
Ttirokcdron Vol. 32. pp. 17?9 to 1733. Pergamon Press 1976. Pnntcd in Great Britam 

THE PHOTOREARRANGEMENT OF GASEOUS FURAN 
A THEORETICAL APPROACH 

E. POQUET, A. DARGELOS and M. CHAILLET 
Laboratoire de Chimie Structurale: I.U.R.S. UniversitC de PAU avenue PhilippoH16 PAU, France 

(Received in the UK 15 September 1975; Accepfed forpublicafion 26 January 1976) 

Abstract-The photorearrangement of gaseous furan when photolysed at 254 nm in the presence of mercury was 
studied using both an ab initio and a semiempirical treatment of excited states. 

A reaction pathway towards the cyclization into CyclopropenyMdehyde is proposed. It is shown that the 
rearrangement of photosensitized furan involves a singlet or triplet excited state of the 7~~ u* type. 

MTRODUCTION 

Valence isomerization is a common feature of the photo- 
chemical behavior of heterocycles. Isomerization 
mechanisms frequently involve a successive ring 
contractior+ring expansion process. In the case of 5- 
membered heterocycles, the primary photochemical reac- 
tion may produce a 3-membered ring. Furan and its 
substituted derivatives offer the prototype of such a 
contraction. At present, it is well-established’-” that the 
contraction of the furan ring to cyclopropenylaldehyde or 
to cyclopropenylketone accounts equally well for the 
photodecarbonylation of furan and for the photoisomer- 
ization of its substituted derivatives. Carbon monoxide 
and cyclopropene are the major products of the mercury- 
sensitized photolysis of gaseous furan.’ The mechan- 

The present paper is an attempt, using the methods of 
theoretical chemistry, to find the reaction path from furan 
to the intermediary cyclopropenylaldehyde involved in 
the sensitized photolysis. For that purpose we had to 
choose a reaction path for the photolysis, in order to draw 
the energy diagram of the electronic states of furan during 
the nuclear configuration rearrangement. Then we had to 
situate the mercury-photosensitized electronic state of 
furan in its triplet manifold to get the starting point of the 
reaction pathway. 

Model 
Furan is planar; the intermediate cyclopropenylal- 

dehyde 2 is not. The choice of the optimal geometric 
parameters to represent the reaction coordinates is there- 

isms proposed to account for the formation of the inter- 
mediate aldehyde 2 completely disregard the nature of the 
electronic state from which the cleavage of the ring 
proceeds, as well as the nature of the state which is a 
precursor of the formation of the 3-membered ring. At 
most, since the reaction is mercury-photosensitized, this 
state has been presumed to be a triplet state. 
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Scheme (ii) summarizes what is found in the literature 
about mechanisms. The fundamental contradiction dis- 
cussed by Salem et af.’ concerning this type of scheme for 
many photochemical reactions is once again encountered. 
Although the diradical 1” proceeds from a triplet excited 
state of furan, it could just as well be produced by the 
thermal cleavage of furan in its ground state. 
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fore not evident. However, if one admits, like Hiraoka’ 
for substituted derivatives of furan, that the first step of 
the photorearrangement is the cleavage of the bond 
between oxygen and one of the adjacent carbons, CS for 
example (Fig. l), the choice becomes quite clear. It may 
be supposed that the decisive phenomena which bring 
about the subsequent molecular rearrangement occur as 
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the ring opens, while the system is still planar. Conse- 
quently we retained a planar atomic configuration and 

rogressive stretching of the @CT bond by 
L-G = a angle (Fig. 1) between 106” and 

135”. 
Then we btiilt the energy diagram E = f(a) in order to 

infer a possible mechanism working on the assumption 
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Fig. 1. 

that angle a is the parameter of the reaction pathway and 
not simply one of the several reaction coordinates. There- 
fore, except for the angle m5 = a and the length 
OC = I, the bond angles and bond lengths of furan have 
been kept constant in our calculations, We are aware of 
the very severe geometric constraints that such a 
hypothesis imposes on the molecular system and we know 
that the energies calculated and consequently those of the 
eventual crossing points are not the lowest possible. A 
better evaluation of the energies could have been obtained 
if we had allowed the system to relax in each of its 
electronic states, that is, if we had investigated the 
minimal energy for each value of a, with respect to all the 
other geometrical parameters and for each possible ex- 
cited state. This would have implied very numerous and 
complex calculations, the usefulness of which is question- 
able, because this difficulty would have immediately ari- 
sen: the quasi-impossibility of finding any true crossing 
points on the energy diagram. In our work, on the 
contrary, if a crossing point occurs, it is a true crossing 
point since it corresponds to a unique nuclear configura- 
tion. In that case, even if the calculated energy of a 
crossing point is not the lowest, this point is necessarily 
situated on the line of crossing of two energy sheets and 
can thus indicate the ability of the system to pass from 
one energy sheet to another. 

iwhods 
The energy data relative to ground and excited states 

result from a theoretical ab initio and semi-empirical 
treatment. 

The ab initio calculations were performed with a 
version of the IBMOL program adapted to the study of 
the excited state. The gaussian type basis used for the 
heavy atoms was that of Roos and Siegbahn’ contracted 
to 3s lp, and for the hydrogens, that of Huzinaga.’ The ab 
initio energy of the excited states was determined by the 
virtual orbital technique using the ground state wave 
function. A self-consistent treatment with Roothaan’s 
formalism’o was performed on the first excited or, a* and 
V, o* triplet states fdr a single nuclear configuration 

corresponding to a rather large opening of the furan ring 
(a = 123’). 

The semi-empirical calculations were carried out both 
by the CNDO/Z method with the original Pople formalism 
and by the CNDO/S Cl method with the parametrization 
proposed by Jaffe for excited states. A UHF semi- 
empirical approach to the fist triplet state representation 
was undertaken for four values of the ring opening, using 
the parameters initially proposed by Pople. 

The bond lengths and bond angles adopted for furan in 
its ground state” were those used by Palmer and Gaskell12 
in a previous ab initio calculation. 

RFSULTS DlSCUSlON 

I. Ab initio energy diagram as 0 function of the angle a 
Table 1 shows the evolution of the ordering of the 

occupied and virtual ab initio orbital levels as the ring 
opens. 

The ground and excited triplet state ab initio potential 
energy curves are presented in Fig. 2. The potential 
energy of the A” (u, or*; 7r, a*) singlet states evolves in 
the same way as that of the a, 7r* and ?r, u* triplets. To 
make Fig. 2 clearer, the corresponding curves, which are 
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Fig. 2. Ab initio energy diagram for the cteavage of furan in its 
plane. --, triplet states of A’ symmetry; -, triplet states of A” 
symmetry; A, self-consistent open shell ob initio energy of the 
lowest n, r* triplet state (a = 122”); Cl, selfconsistent open shell 

ab ini& energy of the lowest 7r, U* triplet state (a = 122”). 

Table 1. Ordering of the ab initio orbital levels as a function of the angle a 

LL 106O llz” 118” 122” 130” 135’ 

Energy (a.u.) - 227.795 - 227.793 - 227.76 - 227.731 - 227.688 - 227.629 

n* 1. En*rw and a* 0.367 a* 0.295 0.207 0.210 II. 0.215 I’ 0.218 

symetry of 
w* 0.07t w* 0.072 

the mlccular 00 0.068 a* 0.030 

orbi tals n - 0.390 n - 0.382 

O - 0.468 O 
(a.u.1 

- 0.444 

(0) (n) 
1 - 0.474 ” - 0.473 
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very close to the A” triplet ones, are not shown. However 
they wiIl be discussed from a qualitative point of view in 
the next section. 

The most noticeable points of these data are as follows: 
The ordering of orbital levels is altered as a approaches 

118*, a virtual u* level coming between the first two 
virtual 7r* levels. 

The first two ?r, V* triplets, especially the second 
triplet, are stabilized by the relaxation of Q, that is to say 
of the O&S bond, to about 112” 

At 123” an intersection occurs between the second r, 
r* triplet and the first A” (a, 7r*; ?r, a*) triplet curves. At 
the proximity of the intersection, the A” state is of the r, 
u* type. 

The n, it* triplet state, although slightly stabilized by 
the relaxation of a, is the lifth highest excited state 
whatever the value of CT. 

For the limiting value a = 135”, the ordering of what we 
may call the “diradical” states of A’ and A” symmetry is, 
using Salem’s notation, as follows: ‘D_.o, 3Db,P) 3DI+m ‘Dp.P 

The energy of the ?r, oilr triplet state corresponding to 
Q = 120” is considerably lowered by a self-consistent 
open-shell treatment. The energy of the first n, w* triplet 
is however only slightly modified (Table 2). We can 
assume that this is also true for the second r, tr* triplet. 
We thus conclude that the intersection of the second or, 
V* and first r, o* triplet curves, as well as that of the 
corresponding 7r, o* singlet, actually occurs much earlier 
than shown in Fig. 2. 

Table 2, Ab inSo calculations for a = 122 

~~~ 

I 0 - 122’ 
I 

II. Electronic structure of the n, CT* lowest triplet state 
The semi-empirical treatment of the model provides a 

more detailed picture of t.he electronic structure of the 
entities concerned in the photorearrangement. The 
CNDO/Z UHF method was applied to the lowest triplet 
state of furan for four values of a, 106”, 112”, 118”, 123”. 
The results show that, for CT > 112”, the lowest triplet state 
is an antisymmetric a, V* state (Fig. 3).t We report in 
Table 3 the CNDO/2 UHF charge and spin densities of the 

Table 3. CNDO/Z electronic and spin densities 

I I q = 106” I J = 123” I 
3’ lowest triplet ncace 

I I -b-II 
6.14 1.76 4.38 6,07 1,lO 4,97 0,79 0,16 

3.90 1 ,07 2.85 3.93 1,lO 2.83 - 0.20 0,oo 

4,04 1.05 2.99 3,94 0,85 3.09 0,32 0,Ol 

4,04 ::a; ;:;I I;,“: IsO9 2,94 - ;:::, - , ),q, 0.87 3,lli 0”:‘: 

opened form (a = 123”) in its triplet or, a* state. These 
values suggest the schematic drawing of the Fig. 4 and can 
be compared to the CNDO/2 CI charges of closed furan 

tit is very likely that a systematic self-consistent ab inifio 
treatment of the triplet energies would, past a = 122”. invert the 
relative positions of the first A’ and A” triplet curves in Fig. 2 and at 
135”, that of the 3,,_ and 3,,,,, triplet diradicals. 

II8 124 

a* 

Fig. 3. Variation, as a function of a, of the energy of the lowest 
triplet state calculated with the CNDOR UHF method. 

Fig. 4. Elelectronic structure of the D,,, diradial. 

(a = 106”). The diradical nature, r on the j-membered 
chain, LT on carbon CL, appears clearly from the spin 
densities mentioned in the last two columns of the same 
Table. For a = 123” the u spin density on the CJ atom is 
indeed relatively large and the 7r spin density on the G 
atom is the highest in the carbon chain. 

III. Nature of the mercury-sensitized trip/et state offuran 
It is obvious that the ab initio transition energies are 

not directly comparable to the experimental data of 
electronic spectroscopy. This explains why, in addition to 
the ob initio study, the energies of a certain number of 
states were calculated using the CNDOlS method, essen- 
tially to determine the state populated by photosensitiza- 
tion. We note that, from a qualitative point of view, the 
semi-empirical CNDO/S results agree well with the ab 
initio data. This is particularly true with regard to the 
ordering of the orbital levels in relation to the angle a 
(Tables 1 and 4). 

We have represented in Fig. 5, instead of the potential 
energy curves, since the CNDO/S is not adapted to the 
study of the ground state, the CNPo/S transition energies 
for the three tirst A’ states and the two first A” states. 

Table 4. Ordering of the CNWS orbital levels as a function of 
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Energy and 

S-try of chc 

pDleculmr 

orbitalr (a.~.) 

_ 
the angle a 

122” 

n’ 0.081 

co 0.048 

n. 0.014 

f - 0.355 

n - 0.459 

a - cl.477 
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Fig. 5. CNDWS Cl So - T transition energies 
of furan. 

for the ring opening 

Their evolution presents similar features to those ob- 
served in Fig. 2. As previously, in the region of 106” -=z a < 
122”, the intersection of the curves of the second n, v* 
triplet with that of the lowest g, U* triplet takes place at 
about a = 122”. 

The energies calculated for the two hrst S&S electronic 
transitions are of the same order of magnitude than the 
energy corresponding to furan’s first absorption band 
maximum: AE (exp) = 5.90 eV (our measurements in the 
vapour phase and Ref. 13); AEl (talc) = 5.11 eV; AEz 
(talc) = 5.75 eV. We assume that this is equally true for 
the So-T transitions. The energy of the mercury reso- 
nance line, AE = 4.89eV, being included between 
AE(So - T2) = 3.88 eV and AE(So - T,) = 5.60 eV, we 
state that the second triplet of furan is likely to be 
populated by mercury photosensitization. We recall that, 
since photolysis occurs in the gaseous state, an upper 
triplet is not excluded as starting excited state in the 
rearrangement. 

We indicate in Fig. 6 the relative order of the ground 
levels of furan and cyclopropenylaldehyde, as well as of 
the ‘PI triplet level of mercury. The first two energies 
come from a CNDO/2 calculation. 
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Fig. 6. Ground state energies of furan and cyclopropenylaldehyde 
calculated with the CNDO/2 method. Comparison with the energy 

of the mercury resonance line. 

The aldehyde’s geometry is deduced from a nuclear 
configuration optimization calculation. We see that the 
final state constituted by the aldehyde may be reached 
from the photosensitized triplet state of furan. We are 
now able to elucidate a part of the path to the final state. 

By imposing the cleavage of the O&IS bond, we chose 
a diradical pathway for the reaction. The ordering of the 
possible diradicafs being now determined, the kind of 
diradical which is most likely to intervene can be found. 

Every antisymmetric A” state, n, ‘IT* or x, U* state, 

since it may produce a diradical of the VU type, is of 
interest. A diradical possessing a u radical center at the 
end of the carbon chain and a ?r radical center on the 
carbon chain, can give a ring contraction by partial 
rotation of the carbon chain. The n lone-pair orbital of the 
0 atom lying too low in energy to be excited under the 
conditions of the photolysis, the n, ‘TT * state is excluded as 
the starting state. Our energy diagrams (Figs. 2 and 5) 
show that it remains excluded when the ring opens. The 
same diagrams show, on the contrary, the possible role of 
a or, CT* state in the transformation, which was by no 
means evident Q ption’, and they provide the details of the 
reaction as we will now set forth. We remember first that 
the reaction under study is mercury-photosensitized and 
the starting excited state a triplet state; thus an intersys- 
tern crossing must occur during the course of the cycliza- 
tion. It is unlikely that furan can immediately reach a n, 
o* triplet state by photosensitization, the energy level of 
this state being far too high when the molecule is in its 
equilibrium nuclear configuration. But photosensitization 
may bring furan to one of the vibrationally excited levels 
of the second 7r, ?r*A’ triplet. An antisymmetric vibration 
of the furan ring in its plane may stretch one of the O-C 
bonds, 0-G for example. Two paths are then possible, 
either by an internal conversion with the system going 
onto the energy sheet of the A” triplet, or by an intersys- 
tern crossing onto the sheet of the A” singlet, very close to 
the sheet of the triplet. In view of the favorable Al-A” 
spatial symmetry change, this last crossing seems the 
more probable. 

It appears, from these considerations, that in the 
mercury-sensitized photolysis of furan, in spite of initia- 
tion in a rr, ?r* triplet Franck-Condon state, the relaxation 
of one of the @C bonds of furan can induce, by crossing 
onto a r, a* energy sheet, the formation of a r, u 
diradical which is a likely precursor of the cyclo- 
propenylaldehyde. Such a mechanism is easily included in 
the general scheme proposed by Salem” for the primary 
prmesses of some photochemical reactions chosen 
among the most exemplary. 

Our fundamental purpose, to draw a diagram showing 
the evolution of the energies of the ground and excited 
states during the transformation of furan into cyclo- 
propenylaldehyde, has been reached within the framework 
of a planar model. Such a model is evidently not the only 
one which can be imagined to account for the ring 
cleavage. A rotation of the GCZOI part of the molecule 
around the C,C, bond is for instance a possible mechan- 
ism and we cannot state for certain that it is not a better 
approach to the true behaviour of furan than ours. We 
may however indicate that in the first stage of our study, 
we rotated the C& part of furan around the CG bond in 
order to simulate the breaking of the OCS bond. This first 
attempt was unsuccessful, because we found triplet ener- 
gies of the deformed molecule invariably higher than the 
triplet energies of the starting molecule; concluding that it 
was not the right way of tackling the problem, we tried a 
planar motion with the success shown above. 

At the beginning of the transformation, the motion of 
the ring, however complex it is, can always be resolved 
into an in-plane and an out-of-plane stretching of the OCS 
bond. It seems, from our diagrams, that the first contribu- 
tion to the motion can play an important part in the 
rearrangement. So, we shag consider the results presented 
as a rough and approximate picture showing the major 
features of what may occur during the actual motion of 
the furan ring under photocleavage. 

As a conclusion, a rather simple way of exploring a part 
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of the potential energy sheets of a molecular system has 
been able to reveal features with reasonably fit to the 
experimental data given by photochemists. Larger inves- 
tigations using this kind of model could perhaps contri- 
bute to a better understanding of the phenomena which 
induce photochemical valence isomerisation in hetero- 
cycles. 
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