Journal of

Photochemistry
Photobiology

A:Chemistry

Journal of Photochemistry and Photobiology A: Chemistry 149 (2002) 31-3'

www.elsevier.com/locate/jphotochem

Ab initio study of the photochemical isomerization
of thiophene derivatives
Maurizio D’Auria*

Dipartimento di Chimica, Universita della Basilicata, Via Nazario Sauro 85, 85100 Potenza, Italy
Received 20 September 2001 ; received in revised form 3 January 2002; accepted 10 January 2002

Abstract

The photochemical isomerization reactions of thiophene, thiophene-2-carbonitrile, and 2-phenylthiophene were studied using ab initio
methods. The results are in agreement with the previously reported data obtained through semiempirical methods. Triplet excited thiophene
is am,o* triplet with LSOMO at—9.94 eV and HSOMO at9.51 eV and the biradical intermediate istar™ species with LSOMO at
—10.12eV and HSOMO at4.82 eV. In this case, the singlet excited state can evolve giving the Dewar thiophene, while the corresponding
excited triplet state cannot be obtained. Furthermore, the triplet state cannot be converted into the biradical intermediate because this
intermediate shows a higher energy than the triplet state, thus preventing the formation of the cyclopropenyl derivatives. Triplet excited
thiophene-2-carbonitrile is @, m* species. It shows the LSOMO at11.38 eV and the HSOMO at7.36 eV. In this case, the direct
irradiation involves the population of the excited singlet state, and then the formation of the Dewar isomer is possible. The intersystem
crossing to the triplet state can occur; however, its interconversion into the corresponding biradicals cannot be efficient considering that
the biradicals show a higher energy, even if for a little amount, than that of the triplet state. Triplet excited 2-phenylthiophemé is a
species. It shows the LSOMO a9.32 eV and the HSOMO at6.24 eV. In this case, the direct irradiation involves the population of
the excited singlet state, and then the formation of the Dewar isomer is possible. The energy of the excited singlet state was obtained
from the UV absorption of the substrate. The intersystem crossing to the triplet state cannot occur; because it shows higher energy than
the corresponding singlet state. Furthermore, its interconversion into the corresponding biradicals cannot be efficient considering that the
biradicals show the same energy of the triplet state. The high efficiency of this reaction can be explained on the basis of low energy of the
Dewar isomer. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction could be responsible for the isomerization reaction, but the
isomerized product will be probably produced in very low
Recently, we reported that the photochemical isomeriza- quantum yields. These results were obtained on the basis of
tion of pentaatomic aromatic heterocycles [1] can be de- both semiempirical calculations [2—4] and ab initio results
scribed using a unifying hypothesis [2-5]. If the first excited on the photochemical isomerization of furan derivatives [5].
singlet state of a molecule is populated, the molecule can In this paper, we want to report our results on thiophene
convert into the corresponding triplet state or into the cor- derivatives using ab initio calculations in order to test the
responding Dewar isomer. The efficiency of these processesvalidity of the above-described hypothesis.
will depend on energetic factors. If the Dewar isomer is
formed, the isomeric product is obtained. If the triplet state
is formed, cleavage of the XCbond can occur to give 2. Resultsand discussion
ring opening products, decomposition products or ring con-
traction products. However, if the radical formed after the  The irradiation of the thiophene in gas phase yields
X-C, cleavage shows a higher energy than the triplet state,decomposition products, while no Dewar thiophene or cy-
the triplet state will not be able to give the biradical with clopropene derivatives were isolated [6]. The irradiation
high efficiency, and then, it will be quenched in radiative in liquid phase gave the Dewar thiophene [7]. The Dewar
and non-radiative processes. In this case, the Dewar isomethiophene and cyclopropene-3-thiocarbaldehyde can be
obtained by irradiation in argon matrices at 10K [8].
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R As reported for the furan derivatives, also thiophenes,
when irradiated in the presence of an amine, gave the cor-
(iv) @\ vy @\ e @ responding pyrroles [25-28]. The authors proposed the for-
s R R S mation of a cyclopropenyl intermediate, but, successively, a
Scheme 1. Photochemical isomerization of thiophene derivatives and pro- Déwar thiophene derivative, treated with aniline, gave the
posed mechanisms. corresponding pyrrole showing that, probably, it is the true
intermediate in this reaction [29].
irradiation of 2-substituted thiophenes gave the correspond- We performed some ab initio calculations using 6-31 G
ing 3-substituted derivatives (Scheme 1). basis set on Gaussian 94, using UHF method [30]. The
Several studies have been accomplished on the mechaecalculations were usually done using Mgller—Plesset pertur-
nism of this photoisomerization showing that the reaction bations (MP2). The Polak—Ribiere algorithm with gradient
takes place from the singlet excited state of the molecule calculations was adopted for geometry optimizations. The
[9,10]. Four mechanisms have been proposed (Scheme 1lppen-shell states were treated at the same level of accuracy
and Wynberg preferred (iii) [11,12]. More recently several as the closed state states. We verified that the obtained
studies showed that mechanism (ii) is the most probable structures were minima on the potential energy surfaces
[13,14]. calculating the frequencies of the optimized structures. We
Alkylthiophenes reacted to give the corresponding trans- investigated the ground state and the lowest triplet state
position products but they showed low reactivity [15]. Better of thiophene, the triplet biradical that results from the
results were obtained using perfluoroalkyl derivatives. The homolytic cleavage of the Sw(hond (this biradical inter-
tetrakis(trifluoromethyl) Dewar thiophene, isolated in 1970 mediate is supposed to occur in the isomerization process
by vapor-phase irradiation of the thiophene, was the first leading to the formation of the cyclopropenyl derivatives),
Dewar isomer isolated in this series [16—22]. The irradiation and Dewar thiophene in its singlet state. The structural
of 2,3-di-(trifluoromethyl)thiophenelf gave a mixture of properties of all these compounds and/or intermediates are
products where the authors found both isomeric thiophenesshown in Fig. 1.
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Fig. 1. Structural properties of compounds and intermediates involved in thiophene photochemical isomerization. Distances are given in angstroms
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Fig. 2. Relative energy of the intermediates involved in the isomerization of thiophene.

We have to note that while thiophene in the ground state CN
shows a partial dienic character (the—C, distance re-
sembles that of a single C—C bond, while thg-C3 one @ My U
is similar to a double C-C bond), the triplet state is clearly s~ "CN S
deformed until the S—bond can be considered as cleaved.

It is interesting to note that thiophene does not show the CH, HQ CN CN Hy CN
behavior observed with furan [31]. The triplet state of furan U\ hv @ . @ N

showed that the €&-C4 bond was shorter than the>8Cz s~ "CN S~ "CH,4 S

one. Furthermore, in the biradical intermediate, the ©-C

bond was a double bond, while thes &5 bond resem- Scheme 3. Photochemical isomerization of cyanothiophene derivatives.
bled a single carbon—carbon bond. We do not observe the

same trend in thiophene. Probably, this different behavior fact, the singlet excited state (the energy was obtained from
depends on the different nature of the electronic states in-the UV spectrum) can evolve giving the Dewar thiophene
volved. Triplet excited furan was a,7* triplet, while the (and, then, isomeric thiophenes), while the corresponding
resulting biradical was &,w* species [5]; on the contrary, excited-triplet state cannot be obtained. Furthermore, the
triplet excited thiophene is a,0* triplet with LSOMO at triplet state cannot be converted into the biradical inter-
—9.94 eV and HSOMO at9.51 eV and the biradical inter- mediate because this intermediate shows a higher energy
mediate is am,m* species with LSOMO at-10.12eV and than the triplet state, thus preventing the formation of the
HSOMO at—4.82eV. cyclopropenyl derivatives.

Also Dewar thiophene shows a distorted structure, where  The irradiation of 2- and 3-cyanothiophene gave interest-
the S—G bond is almost cleaved. The relative energies for ing results in agreement with the scheme described above
the four above-mentioned structures are shown in Fig. 2 and(Scheme 3). The photoisomerization reaction involved only
Table 1. They are in agreement with experimental results. In the 7, * excited singlet state and Dewar thiophenes were

Table 1

Relative energy of some thiophene derivatives and reactive intermediates

Compound Electronic state Relative energy (kcalmhpl
Thiophene T 109
Thiophene biradical (fission of StCbhond) T 122
Dewar thiophene ) 98
Thiophene-2-carbonitrile T 94
Thiophene-2-carbonitrile biradical (fission of S-6ond) T 96
Thiophene-2-carbonitrile biradical (fission of Ss-Bond) T 96
Dewar thiophene-2-carbonitrile oS 98
2-Phenylthiophene T 102
2-Phenylthiophene biradical (fission of S-6ond) T 102
2-Phenylthiophene biradical (fission of Ss-6ond) T 102

Dewar 2-phenylthiophene 0S 56
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Fig. 3. Structural properties of thiophene-2-carbonitrilea®d T;. Distances are given in angstroms.

isolated when the reactions were carried out-&8°C and HSOMO at—7.36¢eV. The relative energy of the possible
shown to be intermediates in the isomerization reactions intermediates involved in the photochemical isomerization
[32,33]. is shown in Fig. 5 and Table 1.

The structural properties of all the possible interme-  In this case, the direct irradiation involves the population
diates involved in the photochemical isomerization of of the excited singlet state (its energy was calculated on the
2-cyanothiophene are shown in Figs. 3 and 4. In Fig. 3, basis of the UV absorption), and then the formation of the
the structural properties of thiophene-2-carbonitrile in the Dewar isomer is possible. The intersystem crossing to
ground state and in its excited triplet state are shown. In the triplet state can occur; however, its interconversion into
Fig. 4, the structural properties of the biradicals derived from the corresponding biradicals cannot be efficient considering
both S—-G and S—G bond cleavage are shown. Furthermore, that the biradicals show a higher energy, even if for a little
Fig. 4 also shows the data relative to Dewar thiophene- amount, than that of the triplet state.
2-carbonitrile. Arylthiophenes were used as substrates in the photoiso-

We note that in the ground state, the bond length is larger merization described in Scheme 1 [34-39]. The dithienyls
for S—G than for S—G, but this feature is lost in the triplet  gave this reaction efficiently, while 2-(2-pyridyl)thiophene
state. In the latter state, the-&C3 bond is longer than the  and 2-(2-furyl)thiophene did not give this reaction in a rea-
C4—Cs bond and the S—Cbond is shorter than the SsC  sonable yield [40,41]. Carbonyl and olefinic substituents in-
bond. hibit the rearrangement [42-51].

The biradicals that result from the fission of both the —C The structural properties of all the possible interme-
and the S—¢ bond show the same structure as the triplet diates involved in the photochemical isomerization of
state: we observed the same bond lengths and the same bon2-phenylthiophene are shown in Figs. 6 and 7. In Fig. 6,
angles. Furthermore, in Dewar thiophene-2-carbonitrile the the structural properties of 2-phenylthiophene in the ground
S—-G bond is practically broken. state and in its excited triplet state are shown. In Fig. 7,

In this case, triplet excited thiophene-2-carbonitrile is a the structural properties of the biradicals derived from both
a,m* species. It shows the LSOMO at11.38eV and the S-G and S—G bond cleavage are shown. Furthermore,

2-cyanothiophene
1,2-biradical Tq

2-cyanothiophene
1.5-biradical T

Dewar 2-cyanothiophene
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v =9363° S-C2-C3=11542°
8 =91.35° S-C5-C4=105.27°
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Fig. 4. Structural properties of possible intermediates involved in thiophene-2-carbonitrile photochemical isomerization. Distancesima@ngstoms.
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Fig. 6. Structural properties of 2-phenylthiophenga®d T;. Distances are given in angstroms.
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Fig. 8. Relative energy of the intermediates involved in the isomerization of 2-phenylthiophene.

Fig. 7 also shows the data relative to Dewar 2-phenylthio- to convert into the corresponding biradicals via $-Hond
phene. cleavage.
We note that in both the ground and triplet state, the bond
length is larger for S—gthan for S—G. In the latter state,
the G—C3 bond is longer than the&Cs bond. The birad- References
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