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Dimethyl 1,2-dihydropyrrolo[1,2-a]quinoxaline-2,3-dicarboxylate is red colored in the solid state, while it is a
small molecule and has no hydrogen-bonding interaction. This unusual color property was investigated by means of
electronic characterization in solution and in the solid state. The push-pull system from electron-donating pyrrole nitro-
gen to the electron-withdrawing 3-methoxycarbonyl moiety causes a spectral shift to an orange color in the visible re-
gion. An X-ray structure analysis indicated that these polar molecules (4 = 7.6 D) are arranged in a zig-zag fashion so as
to minimize the electrostatic energy. As a consequence, the absorption band is presumably shifted toward longer wave-
lengths by about 60 nm (about 2508 cm ™) in going from a solution to the solid state. These results lead to a large batho-
chromic shift in the absorption spectrum, resulting in the red color of this compound in the solid state.

As stated by the aromaticity rule (“Hiickel’s rule”), colored
substances are mostly aromatic compounds of the type typical-
ly found in dyes and pigments. In order to have a red color, the
organic molecules generally require long m-conjugation sys-
tems, and to have large molecular weights, such as azo dyes
and perylenes.'™ On the other hand, quinacridones and diox-
opyrrolopyrroles, which belong to the class of hydrogen-bond-
ed materials, such as indigo analogues, are industrially impor-
tant red pigments.”™ One of the appealing features of H-bond-
ed pigments is their brilliant red or blue colors in the solid
state, even though their molecular weights are relatively
small.”!!

Recently, we have found a novel red colorant, dimethyl 1,2-
dihydropyrrolo[1,2-a]quinoxaline-2,3-dicarboxylate (1) (Fig.
1), which has a low molecular weight (288), but does not par-
ticipate in intra- or intermolecular hydrogen bonding. More
interestingly, its dehydrogenated product, dimethyl pyrro-
lo[1,2-a]quinoxaline-2,3-dicarboxylate (2), is colorless. The
deviation of the chemical structures between 1 and 2 stems
from only one C—C bond in the pyrrole moiety, which is a sin-
gle bond in 1 and a double bond in 2, respectively. This indi-
cates that 2 formally satisfies the “Hiickel rule” in that it con-
tains 14 m electrons and 1 is formally antiaromatic; however an
inconsistency exists in that 2 is colorless in spite of its exten-
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Fig. 1. Chemical structures of 1 and 2.

sive m-conjugation. In addition to the above-mentioned rule,
the contribution of a charge-transfer state based on the push-
pull system also leads to color development in some com-
pounds. In compounds 1 and 2, the electron-donating moiety
(push) is a pyrrole nitrogen and the -withdrawing one (pull) is
a methoxycarbonyl group. Therefore, electronic characteriza-
tions of these compounds focusing on the electron-donating
property of this nitrogen were performed in order to under-
stand the mechanism of this large spectral shift of 1 toward a
longer wavelength, as compared to 2. In addition to the push-
pull interaction, an exiton coupling effect of 1 in the solid state
is also reported.

Experimental

Compounds 1 and 2 were prepared by previously reported pro-
cedures with slight modifications.'*!* Single crystals of 1 were
grown by recrystallization from a hexane-dichloromethane solu-
tion. Reflection data were collected by means of a RAXIS-RAP-
ID Imaging Plate from Rigaku Denki, and the structure was
solved by a direct method (SHELXS 86).

Absorption spectra were obtained with a Hitachi U-3300 spec-
trometer. Polarized reflection spectra were measured on a single
crystal of 1 by means of a UMSP 80 microscope-spectrophotome-
ter (Carl Zeiss).

The geometries of molecules 1 and 2 were optimized using ver-
sion 2.0 of the AM1 Hamiltonian of MOPAC.!* Optical absorp-
tion bands were computed on the optimized geometry using the
INDO/S Hamiltonian (MOS-F), and 125 configurations were con-
sidered for configuration interactions (CI).

Results and Discussion

Absorption Spectra in Toluene. Figure 2 shows the ab-
sorption spectra of compounds 1 and 2 in toluene. The absorp-
tion maximum of compound 2 appears at around 333 nm. On
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Fig. 2. Absorption spectra of 1 and 2 in 10™* M toluene solu-
tions.

the other hand, the maximum for compound 1 appears at a
longer wavelength, about 460 nm. The absorption spectrum of
1 is characterized by several absorption shoulders (indicated
by arrows) in the longer wavelength region and the maximum
peak and the two shoulders are equally spaced with an interval
of about 1300 cm ™.

In order to clarify this spectral shift in more detail, a semi-
empirical molecular orbital (MO) calculation was performed
for them. The results are summarized in Table 1 and the direc-
tion of the dipole moments as well as the transition moments
(1) for 1 and 2 are shown in Fig. 3. The absorption band of 1
in the experiment is located at a much longer wavelength than
that of the calculated values, while that of 2 appears at approx-
imately the same wavelength both in calculations and in exper-
iments. Although the solvent parameter of toluene was consid-
ered in this calculation, the result was almost the same as that
in the free space. Since the magnitude of the dipole moment of
1 (7.6 D) is more than three-times larger than that of 2 (2.3 D),
it would be expected that the large dipole moment would en-
hance the electron delocalization to shift the absorption band
toward longer wavelengths. This is consistent with the HOMO
(highest occupied molecular orbital)/LUMO (lowest unoccu-
pied molecular orbital) diagrams for compound 1 and 2, as
shown in Fig. 4, where only pyrroloquinoxaline skeletons are
illustrated for simplicity. In the HOMO state (ground state),
the electron of 1 is mainly distributed over the 1,3-positions of
the pyrrole moiety. On the other hand, the electron is uniquely
located at the 2-position, while the nitrogen on the pyrrole ring
is positively charged in the LUMO (excited state). The present
chromophore forms a push-pull system composed of the elec-
tron-donating pyrrole nitrogen (i.e. a lone pair of electrons) to
the electron-withdrawing part of methoxycarbonyl group,
which is responsible for an electron-transfer from donor to the
acceptor, as illustrated in Fig. 5. Consequently, this push-pull
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interaction leads to a bathochromic shift in the absorption
spectrum. On the other hand, the electron of 2 is not distribut-
ed in the pyrrole moiety, in either the ground or the excited
states, as extensively as that of 1. This result indicates that the
lone pair of electrons on the nitrogen of the pyrrole ring are
completely involved in the aromatic 6 T systems, and no net
charge is observed on the nitrogen in both the HOMO and the
LUMO states. Since the effect of the push-pull system would
not be expected for compound 2, it is reasonable that 2 is col-
orless. Although it is evident that the contribution of the
charge-transfer state of 1 shifts the spectra to the orange region
in solution, 1 has a red color in the solid state. In order not
only to investigate other reasons for this large bathochromic
shift from orange in solution to red in the solid state, but also
to confirm the polarized structure of 1, an X-ray single crystal
analysis was performed.

X-ray Single Crystal Analysis of Compound 1. Figure 6
shows projections of the molecular packing onto (1) the (b,c)
plane and (2) the (a,b) plain of 1. The crystal of 1 belongs to
the polar space group of P1; its crystal system is triclinic.
Relevant crystallographic data are summarized in Table 2. The
typical bond lengths of the pyrrole moiety of 1 are shown in
Fig. 7. Since the bond lengths of N1-C2 and C3—C6 are short-
er than those of N1-C5 and C4—C8, it is clear that compound 1
takes the polarized form, which should have aromaticity, like
the 10 & electron system shown in Fig. 5. The calculated ab-
sorption spectrum using the crystal data of compound 1 had a
quite similar shape to that in the free space.

Because of the large dipole moment, the two molecules are
arranged in a zig-zag fashion, as shown in Fig. 6 (2), so as to
reduce the electrostatic energy. Molecules A and A’ belong to
the same conformation, while molecules B and B’ belong to
the other. Therefore, the crystal packing of 1 shows the now
familiar coplanar m—m stacking. Since the overlapping of the
m-orbital is increased, the T—t* transition becomes easy. Con-
sequently, it would be expected that the absorption spectrum of
1 would be shifted toward longer wavelengths, compared to
that in solution.

Polarized Reflection Spectra and Crystal Structure of
Compound 1. Figure 8 shows the polarized reflection spec-
tra measured on the (010) plane of a single crystal of 1 by
means of a microscope-spectrophotometer. Prominent reflec-
tion bands appear around 490, 520, and 555 nm for polariza-
tion perpendicular to the a-axis. The present reflection maxi-
mum is shifted toward longer wavelengths as compared with
that of the absorption band in solution by about 60 nm (2508
cm™Y). On the other hand, the intensities of these bands are
greatly diminished for polarization parallel to the g-axis. (Mo-
notonous reflection beyond 550 nm for both polarizations is
also observed. This is due to reflection from the rear plane of

Table 1. Optimized Geometries and Absorption bands for Compounds 1 and 2

Dipole Transion Calculated Observed
Compounds moment/D  moment/D  Ay/nm Y Amo/nm  log £
1 7.6 3.6 392 0.64 460 0.81
2 2.3 34 348 0.51 333 0.65

a) Oscillator strength. b) Molar extinction coefficient.
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Table 2. Crystallographic Data of 1

1
Empirical formula C;sH14N,O4
Fw 286.29
Color red
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Fig. 4. HOMO and LUMO diagrams for compounds 1 and 2.
The open and closed circles denote the positive and nega-
tive signs of the coefficients of the molecular orbitals. The
size of each circle is proportional to the MO coefficient.
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Fig. 5. Two plausible electron flows and resonance structures 6
of compound 1.
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Fig. 8. Polarized reflection spectra of 1 measured on (010)
plane.

the single crystal.)

When photoexcitation induces a transition dipole in the
molecule, the excited state in the crystals involves wave func-
tions with significant probabilities for the nearest neighbors.
Therefore, excitation coupling may well contribute to energy
contributions with all of these nearest-neighbor molecules act-
Fig. 6. Projection of the crystal structures of 1 onto (1) the ing in the lattice. This may lead to band splitting of the excited

(b, ¢) plane and (2) the (a, b) plane. state (Davydov splitting) or a shift in the excited energy level
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downward (red shift) or upward (blue shift), depending on the
relative orientation of the transtion dipoles: “head-to-tail” or
“parallel”.!>7

Concerning the exciton coupling, the present reflection
bands are assigned, as follows, by considering the polarization
direction as well as the transition moments. Polarization per-
pendicular to the g-axis induces considerable reflection be-
cause of the nearly head-to-tail arrangement of the transition
dipoles, as shown in Figs. 3 and 6 (1). Likewise, the weak dis-
persion of polarization parallel to the a-axis is due to the small
vector component of the transition dipole along the g-axis.
Based on the above discussion, the bathochromic shift upon
crystallization can be attributed to excitonic interactions, in ad-
dition to a crystal shift effect.

Conclusions

The electronic structure of compound 1 was investigated
based on the crystal structure and MO calculations. The fol-
lowing conclusions can be drawn from the present investiga-
tion:

1. The spectral shift of 1 toward longer wavelengths (460
nm), compared to 2 (333 nm), can be attributed to a push-pull
system ranging from the pyrrole nitrogen to the methoxycarbo-
nyl group. On the other hand, the lone pair of electrons on the
pyrrole nitrogen of 2 is involved in the aromatic 67 electron
system and, hence, its electron donating property is very weak.

2. The absorption band of 1 is shifted toward longer wave-
lengths by about 60 nm (2508 cm™') upon going from a solu-
tion to the solid state. These results cause the unique property
of 1, which is being red in color in the solid state.
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