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Abstract—-The reactivity of thiophene and the 1somenc thienothiophenes has been tnvestigated using the
semi empincal PPP SCF MO method.

1. INTRODUCTION
IN CONNECTION with a recent study of the electronic spectra of the isomeric
thienothiophenes® Fig. 1 the question of the reactivity of these molecules became of
interest. Thieno[3.4b]thiophene (I),? has only recently been prepared and as yet there
are no experimental data, as regards its reactivity in substitution reactions. Electro-
philic substitutions in thieno[2.3b] (1) and [3.2b] (I1I)-thiophenes have been studied,?

MG | Thlcno[JAB]thlophcnc Thieno[ 2.3b}thiophenc Thieno[ 3 2b]thiophene

but there appears to be no previous SCF treatments of reactivity parameters for these
compounds. A further isomer is also possible thieno[ 3.4¢c] Fig. 2 for which no classical
structure may be written without involving a double bond to a sulphur atom; a
calculation on the pi electronic structure of this compound is also of interest.

RG. 2. Thieno[3.4c]thiophene

II. METHOD OF CALCULATION
Detailed SCF Pople-Segal type calculations which we have carried out on
thiophene.* including all valence clectrons and taking into account 3s, 3p, 3d, 4s
and 4p orbitals on sulphur, indicate that as far as the pi electronic energy of the system
is concerned the 3d, 4s and 4p orbitals contribute to only a small extent. This is in
agreement with the conciusion of Bielefeid and Fitts,* who considered only the pi
2567



2568 D. T. CLark

electronic system. Inclusion of the latter orbitals does affect the electron distribution
to a significant extent. It is clear therefore that calculated localization energies should
be reliable if 3d orbitals on sulphur are neglected, but charge densities must be treated
with some reservations.

In a recent series of papers Dewar® and his co-workers have demonstrated that
the Pariser—Parr-Pople treatment of pi electrons taken with empirical bond energies
for the sigma system leads to very good estimates of heats of formation of aromatic
hydrocarbons, oxygen and nitrogen heterocycles and localization energies for aromatic
hydrocarbons. It has been pointed out elsewhere® that the main difficulty in the
calculation of pi electron ground state properties is the estimate of the f's which
occur in the off diagonal elements of the F matrix. Using thermodynamic schemes,
Dewar has made estimatesof §for C C,C Nand C O bonds. There is a lack of
thermodynamic data pertaining to aromatic sulphur compounds, thiophene’ being
one of the few compounds whose heat of formation is accurately known.

In discussing the electronic spectra of the thienothiophenes' the value of f for
the C S bonds was obtained from the empirical Wolfsberg Helmholtz® Eq. (1).

B.. = KU, + 1,)S,, m
where K is a constant, I, and I, are the appropriate valence state ionization poten-
tials for atoms p and v, and S, is the overlap integral.

This expression taken in conjunction with Bc_c — 2:371 e¢V?® and the appropriate

values of ionization potentials'® and overlap integrals, gives a good account of the
electronic spectra of thiophene and the isomeric thienothiophenes ! 1t seems worth-

while thcrcforc to use Eq. (1) in conjunction with Dewar's ground state Bc_c® to
evaluate B._g and hence attempt to calculate the heat of formation of thiophcnc.
Taking the currently accepted heats of atomization of the elements, (carbon''
1709 kcals/mole, hydrogen'' 52-10 kcals/mole and sulphur!? 6590 kcals/mole),
the heat of formation of thiophene from the gascous atoms i1s —930-41 kcals/mole.
The heat of formation of the compound may be written as Eq. (2)°

AH/ = - ZECC - zEm zEcs E . bonding (2)
where Ecc, Ecy and Eg are bond energy terms for the relevant bonds and E, paqin,
is the calculated pi bonding energy as defined by Dewar. Reasonable estimates of
carbon (sp?)-hydrogen and carbon (sp?)-carbon(sp?) bond energies have been
published.® Since the C  C bond lengths in thiophenc alternate to a significant extent
this must be taken into account. Compression energies were therefore calculated
using the Morse formula (3)

Compression Energy = D,[1 — expa(r, — r)]? (3)
(Notation of Ref. 6)

The estimate of the bond energy term for the C - S bond is slightly more difficult.
However, using the Laidler bond energy scheme'® and the heat of formation of
tetrahydrothiophene,!? the bond energy E,os.s may be estimated as 69-20 kcals/mole).
On the basis of increase in overlap integral in going to a C,,2,.s bond, we may expect
that the C-- S bond energy should be higher in the latter case. It has been found

......... 14 ot e
cmplnwny tiat

Equpn-x — Ecapn-x = 4 k cals/mole
X = halogen
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and this relationship is also probably reasonable for X = S. The value of E for use
in Eq. (2) was taken as 73-0 kcals/mole. For the calculation of the pi bonding energy
by the Pariser-Parr -Pople SCF method the required one centre integrals were
calculated from spectroscopic data,'® and the two centre repulsion integrals evaluated
using the uniformly charged sphere model. Full details of the method and parameters
used will be published elsewhere.!

111. RESULTS AND DISCUSSION
Table 1 shows the calculated contributions to the heat of formation of thiophenc.
The agreement between calculated and observed heats of formation is satisfactory
and suggests that the value of 8. (107 eV) is reasonable. For comparison the pi
bonding energy calculated using the spectroscopic values' for fc_c and Bc_g is
included. This clearly emphasizes the need to use different parameters for ground state

properties.
Taste | CONTRIBUTIONS TO THE CALCU-
LATED HEAT OF FORMATION OF THIOPHENF

Contribution kcals
SEx — 26819
YEw — 40868
YEx - 14600

| S - 11807
Total — 940-94
Expt. value -930:41

E-i-au

{Spectroscopic £'s) -17505

Having established a reasonable value for f_s, the electronic structure of the
isomeric thienothiophenes was investigated. For these calculations the C- -C bond
lengths were taken to be 1:39 A the average of the corresponding bond lengths in
thiophene'® and thieno[3.2b]thiophene'® and the usual distance taken for an aro-
matic C—C bond. The C—S bond distances and C—S—C bond angles were taken
to be those in thiophene (1-714 A, 92°).'* Tables 2 and 3 show the calculated eigen-

Tanif 2 CALCULATED EIGENVALUES FOR NAPHTHAL ENF. THIENO{3.2D]THIOPHENE AND THIFNO-
{2 3bJ1HIoPHENE IN ¢V

11 11
Orbital number  Naphthalene Thieno{3.2bJthiophene  Thieno[2 3b]thiophene

10 2451 —

9 0946 —

8 0126 1630 1939
7 - 0881 0518 0003
6 - 1692 -0972 - 0682
s -9-648 -9289 - 9-566
4 - 10459 -~ 10010 -9756
3 - 11466 -11-110 - 11065
2 -12:286 - 11861 - 11861
1 -13791 -13251 - 13254
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THIENO{ 3 4C|THIOPHENE IN eV

] v
Orbital number  Thieno[ 3.4b]thiophene Thieno[3.4c]thiophene

10

9 -

8 1-864 2109

? 0218 0-5075
6 - 1086 ~2098

b -905s - 171756

4 -10196 - 10463

3 -10933 -10:525

2 - 11866 -12021

1 -13-261 —13-145

values for the isomeric thienothiophenes and for comparison those of naphthalene.
For compounds I, Il and III the 10r electrons occupy the lowest five molecular
orbitals giving a closed shell structure analogous to naphthalene. In the case of IV
however the ground state is predicted to be a triplet, although the separation between
singlet and triplet states is small ~0-11 eV. (Since these calculations were completed
a preliminary communication has appeared'’ on a derivative of the latter compound.
The prediction of a triplet ground state would then explain the transitory existence
of this compound and its facile addition reactions).

Applying Koopman’s theorem, the predicted ionization potentials for I, 11, 111
and naphthalene are 9-055, 9-289, 9-566, 9-648 eV. As is usual with the PPP SCF
method ionization potentials tend to be overcstimated but the values are all similar
to that of naphthalene. Support for this comes from the fact that all four compounds
form picrates. 1 is predicted to be the most susceptible to one electron oxidation.

No experimental heats of formation are available for the thienothiopenes, however
if the reasonable assumption is made that the first three terms in Eq. (2) are the same
for all four compounds, differences in heats of formation should be reflected in
differences in E,ponqing Table 4 gives the calculated differences in E, poaaing With
respect to thieno[ 3.2b]thiphene I1.
1V thieno[3.4c]thiophene is predicted to be much less stable in a thermodynamic
sense, than the other isomers.

It has been pointed out previously® that the disappointing results experienced in
carly applications of SCF methods to the calculation of localization energies,'®
is a direct consequence of not allowing for core repulsion energies. This is particularly
pertinent in the case of heterocyclic compounds. For example the calculated pi
electronic energy for the Wheland intermediate cations for 2 and 3 substitution in
thiophene are in the order 3 > 2, however inclusion of the core repulsions reverses
this order.

Table S gives the calculated localization energies for electrophilic, nucleophilic and
free radical substitution in thiophene and the isomeric thienothiophenes.

For comparison the results for naphthalene are also included, these are essentially
the same as those published by Dewar. The energies of the free radical intermediates
were calculated in two ways using Koopman's theorem Eqs (4) and (5)
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CULATED DIFFPRENCES IN £_ . . __IN eV Fom
CULATED DIFFERENCES IN Lo ponding !N €Y FOR

THE ISOMERIC THIENOTHIOPHF NES

Compound Differences in E, ppeqiny

nev
thieno[3.2b]tbiophene 0
thieno[2.3b]thiophene 0054
thieno[ 3.4b]thiophene 0313
thieno[ 3 4c]thiophene 2:000

TABLE S. RFLATIVE LOCALIZATION ENERGIES WITH RESPECT TO RENZENE AS STANDARD, FOR THIOPHENE,
NAPHTHALENF AND THF ISOMERIC THIENOTHIOPHENTS IN ¢V

Position Type of substitution
Compound of - -— — —- S— —-
substitution Electrophilic Radical Nucleophilic
Thiophene 2 -1-205 -1-114 - 0460
3 - 0-057 -0273 1-290
Thieno[ 3.2b]thiophene 2 - 1964 ~0915 -0990
3 -0610 - 0025 1172
Thieno[2.3b]thiophene 2 - 1-688 - 0-800 -0365
3 -0N91 - 0005 - 09884
Thicno[ 3.4b]thiophene 2 -1430 -0832 -0737
3 - 1069 - 0091 0955
4 -2429 -1245 -1291
6 -2133 - 1084 -0587
Naphthalene 1 -0920 --0-410 -0920
2 -0510 -014 -0510
A ncgative value of localization energy indicates the site 1s more reactive than benzene
E: radical = E-ulbn +e+ (4)
E- radical = Elmlon - &— (5)

where ¢+ and ¢— are the energies of an electron in the lowest unoccupied and highest
occupied orbitals of the cation and anion respectively. The results show that these
two approaches give identical answers.

For thiophene the 2 position is clearly favoured for all three types of substitution.
As far as electrophilic substitution is concerned, thiophene is much more reactive
than benzene, substitution occuring predominantly in the 2 position for a wide
variety of electrophiles.!® Comparison with Dewar's calculations show that the 2
position should be intermediate in reactivity to the 1 positions in naphthalene and
anthracene, whilst the 3 position is almost identical to benzene. Quantitative data for
electrophilic substitution in thiophene would suggest that this is a reasonable estimate
of its reactivity.2% 2! Free radical substitution is predicted to occur more readily at
both sites than in benzene, the 2 position again being favoured, phenylation for
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P!amnlp vields mamlv the 2 isomer 32 Nucleophilic subgtitution ic arain nradictad to

IS Spaeii privaaivivae IV

be more favourablc in the 2 position, the 3 position being much less reactive than in
benzene. Thieno[3.2b]thiophene and thieno[2.3b]thiophene have both been exten-
sively investigated as regards clectrophilic substitution reactions,® however, quantita-
tive rate data is not yet available. The published observations leave little doubt that
both of these compounds are very reactive, the 2 position being highly favoured as
predicted. The 3 positions should be activated towards electrophilic substitution.
Both free radical and nucleophilic substitution are predicted to favour the 2 substituted
products. The substitution reactions of thieno[3.4b]-thiophene have not yet been
reported.? This compound is of particular interest since the rings are non equivalent
and there are four possiblc sites of substitution. The 4 position is highly activated and
the most laVOUI’“] siie lOl’ cwcuopmnc nucu:opmuc and free ram@ai SUDSII(U(IO!'I
Some interesting variations in localization energy seem worthy of note, concerning
the order of reactivities of these compounds as given by the site of highest reactivity
in each compound. For electrophilic substitution the order of decreasing reactivity is

thieno[3.4b]thiophene > thieno[2.3b]thiophene > thieno[3.2b]thiophene >
thiophene.

For free radical substitution

thieno[3.4b]Jthiophene > thiophene > thieno[3.2b]Jthiophene > thieno[2.3b]
thiophene

For nucleophilic substitution

thieno[3.4b]Jthiophene > thino[3.2b]thiophene > thiophene > thieno[2.3b]-
thiophene.

CONCLUSIONS
The extension of Dewar’s SCF treatment of ground state properties of conjugated
molecules to include sulphur compounds has been attempted and found to be satis-
factory. In terms of PPP SCF MO calculations a reasonable interpretation of some of
the chemistry of thiophene and the isomeric thienothiophenes has been presented.
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