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The mechanism of formation of dithieno[3,2-b:2’,3’-d]thiophene (DTT) through the reaction of 1,8-
diketone, 4,5-bis(benzoylmethylthio)thiophene with P4S19 was examined in detail by employing DFT
method at B3LYP/6-311+G(d,p) level. Two mechanisms were considered. The first one included two parts
(i) transformation of the 1,8-diketone, 4,5-bis(benzoylmethylthio)thiophene to the dithione by the re-
action of P4Sq9 with the carbonyl groups and (ii) cyclization of the dithione to the final product, DTT,

through an intramolecular reaction of the thiophene with thiones. The second mechanism consists of an
initial attack of the carbonyl oxygen to the phosphorus atom of P4Sqo followed by cyclization via an
intramolecular attack from the thiophene ring to the highly electrophilic carbons connected to the ox-
ygens to form DTT. According to the calculated Gibbs free energies of the studied paths, the second
mechanism is more favorable than the first one and both pathways proceed in a stepwise manner.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

m-Conjugated organic molecules have played a tremendous
role in the preparation of materials for electronic and optoelec-
tronic applications as these materials are cheap and easy-to-
process when compared to currently widespread applied in-
organic materials.! Extensive studies have demonstrated that such
materials can find a variety of interesting applications in organic
thin film transistors (OTFTs)? light emitting diodes (OLED)>
photovoltatic cells,* energy storage, electrochromic devices,®
and sensors.” Among the m-conjugated organic molecules, the
thiophenes have received much attention as their structure anal-
ogous to that of cis(CH), polyacetylene, (CH)y, are stabilized by
sulfur heteroatom.® In addition to their environmental stability,
they can easily be manipulated to design and synthesize new or-
ganic materials to modulate their electronic and electrochemical
properties.3“69

Dithieno[3,2-b:2’,3’-d]thiophenes (DTT), which possess three
fused thiophene rings, are among the most important organic
semiconducting materials, as they are building blocks for numerous
electronic and optical applications.' Although various synthetic
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methods are available in the literature, theoretical studies for the
formation mechanism of DTT are rather scarce. As one of the in-
teresting and versatile method for the synthesis of the DTT ana-
logue 22 is the reaction of 1,8-diketone, 4,5-bis(benzoylmethylthio)
thiophene 2 with P4Sqg, in this study, its mechanism was in-
vestigated thoroughly to obtain a plausible pathway, using density
functional theory method in the light of aforementioned experi-
mental findings.!!
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Fig. 1. Reaction of 1,8-diketone, 4,5-bis(benzoylmethylthio)thiophene 2 with P4S0.

2. Methodology

In the context of this study, all the possible reaction mecha-
nisms, including intermediates and transition states, have been
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modeled and discussed in terms of their relative Gibbs free
energies calculated at 298 K. The DFT method with the B3LYP
functional'? and the 6-311+G(d,p) basis set implemented in the
GO3 package,'® has been employed to perform the full optimiza-
tion of the compounds of interest in the gas phase. The stationary
points were analyzed by vibrational frequency calculations ap-
plying the same methodology. All transition states were verified to
be saddle points by one imaginary frequency belonging to the
reaction coordinate. For all transition state structures, the intrinsic
reaction coordinate (IRC) was followed to validate the expected
reactants and products.'* The Natural Bond Orbital (NBO)" anal-
ysis has been carried out on some structures in order to in-
vestigate electronic structure. Three-dimensional structures given
throughout the text are the optimized geometries at B3LYP/6-
311+G(d,p) level, unless otherwise stated. In some of the geom-
etries, the critical bond lengths (in A), which are of significance in
the reaction coordinate are shown and the hydrogen atoms, which
are not involved in the active reaction centers have been omitted
for clarity.

3. Results and discussion

The synthesis of the DTT analogue 22 from 1,8-diketone, 4,5-
bis (benzoylmethylthio) thiophene 2, using P4S10,'® is one of
the most efficient methodologies. Its mechanism was reported to
proceed by an initial attack from the carbonyl oxygen to P,Ss,
which is a dissociation product of P4S9 during the reaction, and
then the ring closure takes place by an attack from the thiophene
ring to the positively charged carbonyl carbon. As P4Sio is
a strong sulfurizing agent, it is not clear if the conversion of the
oxo group to thione takes place first and then the reaction pro-
ceeds by an attack on the thione from thiophene. Moreover, the
experimental results revealed that such a transformation would
not be possible in the absence of P4Sqo. In the experiment, the
reaction of 1,8-diketone, 4,5-bis(benzoylmethylthio)thiophene 2
with P4S19 was carried out in refluxing toluene (Fig. 1), and when
the reaction was performed with acid, such as HCI, in the absence
of P4Sqg, starting material 2 was recovered, which indicates that
the presence of P4S1g plays a vital role in this reaction.!” Hence, in
this study, two possible reaction mechanisms were studied, (i)
transformation of the diketone to the dithione followed by the
cyclization of the dithione to the final product and (ii) the direct
cyclization from the diketone to thiophene ring in the presence
of P5Ss.

Before modeling a transition state for the first step, the
lowest energy conformers of the reactants were searched. Re-
sults indicated that only one conformer for P2Ss (1) (Fig. 2) and
for the diketone 2 had the lowest Gibbs free energy even though
a series of ketone conformers exist, which are energetically
close to each other due to the free rotations of the terminal
benzoyl groups.

Fig. 2. 3D Representations of the lowest energy conformers of P,Ss 1 and 1,8-diketone,
4,5-bis(benzoylmethylthio)thiophene 2.

The lowest barrier energy for the formation of the transition
complex 3 (2+P,S5) was found to be 19.3 kcal/mol, the geometry of

which includes a four-membered ring in the reaction center due to
the partially formed P---O and S---C bonds having distances of 1.76
and 2.70 A, respectively (Fig. 3).

Fig. 3. 3D Representation of the transition complex 3.

In the thionation mechanism of the carbonyl group, the in-
termediate 4 was found to be 10.2 kcal/mol less stable compared
to the reference point in the reaction coordinate (Scheme 1).
The final stage in the transformation of one of the (—C=0)
to (—C=S), the four-membered ring starts to break at the P—S
and C—O bonds and the reaction proceeds through another
transition state where P,Ss abstracts the carbonyl oxygen to
form OP,S; and then OP,S4 excludes itself from the reaction
center. In the transition complex 5, the distances of the weak-
ened bonds C---O and P---S were calculated to be 2.21 and 2.26 A,
respectively. The distances of the partially and fully formed C---S
bonds in 5 and 6 were calculated to be 1.78 and 1.65 A,
respectively (Fig. 4).

Fig. 4. 3D Representation of the transition state 5.

After transformation of the first CO moiety to CS was com-
pleted, the same mechanism was repeated for the second CO. The
complete pathway of dithione transformation is depicted in
Scheme 1. The possibility that OP,S4, instead of P,Ss, may react
with the other CO moiety was not considered since this would be
highly unfavorable due to the kinetic reasons and also OP,S4 be-
comes inactive against thionation reaction.!”

The second part of the mechanism involves the cyclization of
dithione 10 to yield the product 22. In transition state 11 (Fig. 5),
the a-carbon of the thiophene ring interacts with the carbon
atom of a thione at a distance of 2.14 A under the catalytic as-
sistance of P,Ss. This step has the highest point on the energy
profile with a barrier energy of 50.3 kcal/mol. While the ring
closure occurs, the proton connected to the a-carbon of the
thiophene ring is transferred to a sulfur atom and connected to
the phosphorus atom to produce the intermediate 12 without
a barrier.
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Scheme 1. Energetics and mechanism of transformation from diketone to dithione (some parts of structures is not shown because of clarity).

Fig. 5. 3D Representations of the transition states 11 (left) and 13 (right).

Once the five-membered ring in the transition state 13 was
formed, the thione sulfur started to leave the compound (Fig. 5).
According to NBO analysis, the intermediate 14 has an interaction
of H with the sulfur lone pairs having the stabilization energy of
16 kcal/mol. The 14 is a stable molecule and it has been identified
with all positive frequencies. At the final stage of the first mech-
anism, the cyclization of the first half of the symmetrical molecule
2 was completed when the transition complex 15 was converted
to 16. In 15 (Fig. 6), the SH moiety interacted with one of the two H
atoms of the a-carbon of the newly formed S containing five-
membered ring at a distance of 1.64 A, which led to the weakening
of the S---P bond with a distance of 2.38 A. As shown in the
product of the first cyclization reaction 16, the H atom was ab-
stracted by the SH group leading to the formation of H,S, which
leaves the molecule as soon as it forms. The cyclization of the
second half of the molecule follows exactly the same pathway to
yield the final product 22 (Fig. 6), dithieno[3,2-b:2’,3’-d]thiophene
as explained in Scheme 2. The Gibbs free energy barrier values for

Fig. 6. 3D Representations of the transition state 15 (left) and the product 22 (right)
(with NBO charges).

the second cyclization steps are similar to the first cyclization
(Table 1).

The second mechanism involves the direct cyclization of
diketone. As a first step, the P is coordinated to O atom of the
carbonyl in the transition state 23. At the same time, the carbonyl
carbon attacks the other carbon in the ring at a distance of 2.07 A
to form a new thiophene ring (Fig. 7). Energetically, this transition
requires 32.4 kcal/mol Gibbs free energy to occur. The formation of
the thiophene ring favors the migration of a proton to the sulfur
atom.

Subsequently, in the transition state 25 (Fig. 8), HOP3Ss
detachment requires a barrier energy of 2.0 kcal/mol. The C---O
bond distance increases from 1.50 A in the intermediate 24 to 1.83 A
in 25.

The final step is the H;S extrusion step. In the transition state
27 (Fig. 9), to obtain aromaticity in the formed fused ring,
the proton is transferred to the SH moiety of HOP,S5 to produce
H,S. This requires 12.9 kcal/mol energy. The C---H, S---H,
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Scheme 2. Energetics and mechanism of cyclization reaction of dithione (some parts of structures and second stage of cyclization are not shown because of clarity).

Table 1

Relative Gibbs free energies of the molecules in the first and second cyclization processes of the first mechanism
First cyclization Second cyclization
Structure Relative Gibbs free energy (kcal/mol) Structure Relative Gibbs free energy (kcal/mol)
10 (Reactant) 22.8 16 (Reactant) -2.6
11 (TS) 503 17 (TS) 229
12 (I) 20.5 18 (1) -20
13 (TS) 222 19 (TS) ~0.8
14 (1) 14.7 20 (1) -6.6
15 (TS) 26.6 21 (TS) 34
16 (Product) -2.6 22 (Product) -27.9

Fig. 7. 3D Representation of the transition state 23. Fig. 8. 3D Representation of the transition state 25.
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In the rest of the second mechanism, the ring closure of the
other ketone moiety takes place. The energetics of the second
ring closure are depicted in Table 2. Although the first and
second barrier energies of the first and second cyclizations are
quite consistent with each other, the third barrier energy of the
second cyclization is 5.8 kcal/mol higher due to geometrical

hindrance.

Fig. 9. 3D Representation of the transition state 27.

Table 2

Relative Gibbs free energies of the molecules in the first and second cyclization processes of the second mechanism

First cyclization

Second cyclization

Structure Relative Gibbs free energy (kcal/mol) Structure Relative Gibbs free energy (kcal/mol)
2 (Reactant) 0.0 28 (Reactant) —-14.2
23 (TS) 32.4 29 (TS) 164
24 (1) 34 30 (D) -9.6
25 (TS) 5.4 31 (TS) -7.6
26 (1) -48 32 (1) —20.4
27 (TS) 7.9 33 (TS) -19
28 (Product) -14.2 22 (Product) -27.9
S
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Scheme 3. Energetic and mechanism of cyclization reaction of diketone (some parts of structures and second stage of cyclization are not shown because of clarity).

and S---P distances are found to be 1.49, 1.61, and 2.35 A, re-

4. Conclusion

spectively. At the end, the formation of the first thiophene ring is

completed upon release of H,S and OP,S5 and the product 28 is

obtained.

In this study, two possible mechanisms for the formation
of dithieno[3,2-b:2’,3/-d]|thiophene from 1,8-diketone,

4,5-
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bis(benzoylmethythio)thiophene were examined thoroughly. The
first mechanism consisted of transformation of the oxo groups to
the thiones through the reaction with P4Sqo, followed by attack
from the thiophene to the thiones to form DTT. The second
mechanism involved an attack of the carbonyl oxygens to P4S1o to
form a highly electrophilic carbon atom, which then binds to the
thiophene ring to form DTT. According to the calculated Gibbs
free energy profiles, the highest points of the first and second
pathways belong to the transition states 11 and 23, respectively.
While 11 is located at 50.3 kcal/mol, 23 is located at 32.4 kcal/
mol. The energy difference of 17.9 kcal/mol favors the second
mechanism as a plausible pathway for the formation of dithieno
[3,2-b:2',3'-d]thiophene. As a common point, both pathways
advance in a stepwise manner. Moreover, structure 23 has been
found to be the rate-determining step in the plausible pathway.

As the reaction takes place at 120 °C, the temperature effect on
critical barriers, namely 11 and 23 was also investigated. Although
there is an increase of about 5 kcal/mol in both barriers at 393 K,
the reaction takes place at this temperature. The reason is that the
reaction rate increases significantly. The ratio of the rate constants
at 393 K and 298 K, kzg3/kaos was found to 7.2 x10° for the Scheme 2
and 5.5x10? for the Scheme 3. We believe that the 5 kcal/mol
changes in the barrier energies are not significant for the reaction
under consideration and the temperature effect does not change
path selectivity.
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