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1,4-Dihydropyrrolo[3,2-b]pyrrole: The Electronic Structure
Elucidated by Photoelectron Spectroscopy
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The electronic structures of 1,4-dihydropyrrolo[3,2-b]pyrrole and some of its alkyl derivatives were studied
by means of He(I) photoelectron spectroscopy combined with the MNDO calculation and a first-order perturba-
tion theoretical method. The first five bands of the parent pyrrolopyrrole are assigned, from the top, to the
ms(au), ma(au), ma(bg), ma(bg), and a(a,) bands respectively. The MO model, which explains well the spectral data,
indicates that the nitrogen lone-pair electrons are mainly delocalized in the my, m,, and m; orbitals. The
ionization potentials of the HOMO levels of these compounds, which are characterized by the large p. contribu-
tions from the a-carbons, are the lowest among the hitherto known m-electron-excessive heteroaromatic com-
pounds. 1,4-Dihydropyrrolo[3,2-b]pyrrole is concluded to be the system with the most efficient -electron-

donating ability among 10m-electron systems.

The purpose of this work is to elucidate the elec-
tronic character of 1,4-dihydropyrrolo[3,2-b]pyrrole in
comparison with pyrrole and indole. Dihydropyrro-
lopyrroles are fundamentally important heteroaro-
matic compounds. These heterocycles are expected to
be new candidates for conducting polymers and are
also of interest from the standpoint of pharmacology.?
Their electronic structures, however, have not been
explored in detail. Although the photoelectron spec-
trum of the parent [2,3-b] isomer has been measured
and analyzed by Gleiter et al.,? recent MNDO and ab
initio MO calculations suggest that the proposed
assignments of the first and the second bands are ques-
tionable.! Here, the He(I) photoelectron (PE) spectra
of 1,4-dihydropyrrolo[3,2-b]pyrroles 1a—d are reported
and compared with the results of semiempirical MO
calculations. In addition, the shifts of the bands
induced by the alkyl substitutions are analyzed by a
first-order perturbation method. This approach gives
information on the assignments of ionizations and on
the validity of the MO models used.

Experimental

Materials. The pyrrolopyrroles 1la and lc were synthe-
sized as has been reported formerly. Their 1,4-dimethyl
derivatives 1b and 1d were obtained by the reduction of the
corresponding 1,4-bis(methoxycarbonyl) derivatives® with
lithium aluminium hydride-aluminium chloride (3:1) in
ether.

Measurements. The vapor phase He(I) photoelectron
spectra of la—d were measured with the PE spectrometer
described in Ref. 4. Xe gas was used as the internal standard
for the calibration of the energy scale.

Results and Discussion

The He(I) photoelectron spectra of the pyrrolopyr-
roles la—d are shown in Fig. 1. The vertical ioniza-
tion potentials and the results of MO calculations for
the parent compound la using the HMO® and
MNDO® methods are listed in Table 1.

According to the empirically parameterized method

Table 1. Comparison of the Observed Vertical
Ionization Potentials of 1a with the Orbital
Energies Calculated by the HMO
and MNDO Methods

Band I,/eV —e"MO /ey —eMNDO /oy
m 7.27 7.51 mws(au) 7.85 ms(ay)
2] 8.00 8.20 m(a) 8.36 ma(au)
[3] 9.42 9.65 a(byg) 9.82 ms(byg)
(4] 11.42 11.59 ma(bg 12.44 o(ag)
[5] 12.10 — 12.66 ma(byg)

5 1 8 8 0 1 12 13 14 15
1 /ey
Fig. 1. Vapor phase He(l) photoelectron spectra of
1,4-dihydropyrrolo[3,2-b]pyrroles la—d.
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Table 2. Comparison of the Observed Vertical
Ionization Potentials (Iyv) of 1b—d
with Those Calculated by the
Perturbation Methods

I,/eV
Compound
Band [1] (21 381 [4 [5]
Obsd 6.95 7.48 9.00 10.67 11.68
1b Caled® 6.94 743 9.16 10.57 —
ms(au) Ta(au) 773(b8) 7T2(bz)

Obsd 692 749 8.68 — —
1c Calcd® 666 7.43 853 — —
ﬂs(au) 774(au) 773(b8)

Obsd 6.76 698 842 — -
1d Calcd® 659 6.92 8.42 — —
ms(au) a(aw) Ta(bg)

a) Calculated by the perturbation method. The reference
standard compound is la; I,*=1,"*¢ (1a)+ A7,*",
b) Calculated by the perturbation method. The reference
standard compound is Ic; I,°4=1,"¢ (1¢)+ AL,

based on the first order perturbation theory, the verti-
cal ionization potential changes (Al,) of m bands
induced by alkyl substitutions can be estimated by
using the following formula:”

—sz,j=a<2c3j+m§ ci)+ b
a

where § denotes the j-th MO corresponding to the cer-
tain PE spectral band in question, C,;is the AO coeffi-
cient of the atom a in the j-th MO at which a certain
substitution is introduced, and Cg; is the AO coeffi-
cient of the atom B just adjacent to the atom a. The g,
b, and m are the empirical parameters for a certain
substitution. The parameter m is a kind of damping
factor and is put equal to 1/3, as in Ref. 7. The
parameters a and b are reevaluated by the least-squares
method using the ionization energy data of hydrocar-
bons and the AO coefficients obtained by the MNDO
method.®’ The ionization potentials estimated by this
method and the corresponding experimental values
are summarized in Table 2.

For the first three bands of the parent compound 1la,
the orbital energies calculated by the HMO and the
MNDO methods correlate reasonably well with the
observed ionization potentials. Therefore, these bands
are assigned, from the top, to the ionization from the 7
orbitals, ms(au), m4(au), and m3(bg) respectively. In the
cases of 1a and 1b, the 4th and the 5th bands are rather
well resolved. The HMO calculation predicts that the
ionization potentials for the my(b,) and the m(a.) orbit-
als of la are 11.59 and 13.58 eV respectively. The
former is close to the observed value of the 4th band,
while the latter is much higher than that of the 5th
band. From these results, the 4th and the 5th bands
may be ascribed to the ionizations from the my(b;) orbit-
al and the o orbital respectively. On the other hand,
our MNDO calculation and the ab initio calculation

[Vol. 60, No. 6

reported by Verbist et al.V predict that the 4th and the
5th bands should correspond to the ionizations from
the o(a,) and my(bg) orbitals respectively. It is difficult
to assign these bands only on the basis of the MO
calculations, but additional information can be
obtained from a consideration of the substituent effects
on the ionization potentials.

As is shown in Table 2, the perturbation method
reproduces reasonably well the observed changes for
the first three bands of the alkyl-substituted derivative
1b. This finding supports both the above assignments
of the first three bands of 1a and the applicability of
this method in the assignments of the spectra of the
pyrrolopyrroles. In the PE spectrum of 1b, shifts of
0.75 and 0.42 eV were observed for the 4th and 5th
bands relative to those of 1a respectively. The shift of
the my(bg) band of the parent compound la by N,N’-
dimethylation is estimated to be 0.85 eV. (This value is
very close to the energy difference between the 4th
band of 1a and that of the 1,4-dimethyl derivative 1b,
0.75 eV.) Therefore, the 4th bands of these compounds
are ascribed to the ionizations from their my(byg)
orbitals. As a result, the 4th and the 5th bands of the
pyrrolopyrroles (la and 1b) are assigned to the my(by)
and the o(a,) orbitals, and their first three bands, to the
ms(au), ma(au), and ms(bg) orbitals from the top, respec-
tively. In the case of compounds 1c and 1d also, the
first three bands are unambiguously ascribed from the
top to the ionizations from the m5(au), my(au), and m3(by)
orbitals respectively, based on the perturbation theo-
retical calculations. Furthermore, the reasonable cor-
respondence between the observed band shifts and
those calculated by the perturbation method supports
the validity of the delocalized MO pictures for these
compounds given by the MO calculations. Figure 2
shows the AO coefficients of the occupied  orbitals
in la with the HOMO levels of pyrrole [m3(ag)] and
indole [m5(a”)].

The above MO model indicates that the nitrogen
lone-pair electrons of 1a are mainly delocalized in the
4, Ty, and 7; orbitals. The HOMO level of the pyrro-
lopyrrole is characterized by large p. contributions
from the a-carbon atoms. This is similar with the
nature of the pyrrole HOMO level and is in contrast
with that of the indole HOMO level, which has large
p. contributions from the B-carbon atom. Consistent
with these results, we have found that some electro-
philic substitution reactions, which are known to
occur at the B-position of indoles, take place selec-
tively at the a-position of the pyrrolopyrroles.® The
ionization potential of the HOMO level of the parent
pyrrolopyrrole 1a (7.27 eV) is lower than those of pyr-
role (8.21 eV)!? and indole (7.91 eV).1V In the case of
indole, the oxidation potential and basicity are almost
the same as those of pyrrole, although the ionization
potential is appreciably lower. In contrast with this,
the oxidation potential of 1a (0.51 V vs. SCE) is much
lower than those of pyrrole (1.2 V) and indole (1.2 V).
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Fig. 2. Schematic representation of the occupied

m molecular orbitals of 1,4-dihydropyrrolo[3,2-
blpyrrole, pyrrole, and indole given by the MNDO
calculations.

The basicity (the pK. value of the conjugate acid) of
the pyrrolopyrrole lc, a stable derivative in acidic
media, is +3.6; this value is much higher than those of
pyrrole (—3.8)!2 and indole (—3.6).1¥ In addition, it
should be noted that the first ionization potential of
la is lower than those of the previously reported -
electron-excessive heterocycles; furan® (8.90 eV), thio-
phene!® (8.90 eV), 1,6-dihydropyrrolo[2,3-b]pyrrole?
(7.46 eV), thieno[2,3-b]pyrrole? (7.97 eV), thieno[3,2-
blpyrrole? (7.70 €eV), thieno[2,3-b]thiophene!® (8.32
eV), and thieno[3,2-b]thiophene!¥ (8.10 eV). In con-
clusion, all the experimental results are consistent
with the description of 1,4-dihydropyrrolo[3,2-b]pyr-
role as a 10m-heteroaromatic compound possessing a
more efficient m-electron-donating ability compared to
the previously known mr-electron-excessive heteroaro-
matic compounds.
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