies (kcal/mol) of Ethylene Addition to
Cyanothiophenes
Transition Structure AE AE+ZPVE [a]
10 43.27 43.59
11 46.44 46.56
12 45.90 49.12

[a] ZPVE-zero point vibrational energy.

Figure 4. Geometric transition states of ethylene cyanothiophene gener-
ated by AM1.

Diels-Alder Reactions with S-Methylthiophenium Ion.

The possibility of preparing S-alkylthiophenium salts,
and the question of whether or not such compounds
would be aromatic, has been intriguing chemists for some
time. The salt can be prepared only if very strong alkylat-
ing agents are used like the methyl ester of fluorosulfonic
acid [21]. Although the salt of thiophene was not prepared
by this method, 2,3,4,5-tetramethylthiophene gave the salt
in more than 95% yield. It was also stated that thiophe-
nium salts do not seem to undergo Diels-Alder addition
[21]. One of the reasons that the experiment must be per-
formed under absolutely anhydrous conditions is because
S-alkylthiophenium salts undergo facile solvolysis {22]
and consequently they are very good alkylation agents.
Presented below is our theoretical study of the S-methyl-
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thiophenium ion as the diene in the Diels-Alder reactions.
The geometries of the transition structures of the ethylene
addition to S-methylthiophenium ion are presented in
Figure 5. There are two isomeric transition structures for
the ethylene addition. One with the methyl group down,
13, and another with the methyl group up, 14. Both gener-
ated transition structures have a full plane of symmetry
bisecting the structures in the way of two C-C bond for-
mation. The bonds in formation slightly differ for two
transition structures; that can be explained by steric repul-
sion between the methyl and ethylene moieties in transi-
tion structure 13. This effect can be used to explain the
greater value for dgccc dihedral angle in 13.

Figure 5. Transition structures for synchronous ethylene addition to the
S-methylthiophenium ion.

On the basis of the frontier orbital energies for the reac-
tants, the reactivity of the S-methylthiophenium ion as the
dienophile in the Diels-Alder reaction is predicted to be
considerably higher than thiophene due to lower LUMO
S-methylthiophenium ion energy. Furthermore on the
basis of steric interactions between the methyl group and
the ethylene moiety of transition structure 13, it is reason-
able to expect that the transition structure 14 will have a
lower reactivity barrier. Thus one can predict that the
reactivity order will be 5, 13, and 14. AM1 calculated
aclivation barriers are 43.91 (44.37), 21.11 (22.55), and
15.55 (16.66) kcal/mol respectively. This demonstrates
the extraordinary reactivity of the S-methylthiophenium
ion as a diene in Diels-Alder reactions.

Spectroscopy (1H nmr) was used to study some S-ethyl-
thiophenium salts. It has been concluded [22] that the sul-
fur in these salts is sp3 hybridized, and that the alkyl
(methyl) group is not coplanar with the thiophene ring.
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This results in reduced aromaticity (less effective overlap
of the lone pair on sulfur with the ring p-electrons); how-
ever, the effect of d-orbital participation seems to be
unimportant. This finding is in full agreement with our
calculations that predict a very low activation barrier
(15.55 kcal/mol) for ethylene addition to the S-methyl-
thiophenium ion. Furthermore 13C nmr spectroscopy has
been used for location of the position of the positive
charge on the thiophenium carbon atoms [21]. It was
determined that going from thiophene to the S-methyl-
thiophenium ion, the chemical shift of carbon atoms 3 and
4 moved downfield by 16 ppm, whereas the change in
carbons 2 and 5 was only 1.4 ppm. This finding is in
agreement with the electrostatic picture of a positive
charge located on carbons 3 and 4 of the S-methylthio-
phenium ion. If the charge can be stabilized in the Diels-
Alder transition structure the reaction barrier might be
reduced. To take advantage of charge location on the ring
we have performed calculations of the transition state
with dienophiles 1-4. These dienophiles can stabilize the
positive charge of the S-methylthiophenium motiety by
oxygen or sulfur participation. We have shown by the
example of ethylene addition to the S-methylthiophenium
ion that the transition state with the methyl group up
(transition structure 14) has a substantially lower activa-
tion barricr, so hereafter only the transition structures with
the methyl group up will be considered. The transition
structures are presented in Figure 6. It was predicted on
the basis of the frontier orbital energy gap that addition of
dienophiles 1-4 should be those most preferable to study.
Now, because there is an extraordinary possibility to sta-
bilize the positive charge by the dienophiles, the con-
certed mechanism of the cycloaddition reaction is no
longer preferred, instead the stepwise mechanism has con-
siderably lower activation energies. Of the two steps, the
first one is rate determining, so we are presenting only the
transition structures for the first step. In transition struc-
ture 15 the additional stabilization of the charge located
on C-3 of the thiophenium ring is minimal, based on the
distance of the C-O bond, 3.384 A. It is expected that
additional stabilization of the transition structure is negli-
gible. That effect is somewhat more pronounced in transi-
tion structure 16 where now the C-O bond distance is
3.043 A. This addition should have an activation barrier
that is lower than for 15 also because its HOMO energy is
higher (Table 1) and the frontier orbital energy gap
between the reactants is ower (Table 2). The stabilization
of positive charge in the transition structure with a
dienophile seems to be evident in transition structure 17.
The C-S bond distance is only 1.855 A and is slightly
longer than normal C-S bond. In transition structure 18
this effect is reinforced with an additional stabilization of
the positive charge on the thiophenium sulfur with the
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Table 5

Activation Energies (kcal/mol) of Dienophile 1-4 Addition to S-
Methylthiophenium Ion Calculated by AM1

Transition Structure AE AE+ZPVE [a]
15 1.43 1.98
16 1.50 1.50
17 -7.18 -4.96
18 -3.29 -2.28

{a] ZPVE-zero point vibrational energy.

15
dscoc=3.5 16
dscoe=14 17
dscoemT.2 18

Figure 6. Transition states of dienophiles 1-4 addition to S-methylthio-
phenium ion.
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dienophile 4. On the basis of structural characteristics of
transition structures 15-18 one can expect that the reactiv-
ity will be 15, 16, 17, and 18. To confirm this assumption
we have calculated the activation barriers (Table 5). All of
these reactions were initiated with minimal or without
activation barriers. The calculated negative activation bar-
rier was due to the very high energy of the S-methylthio-
phenium ion that was stabilized in the solvent, and might
effect a modest increase in the activation barrier. The
semiempirical calculation is performed in the gas phase
and the solvent interactions with the reagents were
excluded. Nevertheless this calculation demonstrated that
the cycloaddition reaction between the S-methylthio-
phenium ion and activated dicnophiles such as 1-4 will
proceed under very mild reaction conditions.

Conclusions.

The calculations presented of the Diels-Alder transition
states with thiophene derivatives as dienophiles was per-
formed with the objective to increase thiophene reactivity
in cycloaddition reactions. The frontier orbital energy cal-
culations indicate that both electron-donating and electron-
withdrawing substituents should increase the thiophene
reactivity. The estimated activation energies reveal that
these substituents will slightly increase the thiophene
activity, as was also demonstrated experimentally. To per-
form the reaction experimentally, rather stringent reaction
conditions are required. That was the result of only a slight
change of thiophene aromaticity with the substituents.
Dramatic changes in electronic properties were determined
by transforming thiophene into the S-methylthiophenium
ion. That ion does not have high aromaticity, and the acti-
vation energy of ethylene addition was predicted to be
only 15.55 kcal/mol. The Diels-Alder reaction with acti-
vated dienophiles that can stabilize a positive charge on
C-3 of the thiophenium ion moiety of the transition struc-
ture is predicted to be stepwise with a negligible activation
barrier. Thus it is suggested that thiophene transformed
into the S-methylthiophenium ion is an excellent way to
usc thiophenes as a diene for Diels-Alder reactions.
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