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I. INTRODUCTION 

IN CONSECTION with a recent study of the electronic spectra of the isomcric 
thienothiophenest Fig. 1 the question of the reactivity of these molecules became of 
interest. Thieno[3.4b]thiophcne (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] (If)and [3.2b] (III)-thiophenes have been studied,’ 

FI(. 1 ‘Thlcno[3 Qb]thlophene Thteno[2.3b]thlophcnc .Thleno[? ?h]thlophcne 

but there appears to be no previous SCF treatments of reactivity parameters for these 
compounds. A further isomer is also possible thieno[3.4c] 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. 

:‘, 

kk 2. Thwzno[3.4c]thiophcnc 

II. METHOD OF CALCULATION 

Detailed SCF PoplcSegal type calculations which we have carried out on 
thiophene.* including all valence electrons 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 0i Bieieieid and Fitts.’ who considered oniy the pi 
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electronic svrtem. Inclusion of the latter orhitals 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 Dewa? 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 elsewhere6 that the main difhculty in the 
calculation of pi electron ground state properties is the estimate of the p’s which 
occur in the off diagonal elements of the F matrix. Using thermodynamic schemes, 
r\_...__ L__ --A_ __.:- ^._^ -r II c-m P w, .._._A P A L--A- T-L-- ucwar nzi mauc CSIIIIIY~C~ 01 p IUI L. c. c 1v ill,” L v VVIIUS. L IICIC: iS 2 lXk 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 /I for 
the C S bonds was obtained from the empirical Wolfsberg Helmholtzs Eq. (I). 

8,” = K(i,, + I”“)Si8” (1) 
where K is a constant, I,, and I, are the appropriate valence state ionization poten- 
tials for atoms u and v, and S,, is the overlap integral. 

This expression taken in conjunction with &_c - 2.371 eV9 and the appropriate 
values of ionization potentials” and overlap integrals, gives a good account of the 
electronic cnrrtrs of thjonhmr a;d the is~_q_rrIr t&nothionhencc * !! _w~_s wor!h- “r---*- r. _ _ -. _ _. . _ _. . _ r-------’ 
while therefore to use Eq. (I) in conjunction with Dewar‘s ground state PC-c6 to 
evaluate &_s and hence attempt to calculate the heat of formation of thiophene. 
Taking the currently accepted heats of atomization of the elements, (carbon” 
170.9 kcals/mole. hydrogen i’ 52.10 kcals/mole and sulphur I* 6590 kcals/mole). 
the heat of formation of thiophene from the gaseous atoms is -930-41 kcals/mole. 
The heat of formation of the compound may bc written as Eq. (2)6 

AH, = - &%c - CE,, - &s - Lbond,nl (2) 

where E m E, and Em are bond energy terms for the relevant bonds and Esboodlal 

is the calculated pi bonding energy as delined by Dewar. Reasonable estimates of 
carbon (sp*)-hydrogen and carbon (sp’)-carbon(sp’) bond energies have been 
published6 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 - exp &, - r)]’ 

(Notation of Ref. 6) 
(3) 

The estimate of the bond energy term for the C - S bond is slightly more diflicult. 
However, using the Laidler bond energy scheme” and the heat of formation of 
tctrahydrothiophene. I2 the bond energy EC,,,, , , Jmay be estimated as 69.20 kcals/mole). 
On the basis of increase in overlap integral in going to a C,,,,Z~ bond, we may expect 
that the C.- S bond energy should be higher in the latter case. It has been found 
_--:_z~~11..14 .L.... cmylrually L114L 

ECIS,,2,_X - Eq,pr,_X z 4 k As/mole 

X = halogen 
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and this relationship is also probably reasonable for X = S. The value of Eoi for use 
in Eq. (2) was taken as 739 kcals/mole. For the calculation of the pi bonding energy 
by the Par&-Parr -Pople SCF method the required one cenlre 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.’ 

III. RESULTS AND DISCUSSION 

Table 1 shows the calculated contributions lo the heat of formation of thiophenc. 
The agreement between calculated and observed heats of formation is satisfactory 
and suggests that the value of & .s ( - f 117 eV) is reasonable. For comparison the pi 
bonding energy calculated using the spectroscopic values’ for j?c-c and &_s is 
included. This clearly emphasizes the need to use different parameters for ground state 
properties. 

TABI+ I <‘osrn~eur~o~ TO THL CA~.W- 
I.ATm HUT OF FORMATtON (IF TtiIOPttEhT 

Contribution 

)3&x ‘. 

Ez 
E *boa*@ 

kals 

--268.19 

..- 

-40868 
- 146w 
- 11807 

Total 
Expt. value 

6 .W., 
fSpcctroscopic /i’s) 

-94094 
-93Q41 

- 17505 

Having established a reasonable value for /I&+, the electronic structure of the 
isomeric thienothiophenes was investigated. For these calculations the C--C bond 
lengths were taken lo be 1.39A the average of the corresponding bond lengths in 
thiophene” and tbieno[3.2b]thiophene”’ and the usual distance taken for an aro- 
matic C-C bond. The C-S bond distanm and C-S-C bond angles were taken 
lo be those in thiophene (1*714A, 92”).” Tables 2 and 3 show the calculated eigen- 

TIM r 2 C’~t.~t:t AWI) E~G~YFAI t’tS FOR ‘VAPHTHAI FNF. nttrNc~3.2b)nttWttwx AM) TH~FNw 

)J.3h)twowtw IZ eV 

Orbital number 
--_ ._ 

IO 
9 
8 
7 
6 
5 
4 
3 
2 
1 

Napbthakne 
II Ill 

Tbicno(3.2b]thiophene Thieno[23b]thiophcnc 
. . 

2451 
0946 
0126 

- 0881 
-1692 
-9648 

- 10459 
- 11466 
- 12.286 
- 13.791 

1GCl 
MIS 

- (1972 
-92.89 

- 10010 
- 11~110 
- 11.861 
- 13.251 

.- _ 
- 
- 

1.939 
ooo3 

-0682 
-9566 
- 9.7% 

-11065 
- II.861 
- 13.254 
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I IV 
Orbird number Thicno[3.4b]thiophcnc Thkno[3.4c]thiophenc 

-_. .- -__ 

IO 
9 - 

a I.864 2.109 
7 0215 05075 
6 - IQ86 - 2X98 
5 - 9QSS - 7.756 
4 - 101% - 10463 
3 - 10933 - lQS2S 
2 - I I.866 - 12Q21 
I - 13,261 - 13.145 

values for the isomeric thienothiophcnes and for comparison those of naphthalene. 
For compounds 1. II and III the 1Ort 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 1 I 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 1. II. III 
and naphthalene are 9055, 9.289. 9.566, 9648 eV. As is usual with the PPP SCF 
method ionization potentials tend to bc overestimated but the values are all similar 
to that of naphthalene. Support for this comes from the fact that all four compounds 
form picratcs. I 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,boa,,,,,, Table 4 gives the calculated differences in E,bondin, with 
respect to thieno[3.2b]thiphene II. 
IV 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 
early 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 5 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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TARU 4. CAL.CL’LATFD ~Np~plltNcrs IN f$ t.,d,“, IN cb’ FOU 

THE IWWzRIC TltItSGlHIOPHFStS 

Compound 
Difkrcnces m E,-,, 

in cV 
.__ _ _-_ --. .- -_. -. 

thieno[3.2b]tblophcnc 0 

thieno[23b]thiophenc 0054 

thwno[ 3.4b]thiophcne 0313 

thicno[3 Qc]thtophcnc 2GaO 

.I’AHIL 5. RFIATlvt I.lK’ALILATtO’; E?i).RGlFS WITH RI3PCC-T TO RFNZFW AS STAWARI). COR TFtIOPPHtNF.. 

NAPtfTttAI tFiF AM) 7ttF IYWJFRIC THIE\OTHIOPHt.h-FS IY CV 

Compound 

Posltion 

Of 

subsrlrulion 
_ 

Thlopheoc 

.-. .__ 
2 

3 
_. - .- _-. 

Thlcno[3.2b]thlophene 2 

3 
-. .-.. _.- _-- 

Thlcnof? 3b]rhiophmc 2 

3 
-_. - .- - - 

Thicno[3.4b]thiophcnc 2 

3 

4 

6 
_- - . . .- 

Naphthalene I 
2 

Type of substitutlon 
-- _- - -. .-. - _. 

Elcctroph~lic Radical Nuckophlhc 
- _ . -. .__. -. _- 

-1-205 - I.114 -0460 

- 0057 -0273 1290 
.-.. .- -. -_. .- - 

- I.964 -0915 -0990 

-0610 -0025 I.172 
.-_ __ _ .-. .__. ._. 

l-685 -VU00 -v365 

- 07191 -MO5 -09884 
-- ___ -._ -. .--. 

- I.430 - VU32 0737 - 

-1069 -VO91 0955 

- 2,429 - I.245 -1291 

- 2.133 -1084 -0587 
--_ -. - -- .- 

- 0920 .-0410 -0920 

-0510 -VI4 -0510 

A negalwc value of locallzaiion energy Indicafcs the cilc IS mm rcacli\c than benlrnc 

& rndlul = -mcatba F + c+ (4) 

E .ndlcal = E . l nbn -E- (5) 

where E + and E - 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 ekctrophilic substitution is concerned, tbiophene is much more reactive 
than benzene, substitution occuring predominantly in the 2 position for a wide 
variety of ekctrophiks. I9 Comparison with Dewar’s calculations show tbat the 2 
position should be intermediate in reactivity to the 1 positions in naphthakne and 
anthracene, whilst the 3 position is almost identical to benzene. Quantitative data for 
ekctrophilic substitution in thiophene would suggest that this is a reasonabk estimate 
of its reactivity.‘O*” 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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be more favourabk in the 2 position, the 3 position being much less reactive tban in 
benzene. Thieno[3.2b]thiophene aod thieno[2.3b]tbiophene have both been exteo- 
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 equivaknt 
and there are four possible sites of substitution. The 4 position is highly activated and 
the most favoured site for ekctrophiiic, nucieopbiiic and free radicai substitution. 
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 ekctrophilic 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]thiophene > thiophene > thieno[3.2b]thiophene > thieno[2.3b] 
thiophene 

For nucleophilic substitution 

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

CON<‘LUSIONS 

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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