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The electronic structures of a homologous series of indole and benzofuran derivatives, in which the nitrogen
or oxygen atom is replaced by group 15 and group 16 heavier heteroatoms, have been investigated by means
of various spectroscopic techniques coupled with density functional calculations. It was found that the excitation
energies of the group 16 benzoheteroles systematically shift to the red in the order of benzofuran (6),
benzothiophene (7), benzoselenophene (8), and benzotellurophene (9). In contrast, the electronic absorption
spectra of the group 15 benzoheteroles, 1-phenyl derivatives of indole (1b), phosphindole (2b), arsindole
(3b), stibindole (4b), and bismuindole (5b), did not exhibit this type of spectral shift. X-ray analysis and
density functional theory (DFT) studies revealed that 2b-5b adopt a bent conformation both in the crystalline
and in the solution phases. In contrast, planar structures were calculated for the group 16 heterocycles. Using
the observed spectroscopic properties and time-dependent density functional theory (TDDFT) calculations,
the electronic absorption spectra of the present heterocycles were assigned. A molecular orbital analysis was
performed to rationalize the effect of replacement of the heteroatom on the electronic structures. The observed
magnetic circular dichroism (MCD) sign patterns of these heterocycles are interpreted according to Michl’s
perimeter model.

Introduction

Benzo-fused five-membered heterocycles, such as indole
(benzopyrrole, C8H6NH, 1a), benzofuran (C8H6O, 6), or ben-
zothiophene (C8H6S, 7), are among the most important domains
of aromatic heterocyclic chemistry1,2 and are of substantial utility
in pharmaceutical, agrochemical, and material sciences3-16 as
platforms in pigments, biogenic amino acids or proteins, and
alkaloids, as modular components in drugs, and as uniquely
effective substituents in organic synthesis. Nitrogen and oxygen
are neighbors in the periodic table, and the similarity in their
basic properties has been well documented by experimental
chemists. For example, indole (1a) and benzofuran (6) exhibit
significantly similar (planar) structures, electronic properties,
and reactivities and selectivities in organic synthesis, and hence
these heterocycles and their derivatives have long been regarded
as belonging to the same category. However, these similarities
might also be essentially superficial, since they are in different
groups (groups 15 and 16). Thus, it is of interest to carry out a
systematic investigation and to clarify the similarities and
differences between a homologous series of indole and benzo-
furan derivatives.

From a theoretical point of view, these aromatic heterocycles
can be derived from an indenide anion (C9H7

-) by the
introduction of a heteroatom which contributes two electrons
to the conjugated system.17,18 In this respect, benzo-fused five-
membered heterocycles (heteroles) containing a heavier main
group atom other than nitrogen, oxygen, or sulfur have also
attracted considerable interest in terms of their syntheses,
structures, and physicochemical properties.19-22 In 1993, one
of our groups established a simple synthetic route to a variety
of C-unsubstituted 1-benzoheteroles containing group 15 (P, As,
Sb, and Bi) and group 16 (Se and Te) elements from phenyl-
(trimethylsilyl)acetylene via a common dilithiostyrene intermedi-
ate.23,24 Although one might expect that the heavier main group
element in the aromatic heterocycles would significantly affect
their structural and optical properties, to date very little is known
about the effect of the heteroatom on their physicochemical
properties. We believe that an in-depth understanding of the
electronic structures of indole and isoelectronic heterocyclic
systems would play an important role in the design of new
organic materials and drugs containing these molecular
frameworks.

In the present research, the physicochemical natures of indole
(C8H6NH), phosphindole (1-benzophosphole: C8H6PH), arsin-
dole (1-benzarsole: C8H6AsH), stibindole (1-benzostibole:
C8H6SbH), bismuindole (1-benzobismole: C8H6BiH), benzofuran
(C8H6O), benzothiophene (C8H6S), benzoselenophene (C8H6Se),
and benzotellurophene (C8H6Te) (1-9, see Chart 1) have been
comprehensively investigated by electronic absorption, circular
dichroism (CD), and magnetic circular dichroism (MCD)
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spectroscopies and X-ray diffraction. Since the parent phos-
phindole (2a), arsindole (3a), stibindole (4a), and bismuindole
(5a) are known to be unstable, we have investigated the
spectroscopic properties of their 1-phenyl derivatives (1b-5b).
To clarify their structural and electronic features and to make
band assignments of the present systems in solution, density
functional theory (DFT) and time-dependent DFT calculations
have been carried out. A large difference in the structural and
electronic characteristics was seen between group 15 and group
16 benzoheteroles. On the basis of these observations, the origin
of the spectroscopic properties of the various heterocycles was
successfully explained by applying the perimeter model provided
by Souto et al., who predicted the effect of the MCD sign pattern
for the L transitions on the replacement of the heteroatom in
indole systems.17

Computational Details

All calculations were performed with a Gaussian 03 (G03)
program package25 using the hybrid density functional method
based on Becke-3 parameter exchange functional and the
Lee-Yang-Parr nonlocal correlation functional (B3LYP).
6-31+G* basis sets were used on carbon and hydrogen atoms,
while a 3-21G** basis set was used for the heteroatom.
Geometry optimization and time-dependent DFT calculations
were performed at the same level. Since the molecules in this
study contain heavy main group atoms, we also carried out
geometry optimization and time-dependent density functional
theory (TDDFT) calculations using the Los Alamos effective-
core potential (ECP) LanL2DZ basis set,26-28 and we investi-
gated the effect of the basis sets on the calculated values. The
phenyl plane of 1-phenyl indole was set to be perpendicular to
the indole skeleton for the calculations of TDDFT and molecular
orbital (MO) analysis to compare the results of the other heavier
benzoheteroles with perpendicular orientation. Geometry opti-
mization and time-dependent DFT calculations of 1-phenyl
benzoheteroles with planar structures were carried out by
imposing Cs symmetry. Solvent effect was not taken into account
in the calculations since such an effect was not observed
experimentally.

Results

1. λmax of Group 15 and Group 16 Benzoheteroles.
1-Phenyl indole (1b) was prepared using the copper-catalyzed
N-arylation method described by Chang et al.29 Group 15 and
group 16 benzoheteroles with heavier heteroatoms (2b-5b and
7-9) were synthesized from phenyl(trimethylsilyl)acetylene (10)
in four steps via a common key 1,4-dilithiostyrene intermediate
(12).23,24 The benzoheteroles prepared in the present study
exhibit characteristic UV spectra depending on their groups.
To date, the spectroscopic properties and electronic structures
of indole have been intensively investigated.30-37 According to
the Platt nomenclature,38 the electronic transitions in the indole

and isoelectronic heterocyclic chromophores are labeled, from
the long-wavelength side, as L1, L2, B1, and B2 bands. These
are πfπ* transitions. The two L transitions of indoles usually
give strongly overlapping bands of medium intensity in the range
of 250-300 nm, and the B1 and B2 transitions give more intense
bands at ca. 220 and ca. 200 nm, respectively. Figure 1 shows
the L band UV spectra of the series of 1-phenyl indole
derivatives (1b-5b) and benzofuran derivatives (6-9). Table
1 summarizes the λmax of these molecules. As is clearly seen,
the λmax of the group 16 heterocycles systematically shifts to
the red (by ca. 10 nm) with increasing size of the heteroatom,
while the group 15 heterocycles do not exhibit a systematic
spectral shift.

Figure 2 shows plots of atomic radius39 versus the wave-
number for the lowest-energy transition for either series of
compounds. Interestingly, the excitation wavenumber in the
group 16 heterocycles varies in proportion to their atomic radius.
This type of relationship is not seen in the group 15 derivatives.

CHART 1: Structures of Indole and Benzofuran
Derivatives in this Study

Figure 1. Spectral changes for the lowest-energy UV absorption band
for a series of group 15 (a) and group 16 (b) benzoheterole derivatives
measured in methanol at room temperature.

TABLE 1: Spectral Data for the Lowest-Energy Absorption
Bands of Benzoheterole Derivatives (in Methanol)

compound λmax/nm 10-4 νmax/cm-1 10-3 ε/M-1 cm-1
atomic

radiusa/Å

1b (N) 290 3.45 8.2 0.75
2b (P) 315 3.17 4.1 1.06
3b (As) 309 3.24 2.3 1.20
4b (Sb) 313 3.19 4.2 1.40
5b (Bi) 312 3.21 3.5 1.46
6 (O) 282 3.55 4.8 0.73
7 (S) 298 3.36 8.1 1.02
8 (Se) 305 3.28 5.5 1.16
9 (Te) 317 3.15 5.8 1.36

a Data from ref 39.
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It appears that the electronic structures of the heavier hetero-
cycles (2b-5b) are considerably different from that of the indole
(1b). In the following sections, the difference in the spectro-
scopic properties between the group 15 and the group 16
heterocycles is investigated in detail.

2. Group 15 Heterocycles. 2.1. Solid-State Structures.
According to the X-ray crystal structure analysis of 1-phenyl
phosphindole (2b), the phosphindole skeleton is planar and the
P atom is tetrahedrally coordinated.40 This is in contrast to the
planar coordination of the N-atom in the phenyl indole
derivatives.41,42 To further understand the solid-state structures
of the group 15 heterocycles, we have carried out X-ray analysis
of 1-phenyl arsindole (3b). Single crystals suitable for the X-ray
analysis were obtained from a methanol solution of 3b by
solvent evaporation. The molecular structure of 3b is shown in
Figure 3. The atomic coordinates, selected bond distances, and
angles are summarized in the Supporting Information (Table
S1). It is evident from the figure that the As atom in 3b adopts
a tetrahedrally coordinated geometry. The parent arsindole
skeleton is almost planar, and the bond distance between C1
and C2 (1.330(3) Å) was within the range typical for CdC bond
distances. These characteristics are close to those revealed by
the structure of 1-phenyl phosphindole (2b).

2.2. Solution Structure of Stibindole. The results for the
X-ray analyses imply that 1-phenyl benzoheteroles with heavier
heteroatoms become an intrinsically chiral molecule. In the case
of 1-phenyl stibindole (4b), its chiral structure has been
confirmed from the fact that the enantiomers can be obtained
using the optically active ortho-palladated benzylamine deriva-
tive via their diastereomeric complexes.43 To determine the

chiral structure of (S)-4b in solution, we measured its experi-
mental CD spectrum and calculated its theoretical CD spectrum
using the TDDFT method. As shown in Figure 4a, (S)-4b
exhibited an intensely negative CD signal corresponding to the
230 nm absorption band. With respect to the longer wavelength
region, a negative CD pattern was observed beyond 300 nm,
while a weakly positive CD band was seen at around 290 nm.
The heteroatom in the optimized structure of (S)-4b adopts an
essentially tetrahedral arrangement similar to those seen in the

Figure 2. Plots of atomic radius (Å)39 vs excitation energy (cm-1) for
the lowest-energy transition for a series of benzoheterole derivatives.
(a) Group 15 derivatives. (b) Group 16 derivatives. The straight line
was drawn using the least-squares method.

Figure 3. An ORTEP drawing of 1-phenyl arsindole (3b). Displace-
ment ellipsoids are drawn at the 50% probability level.

Figure 4. (a) Experimental UV and CD spectra of (S)-1-phenyl
stibindole ((S)-4b) measured in methanol at room temperature. (b)
Calculated UV and CD spectra of (S)-4b obtained using the TDDFT
method. Rotational strengths are given in cgs (10-40 erg esu cm/Gauss).
Gaussian bands with a half-bandwidth of 3000 cm-1 were used to
simulate the spectra. The inset shows the optimized geometry of (S)-
4b (B3LYP/6-31+G* (3-21G** for Sb)).
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crystal structures of 2b and 3b. The calculated absorption and
CD spectra for the optimized structure of (S)-4b agreed well
with the experimental spectra (Figure 4b). We can therefore
conclude that 1-phenyl stibindole exists in a nonplanar form in
methanol solution.

2.3. Calculated Structures. Figure 5 presents the DFT-
optimized geometries of the 1-phenyl indole derivatives
(1b-4b). As is clearly seen, all the π frameworks are virtually
planar. The calculated bond distances between the 2 and 3
positions (see Chart 1) in the phosphindole (2b), arsindole (3b),
and stibindole (4b) were 1.355, 1.349, and 1.349 Å, respectively,
which are slightly shorter than that of the indole (1b, 1.369 Å).
The N atom in 1b has a flat coordination structure, while the
other heterocycles adopt a bent conformation, which strongly
supported the experimental results of X-ray diffraction studies.
The calculated bond distances and angles of 1-phenyl phos-
phindole (2b) and 1-phenyl arsindole (3b) are in excellent
agreement with their experimentally determined solid-state
structures (Figure 6). The bent conformations of these hetero-
cycles were also predicted using the LanL2DZ basis sets. The
P, As, and Sb atoms in the optimized geometries of the
heterocycles without the phenyl substituent (2a-4a) were also
approximately tetrahedral44 suggesting that the tetrahedral
coordination arises from the intrinsic properties of the heteroatoms.

2.4. UV and MCD Spectra. Magnetic circular dichroism
(MCD) spectroscopy is a useful tool for investigating the
electronic structures and band assignments of aromatic mol-
ecules since the MCD effect in some aromatic molecules has a
relatively simple physical origin.45-47 Studies on the MCD
spectra of indoles, benzofuran, and benzothiophene have been
reported previously by several groups.17,18,48-50 According to
the previous investigations of indole, two L transitions can be
resolved in the MCD spectra as the L1 and L2 transitions are
polarized in different directions and as the transitions can couple

in a magnetic field giving rise to differently signed MCD signals
(two Faraday B terms). We have therefore measured the MCD
spectra of the series of benzoheteroles with heavier heteroatoms.

Figure 7 shows the UV and MCD spectra of the 1-phenyl
indole derivatives (1b-5b). All these heterocycles exhibit broad
absorption bands in the UV region. An intense absorption peak,
which can be assigned as the B1 band, is seen at around
210-230 nm for each heterocycle. The lowest-energy absorption
band of the indole (1b) lies at ca. 290 nm, while those of the
other heterocycles are seen in the 300-320 nm region. A broad
absorption band was observed at around 260 nm for all the
derivatives. The heterocyclic compounds exhibited a +, - MCD
sign pattern, in ascending energy term, corresponding to the
absorption bands in the 270-320 nm region. These signals can
be assigned to coupled Faraday B terms arising from the
magnetically induced mixing of two L transitions.51,52 Thus, we
can conclude that the L2 band of the group 15 benzoheteroles
is located at ca. 280 nm.

To make band assignments, time-dependent density functional
theory (TDDFT) calculations were performed for all the
optimized geometries.53-55 The calculated spectra of 1b-4b are
also shown in Figure 7. The lowest-energy transition of 1-phenyl
indole (1b) was calculated to lie at 266 nm, while those of the
P, As, and Sb derivatives were at 295, 292, and 304 nm,
respectively. Although the calculations somewhat overestimate
the excitation energies, the appearances of the calculated spectra
are in close agreement with the experimental spectral patterns.
A plot of the averaged carbon-heteroatom distance (Å) versus

Figure 5. Optimized structures of the group 15 heterocycles (B3LYP/
6-31+G*(3-21G** for the heteroatom). (a) Top view. (b) Side view.

Figure 6. Experimental and optimized bond distances (Å) and angles
(deg) for 1-phenyl-1-benzoheteroles. (a) 1-Phenyl phosphindole (2b).
The data is from ref 40. (b) 1-Phenyl arsindole (3b). Geometry
optimizations were carried out at the level of B3LYP/6-31+G*
(3-21G** for the heteroatom).
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excitation energy for the lowest-energy transition (cm-1) gave
a similar pattern to the experimental results. Transition energies,
oscillator strengths, and compositions for the two L bands are
summarized in the Supporting Information (Table S2). In all
the molecules, the direction of the transition moment for the L1

transition is different from that of the L2 transition, which is in
agreement with the experimental observation that two differently
signed MCD signals were observed for the long-wavelength
region. The lowest and second lowest energy transitions of the
arsindole and stibindole derivatives were ascribed to the L1 and
L2 transitions, although a charge-transfer transition from the
benzoheterole skeleton to the phenyl substituent contributes to
the L transitions of the indole and phosphindole. The weakly
positive CD band observed for (S)-4b (Figure 4) is therefore
associated with the L2 transition. The TDDFT calculations using
the LanL2DZ basis sets gave the same spectral properties as

the 6-31+G* basis sets (see Supporting Information). We have
also calculated the excited states of the group 15 benzoheteroles
without phenyl substituents (1a-4a) (Figure S1). In 1a-4a,
the lowest and second lowest energy transitions were ascribed
to the L1 and L2 transitions.

Overall, from these experimental and computational results,
it is now clear that the unique spectroscopic properties observed
for the benzoheteroles containing a heavier heteroatom (P, As,
Sb, or Bi) arise from their nonplanar structures. The planar
indole has considerably different properties compared with those
of the heavier benzoheteroles. This can be confirmed by
performing theoretical calculations on the forced planar struc-
tures of the P, As, and Sb derivatives: the calculated excitation
energy for the lowest-energy transitions shifts to red in propor-
tion to the size of heteroatom as is the case with the group 16
derivatives (see Figure S2).

3. Group 16 Heterocycles. 3.1. Calculated Structures. The
DFT-optimized geometries of the group 16 benzoheteroles are
presented in Figure 8. It is well-known that benzofuran (6) and
benzothiophene (7) have a planar structure.56-58 The present
computational results demonstrate that benzoselenophene (8)
and benzotellurophene (9) are also planar. The calculated bond
distances between the 2- and 3-positions (see Chart 1) in 7, 8,
and 9 are 1.362, 1.357, and 1.356 Å, respectively, which are
almost the same as that computed for benzofuran (6, 1.358 Å).
This is in contrast to the results of the group 15 systems.
Geometry optimizations using the LanL2DZ basis sets also
predicted planar structures for the group 16 systems.

3.2. UV, MCD, and CD Spectra. The UV and MCD spectra
of the benzofuran derivatives (6-9) in methanol are shown in
the Supporting Information (Figure 9). Benzofuran (6) has two
absorption bands at 282 and 243 nm, which have been assigned
to two L transitions.17,48 The MCD sign sequence for the L bands
is +, -, in ascending energy, which is associated with the
differently polarized electronic transitions. The UV spectrum
of benzothiophene (7) shifts to the red compared with that of
6: the two L transitions are observed at 298 and 256 nm, and
the B1 transition is observed at 225 nm.17,48 The MCD pattern
for the L bands is the same as that of 6. Both the absorption
and MCD spectra of benzoselenophene (8) showed further red-
shifted absorption bands. The L1, L2, and B1 transitions of 8
can be assigned to the absorption bands at 305, 260 (sh), and
235 nm, and their MCD sign sequence is +, -, -. In the case
of benzotellurophene (9), the UV spectrum showed broad, red-
shifted absorption bands across the whole UV region. Although
several vibronic bands are clearly seen in 6, 7, and 8, the
vibronic bands are not resolved in 9. The 252 nm band is
presumably the B1 transition. The MCD sign corresponding to
the lowest-energy absorption band of 9 was opposite that of
the other group 16 heterocycles: a -, + sign sequence was
observed for the 270-310 nm region.

Figure 7. Experimental MCD and UV spectra of a series of 1-phenyl
indole derivatives measured in methanol at room temperature. Calcu-
lated electronic absorption spectra of 1-phenyl indole derivatives
(1b-4b) obtained using the TDDFT method (B3LYP/6-31+G*
(3-21G** for the heteroatom)) are shown in the bottom of the
experimental spectra. Gaussian bands with a half-bandwidth of 3000
cm-1 were used to simulate the spectra.

Figure 8. Optimized structures of the group 16 heterocycles (B3LYP/
6-31+G* (3-21G** for the heteroatom)).
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To gain an insight into the polarization directions of the group
16 heterocycles, the induced CD spectra as well as the MCD
spectra were measured by complexation with �-cyclodextrin (�-
CDx) in water. The induced CD of �-CDx complexes with
achiral organic aromatic compounds, such as naphthalene and
pyrene derivatives, is useful for determining the relative
orientations of electric transition dipole moments for the organic
aromatic compounds.59 The structures of these inclusion com-
plexes can be regarded as being based upon axial inclusion of
the guest molecule such that its long axis is parallel to the axis
of the �-CDx cavity. The result is that the long- and short-axis
polarized transitions may give rise to positive and negative
induced CD signals, respectively.

Figure 10 shows the CD, MCD, and UV spectra of the �-CDx
complexes of benzofuran derivatives 6-9. The inclusion
complexes were prepared by mixing the corresponding benzo-
furan derivative with an excess amount of �-CDx in aqueous
solution. Since the UV and MCD spectral pattern of the
complexes appears to be identical to those of the heterocycles
measured in methanol, it is reasonable to assume that �-CDx
does not significantly affect the electronic structures of the
benzoheteroles. In the case of benzothiophene (7), benzosele-
nophene (8), and benzotellurophene (9), a positive induced CD
signal was observed corresponding to the B1 bands, while the
induced CD for benzofuran (6) had almost no intensity. The
results indicate the predominance of long-axis-polarized elec-
tronic transitions for the B1 transitions.

Figure 10 also presents the calculated absorption spectra of
6-9. Transition energies, oscillator strengths, and compositions
for the L1, L2, and B1 transitions are summarized in the
Supporting Information (Table S3). The calculations predicted

that the transition energies for the lowest-energy transition (L1

transition) of benzofuran (6), benzothiophene (7), benzosele-
nophene (8), and benzotellurophene (9) are 249, 267, 278, and
303 nm, respectively, reproducing the systematic red-shift
observed experimentally. Akin to the results obtained for the
group 15 derivatives, the excitation energies are overestimated
to some extent. A linear relationship between the averaged
carbon-heteroatom distance (Å) and the excitation energy for
the lowest-energy transition (cm-1) was obtained, which repro-
duces the experimental results (see Supporting Information
(Figure S2)). The oscillator strength of the L2 transitions was
calculated to decrease as the size of the heteroatom increased.
This trend is clearly in agreement with experimental observation
(see Figures 9 and 10). From the observed and calculated spectra
of benzotellurophene (9), the absorption band at around 270
nm can be associated with the L2 transition. The calculated 208,
224, 232, and 245 nm transitions were assigned to the B1 bands
of 6, 7, 8, and 9, respectively. The arrow in Figure 10e shows
the direction of electric transition dipole moment for the B1

transition of the heterocycles. Since the polarization directions
of these transitions are nearly longitudinal, positive induced CD
signals are predicted theoretically.59 This is in line with our
experimental observations. The TDDFT calculations using the
LanL2DZ basis sets gave the same spectral properties as the
6-31+G* basis sets (see Supporting Information (Figure S3)).

Discussion

MO Analysis. To enhance our understanding of the nature
of the benzoheteroles studied, an MO analysis was carried out.
Figure 11a shows the energy levels of four key frontier
π-orbitals and their contour plots for the benzoheteroles.

Figure 9. Experimental MCD and UV spectra of a series of benzofuran derivatives (6-9) measured in methanol at room temperature.
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Excitations of electrons between these orbitals contribute to the
L and B transitions of the present system. In the case of the
group 15 derivatives, the energy levels of the indole (1b) are
higher than the orbitals of the other heterocycles, but the orbital
energies and the contour plots of 1-phenyl phosphindole (2b),
arsindole (3b), and stibindole (4b) are very similar to one

another. This may originate from the bent conformation of
2b-4b. Because of the presence of the phenyl substituent,
energy levels arising from the phenyl substituent are present in
the unoccupied MOs. From these results, one can confirm that
the characteristic energy levels of the frontier π-orbitals are
related to the experimental result that the excitation energy of

Figure 10. Experimental CD (top), MCD (middle), and UV (bottom) spectra of the �-cyclodextrin complexes of benzofuran (6, a), benzothiophene
(7, b), benzoselenophene (8, c), and benzotellurophene (9, d) in aqueous solution at room temperature. Calculated electronic absorption spectra of
benzofuran derivatives (6-9) obtained using the TDDFT method (B3LYP/6-31+G* (3-21G** for the heteroatom)) are shown in the bottom of
the experimental spectra. Gaussian bands with a half-bandwidth of 3000 cm-1 were used to simulate the spectra. (e) Direction of electric dipole
moment for the B1 band in each of 7, 8, and 9.
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the indole (1b) is considerably different from those of the
heavier heterocyclic systems (2b-5b). The contour plots of the
π orbitals of the group 15 benzoheteroles without phenyl
substituents (1a-4a) are almost identical to those of 1b-4b
(see Supporting Information (Figure S4)).

Interestingly, we found that the HOMO-LUMO gap of the
group 16 derivatives decreases with increasing size of the
heteroatom. The systematic change in the HOMO-LUMO gap
should be associated with the linear relationship between the
atomic radius and excitation energy. The appearances of the
contour plots of the HOMOs and HOMO-1s of these hetero-
cycles with heavier heteroatoms (7-9) are quite similar to those
of naphthalene. Although the actual LUMO of benzotel-
lurophene (9) is a heteroatom-centered orbital, the MO does
not contribute to the L or B transitions.

The calculations using the LanL2DZ basis sets of the group
15 and group 16 benzoheteroles predict the energy levels and
contour plots for the group 15 and group 16 benzoheteroles that
are similar to those calculated using the 6-31+G* basis sets
(see Supporting Information (Figure S5)).

Michl’s Perimeter Model. The basic interpretation of the
MCD spectrum of indole and its analogues was put forward
originally by Michl, who interpreted the MCD signals for L
and B bands using the four frontier molecular orbitals.17,47 In
his perimeter model, the MCD signs for the L transitions are
derived mainly from µ+ contributions. The definition of the
magnetic moment µ+ has been described in ref 45. Two
parameters, ∆HOMO and ∆LUMO, are used to estimate their
MCD sign and magnitude. ∆HOMO and ∆LUMO represent
the differences between the two highest occupied and the two
lowest virtual MOs, respectively. From a theoretical point of
view, ∆HOMO reflects the hindrance to the circulation of the
positive hole which the promoted electron leaves behind in the
originally degenerate HOMO of a perimeter, and ∆LUMO
reflects the hindrance to the circulation of the excited negative

electron in the originally degenerate LUMO of a perimeter. If
∆HOMO ) ∆LUMO, the µ+ contribution vanishes; if ∆HOMO
> ∆LUMO, electron circulation dominates; the predicted MCD
signs for the two L transitions are -, + in order of increasing
energy. If ∆HOMO < ∆LUMO, hole circulation dominates,
and the predicted MCD signs for the two L transitions are the
opposite. Figure 12 illustrates the relationship between the four
frontier orbitals and the predicted MCD pattern.

In 1980, Souto et al. predicted that ∆HOMO < ∆LUMO for
the heterocyclic molecules obtained by replacement of CH- in
an indenide anion by N-, NH, NR, O, S, Se, and similar
heteroatoms which hold an electron pair more tightly than
CH-.17 Figure 11b shows the energy differences between the
∆HOMO and ∆LUMO. In the case of the group 15 molecules,
∆HOMO < ∆LUMO was calculated for all the compounds.
This agrees well with the observed MCD spectra showing a +,

Figure 11. (a) Energy levels of four key molecular orbitals and their contour plots for group 15 and group 16 heterocycles. The white circles
indicate the energy levels that are not associated with the π orbitals of the skeleton. (b) Energy difference between the ∆HOMO and ∆LUMO. The
values were obtained from the B3LYP/6-31+G* (3-21G** for the heteroatom) calculations.

Figure 12. Relationship between the four frontier orbitals and the
predicted MCD signs for the two L bands. (a) ∆HOMO > ∆LUMO.
(b) ∆HOMO < ∆LUMO.
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- sign sequence for the two L transitions. A ∆HOMO <
∆LUMO relationship was also predicted for the group 15
benzoheteroles without phenyl substituents (1a-4a) (Figure S4).
On the other hand, we found that the ∆LUMO - ∆HOMO
value for the benzofuran derivatives decreases with increasing
size of the heteroatom (Figure 11 right and Figure S5 right).
This should be related to the destabilization of the HOMO for
the heterocycles with heavier heteroatoms. ∆HOMO > ∆LUMO
was calculated for benzotellurophene (9) thus leading to the
prediction of a -, + sign sequence for the two L transitions.
The spectra shown in Figures 9 and 10 demonstrate that this
MCD sign inversion actually occurs. In addition, according to
the perimeter model, the L2 band should have zero intensity if
∆HOMO and ∆LUMO are exactly equal. In the group 16
system, both the experimental (Figure 10) and TDDFT results
(Table S4) indicate that the L2 intensity decreases as the size
of the heteroatom increases. Since the size of ∆HOMO of the
heavier heterocycles reaches the size of ∆LUMO, all these
results are in accordance with the perimeter model. Calculations
using LanL2DZ basis sets also predict this relationship (see
Supporting Information (Figure S5 right)).

As a consequence, the simple consideration of frontier MOs
permits qualitative interpretations in the two L bands of the
MCD spectra of the benzoheteroles. The group 15 benzohet-
eroles (1b-5b) can be classified as “negative-hard” chro-
mophores, whose MCD sign pattern is difficult to change
through replacement of the heteroatom. On the other hand, the
group 16 derivatives (6-9) should be “soft” chromophores,
whose MCD sign will change as a result of perturbation of the
heteroatom. Souto et al. reported that the difference between
∆HOMO and ∆LUMO in indole can be reversed by a strong
perturbation because the difference is relatively small.17 To our
knowledge, the MCD of benzotellurophene (9) is the first
example of indole-type molecules with ∆HOMO > ∆LUMO
relationship.

Conclusions

We have comprehensively investigated the physicochemical
natures of a group of aromatic heterocycles derived from an
indenide anion to obtain a clear-cut picture of how the
heteroatom affects their spectroscopic properties and thereby
also to design suitable heterocyclic molecules for potential
applications. The main result is that replacement of the group
16 heteroatom causes a considerable spectral shift depending
on the size of the heteroatom. We found that the excitation
energy for the lowest-energy transitions in the benzofuran
derivatives shifts to red in proportion to the size of the
heteroatom. However, in the case of group 15 heterocycles, the
spectroscopic properties do not change significantly even if
the heteroatom is replaced by a heavier element. The CD and
MCD techniques coupled with TDDFT calculations can afford
definitive band assignments for these heterocyclic systems. The
two L bands of the heterocycles were unambiguously identified
using MCD spectroscopy. The B bands in the group 16
benzoheteroles were detected by the induced CD signals of their
�-cyclodextrin complexes. The observed MCD sign sequence
as well as the UV spectral features were successfully explained
by considering the four frontier MOs. The systematic red-shift
observed for the group 16 derivatives is shown to arise from
destabilization of the HOMO of benzoheteroles as heavier
heteroatoms are introduced. We have verified Michl’s prediction
for the MCD signs of the benzoheteroles.

The present study demonstrates that π-electrons play an
important role in defining the main spectral features of benzo-

heteroles that contain heavier heteroatoms and that the differ-
ences in the spectroscopic properties between group 15 and
group 16 benzoheteroles are closely associated with their
nonplanar or planar geometries. The present theoretical meth-
odology can rationalize the trends observed in the experimental
results despite its crude nature. More sophisticated theoretical
models including intensities of absorption,60,61 vibronic effects,62,63

improved basis sets,64 relativistic effects,65,66 and solvent effects67

as well as simulated MCD spectra68,69 would help a deeper
theoretical analysis. Although the aromaticity of these hetero-
substituted compounds would be more complicated than the
present simple theoretical model,70 we believe that the present
approach is useful for qualitative understanding of the effect of
replacing the heteroatom on the physicochemical properties of
other heterocyclic compounds.
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Grützmacher, H. J. Am. Chem. Soc. 2006, 128, 14962–14971.

(45) Michl, J. J. Am. Chem. Soc. 1978, 100, 6801–6811.
(46) Michl, J. J. Am. Chem. Soc. 1978, 100, 6812–6818.
(47) Michl, J. J. Am. Chem. Soc. 1978, 100, 6819–6823.
(48) Igarashi, N.; Tajiri, A.; Hatano, M. Bull. Chem. Soc. Jpn. 1981,

54, 1511–1516.
(49) Wallace, S. L.; Michl, J. Tetrahedron 1980, 36, 1531–1537.
(50) Albinsson, B.; Kubista, M.; Nordén, B.; Thulstrup, E. W. J. Phys.

Chem. 1989, 93, 6646–6654.
(51) Mason, W. R. A Practical Guide to Magnetic Circular Dichroism

Spectroscopy; John Wiley & Sons Inc.: Hoboken, NJ, 2007.
(52) Nordén, B.; Håkansson, R.; Pedersen, P. B.; Thulstrup, E. W. Chem.

Phys. 1978, 33, 355–366.
(53) Runge, E.; Gross, E. K. U. Phys. ReV. Lett. 1984, 52, 997–1000.
(54) Bauernschmitt, R. Ahlrichs Chem. Phys. Lett. 1996, 256, 454–464.
(55) Autschbach, J.; Patchkovskii, S.; Ziegler, T.; van Gisbergen, S. J. A.;

Baerends, E. J. J. Chem. Phys. 2002, 117, 581–592.
(56) Bruice, P. Y. Organic Chemistry, 4th ed.; Pearson Education Inc.,

2004.
(57) Harder, S.; Boersma, J.; Brandsma, L.; Kanters, J. A.; Bauer, W.;
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