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QUANTUM-CHEMICAL INTERPRETATION OF THE MASS SPECTRA OF PYRROLE, FURAN, 

AND THIOPHENE 

Yu. B. Vysotskii, B. P. Zemskii, UDC 539.19:543.51:547.721'73'74.04 
E. A. Zemskaya, and N. A. Kl>~ev 

A simple quantum-chemical interpretation of the mass-spectrometric fragmentation 
of organic molecules in which the probability of the cleavage of the bonds under 
the influence of electron impact is related to their self-consistent ~-electron 
orders and the possible rearrangement processes are described on the basis of the 
long-range bond orders is proposed. This approach was tested in the case of 
pyrrole, furan, and thiophene. 

In the modern literature there are several approaches to the theoretical description 
of mass spectra: a statistical approach [I] in which the intensity of an ion peak is ass~ned 
to be higher, the greater the number of fragments of a given mass that can be obtained as 
a result of cleavage of the various bonds of the starting molecule; the charge-localization 
approximation [2-6] in which bond cleavage depends on the site of the primary location of 
the positive charge in the molecular ion; taking into account the bond orders [4] and ener- 
gies [7, 8] (calculated, as a rule, by the Nuckel method); application of the Dewar theory 
of perturbed MO [9] and the method of potential surfaces [i0, ii]. In some of these models, 
which are based on quasi-equilibrium theory, identity of the structures of the molecular 
ion and the neutral molecule is assumed without substantiation [12]; this clearly does not 
correspond to the physical pattern of the phenomenon. Other methods, for example, the method 
of potential surfaces, while being physically correct, are extremely laborious from a compu- 
tational point of view, and this substantially limits their range of application. Virtually 
all of the theoretical schemes (except for the method of potential surfaces) do not take 
into account the role of rearrangement processes, which are intimately associated with the 
stabilities of the resulting fragments and, consequently [13], with the intensities of their 
peaks in the mass spectra. Let us note that some isomerization processes of this sort have 
been observed [with the use of the MIKES (DADI) [14] and CID/MIKE [15] methods with devices 
with "inverse" geometry] experimentally (see [16]). 

We assume that the pathways of the fragmentation of a molecular ion are due to its elec- 
tronic structure and that the pattern of the mass spectrum is determined to a significant 
degree by rearrangements of the corresponding cation radicals or cations. As in [17, 18], 
we describe cyclizations by means of the long-range bond orders, which, moreover, are a mea- 
sure of the aromatic character [19], i.e., the thermodynamic stabilities of the resulting 
rearrangement ions. We determine the probability of bond cleavage in the fragmentation of 
conjugated systems from the corresponding self-consistent ~-electron bond orders; we assume 
that the ion undergoing fragmentation exists in the ground state. In contrast to [17, 18], 
in which the mass-spectrometric recyclizations of cations with a closed electron shell were 
examined, the rearrangements and fragmentation of pyrrole, furan, and thiophene cation 
radicals were studied here. The parameters of the ~-electron Hamiltonian are the same as 
in [20-22]. 

The bond orders of pyrrole (la), furan (Ib), and thiophene (Ic) cation radicals, as 
well as their T-open forms II-IV, calculated by the unrestricted Hartree-Fock method are 
presented in Table I. 
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i. It is apparent from Table 1 that the detachment of an electron in Ia, b leads to 
marked weakening of the 2-3 and 4-5 bonds and to strengthening of the 3-4 bonds vis-a-vis 
virtually unchanged heteroatonr-carbon bond orders; in contrast to neutral molecules, in which 
all of the long-range orders Pik are negative (which constitutes evidence for resistance of 
the neutral forms to rearrangements), there are positive P24 values in cation radicals Ia, b. 
This indicates the possibility of ring contraction in the examined cation radicals with the 
formation of bicyclic intermediate V (only one of the boundary structures is presented in 
the scheme) and the subsequent development through cation radicals VI and VII of [C3Ha] + 
fragment XI (see Scheme i, pathway a). 
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0~ III 17I 
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X X 
IV IX I - X a X = N H ; b x = o  

The behavior of thiophene (Ic) in ionization should differ from the behavior of furan 
and pyrrole, since the inclusion of hybrid pd 2 orbitals in conjugation (see [21]) leads to 
qualitative differences in their cation-radical electron states. Thus, as compared with 
the neutral molecule, the 2-3 and 3-4 bonds are weakened and the 1-2 bond is strengthened 
in cation radical Ic, and positive 1-3 and 1-4, but not 2-4 and 3-5, long-range orders de- 
velop. According to this, Ic can be converted to bicyclic intermediate Vc, which should 
undergo fragmentation through structures XII and XIII to particles that include cyclic cation 
radical IXc (Scheme 2, pathway a). 

Let us note that the dissimilarity in the electron structures of Ia-c is also mani- 
fested in their charge distributions. In cation radicals Ia, b the positive charge is 
localized on the 1 and 2 (5) atoms (0.355 and 0.282 for pyrrole and 0.249 and 0.318 for furan, 
respectively), while in the thiophene cation radical it is concentrated primarily in the 
1 and 3 (4) positions (0.410, 0.281). 

2. Let us now examine possible ring opening in the investigated cation radicals. It 
follows from the data presented in Table 1 that the 1-2 and 2-3 bond orders in structure 
Ia are approximately equal, while the 3-4 bond is substantially stronger. This result also 
occurs for structure Ib, although the difference in the strengths of the 1-2 and 2-3 bonds 
is more perceptible in this case. Thus opening of the ring of Ia and Ib at the 1-2 bond 
(pathway b, Scheme I) and then at the 2-3 bond (pathway c, Scheme i) is most likely during 
fragmentation, and cleavage of the 3-4 bond (pathway d, Scheme i) is considerably less 
likely. Let us also note that since Pl2(Ib) < Pl2(Ia) and P24(Ib) > P2~(Ia), the intensity 
of the peak of cation XI (m/z 39) in the mass spectra of furan should be greater than in 
the case of pyrrole. Getting somewhat ahead of ourselves, let us note that this corresponds 
to the experimental data [22]. 
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The situation is just the opposite for thiophene cation radical Ic. The weakest bond 
in this case if the 3-4 bond, the n-electron order of which is so low that it almost com- 
pletely determines the fragmentation (pathway d, Scheme 2), thereby virtually excluding ring 
opening at the other bonds (pathways b and c, Scheme 2). 

3. The results of calculation of the Pik values of the n-open forms of the pyrrole, 
furan, and thiophene cation radicals (see Table i) make it possible to form a judgement re- 
garding subsequent rearrangement of these intermediates during fragmentation. Thus the long- 
range positive 2-4 and 3-5 bond orders increase in the cleavage of the 1-2 bond in Ia, b 
(structures IIa, b). This should lead to cyclization of these cation radicals to struc- 
tures VII and VIII and ultimately, after their fragmentation, to cation XI (pathway b, Scheme 
i). Let us emphasize that the orders of the valence bonds of ~-acyclic structures IIa, b 
were equalized as compared with Ia, b, i.e., their subsequent cleavage (without cycliza- 
tion) is unlikely. However, let us note that the weakest bond in IIa is the 4-5 bond, 
cleavage of which leads to cation XI. In cation radical IIb the smallest Pik value corre- 
sponds to the 1-5 bond, cleavage of which should lead to the [C4H4] + cation radical with 
m/z 52. 

It is apparent from Table I (see the Pik values for IIIa, b) that cleavage of the 2-3 
bonds in structures Ia, b leads, in contrast to the remaining n-open forms (this is also 
valid for thiophene), to a tendency of the system to close up the cleaved bond, which 
naturally decreases the probability of this reaction pathway (pathway c, Schemes 1 and 2). 
In addition, long-range bond orders P35 > P23 > 0 indicate the possibility of cyclization 
at the 3-5 positions in structures Via, b, which are subsequently transformed to cations 
X and XI. The weakest valence bonds in cation radicals IIIa, b are the 1-5 bonds, and their 
cleavage (with the subsequent formation of a CsH s ring) gives the same fragment ions X and 
XI. 

Finally, cleavage of the 3-4 bond in the pyrrole and furan cation radicals (which is 
least likely; see section 2) leads to structures IVa, b. All of the long-range bond orders 
in these structures are negative, i.e., the cyclization-fragmentation process should not 
occur in this case, and a fragmentation-cyclization process is more likely realized. It 
is apparent from Table 1 that the 1-2 (1-5) bonds will be the least strong in these cation 
radicals; this should lead to the elimination of a molecule of acetylene and tothe appear- 
ance in the mass spectra of a peak of the. IX cation (pathway d in Scheme i). Let us empha- 
size that the possible migration of an NH proton in structures IIa and IIIa, and particularly 
IVa (which leads to the formation of cyclic fragment ion C2H2 N+ and radical C2Hs'), remains 
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outside the scope of the present study by virtue of the limited character of the w-electron 
approximation used. 

As noted in section 2, opening of the thiophene cation radical via pathway d through 
structure IVc is most likely; an analysis of the bond orders of IVc (see Table i) shows that, 
despite the smallness of the P13 value, cyclization of this ~-open form to structure XII 
with the subsequent formation of cation radical IXc is possible. However, the closeness 
of the Pl3 value to zero together with the strengths of valence bonds Pl2 % P23 % 0.7 in 
IVc nevertheless constitute evidence for the preferableness of pathway a with the formation 
of bicyclic Vc or even a tricyclic (of the "Ladenburg thiophene" type) intermediate [23] 
as compared with fragmentation via pathway d. 

Cleavage of the 1-2 and 2-3 bonds in cation radical Ic (structures llc and lllc) should 
lead (see Table i) to the same cyclizations of the w-acyclic forms as in the case of pyrrole 
and furan (pathways b and c in Scheme 2, respectively). In addition, the fragmentation- 
cyclization process for these intermediates differs. Thus the weakest bond in cation radi- 
cal lllc is not the 1-5 bond but rather the 4-5 bond, and its cleavage should lead to cation 
radical IXc rather than to cation XI. Similarly, the 3-4 bond, cleavage at which also gives 
IXc, will be the least strong bond in structure llc. 

In summing up, let us note that, according to the results of the calculation, the peak 
corresponding to the C3H3 + ion (m/z 39) in the mass spectra of pyrrole and furan should have 
the maximum intensity as compared with the other fragment ions, while the intensity of the 
peak of the C2H2S +" ion (m/z 58) in the mass spectra of thiophene should be higher than for 
the pea k of the C3H3 + ion. This conclusion is in agreement with the experimental data [24], 
and this constitutes evidence for the possibility of the description of mass spectrometric 
transformations on the basis of the approach developed here. 
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FIVE-MEMBERED 2,3-DIOXO HETEROCYCLES. 

2.* SYNTHESIS AND [I,5]-SIGMATROPIC REARRANGEMENT 

OF 4-ACYL-3-DIPHENYLMETHOXY-I,5-DIPHENYL-2,5-DIHYDROPYRROL-2-ONES 

Yu. S. Andreichikov, V. L. Gein, 
and I. N. Anikina 

UDC 547.745'749.04 

4-Acyl-l,5-diphenyltetrahydropyrrole-2,3-diones react with diphenyldiazomethane 
to give O-alkylation products, which upon heating undergo [l,5]-sigmatropic 
suprasurface rearrangement to form 4-[methyl- and 4-[-aryl(diphenylmethoxy)- 
methylene]-l,5-diphenyltetrahydropyrrole-2,3-diones. 

We have previously established that 4-arylsulfonyl-3-diphenylmethoxy-2,5-dihydrofuran- 
5-ones at 170-175~ undergo [l,3]-sigmatropic rearrangement to 4-arylsulfonyl-4-diphenyl- 
methyltetrahydrofuran-2,3-diones [2]. It seemed of interest to investigate the possibili- 
ties and pathways of similar rearrangements among diphenylmethoxy derivatives of other 
heterocyclic compounds. With this end in mind, in the reaction of diphenyldiazomethane with 
4-acyl-l,5-diphenyltetrahydropyrrole-2,3-diones Ia-c, e-g we obtained products of O-alkyla- 
tion of the enol form of the latter at the ketocarbonyl group in the 3 position of the 
heteroring, viz., 4-acyl-3-diphenylmethoxy-l,5-diphenyl-2,5-dihydropyrrol-2-ones IIa-c, e-g 
(Table I). The reaction proceeds in dioxane at 20~ in 4-48 h. 

RCO~ ~OCHPh2 

OCHPh 2 
[ 

RCO OH II a-c, e-g Rc- 11o 

$ J 
P h  P h  

I a - c ,  e - g  m b-g 

Judging from the time required for disappearance of the characteristic color of di- 
phenyldiazomethane, electron-acceptor substituents in the para position of the aroyl frag- 
ment increase the reaction rate; this is evidently associated with an increase in the acidic 
properties of the enol hydroxy group in starting pyrrolediones Ia-g. The effect of electron- 
donor substituents in the same position is just the opposite. 

The IR spectra of pyrrole-2-ones IIa-c, e-g (Table 2) contain intense absorption bands 
at 1699-1712 (lactam carbonyl) and 1630-1636 cm -I (ketone carbonyl group conjugated with 
a double bond). In addition to signals of aromatic substituents and the groups bonded to 
them, the PMR spectra of the compounds in d6-DMSO contain a singlet of a methylidyne proton 
in the 5 position of the heteroring at 5.65-6.35 ppm. 

When IIa-c, e are heated at 170-195~ for 20-90 min, they undergo quantitative con- 
version to 4-[aryl(diphenylmethoxy)methylidene]-l,5-diphenyltetrahydropyrrole-2,3-diones 
IIIb-e. 

In the IR spectra of rearrangement products IIIb-g the band of the lactam carbonyl group 
is shifted to the high-frequency region as compared with start:ng pyrrolediones Ia-g and 
is observed at 1760-1764 cm-1; this is evidently a consequence of an increase in the strain 

*See [i] for Communication I. 
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