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Abstr&--The two low-lying singlet excited states of 14 mono-phenylated S-mem~red beterocycles have been 
studied with respect to their energy level ordering, the oscillator strengths of the pertinent transitions, the state 
wave functions and the one-particle density matrices. Two types of lowest energy singlet states could be revealed 
by means of the con~guration analysis (CA) and the similarity analysis (SAL One state (labelled “state A”) is 
characterized by a delocaiization over the whole n system, whereas the other (labelled with “stale B”) is locally 
excited at the phenyl moiety. An attempt is made to link this classification with the different photoisomeri~tion 
pathways of the title compounds. 

The light-induced rearrangement of conjugated 
heterocycfic S-membered ring compounds is a vast field 
in modern photochemistry.‘.2 Mono-phenyiated five- 
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membered heterocycles 1-4 photoisomerize as shown in 
Scheme I? 

The most interesting detail of this photoisomerization 
is the irreversible character of the reaction. Thus, being 
irradiated at the long waveien~h absorption band, la is 
transformed into 2a with a high quantum yield, whereas 
irradiation of 2a has seemingly no photochemical con- 
sequences and no traces of la can be isolated.“,4 Only by 
means of the deuterium labelling technique combined 
with a detailed analysis of the NMR spectra could the 
scrambling of carbon atoms within the five mem~red 
ring of excited 2a be detected.’ However, all geometrical 
inversions of 2a in its excited state lead by chance back 
to the initial structure 2a. Therefore, the term “no- 
reaction reaction” has been introduced for describing 
this case.’ A quite similar behaviour is shown by the 
mono-phenylated thiatoles 3 and isothiazoles 4. Here 3b 
and 4b, together with smaller amounts of &I, all of which 
can be considered to be azaanaloga of 2a, are the ter- 
minal products after the photochemical rearrangement of 
all the isomers of 3 and 4.&12 

Although detailed investigations about the photoche- 
mistry of alkytated and diarylated furans have been 
carried out (see Ref. 1 and references therein and”) no 
information about isomerization of the monophenylated 
furans lb and 2b could be found in the literature. 

2-Phenylselenophene Ic shows a similar photochemi- 
cal behaviour as la and undergoes into Zc, however a 
competitive photoreactive channel provides elimination 
of selenium and formation of styrylacetylene. The latter 
process becomes dominant in the case of the tellurium 
compounds Id and 2d.14 

There have been several attempts to interpret the 
mechanism of these photoisomerizations. From the 
experimental point of view, the labelling technique with 
*H and 14C ensured that the photorearrangement results 
from drastic geometrical changes within the five mem- 
bered ring but not from mi~ation of the phenyl frag- 
ment.&.’ Furthermore, quenching experiments with 
piperylene revealed that the reaction starts from an 
excited singlet state.ls After some previous ideasI van 
Tamelen gave the first comprehensive mechanistic mode1 
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for the molecular rearrangement of conjugated five- 
membered ring heterocycles” based on former sug- 
gestions about the irradiation-induced conversion of 
benzenoid compounds into valence bond Dewar 
isomers.” This general model has been completed and 
improved by Kellogg, who considered the reaction to 
lead via intermediates of tight non-planar geometry with 
antiaromatic 1~4, t 7~2, character.” Following the recent 
model considerations on photochemical reactions this 
might indeed represent a stable geometrical situation on 
the singlet excited potential surface.” 

Going back to the irreversible rearrangement of singlet 
excited la into 2a and the no-reaction reaction of the 
latter we can conclude (in agreement with the assump- 
tion in Ref. 19) that intermediates of different spatial 
geometry are involved in the photoisomerizations of la 
and 2a, respectively. In this connection the question 
arises whether these different intermediates are also 
connected with excited states of different character. The 
crossing of excited states, say S, and S2, during the 
photoisomeri~tion of la+h+ta seems to be the logi- 
cal consequence of the irreversible character and the 
unequivocal course of this photorearrangement. Thus, 
following this hypothesis, the character of the excited 
state after a vertical excitation might become represen- 
tative and decisive for the structure of the intermediate 
and might play a determining role for the course of the 
reaction, even if the initial geometry is drastically 
changed along the reaction coordinate. A schematic 
representation of the irreversible photoisomerization of a 
molecule M, into Mz via the intermediate 1: has then the 
following form: 

the systems l-4. (ii) The results obtained will be dis- 
cussed in correspondence to the photoisomerization of 
these compounds and an attempt at classification will be 
made. (iii) The possibility of governing the photochemi- 
cal behaviour of similar compounds by introducing sub- 
stituents both in the phenyl ring and the heterocycle will 
be tested. 

Model and methods 
The molecular systems l-4 can be imagined to consist 

of the two building blocks R and S which are iso-r- 
topolo~cal to the uncoupled reference molecules R” 
(benzene) and So (five-membered ring). 

I------ ---- -8 

j R s : R” S” 
’ - - - __ _ _’ 

Based on these subunits the ground state of R-S can 
be expressed by a no bond structure accompanied by a 
charge transfer term indicating the extent of coupling 
between R and S. 

Among the excited states of R-S the following proto- 
types can be distinguished: (i) a delocalized excitation 
over the whole rr system without considerable redistri- 
bution of charge; (ii) a delocalized excitation accom- 
panied by a charge transfer from R to S or uice oersa; 
(iii) a localized excitation within one of the fragments R 

,i..;..l.,....;,,i;~~ 
-- - __.___.-j______ ._. ._ _.._ _ __ _.__.__ 

The suggestion that excited states of different charac- 
ter are involved in the photoisomerization of la and 2a 
was first offered by Wynbergs4 However, no methods of 
characterizing excited states having no particular sym- 
metry have been available so far. 

Recently, interpretative methods for the wavefunc- 
tions and the charge-bond order matrices have been 
developed and used to a greater extent to analyze 
different electronic states and electronic transitions of 
conjugated compounds?’ This has been performed by 
means of comparison with equivalent magnitudes of 
suited iso-p-electronic reference states. Among these 
procedures the configuration analysis (CA)” and the 
similarity analysis (SA)” particularly enable one to des- 
cribe the character of ground and excited states of 
conjugated molecules. 

It is the purpose of this paper IO check both methods 
for the mono-arylated Eve-membered ring heterocycles 
1-4 in order to contribute to the mechanistic problem of 
their photoisomerization by analyzing their initial reac- 
tive excited states. 

Particularly, the following issues should be tackled: (i) 
The character of the lowest energy singlet states will be 
investigated by means of CA and SA. The results of both 
methods will be compared and their equivalence will be 
established. Special attention will be paid to the localiza- 
tion of excitation energy in special molecular subunits of 

or S. The CA and SA analyses provide quantitative 
estimation for a certain molecular excited state to ap- 
proach to one of the three extreme cases. 

Therefore, the two lowest excited singlet states of all 
molecules mentioned above have been checked in res- 
pect to the localization of the excitation within the 
fragments R or S. In order to link the results with the 
photochemical behaviour of the systems studied, we 
assume that the different reaction pathways (see Scheme 
I) are caused by excited states of different character. 

The configuration analysis originally proposed by Baba 
et a/. and applied for new examples by Fabian has been 
described more detailed in Refs. 24 and 25 and can 
therefore be characterized very briefly. 

The electronic wavefunction of the state I, Y(I), can be 
expressed by the product of the transformation matrix M 
and the linear combination of the wavefunctions Y@(J) 
characterizing the electronic states J of the reference 
system 

WI) = M’I”(J) (I) 

M can be derived from the transformation matrix of the 
MO’s and the eigenvector matrices of the configuration 
interaction for both the system under study and the 
reference system. If we define wavefunctions V(J) to be 
basis functions of the subunits R” and So the squared 
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elements of the M matrix, m?,,.,e, m:,, and rn& 
represent the weights of the no bond configuration, the 
locdl excited configurations and the charge transfer 
configurations respectively, which describe state I of the 
molecule investigated. Consequently, if state 1 can be, 
for example, overwhelmingly expressed by a state J being 
traceable to a local excitation within the subsystem R” or 
So, mf,., represents the local character of the excited 
state I within the molecular region R or S. 

The principle of similarity analysis was described in 
Ref. 23. The similarity of electronic structures belonging 
to the system under study in its state I and the reference 
system in its state J is based on a truncated Euclidean 
distance function, d(1, J),2’ of the charge-bond order 
matrices P(1) and P(J): 

41, J) = [,&P,.(I) - P;u(J))‘]li2. 
&l.UER 

(2) 

From (2) the similarity s(I, J) of the two electronic struc- 
tures can be derived either to?’ 

or*’ 

s(I,J)=[l+d(I,J)]-’ (3) 

~(1, J) = exp . [ - 1.61 d*(I, J)]. (4) 

The relations (3) and (4) provide completely equivalent 
results. In this paper (3) will be used. 

Following this general connection, we can define an 
index of partial similarity between the electronic struc- 
tures of the fragments R and S with those of the cor- 
responding reference system R” and S”, where the partial 
distance functions d,(I, J) become ’ 

&(I, 8 = [ c (p,,(I) - P;“(J))‘]“* 
> 

..‘t E’R 

(5) 

and the partial similarities ~~(1, J) are defined such as in 
eqn (3). 

A high similarity of the excited electronic substruc- 
tures of the subsystem R and the reference system R” 
can be considered to be an equivalent of a localized 
excited state. 
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Although derived on different mathematical frame- 
work rn:.* and s,(I, J) retlect the situation of a localized 
excitation in a corresponding way. 

The wavefunctions and charge-bond order matrices 
needed for both kinds of state analysis have been 
obtained from PPP calculations. The core parameter and 
resonance integrals had been proposed in a previous 
paper.28 The Mataga-Nishimoto formula served for the 
approximation of the two centre gamma integrals. The 
geometry of the system was defined to be idealized (all 
lengths 1.4OA, regular polygons), except the bond dis- 
tance for C-S, S-N, C-Se, and C-Te which have been 
assumed to be 1.7, 1.7, 1.85 and 2.05 A, respectively. 

RESULTS AND DISCUSSION 

The variety of the transition energies for the different 
molecules l-4 is not very high and a complete collection 
of all data can be omitted for the sake of brevity. Figure 
I demonstrates for the compounds la and 2a a good 
fitting of the theoretical results and experimental spectral 
curves. It can be noticed from Fig. 1 that the long 
wavelength absorption band of la and 2a contains two 
transitions of different oscillator strengths leading to 
different excited states. The first transition is of high 
intensity and leads to an excited singlet state labelled 
with A furthermore; the second one is weak and the 
resulting excited state will be assigned to the notation B. 
It can be seen from Fig. I that the sequence of both 
transitions leading to A and B, respectively, is reversed 
in going from la to 2a. This will be discussed below. 

In order to characterize the ground state and the two 
excited singlet states having the lowest energy, the CA 
and SA analyses were carried out for the molecular 
structures Id. As reference system the uncoupled sub- 
structures R” and So were used. The values obtained for 
m&,R, m:,,, rn:,, and s,(l, J), with I = 0, I, 2, are put 
together in Table I. 

Let us first discuss briefly the results of the CA and 
SA technique. From Table I it can clearly be seen that 
the ground state can be described mainly by a no bond 
structure of R and S. This corresponds convincingly to 
the close similarity of the phenyl n electronic structure 
with that of the benzene molecule. These equivalent 
results suggest mono-phenylated five-membered ring 
heterocycles to be consisting of two weakly coupled 

* c IC’cm 

Fig. I. Electronic spectra of 2-phenylthiophen In and 3-phenylthiophen 2am with transition energies obtained by 

PPP calculations. 



Table I. Results of the CA and the SA analyses for the three low-energetic sin&let states (&, S, and S,) of the compounds l-4 
I 

COIL+ 

pound So 

i m2~ 
! 

T 
la I e7 - 43 26 11 A 60 - 21 - B 
L!? 188 - 42 29 11 A 65 - 18 - B 
Ic 

j 
1 2 45 23 12 A 61 - 19 - B 

Id - 50 16 - Ab) _ 42 17 lo A - 

I 

’ 2a e9 

I 90 

70 - 9 - B 14 26 16 11 A 
g 75 - 7 - B 31 11 29 - A 
2c es 70 - 9 - B 11 30 12 15 A 

- 2d I 89 - 64 13 - A 62 - 9 - B - 

is e7 - 44 36 - A 63 - 16 - B 
2 es 70 - 10 - E - 42 24 - A 
r-is e7 - 44 24 13 A 62 - 19 - B 

3- es 71 - 9 - B - 28 13 15 A 
4b e9 72 - lo - B 19 15 27 - A 
c e7 - 33 25 - A 62 - 15 - B 

‘All values in %. 
“This state is higher in energy for all other compounds. 
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elml1ar1ty alllLlgsi8 a) 

so Sl S2 

l$O,O) 0,U.l) Lg(2.2) 

93 72 86 

94 72 88 

94 73 ea 

93 73 74 

95 89 72 

95 92 71 

95 90 74 
95 74 86 

94 73 90 

95 89 72 
94 73 86 

95 85 75 

95 91 74 

94 73 88 
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subunits phenyl (R) and heterocyclic ring (S). The wave- 
function and the derived charge-bond order matrix of a 
subunit, say R, is only slightly perturbed by the presence 
of S and vice versa. 

This picture will be considerably modified in the 
excited states. To begin with we notice only two different 
kinds of excited states holding through all the com- 
pounds considered. (except Id see below). 

The excited state A caused by the intensive transition 
is denoted in the CA by a considerable contribution of a 
local excitation in S accompanied by large charge trans- 
fer terms indicating a highly delocalized excited state. In 
contrast to the ground state the coupling between the two 
subunits must be considered to be very strong. This is 
also reflected in the relatively low similarity indices 
demonstrating a serious deviation of the r electronic 
structure within the excited subunit R from that of excited 
benzene. 

The excited state B shows quite a different charac- 
teqstic. Here an overwhelming contribution of a term 
m,.AR indicating a local excitation within the phenyl 
fragment R has been found, accompanied by a smaller 
charge transfer term. In good accordance with that, the ?r 
electronic structures of the excited phenyl part and that 
of excited benzene are close to each other in this state. It 
can be concluded therefore that B is satisfactorily des- 
cribed as an excited state attributed originally from the 
L,-transition of benzene. This could be confirmed for la 
and 2a by “molecules in molecule (MIM)” calculations.” 

Summarizing this part we can conclude that the CA 
and SA methods provide consistent results for all com- 
pounds 14, revealing two kinds of excited states, A and 
B, the character of which has been found to be completely 
different. 

Let us turn to the energy of A and B. In Fig. 2 the 
sequence and energy differences between the two 

Fig. 2. Level sequence A-B as a function of topology. 

Table 2. Classification of mono-phenylated five-membered rings in respect to the sequence of their excited states A 
and B 

The lowes: exzi- 

ted r;iny:!et nt;‘JeC 

is of the tpx A 

be? nq deloc ~1 i zed 

over the whzle 
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&, lc, Id _, ?d, 

2. 9 2, Lc 
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excited states of A and B can be observed. The sequence of 
A and B is clearly dependent on the topology and the 
heteroatoms in the five-membered ring. 

Decrease of the heteroatom core integral and increas- 
ing overlap between the heteroatom and the adjacent 
ring carbon atoms cause a diminution of the energy gap 
AE(B - A). Thus, whereas in the case of la A has the 
lowest energy (AE(B - A) = 0.1762 eV), replacement of 
sulphur by oxygen in lb contains the possibility of a 
sequential inversion (AE(B - A) = 0.0932 eV with PC,, = 
-2.318eV and -0.0649eV with fico= -2666eV). On 
the other hand, heteroatoms with low ionization poten- 
tials and weak ability to overlap favour a stabilization of 
the A state. The effects of the heteroatoms are superim- 
posed by the influence of the topology. Compounds 
lb-ld, 3a, 3c, and 4c can be regarded as iso-a-topologic 
to la, whereas 2a can be considered to be the parent 
compound for 2b-M, 3b, 4a, and 4b. In the first group of 
compounds the delocalized A state is favoured and has 
the lowest energy of all excited singlet states. Only in the 
case of lb might the sequence be inverse. In the second 
group the B state being predominantly localized at the 
phenyl subunit is the excited singlet state with the lowest 
energy. The only exception is 2d due to the dominating 
effect of the heteroatom. Furthermore, the gap becomes 
extremely small in the case of 4b and the inverse order 
of states cannot completely be excluded. Recent 
experimental findings even revealed that in contrast to all 
other mono-phenylated S-N heterocycles this compound 
should isomerize via a triplet state (Ref. 180 g in Ref. 1). 
Summarizing the results, the compounds under study can 
be subdivided into three groups as pointed out in Table 2. 

This is the point at which to bridge the results of the 
two analytical methods and the photochemical behaviour 
of the compounds. All molecules belonging to group 1 
undergo a light-induced irreversible photoisomerization 
into the compounds belonging to group 2. The only 
exception is Id which obviously uses a special com- 
petitive reaction channel eliminating tellurium under 
irradiation.” The compounds of the latter group remain 
seemingly unchanged by light within the framework of a 
no-reaction reaction. The molecules of group 3 are bor- 
derline cases. Whereas the photochemical behaviour of 

Ib is obviously unknown 4b is formed as a relatively stable 
isomerization product from 30 and 4c supporting the level 
sequence obtained, but further irradiation transfers it into 
3b.6 

Although the analysis of spectroscopic states does not 
provide any information about the course of the pho- 
toreaction and the character of occurring intermediates, 
it obviously enables one to systematize the photoreactive 
behaviour of this class of compounds based on the 
electronic structures of the initial photoreactive states. It 
seems therefore that the “fate” of the excited molecule 
within its radiationless deactivation process, specifically 
for the class of compounds studied, is strongly deter- 
mined by the character of the initial reactive excited 
state. If there exists a crossing of nr* electronic states, 
the photoisomerization becomes irreversible; if no 
crossing occurs, then no-reaction reaction is preferred. 

Figure 3 shows a first qualitative proposal for a state 
correlation diagram. Because our quantum chemical in- 
vestigations are carried out in the ?r approximation the 
energies of the ground state and the higher excited 
(au*)’ state playing an important r8le for the nonplanar 
photointermediates are arbitrarily assumed. 

Considering the left hand side of the diagram the 
irreversible character of the photoisomerization should 
be the more pronounced the greater the energy gap 
between A and B, the more shanted the potential curve is 
inclined towards the geometry of the photoproduct and 
the higher the intermediate It is stabilized in respect to 
the initial reactive state. The probability of a no-reaction 
reaction is not influenced by a barrier within the RB* 
states but only by the tendency of the system to form the 
intermediate I:. 

It would be interesting to investigate if, for the com- 
pounds l-4, a sequential inversion of A and B could be 
governed by solvent effects or the introduction of pho- 
toinactive substituents. In this way, the modified system 
could be induced to change its photoreactive channel, 
being a sound proof of our assumptions. However, the 
solvent effect was estimated as small for every state and 
no remarkable energetic shift can be expected by varying 
the solvent. The introduction of new substituents in the 
R as well as in the S part of all systems completely 

Fig. 3. Qualitative correlation diagram for the photoisomerization of mono-phenylated five-membered heterocy 
cles. 
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Table 3. CA and SA results of some substituted thiophens (cf footnotes of Table I) 
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Iomnound 

-t- 

configuration am 

$0 % 

m2 I lo?& x9 , m*A Q2CTBH 

i 
e6 

; - 
31 41 

$7 i- 

i 

17 46 

R7 I- 44 35 
I 

sia *) eimilarity analyeie Cd 

=2 % % s2 

41 - 42 92 70 75 

27 - 53 92 69 70 

55 - - 26 94 77 6E 

44 16 12 88 67 70 

74 - - 88 67 63 

1 

changes the character of the low lying excited singlet 
states (see compounds 5-9). Due to large charge transfer 
contributions the states become delocalized and con- 
siderably different from A and B. Therefore other chan- 
nels to deactivate their excited states become available 
and no prediction can be made within this rough model 
about the photochemical behaviour of the compounds 5 
to 9 the CA and SA results of which are collected in 

R3-._/ R2 

J%*, 
4 

6: R, = RJ = OMe; Ra = Ph; R, = H 
6: R, = R. = OMe; R2 = Ph; R, = H 
7: R, = Naphthyl; RI = RS = R, = H 
6: R, = Styryl: RP = Rs = R, = H 
9: R,=p-MeO-Ph;R,=R3=Rd=H 

Table 3. Discussing the values in Table 3 it should be 
emphasized that the modified fragmental parts R and S 
for S-9 are weakly coupled in the ground state. However, 
the character of the excited states is so clearly dis- 
tinguished from those of the compounds l-4 that an 
anafogue classification cannot be justified, although 7 and 
9 were found to show a similar isomerization. 

CONCLUSIONS 

The analysis of different electronic states of mono- 
phenylated five-membered heterocycles can be perfor- 
med equivalently by configuration analysis and the 
similarity analysis. The uncoupled n-systems of benzene 
CR”) and the five-membered heterocycles (So) can be 
regarded as the appropriate reference systems. 

Both methods describe the ground state as consisting 
of the weakly coupled sub-units and differentiate stron- 
gly between the two low lying excited singlet states. One 
of the latter is described as delocalized over the whole 
molecule whereas the other is found to be mainly 
localized at the phenyl moiety. The energetic order of 
both states depends on the molecular topology. 

Based on the energetic sequence of the classified 
excited states the compounds considered can be sub- 
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